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Abstract 

ABSTRACT 

The present study was aimed at understandi ng the high pressure ( HP) processing­

induced interactions of milk proteins in whey protein concentrate ( WPC) solutions, i n  

skim milk and in pure protein systems. The changes in milk proteins i nduced by  heat 

treatments in the same systems under selected conditions were also evaluated. 

The main approach taken was to elucidate changes in the whey proteins in heat- and 

pressure-treated samples from common aliquots, under identical conditions, using 

various one-dimensional (1 D) and two-dimensional (20) polyacrylamide gel 

e lectrophoresi s  (PAGE) techniques in the absence or presence of a d isulphide bond 

reducing agent. In some instances, the samples were also analysed using small 

deformation rheology, size exclusion chromatography (SEC) and transmission electron 

microscopy (TEM). 

The results of the present study indicated that, in  general terms, heat treatment and HP 

treatment had common effects, i .e .  denaturation and subsequent aggregation of whey 

proteins. Both heat treatment and H P  treatment generated disulphide-bonded and 

hydrophobically bonded aggregates of whey proteins. However, the sensitiv ities of each 

of the whey proteins to heat treatment [ immunoglobulin ( Ig) > lactoferrin ( L F) > bovine 

serum albumin ( BSA) > �-lactoglobul in B W-LG B) > �-LG A > a-lactalbumin 

(a-LA)] and pressure treatment (�-LG B > �-LG A >  I gG > LF > BSA > a-LA) were 

considerably different. Also, HP treatment generated a comparatively greater proportion 

of smaller aggregates than did heat treatment. 

The effects of protein concentration, intensity of pressure treatment, holding time and 

pressurising temperature on whey protein aggregation in WPC solutions were 

investigated. The rate of aggregation of whey proteins i ncreased with an increase in the 

concentration of protein in the WPC solution and the pressurising temperature. The 

combination of low protein concentration, mild pressure treatment (200 MPa) and low 

pressurising temperature (20°C) led to minimal loss of native-l ike and SDS-monomeric 

�-LG, whereas the combination of high protein concentration, severe pressure treatment 

(600 M Pa) and higher pressuring temperature (40°C and higher) led to significant loss 

of both native-like and SDS-monomeric �-LG.  The sensit ivity of pressure-resistant 
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whey proteins, such as a-LA and BSA, to the aggregation was significantly increased at 

pressurising temperatures of 40°C and higher. Self-supporting gels were formed when 8 

or 1 2% Cw/v) WPC solutions were pressure treated at 600-800 MPa, 20°C. Detailed 

analysis of the behaviour of the proteins during the formation of these gels revealed a 

novel pathway, suggesting that intermolecular disulphide bond formation occurred at 

high pressure but that hydrophobic association became important after the H P  

treatment. 

In the later part of the study, heat- and H P-induced interactions of caseins and whey 

proteins were studied in a more complex system, i .e. skim milk .  With the application of 

modified PAGE techniques, it was possible to show that the high molecular weight 

disulphide-bonded aggregates that were formed by HP treatment of skim milk contained 

disulphide-l inked complexes consist ing of as2-casein Cas2-CN) as wel l  as K-CN, �-LG 

and other whey proteins. The results showed that the effects of heat treatment and HP 

on the interactions of the caseins and whey proteins in  milk were significantly different. 

The accessibi l ity of as2-CN and the formation of complexes involving as2-CN, K-CN 

and whey proteins in the HP-treated milk, as demonstrated using the modified 2D 

PAGE technique, and as explained by possible proposed reactions of the caseins and 

whey proteins in pressure-treated mi lk, was an important finding of the present study . 

Finally, a study on the effects of HP treatment in model systems using pure proteins in 

solution, both singly or in  binary and ternary combinations, generated very useful 

information and c larified the role of each protein in pressure-induced aggregation and 

interactions of milk proteins in complex systems such as WPC and milk. It was found 

that the reactions of �-LG were not s ignificantly affected by other proteins such as 

a-LA or BSA, but that the presence of �-LG i n  the system catalysed the reactions of 

other proteins such as a-LA or BSA. 
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Chapter 1:  Introduction 

CHAPTER ! 

I ntroduction 

Heat treatment is  one of the most widely used conventional methods of food 

preservation. In the dairy industry, heat treatments are employed mainly to improve the 

keeping qual ity of milk and mi lk products by the destruction of microorganisms or to 

modify the functional properties of milk products. 

The proteins of mi lk play an important role in the heat-induced functional ity of many 

dairy products. Some wel l-known examples of the beneficial effects of the heat-induced 

functional i ty of milk proteins, which have recently been reviewed, include heat-induced 

denaturation, aggregation and gelation of whey proteins ( Singh & Havea, 2003 ), heat 

stabil ity of milk (O'Connel l  & Fox, 2003) ,  protein stabil ity in steri l i sed mi lk  and mi lk 

products (Nieuwenhuijse & Van Boekel ,  2003), functional properties of milk powder 

( Kel ly et ai . ,  2003)  and improvement in yoghurt texture ( Lucey & Singh, 2003) .  To 

understand the mechanisms of the heat- induced functional ity of milk products, various 

aspects of the heat-induced denaturation, aggregation and gelation of whey proteins (e.g. 

Donovan & Mulvihi l l ,  1 987; McSwiney et ai . ,  1 994a, 1 994b; Gezimati et ai . ,  1 996, 

1 997; Prabhakaran & Damodaran, 1 997; Manderson et a i . ,  1 998, 1 999; Havea et ai . ,  

1 998 2000, 200 1 , 2002; Schokker et ai . ,  1 999, 2000; Hong & Creamer, 2002) and their 

interactions with casein micel les (S ingh & Fox, 1 985a, 1 985b, 1 987a, 1 98 7b; Dalgleish 

et ai., 1 987, 1 997; Haque et ai., 1 987;  Haque & Kinsel la, 1 988;  Hi l l ,  1 989; Singh & 

Creamer, 1 99 1 ,  1 992 ; S ingh, 1 995;  Corredig & Dalgleish, 1 996, 1 999; Holt & Home, 

1 996; Oldfield et ai . ,  1 998, 2000; Anema & Li ,  2003a, 2003b; Cho et a i . ,  2003 ) have 

been studied extensively using model systems consisting of pure protein(s), solutions of 

commercial whey protein concentrates ( WPCs), and isolates ( WPI) ,  and fresh or 

reconstituted skim mi lks. Most of these studies concluded that thiol/disulphide 

interchange reactions, leading to the formation of intermolecular disulphide bonds, play 

an important role in  the heat-induced aggregation of �-lactoglobulin ( �-LG) and its 

interaction with other protei ns, including caseins. Some of these studies also reported 

that, as well as the aggregation by intermolecular covalent (disulphide) bonds, non­

covalent interactions ( such as hydrophobic or ionic interactions) are also involved in the 

heat-induced i nteractions of milk proteins. 
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Although heat treatment is  an essential unit operation i n  the manufacture of mi lk  and 

milk products, severe heat treatments often cause unwanted changes to the sensory and 

nutritional qual ity of the final products. Moreover, non-themlal technologies, such as 

high pressure ( HP) processing, are gaining popularity and wide acceptance for food 

processmg and preservation, because of increased consumer demand for 

microbiological ly safe, nutritious and ' fresh-like' food products with an acceptable shelf 

l ife. In  addition to food preservation, HP processing has also been recognised as a 

physical tool for the modification of proteins ( Balny & Masson, 1 993;  Buchheim, 1 998; 

Balci & Wilbey , 1 999), and has the potential to produce new products with modified 

textures and functional properties (e.g. Balny & Masson, 1 993;  Datta & Deeth, 1 999, 

2003 ; Huppertz et aI . ,  2002) .  Most of the previous research on the effects of HP on milk 

proteins has been concentrated on denaturation kinetics, rheological or microstructural 

aspects of individual proteins (mainly p-LG) in various systems, including model 

systems consisting of pure proteins, solutions of WPC and milk ( e .g. Dumay et aI . ,  

1 994a, 1 994b, 1 998; Funtenberger et  aI . ,  1 995, 1 997; Van Camp & Huyghebaert, 1 995a, 

1 995b; Hinrichs et aI . ,  1 996; L6pez-Fandifio et aI., 1 996; Anema et aI . ,  1 997; I ametti et 

aI . ,  1 997; Jegouic et aI . ,  1 996, 1 997; Van Camp et aI . ,  1 997a, 1 997b; Walkenstrom & 
Hermansson, 1 997; Kanno et aI . ,  1 998 ; Botelho et aI . ,  2000; Needs et aI . ,  2000a, 2000b; 

Huppertz et aI . ,  2004a-d, ). Another wel l-studied aspect is the effects of HP processing 

on casein micel les and the properties of milk ( Desobry-Banon et aI . ,  1 994; Lee et aI . ,  

1 996; L6pez-Fandifio et  aI . ,  1 996, 1 997, 1 998; Anema et  aI . ,  1 997; 2005a-2005c; 

L6pez-Fandifio & Olano, 1 998a, 1 998b; Arias et aI . ,  2000; Huppertz et aI . ,  2002; 

2004a-d; 2005; 2006a-c) .  However, no specific studies have been reported on the 

detailed characterisation of the pressure-induced aggregation or interaction products and 

the type of molecular forces involved in their stabil isat ion in complex systems ( such as 

in WPC or in milk) .  Thus, the pathways of the pressure-induced aggregation of whey 

proteins and their interaction products remain largely unclear. 

Various two-dimensional (2D)  polyacry lamide gel electrophoresis ( PAGE) techniques 

were found to be useful tools  in the characterisation of the heat- induced aggregates and 

for understanding the mechanism of the aggregation and gelation of whey proteins 

(Havea et  aI . ,  1 998, 2000, 200 1 ) .  Therefore, the present study was aimed at providing 

greater understanding of HP-induced interactions of milk proteins in  various systems, 

including WPC solutions, mi lk  and pure protein systems by successful applications of 

such 2D PAGE techniques in combination with other avai lable techniques. 
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C HAPTER 2 
Literature Reviewl 

2. 1 I ntrod uction 

Heat treatment of mi lk  is one of the most widely used unit operations III the 

manufacture of dairy and food products. The reason for the heat treatment of mi lk or 

milk products usually fal l s  into one of two groups - microbiological (destruction of 

microorganisms for food safety or shelf- l ife extension) and teclmological ( functionality 

or product qual ity ) by selectively denaturing the whey proteins (Jelen & Rattray, 1 995; 

Singh, 1 995) .  Some examples of the heat treatments commonly used in dairy processing 

are l i sted in Table 2. 1 (Jelen & Rattray, 1 995; Singh, 1 995 ) .  

Table 2. 1 .  Common heat treatments employed i n  the com mercial processing of 

milk and m ilk products (adapted from Jelen & Rattray, 1 995) 

Heat treatment 

Thermisation 

Pasteurisation 

Preheat treatment for milk powder 

Preheat treatment for yoghurt manufacture 

UHT steri l isation 

Steri l isation (batch/in-container) 

Conditions 

65°C/30 s 

nOCI 1 5 s 

80- 1 20°C/2- 1 0  mjn 

90°C/5-1 0  min 

1 40°C/3-20 s 

1 1  0-1 20°C/5-20 min 

The heat-induced interactions of milk proteins are of considerable importance and have 

an impact on the functional ity of the final products. For example, preheat treatments are 

important in the manufacture of yoghurt and in the manufacture of heat-stable mi lk 

powders intended for use in recombined evaporated mi lk, bakery and confectionery 

products. I n  studies of heat-induced functionality, the effects of heat treatments on mi lk 

proteins (denaturation, aggregation and gelation of whey proteins) and protein-protein 

interactions, including interactions of caseins and whey proteins, have been studied in  

great detail over the last 5-6 decades and the subject has been reviewed several times 

I Part of the content presented in  this chapter has been publ i shed as a peer-reviewed review paper in 
Innovative Food Science and Emerging Technologies (2007) 8, 1 -23. 
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(e.g. Mulvihill & Donovan, 1 987;  de Wit, 1 990; lelen & Rattray, 1 995 ; S ingh, 1 995;  

O'Connell & Fox, 2003; Singh & Havea, 2003) .  

However, heating may also affect the textural, nutritional as well as changes in 

organoleptic quality ( taste, flavour and colour) of the final product. The latter effects are 

often considered to be disadvantages of heat treatment. The application of high pressure 

(HP),  rather than heat, to food enables the destruction of microorganisms without 

causing signjficant changes to the colour, flavour and nutritional attributes of the food. 

HP offers uniform and instant treatment of the product, and has the potential for the 

design of new products due to the creation of new textures and functional properties 

(Datta & Deeth, 1 999; 2003 ) .  Considering this advantage, HP has been successful ly 

applied to the commercial processing and preservat ion of fresh fruit juices, jams, jell ies, 

salad dressings etc . (Mertens & Deplace, 1 993 ; Huppertz et aI . ,  2002 ; Truj i llo et al . ,  

2002 ; Claeys et al . ,  2003) .  Recently, HP has also been considered for the processing of 

dairy products, and thus the modification of the protein structure and the functional 

properties as a result of HP processing is particularly important for i ts application to 

dairy products (Needs et a I . ,  2000a, 2000b).  

The aim of the present chapter is to review relevant aspects of the effects of heat 

treatment and pressure treatment on bovine milk proteins, focusing mainly on the 

effects of HP on the pressure-induced denaturation, aggregation and gelation of whey 

proteins, and their  interactions with casein .  General aspects of milk and milk proteins 

are summarised in  the ini tial part, then, in  the latter part of this rev iew, the focus is 

narrowed to discuss more spec ific subjects related to the effects of heat and HP on milk 

proteins. Tills review covers primari ly the l iterature reported prior to 2003, when this 

project was init iated. However, relevant recent work is discussed in appropriate results 

and discussion chapters. 

2.2 Com position of m i l k  

M ilk is a complex biological fluid containing relatively high amounts of proteins and 

minerals. The major components of milk are water, fat, lactose, proteins and minerals in  

order of decreasing proportion. Water i s  the continuous phase in which other 

constituents are either dissolved or suspended. Lactose and a portion of the mineral salts 
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are found in  solution; proteins and the remainder of the minerals are found in  a colloidal 

suspension; and fat (98% triglycerides) is found as an emulsion stabilised by a 

phospholipid and glycoprotein membrane. The average composition of raw bovine milk 

is presented in Table 2.2. 

Table 2.2. Average composition of raw bovine milk (adapted from Walstra & 
Jenness, 1 984) 

Component 

Water 
Fat 
L actose 
Proteins 

Casein proteins 
Whey proteins 

Minerals 
Organic acids 

2.3 M i l k  p roteins 

2.3. 1 Protein structure and stabil ising forces 

% (w/w) in milk 

8 7.30 
4 .60 
3 .90 
3 .25 
2 .60 
0.65 
0.65 
0. 1 8  

The proteins are composed of amino acids. The particular sequence of amino acids in  a 

protein determines its structure, conformation and properties. Depending on the amino 

acids present, different conformational forms, which are stabi l i sed by various molecular 

forces, are possible (Figure 2. 1 )  ( Privalov & Gill ,  1 988;  Paulsson, 1 990; Singh & Havea, 

2003 ). The basic level or primary structure is the specific amino acid sequence along the 

covalently l inked polypeptide chain. As a result of molecular forces being created 

between the amino ac id side chains, the primary structure wi ll fold in an ordered fashion, 

forming the secondary and tertiary structures that give rise to a uniquely folded native 

structure that possesses the lowest feasible free energy. The most abundant regular 

secondary structures found in proteins are a-hel ix and �-pleated sheet. The a-helix is  

emerged by a helical coiling of the amino acid chain and i s  stabil ised by hydrogen 

bondi ng between the atoms of the peptide bonds. �-Sheets are formed by a l inear 

al ignment of some arrays of the amino acid chain. This structure is also stabil ised 
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by hydrogen bonding between the strands. The tertiary structure IS the three­

dimensional arrangement of the several arrays that are present within the protein .  The 

tertiary structure of a globular protein refers to the three-dimensional chain fold, with 

structural domains as spatial ly separated entities. The contributions of inter- and 

intramolecular interactions are balanced in  such a del icate manner that a three-

dimensional structure is formed. The energetic contributions to protein  stabi l i ty involve 

intermolecular forces act ing between groups within the protein and interaction with 

water. These determine the unique three-dimensional structure. The existence of a three­

dimensional ,  folded protein structure depends on several forces. These include hydrogen 

bonding, hydrophobic interactions, van der Waals '  forces and electrostatic i nteractions 

(Figure 2 . 1 ) . 

0 -I 
O = c  

® 

Figure 2 . 1 .  Schematic diagram showing stabi l ising forces in  proteins:  ( I )  electrostatic 
interactions; (2)  hydrogen bonds; (3 )  disulphide bonds; (4) dipole-dipole interactions; 
(5) hydrophobic interactions (adapted from Paulsson, 1 990). 

Some of the residues of the ammo acids may exhibit a hydrophobic character; 

electrostatic forces are based on interactions between charged residues. Some protei ns 

contain two or more polypeptide chains. The result of interactions between these 

components is the quaternary structure, which under normal physiological conditions, 

many a t ime referred to as the ' native state' . Thus, the quaternary structure refers to a 

super-assembly of individual protein molecules, which is formed by the spatial 

arrangement by non-covalent interactions i nto a multimeric protein (Paulsson, 1 990) . 
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Milk proteins influence the behaviour and properties of dairy or food products and are 

generally of great importance to human nutrition. Normal bovine mi lk contains 30-35 g 

proteinlL and can be broadly c lassified into two main categories, namely casein proteins 

and whey proteins (Walstra & Jenness, 1 984; Fox, 2003) .  The relevant aspects of casein 

and whey proteins are discussed here under: 

2 .3.2 Caseins 

Casein proteins (CNs) account for about 80% of the total milk protein. Original ly 

defined as the phosphoproteins precipitated from milk at pH 4.6, casein  are generally 

c lass i fied into four different types:  aS I -CN, aS2-CN, �-CN and K-CN (Swaisgood, 

2003); each of which consists of a single polypeptide chain ( Home, 2003) and 

represents a different gene product .  Each casein has a different sequence and different 

properties from the other caseins and, within each casein category, there are a number of 

separate protein species. This microheterogenei ty is caused by various levels of post­

translational phosphorylation of serine (or threonine) and/or glycosylation of threonine 

residues, by various mutational changes or genetical ly control led amino acid 

substitution (genetic polymorphism) in  the casein genes, by proteolysis by the 

indigenous milk enzymes or by oxidation of cysteine's sulphydryl groups to disulphide 

bonds ( Fox, 2003 ; Swaisgood, 2003) .  Most notable are their various levels of 

phosphorylation and the proteolytic action of plasmin on �-CN, yielding y-CN and 

proteose-peptones (Swaisgood, 2003) .  A l l  caseins are phosphory lated but to various 

extents. Genetic variants of K-, as 1 - and �-CN usual ly contain a characteristic number of 

phosphoseryl residues, namely 1 , 8 or 9 and 4 or 5 respectively (Whitney, 1 988;  Farre l l  

e t  a l . ,  2004).  The binding of Ca
2+ to  caseins is  mainly through phosphoseryl residues 

and also via the carboxyl ic  acid side chains. Many of the technological ly important 

properties of mi lk, such as heat stabil i ty,  rennet coagulabi l ity and the strength and 

syneresis properties of rennet gels are strongly influenced by Ca
2+. Another post­

translational modification of interest is the formation of disulphide bonds. The two 

cysteiny l residues in Us2-CN occur in both intramolecular and intermolecular disulphide 

bonds, al igned i n  either an anti-parallel configuration or a paral lel configuration 

(Rasmussen et al . ,  1 992a, 1 992b, 1 994). The disulphide bonds in K-CN are 

intermolecular, resulting i n  the formation of polymers ( Groves et a l . ,  1 992, 1 998) .  

Caseins are hydrophobic, have a relatively high charge and contain many prol ine 
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residues but few cysteine residues (Swaisgood, 2003) .  A l l  the caseins have molecular 

weight in the range of � 20-24 kDa. 

In fresh milk, the caseins are present in the form of essential ly spherical particles and 

exist primarily in col loidal form, containing many protein molecules and ranging in size 

from 1 5  to about 1 000 nm ( with an average range of 50-300 nm) in diameter. These 

particles are known as casein micel les. Casein micel les are colloidal aggregates of the 

caseins and mineral calcium phosphate. The dry matter of the micel les is � 94% protein 

and 6% colloidal calcium phosphate; generally know as CCP ( Fox, 2003 ) .  Apart from 

K-CN, which is mostly on or near the external surface of the micelle, the caseins appear 

to be more or less evenly distributed within the micel le (Creamer, 2003) .  The surface of 

the micel le consists primari ly of K-CN, with the hydrophi l ic C-terminal region of K-CN 

protruding from the surface, as a polyelectrolyte brush, which provides electrostatic and 

steric repulsion, thereby preventing inter-miceller aggregation (de Kruif & Zhul ina, 

1 996). The enzymatic hydrolysis or the acid-induced neutralisation of the proteins in  

this polye lectrolyte brush al lows the conversion of mi lk  i nto a cheese curd or a yoghurt 

gel respectively.  A detailed overview of the structure and properties of casein  micel les 

has been published recently (de Kruif & Holt, 2003 ) .  

Various models of  casein micelle structure have been proposed since the initial reports 

( Rose, 1 969; Gamier & Ribadeau Dumas, 1 970; Gamier, 1 973 ; Waugh et aI . ,  1 970); the 

models have been progressively refined and reviewed as new research data has become 

avai lable. Some of these models include subunit models where that the subunits are 

l inked only through CCP (Schmidt, 1 982) or are held together by both hydrophobic 

bonding and CCP ( Rol lema, 1 992) .  A subunit model of Walstra ( 1 999) based on Waugh 

( 1 970) 's mode l proposed that, instead of subunits l inked by CCP, as in earl ier models, 

the CCP is  located as a number of discrete packages within the subunits. Home ( 1 998)  

proposed that the network i s  cross-l inked by hydrophobic bonding between casein 

chains and salt bridging between the calcium-sensitive casein and CCP.  Several 

different critic isms were associated with the earl ier models and it seems that these 

earl ier models were not consistent with the dissociation behavior of the casein micel les 

resulting from the addition of urea or excess K-CN ( Home, 1 998; Walstra, 1 999; Home, 

2003 ). Other models proposed in the interim include the Holt model and the dual 

binding model for micelle assembly and structure. All these models proposed for casein 
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micelle structure have been reviewed in  detail (Ho It et aI . ,  1 998; de Kruif & Holt, 2003 ; 

Fox, 2003). 

I t  has been suggested that the framework of the casein micel les is formed by so-cal led 

nanoclusters (Holt et a I . ,  1 998). Certain highly phosphorylated phosphopeptides derived 

from the calcium-sensitive casein wi l l  combine with amorphous calcium phosphate to 

form defined chemical complexes cal led calc ium phosphate nanoclusters. The 

nanoclusters are composed of an amorphous CCP core, with a radius of ;:::: 2.3 nm and 

surrounded by a shel l  of phosphopeptides (case ins), which contribute phosphoseryl 

c lusters (Ho It et aI., 1 998) .  A micel le  with a radius of 1 00 nm and a mass of 1 06 kDa 

contains nearly 800 nanoclusters ( Holt et aI . , 2003 ). The nanoclusters are distributed 

more or less homogeneously throughout the micel le and are l inked presumably t hrough 

hydrophobic bonding and electrostatic interactions. 

2.3.3 Whey proteins 

Whey proteins or mi lk serum proteins are the proteins that remain soluble after the 

isoelectric precipitation of casein at pH 4.6 at 20°C or after the coagulation of casein by 

l imited proteolysis with rennet (Donovan & Mulvih i l l ,  1 987; lelen & Rattray, 1 995) to 

give acid whey or sweet whey respectively. The average compositions of these two 

whey types are shown in Table 2 .3 .  

Whey proteins represent ;:::: 20% ( i .e. 5-7 g/L) of  the total nitrogenous material in  bovine 

milk. The principal whey proteins are �-Iactoglobul in W-LG), a- lactalbumin (a-LA), 

bovine serum albumin (BSA) and immunoglobul ins ( Igs) in decreasing order of whey 

protein concentration (S ingh & Havea, 2003 ) .  Whey also contains various other 

components including l actose, l ipids and minerals. Whey proteins are mainly globular 

with a rather uniform d istribution of hydrophobic/hydrophi l ic amino acids along their 

polypeptide chains (in contrast to caseins) and lack the amphiphi l ic nature of casein 

monomer subunits, a feature that confers on them many unique functional properties 

(Mulvihil l  & Donovan, 1 987) . The substantial ly lower prol ine content of the whey 

protein molecules permits a globular conformation with a large amount of helical 

content, which again explains their strong susceptibi l ity to denaturation by heat 

(Hambling et aI . ,  1 992; Sawyer, 2003 ) .  
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Table 2.3. Protein compositions of sweet whey and acid whey (adapted from 

Mulvihill & Donovan, 1 987; Pearce, 1 989; Jelen & Rattray, 1 995) 

Protein % of total whey protein 

Acid whey Sweet whey 

�-Lactoglobul in 54 45 

a-Lactalbumin 23 1 8  

Bovine serum albumin 6 5 

Immunoglobul ins 6 5 

Casein-derived peptides 2 20 

Enzymes 2 2 

Phospholipid-protein complexes 5 5 

Most of the whey proteins are sold as commerc ial products, such as whey powders, 

whey protein concentrates (WPCs) and whey protein i solates (WPls) .  WPC and WPI 

are regarded as valuable ingredients in the food industry because of their high 

nutritional value and important functional properties, such as emulsification, solubi l ity 

and abil ity to form heat- or pressure-induced gels (Mulvihi l l  & Fox, 1 989; de Wit, 1 990; 

Mulv ihi l l ,  1 992) . The average chemical composition of commercial WPCs varies 

widely (Morr & Foegeding, 1 990; Huffman, 1 996), as affected by various factors such 

as seasonal variation, the type of whey (whey source) and the processing methods used 

to manufacture the WPC. The average concentrations of the protein fractions in WPCs 

manufactured from acid whey and sweet whey are shown in Table 2.4. 

Table 2.4. Average concentration of protein fractions (% of total protein in dry 

matter) in WPC80 manufactured using cheese (sweet whey)  and casein (acid whey) 

(adapted from Huffman, 1 996) 

Cheese WPC Casein WPC 

�-Lactoglobulin 52 65 

a-Lactalbumin 1 5  2 1  

Bovine serum albumin 2 4 

Immunoglobul i ns 5 1 0  

Glycomacropeptide 26 0 
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fJ-Lactogiobulin 

�-LG is  a typical globular protein, and represents ;:::; 50% of the whey prote ins (Table 

2.3) .  It contains 1 62 amino acid residues, has a monomeric molecular weight of ;:::; 

1 8  300 Da and is  usually present as a stable dimer between pH 5 . 5  and pH 7.5 

( Hambl ing et al . ,  1 992; Sawyer, 2003) .  It  i s  wel l  known that, depending on the pH, 

ionic strength and temperature, �-LG may exist as a monomer or as a d imer and also 

undergoes reversible and i rreversible confom1ational changes (Neilsen et aI ., 1 996). 

Because of its dominant role in denaturation, aggregation and gelation, a great deal of 

research has been done to eluc idate the properties of �-LG, which is  considered to be 

representative of WPC or WPI and therefore is considered to be an ideal model whey 

protein for gaining a better understanding of the whey proteins in general; thus, the 

physico-chemical properties of �-LG have been reviewed several times i n  the last 3-4 

decades (e.g. T i lley, 1 960; Townsend et aI . ,  1 969; McKenzie, 1 97 1 ;  Lyster, 1 972; 

Kinsella & Whitehead, 1 989; Hambling et aI . ,  1 992; Fox, 1 995 ;  Sawyer, 2003) . 

Native �-LG contains two disulphide bonds and a free thiol group, which is buried 

within the protein structure (Hambl ing et aI . ,  1 992; see also Figure 2.2) .  I t  has been 

confirmed that one disulphide bond occurs between residues 1 06 and 1 1 9 and the free 

thiol occurs at residue 1 2 1  (Creamer & Sawyer, 2003). The other d isulphide bond is 

between residues 66 and 1 60 ( Figure 2.2A). The presence of disulphides and a single 

sulphydryl has important consequences from both a structural viewpoint and a 

functional viewpoint. p-LG has also been reported to be a member of a fami ly of l ipid­

binding proteins ( Frapin et aI . ,  1 993;  F lower, 1 996; Sawyer, 2003 ). 

Several polymorphic forms of �-LG have been reported (Creamer & H arris, 1 997; 

Sawyer, 2003 ), of which the A and B variants are the most common in western breeds 

(Ng-Kwai-Hang & Grosclaude, 2003 ; Farrell et aI . ,  2004) and occur at almost equal 

frequency ( Hambl ing et aI . ,  1 992). �-LG A and �-LG B differ at positions 64 and 1 1 8, 

where Asp and Val in �-LG A are replaced by Gly and Ala in  �-LG B (Hambl ing et aI . ,  

1 992; Farrel l  et aI . ,  2004). 

The first medium resolution three-dimensional structure of p-LG at 2 .8 A was reported 

by Papiz et al .  ( 1 986). The structure was subsequently refined considerably by 
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Brownlow et al . ( 1 997) to 1 . 8 and Jayat et al. (2004), who reported resolution to 1 . 95 A 

and provided an independent view of the dimer structure. 

21  

Figure 2.2.  Diagram of the three-dimensional structure of �-LG, showing the relative 
positions of the five Cys residues (Figure A) and the bound pal mitate ( Wu et aI . ,  1 999) .  
The hel ix  and the strands that constitute sheets 1 and 2 are also l abeled (F igure B) .  The 
diagram was drawn from the PDB file I GXA usi ng RASMOL Version 2.6 .  
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Native �-LG ( see F igure 2 .2B) has nine strands that are folded into two �-sheets: sheet 

1 contains strands B, C and 0 and part of strand A ( A I ) ; sheet 2 contains strands D, E, 

F ,  G and H,  part of strand A ( A2)  and strand I .  One side of sheet 1 i s  hydrophobic and 

the other side is hydrophil ic .  Sheet 2 is also hydrophobic on one s ide and faces the 

hydrophobic side of sheet I ,  thus creating a very hydrophobic cavity, which is fi l led 

with water. There is also another hydrophobic region on the side of sheet 2, where the 

three-turn helix l ies above it and along strands F, G and H. The a-hel ix  covers the Cys 

residue, providing it remains packed against the exterior of the calyx .  Subjecting �-LG 

to different denaturing conditions, e .g .  heat, pressure, urea etc . ,  exposes the CYS !2 ! 

residue and init iates a chain of reactions involving sulphydryl-disulphide interchange. 

a-Lactalbumin 

a-LA, the second major bovine whey protein (::::: 20% of the total whey proteins), has 

been physical ly and chemical ly wel l  characterised ( Fox, 1 989; Brew & Grobler, 1 992; 

Brew, 2003) .  a-LA is a nearly spherical, monomeric, compact, globular protein at 

neutral and alkal ine pH and consists of 1 23 amino acid residues, with a monomeric 

molecular mass of 1 4200 Da. It is stabi l i sed by four disulphide bonds and does not 

contain a free thiol group ( Brew & Grobler, 1 992; Brew, 2003) .  However, one of the 

disulphide bonds (Cys6-CysI 20) is more sensitive to cleavage than the other three 

because of its lower inherent stabi l ity ( Kuwajima et aI . ,  1 990). 

a-LA binds calcium very tightly, which stabil ises its conformation in a complex 

structure and thereby has a major effect on its thermal stabi l ity ( Hiraoka et a I . ,  1 980; 

Bernal & Jelen, 1 984; Brew, 2003) .  a-LA exists in a number of environment-dependent 

conformations, including the apo (calcium-depleted) and holo ( native, calcium-bound) 

forms; the holo form is  the major form in milk. The holo form is converted to the apo 

form when a-LA is subjected to low pH (1 .7)  dialysis ( Baumy & Brule, 1 988) .  In milk, 

a proportion of the molecules are glycosylated ( Kinghorn et aI . ,  1 995; S Jangen & Visser, 

1 999). a-LA has been studied extensively in recent years as a model for protein folding 

studies, particularly because of its abi l ity to form molten globules (Chrysina et aI . ,  2000; 

Griko, 2000; Wij esinha-Bettoni et aI., 200 1 )  and its close structural similarity to 

lysozyme. 
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High tryptophan and aspartate levels, the presence of s ingle arginine and methionine 

residues, four intrachain disulphide bonds, the absence of phosphoryl and free 

sulphydryl groups, and amino acid sequences simi lar to those of lysozyme are the 

notable features of the primary structure of a-LA ( McKenzie & White, 1 99 1 ;  Brew & 
Grobler, 1 992; Brew, 2003 ). Analyses of circular dichroism (CD) spectra indicate that 

a-LA contains 20% a-hel ix, 1 4% p-sheet and 60% unordered structure; thi s  is in good 

agreement with the secondary structure indicated using X-ray crystal lography (Robbins 

& Holmes, 1 970). NMR studies of folding indicate that calcium has a role in  faci l itating 

rearrangements i n  the molten globule form to generate the native tertiary structure 

(Forge et a I . ,  1 999). Crystal lographic structures of the apo and holo forms of bovine a­

LA at 2.2 A resolutions have been reported (Zhang & Brew, 2003) .  

Bovine serum albumin (BSA) 

Bovine milk contains approximately 0.4 g (� 1 0% of whey proteins) BSAlL ( Peters, 

1 985) .  BSA contains 5 82 amino acids and has a calculated molecular weight of 66 267 

Da and 1 7  intramolecular disulphide bonds that hold the molecule in  a structure 

consist ing of n ine loops. It contains one free thiol group at position 34 (Carter & Ho, 

1 994). BSA exists in  a multi-domain structure with complex l igand-binding specificities 

( Hsia et a I . ,  1 984) and is characterised by an overal l  oblate shape. It consists of three 

domains ( I ,  [ I  and I l l ) , each stabil ised by an internal network of disulphide bonds 

(Carter & Ho, 1 994) .  Each of the domains contains two large double loops and one 

small double loop, and the domains differ in hydrophobicity, charge and l igand binding. 

BSA has been reported to have 5-1 2  binding sites at neutral pH (Brown, 1 977; Peters, 

1 985 ), which has the capac i ty to bind several l igands, apparently at different sites, 

among which fatty acids and cations (especially Cu
2+ and Ni

2+) are most significant 

( Fox, 1 989). BSA is a monomer. However, the appearance of several bands in  

isoelectric focusing patterns ' indicates that considerable microheterogeneity may exist 

due to post-translational modification of amino acid side chains and/or disulphide bond 

isomerisation (Spencer & King, 1 97 1 ;  Foster, 1 977), some of which is due to l igand 

binding and post-secretion modifications. 

It is estimated that the secondary structure of BSA consi sts of ::::: 66% hel ix, 1 0% turn 

and 23% extended chain, and no p-sheet ( Reed et aI . ,  1 975 ;  Wetzel et aI., 1 980;  Carter 
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& Ho, 1 994; Gelamo & Tabak, 2000; Gelamo et aI . , 2002) .  The numerous disulphide 

bonds impose conformational restrictions and probably reduce the hel ical content of the 

molecule but, because the molecule contains no long d istance disulphides, i t  is 

relatively flexible .  Denaturation by dissociating agents i s  reversible, as is  heat 

denaturation up to a certain point, but excessive heating, especial ly at elevated pH, is  

irreversible (Fox, 1 989). BSA is  a well-known transport protein for fatty acids in  the 

blood circulatory system ( Walstra & Jenness, 1 984). Any specific function that it may 

have in the mammary gland or in mi lk  is not yet known. Treatment of BSA to rupture 

its i ntramolecular disulphide bonds increases its flexibility, a llowing the exposure of 

normal ly buried hydrophobic side groups to the aqueous phase and therefore enhancing 

its emulsifying abi l ity. 

I mmunoglobulins 

Immunoglobul ins ( Igs) are a group of complex large glycoproteins that possess 

antibody activity . They are present in milk at low concentrations (0.06-0. 1 0% w/v), 

representi ng ::::: 1 0% of the whey proteins, but are found in colostrum at much higher 

levels. F ive distinct classes of Igs occur in bovine mi lk ( Butler, 1 983 ;  Larson, 1 992; 

Hurley, 2003; Farrel l et aI . ,  2004), al l  with similar basic structures as wel l  as amino acid 

sequences and carbohydrate groups: I gA, IgM, IgE, I gD and I gG, the last class being 

subdivided into IgGJ and IgG2. The molecular weight of Igs varies between ::::: 1 50 and 

900 kOa and the amino ac id sequence is variable. IgGJ is the mai n  class in bovine milk 

and represents ::::: 80% of the total Igs ( Farrel l  et aI . ,  2004). As a group, the Igs are either 

monomers or polymers of a four-chain molecule consisting of two l ight ( lgL) 

polypeptide chains (molecular weight 22 kOa) and two heavy ( l gH)  polypeptide chains 

(molecular weight 50-70 kDa) ( Mulvihi l l  & Donovan, 1 987) .  A disulphide bond 

connects each of the l ight chains to a separate heavy chain, and the heavy chains are 

held together by disulphide bonds ( Larson, 1 992 ) .  I gs can be eas i ly denatured by heat­

treating mi lk above 60°C (Lyster, 1 972 ;  L i-Chan et al . ,  1 995). 
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Other minor whey proteins 

Minor whey proteins include P2-microglobul in (a small cell-surface protei n  with a 

molecular weight of 1 1 630 Da and 98 amino acid  residues), lactoferrin (LF)  and 

serotransferrin ( i ron-binding protein) .  The strong i ron-binding capacity of LF indicates 

two roles: i ron absorption and antibacterial activ i ty and protection against enteric 

infection in the neonate (Walstra & JenJless, 1 984; Fox, 1 989). 

2.4 Effects of heat treatment on m i l k  p roteins 

Protein structures and vanous molecular forces that stabi l ise the nat ive structures of 

proteins has been discussed earl ier ( see Section 2 . 3 . 1 ) . The stab i l ity of the 'ordered' 

native state is marginal because the free energy change from various stab i l is ing 

forces/interactions ( see Figure 2 . 1 )  j ust couJlterbalances the large conformational 

entropy of the ' disordered' random state. The net free energy differences that stabi l ise 

the native conformation against transitions to other forms are smal l and may be 

overcome by marginal alterations in the surrounding medium. Therefore, protein 

structures can be readi ly destabi l i sed from their native state by introduci ng relatively 

minor changes in environmental conditions ( Mulvihi l l  & Donovan, 1 987) .  Appl ication 

of heat, application of pressure or changes in other conditions cause proteins to lose 

their native structure and the compact molecule begins to unfold into a disordered, 

random structure. The 'denaturation or unfolding of proteins' i s  thus characterised as 

the breaking of stab i l i sing forces in the native structure, and conversion to a less ordered 

conformation ( Privalov & Gi l l, 1 988). 

Thermo-denaturation of whey proteins occurs when hydrogen, hydrophobic or covalent 

bonds are affected ( Mulvihi l l  & Donovan, 1 987) .  Denaturation of whey proteins often 

exposes hydrophobic amino acid side chains that are normally buried within the native 

three-dimensional structure and thus causes an increased reactivi ty of such groups. 

Through sulphydry l-disulphide i nterchange and hydrophobic i nteractions, the unfolded 

protein molecules may associate with each other to form aggregates, which wi l l  become 

insoluble as they grow in size. Severe heat treatments can lead to interactions with other 

protein molecules, which result in i ntermolecular association and aggregation and 

finally precipitation or gelation (see Table 2.5 for a detai led description of these terms) ,  
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depending on the protein concentration, heating and cool i ng rates, pH and ionic strength 

(de Wit, 1 984, 1 989; Mulvihi l l  & Donovan, 1 987;  Paulsson, 1 990; Singh, 1 995;  S ingh 

& Havea, 2003 ), which are usual ly accompanied by specific changes in their structure 

and properties. 

The structure of whey proteins undergoes temperature-dependent changes over a wide 

temperature range. The transformation from the initial native state to the unfolded state 

is co-operative and reversible. Heat-induced unfolding of globular proteins i s  

accompanied by  an endothermic heat effect and a change in  enthalpy (S ingh & Havea, 

2003 ) .  Heating a globular protein molecule in water increases the thermal motion of 

numerous structural elements in the polypeptide chain.  These movements are all related 

to the energy suppl ied in the form of heat, which leads to rupture of intermolecular and 

i ntramolecular bonds, van der Waals' and electrostatic i nteractions, and disulphide 

bonds ( Privalov & Gil l ,  1 988 ) .  

Table2.5. Description of possible heat-induced changes in the m ilk proteins 

(adapted from M essens et aI., 1 997) 

Protein denaturation is any modification in secondary, tertiary or quaternary 
conformation that is not accompanied by the rupture of peptide bonds involved in  
primary structure. The final conformation after denaturation can correspond to a totally 
( random coi l )  or partial ly unfolded polypeptide structure. 

Association refers to changes occurring at the molecular level (e.g. dimerisation) that 
are characterised by weak bonds at specific interaction sites. 

Aggregation or polymerisation:  contrary to association, the terms aggregation or 
polymerisation, precipitation, coagulation and flocculation refer to unspecified protein­
protein interactions that result in the formation of large complexes with higher 
molecular weights. 

Gelation is an orderly aggregation of native and/or (part ia l ly )  denatured proteins, 
formi ng a three-dimensional network structure in which protein-protein and protein­
solvent interactions are balanced to produce a wel l-ordered matrix that is capable of 
holding significant amounts of water. 
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As discussed in  many reports (e.g. Mulvihi l l  & Donovan, 1 987 ;  de Wit, 1 990; Roefs & 

de Kruif, 1 994; S ingh & Havea, 2003) ,  the denaturation of whey proteins is general ly  

assumed to  be  at least a two-step process. Init ial ly, the native protein unfolds co­

operatively to expose side chain groups original ly buried within the native structure. 

The second step i nvolves aggregation of unfolded protein molecules through thiol­

disulphide interchange reactions, hydrophobic interact ions and ionic l inkages. There 

may be several intermediate conformati ons between the native state and the final 

unfolded state (Haynie & Freire, 1 992; Griko & Kutishenko, 1 994), some of which may 

not be picked up by using j ust one method of detection. It i s  also important to point out 

that the general term 'denaturation' may encompass quite a number of denatured forms 

of a prote in, varying from sl ight changes in the tertiary structure without changes to the 

secondary structure (e.g. non-native form), to major changes in tertiary structure and 

sl ight unravel l ing of the secondary structure. 

The denaturation and aggregation of whey protei ns has been studied extensively over 

the last 5-6 decades, in d ifferent systems, using a wide range of methods, for example, 

using differential scanning calorimetry ( DSC) (Ruegg et aI . ,  1 977;  de Wit & Klarenbeek, 

1 98 1 ;  Park & Lund, 1 984;  Imafodin et al . ,  1 99 1 ), immunodiffusion ( Lyster, 1 970), 

serological activity (Baer et aI., 1 976), solubil ity at pH 4 .5 ,  specific optical rotation 

(Harwalkar, 1 980a, 1 980 b), electrophoretic teclmiques (H i l l ier & Lyster, 1 979; 

Dannenberg & Kessler, 1 988a; McSwiney et aI., 1 994a, 1 994b; Manderson et a I . ,  1 998 ; 

Havea et aI . ,  1 998, 200 1 , 2002) ,  fast protein  l iquid chromatography (Manj i & Kakuda, 

1 986) and various other methods (Manj i  & Kakuda, 1 986; Donovan & Mulvihi l l ,  1 987 ;  

Dannenberg & Kessler, 1 988a; Kessler & Beyer, 1 99 1 ;  Parris & Baginski, 1 99 1 ,  Parris 

et aI . ,  1 99 1 ,  1 993 ; Regester et aI . ,  1 992; Anema & McKenna, 1 996; Oldfield et a I . ,  1 998;  

Manderson et aI . ,  1 999; Anema et aI . ,  2000; Oldfield et aI . ,  2000) .  The susceptib i l ity to 

and the rates of denaturation of various whey proteins in whey or in buffer, as 

influenced by many factors such as pH, t ime and temperature of heat treatment, total 

sol ids, protein concentration and ionic strength, have been reported (e.g. Elfagm & 

Wheelock, 1 978; H i l l ier & Lyster, 1 979; H i l l ier et aI . ,  1 979; Smits & van 

Brouwershaven, 1 980; de Wit & Klarenbeek, 1 984; Bernal & Jelen, 1 984; Mulvihi l l  & 

Donovan, 1 987; Dannenberg & Kessler, 1 988a; Kinsella & Whitehead, 1 989; Griffin et 

aI . ,  1 993;  H ines & Foegeding, 1 993;  Parris et aI . ,  1 993 ; Oldfield et aI . ,  1 998, 2000; 

Havea, 1 998; Havea et aI., 1 998, 200 1 , 2002 ; Anema, 2000) .  However, the results and 

the data avai lable are not directly comparable and are sometimes contradictory because 
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of different experimental protocols, such as: heating medium, heati ng methods, protein 

concentration and pH etc. (Mulvihi l l  & Donovan, 1 98 7; Mulvih i l l  & Kinsel la, 1 987) .  

There are distinct differences in the denaturation behaviours of individual whey proteins. 

Different whey proteins are reported to have different thermal transition temperatures 

(Table 2 .6)  and different heat treatments are reported to have different effects on 

individual whey proteins. 

Because of the heterogeneity of the whey protein system, and because the individual 

proteins exhibit different responses towards heat, the thermal denaturation and 

aggregation of the total whey proteins reflects the col lective response of the component 

proteins (de Wit & Klarenbeek, 1 984). 

Table 2.6. Thermal denaturation tem peratures and enthalpies of whey proteins 

(adapted from de Wit, 1 984; Kinsella & Whitehead, 1 989; Jelen & Rattray, 1 995) 

Whey protein 

�-LG 

a-LA 

BSA 

Ig 

78 

62 

64 

72 

83 

68 

70 

89 

AH (kJ/mo l) 

3 1 1 

253 

803 

500 

Td = the initial denaturation temperature; Ttr = the temperature at the DSC peak 
maximum; llH = the enthalpy of denaturation. 

To understand the heat-induced aggregation of whey proteins in whey products such as 

WPC and WPI ,  the responses of purified individual proteins and mixtures of these 

proteins to heat have been studied extensively and their main effects on the structures of 

�-LG, a-LA, BSA and thei r  binary and ternary combinations have been presented herein. 

2.4. 1 Studies on heat-induced changes in individual whey proteins 

Effects of heat treatment on �LG 

Studies on the effect of heat treatment (denaturation, aggregation and gelation) on 

native �-LG showed that a range of different physical techniques, such as l ight 
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scattering (Griffi n  et aI . ,  1 993 ; Gimel et aI . ,  1 994; Roefs & de Kruif, 1 994; Qi et aI . ,  

1 995 ;  Elofsson et a I . ,  1 996; Hoffman et aI . ,  1 996, 1 997), CD spectroscopy ( Griffin et aI . ,  

1 993 ;  Matsuura & Manning, 1 994; Iametti e t  aI . ,  1 996, 1 998;  Prabakaran & Damodaran, 

1 997;  Qi et aI . ,  1 997; Manderson et aI . ,  1 999), intrinsic protein fluorescence (Mi l ls, 

1 976; I ametti et aI . ,  1 996; Manderson et aI . ,  1 999), hydrophobic probe (Elofsson et aI . ,  

1 996), DSC (Huang e t  aI . ,  1 994a, 1 994b; Qi e t  aI . ,  1 995; Riiegg et aI . ,  1 977), 

microcalorimetry (Qi et aI . ,  1 995)  and N MR ( Iametti et aI . ,  1 995, 1 997; Bel loque & 

Smith, 1 998; Edwards, 2002), have been used. N umerous studies h::tve been reported on 

changes in the behavior of �-LG during heat treatments. However, only selected reports 

have been considered in the present rev iew to provide general overview and other 

relevant reports wi l l  be discussed appropriately in the results sections of the respective 

chapters .  

Many of the prevIous studies showed that, when �-LG is heated above 70°C, it 

denatures and aggregates depending on many factors such as protein concentration, pH, 

salt concentration and heating temperature. The heat- induced unfolding of �-LG is 

essential ly reversible at lower pH (below 3 .0 )  ( Pace & Tanford, 1 968;  G imel et aI . ,  

1 994), whereas irreversible reactions involving thiol-catalysed disulphide bond 

interchange lead to aggregation at higher pH ( Sawyer, 1 968;  McKenzie, 1 97 1 ;  Creamer, 

1 995).  Upon heating to approximately 70°C at neutral pH, the native dimers 

progressively di ssociate into native monomers (McKenzie, 1 97 1 ;  Hambl ing et a I . ,  1 992), 

which partially unfold ( I ametti et aI . ,  1 996; Qi et aI . ,  1 997) ;  subsequently,  a thiol group 

( Iametti et aI . ,  1 996; Hoffmann & van Mi l ,  1 997; Prabakaran & Damodaran, 1 997) and 

hydrophobic residues ( I ametti et aI . ,  1 995, 1 997; Rel kin, 1 996) are exposed (become 

solvent accessible),  resulting in formation of reactive monomers. The aggregates are 

formed via intermolecular thiol-catalysed disulphide bond interchange ( Griffin et aI . ,  

1 993; Cairoli  et a I . ,  1 994; McSwiney et  aI . ,  1 994a; Roefs & de Kruif, 1 994; I ametti e t  

a I . ,  1 995, 1 997 ;  Qi  et  aI . ,  1 995;  Gezimati e t  aI . ,  1 996, 1 997; Hoffmann et  aI . ,  1 997; 

Havea, 1 998;  H avea et aI . ,  1 998, 2000, 200 1 , 2002; Manderson et aI . ,  1 998;  Verheul et 

aI . ,  1 998, 1 999; Schokker et aI . ,  1 999, 2000) and to a lesser extent thiol-thiol oxidation 

(Mulvihi l l  & Donovan, 1 987 ;  McSwiney et aI . ,  1 994a, 1 994b; Hoffmann & van Mi l ,  

1 997; Prabakaran & Damodaran, 1 997; Qi  e t  a I . ,  1 995 ; Qi et a I . ,  1 997; Schokker, 1 999), 

l eading to the formation of non-native monomers, dimers, trimers, tetramers and larger 
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aggregates. The rates and pathways are dependent on the protein concentration, pH, 

temperature and other factors. 

I t  has been shown that native monomer proteins are converted to non-native (the native 

fold or one of a range of non-native folds and containing non-native disulphide bonds) 

monomers ( Iametti et a I . ,  1 998; Manderson et aI . ,  1 998; Schokker et aI . ,  1 999),  non­

native disulphide-bonded dimers, trimers etc . ,  probably via intramolecul ar thiol­

disulphide bond interchange ( Iametti et aI . ,  1 997; Havea, 1 998; Manderson et a I . ,  1 998; 

Schokker et aI . ,  1 999, 2000; Havea et aI . ,  200 1 ,  2002; Cho et aI . , 2003) .  Some of these 

monomers participate in intermolecular thiol-disulphide bond interchanges to give 

covalently bonded aggregates (Manderson et aI . ,  1 998) and some form hydrophobical ly 

associated products with the covalently bonded aggregates ( Havea et aI . , 200 1 ) . I n  

addition to disulphide bond interchange reactions, when 1 0% solutions of �-LG are 

heated, stable non-covalentIy bonded aggregates appear to form (McSwiney et aI . ,  

1 994a, 1 994b; Havea et aI . ,  1 998, 200 1 ), indicating that two major aggregation features, 

or possibly mechanisms, are related to hydrophobic association and disulphide bond 

interchange reactions. Many different proposal s  have been offered for the reaction 

order of p-LG denaturation and aggregation, and it appears that this area has yet to be 

fully clarified. However, the presence of non-native monomers and dimers and their role 

as intem1ediates in the heat-induced denaturation process of p-LG appear to be of vital  

importance ( De la Fuente, 2002). I t  has also been suggested that p-LG also forms an 

intermediate that has similarity to the ' molten globule' state (Cairoli et aI . ,  1 994; Huang, 

1 994a, 1 994b; McSwiney et aI . ,  1 994b; De la Fuente et aI . ,  2002) .  The initial stages of 

heat ing would result in a reversible unfolding of the native structure to form an 

unfolded monomeric p-LG. Irreversible aggregation would fol low to form p-LG 

aggregates. A number of different polymeric aggregates could be formed ( Roefs & de 

Kruif, 1 994) . 

Effects of heat treatment on a-LA 

The heat-induced interactions of a-LA have been studied extensively as a model for 

protein folding studies mainly because of its abi l ity to form a molten globule (e.g. 

Wijesinha-Bettoni et aI ., 200 1 ). 
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When a-LA is heated in solution using differential scanning calorimetry (DSC),  it can 

reversibly undergo thermal transitions. a-LA has been shown to undergo 

conformational changes at about 64°C (RUegg et aI . ,  1 977) .  I n  contrast, when p-L O  i s  

treated simi larly, i t  irreversibly undergo transitions up  to about 73  °C ( Rtiegg et aI . ,  

1 977). However, a-LA does not readily form aggregates or  undergo disulphide bond 

interchange when heated alone at up to 80°C, pH 6.70 ( RUegg et aI . ,  1 977; Eigel et a I . ,  

1 984; Paulsson et  aI . ,  1 986; Matsudomi et  aI . ,  1 992, 1 993, 1 994; Calvo et  aI . ,  1 993 ; 

Hines & F oegeding, 1 993 ;  Dalgleish et aI . ,  1 997; Gezimati et aI . ,  1 997;  Schokker et al . ,  

2000) partly because of the lack of a free thiol group i n  the a-LA monomer structure 

(Calvo et aI . ,  1 993 ). Also, there is evidence that a-LA is readi ly heat denatured but has a 

much greater tendency to renature rather than to form aggregates ( RUegg et aI . ,  1 977). 

I n  some of the studies, a-LA has been shown to form disulphide- l inked polymers as 

wel l  as modified monomers when it is heated under severe conditions ( l OO°C for 30 

min) and these are probably in the molten globule state ( Kuwaj ima, 1 989; Hirose, 1 993) .  

Also, when a-LA is  heated at 1 00°C for 30 min ( Schnack & Klostermeyer, 1 980) ,  there 

is significant loss of d isulphide bonds and a group simi lar to the thiol group is formed 

simultaneously, which has been suggested to be responsible for the molecular 

disulphide interactions of a-LA. 

The heat-induced interactions of a-LA are pH dependent and Ca2+ ions are important. It  

has also been reported that, when a-LA binds less than one mole of calcium (or other 

divalent cation) per mole of protein, the thermal transition temperature of this apo-a-LA 

decreases to about 3 5°C ( Relkin, 1 996). Addition of calcium ions to apo-a-L A  increases 

the trans ition temperature to about 66°C ( Relkin et aI . , 1 993 ) .  When holo-a-L A  ( with 

bound calcium) is extensively heated by itself at 80°C, it  slowly forms non-native 

monomers and dimers; apo-a-L A  is noticeably more reactive ( Hong & Creamer, 2002) .  

Extensive heating ( 1 00°C for at least 10  min) in the absence of extra calc ium gives rise 

to disulphide-bonded a-LA dimers, trimers etc. as wel l  as some non-native monomeric 

protein (Chapl in & Lyster, 1 986) .  
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Effects of heat treatment on BSA 

Many studies have been reported on the heat-induced interactions of BSA, the most heat 

sensitive of the major whey proteins when heated alone (C lark et al . ,  1 98 1 ;  Takeda et ai . ,  

1 989;  Yamasaki et a i . ,  1 99 1 )  at  neutral pH ( de Wit & Klarenbeek, 1 984) . Many of these 

studies reported that BSA does not denature at up to 40°C . The conformational changes 

are reversible between 42 and 50°C, but unfolding of the a-hel ices of BSA i s  

irreversible between 52 and 60°C . Temperatures o f  60°C and above show unfolding of  

BSA and thiol-catalysed aggregation and gel formation occurs at temperatures above 

70°C ( Clark et ai . ,  1 98 1 ;  Takeda et aI . ,  1 989;  Yamasaki et ai. ,  1 99 1 ) . Kang & Singh 

(2003)  have described the DSC profile of i ntact BSA, which does not adequately fit a 

two-state model, with two peaks at 6 1  and 66°C. 

BSA has been found to form a self-supporting gel when heated at 80°C for 30 min 

( Paul sson et ai . ,  1 986; Matsudomi et ai . ,  1 993; Gezimati, 1 995) .  As the temperature 

increases, some molecular regions become accessible to new intermolecular interactions, 

producing soluble aggregates through disulphide and non-covalent bonds ( Wang, 1 999) . 

The mechani sm of interaction of BSA with other whey proteins is probably similar to 

that of �-LG (McSwiney et ai . ,  1 994a, 1 994b; Havea et ai. , 200 1 ), e xcept that BSA 

forms aggregates and gels at lower temperature. This observation was confirmed using 

native- and sodium dodecyl SUlphate (SDS)-polyacrylamide gel e lectrophoresis ( PAGE) 

( Gezimati, 1 995) ,  and may be explained on the basis  that both �-LG (Cys 1 2 1 ) 

( Hambling et a i . ,  1 992) and BSA (Cys34) ( Carter & Ho, 1 994) contain free thiol groups. 

Effects of heat treatment on Igs 

I gs are very heat labi le. Richardson ( 1 99 1 ) studied the heat-induced interactions of I gG 

heated at 95°C and found that the elution profiles of I gG heated alone indicated the 

formation of large complexes through covalent interactions, possibly through thiol­

disulphide interchange. L i-Chan et al . ( 1 99 5 )  suggested that commercial pasteurisation 

processes should not result in  complete destruction of I gG.  An analysis of Igs in 

commercial dairy products ( reconstituted skim milk powder and whey) revealed that, 

although between 60 and 75% of the orig inal Igs amount present in the milk samples 

were retained after pasteuri sation, the level s  of IgG in  UHT or canned ( evaporated) mi lk  

were negl igible (L i -Chan et  a I . ,  1 995) .  
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2.4.2 Studies on heat-induced changes in whey proteins involving binary and 

ternary mixtures 

Effects of heat treatment on binary mixtures of a-LA and �LG 

Many studies have reported on the effects of heat treatment on mixtures of a-LA and �­

LG in model systems (Noh et aI . ,  1 989; Calvo et aI . ,  1 993;  H ines & F oegeding, 1 993 ; 

Qi et aI . ,  1 99 5 ;  Dalgleish et aI . ,  1 997; Gezimati et al . ,  1 997; H avea, 1 998;  Havea et al . ,  

1 998, 200 1 ; Schokker et aI . ,  2000; Hong & Creamer, 2002) .  Many of these studies 

concluded that, besides self-aggregation, �-LG can form heat-induced complexes with 

a-LA.  a-LA does not readi ly fom1 aggregates or undergo disulphide bond interchange 

when heated alone at up to 80°C, pH 6.70, partly because of the lack of a free thiol 

group in the a-LA monomer structure ( Calvo et aI . ,  1 993) .  However, in the presence of 

�-LG, aggregation of a-LA occurs readi ly ( Calvo et aI . ,  1 993; Dalgleish et aI., 1 997) to 

form non-native monomers, dimers, trimers and larger aggregates of both a-LA and 

B-LG. This probably occurs through the interaction of a free thiol on a non-native B-LG 

monomer via a thiol-induced disulphide bond interchange reaction with one of the 

surface-located cysteine residues of a-L A  ( L ivney et aI . ,  2003 ) .  

Almost all of the �-LG was incorporated into soluble aggregates v i a  disulphide bonds 

(Calvo et aI . ,  1 993 ) and to a considerable extent via hydrophobic interactions ( Calvo et 

aI . ,  1 993; Dalgleish et aI . ,  1 997; Havea et aI . ,  1 998,  200 1 ; Oldfield et a I . ,  1 998, 2000; 

Schokker et al . ,  2000), when mixtures of a-LA and B-LG was heat treated. It has been 

reported that the homopolymers (Dalgleish et aI . ,  1 997), as wel l  as heteropolymers 

(Gezimati et al . ,  1 997) of a-LA and �-LG. As well as formation of disulphide-bonded 

a-LA dimers, 1 :  1 a-LA:�-LG dimer aggregates and non-native monomers and dimers 

etc . ,  of both a-LA and �-LG have been reported ( Havea et aI . ,  200 1 ;  H ong & Creamer, 

2002). The rate of loss of native a-LA from the mixture is rapid and comparable with 

that of �-LG under the same conditions. The presence of a-LA diminishes the 

proportion of smaller aggregates and increases the number of very l arge aggregates. 

Preheating �-LG decreases the extent of loss of a-LA from the mixtures, suggesting 

that the Disulphide bond shuffling that occurs during heat treatment is enhanced by the 

formation of molten globule intermediates and by thiol catalysis ( Hong & Creamer, 

2002). 
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Further, it has been reported that, at constant protein concentration, mixtures of a-LA 

and �-LG give firmer gels than �-LG by itself ( Hines & Foegeding, 1 993 ;  Gezimati, 

1 995, Gezimati et aI . ,  1 997), probably because of a greater number of inter-protein 

d isulphide bonds between a-LA and �-LG. H ines & Foegeding ( 1 993 ) suggested that 

the interaction of denatured a-LA with denatured p-LG molecules is kinetically or 

thermodynamically more favourable than renaturation. I n  the presence of a-LA, �-LG 

is converted into a series of d isulphide-bonded and hydrophobically associated 

aggregates .  These patterns are similar to those when p-LG solution is heated on its own. 

These results indicate that the mechanism of aggregation of an a-LAI�-LG m ixture is 

governed by �-LG (Schokker et a I . ,  2000; Hong & Crean1er, 2002). Addition of a-LA 

to �-LG solutions prior to heat treatment affects the pathway of aggregation to favour 

greater disulphide-bonded aggregates, but does not alter the initial rate of loss of native­

l ike �-LG from the mixtures of a-LA and �-LG, indicating that the modifications to 

aggregation introduced by a-LA are after the initial heat-i nduced intramolecular 

reorgani sation of the p-LG disulphide-bonding patterns. The i naccessible disulphide 

bonds of a-LA react with the free sulphydryl groups of the ' unfo lded' �-LG molecules, 

after which they can catalyse intermolecular disulphide bond interchange ( Schokker et 

ai . , 2000). 

Effects of heat treatment on binary mixtures of BSA and p-LG 

I t  has been reported that the thermal transition temperature of BSA is lower than that of 

�-LG (de Wit & Klarenbeek, 1 984), and both �-LG and BSA have a free cysteine 

(Carter & Ho, 1 994) .  BSA apparently responds to heat treatment almost similarly to �­

LG, except that BSA forms aggregates at a lower temperature ( Gezimati et aI . ,  1 996). 

The rate of interaction and aggregation of p-LG and BSA is  dependent on the 

temperature. When mixtures are heated at temperature less than 70°C, the number of �­

LG molecules that undergo the thermal transition is less than the number of BSA 

molecules and hence the role of BSA is  dominant in  the aggregation and gelation 

(Matsudomi et aI . ,  1 994; Gezimati, 1 995) .  In contrast, at temperatures > 75°C, both 

proteins form aggregates and the aggregation rates of both proteins are comparable 

(Gezimati,  1 995) .  The formation of soluble aggregates of �-LG:BSA occurs through 

disulphide cross-l inks (Matsudomi et aI . ,  1 994) .  
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I t  has been suggested that, although BSA aggregation appears to be unaffected by �-LG, 

the rate of aggregation of �-LG is  enhanced by the presence of BSA ( Hines & 

Foegeding, 1 993;  Gezimati et aI. ,  1 996), and the gels from the mixture are stronger, 

indicating a synergistic effect ( Matsudomi et a I . ,  1 994). S imi lar findings were reported 

by Havea et al. (200 1 )  using binary and ternary mixtures of a-LA, �-LG and BSA. 

Hines & Foegeding ( 1 993)  reported that native �-LG aggregates with BSA with a 

second order rate constant when they are mixed in a 1 :  1 molar ratio. The rate is seven 

times greater than when �-LG is alone in solution. I n  addition, the rate of aggregation of 

BSA is unaltered by j3-LG. 

Effects of heat treatment on binary mixtures of BSA and a-LA 

The concentrations of BSA and a-LA are important as a good correlation between B SA 

concentration and aggregate (a-LA:BSA) formation in  mi lk uItrafiltrate (a-LA, 1 .5 

mg/mL ;  BSA, 0.3- 1 0.0 mg/mL )  heated at 90°C was found (Calvo et aI . ,  1 993 ) .  Thiol­

disulphide interchange was involved in aggregate formation between 0 .2% a-LA and 

0.2% B SA heated at 80°C for 30 min (Matsudomi et aI . ,  1 993) .  A significant increase in 

gel hardness was observed by the addition of 2: 3% a-LA to 6% BSA solution, which 

may be attributed to the formation of a more uniform and finer gel matrix (Matsudomi 

et aI . ,  1 993);  in addition to the thiol-disulphide interchange reaction, BSA was involved 

in the formation of hydrophobical ly associated aggregates ( Matsudomi et a I . ,  1 993 ; 

Havea et a1 . ,  1 998,  200 1 ), whereas there was no evidence of a-LA being incorporated 

into hydrophobic aggregates. Soluble aggregates of a-LA and B SA were formed (when 

heated in 1 00 mM phosphate buffer, 80°C for 30 min, p H  6.80) through thiol­

disu lphide interchange reaction during gel fonnation and these aggregates had lower 

molecular weights than those fonned by BSA alone (Matsudomi et al . ,  1 993 ) .  

Havea e t  a1 . (2000) studied the formation of new protein structures in  heated mixtures of  

BSA and a-LA. Heating the individual proteins alone showed BSA only  containing 

large disulphide-bonded BSA aggregates. Combining a-LA and BSA ( 1 :  1 ;  w/w) led to 

the production of larger disulphide-bonded aggregates and S DS-monomeric BSA and 

SDS monomeric a�LA. On lowering the concentration from 5 to 2%, fewer larger 

disulphide-bonded aggregates were evident and there was less S DS-monomeric a-LA 

and B SA. This study concluded that BSA forms disulphide-bonded aggregates that 
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contain avai lable thiol  groups that can catalyse the formation of d ifferently structured a­

L A  monomers, dimers, higher polymers and adducts of  a-LA with BSA.  I t  has been 

suggested that the exposed thiol  group of BSA molecules/aggregates can react via thiol­

d isulphide interchange with the disulphide of  a-LA, thus generating a-LA:BSA adducts 

and a-LA dimers (Havea et a i . ,  2000). 

Effects of heat treatment on Binary/ ternary mixtures of BSA, �LG and/or a-LA 

The heat-induced interactions of �-LG, a-LA and BSA have been studied in model 

systems ( Hines & Foegeding, 1 993;  Matsudomi et aI . ,  1 994; Gezimati, 1 995;  Gezimati 

et a I . ,  1 996, 1 997;  Havea et ai . ,  1 998, 2000, 200 1 ;  Schokker et ai . ,  2000) and in the 

mi lk/whey system (H i l l ier & Lyster, 1 979; Havea, 1 998 ;  Havea et aI . ,  1 998, 200 1 ,  

2 002) .  

BSA fomled polymers prior to the unfolding of either a-LA or �-LG at 75°C ( Gezimati 

et aI . ,  1 996, 1 997) .  The heat- i nduced aggregation and gelation of a 1 0% ( w/w) solution 

of a 1 :  1 m ixture of �-LG and BSA (Gezimati et aI. , 1 996) or �-LG and a-LA (Gezimati 

et aI., 1 997) in a buffer simulating the WPC environment was studied and it was found 

that both covalent bonding and non-covalent bonding were involved in the interaction. 

H ines & Foegeding ( 1 993 ) studied the interactions of a-LA and BSA with �-LG in 

thermal ly induced gelation and found that the rheological transitions and the properties 

of gel s  made w ith mixtures of �-LG and BSA were dependent on the ratio of the 

proteins in the m ixture. Addition of a-LA to �-LG or BSA solution markedly enhanced 

the gel strength of the heat-induced gel ( Matsudomi, 1 99 1  1 993, 1 994). 

More recently, i t  has been shown that heating a-LA in the presence of BSA or �-LG in 

WPC permeate ( Havea et  a\ ., 200 1 )  can induce the formation  of a-LA d imers and 1 : 1  

aggregates of a-LA with �-LG and possibly with BSA. When al l three whey proteins 

are present (a-LA, �-LG and B SA), BSA is  more effective than �-LG in catalysing the 

formation of a-LA polymers ( Havea et aI . ,  200 1 ). This may be related to the differences 

in thermal denaturation between the protein  species as discussed earl ier. Thus BSA wil l  

begin to unfold and aggregate before �-LG. 
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2.4.3 Effects of heat treatment on caseins and casein m icelles 

The major proteins of mi lk, the caseins, possess low levels of secondary and tertiary 

structures, a feature that contributes to their remarkable  stabi l ity at high temperatures. 

However, when subjected to severe heat treatment, casein undergoes changes, such as 

dephosphory lation and proteolysis ( Fox, 1 982; Singh & Creamer, 1 992;  Singh, 1 995) .  

Polymerisation of casein can occur as a result of condensation reactions, e .g .  Mail lard­

type reactions and the formation of lysinoalanine (Lorient, 1 979). The changes in casein 

micel les upon heat treatment include increase in hydrodynamic diameter, decrease in 

zeta potential and hydration, and dissoc iation of caseins from micel les ( Fox, 1 982; 

Singh & Creamer, 1 992), which have been reviewed in detai l (S ingh, 1 995;  De Kruif  & 

Holt, 2003 ). 

2.4.4 Heat-induced interactions of whey proteins with casein micel les 

On heating m ilk, the denatured whey proteins can interact with each other and with the 

casein micelles. Considerable research has been conducted on deciphering the speci fic 

reactions that occur, the composition of the reaction products and the sequence of events 

involved in the heat- induced aggregation reactions. Non-covalent interactions and 

disulphide bonds (via thiol-disulphide interchange reactions) are known to be involved 

in the interactions. The i nteractions between �-LG and K-CN in heat-treated model 

systems have been reported and the results show that two disulphide bridges and a free 

sulphydryl group present i n  the native structure of �-LG play an important role i n  its 

heat-induced interactions with K-CN (Morr, 1 985 ;  Haque et aI . ,  1 987;  Haque & Kinsel la, 

1 988; Hi l l ,  1 989; N oh et aI., 1 989; Dalgleish, 1 990; Jang & Swaisgood, 1 990; S ingh, 

1 995; Corredig & Dalglei sh, 1 999; Cho et aI . ,  2003 ). I nterestingly, as2-CN occurs at the 

same concentration as K-CN, and has one disulphide bond, but has not normal ly been 

reported to interact with �-LG in mi lk  systems. It can be speculated that as2-CN is  

inside the micelle and therefore that �-LG cannot reach it, but equally val id i s  that a 2-

CN is a particularly stable entity, especially as the d imer ( Rasmussen et aI . ,  1 992a, 

1 992b) . Only a few studies suggesting heat-induced i nteractions of as2-CN with whey 

proteins have been reported (Snoeren & Van der Spek, 1 977). 
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2.5 High press u re processing 

2.5. 1 Introduction 

Although thermal processing is  effective, economical and readi ly avai lable, in many 

cases, it has undesirable effects on the sensory and nutritional quality of food ( Balny & 

M asson, 1 993 ; Truj i l lo et ai . ,  2002) .  Moreover, during the past few years, growing 

consumer demand for minimally processed, high quality and safe foods has led to 

i ncreased interest in non-thermal processes for food preservation. HP processing is  

considered to  be an emerging non-thermal technology and has been proposed as an 

alternative to established thermal processing; it can be used for the production of a 

range of safe and nutritious foods with minimal effects on the sensory or nutrit ional 

qual ity of food products (Hayashi, 1 98 8 ;  FaIT, 1 990; Hoover, 1 993 ;  Datta & D eeth, 

1 999, 2003 ; Needs et ai . ,  2000a, 2000b; Velazquez de la Cruz et ai . ,  2002). 

More than a century ago, H ite ( 1 899) used HP with the objective of developing  an 

alternative preservation treatment to heat pasteurisation. He demonstrated that microbial 

spoi lage can be delayed and that the shelf l ife of mjlk can be extended sigruficantly by 

pressure treatment. A few years later, the pioneering work of Bridgman ( 1 9 1 4) 

demonstrated the effects of H P  processing on the denaturation and the functional 

properties of proteins, by pressurising egg proteins. However, it was not until 1 990 that 

equipment advances and consumer demand for minimally processed, high quali ty foods 

led to considerable research interest in HP processing technology. Reports have 

indicated that HP has the potential for both preservation and modification of various 

aspects of foods, including alteration to their functional prope11ies (Ohmiya et a i . ,  1 989; 

L6pez-Fandino et ai . ,  1 996; Garcia-llisco et ai . ,  1 998, 2000), and the subject has been 

reviewed several times (e .g .  Heremans, 1 982;  Balny et a i . ,  1 982, 1 989, ;  Masson, 1 992; 

Weber & Drickamer, 1 98 3 ;  Balny & Masson, 1 993;  Mozhaev et aI . , 1 994; Johnston, 

1 995 ;  Messens et ai . ,  1 997 ;  Heremans et ai . ,  1 997; Datta & Deeth, 1 999; 2003 ; F arkas 

& Hoover, 2000; Huppertz et ai . ,  2002; Truj i l lo et ai . ,  2 002; Claeys et ai . ,  2003) .  

Today, H P  processing is  considered to be a possible alternative to  heat treatment and 

has reached the consumer with a variety of products, such as H P-treated commerc ial ly 

steri l ised fresh fruit jams, jel l ies, j uices, salad dressi ngs, rice, cakes and guacamole 
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( Farr, 1 990; Earnshaw, 1 992 ; Cheftel ,  1 992; Hoover, 1 993), but no H P-treated 

commercial dairy products are available as yet .  However, as there is increased interest 

i n  the H P  treatment of dairy products, it is currently a major focus of investigation. 

2.5.2 Effects of HP processing on protein structure and stabilising forces 

The effects of H P  processing on protein stabi lity are governed by Le Chatel ier-Braun' s 

principle, which predicts that, when a system is  subjected to a constraint, it wi l l  adapt to 

minimise this constraint. Consequently, when applying HP, the constraint i s  volume. In  

other words, whenever a stress is appl ied to  a system i n  equi l ibrium, the system wi l l  

react so as  to counteract the appl ied stress. This implies that an  increase in  pressure wi l l  

shift the equil ibrium towards the state that occupies a smal ler volume. Thus, under 

pressure, reactions with a negative volume change wil l  be enhanced and reactions with a 

positive volume change wi l l  be suppressed (Buchheim & Prokopek,  1 992;  Johnston,  

1 995) .  Such reactions may result in inactivation of microorganisms or  enzymes and 

denaturat ion and aggregation of proteins, and thus may bring about textural changes in 

foods ( Huppertz et aI . ,  2002; Balci & Wi lbey, 1 999). 

Various stabil ising forces and their role in maintaining the organisational structure of 

proteins at different levels have been described in  detail  earl ier in this chapter (see 

Section 2 .3 . 1 ), which suggests that the secondary, tertiary and quaternary structures of 

the proteins are stabi l ised by various types of interactions. As with heat treatment, HP 

processing is known to induce protein denaturation by altering the delicate equi l ibrium 

between the interactions that stabil ise the folded conformation of native proteins 

(Johnston et aI., 1 992a, 1 992b; Masson, 1 992; Balci & Wilbey, 1 999). Pressure also acts 

as a physico-chemical parameter that alters the balance of intramolecular, solvent­

protein interactions, and brings about changes in conformational volume and changes in 

solvation volume ( Balny & Masson, 1 993 ; Heremans, 1 992; Messens et aI . ,  1 997; 

Hendrickx et a I . ,  1 998; Claeys et aI . ,  2003) .  However, HP treatments have been reported 

to have sl ightly different effects on protein structure compared with heat treatments 

( Mozhaev et aI . ,  1 996). 

I n  contrast to heat treatments, where covalent as wel l  as non-covalent bonds are affected, 

it has been reported that HP processing at room temperature (;::: 20°C) disrupts only 

relatively weak bonding such as intramolecular hydrophobic and electrostatic 
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interactions (Balny & Masson, 1 993;  S i lva & Weber, 1 993),  whereas hydrogen bonds 

are relatively insensitive to pressure, suggesting that HP affects the tertiary and 

quaternary structure of globular proteins and has little effect on their secondary structure. 

There are views that covalent bonds are largely insensitive to pressure treatment, 

because H P  is not sufficient to cause a breakdown of covalent bonds (energy of 

disulphide bonds: 2 1 3 . 1  kJ mol- I ) and thiol-disulphide reactions are not affected 

( Hayakawa et aI . ,  1 996). Reversible effects such as dissociation of polymeric structures 

or partial unfolding are observed below 1 00-200 M Pa (Jaenicke,  1 99 1  a, 1 99 1  b; S i lva & 
Weber, 1 993) .  H igher pressures (>200 M Pa) cause irreversible and more extensive 

effects on proteins. These include unfolding of monomeric proteins and aggregation 

(Zipp & Kautzmann, 1 973;  Heremans, 1 982; Weber & Drickamer, 1 983 ; S i lva & 
Weber, 1 993), as wel l  as the formation of gel networks (Van Camp & Huyghebaert, 

1 995a, 1 995b; Van Camp et aI . ,  1 997a, 1 997b). Subsequent re-formation of intra- and 

intermolecular bonds within and between protein molecules, leading to the formation of 

ol igomers and polymers, l inked by hydrophobic interactions and disulphide bridges, 

occurs (e .g .  Hoover" 1 993 ; Cheftel ,  1 992; Masson, 1 992; Galazka et aI . ,  1 996; Messens 

et aI . ,  1 997; Truj i l lo et aI . ,  2002) .  

Changes in  the solvation volume are mainly caused by pressure-induced ionisation, 

changes in solvent exposure of ami no acid side chains and peptide bonds, and d iffusion 

of water into cavities located in the hydrophobic core of the protein ( Balny & Masson, 

1 993 ; H eremans, 1 982 ;  1 992; Messens et al. 1 997;  Hendrickx et aI . ,  1 998; Claeys et aI . ,  

2003 ).  Protein compressibil ity i s  governed by the compression of the internal cavities, 

which depends on the internal packi ng ( Mozhaev et aI . ,  1 996). The hydrophobic core of 

a protein  is less stable at H P, because the loss of cavity volumes is a major  factor 

contributing to the partial molar volume change upon the unfolding of a protei n  ( Weber 

& Drickamer, 1 983 ;  Frye & Royer, 1 998). With respect to changes in the 

conformational volume, the primary protein structure (the amino acid sequence) will  

remain i ntact because covalent bonds are almost unaffected by HP at relatively low 

temperature. The secondary structure (a-hel ices or �-sheets) wi l l  be affected at HP,  

resulting in irreversible unfolding. Changes in the tertiary structure (three-dimensional 

configuration held together mainly by hydrophobic and ionic interactions) occur at 

pressures above 200 MPa and lead to irreversible unfolding. At relatively low pressures 

« 1 50 M Pa), the quaternary structure (the spatial arrangement by non-covalent 

interact ions into a multirneric protein) is disrupted into subunits. However, during the 
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pressure release phase and after pressure treatment, new intermolecular interactions are 

formed. 

2.5.3 Effects of HP processing on m ilk proteins 

High pressure can alter the protein conformation and this can lead to protein 

denaturation, aggregation and gelation (Tedford et al., 1 999; Fertsch et aI . ,  2003), 

depending on the type of protein, protein concentration, pH, ionic strength, the appl ied 

pressure and pressuris ing temperature, and the duration of the pressure treatment etc . 

(Masson, 1 992; Messens et aI . ,  1 997; Fertsch et aI . ,  2003 ; Huppertz et aI . ,  2004a, 

2004b). Thus whey protein denaturation and aggregation has been studied extensively 

under various conditions and in systems such as mi lk  (Fel ipe et aI . ,  1 997;  Law et aI . ,  

1 998;  Arias et aI . ,  2000; H inrichs, 2000; Scollard et aI . ,  2000; Huppertz et aI . ,  2002, 

2004a, 2004b; Anema et aI . ,  2005a), WPC (Van Camp et al., 1 997a, b; 10hnston et aI . ,  

1 992a, 1 992b), WPI ( Hinrichs et  a I . ,  1 996 a,  1 996b; Hinrichs, 2000;  Michel  et  a l . ,  200 1 ) 

and isolates of the individual whey proteins, e .g .  p-LG ( Dumay et aI . ,  1 994, 1 998;  

Funtenberger et  aI . ,  1 995;  Jegouic et aI ., 1 996; Galazka et aI . ,  1 996; Olsen et  a l . ,  1 999), 

and is  reviewed in the subsequent sections of this chapter. 

HP processing has been found to have different effects on proteins when analysed at 

high pressure ( ' in situ' analysis) and when analysed after pressure release . With 

increasing pressure, protein  molecules undergo a sequence of conformational changes 

because of the alterations in stabil i sing interactions (Johnston et aI . ,  1 992). However, 

during the pressure release phase and after pressure treatment, new intermolecular 

interactions are formed and the proteins may be newly structured (Fertsch et aI . ,  2003) .  

As the present study explores the interactions of milk proteins after pressure release, the 

majority of the reports included in the subsequent sections of the present review deal 

with the interactions of proteins after pressure release. 
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2 .5.4 H P-induced denaturation and aggregation of  whey proteins 

Effects of pressure treatment on �LG 

�-LG appears to be the most sensitive of the major whey proteins to HP (Stapelfe ldt et 

aI., 1 996) and dominates the pressure-induced denaturation, aggregation and gelation of 

the entire whey system (Van Camp & Huyghebaert, 1 995a, 1 995b; Van Camp et aI . ,  

1 996, 1 997a, 1 997b; Karmo et aI . ,  1 998;  Be lloque et  aI . , 2000). Therefore, the majority 

of previous studies have concentrated on the effects of H P  on �-LG.  The maj or changes 

that occur in the structure of 13-LG include monomerisation of the dimeric state ( Iametti 

et aI . ,  1 997), a decrease in a-helix  and �-sheet content (Hayakawa et aI . ,  1 996; Paruck 

et aI . ,  1 999) and irreversible changes i nvolving the formation of intermolecular 

disulphide bonds (Funtenberger et aI . ,  1 997;  Iametti et aI . ,  1 997; L6pez-Fandino et aI . ,  

1 997; Moller et a I . ,  1 998) .  In  the pressure- i nduced mechanism proposed ( Iametti et  aI . ,  

1 997), release of monomers represents one of  the earl iest events, whereas association of 

transiently modified monomers stabi lises the denatured forms of the protein .  

The reactivity of  the free SH group of  �-LG increases with pressure up to  1 50 M Pa 

( Tanaka et aI . ,  1 996), whereas pressures ranging between 0 and 1 40 MPa do not affect 

13-sheets (Subirade et aI ., 1 998) .  The results of this study (Subirade et aI . ,  1 998)  

suggested that, i n  spite of  having a similar overall conformation, the structure of  �-LG 

before and after HP are stabi l i sed by slightly different interactions. It has been reported 

that pressures of 1 00 MPa resulted in some unfo lding of �-LG but al lowed the core to 

remain structured .  I ncreasing the pressure between 1 00 and 200 MPa initiated structural 

changes ( Moller et aI . ,  1 998 ;  Bel loque et aI . ,  2000). �-Sheets formed by FGH strands 

were the strongest portion of �-LG after pressurisation at 200 MPa for 5 min ( Bel loque 

et aI . ,  2000), thus indicating that they are the last part to unfold during pressure 

processing. Subsequent increases in pressure (300 and 400 MPa) showed high 

flexibil ity of the entire structure of �-LG. Pressure treatment of the individual variants 

indicated that the structure of the core of p-L G  A becomes flexible more rapidly that 

that of �-LG B ( Belloque et aI . ,  2000). It was speculated by Belloque et al . (2000) that 

the i ntermolecular disulphide bonds, formed by the sulphydryl-disulphide interchange 

reaction, are l ikely to involve Cys66-Cy s 1 60 and Cys 1 2 1  rather than Cys l 06-Cys I 1 9 .  

Inter- and i ntramolecular reactions of SH groups were suggested by Tanaka et al .  ( 1 996) 
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as the main cause for the pressure-induced i rreversible denaturation of �-LG at 400 MPa 

at pH 6.8 .  These findings were supported, demonstrating that most d isulphide bonds 

resulted from sulphydryl-disulphide interchange reactions rather than oxidation of S H  

groups (4S0 M Pa, 2SoC, p H  7.0;  Funtenberger et aL,  1 997) .  This i s  i n  agreement with 

Valente-Mesquita et a1 .  ( 1 998) ,  who suggested that the correct refolding of the native �­

LG dimer is  hampered by the formation of non-native disulphide bonds. This instabil i ty 

of �-LG at high pressure ( l S0-200 MPa) is due to a single large loss of partial molar 

volume upon local unfolding and is  likely to be a consequence of the proximity of the 

hydrophobic core to the large water-accessible cavity ( Kuwata et aI . ,  200 1 ). 

I t  has been found that HP-induced denaturation of �-LG is partial ly reversible at lower 

(2 . S%) protein concentration but that the denaturation is  irreversible and aggregation 

occurs at higher (S .O%) concentration ( Dumay et aL, 1 994) .  The progressive formation 

of intermolecular disulphide-bonded dimers to hexamers or higher polymers of �-LG 

(pH 7.0) has been reported to be a function of the pressure level and of the buffer type 

and molarity (Funtenberger et aL, 1 995 ) .  Funtenberger et aI . ,  1 995 also suggested that 

H P  induced the forn1ation of intermolecular S-S bonds, especially at neutral p H .  

Tanaka & Kunugi ( 1 996) used hydrogen I deuterium ( HID) exchange reactions under 

pressure (200 MPa) and analysed samples by Fourier transform near infrared and N M R  

spectroscopy after pressure release. They suggested an intermediate unfolding stage 

under moderately high pressures. According to previous reports, pressure-induced 

denaturation was described as a simple two-state process. However, there were 

indications (Jonas & 10nas, 1 994) of the existence of pressure-induced pre-denaturation 

transitions, which in turn pointed to step-wise processes. Stapelfeldt & Skibsted ( 1 999) 

also proposed a three-stage pressure denaturation of  �-LG. Moreover, it has been 

reported that factors, such as protein concentration ( Dumay et aI . ,  1 994), pH, ionic 

strength, type and molarity of the buffer used for preparation of the protein solutions 

(Funtenberger et aI . ,  1 995 ;  Cheftel & Dumay, 1 996), pressure intensity, pressurising 

time and pressurising temperature ( Yang et aL,  200 1 ), affect the pressure-induced 

changes in the protein structure, and the denaturation and aggregation of �-LG. As 

described for heat treatment, when �-LG is unfolded as an effect of high pressure, the 

free SH group of Cys 1 2 1 (CysH 1 2 1 ) has the abi l ity to interact irreversibly with 

disulphide bonds. 
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I t  has been suggested that HP treatments induce �-LG into hydrophobic molten globule 

structures that remain stable for at least 3 months (Yang et aI., 200 1 ). Further, the same 

authors demonstrated that HP treatment resulted in changes in the hydrophobic calyx 

and surface hydrophobic  sites of �-L G  (Yang et aI . ,  2003), showing effects on the 

l igand-binding properties of �-LG in the molten globule state induced by HP treatment. 

Hummer et al . (1 998) examined the pressure dependence of hydrophobic interactions 

with pressure denaturation of proteins. They focused on pressure-dependent transfer of 

water into the protein i nterior, gradual ly fil l ing cavi ties, and eventual ly breaking the 

protein structure. They thus examined the effects of pressure on the association of non­

polar resi dues in water. The pressure destabi l isation of hydrophobic aggregates was 

explained using an information theory model of hydrophobic i nteractions, which 

accounts for the primitive hydrophobic effects of solvation, association and 

conformational equi l ibria of small non-polar solutes in water .  Further, the pH 

dependence of pressure denaturation of  �-LG indicated that the Tan ford transition has 

significant impl ications in terms of stab i lity of the �-LG monomer (Botelho et aI . ,  2000) . 

Raising the p H  from 6 to 8 causes the EF  loop of �-LG to flip open, exposing Glu89. 

The opening of  the �-barrel is probably accompanied by exposure of buried 

hydrophobic surface areas, which in turn leads to structural rearrangements that result in 

an increase in  the volume of �-LG monomers ( Botelho et aI . , 2000). 

Effects of pressure treatment on a-LA 

Comparatively l ittle has been reported on the effects of pressure treatment of pure a-LA 

solutions. a-LA changes its conformation from molten globule to the unfolded state 

without volume changes. However, the volume of a-LA changes at the transition from a 

native state to a molten globule state ( Kobashigawa et aI . ,  1 999). It has been shown that 

the tight packing is lost from the molten globule of a-LA, but that a hydrophobic core 

exists, which disappears at the transition from the molten globule state to the unfolded 

state (Semisotnov et aI . ,  1 987 ;  Baum et aI . ,  1 989; Alexandrescu et aI . ,  1 992, 1 993) .  

Further, it has also been demonstrated that the interior of  the molten g lobule state of  a­

LA is  highly hydrated ( Kharakoz & Bychkova, 1 997). Recently, Lasselle et al. (2003) 

reported that, not only heat but HP also had the simi lar effects on a-LA, supporting the 

view that the molten globule state is stab i l i sed by hydrophobic interactions. a-LA has 

been shown to be resistant to denaturation (L6pez-Fandino et al . ,  1 996; Scollard et aI . ,  
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2000) or denatures reversibly (Tanaka & Kunugi ,  1 996; Tanaka et a1 . ,  1 996) at 

pressures up to 400 MPa, but forms high molecular weight disulphide-bonded 

ol igomers at high pressure ( l 000 MPa) and the ol igomers of a-LA are stab i l i sed mainly 

by non-native interchain disulphide bridges (Jegouic et a1 . ,  1 996). 

A comparison of pressure-induced changes of two bovine proteins, a-LA and �-LG, at 

neutral pH showed that the structural changes of a-LA were practically reversible up to 

400 M Pa (Tanaka et aI . ,  1 996), whereas those of �-LG became irreversible at 1 50 M Pa 

or lower. F luorescence measurement of dansy lated (prepared at atmospheric pressure) 

proteins, espec ially the energy transfer from the intrinsic Trp residue to the dansyl 

group, showed that the protein structure was deformed by pressure and that the energy 

transfer faci l ity of the two proteins was differently affected by H P, probably reflecting 

the degree of compactness of their pressure-perturbed structures (Tanaka et a I . , 1 996). 

Effects of pressure treatment on BSA 

Compared with �-LG, few studies have been reported on the effect of pressure on pure 

BSA. Unl ike heat treatment, BSA has been found to be quite resistant to pressure 

treatment. Pressure resistance ( 1 00-400 MPa) has been demonstrated by H ayakawa et al . 

( 1 992), showing that pressure does not affect the a-hel ix and does not impart sufficient 

energy to disrupt disulphide bonds, thus maintaining the molecular structure of B SA.  

The greater stabi l ity of  BSA i s  probably related to  the fact that this molecule, through 

its 1 7  intramolecular d isulphide bonds and the presence of several separate domains, has 

an extremely rigid molecular structure ( L6pez-Fandino et a1 . ,  1 996).  

Effects of pressure treatment on binary mixtures of a-LA and fJ-LG 

M ixed aggregates of denatured a-LA and �-LG have been found in  whey protein 

solutions prepared in  buffer (Jegouic et a I . ,  1 997) .  As with heat- induced denaturation of 

a-LA, pressure-induced denaturation and aggregation of a-L A  occurs only in the 

presence of reactive thiol  groups (Jegouic et a I . ,  1 996, 1 997).  It is l ikely that the critical 

a-LAI�-LG interactions take place in a hydrophobic environment. However, in an H P  

situation, very few hydrophobic  environments wil l  arise, partly because L1 V / L1 P  is  much 

less for a-LA ( Lassalle  et aI . ,  2003) than for �-LG ( Royer, 2002) and thus a-LA retains 
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most of its structure at  HP.  On increasing the pressure to  800 MPa, �-LG has been 

shown to be > 80% i rreversibly denatured whereas only 40% of a-LA is denatured. 

This has been attributed to the conformational stabi lising bonds inherent to the structure 

of each protein  (Hinrichs et aI . ,  1 996b; Messens et aI. ,  1 997). 

Effects of pressure treatment on binary or ternary mixtures of BSA and/or a-LA 
and/or p-LG 

N o  specific studies o n  the effects of pressure on binary mixtures of B S A  and �-LG or 

BSA and a-LA or ternary mixtures of BSA, �-LG and a-LA have been reported. 

2.5.5 H P-induced gelation of wbey proteins 

Studies on pressure-induced gelation of whey proteins 

At high protein concentration ( l 0%), intermolecular interactions and i rreversible 

aggregation are favoured ( Wong & Heremans, 1 988;  Dumay et aI . ,  1 994) .  HP treatment 

of concentrated (80- 1 60 g/kg) �-LG isolate solutions (pH 7 .0)  prepared in water or 

various buffers induces �-LG gelation at low temperature ( Dumay et aI . ,  1 998; ;  

Zasypkin et  aI . ,  1 996). The decreasing solubil ity ( in various dissociating media) of the 

protein constituents of pressure-induced gels as a function of storage t ime after pressure 

release suggests that the aggregation and gelation result from hydrophobic interactions 

and also disulphide bonds and that a progressive build-up of these interactions takes 

place after pressure release ( Dumay et aI . ,  1 998) .  I t  was postulated that �-LG plays a 

major role in the aggregation and gel formation of  WPC under pressure (Van Camp et 

aI . ,  1 997a, 1 997b), which suggested that the major whey protein  component in WPC 

primari ly determines i ts functional behaviour under HP. However, it  was suggested that 

some additional studies wil l  be needed to confirm this hypothesis, as well as to deduce 

the role of other whey proteins ( i .e. a-LA, BSA and Ig) in gel formation (Van Camp & 

Huyghebaert, 1 995b; Van Camp et aI . ,  1 996). 

At protein concentrations sufficiently high enough for gel formation, WPC has been 

found to produce pressure-induced gels in the pressure range 200-400 MPa ( Van Camp 

& Huyghebaert, 1 995a, 1 995b; Van Camp et a1 . ,  1 996). However, most of the earlier 
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studies have been concentrated on the rheological and microstructural properties of 

pressure-induced WPC gels. Protein concentration, appl ied pressure, holding time and 

pressurising temperature have been found to be major factors i n  the formation of 

pressure- i nduced gels and the properties of the gel s  (Van Camp & H uyghebaert, 1 995a).  

The gel strength (Van C amp & Huyghebaert, 1 995a; Van Camp et aI . ,  1 996; Kanno et 

aI . ,  1 998;  Fertsch et aI . ,  2003 ) ,  the storage modul us G' and the loss modulus G" (Van 

Camp & H uyghebaert, 1 995b) and the breaking stress of whey protein gel s  ( Kanno et 

aI . ,  1 99 8 )  increase with increasing protein concentration because of increased 

probabi l ity of interactions between denatured proteins CV an Camp et aI . ,  1 996; Dumay 

et aI . ,  1 998 ) .  The ratio G"IG' decreases with i ncreasing protein  concentration and the 

gels become more elastic ( Van Camp & Huyghebaert, 1 995a) .  In addition, the gel 

strength also increases with i ncreasing pressure and prolonged hold ing t ime ( Van Camp 

& Huyghebaert, 1 995a; Van Camp et aI . ,  1 996).  Longer pressure hold ing t imes may 

improve the strength of the gel network, stimulating the formation of more i ntensive 

intermolecular interactions (Van Camp & Huyghebaert, 1 995a) .  I n  contrast to heat­

induced gels, pressure-induced gels  of �-LG underwent mechanical and protein  

solubi l i ty changes when stored at 4°C fol lowing pressure re lease, c learly indicating a 

time-dependent strengthening of protein-protein interactions. I t  appears that primary 

aggregates of �-LG further aggregated during storage through hydrophobic interactions 

and disulphide bonds ( Dumay et aI . ,  1 998) .  

The hardness and the breaking stress of pressure-induced WPI  gel s  increase with 

increasing WPI concentration ( 1 2- 1 8%) and pressure intensity (Kanno et aI . ,  1 998) .  

WPI  ge ls  have a porous network microstructure, whereas WPC gels are irregular 

particulates. �-LG, a-LA and BSA participate in pressure-induced aggregation and 

gelation through disulphide bonding. Moreover, it has been reported that the number of 

stabi l i sing disulphide bonds directly influences the texture properties of  H P-induced 

whey protein gels ( Keim & Hinrichs, 2004). 

Studies on comparison of heat- and pressure-induced whey protein gels 

Studies have demonstrated that significant d ifferences in  protein denaturation and 

aggregation induced by heat compared with H P  occur in a number of food proteins 

(Heremans et aI . ,  1 997). Considering this, it may be expected that gels produced from 
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whey proteins by H P  treatment may have different properties from those made by heat 

treatment. 

Pressure-induced as wel l  as heat-induced gel formation within the neutral pH range is  

explained by the build-up of intermolecular disulphide bonds, which connect the whey 

proteins to form a network structure (Van Camp & Huyghebaert, 1 995b; Tanaka & 

Kunugi, 1 996; Van Camp et a I . ,  1 997a; Stapelfeldt et aI . ,  1 996, Stapelfeldt & Skibsted, 

1 999). I t  has been suggested that the structure and properties of heat-induced and 

pressure-induced whey protein ( �-LG) gels are different (Van Camp & Huyghebaert, 

1 995a; Van Camp et aI . , 1 996).  Van Camp & H uyghebaert ( 1 995a, 1 995b) showed that 

WPC gels produced by HP (400 M Pa for 30 min) at protein concentrations ranging 

from 1 1 0 up to 1 83 g/L differ significantly from heat-induced protein gels ( 80 °C for 3 0  

min) with respect to gel strength and appearance.  I t  was found that heat-set gels, for 

equal protein concentrations, are firmer than pressure- induced gels (Van Camp & 

H uyghebaert, 1 995a, Zasypkin et aI . ,  1 996).  H P  treatment generates gels with a more 

porous structure and lower fi rmness (Van C amp & Huyghebaert, 1 995b; Zasypkin et aI . ,  

1 996; Dun1ay e t  aI . ,  1 998), and that are weaker, less elastic and more exudative, than 

heat-induced gels (Cheftel & Dumay, 1 996, ; Dumay et aI , 1 998) .  

f3-LG gels made by pressure treatment also exhibit different rheological properties from 

those made by heating ( Durnay et aI . ,  1 998) .  Electron microscopy also suggested a 

higher level of cross-l inks i n  the heat- induced gels; H P  generated a more porous 

network with a lower level of i ntermolecular cross- l inks ( Van Camp & Huyghebaert, 

1 995a, 1 995b; Van Camp et a I . ,  1 996). Pressurisation of �-LG i solate solutions (70 g/kg 

protein,  p H  7 .0)  at 450 MPa and 25°C for 30 min formed gels with a sponge-like texture 

and a porous microstructure that was prone to exudation (Zasypkin et aI . ,  1 996). The 

rigidity and elasticity of pressure-induced gels increased w ith the concentration of �­

LG,  but remained lower than that of heat- induced gels (87°C for 4�5 min) at the same 

protein concentration (Zasypkin et aI . ,  1 996).  These heat- induced gels also displayed a 

finely stranded network and high water retention. Some of the previous studies also 

suggested that, at neutral pH, f3-LG forms transparent, fine-stranded heat-induced gels 

( Paulsson, 1 990; Stading & Hermansson, 1 99 1 ;  Stading et aI., 1 993 ; Langton & 

H ermansson, 1 992; Foegeding et aI . ,  1 995) .  These results suggested that comparatively 

weaker i ntermolecular or interparticulate forces are formed by pressure treatments. 
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Many such studies on microstructure and rheological analysis of pressure-induced gels 

have been reported. However, no study has characterised the interactions or aggregates 

of whey proteins in the pathways of pressure-induced gel formation, and the 

composition of the protein  aggregates formed during pressure-induced WPC gel 

formation has not been determined. 

Factors affecting pressure-induced gel formation of whey proteins 

I t  has been reported that factors such as pH and use of combinat ions of pressure and 

different temperatures ( Walkenstrom & Hermansson, 1 997), pHs ( Van Camp & 

Huyghebaert, 1 995b; Arias et aI . ,  2000) and calcium contents (Van Camp et aI . ,  1 997b) 

affect the aggregation behaviour, pressure-induced functional i ty such as gel formation, 

and physical, rheological and microstructural properties of whey proteins. Protein­

protein interactions are favoured near the isoelectric point of the whey proteins, and 

neutral and alkal ine pHs stimulate the formation of intermolecular d isulphide bonds 

(Van Camp & Huyghebaert, 1 995b). Pressure-induced �-LG denaturation increased 

considerably at alkal ine pH and decreased at ac idic pH (Arias et aI . ,  2000) .  Further, it 

has been reported that the role of calcium in the pressure-induced aggregation and 

gelation of whey proteins may be explained in a similar manner to the heat- induced 

effects on whey proteins ( Mulvihi l l  & K insel la, 1 988; K insel la & Whitehead, 1 989; 

Van Camp et aI . ,  1 997b). However, there is little information avai lable on the effects of 

pressurising temperature on the whey protein aggregation and gelation. 

2.6 Effects of HP on milk 

Studies on the effects of HP on mi lk can be broadly grouped into several topics, 

including the effects of H P  on casein micel les, changes in the appearance of pressure­

treated milks, effects of pressure treatment on the dissociation of casein micel les, 

protein particle size, pressure-induced denaturation of whey proteins in mi lk and 

interaction of whey proteins with the casein micelles, effects of H P  on mi lk  from 

various species, effects of pressurising temperature on micel le size and turbidity of 

pressure-treated milk and effects of pH on pressure-induced solubi l isation of the casein 

micel les, some of which have been reviewed ( Huppertz et aI . ,  2002) .  
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2.6. 1 Changes in the opacity o r  lightness of HP-treated m ilks 

On pressure treatment, skim mi lk becomes trans lucent or semi-transparent with a 

sl ightly yel low hue. A simi lar change can be obtai ned by adding a calcium chelator or 

dissociating agent such as urea. I f  the milk is held at refrigerator temperature (- 5°C), it 

wil l  retain the semi-transparent appearance for several days. However, if it is held at 

room temperature, it becomes progressively more turbid. Warming samples from 4 to 

43 °C returned the colour values of H P-treated milk towards those of the untreated mi lk, 

although not to the same initial point (Needs et aI . ,  2000a, 2000b; Truj i l lo et aI . ,  2000). 

In milk, HP may lead to i rreversible disintegration of  casein micel les into smal ler casein 

partic les depending on appl ied pressure, which may cause a decrease in milk turbidity 

and l ightness (L * )  and an increase i n  mi lk  viscosity (Johnston et aI . ,  1 992a, 1 992b; 

Shibauchi et ai . , 1 992 ; Desobry-Banon et aI., 1 994; Anema et ai. , 1 997; Famelart et ai . ,  

1 997; Gaucheron et aI . ,  1 997; Mussa & Ramaswamy, 1 997; Schrader & Buchheim, 

1 998; Garcia-Risco et aI . ,  2000). The effects of HP on the mi lk  from different species 

have been studied. A decrease in  L * and an increase in  greenness (-a* )  and yellowness 

(+b*)  were observed when ewe's mil k  was HP treated (Gervi l la  et aI., 200 1 ) .  The 

decrease in L * value could have been mainly due to disintegration of casein micel les by 

pressure i nto small fragments that i ncrease the translucency of the mi lk  (Johnston, 1 995; 

Mussa & Ramaswamy, 1 997). However, in  skim milk treated at 600 MPa for 1 5  min, 

significant changes in L *, b* and a* values, which could also be perceived visual ly,  

were observed. 

2.6.2 Effects of H P  on casein micelles 

Casein is present in milk in the form of micel les with CCP playing an important role  in  

maintaining their structural integrity ( Home, 1 998; Walstra, 1 999). Previous reports 

suggested that pressurisation of milk causes some i rreversible fragmentation of the 

casein micel les, mainly between 1 50 and 400 MPa. Reports have indicated that, under 

pressure, hydrophobic and electrostatic interactions between protei ns are disrupted 

(Buchheim et aI . ,  1 996; Mozhaev et aI . ,  1 996) and colloidal calcium phosphate (CCP) i s  

solubi l i sed (Buchheim et a I . ,  1 996; Schrader e t  a I . ,  1 997; L6pez-Fandifio et aI ., 1 998;  

De la  Fuente et  ai . ,  1 999); as  a result, considerable changes in the size, structure and 

composition of the casein micel les occur, which affect the turbidity, l ightness and 
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viscosity of mi lk (Shibauchi et ai . ,  1 992; Famelart et aI . ,  1 997; Mussa & Ramaswami, 

1 997; Garcia-Risco et aI . ,  2000). In contrast, the concentration of free Ca
2+ remains 

unchanged or i ncreases only sl ightly (Johnston et aI . ,  1 992a, 1 992b; Shibauchi et aI . ,  

1 992; L6pez-Fandino et aI . ,  1 998) .  This lack of  correlation between the loss of  CCP 

and the level of free Ca
2+ indicates that pressure-induced micel le fragmentation does not 

result exclusive ly from the breaking of l inkages between caseins and inorganic 

constituents, but rather results from the weakening or rupture of electrostatic and 

hydrophobic i nteractions between casein constituents (Johnston et ai . ,  1 992a, 1 992b; 

Cheftel & Dumay, 1 996; Messens et aI . ,  1 997; De la Fuente, 1 999; C laeys et aI., 2003) 

and i ncreased exposure of hydrophobic groups on the surface of the proteins with 

increasing severity and duration of pressure treatment ( Johnston et aI . ,  1 992a, 1 992b). 

2.6.3 Effects of HP on the d issociation of casein micelles 

Unlike heated mi lk, there have been only l imited studies on the dissociation of casein 

micelles in pressure-treated mi lk. It  was reported that dissociation of c aseins, 

particularly K- and �-CNs, occurs at HP ( L6pez-Fandino et aI., 1 998) .  It has also been 

reported that HP treatment of milk at 1 00-600 MPa resulted in  considerable 

solubi l isation of as\- and �-CNs, with the extent of solubi l isation reaching a maximum 

at around 250 MPa (Huppertz et aI . ,  2004c) .  On storage of pressure-treated milk, 

dissociation of the caseins was largely irreversible at 5 °C but considerable re­

association of the caseins was observed at 20°C ( Huppertz et aI . ,  2004c) .  

At the natural pH of  mi lk, and under relatively severe centrifugation conditions ( 1 00000 

g), all caseins were found in the dissociated protein (L6pez-Fandino et aI . ,  1 998;  Arias 

et aI., 2000; Huppertz et aI . ,  2004c), although the proportion of K-CN appeared to be 

i ncreased when compared with the whole casein (L6pez-Fandino et aI . ,  1 998 ; Arias et 

aI . ,  2000). I ncreasing the pH of the milk to pH 7. 1 increased the levels of a l l  case ins 

d issociated from the micel les, compared with the samples at the natural pH .  Decreasing 

the pH to 6 .0 increased the levels of as-CN and �-CN dissociated, but decreased the 

level of K-CN dissociated, whereas lowering the pH further increased the level s  of al l 

caseins dissociated (Arias et aI . ,  2000). However, no study suggesting the pressure­

i nduced dissociation of as2-CN has been reported. 
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2.6.4 Effects of HP on whey proteins in milk 

Denaturation levels of whey proteins increase with increas ing pressure or duration of 

treatment ( L6pez-Fandifio et aI . ,  1 996; L6pez-Fandifio & Olano, 1 998a, 1 998b; 

Huppertz et aI . ,  2004a). I n  the case of heat treatment of mi lk, the minor whey proteins 

(LF, BSA and Igs) are most labi le; however, j3-LG is the most pressure-sensitive whey 

protein, denaturing at pressures as low as 1 00- 1 50 MPa. I n  contrast, a-LA and BSA are 

stable to pressures up to about 400-500 MPa (L6pez-Fandifio et aI . ,  1 996; L6pez­

Fandifio & Olano, 1 998a, 1 998b; Huppertz et aI . ,  2002) .  It has been reported that, 

compared with j3-LG, a-LA ( L6pez-Fandifio et aI . ,  1 996; Fel ipe et aI . ,  1 997; L6pez­

Fandifio & Olano, 1 998a; Garcia-Risco et aI . ,  2000; Needs et aI . ,  2000a; Scol lard et aI . ,  

2000; Huppertz et aI . ,  2002; Huppertz et aI . ,  2004b) o r  BSA ( Hayakawa e t  aI . ,  1 992; 

Hinrichs et aI . ,  1 996b) is  more resistant to pressure denaturation in mi lk and that 

different whey proteins have different sensitivities to HP treatment. 

Several reports suggested that treatment of raw milk at up to 1 00 MPa does not denature 

j3-LG. However, 70-80% denaturation of j3-LG occurs at 400 MPa ( L6pez-Fandifio et 

aI . ,  1 996; L6pez-Fandifio & Olano, 1 998a; Arias et aI . ,  2000; Garcia-Risco et aI . ,  2000; 

Scol lard et aI . ,  2000). Relatively l ittle further denaturation of j3-LG occurs at 400-800 

MPa (Scollard et aI . ,  2000). Various studies have reported different extents of 

denaturation of j3-LG fol lowing HP treatment at 600 MPa of pasteurised milk (Needs et 

aI ., 2000a) or reconstituted skim mi lk powder (Gaucheron et aI . ,  1 997); this may be 

attributed to the level of denaturation caused by treatments before pressurisation, which 

may influence the amount of denaturation measured afterwards. The reaction order of 

H P-induced denaturation of j3-LG i s  2 .5 (H inrichs et aI . ,  1 996b), indicating that the 

denaturation process is concentration dependent and that a lower initial concentration of 

native j3-LO should reduce the extent of denaturation of j3-LG under pressure. 

a-LA is very resistant to pressure at ambient temperature and denaturation of a-LA was 

noted at pressures > 400 MPa for long treatment times (L6pez-Fandifio et a I . ,  1 996; 

H inrichs et aI . ,  1 996b; Hinrichs et aI . ,  1 996a, 1 996b; Arias et aI . ,  2000; Needs et aI . ,  

2000a, Scol lard et aI . ,  2000; Huppertz et a I . ,  2002, 2004a). Various studies using raw 

milk ( L6pez-Fandifio et aI . ,  1 996; L6pez-Fandino & Olano, 1 998a; Garcia-Risco et aI . ,  

2000), reconstituted skim mi lk (Gaucheron et a I . ,  1 997) and pasteurised skim milk 
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(Needs et aI . ,  2000a) have shown that a-LA is resistant to denaturation at pressures up 

to 500 MPa. 

Several reasons have been proposed for the differences in the sensitivity of these 

proteins. Differences in the pressure stabi l ity of a-LA and p-LG may be l inked to the 

more rigid molecular structure of the former (L6pez-Fandino et aI . ,  1 996; Gaucheron et 

aI . ,  1 997), caused partial ly by the different numbers of intramolecular disulphide bonds 

in the two proteins (H inrichs et aI . ,  1 996a, 1 996b; Gaucheron et aI . ,  1 997), or the lack of 

a free sulphydryl group in a-LA (L6pez-Fandino et aI . ,  1 996; Funtenberger et aI . ,  1 997), 

or probably due to differences in  the secondary structures of these whey proteins. It has 

also been commented that the molecular structure of a-LA is more stable than that of p­

LO, and that ol igomerisation takes place only i f, during unfolding, free SH groups are 

avai lable from other molecu les ( Hinrichs et aI . ,  1 996b; L6pez-F andino et aI . ,  1 996; 

Oaucheron et aI., 1 997 ;  Jegouic et aI . , 1 997) .  This difference in pressure sensitivity can 

also be explained by the types of bonds stabi l ising the conformational structures of p­

LO and a-LA (Hinrichs et aI . ,  1 996b; Messens et aI . ,  1 997). 

BSA was also found to be resistant to pressures up to 400 MPa in  raw milk ( L6pez­

Fandino et aI . ,  1 996) or 600 MPa (Hayakawa et aI . ,  1 992). The high stabil ity of BSA 

could be explained by the fact that BSA carries one SH group and 1 7  disulphide bonds. 

The energy received under pressure treatment was too small to di srupt all the disulphide 

bonds and to change the molecular structure of BSA. Also, greater resistance of p-LG 

and a-LA in  whey than in milk may be attributed to the absence of casein micel les and 

CCP in whey ( Huppertz et aI . ,  2004b). 

2.6.5 H P-induced interactions of caseins and whey proteins 

It was reported that, when mixtures of K-CN and P-LO were pressure treated at 400 

MPa, the presence of p-LG reduced the susceptibi l ity of K-CN to subsequent  hydro lysis 

by chymosin ,  indicating interactions between the proteins ( L6pez-Fandino et aI . ,  1 997) .  

SDS-PAGE studies of pressure-treated and untreated milks or solutions contain ing K­

CN or P-LO or both i n  the presence or absence of denaturing agents showed evidence 

for the formation of aggregates l inked by intermolecular disulphide bonds ( L6pez­

Fandino et aI . ,  1 997) .  On HP treatment of milk at 300-600 M Pa, p-LG may form smal l  
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aggregates (Felipe et al . ,  1 997) or may interact with the casein micel les (Needs et al . ,  

2000a; Scol lard et aI . ,  2000). However, the exact mechanism for these processes needs 

further c lar ification. L ike heat treatment, no study suggesting pressure-induced 

interactions of Us2-CN with whey proteins has been reported. Also, no studies 

suggesting pressure-induced interactions of other whey proteins with the casein micel les 

have been reported. 

It has also been shown that the heat-induced interactions of the denatured whey proteins 

with the casein micel les are strongly pH dependent (e.g.  Singh & Fox, 1 987a, 1 987b; 

Anema & K lostermeyer, 1 997; Anema & Li ,  2003a, 2003b). Some these reports 

suggested that high level ( about 80% of the total) of denatured whey protein associate 

with the casein micel les at pH 6 .5 ,  and this level decreases with i ncreasing pH, so that 

about 30% of the total is associated with the casein micel les at pH 6.7,  and even lower 

levels are observed at higher pH . In contrast to the numerous studies on the distribution 

of whey proteins between the colloidal and serum phases in heated mi lk, few studies 

have examined this distribution in pressure-treated mi lk.  Huppertz et al .  (2004a) 

suggested that the majority of the denatured whey protein was sedimentable, and 

presumably associated with the casein micel les, under more severe centrifugation 

conditions than used in the more recent heating experiments. Arias et al. (2000) 

examined the effect of the pH of the mil k  at pressurisation (400 MPa for 1 5  min). 

However, conclusions on the association of the casein micelles with the whey proteins 

or the distribution of the whey proteins between the col loidal and serum phases in 

pressure-treated milk could not be made. 

2.7 Conclusion s  

H P  processmg I S  a rapidly growmg preservation technology that, even if  i n  the 

development stage, presents the potential for making products that are microbiologically 

safe and with improved functional properties (Chefiel, 1 992) .  Although HP processing 

is currently a focus of major interest (Johnston et aI . ,  1 992a, 1 992b; Shibauchi et al . ,  

1 992 ; Desobry-Banon et aI . ,  1 994), many of the effects of pressure on the components 

of mi lk  are sti l l  not known. 
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Many studies on HP treatment of dairy systems have focused on the effects of HP  on 

the denaturation and aggregation of the individual whey proteins, particularly p-LG, in  

pure protein solutions, whey or milk. Also there have been many studies on 

microstructural or rheological aspects of whey protein gels  or effects of H P  on protein 

particle size, casein micelle dissociation, appearance of mi lk etc ., but there is l imited 

information identifying the pressure-induced aggregation products in whey protein 

solutions or  interaction products of casein with whey proteins in  pressure-treated mi lk .  

Although there i s  a clear understanding of the effects of heat treatments on the proteins 

i n  dairy systems, there i s  a need for a comparable level of understanding of the effects 

of pressure treatments on the milk/whey system. A detai led study of the differences 

between heat- and pressure-induced changes in denaturation, aggregation and 

interactions of different whey proteins wi l l  help to find new applications for H P  

processing i n  the food industry. 

It is expected that pressure-induced whey protein gels may have different properties 

from those i nduced by heat. However, there is l imited information on the pathways of 

pressure-induced whey protein gel formation and on how the protein concentration, 

pressurising temperature and ho lding time will influence the denaturation and 

aggregation of whey proteins. Further fundamental studies are required to understand 

the pressure-induced aggregation and gelation pathways of whey proteins in detai l .  

Most of the prevIOUS studies concermng interactions of milk proteins have been 

conducted in model systems (mainly p-LG) and very l ittle has been reported on the 

pressure-induced changes and interactions that take place during processing in the 

actual mi lk/whey system. In addition, various heating methods have been used, 

including heating samples in glass tubes, capi l lary tubes immersed in water/oi l  baths 

and laboratory-scale heat exchangers. Only a few studies (e.g. Oldfield et aI . ,  2000) on 

the heat-induced interactions of mi lk  proteins using typical commerc ial process 

conditions are avai lable. It is l ikely that proteins respond differently depending on how 

the sample is  heated, i .e .  on the time required to reach the desired temperature, flow 

conditions, and cool ing times and rates etc. Hence, the process of denaturation of the 

whey proteins on heating milk under i ndustrial condit ions is l ikely to be different from 

that observed in mi lks heated in the laboratory. 
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2.8 Objectives 

I n  the l ight of all the above, the main objective of the present investigation was to gain 

greater understanding of the behav iour of various milk proteins and their interactions as 

affected by HP treatment, by categorising in the fo l lowing sub-objectives. 

To apply two-dimensional PAGE techniques (with appropriate modifications if 

necessary) to characterise the pressure-induced aggregation products of whey 

proteins and the pressure- induced interaction products of caseins and whey proteins. 

2 To identify the key differences and simi larities (if any) between the heat-induced 

and the pressure-induced aggregation and interactions of milk proteins using 

common analytical techniques. 

3 To understand the effects of various experimental parameters, such as protein 

concentration, intensity of pressure, holding time and pressurising temperature, on 

the pressure-induced aggregation and gelation of whey proteins in solutions of 

commercial WPC. 

4 To study the protein aggregation pathways involved In pressure-induced gel 

formation in WPC solutions. 

5 To study the heat- and pressure-induced interactions of caseins and whey proteins 

in skim milk under identical conditions (using common aliquots) .  

6 To clarify the role of different whey proteins in pressure-induced aggregation using 

model system, i .e. pure proteins, either individual protein systems or mixed protein 

systems ( i .e. in binary and ternary combinations of pure prote in sol utions). 
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3. 1 Materials 

CHAPTER 3 
Materials and Methods 

3. 1 . 1  Whey protein concentrate (WPC) 

49 

A 25 kg bulk pack of commercial acid WPC (ALACEN 342), obtained from Fonterra 

Co-operative Group L td, New Zealand, was used throughout this study (Chapters 4-6). 

The WPC powder was transferred into several smal l  size (about 500 g), l ight-, oxygen­

and moisture-proof aluminium foi l  bags, which were immediately stored at 4°C to 

prevent further changes. 

This WPC powder was typical of standard commercial product. Analysis showed that 

the powder contained per ki logram 8 1 5  g of total protein, 65 g of fat, 45 g of lactose and 

49 g of moisture. Mineral analys is  showed that the powder contained per ki logram 1 . 7, 

1 3 . 8 ,  8.0 and 2 .5  g of calcium, potassium, sodium and phosphorus respectively. The 

major proteins of WPC - �-lactoglobulin ( f3-LG), a-lactalbumin (a-LA), immuno­

globulins ( lgs) and bovine serum albumin (BSA) - were present in the ratio (w/w) 

0.60:0.2 1 :0. 1 2 :0.07. This ratio could change with the milk source as wel l  as with the 

milk and whey processing conditions. The type of WPC used in the current study 

typical ly contains �-LG with one lactose molecule attached ( Kerianne Higgs, Cam1en 

Norris and Don Otter, Fonterra Co-operative Group Ltd, Palmerston orth, New 

Zealand, 2003 , personal communication). 

3. 1 .2 Skim milk 

About 40 L of fresh bulk cow's  mi lk (from a morning milking) was obtained, each time, 

from a dairy farm at Massey University, Palmerston North, New Zealand. The raw milk 

was warmed to 40 ± 1 °C and skimmed (without pasteurisation) using a pi lot-scale 

cream separator. The fat content of the resultant skim milk was less than 0. 1 %. The raw 

skim mi lk thus obtained was used in subsequent experiments to study the effects of heat 

and pressure treatments on the proteins in skim mi lk  (Chapter 7) .  
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3. 1 .3 Pure proteins 

The pure protein standards were used for identification of PAGE patterns of individual 

proteins in native-, sodium dodecyl sulphate (SDS) and alkal i ne urea (AU) gels. �-LG 

of approxi mately 90% purity was made i n  the laboratory using the method described by 

Manderson et al. ( \ 998) .  Bovine a-LA and BSA were obtained from Sigma Chemical 

Co., St. Louis, MO, U SA (purity approximately 85% by electrophoresis). Standard 

NZ MP 7 1 0 1  lactoferrin (approximately 93% purity), Fonterra Co-operative Group Ltd, 

New Zealand, was used. Freeze-dried K-casein (K-CN), as-CN (as l - + as2-CN) and �­

CN were provided by SkeIte Anema ( Fonterra Co-operative Group Ltd, Palmerston 

North, New Zealand); pure as2-CN and IgG were provided by Don Otter ( Fonterra Co­

operative Group Ltd, Palmerston N011h, New Zealand) .  

3. 1 .4 Chemicals 

The electrophoresis chemicals and molecular weight markers were obtained from Bio­

Rad Laboratories (Hercules, CA, USA). The reducing agent 2-mercaptoethanol (2-ME) 

was obtained from Sigma Chemical Co. (St. Louis,  MO, USA). Al l  other chemicals 

were analytical grade from BDH Laboratory Suppl ies, Poole, England. Artesian bore 

water was purified by reverse osmosis treatment fol lowed by carbon treatment and was 

deionised using a Mil l i-Q apparatus (Mi l l ipore Corporation, Bedford, MA, USA). 

3.2 Sam ple prepa ration 

The common methods generally appl i cable to most studies are presented in  thi s  chapter. 

Experimental protocols, analytical methods or modifications of methods specific to any 

particular studies are included in the relevant chapters. 

3.2 . 1  Preparation of WPC solutions 

Aliquots of WPC solutions were prepared by dissolving appropriate quantities of acid 

WPC powder (ALACEN 342) in Mi l l i-Q water so that the final solutions contained the 

desired concentration of WPC. Generally, either one or more from 0 .5 ,  2, 5, 8 and 1 2% 

(w/v) WPC solutions were used in  the various experiments (Chapters 4-6) of the 
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present study . The protein content of each of these sol utions was approximately 8 1 . 5% 

(e.g. a 1 2  % w/v WPC solution had a protein content of  about 9 .8 %). 

The solutions were slowly stirred for 4-5 h at room temperature (22 ± 1 DC) using  a 

magnetic stirrer when a small sample s ize (up to 1 -2 L )  was required for laboratory­

scale experiments. When a large quantity of WPC solution was prepared for pi lot p lant 

trials, an adjustable speed U ltraturrax T25 mixer (Janke & Kunkel GmbH & Co. ,  

Staufen, Germany, supplied by Lab Supply Pierce, Auckland, New Zealand) was used 

to dissolve the large quantity of WPC .  The WPC solutions were further held for 5-6 h at 

4DC for complete hydration.  The pH of the WPC solutions was measured after complete 

dissolution and just before heat or pressure treatment, and was found to be in the range 

6.65 ± 0.05. 

3.2.2 Procedure for obtaining permeate from skim milk 

A large quantity ( 1 0  L)  of reconstituted skim milk was prepared by dissolving 1 kg of 

low heat skim milk powder (whey protei n  nitrogen i ndex (WPN I )  � 7.0) in  Mi l l i -Q 

water using an adjustable speed U ltraturrax T25 mixer ( Janke & Kunkel GmbH & Co.,  

Staufen, Germany). The reconstituted skim milk was stirred in  a cold room (4DC) for 

1 0- 1 2 h (overnight) in  order to achieve complete hydration and mineral equi l ibrium. 

The skim mi lk was ultrafiltered usmg a 1 /lm hol low fiber membrane cartridge 

(molecular weight cut-off 1 0 000 Daltons (nominal )) ( Amicon Division Inc. ,  Beverly ,  

MA,  USA) and the associated pumping system with adjustable pressure and flow 

control  ( ISMA TEC-MY pump system, Glattbrugg, Swi tzerland) .  The skim mi lk was 

circulated through the system until approximately 1 -2 L of clear permeate had been 

col lected. Thi s  permeate was analysed using sodium dodecyl sulphate polyacrylamide 

gel e lectrophoresis (SOS-PAGE) to ensure that it was free from whey proteins. Thi s  

permeate was used for subsequent sample preparation, mainly for pure protein  studies 

( i .e .  Chapter 8) .  
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3.3 Processing 

3.3. 1 Heat treatment of skim milk or WPC solutions 

Al iquots (4 L) of skim milk or wpe solution were heated separately USing four 

d ifferent time-temperature combinations (viz. 72°e for 1 5  s, l Oooe for 1 20 s, l 200e for 

1 20 s and 1 400e for 5 s) in  a pilot-scale UHT plant, in  direct heating ( Type D, Alfa 

Laval ,  Lund, Sweden) instal led at Massey University,  Palmerston North, New Zealand. 

These time-temperature combinations are some of the commercial heat treatments that 

are used routi nely in the dairy and food industries (e.g.  pasteurisation, preheat 

treatments used in the powder manufacturing process and steri l i sation) .  The requi red 

holding time was obtained by adjusting the flow of i ncoming milk or by selecting 

appropriate holding tubes with different lengths. It should be noted that the raw skim 

mi lk was not heat-treated before these heat treatments in order to avoid denaturation of 

whey proteins. However, wpe was typical standard commercial product, therefore it i s  

expected that the WPC had al ready undergone standard processing. A photograph of the 

UHT plant is  presented in Figure 3 . 1 .  

Figure 3.1. Photograph of A lfa Laval U HT pi lot plant. 
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3.3.2 H igh pressure treatment of skim milk or WPC solutions 

A typical high pressure system consists of four main parts: a high pressure vessel and its 

c losure, a pressure-generating system, a temperature control device and a material­

handl ing system. A photograph of a typical laboratory-scale high pressure unit ( , Food­

Lab' food processor, Model S-FL-085-9-W, manufactured by Stansted Fluid Power Ltd, 

Stansted, Essex, UK) capable of reaching up to 900 MPa, as used in the present study, 

and a schematic diagram of pressurisation are presented in Figure 3 .2 and Figure 3 .3  

respectively .  

Control panel 

Pressurising -______ --
chamber 

Temperature 

control nit 

Figure 3.2. Photograph showing a typical laboratory-scale high hydrostatic pressure 
unit, as used in the present study. 

In let from 
High pressure 
Pump 
( Intensi fier) 

Figure 3.3. Schematic diagram showing pressurisation of a sample i n  the pressure 
chamber of a high pressure unit. 
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Beckman Polyal lomer Quick-SeaFM centrifuge tubes ( 1 3  mm internal diameter, 1 5  mm 

high; Beckrnan I nstruments, I nc . ,  Spinco Division, Palo Alto, CA, U SA) were fi lled 

with al iquots of skim milk or WPC solution and heat sealed. The tubes were 

equi l ibrated at a particular temperature at which they were to be pressure treated for at 

least 1 h prior to starting the pressure treatment. The sample tubes were then treated in 

the high pressure unit at a desi red pressure and holding t ime and at a constant 

temperature of 20°C for most experiments, unless specified otherwise (e.g. effects of 

different pressurising temperatures were evaluated in the experiments described in 

Chapter 5). An emulsion, made by homogenisation of 1 0% vegetable oil in a solution of 

surfactant and preservative (Tim Carrol l ,  Fonterra Co-operative Group Ltd, Palmerston 

North, New Zealand, 2003, personal communication), was used as the pressuris ing fluid 

in the cyl indrical 1 7  mm x 1 32 mm high pressure chamber. The pressurisation and 

depressurisation rates were 5 MPa and 1 4.5 MPa per second respectively. The average 

adiabatic heating during pressurisation was l .4°CI l 00 M Pa. The cool ing during 

depressurisation was 1 .3°CI l 00 M Pa. The sample temperature returned to 22°C in about 

5 min after pressuri sation or depressurisation ( Figure 3 .4).  

For pressure treatment of samples at a desired pressurising temperature (Chapter 5 ), the 

method described by Anema et a l .  (2005a) was fol lowed. The high pressure unit was 

equipped with a water jacket. The desired pressurising temperature was obtained by 

heating or cool ing the pressurising fluid to the preset temperature using the temperature 

control unit associated with the high pressure unit, and pumping and recirculating this 

pressurising fluid in  the pressurising chamber. The temperature during pressurisation, 

depressurisation and the holding period was monitored using the thermocouple 

associated with the high pressure unit as well as using standard data logging equipment. 

It was observed that the temperature of the pressurising fluid and the sample increases 

(;::::: 1 . 3-1 .8°C per 1 00 MPa) during pressurisation as a result of adiabatic heating and 

decreases (;::::: 1 .3-1 .8°C per 1 00 M Pa) as a result  of adiabatic cool ing ( Figure 3 .4) .  The 

pressure increased at a rate of ;::::: 300 MPa per minute (Figure 3 .4A). These observations 

are in  agreement with results reported by Anema et al .  (2005a) using the same 

equipment. 
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Figu re 3.4. Changes in (A) pressure and (8) temperature during typ ical pressurisation cycles for 

samples pressure treated at (0)  200 M Pa, CV) 400 M Pa and (D) 600 MPa. 

3.4 A na lysis of samples 

After each series of pressure treatments, the Beckman Polyallomer centrifuge sample 

tubes were removed from the pressurising chamber and the top and bottom sections of 

the control and pressure-treated sample tubes were carefully cut using a sharp knife. The 

samples were careful ly slid from the tubes in appropriate containers and their contents 

were analysed using a range of techniques. It is important to mention here that al l  the 

samples in the present study were analysed after pressure release. No measurements 

under pressure ' i n  situ' were performed. 



56 Chapter 3: Materials and methods 

3.4. 1 Changes in colour and consistency 

The changes in the colour and the consi stency of each sample were noted within 30 min 

after pressure release, and the samples were then immediately photographed using a 

Nikon digital  camera (3 .2  mega pixels), whenever required (e.g. Chapters 6 and 7) .  

3.4.2 Rheological analysis 

Rheological measurements, both rotat ional and dynamic, of control and pressure-treated 

samples of concentrated WPC solutions (Chapter 6) were made using a stress-control led 

Paar-Physica rheometer model USD200 ( Paar-Physica, Stuttgart, Germany), with a 

cone-plate geometry at a constant temperature of 20°C. The cone had an angle of  2° 

and a diameter of 50  mm. The flow curves were obtained in steady-state mode and the 

frequency sweep measurements were obtained at a constant strain of 1 0%. 

3.4.3 Transm ission electron microscopy (TEM ) 

Control and pressure-treated WPC samples were fixed (within 2-3 h after 

depressurisation), stained and processed as described by Langton & Hermansson ( 1 996) 

and the transmission electron microscopy images were recorded photographical ly .  The 

procedure steps fol lowed in the present study are described below. 

Fixation: The sample was cut into approximately 1 mm3 cubes (where appropriate) and 

put into a bijoux bottle containing 6 .25% glutaraldehyde in 0.2 M imidazole buffer. 

This was stored at 5°C for 2 days. The glutaraldehyde solution was rinsed twice with 0.2 

M imidazole buffer over 2 h. The buffer was removed and the sample was placed in 1 % 

osmium tetroxide prepared in 0.2 M sodium cacodylate overnight. The sample was 

rinsed twice with dist i l led water, placed in 1 % uranyl acetate for 30 min and then again 

rinsed twice with distil led water. 

Dehydration: The dehydration process was carried out at 5°C in 25% acetone ( 1 5  min) 

and then in 50, 70 and 90% acetone ( for 30 min each) fol lowed by 1 00% acetone ( three 

changes over 90 min).  
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Embedding: The acetone was then rep laced with Procure 8 1 2  embedding resin, and the 

sample was put on rol lers for 24 h. A cube of the sample was p laced into a BEEM 

embedding capsule and cured at 60°C for 48 h. 

Sectioning: The embedded samples were sectioned to a thickness of 90 nm using a 

Leica Ultra cut R microtome. These sections were mounted on 3 mm copper/rhodium 

grids and stained using lead citrate before examination in a Phil ips 20 1 C transmission 

electron microscope (Ph i l ips, Eindhoven, The Netherlands) at an accelerating voltage of 

60 kV. 

3.4.4 Size exclusion chromatography (SEC) 

The control and pressure-treated WPC samples (Chapter 6) were d i luted by mixing 1 

part of sample with 1 9  parts (w/w) of the elution buffer (20 mM imidazole/HCl,  50 mM 

NaCl,  pH 6.80) . The samples that had been pressure treated for more than 60 min were 

difficult to disperse and often required extensive stirring and agitation using a vortex 

mixer. The solutions were then fi ltered through a 0.22 J.lm membrane fi lter (Mi l l ipore 

Corporation, Bedford, MA, USA). These samples were then analysed using a high 

perfOlmance l iquid chromatography ( HPLC) system, Aligent model 1 050 (Aligent 

Technologies, Palo Alto, CA, USA), fitted with an Aligent 1 050 pump and an Aligent 

1 050 detector set. The HPLC column [ 1 50 mm x 30 mm TOSOH TSK-G4000pwxL 

(Supe\co, Bel leforte, PA, USA)] was equ i l ibrated with the elution buffer at a flow rate 

of 0.2 mL/min. The samples were loaded and eluted at 0.2 mL/min, and the eluates were 

monitored at 2 1 4  and 280 nm. 

3.4.5 PAGE analysis 

Preparation of native, sodium dodecyl sulphate (SDS) and alkaline-urea (AU) sample 

buffers 

Native sample buffer: The native gel sample buffer (pH 6.8) was prepared by mixing 

200 mL native stacking gel buffer (0.5 M Tris adjusted to pH 6.8) , 20 mL of 0.4 % 

Bromophenol b lue solution, 600 mL Mi l l i-Q water and 80 mL glycerol. 
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SDS sample buffer: Simi larly the SOS sample buffer consists of 500 mL Mi l l i-Q water, 

1 25 mL of 0 .5  M Tris-HCL buffer (PH 6 .8), 1 00 mL glycerol ,  200 mL of 1 0  % w/v 

SDS solution, and 25 mL of 0.4 % Bromophenol blue solution. 

AV sample buffer: AU sample buffer was prepared by dissolving 1 0 .8 g Tris 

(hydroxymethy l )  methylamine base, 360 g urea, 5 . 5  g boric acid, 0.92 g Ethylene 

diamine-tetra-acetic ac id (EOT A) and 25 mL of 0.4 % (w/v) bromophenol b lue solution 

in  about 500 mL water, adj usting the pH to 8 .4 with 1 M HCI and making up the fi nal 

volume to I L .  

Preparation of sub-samples for polyacrylamide gel electrophoresis (PAGE) 

analysis 

Non-reduced samples: Appropriate quantities ( normal ly 50 or 1 00 mg depending on  

the concentration of  protein in  the original samples) of each of  the control and heat- or 

pressure-treated samples were weighed or transferred accurately into Eppendorf tubes, 

dispersed i nto 1 .0 mL of sample buffer ( native or SOS or a lkal ine urea sample buffer) 

and mixed using a vortex mixer. The samples that had been pressure treated for 60 min 

or longer (Chapter 6)  were stirred intermittently with a vortex mixer and often took 

about 1 6  h to d isperse completely. 

Reduced samples: A set of SDS-reduced samples was prepared by heati ng a mixture of 

1 mL aliquot of SOS sub-sample (control and heat- or  pressure-treated samples) and 20 

ilL of 2-mercaptoethanol (2-ME) at 94°C for 4-5 min .  The native- and AU sub-samples 

were not reduced. 

Molecular weight markers 

Molecular weight markers ( Mr) were also loaded on some of the 1 D and 2D SDS­

PAGE gels. These Mr were obtained from Bio-Rad and contained the fol lowing 

proteins: phosphorylase (97,000), bovine serum albumin (66,200), ovalbumin (45,000), 

carbonic anhydrase ( 3 1 ,000), soybean trypsin i nhibitor (2 1 ,500), lysozyme ( 1 4,400) and 

aprotinin (6 ,500). 
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One-dimensional ( I D) and two-dimensional (2D) PAGE 

The control and heat- or pressure-treated samples were analysed using a M ini-Protean I I  

dual cell system (Bio-Rad Laboratories, Hercules, CA, USA) and the discontinuous 

PAG E  system for both I D  and 2D PAGE. The methods described by Havea et al . ( 1 998) 

and Manderson et al . ( 1 998) were used for I D  and 2D PAGE analysis. The 

polyacrylamide gel contains two main parts: the resolving gel and the stacking gel ( see 

Figure 3 .5 ) .  The gels were scanned and photographed, as described by Manderson et al .  

( 1 998),  using a computing laser densitometer (Molecular Dynamics Model P .  D., 

Sunnyvale, CA, USA) and the integrated intensities of the bands corresponding to �-LG, 

a-LA and BSA were determined using Molecular Dynamics I mageQuant software 

(Version 5 .0). The experiments were repeated using simi lar experimental conditions and 

the variations in the integration results were found to be within 5-1 0%. The data plotted 

on the graphs are the averages of two integrations. 

Three different types of PAGE systems were used, either singly ( I D  PAGE) or in 

combi nations (2D PAGE) in the present study. The procedures for preparation of these 

gels are described below. 

Preparation of I D  native-PAGE gels 

Native-PA GE resolving gel: An appropriate quantity (2.0 mL) of native resolving gel 

buffer ( stock solution prepared by dissolving 72.6 g of Tris (hydroxymethyl )  

methylamine base in  Mi l l i-Q water, adjusting the pH to 8 .8  and finally making up the 

total volume to 200 mL with Mil l i -Q i .e .  3 .0 M Tris-HCL buffer adjusted to a pH of 

8 .8), 6 .0 mL of water and 8 mL of acrylamide solution [30% stock solution of a 37 .5 : 1  

(2 .6% C )  mixture of acrylamide and N ,  N ' -methylenebis (acry lamide) (B io-Rad 

catalogue no. 1 6 1 -0 1 58)] was accurately transferred to a vacuum flask, mixed wel l  and 

a l lowed to stand at ambient temperature (20-23°C) for about 30 min .  This mixture was 

then degassed under vacuum for 20 min with constant stirring of the mixture using a 

magnetic stirrer. Meanwhile, the gel setting apparatus was assembled using 0 .75 mm 

spacers, fol lowing the standard description in the B io-Rad manual. Immediately after 

the degassing step and just prior to the gels being poured, 8 J.lL of N, N, N ', N' ­

tetramethylethylenediamine (TEMED) and 80 flL of a 1 0% pre-made solution of 
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ammonium persulphate (APS) were added to the mixture to final ly give a resolving gel 

with 1 5% T and 2.67% C .  I n  preparing acrylanude solution, we used 30 % acrylamide­

Bis solution3 7.5 : 1 (2 .67 %C) from Bio-Rad. The acry lamide provide gel chain, whereas 

Bis forms a cross-l i nks between chain to form three dimensional structure. The % T 

refers to the concentration / strength of acrylamide, whereas % C refers to the % w/w of 

cross- l inking Bis .  

From this final mixture, 3 .3 mL was transferred between each pair of glass plates. 

About 0 .5-1 .0 mL of water was then placed above the resolving gel in  the corner and 

the apparatus was gently tapped to give the resolving gel a smooth surface upon sett ing.  

The gel apparatus was set aside at ambient temperature (20-23°C) and left undisturbed 

for about 30 min for the gels to set. The water from the top layer was then removed 

completely with the help of a blotting paper wick. 

Stacking gel: Similarly, the stacking gel was made from a mixture of 2.0 mL of 

stacking gel buffer ( stock solution prepared by d issolving 30 g of Tris base i n  400 mL 

of mil l i-Q water, adj usting the pH to 6 .8  with 6 M HCL and mak ing the final vol ume up 

to 500 mL, i .e .  0 .5 M Tris-HCL buffer adjusted to pH 6 .8 ), 5 .0 mL of water and 1 .0 mL 

of acrylamide solution [30% stock solution of a 3 7.5 :  I (2 .6% C)  mixture of acrylamide 

and N, N' -methylenebis (acry lamide)] . This was then degassed as described above and 

40 ilL of 1 0% APS and 8 �lL of TEMED were added (to give 3 .9% T and 2 .67% C gels) .  

This mixture was transferred i nto the gap between the glass plates, on top of the preset 

resolving gel, and a 0 .75 mm plastic comb with 1 0  slots was i nserted, to form sample 

load ing wel ls or slots, taking care that no air bubbles were entrained. The gel apparatus 

was left undisturbed at ambient temperature (20-23°C) for about 1 - l .30 h for complete 

polymerisation of the gels. The entire gel assembly was then transferred i nto an airtight 

container contain ing some distil led water (to prevent dry ing of the gels), which was 

then transferred to a cold room (4-6°C) overnight. 

Native electrode buffer: The stock solution of native electrode buffer (0 . l 25 M 

Tris/0.95 M glycine,  pH 8 .3 )  was prepared by dissolving 1 5 .0  g of Tris base and 72.0 g 

of glycine i n  about 800 mL Mi l li-Q water and then final ly mak ing the volume up to I L .  

I n  use, this stock solution was di luted 1 :4 with Mi l l i-Q water. 
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Preparation of I D  SDS- P  AGE gels 

The 1 0  SOS-PAGE gels were prepared i n  the same manner as described above for 

native-PAGE, but different proportions of SOS resolving gel buffer, SOS stacking gel 

buffer and TEMEO, APS and acrylamide were used, and a proportion of Mi l li -Q water 

was substituted with stock 1 0  % (w/v) SOS solution, which is described in detai l  below: 

SDS-PA GE resolving gel: In preparation of SOS-PAGE gels, the resolving gel mixture 

consisted of 3 .75 mL of SOS resolving gel buffer (stock solution prepared by dissolv ing 

1 8 . 1 5  g of Tris (hydroxymethyl )  methylamine base in about 60 mL of mi l l i-Q water, 

adjusting the pH to 8 .8  and finally making up the total volume to 1 00 mL with mil l i -Q 

i .e .  1 .5 M Tris-HCL buffer adjusted to a pH of 8 .8), 3 .0 mL of water and 7.95 mL of 

acrylamide solution [30% stock solution of a 37 .5 : 1  (2 .6% C) mixture of acrylamide 

and N, N ' -methylenebis  (acrylamide)] was accurately transferred to a vacuum flask, 

mixed wel l  and allowed to stand at ambient temperature (20-23°C) for about 30 min.  

This mixture was then degassed under vacuum for 20 min with constant stirring of the 

mixture using a magnetic stirrer. Meanwhile,  the gel setting apparatus was assembled 

using 0.75 mm spacers, fol l owing the standard description in the Bio-Rad manual .  

Immediately after the degassing step and just prior to the gels  being poured, 1 50 ilL of 

stock 1 0  % (w/v) SOS solution, 7.5 ilL of N, N, N' ,  N'-tetramethylethylenediamine 

(TEMEO) and 75 ilL of a 1 0% pre-made solution of APS were added to the mixture. 

The remaining steps were same as described for native PAGE resolving gel .  

SDS-PAGE stacking gel: Similarly, the stacking gel was made from a mixture of 2.50 

mL of stacking gel buffer (stock solution prepared by dissolving 6 g of Tris base in  

about 60 mL of mi l li-Q water, adjusting the pH to 6 .8 with 6 M HCL and making the 

final volume up to 1 00 mL, i .e .  0 .5 M Tris-HCL buffer adj usted to pH 6 .8),  6. 1 0  mL of 

water and 1 .30 mL of acrylamide solution [30% stock sol ution of a 37 .5 : 1  (2.6% C) 

mixture of acry lamide and N, N ' -methy lenebis  (acrylamide)] .  This was then degassed 

as described above and 1 00 ilL of stock 1 0  % (w/v) SOS sol ution, 50 ilL of 1 0% APS 

and 1 0  ilL of TEMED were added. The remaining steps were same as described for 

native PAGE stacking gel .  

Stock SDS electrode buffer: The stock solution of SOS e lectrode buffer (5X) was 

prepared by dissolv ing 1 5 .0 g of Tris base, 72.0 g of glycine and 5 g of SOS powder in  
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about 800 mL Mi l l i -Q water and then final ly making the volume up to 1 L .  The pH of 

the stock solution was in the range of 8.6 ± 0. 1 .  In use, thi s  stock solution was di luted 

1 :4 with Mil l i -Q water. 

Preparation of I D  AU-PAGE gels 

A U-PAGE resolving gel: For AU-PAGE gels, the resolving gel mixture consisted of 

8 .90 mL of AU resolving gel buffer (stock solution prepared by d issolving 9.20 g of 

Tris (hydroxymethyl )  methyl amine base, 0.8 mL of concentrated HCI, 54.0 g urea in 

about 1 20 mL of mi l l i-Q water, adjusting the pH to 8 . 8  with 1 M HCl and final ly 

making up the total volume to 200 mL with mi l l i-Q in  volumetric flask) and 6.00 mL 

of acrylamide solution [30% stock solution of a 37 . 5 :  1 (2 .6% C) mixture of acrylamide 

and N, N ' -methylenebis (acrylamide)] was accurately transferred to a vacuum flask, 

mixed wel l  and al lowed to stand at ambient temperature (20-23°C) for about 30 min. 

This mixture was then degassed under vacuum for 20 min with constant stirring of the 

mixture using a magnetic stirrer. Meanwhi le, the gel setting apparatus was assembled 

using 0.75 mm spacers, fol lowing the standard description in the Bio-Rad manual. 

Immediately after the degassing step and just prior to the gels being poured, 7 .5 J-lL of 

N,  N, N' ,  N '-tetramethy lethylenediamine (TEMED) and 75 f.lL of a 1 0% pre-made 

solution of APS were added to the mixture. The remaining steps were same as described 

for native-PAGE resolving gel . 

A U  stacking gel: The AU stacking gel was made from a mixture of 8 .65 mL of 

stacking gel buffer ( stock solution prepared by disso lving 1 .08 g of Tris base, 36 .0  g 

urea, 0 .55 g boric acid, 92 mg EDTA in about 70 mL of mil l i -Q water, adjusting the pH 

to 8.4 with 1 M HCL and making the final volume up to 1 00 mL), and 1 .3 0  mL of 

acry lamide solution [30% stock solution of a 37 .5 : 1  (2 .6% C) mixture of acrylamide 

and N, N '  -methylenebis (acrylamide)] .  This was then degassed as described above and 

50 f.lL of 1 0% APS and 1 0  J-lL of TEMED were added. The remaining steps were same 

as described for native-PAGE stacking gel .  

A V  stock electrode buffer: The stock solution of AU e lectrode buffer (5X) was 

prepared by dissolving 1 0. 7  g of Tris base, 5 . 5  g of Boric acid and 0.9 g E DTA in about 

800 mL Mi l l i-Q water, adjusting the pH to 8.4 and then finally making the volume up to 

1 L. I n  use, this stock solution was di luted 1 :4 with Mi l l i -Q water. 
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Electrophoresis of the samples on the I D  PAGE gels 

After the chamber had been fil led with the appropriate electrode buffer ( i .e .  either the 

native, SDS or alkal ine urea (AU) electrode buffer), the corresponding sub-sample 

prepared by di luting in the appropriate sample buffer ( i .e .  the native, SOS or a lkal ine 

urea (AU) e lectrode buffer) were loaded accurately  in the sample loading wel l  using a 

Hamilton syringe. After the samples had been loaded on both gels, the maximum 

voltage, current, power and time were set at 2 1 0  V, 70 mA, 6 .5  W and 1 . 1- 1 .2 h on the 

power supply (Bio-Rad model 1 000/500) and electrophoresis was commenced. After 

the bromophenol blue dye band had reached the bottom of the gel ,  the power was turned 

off; the gels were careful ly removed from the equipment, transferred into a transparent 

polyethy lene container and were then stained, destained and scanned as described below: 

Staining and destaining the gels 

After electrophoresis, 1 D gels were stained using 0 . 1 % (w/v) amido black l OB dye 

dissolved in 1 0% acetic acid and destained using a 1 0% glacial acetic acid solution. It 
was found that the time and volume of the staining and de stain ing solutions used were 

critical for the quantitative determination of proteins. Furthermore, for i nter-gel 

companson al l  gels should be treated exactly the same, and stained and de stained 

simultaneously .  The fol lowing guide- l ines were used for staining and destaining the 

gels :  

Staining the gels: The staining step was performed by dispensing 50 mL of Amido 

Black l OB staining solution ( see above) into the container. Set the container on the 

platform rocker in such a way that the stain covers the entire gel ,  adjust the t ime and 

leave the gel to stain for exactly 1 h. 

Destaining: After the gel is  stained for 1 h, drain the staining solution from the gel 

container careful ly .  Dispense 1 00 mL of destaining solution and return the gel container 

to the rocker for l h. After exactly 1 h, change the destaining solution by draining-off the 

used destain and repl ace with the fresh 1 00 mL of destain .  Leave the container to 

destain on the rocker for a further 6 h and repeat the procedure at two further 6 h 

intervals. 
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Scan ning and photographing the gels 

The gels were then scanned using a Molecular Dynamics personal densitometer ( Model 

PD-SI computing densitometer. Molecular Dynamics, Sunnyvale, CA, USA).  The gels, 

immediately after completion of the destaing step were scanned at 633 nm with a HelNe 

laser with a spot size of 50 !lm at a resolution of 1 00 !lm. The scanned images were 

processed or protein bands were integrated using Molecular Dynamics ImageQuant 

software, Version 5 .0. 

The gels were then photographed using a 35  mm camera fitted with both green and 

orange Hoya filters ( to minimise stray l ight) on to 1 00 ASA Kodak T-max fi lm, which 

was then processed in the usual way. 

Quantitation of the intensity of protein bands 

The total absorbance/integrated intensity of each protein band was determined and 

compared with the relative intensity of protein bands in untreated samples run on each 

gel as a control .  As mentioned earlier, the smal l  gel -to-gel differences « 1 0%) in the 

absorbance values for the standards on each of the gels were compensated for by 

comparing the values for each of the standards with the mean value derived from the 

standard from every gel .  A simi lar compensation factor was calculated, using the 

control samples on all the SDS-PAGE gels  and al l  the native-PAGE gels, so that the 

results for SDS-PAGE and native-PAGE could be compared. 

Preparation of 2 D  PAGE 

Native:non-reduced SDS-PA GE or A U:non-reduced SDS-PA GE 

After completion of I D  native- and AU-PAGE as described above, the gel s  were 

removed from between the glass plates and cut so that each strip contained a l l  the 

protein bands from a sample, inc luding any material sti l l  present in the sample loading 

wel l .  These sample gel strips were then immersed into SDS sample buffer for 4 min. 

Each of the sample gel strips was then fitted into the gel apparatus using a 0.75 nun 

spacer and the SDS resolving and stacking gels were set so that the resolving gel was 
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below the sample gel strip. The sample gel strip was surrounded by stacking gel and 

was used as the source of the sample to run on SDS-PAGE in the second dimension (see 

F igure 3 . 5) .  

Once the gels  were polymerised, they were run fresh using the same conditions as  

described for I D  SDS-PAGE. The gels  were then careful ly removed from between the 

glass plates and were stained and de stained. Two of the I D  PAGE gel strips from the 

same gel were also stained to confirm that the separation i n  the first dimension was 

satisfactory. One of the stained gel strips and the 2D gel including the sample gel strip 

after completion of staining and destaining were arranged as shown in F igure 3 . 5 .  The 

gels in this arrangement were scanned and photographed (e.g. see 2D gels i n  Chapter 4 

or Chapter 7). This procedure al lowed the relationship between the stained spots/bands 

of the hydrophobic- l inked proteins on the vertical pattern and horizontal ly mounted 

stained gel strip on the top to be establ ished. 

2D SDS then reduced SDS (SDS:SDSR)-PAGE gels 

After I D  SDS-PAGE, the gel was removed from between the glass plates and cut so 

that each strip contained al l the protein bands from a sample, including any material sti l l  

present in  the sample loading wel l .  Each of  these unstained strips was placed in  a 

separate test tube containing 1 0  mL of disulphide bond reducing buffer (a solution of 1 0  

m L  of SDS sample buffer containing 200 f.lL of 2-ME), and held in a water bath 

thermostatical ly controlled at 94°C for 4 min to reduce the covalent disulphide bonds of 

the protein components. 

After 4 min, each strip was removed from its test tube and washed with water to remove 

excess 2-ME. The washed gel strips were then immersed in SDS sample buffer for 4 

min. Each of the treated gel strips (sample gel strips) was then fitted i nto the gel 

apparatus using a 0.75 mm spacer and the SDS resolving and stacking gel s  were set so 

that the resolving gel was below the sample gel strip. The sample gel strip was 

surrounded by stacking gel and was used as the source of the sample to run on SDS­

PAGE in the second dimension ( see Figure 3 . 5 ) . 
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Figure 3.5. Schematic diagram showing the preparation and running of a sample of 
pressure-treated WPC solution in a 20 SOS:SO R-PAGE system. 

Once the gels were polymerised, they were run fresh usmg the same conditions as 

described for I D  PAGE. The gels were then carefully removed from between the glass 

plates and were stained and destained. Two of the 1 0  PAGE gel strips were also stained 

to confirm that the separation in the first dimension was satisfactory . One of the stained 

gel strips and the 20 gel inc luding the sample gel strip after completion of staining and 

destaining were arranged as shown in Figure 3 . 5 .  The gels in this arrangement were 

scanned and photographed (e.g. see 20 gels in Chapter 4 or Chapter 7). This procedure 

allowed the relationslt ip between the stained spots/bands of the disulphide-bonded 

proteins and those of the reduced proteins on the vertical pattern to be establ ished. 
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CHAPTER 4 

Effects of Heat a nd High Pressure Treatments on the 

U nfolding and Aggregation of Proteins in WPC Solutions l 

4. 1 I n trod u ction 

67 

Thermal processing is one of the common traditional methods that have been employed 

to extend the shelf l ife of milk and milk products or to achieve the desired functional 

properties in  the final products (Mulvihi l l  & Donovan, 1 987) .  Whey proteins are used as 

functional i ngredients in  the food industry. The inevitable heat treatments used during 

the processing and preservation of whey protein products can seriously affect the nat ive 

state and stabi l ity of whey proteins (de Wit, 1 990). Many aspects of the heat-induced 

denaturation, aggregation and gelation of whey proteins have been studied in 

considerable detai l  and their mechanisms are wel l  understood, as discussed in Chapter 

2. Most of the previous studies on the heat-induced denaturation and aggregation of 

whey proteins used model systems consisting of pure protein solutions and 

demonstrated that each of the whey proteins has a different response to heat treatment in  

terms of conformational changes, altered bonding patterns, formation of inter-protein 

aggregates via disulphide bond interchange, changed hydrophobic associations etc . (e .g .  

Gezimati et aI . ,  1 997; Manderson et aI . ,  1 998;  Schokker et aI . ,  2000; Havea et aI . ,  200 1 ; 

Hong & Creamer, 2002; Cho et aI . ,  2003 ). Paral le l  studies using solutions of 

commercial whey protein concentrate ( WPC) and purified �-Iactoglobulin (�-LG), a­

lactalbumin (a-LA) and bovine serum albumin (BSA) in milk serum ( Havea et aI . ,  

1 998, 200 1 , 2002) also clarified many important aspects of the heat-induced 

aggregation and gelation of whey proteins in their natural environment. The findings of 

all these previous studies have made a significant contribution to a detai led 

understanding of the mechanisms or pathways of the heat- induced denaturation, 

aggregation and gelation of whey proteins, but comparatively l ittle is known about the 

I Part of the content presented in th is chapter has been publ ished as a peer-reviewed paper in Food New 

Zealand (2004) 4 ( 3 )  29-3 5 .  

The content from this chapter was also presented a s  a poster at the ADAS-ASAS Joint Annual Meet ing, 
M inneapolis, M innesota, USA, 9- 1 3  Ju ly 2006, and was pub l i shed in  Dairy Foods: Chemistry and 
Microbiology Section, Journal of Dairy Science (2006) 89 (Supp l .  I )  1 75 .  
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high-pressure (HP)-induced denaturation, aggregation and gelation of whey proteins in  

WPC systems. 

HP processing has been recognised as a physical tool for the modification proteins 

(Cheftel ,  1 992; Hayashi, 1 992; Balny & Masson, 1 993), and it has potential to achieve 

new products with modified textures and functional properties ( Datta & Deeth, 1 999, 

2003 ). Previous studies on the effects of HP on mi lk proteins have focused main ly on 

denaturation kinetics (e.g. H inrichs et aI. , 1 996; H inrichs & Rademacher, 2004, 2005), 

rheological properties (e .g. Van Camp & H uyghebaert, 1 995a, 1 995b; Cheftel & Dumay, 

1 996, Dumay et aI . ,  1 998; Famelart et aI . ,  1 998) or microstructure (e .g .  Van Camp & 

Huyghebaert, 1 995a, 1 995b; Van Camp et aI . ,  1 996; Zasypkin et aI . ,  1 996; 

Walkenstrom & Hermansson, 1 997; Dumay et aI . ,  1 998) and other aspects using WPC 

(e.g. Van Camp et aI . ,  1 997a, 1 997b; Famelart et aI . ,  1 998; Kanno et aI . ,  1 998) and 

individual whey proteins in  model systems (e.g. Dumay et aI. , 1 994, 1 998;  Funtenberger 

et aI . , 1 995, 1 997 ;  Jegouic et aI . ,  1 997; Mol ler et aI . ,  1 998) .  However, l ittle attention has 

been paid to the characterisation of pressure-induced aggregates and interaction 

products in a complex whey protein system such as WPC. Also, the previous studies 

paid l ittle attention to exploring the effects of heat and HP on the unfolding and 

aggregation of whey proteins using aliquots from the same samples. 

Havea et al. ( 1 998) and Manderson et al .  ( 1 998) developed various one-dimensional 

( l  D) and two-dimensional (2D)  polyacry lamide gel electrophoresis ( PAGE) techniques 

that were found to be very useful in understanding the heat-induced i nteractions of 

whey proteins and in understanding the heat- induced aggregation pathways in a WPC 

environment. I n  the above context, the main purpose of this preliminary work was to 

apply these PAGE techniques to analyse heat- and pressure-treated WPC sol ut ions. By 

using the common techniques, we expected to be able to determine basic differences 

and simi larities in  the interactions of whey proteins in heat- and pressure-treated WPC 

solutions. 

4.2 Experimenta l  

The general procedures for the preparation and analysis of samples using I D  and 2D 

PAGE have been described in Chapter 3 .  A schematic diagram showing detai ls of the 

experimental protocol used in the present i nvestigation is shown in F igure 4 . 1 .  
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Figure 4. 1 .  Simplified schematic diagram showing the preparation and coding of 
samples. These samples were subsequently analysed by 1 0  and 2 D  PAGE as described 
in Chapter 3 .  The PAGE patterns of each of these samples are shown in Figures 4 .4--4 . 9 .  
The abbreviations used are : NP, nat ive-PAGE; SDS, sodium dodecyl sulphate; SOSR, 
reduced SOS.  
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4.3 Results a n d  discussion 

4.3. 1 ID PAG E patterns of pure whey proteins 

The native- and SDS-PAGE patterns of pure whey proteins, i nc luding f3- LG, a-LA, 

BSA, immunoglobulin G ( lgG) and lactoferrin ( LF),  are presented in F igures 4.2A and 

4.2B respectively . The pure whey proteins were analysed for the purpose of identify ing 

the bands corresponding to indiv idual whey proteins on the native- and SDS-PAGE 

patterns of mixed whey protei n  system (WPC) .  

IgG -{­
LF 

BS�-

2 3 4 5 6 7 

-

8 9 

Figure 4.2. Identification of protein  bands using pure proteins on (A) native-PAGE and 
(B) SDS-PAGE. PAGE patterns of: WPC solution (Lane 1 ), LF (Lane 2), BSA (Lane 3 ), 
IgG (Lane 4), f3-LG AA (Lane 5) ,  f3-LG BB ( Lane 6), f3-LG AB (Lane 7), a-LA ( Lane 8) 
and WPC solution ( Lane 9). 
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4.3.2 Nomenclature of proteins in control and heat- or pressure-treated samples 

The analysis  of the control and heat- or pressure-treated samples using native- and SDS­

P AGE showed loss of monomeric proteins and the formation of aggregates .  Many 

researchers (McSwiney et aI . ,  1 994b; Gezimati et aI . ,  1 996, 1 997; Havea et aI . ,  1 998) 

have defmed and used terms such as native-l ike protein, SDS-monomeric protein, total 

reducible protein,  hydrophobical ly l inked aggregates, reducible disulphide-cross-l inked 

aggregates etc. to identify different forms of proteins or protein aggregates observed on 

the native- and SDS-PAGE patterns of heat-treated whey protein solutions. As simi lar 

methodologies were used and simi lar changes were observed on the PAGE patterns of 

the pressure-treated samples, the same terminology could also be appl ied to identify and 

define the changes in the proteins  in the pressure-treated samples (Figure 4 .3 ) .  
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F igure 4.3. Schematic diagram showing a summary of the nomenclature of different 
forms of proteins and protein aggregates analysed using various electrophoresi s  
techniques. The proteins in  control and heat- or  pressure-treated samples have been 
assigned a specific nomenclature, as reported earl ier (McSwiney et aI . ,  1 994b; Gezimati 
et aI . ,  1 996, 1 997; Havea et aI . ,  1 998) .  The figure has been redrawn with the permission 
of Havea ( 1 998) .  
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Analysis of heat-treated ( Lanes 2-5, F igure 4.4A) and pressure-treated (Lanes 2-5, 

F igure 4.4B) samples by native-PAGE (PH approximately 8 . 3 )  gave protein bands that 

coincided with (resolved almost i n  the same position as) the native proteins i n  the 

untreated samples (Lane 1 ,  Figure 4.4A or 4.4B); these bands could be referred to as 

'native-l ike' proteins. On SOS-PAGE (PH approximately 8 .3 ,  1 g SDS/L), the protein 

bands were more intense than those of the native- l ike proteins and migrated as though 

they were monomers. These bands on SDS-PAGE included non-covalent (mainly 

hydrophobical ly l inked) aggregates, which were d issociated by SOS-PAGE.  Therefore, 

these bands could be referred to as 'SOS-monomeric ' proteins ( Figures 4.5A and 4 . 5B).  

When the pressure-treated or heat-treated samples were analysed using SDS-PAGE in 

the presence of a reduc ing agent, such as  2-mercaptoethanol (2-ME), which converts 

disulphide bonds into free sulphydryl groups, there were even more i ntense bands that 

migrated as though they were monomers; these bands could be referred to as ' total 

reduc ible' protein ( Figure 4.5C).  The relationships between these different forms of 

protein and their l ikely changes during the heat or pressure treatment of WPC solutions 

are summarised in Figure 4 .3 .  

4.3.3 Identification of  protein bands on ID PAGE patterns of  control samples 

lD native-, non-reduced SDS- and reduced SDS-PA GE 

The bands corresponding to native-like and SDS-monomeric whey proteins 0 3-LG, a­

LA, BSA, IgG and LF) on the native- and SDS-PAGE patterns of the control WPC 

sample were identified by comparison with the native- and SDS-PAGE patterns of the 

pure proteins (Figures 4.2A and 4.2B respectively) and were marked appropriately on 

the left-hand side of the control samples (Lane 1 )  on the native- ( Figures 4 .4A and 

4.4B) and SOS- ( Figures 4 .5A and 4.5B) PAGE patterns. The PAGE patterns of these 

protein bands were also compared with those reported previously ( Havea et aI . ,  1 998) 

for WPC solutions analysed using simi lar methods. Some high molecular weight 

material that did not enter the gel (marked as Xo on native-PAGE and Xo on SDS­

PAGE) was also present in the PAGE patterns of the control samples ( Lane 1 ,  Figures 

4.4A, 4.4B, 4.5A and 4 .5B).  I t  was noticed from the native-PAGE patterns of the 

control WPC samples (Figures 4 .4A and 4.4B) that the WPC used in the present study 

contained a smal l  amount of glyco-a-LA (denoted as a-LA * ) . 
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Figure 4.4. Native-PAGE patterns of (A) heat-treated and (B)  pressure-treated wpe 
solutions ( 5% w/v). For the heat-treated samples ( A), the PAGE pattern shows: control 
sample (Lane 1 ), samples heated at 72°e for 1 5  s (Lane 2), l OOoe for 1 20 s ( Lane 3 ), 
1 200e for 1 20 s (Lane 4 )  and 1 400e for 5 s ( Lane 5 ), and control sample ( Lane 6) .  
Simi larly, for the pressure-treated samples (B), the PAGE pattern shows: control sample 
( Lane 1 ), samples pressure treated at 200 M Pa for 30 min (Lane 2) ,  400 MPa for 30 min 
(Lane 3 ), 600 M Pa for 30 min ( Lane 4) and 800 MPa for 30 min ( L ane 5), and control 
sample ( Lane 6). Xo stands for material present in the untreated control sample that 

could not enter the gel .  N' indicates non-native monomers, and X l ,  X2 and X3 

correspond to dimers, trimers and tetramers respective ly .  The regions marked as X4, Xs 

and X6 correspond to the largest aggregates, i .e. those caught up at the top of the 
resolving gel, those caught up within the stacking gel and those caught up with in  the 
sample wel l  or that could not enter the gel respectively . 
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The A and B variants of �-LG were partial ly separated from one another on the nat ive­

PAGE patterns ( Figures 4 .4A and 4.4B), but were indistinguishable and migrated more 

s lowly than a-LA on the SDS-PAGE patterns (Figures 4 .5A and 4 .5B ;  a lso see Figures 

4 .6A and 4 .6B) .  When the control sample was reduced prior to analysis by SDS-PAGE 

( Figure 4.5C), the �-LG and a-LA bands were more intense. Also, the material that 

could not enter the gel or that migrated only a short distance in the non-reduced sample 

(marked as Xo in  Lane 1 ,  Figures 4.SA and 4 .SB)  was absent from the PAGE pattern of 

the reduced sample (Lane 1 ,  Figure 4 .5C) .  The protein bands corresponding to Ig heavy 

chain ( lgH)  and Ig l ight chain ( lgL) were c learly identified and marked ( Lane 1 ,  Figure 

4.SC) .  This occurred because intra- and intermolecular disulphide bonds had been 

reduced by 2-ME and thus the proteins migrated as SDS complexes of the monomeric 

polypeptide chains. 

4.3.4 Heat- and pressure-induced changes observed on I D  native- and SDS-PAG E 

patterns 

Native-PAGE - heat treatment 

Comparison of the native-PAGE pattern of the control sample ( Lane 1 ,  Figure 4.4A) 

with those of the heat-treated samples ( Lanes 2-S, F igure 4.4A) indicated that the 

intensities of the protein bands corresponding to native-l ike 0-LG AA, �-LG BB, a-LA, 

BSA, Igs and LF decreased with the severity of the heat treatment. Comparison of the 

PAGE patterns of the control sample ( Lane 1 ,  Figure 4.4A) and the sample heat-treated 

at noc for I S  s (Lane 2, F igure 4.4A) showed that the intensities of the bands 

corresponding to native- l ike LF, BSA and Igs (heat-sensitive proteins) decreased 

s l ightly in the PAGE pattern of the pasteurised sample, suggesting that mild heat 

treatment ( such as pasteurisation) initiated aggregation of native-l i ke LF, I gs and BSA. 

However, the intensities of the bands corresponding to native-l ike �-LG and a-LA 

appeared to be almost unaffected by this heat treatment (Lane 2, Figure 4.4A) .  

I n  contrast, the native-PAGE patterns of the samples heat treated at 1 00 or 1 20°C for 

1 20 s and 1 40°C for 5 s (Lanes 3-5, Figure 4.4A) showed that the bands corresponding 

to native-l ike LF and BSA were essentia l ly absent and that the intensities of  the nat ive­

l ike �-LG and a-LA bands had decreased s ignificantly .  Only faint bands corresponding 
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to nat ive-like p-LG and a-LA were visible in the PAGE pattern of the samples heat 

treated at l OO°C for 1 20 s (Lane 3 ,  Figure 4.4A) and 1 40°C for 5 s ( Lane 5 ,  F igure 

4.4A). However, the band corresponding to native-l ike a-LA was absent and the 

i ntensity of the band corresponding to native- l ike p-LG was significantly decreased in 

the PAGE pattern of the sample heat treated at 1 20°C for 1 20 s .  The non-native p-LG 

species that were apparent in pure p-LG systems (Manderson et aI . ,  1 998; Considine et 

aI ., 2005a, 2005b) were not clearly observed in the native PAGE pattern of the sample 

heated at 72°C for 1 5  s (Lane 2, F igure 4.4A). However, faint bands corresponding to 

such non-native species were evident in the PAGE patterns of the samples heat treated 

at 1 00 or 1 20°C for 1 20 s and 1 40°C for 5 s (Lanes 3-5 , Figure 4 .4A) and are marked as 

N' on the right-hand side of the PAGE pattern. I t  seems from these PAGE patterns that 

the i ntensity of the band corresponding to p-LG B decreased faster than that 

corresponding to p-LG A. This was much c learer when lower loadings or lower 

concentrations were used for PAGE (see Appendix 1 ). 

Comparison of the native-PAGE pattern of the control sample (Lane 1 ,  Figure 4.4A) 

with that of the severely heat-treated ( l OO or l 20°C for 1 20 s and 1 40°C for 5 s) 

samples (Lanes 3-5, F igure 4.4A) indicated that several new discrete bands appeared on 

the PAGE patterns of the heat-treated samples. The positions of these new heat-induced 

bands, corresponding to aggregated proteins, are marked as X I-X6 on the right-hand 

side of the native-PAGE pattern ( Figure 4.4A). The large protein aggregates, i .e .  those 

caught up within the sample wel l (X6), within the stacking gel (Xs)  and at or near the 

top of the resolving gel (X4), were high molecular weight protein aggregates consisting 

of both disulphide- l inked and non-covalently associated proteins. The bands marked as 

X I ,  X2 and X3 corresponded to intelmediate aggregates (e.g. dimers, trimers and 

tetramers respectively), as ident ified previously i n  the PAGE pattern of heat treated 

whey protein samples (e.g. H avea et aI . ,  1 998; Manderson et a I . ,  1 998; Schokker et aI . ,  

1 999) .  

Native-PA GE -pressure treatment 

Simi lar comparison of the PAGE patterns of control (Lane 1 ,  Figure 4.4B) and pressure­

treated (Lanes 2-5, F igure 4.4B) samples also indicated that the intensity of the bands 

corresponding to native-l ike monomeric p-LG A, p-LG B, a-LA, BSA, Igs and LF  
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decreased with the severity of the pressure treatment; however, the order of sensitivity 

of each of these proteins to pressure treatment was quite different from that to heat 

treatment. 

Comparison of the PAGE pattern of the sample pressure treated at 200 MPa for 30 min 

(mild pressure treatment) ( Lane 2 ,  Figure 4.4B) with that of the control sample (Lane 1 ,  

Figure 4.4B) indicated that the intensity of the band corresponding to �-LG decreased 

s lightly ,  suggesting that the aggregation of �-LG had been i nitiated by this mild 

pressure treatment. However, the i ntensities of the bands corresponding to BSA, LF and 

Igs remained almost unaffected after this pressure treatment (200 MPa for 30 min) of 

the sample. The intensities of the bands corresponding to BSA, Igs and LF  decreased 

rapidly as the severity of the pressure treatment increased (greater than 400 MPa for 30 

min). 

Several new bands also appeared on the PAGE patterns of the pressure-treated samples 

(Lanes 2-5, Figure 4 .4B), compared with the PAGE pattern of the control sample ( Lane 

1 ,  Figure 4.4B), suggesting the formation of non-native proteins and protein aggregates 

of different size as a result of the pressure treatment. The positions of the new bands 

corresponding to these aggregated proteins are marked as X I-X6 on the right-hand side 

of the native-PAGE pattern (Figure 4.4B). The regions corresponding to X I-Xs were 

comparatively more intense in the PAGE pattern of pressure-treated samples (compared 

with the PAGE pattern of heat-treated samples; F igure 4 .4A) ,  and corresponded mainly 

to dimers, trimers, tetramers etc .  (X I-X3), as wel l  as to aggregates caught up at the top 

of the resolving gel (Xt) and to those caught up within the stacking gel (Xs) .  The 

proportion of high molecular weight aggregates that could not enter the gel (X6) was 

less in the severely pressure-treated samples (Lanes 3-5 , Figure 4 .4B), compared with 

the severely heat-treated samples ( Lanes 3-5 , Figure 4.4A). A detai led description of 

the differences between these aggregates is given in Section 4 .3 . 5 .  

SDS-PAGE - heat treatment 

The intensities of the bands corresponding to SDS-monomeric whey proteins ( �-LG A, 

�-LG B, a-LA, BSA, Igs and LF) decreased with the intensity of the heat treatment, 

indicat ing that the SDS-PAGE patterns of the heat-treated WPC samples (Lanes 2-5 ,  
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F igure 4.SA) showed similar trends to the native-PAGE patterns ( Lanes 2-S, F igure 

4 .4A). These S DS-PAGE results confi rmed that the aggregation of Igs, LF  and B SA 

was initiated by a mild heat treatment ( Lane 2, F igure 4 .SA) such as pasteurisation. In 

contrast, the i ntensities of the bands corresponding to monomeric �-L G  and a-LA 

appeared to be almost unaffected in  the SDS-PAGE pattern of the pasteurised sample 

(Lane 2, Figure 4.SA). 

Comparison of the SDS-PAGE pattern of the control sample (Lane 1 ,  Figure 4.SA) with 

that of the severely heat-treated ( l OO or 1 20°C for 1 20 s and 1 40°C for S s) samples 

( Lanes 3-S , F igure 4.SA) suggested that bands corresponding to SDS-monomeric Igs, 

L F  and BSA were essentially absent and that the intensities of the bands corresponding 

to SDS-monomeric �-LG and a-LA had decreased significantly in  the SDS-PAGE 

patterns of the severely heat-treated samples (Lanes 3-S , F igure 4 .SA).  It was also 

observed from these PAGE patterns that the maximum decreased intensity of the bands 

corresponding to �-LG and a-LA was observed in the PAGE pattern of the sample heat 

treated at 1 20°C for 1 20 s (Lane 4, Figure 4 .SA), fol lowed by l OO°C for 1 20 s (Lane 3 ,  

F igure 4.SA), 1 40°C for S s (Lane 4, Figure 4.SA) and 72°C for I S  s ( Lane 2 ,  Figure 

4 .SA) .  These results, together with the native-PAGE results (Figure 4.4A), indicated 

that the order of severity of heat treatment on the aggregation of the whey proteins was 

1 20°C for 1 20 s (Lane 4) > l OO°C for 1 20 s ( Lane 3) > 1 40°C for S s ( L ane S) > 72°C 

for S s (Lane 2) .  

SDS-PA GE - pressure treatment 

Similar comparison of the S DS-PAGE patterns of the pressure-treated WPC samples 

(Lanes 2-S , F igure 4 .SB) with that of the control sample (Lane 1 ,  Figure 4 .SB)  

indicated many changes in  the PAGE patterns of the pressure-treated samples. The 

intensities of the bands corresponding to monomeric protein decreased and 

simultaneously  several new bands appeared as a result of pressure-induced aggregation 

of different whey proteins in the WPC sol utions. The newly formed bands are marked 

appropriately as X1-X6 on the right-hand side of the SDS-PAGE patterns. A detailed 

description of these bands is  given in Section 4 .3 .5 .  
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Figure 4.5. SDS-PAGE patterns of (A) heaHreated and (B)  pressure-treated WPC 
solutions. For the heat-treated samples (A), the PAGE pattern shows : control sample 
( Lane 1 ), samples heated at 72°C for 1 5  s ( Lane 2), 1 00°C for 1 20 s ( Lane 3 ), 1 20°C for 
1 20 s ( Lane 4 )  and 1 40°C for 5 s (Lane 5 ), and control sample (Lane 6) .  Simi larly, for 
the pressure-treated samples (B), the PAGE pattern shows: control sample (Lane 1 ), 
samples pressure treated at 200 MPa for 30  min (Lane 2), 400 MPa for 30  min (Lane 3 ), 
600 MPa for 30 min (Lane 4)  and 800 MPa for 30 min ( Lane 5) ,  and control sample 
(Lane 6). (C) SDSR-PAGE pattern of reduced samples corresponding to the samples 
shown in Figure 4 .5B .  
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Comparison of the PAOE pattern of the sample pressure treated at 200 MPa for 30 min 

(Lane 2, F igure 4.5B) with that of the control sample (Lane 1 ,  Figure 4 .5B) indicated 

that the intensities of the bands corresponding to BSA, LF, Igs and a-LA remained 

almost unchanged, whereas the i ntensi ty of the band corresponding to monomeric I)-LO 

decreased s lightly, with the simultaneous appearance of a new band (marked as XJ) in 

the sample pressure treated at 200 MPa for 30 min ( Lane 2, F igure 4 .5B) .  These results 

suggested that this mild pressure treatment partial ly aggregated I)-LG and formed 

disulphide-bonded dimers of I)-LG, but had no apparent effects on LF, Igs or BSA. 

Such a band corresponding to I)-LG dimer was not apparent in  the mild heat-treated 

sample (Lane 2, Figures 4.4A and 4.5A).  The same trend continued after pressure 

treatment at 400 MPa for 30 min ( Lane 3 ,  Figure 4 .5 B), with some effects on L F, Igs 

and BSA and the formation of strong dimers of I)-LG (as indicated by the increased 

intensity of the band marked as .K3). At this stage, involvement of a-LA in disulphide­

l inked aggregation was apparent through the formation of a 1 :  1 adduct of a-LA: I)-LO 

with an approximate molecular weight of 33 kOa (as indicated by band �). This i s  also 

evident from corresponding 20-PAGE (see Figure 4.9). The intensities of the bands 

corresponding to these intermediate-sized protein aggregates (X1-KJ) increased with the 

severity of the pressure treatment. In addition (as for the PAGE patterns of the heat­

treated samples), some very large aggregates in the sample loading wel l  or at the top of 

the stacking gel �6), within the stacking gel �5) and at or near the top of the resolving 

gel CX4) were also observed in the severely pressure-treated samples (Lanes 3-5, Figure 

4 .5B) .  

The intensity of the band corresponding to I)-LG continued to decrease with increasing 

intensity of the pressure treatment ( Lanes 3-5, F igure 4.5B ). The intensity of the band 

corresponding to a-LA also appeared to begin to decrease after a pressure treatment of 

400 MPa for 30 min, but these changes were not very c lear from the I D  SDS-PAGE 

pattern (Lane 3 ,  Figure 4.5B).  However, it was clear from the corresponding 20 S DS­

and then reduced SOS-PAGE pattern (see Figure 4.9H) that disulphide-l inked 

aggregation of a-LA was initiated after pressure treatment of samples at 400 MPa and 

that disulphide-l inked aggregates consi st ing of I)-LO, a-LA, BSA, Igs and LF  were 

formed. I nterestingly, the bands corresponding to the heat-sensitive proteins (LF,  BSA) 

were sti l l  c learly observable in  the SDS-PAGE pattern of the sample pressure treated at 

400 MPa for 30 min (Lane 3, Figure 4 .5B)  with s l ight decreases in the intensities of 
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these bands, suggesting that these proteins were only partially aggregated after a 

pressure treatment of 400 MPa for 30 min. These results suggested that L F  and 8SA 

were quite pressure resistant. Further increase i n  the pressure treatment to 600 and 800 

MPa for 30 min ( Lanes 4-5 , F igure 4 .58)  almost completely el iminated the band 

corresponding to Igs and the intensity of the band corresponding to LF  decreased 

significantly.  However, faint bands corresponding to 8SA were sti l l  present even after a 

severe pressure treatment of 800 MPa for 30 min  (Lane 5 ,  F igure 4 .58) ,  suggesting that 

8SA was quite resistant to pressure treatment. 

From the overal l results of native- and SOS-PAGE, it can be summarised that the heat 

sensitiv ities and pressure sensitivities of the different whey proteins were quite 

different; they were in the order Igs � LF > 8SA > a-LA � �-LG for the heat-treated 

samples, and in the order �-LG > Igs � LF > BSA > a-LA for the pressure-treated 

samples. 

4.3.5 Formation of high molecular weight protein aggregates by heat or pressure 

treatment 

The decrease in  native and SDS-monomeric proteins (as shown by the diminishing band 

intensities of monomeric proteins in the native- and SOS-PAGE patterns of the non­

reduced samples), as a consequence of heat treatment (Lanes 2-5 , Figures 4.4A and 

4.5A) or pressure treatment ( Lanes 2-5, Figures 4.4B and 4 .58), was accompanied by 

cross- l inking of monomeric proteins and the formation of protein aggregates of different 

sizes. 

I t  was found that many new dark-staining bands appeared in  the heat- and pressure­

treated samples i n  the region between the �-LG band and the top of the resolving gel, 

marked as X I-� on the right-hand side of the native-PAGE patterns (F igures 4 .4A and 

4.48) and as Xt-X4 on the SDS-PAGE patterns (F igures 4.SA and 4 . 58), and the 

intensities of these bands increased with the severity of the heat or pressure treatment. 

The positions of these new bands on the S OS-PAGE gel (based on approximate 

molecular weight) suggested that various intermediate protein  aggregation species, such 

as disulphide-bonded dimers, trimers etc . of �-LG or a-LA and/or a 1 :  1 adduct of 

a-LA:�-LG, were formed during the various heat and pressure treatments of the WPC 
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samples. I n  addition to the i ntermediate-sized protein aggregates, many high molecular 

weight protein aggregates, i .e .  those present at the top of the resolving gel, those caught 

up in the stacking gel and those that remained in the sample loading wel l  or could not 

penetrate the gel (marked as Xt, Xs and X6 respectively on the native-PAGE pattern or 

as X4, Xs and X6 respectively  on the SDS-PAGE pattern), were also formed in  the 

severely heat- or pressure-treated samples. 

Comparison of the PAGE patterns of the pressure-treated (F igures 4 .4B and 4.SB) and 

heat-treated ( Figures 4 .4A and 4.SA) samples suggested that the proportion of 

i ntermediate protein aggregates ( such as dimer, trimer etc . )  was comparatively greater 

in the pressure-treated samples (Lanes 2-S, Figures 4 .4B and 4.SB) than in the heat­

treated samples (Lanes 2-S , Figures 4 .4A and 4.SA) .  Also, the proportion of aggregates 

that did not migrate far in the resolving gel (X4 and X4) and that had spread through the 

stacking gel (Xs and X5) was also comparatively greater in the severely pressure-treated 

samples (Lanes 3-S, F igures 4 .4B and 4 .SB) than in the severely heat-treated samples 

(Lanes 3-S , F igures 4.4A and 4.SA). These results indicated that, in  the severely 

pressure-treated samples, the aggregates were l arge but could sti l l  enter the stacking gel 

or migrate a short distance in the stacking gel or the resolving gel .  Conversely, in the 

severely heat-treated samples, the aggregates formed were so large (> 1 J.!m and having 

an estimated molecular weight of > SOO kDa) that they could not enter the stacking gel 

and remained in the sample loading wel l  and these very large aggregates were 

subsequently washed away during staining and destaining of the gels .  During a set of 

the present experiments, we attempted to modify the present technique and to develop 

an improved method for the specific purpose of studying the composition of such very 

large protein aggregates (that could not enter the gel or were caught up in the stacking 

gel) .  This modified PAGE technique (e.g. Figure 4.6A and 4.6B),  in which the sample 

is appl ied to the sample wel l  in the form of a mixture of sample and stacking gel 

mixture (polyacrylamide and stacking gel buffer), which then sets as a gel ( set sample 

gel) to trap very large protein aggregates, suggested that there were very large particles 

(molecular weight > SOO kDa) in the severely heat-treated samples that could not enter 

the gel ( see Lanes 2-4, Figures 4.6A and 4.6B) .  

From the above results (Figures 4.4 and 4.S) ,  i t  i s  c lear that pressure treatment generated 

a comparatively greater proportion of intermediate-sized protein  aggregates [marked as 

X1-X4 on native-PAGE (Figure 4.4B) and X,-X4 on SDS-PAGE (Figure 4 .SB) ]  than 
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heat treatment (Lanes 2-5, F igures 4 .4A and 4 .5A), which generated a comparatively 

greater proportion of very high molecular weight aggregates (marked as XS-X6 on 

native-PAGE and XS-X6 on SOS-PAGE). 

Figure 4.6. SOS-PAGE patterns (with set sample procedure) of (A) heat-treated and (B)  
pressure-treated WPC solutions (5% w/v) .  For the heat-treated samples (A), the PAGE 
pattern shows: samples heated at 72DC for 1 5  s ( Lane 1 ), 1 00DC for 1 20 s ( Lane 2 ), 
1 20DC for 1 20 s ( Lane 3 )  and 1 40°C for 5 s (Lane 4) and control sample ( Lane 5 ) .  
Similarly, for the pressure-treated samples ( B), the PAGE pattern shows: control sample 
(Lane 1 ), and samples pressure treated at 200 M Pa for 30 min ( Lane 2 ), 400 MPa for 30 
min ( Lane 3 ), 600 MPa for 30 min (Lane 4) and 800 MPa for 30 min ( Lane 5 ) .  
Molecular weight markers (Mr) are also shown beside Figures 4 .6A and 4 .6B .  (C)  
SOSR-PAGE pattern of reduced samples corresponding to  the samples shown in Figure 
4.6B. 
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Reduction of the control and pressure-treated samples prior to SDS-PAGE (e.g. Figure 

4.5C) resulted in  the disappearance of the intermediate (X1-X3) and high molecular 

weight (X4-X6) protein aggregates and al l  samples gave patterns that were essential ly 

the same, with only bands corresponding to reduced monomeric p-LG, a-LA, BSA, I gs 

and L F  etc . This was due to the reduction of intra- and intermolecular disulphide bonds 

by the disulphide bond reducing agent (2-ME) and therefore different proteins present in 

these aggregates (X 1-X6) migrated as SDS complexes of reduced monomeric prote ins. 

These proteins can be cal led reduced SDS-monomeric prote ins or 'total reducible 

proteins' ( see Figure 4.3).  The SDS-PAGE patterns of the reduced samples suggested 

that almost al l  of the high molecular weight protein aggregates formed by heat and 

pressure treatments were disulphide l inked and that covalent bonds other than 

disulphide bonds were not formed. 

4.3.6 2 D  PAG E analysis 

A combination of two PAGE techniques can be used to determine the composition of 

the protein aggregates and/or the types of bonds by which the protein aggregates are 

held together in the heat- or pressure-treated samples. However, 2D-PAGE does not 

provide direct evidence of specific interactions between individual protein species, e .g. 

aggregates caught-up in the resolving gel of non-reduced SDS gel could be resolved to 

give band corresponding to p-LG and a-LA in the reduced SDS (second) dimension. 

This strongly indicate that these proteins were aggregated via sulphydryl-disulphide 

interchange reaction, but the exact disulphide bond directly involved into aggregation of 

two proteins can be identified in detail by further analysis such as MS-MS of their 

tryptic digests. 

To characterise varIOUS intermediate speCIes of protein aggregates and the high 

molecular weight aggregates formed as a consequence of heat or pressure treatment, the 

samples were further analysed using 2D PAGE (2D native:SDS-PAGE and 2D 

SDS:SDSR-PAGE). A schematic diagram showing the basic principles and the 

separation of protein spots on 2D PAGE is given in Figure 3 . 5 .  
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2D native:SDS-PAGE 

I n  the 2D native:SDS-PAGE procedure, a sample containing protein complexes is  

analysed using I D  PAGE in a Tris HCI buffer at pH 8 .7, cal led alkal ine- or native­

PAGE. The proteins or protein complexes separated on native-PAGE consist of al l  

complexes including covalent (e.g. disulphide bonds) and non-covalent (e.g. 

hydrophobic)-bond�d aggregates. The I D native-PAGE gel strip with its separated 

protein bands is transferred to SDS-PAGE in the second d imension ( i .e. transferred into 

a dissociating environment). Once the proteins in the strip are partia l ly equi l ibrated with 

the SDS to form SDS-protein complexes, they are electrophoresed into a new ( SDS) 

environment in a second dimension SDS-PAGE. SDS-PAGE in the second dimension 

d issociates non-covalent bonds (mainly hydrophobic aggregates) from the non-reduced 

native-PAGE gel strip, whereas the covalent bonds (disulphide bonds) remain 

unaffected. 

The 2D native- and then SDS-PAGE pattern of the control WPC samples is shown in  

Figures 4 .7A and 4 .7F .  The 2D native:SDS- PAGE gels presented in Figure 4 . 7  consist 

of two main components. The first component i s  the main body of the 2D gel ,  which 

i ncludes the sample gel strip  (a') that was used as the sample source to run on 2D 

PAGE. The second component is the stained gel strip (a"), which is  the duplicate of the 

sample gel strip, but is stained separately and is al igned on the top of the sample gel 

strip once the main 2D gel has been completely stained and destained. 

Identification of protein spots in the 2D PA GE patterns of the control samples - 2D 

native:SDS-PA GE 

Comparison of the stained gel strip (a") and the sample gel strip (a') obtained from the 

I D  PAGE pattern of the control sample showed that the monomeric protein bands 

corresponding to Igs, LF, BSA, �-LG, a-LA and a-LA *, which were present on the 

stained gel strip in the I D PAGE pattern, were resolved to give corresponding protein  

spots on  the 2D gels. These protein spots resolved on  the 2D gels, corresponding to  each 

protein, can be identified by comparison with the positions of bands on the stained gel 

strip (marked as a" in the horizontal direction) and with the positions of protein bands 

on the PAGE pattern of the corresponding SDS sample (vertical PAGE pattern in the 
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left-hand channel, marked as SNR). The bands c lose to the top of the resolving gel of 

the i D  native-PAGE sample gel strip (a' ) (Figure 4 .7F)  were resolved into three spots in 

the second dimension. One spot was identified as I gG I ( Marn i la & Korhonen, 2003 ; 

Farrel l  et aI . ,  2004), another spot corresponded to LF and the third, which had the 

mobi l ity of a protein with an apparent molecular mass of about 25-45 kDa, was 

probably an aggregated casein, most l ikely K-casein that had been hydrophobically 

bonded in the absence of SDS (in the first dimension native-PAGE) .  

2D SDS:SDSR-PAGE 

This type of 2D PAGE technique separates the initial mixture of proteins using SDS­

PAGE with al l  the native and process-induced disulphide bonds intact. These separated 

proteins and protein aggregates are treated with a disulphide bond reducing agent,2-

mercaptothanol (2-ME) while sti l l  in the gel strip. This gel strip is then used as the 

sample source for the second dimension PAGE analysis. SDS-PAGE in the second 

dimension separates the proteins as the reduced SDS-protein species. Thus the 

components of each of the various disulphide-bonded aggregates can be identified. 

Identification of protein spots in the 2D PAGE patterns of the control samples - 2D 

SDS:SDsR-PA GE 

The 2D SDS:SDSR-PAGE pattern of the control WPC samples is shown in  Figures 

4.9A and 4.9F. Comparison of the stained gel strip (a") and the sample gel strip (a')  

showed that the bands corresponding to I gG, LF, BSA, �-LG and a-LA, ident i fied on 

the stained 1 D gel strip (a"), were resolved to give corresponding protein spots in the 

2D SDS:SDSR-PAGE gel, forming a diagonal l ine of spots. Most of the materia l  shown 

in the 2D gel (e.g. F igure 4.9A) lay close to the diagonal, indicating that only small 

changes in mobi lity had occurred as a consequence of the reduction of the control 

sample. The major spots on the diagonal from the lower right-hand side were : a-LA, �­

LG, residual caseins, IgG, BSA and LF .  These protein spots resolved on the 2 D  gels, 

corresponding to each of these proteins, can be identified by comparison with the 

positions of bands on the stained gel strip (marked as a" in the horizontal direct ion) and 

with the positions of protein bands on the PAGE pattern of the corresponding reduced 

SDS sample, which is the same as Figure 4.5C (vertical PAGE pattern in either the left-
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hand or right-hand channel ,  marked as SR). There was a series of faint spots in the 

centre of the 20 gel (marked as C '  in Figures 4.9A and 4.9F) that were tentatively 

identified as residual K-caseins present in the WPC. A pair of spots to the left of the 

diagonal appeared to be reduction products that had been d issociated from the protein 

bands separated from the top of the resolving gel of the sample gel strip (a ' ) .  These 

spots were identified as IgL ( l ight chain) and IgH (heavy chain) separated under 

reducing conditions. The other spot was identi fied as monomeric �-LG, which was 

dissociated from dimeric �-LG in the sample gel strip. A smal l  quantity of disulphide­

l inked �-LG dimer was found in the control WPC sample.  The presence of smal l 

quantities of dimeric �-LG in commercial WPCs is common (Havea et a i . ,  1 998) .  

4.3.7 Characterisation of heat- and pressure-induced protein aggregates using 2D 

PAG E 

2D native: SDS-PAGE - heat treatment 

Comparison of the 2 0  native:SOS-PAGE pattern of the control sample ( Figure 4 .7A) 

with those of the heat-treated samples (Figures 4 . 7B-4.7E)  showed that the changes 

observed on the 1 D native-PAGE patterns of different heat-treated samples were 

reflected clearly on the corresponding 20 native :SDS-PAGE patterns. For example, it 

was observed that the intensities of the protein spots corresponding to Igs, LF and BSA 

decreased on the 20 native :SOS-PAGE pattern of the sample heat treated at 72°C for 1 5  

s (Figure 4.7B), compared with the PAGE pattern of the control sample ( Figure 4 .7A), 

whereas the intensities of the spots corresponding to �-LG and a-LA remained almost 

unchanged. These results confirmed that Igs, LF and BSA are comparatively more heat 

sensitive than �-LG and a-LA. The samples heat treated at 1 00 or 1 20°C for 1 20 s or 

1 40°C for 5 s exhibited significantly different 20 PAGE patterns (Figures 4 . 7C-4.7E), 

showing that the spots corresponding to monomeric Igs, LF and BSA were completely 

absent, whereas the intensities of the spots corresponding to �-LG and a-LA had 

decreased significantly . The loss of these monomeric proteins was coupled with the 

formation of aggregates of various sizes (marked as X 1-X6 or b lurred regions observed 

on the stained gel )  
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2D native:SDS-PAGE - pressure treatment 

Similarly, companson of the 2D native :SDS-PAGE pattern of the control sample 

(Figure 4.7F) with those of the pressure-treated samples (F igures 4.7G-4.7J) indicated 

many changes in the 2D PAGE patterns of the pressure-treated samples, including a 

decreasing intensity of the spots corresponding to monomeric proteins and the 

simultaneous appearance of new spots corresponding to protein aggregates that were 

resolved from the region marked as X ,-X6 of the stained gel strip (a"). 

It was found that the intensity of al l  native-l ike whey protein spots decreased with the 

severity of the pressure treatment. However, the faint spots corresponding to native- l ike 

monomeric BSA were sti l l  observable after pressure treatments of 400 and 600 MPa for 

30 min. This observation confirmed earl ier results (Figure 4.4B) that these whey 

proteins are resi stant to pressure treatment. Unl ike the 2D PAGE pattern of the sample 

heat treated at 72°C for 1 5  s (F igure 4 .7B), many new spots appeared in the PAGE 

pattern of the sample pressure treated at 200 MPa for 30 min (Figure 4. 7G). The spots 

corresponding to Igs, LF, BSA and a-LA remained almost unchanged in the pattern of 

the sample pressure treated at 200 MPa for 30 min (Figure 4.7G); however, there was a 

sl ight decrease in the intensity of the spot corresponding to p-LG and the formation of 

new distinct spots corresponding to hydrophobical ly l inked p-LG dimer, trimer, 

tetramer etc . ( resolved mostly from the X,-X3 region of the sample gel strip (a')  and 

marked as p-LG2, P-LG3, P-LG4 in region Y '  of Figure 4.7G). It was observed that, 

compared with the PAGE patterns of the heat-treated samples (Figures 4 .7B-4.7E), 

there was more material in the region marked as Y' (which corresponded to the spots 

resolved from the bands marked as X,-X4) in the PAGE pattern of the pressure-treated 

samples (Figures 4. 7G-4. 7 J ) .  This observation confirmed the results of the 1 D PAGE 

(Lanes 3-5, Figure 4.4B), suggesting that pressure treatment generated comparatively 

smal ler aggregates than heat treatment (Lanes 3-5 , Figure 4 .4A). Very large aggregates 

were caught up at the top of the gel in the sample loading wel l  (the region marked as X6 

on the 1 D gel strip) and were partly di ssociated to show a series of spots that 

corresponded to various protein bands in the left-hand channel ( i .e. spots resolved from 

X6) .  These results essentially showed that the high molecular weight material (caught up 

at the top of the 1 0  native-PAGE sample gel strip, which was dissociated by SDS­

PAGE in the second dimension) in the 2D PAGE patterns of the severely pressure-
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F igure 4.7. Native- and then non-reduced SDS-PAOE patterns of: (A)  control sample, 
and samples heated at (B) 72°e for 1 5  s, (C) l OOoe for 1 20 s, (D) 1 200e for 1 20 s and 
(E) 1 400e for 5 s. Simi larly, native- and then non-reduced SDS-PAOE patterns of: (F )  
control sample, and samples pressure treated at (0)  200 MPa, ( H )  400 MPa, ( l )  600 
MPa and (1) 800 MPa. The protein spots on the 2D gels were identified by comparison 
with the positions of bands on the stained ge l strip or the positions of bands on the 
vertical PAGE pattern of the corresponding SDS sample in the left-hand or right-hand 
channel, marked as SNR. 
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Figure 4.8. 2D native- and then non-reduced SOS-PAGE patterns of severely heat- and 
pressure-treated samples, showing the formation of new interaction products/whey 
protein complexes, shown in green colour. The new protein spots (correspond ing to 
those shown in green and marked as a I ,  a2, a3, rut, as, d3, d4, ds, d \  d' '3, d"'4, etc ,) that 
appeared on the PAGE patterns were formed as a resul t  of the heat or pressure 
treatment. 

treated samples (Figures 4, 7H-4, 7 J)  corresponded to hydrophobical ly bonded 

aggregates consisting of lgs, LF, BSA, p-LG and a-LA. 

Also a senes of spots appeared in l ine with the SOS-monomeric p-LG spot in the 

second dimension in the form of a continuous horizontal l ine ( in the region between the 

p-LG spot and the p-LG band in the PAGE pattern of the corresponding sample in the 

left-hand lane) up to the top of the gel (e,g, F igure 4 ,7 1 ), which was resolved from the 

region marked as X I-X6 of the I D  native-PAGE sample gel strip, The spots 

corresponding to such aggregates observed on the 2D native- and SDS-PAGE patterns 

of the pressure-treated samples were very faint and could be missed unless careful 
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observations are made. A schematic comparison of such aggregates present in  the 

PAGE patterns of the severely heat-treated sample (Figure 4 .7D) and the sample 

pressure treated at 600 MPa for 30 min ( Figure 4 .7 1 )  is presented in Figure 4 .8 ,  giving a 

clear idea of the various types of aggregates formed in the heat- and pressure-treated 

samples. These resul ts demonstrated that hydrophobically l inked trimers, tetramers, 

pentamers, hexamers etc . of �-LG were formed by the effects of pressure treatment (e.g. 

marked as a i ,  a2, a3, <4, as, d3, d4, ds etc. in green colour spots in F igure 4 .8 1 ) .  When the 

2D native:SDS-PAGE patterns of the heat-treated samples (e .g .  Figure 4 .7D) were 

compared with those of the pressure-treated samples (e.g. F igure 4 .7 1 ) ,  it was clear that 

the range of intennediate aggregates observed on the 2D PAGE pattern of the pressure­

treated samples was not present on the 2D PAGE pattern of the heat-treated samples. 

These results also suggested that pressure treatment generated a greater proportion of 

intennediate-sized hydrophobically linked aggregates than did heat treatment. 

The results of 2D PAGE suggested that severe heat treatments generated 

hydrophobica l ly l inked protein aggregates involving al l  the whey proteins, which were 

resolved from region X4 and X6 of the sample gel strip and the aggregates resolved in 

region Y' may be disulphide-linked as they were not completely dissociated in the the 

SDS environment in the second dimension. In the severely heat-treated samples (e.g. 

1 00 or l 20°C for 1 20 s, 1 40°C for 5 s), the material in the region Y' was faint (Figures 

4.7C-4.7E) because the heat-induced aggregates formed were so large that they could 

not enter the gel .  Comparison of the stained and sample gel strips on 2D PAGE also 

suggested that the proportion of high molecular weight material that could not be 

dissociated by SDS increased as the severity of the heat treatment increased. 

2D SDS:SDS-PA GE 

I n  the 2D SDS:SDSR-PAGE procedure, the protein components 1I1 the sample are 

separated on the 1 D SDS-PAGE gel, the proteins are reduced with excess 2-ME while 

they are sti l l  in the gel  strip and the components are identified after an SDS-PAGE 

analysis in the second dimension. This combination disrupts the disulphide- l inked 

protein aggregates .  
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Figure 4.9. SOS- and then reduced SOS-PAGE patterns of: (A) control sample, and samples 
heated at (B) noe for 1 5  s, (C) l oooe for 1 20 s, (D) 1 200e for 1 20 s and (E) 1 400e for 5 s. 
S imi larly, SOS- and then reduced SOS-PAGE patterns of: (F) control sample, and samples 
pressure treated at (G) 200 M Pa, (H) 400 M Pa, (I) 600 M Pa and (J) 800 MPa for 30 m i n .  
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Comparison of the stained gel strip and the sample gel stri p  on the 2 D  SDS- and then 

reduced SDS-PAGE patterns of heat-treated ( Figures 4.9B-4.9E) or pressure-treated 

(Figures 4 .9G-4.9J) samples with their respective control samples ( Figure 4 .9A or 4 .9F) 

indicated that al l  the protein bands and heat- or pressure-induced protein aggregates 

observed on I D  SDS-PAGE were resolved from the reduced sample gel strip and 

migrated into the second dimension SDS gel, giving corresponding protein spots. 

2D SDS:SDsR-PA GE - heat treatment 

The changes observed in the I D  PAGE patterns of the heat-treated ( Lanes 2-5 , Figure 

4 .SA) and pressure-treated (Lanes 2-S, Figure 4 .5B)  samples were c learly reflected in 

the corresponding 2D PAGE patterns for the heat-treated samples ( Figures 4.9B-4.9E) 

and the pressure-treated samples ( Figures 4.9G-4.9J) .  In  addition, it was also possible 

to observe some other changes that were not very c lear from the I D  PAGE patterns 

(because of overlappinglbl urring of the protein bands). 

Comparison of the 2D SDS- and then reduced SDS-PAGE pattern of the control sample 

(Figure 4 .9A) with those of the heat-treated samples ( Figures 4 .9B-4.9E) suggested that 

the intensities of the reduced SDS-monomeric protein spots ( resolved from the I D  SDS 

sample gel strip of the heat-treated samples) decreased with the severity of the heat 

treatment, with the concomitant appearance of many new spots on the 2D PAGE 

patterns of the heat-treated samples. I t  was found that, after mild heat treatment (nOC 

for 1 5  s), the intensities of the spots con'esponding to Igs, LF and BSA decreased but 

the spots corresponding to �-LG and a-LA remained almost unchanged. These changes 

in the intensity of bands or spots may not be obvious from the i mages of the PAGE 

patterns presented in this chapter. However, there was minor decrease in the intensity of 

these bands and this observation is clear when we see in  the original PAGE gel after 

staining and destaining. These mjnor changes may not be very obvious in the 

photograph or scan and printed picture of the gels due to level of histogram and grey 

scale used in scanning gel images in order to produce sharp picture .  Such minor changes 

observed on the original PAGE gels  are particualrly difficult to reproduce on the 

scanned and printed images. The 2D PAGE patterns of the samples heat treated at 1 00 

or 1 20°C for 1 20 s and 1 40°C for S s (Figures 4 .9C-4 .9E) showed a significant decrease 

in the intensities of the spots corresponding to �-LG and a-LA, whereas the spots 

corresponding to reduced SDS-monomeric Igs, L F  and BSA were completely absent in 
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the PAGE patterns of these samples. A series of new spots, resolved from the region 

marked as X,-X6 of the SOS sample gel strip, were also apparent on these PAGE 

patterns (Figures 4.9C-4.9E).  These new spots corresponded to reduced monomeri c  L F, 

19s, BSA, �-LG and a-LA in the left- or right-hand channel (Figures 4 .9B-4.9E), 

indicating that al l  these proteins were involved in d isulphide-l inked aggregation as a 

consequence of heat treatment of the WPC solutions.  There was an almost continuous 

horizontal l ine to the left of the reduced monomeric �-LG spot. This material seemed to 

be separated from the region marked as X2-X6 of the sample gel strip .  A similar pattern 

of a horizontal l ine was also observed for a-LA, and l ined up to the left of the spot 

corresponding to reduced a-LA. The dark-staining spots on these horizontal l i nes 

corresponding to reduced �-LG or a-LA were identified as reduced disulphide-bonded 

d imers of �-LG and a-LA and/or 1 :  1 complexes of a-LA: �-LG, �-LG trimer, tetramers 

etc. Al l  these disulphide-l inked aggregates observed on the 20 SDS- and then reduced 

SDS-PAGE pattern of a representative heat-treated sample (1 40°C for 5 s) are ident ified 

in detail in Figure 4. 1 OA. Comparison of the I D  PAGE (Lanes 2-5, Figure 4.5A) and 

corresponding 2D PAGE (Figures 4.9B-4.9E) patterns also makes such changes and 

thei r  explanation clearer. 

2D SDS:SDsR-PA GE -pressure treatment 

Simi lar comparison of the 2D PAGE pattern of the control sample (Figure 4.9F) with 

those of the pressure-treated samples (Figures 4 .9G-4.9J) indicated that new spots 

corresponding to dimer, trimer, tetramer etc. of �-LG ( represented by spots marked as 

d2, d3, d4) were observed on the PAGE pattern of the sample pressure treated at 200 

MPa (Figure 4.9G), whereas the spots corresponding to Igs, LF, BSA and a-LA 

remained almost unaffected after this pressure treatment. More severe pressure 

treatments such as 400, 600 or 800 MPa for 30 min considerably decreased the 

intensities of the protein spots corresponding to Igs, LF and BSA. It appeared that a-LA 

was incorporated in  disulphide-l inked aggregates after a pressure treatment of 400 MPa 

for 30 min (Figure 4.9H), confirming the results of 1 0  PAGE (Lanes 3-5 , Figure 4 .5B) .  

Also, new spots corresponding to reduced SOS-monomeric Igs, LF,  BSA, �-LG and 

a-LA were resolved from region X4 of the SOS sample gel strip (Figures 4.9H-4.9J), 

suggesting that a pressure treatment of 400 M Pa generated disulphide-l inked aggregates 

consisting of these proteins. I ncreasing proportions of these whey proteins ( Igs, LF, 
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BSA, �-LG and a-LA) were involved in  disulphide-l inked aggregation after pressure 

treatment of WPC solutions at 600 MPa for 30 min and higher. 

As observed on the 2D SDS- and then reduced SDS-PAGE patterns of the heat-treated 

samples ( Figures 4 .9C--4.9E), an almost continuous horizontal l ine (e .g.  Figures 4.91 , 

4 .9J) consisting of aggregates of �-LG was observable ( to the left of the reduced SDS­

monomeric �-LG spot) in  the 2D PAGE patterns of the samples pressure treated at 400 

MPa for 30 min and higher ( Figures 4.9H-4.9J). These patterns of the pressure-treated 

samples suggested that disulphide-l inked dimers, trimers, tetramers and h igher polymers 

of �-LG were induced by these pressure treatments. Similar patterns were also evident 

for a-LA, showing an almost continuous l ine to the left of the reduced monomeric a­

LA spot and the a-LA band in the PAGE pattern of the reduced sample ( F igures 4 .9H-

4.9J) .  

The faint spot ( the region marked as &, F igures 4 .9H-4.9J) observed between the a-LA 

dimer ( approximate molecular weight 29 kDa) and the �-LG dimer (approximate 

molecular weight 37 kDa) bands on the I D  PAGE gels  was resolved to give a 

disulphide-linked 1 : 1 a-LA: �-LG complex (approximate molecular weight 33  kDa). Al l  

these di sulphide-l inked aggregates observed on the 2D SDS- and then reduced SDS­

PAGE pattern of a representative pressure-treated sample ( 800 MPa for 30 min) are 

identified in detai l in Figure 4. 1 OB.  

It can be observed from the 2D SDS- and then reduced SDS-PAGE patterns of the 

pressure-treated samples ( Figures 4.9H-4.9J) that disulphide-bonded aggregates (dimers, 

trimers and higher polymers) of �-LG and/or a-LA were formed after pressure 

treatments of 400 MPa or higher (Figures 4.9H-4 .9J) .  It was also observed that the 

proportion of aggregates that were resolved from the region between the �-LG band and 

the top of the resolving gel ( region marked as X.-X4) was comparatively greater in the 

2D PAGE patterns of the pressure-treated samples ( Figures 4.9G-4.9J) than in the 2D 

PAGE patterns of the heat-treated samples (Figures 4.9B-4.9E), which again confirmed 

the results of 1 D PAGE ( Figure 4 .5B).  
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4.4 G e neral d iscussion 

In  their native state, proteins are stabi l ised by covalent bonds ( incl uding disulphide 

bridges), electrostatic interactions ( ion pairs, polar groups), hydrogen bonds and 

hydrophobic interactions. In contrast to heat treatment, where covalent as wel l  as non­

covalent bonds are affected, HP treatment at room and mi ld temperatures disrupts only 

relative ly weak bonds (hydrogen bonds, hydrophobic bonds, ionic bonds). Therefore, it 

is  expected that heat treatment and pressure treatment wi l l  have different effects on the 

structures of different proteins and therefore are l ikely to generate different aggregation 

patterns. However, l ittle evidence demonstrating this has been shown in the l iterature, 

particularly in the situation where samples from the same a l iquots are heat or pressure 

treated and analysed using common comparable methods. 

As mentioned earl ier, the main aim of this prel iminary exploration was to determine the 

effects of heat and pressure treatment on the denaturation and aggregation of whey 

proteins and to determine possible differences and simi larities in the heat- and pressure­

induced aggregations of whey proteins, using identical methods. This was achieved by 

successful appl ications of various PAGE techniques, either singly or in combination and 

with or without reduction. Each of these PAGE techniques uses different princ iples to 

identi fy the type, size and composition of processing-induced protein aggregates. The 

2D PAGE techniques in the present investigation were usefu l  in determining which 

proteins formed reducible, most probably, disulphide bonds or non-covalent bonds 

(main ly hydrophobic bonds) with one another in a technical ly and conceptua l ly 

straightforward way. The 2D PAGE techniques used in  this study were the same as 

those used to study heat-induced interactions in  WPC sol utions (Havea et ai . ,  1 998) or 

in  pure p-LG solut ions (Manderson et aI . ,  1 998), in order to identify the composition of 

the aggregates. 

Another purpose of the present investigation was to study the protein aggregation that 

precedes heat- or pressure-induced gel formation from WPC solutions. For this purpose, 

it was important that the concentrations of the samples  ( 5  % w/v) were selected 

careful ly in the present study. A l so, it is known that WPC solutions of concentration 8% 

or greater are prone to heat- induced gel formation ( Havea, 1 998;  Havea et aI . ,  1 998) 

under favourable conditions. I f  such WPC concentrations had been selected for some of 
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the heat treatments used in the present study, the samples would have gelled in  the heat 

exchanger. Therefore the wpe concentrations (5 % w/v) were selected so that gel s  

would not be formed, in  order to be able to  study pre-gelation aggregation in  heat- or 

pressure-treated wpe solutions. The t ime and temperature combinations ( i .e. noe for 

1 5  s, 1 00 or 1 200e for 1 20 s and 1 400e for 5 s) used i n  the present study were selected 

from the regime of routine commercial heat treatments to give an idea of possible 

changes in the structure of proteins that may be induced by these heat treatments. 

Sensitivities of whey proteins to heat and pressure 

The results of the present study confirmed that the sensitivities of the different whey 

proteins to heat treatment and pressure treatment were different. Of the three major 

whey proteins ( �-LG, a-LA and BSA), �-LG was the most sensitive to pressure 

treatment whereas BSA was the most sensitive to heat treatment. Also, it was found that 

Igs and LF were comparatively more resistant to pressure treatment than to heat 

treatment. However, the exact order of their  sensitivity was difficult to determine 

accurately using PAGE results, partly because of overlapping bands of �-LG or a-LA 

aggregates generated by heat or pressure treatment of the wpe solutions. After the mi ld 

heat treatment (nOe for 1 5  s), a-LA and �-LG were largely  in their monomeric form, 

but a proportion of the heat-sensitive whey proteins (e.g. BSA, Igs and LF) were 

aggregated and disulphide bonded to one another. Rather surprisingly, mi ld pressure 

treatment (200 M Pa for 30 min) affected BSA less than �-LG. This observation was 

supported by L6pez-Fandifto et aI. ( 1 996), who reported that BSA in raw milk is  

resistant to pressures up to 400 M Pa, and H inrichs et aI .  ( 1 996) ,  who reported that �-LG 

is more susceptible than a-LA and BSA to pressure denaturation. Huppertz et aI . (2002) 

also reviewed several reports related to different pressure sensitivities of whey proteins. 

One explanation for the greater stabi l ity of BSA is that BSA has one SH group and 1 7  

disulphide bonds and the energy received under pressure treatment is  too small to 

disrupt al l  the disulphide bonds and to change the molecular structure of BSA. The 

present study also showed that, compared with /3-LG, a-LA was much more resistant to 

denaturation under pressure, which is in agreement with the recent finding (Huppertz et 

aI . ,  2004b), but was significantly  different from the trend reported for heat-treated 

samples (e.g. Havea et aI . ,  1 998) .  Differences i n  the barostab i li ties of a-LA and �-LG 

may be l inked to the more rigid molecular structure of a-LA (L6pez-Fandifto et aI . ,  
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1 996), caused partially by the different numbers of intramolecular disulphide bonds in  

the two proteins (H inrichs et a I . ,  1 996; Gaucheron et  aI . ,  1 997), or  due to the lack of a 

free sulphydryl group in a-LA (L6pez-Fandifio et aI . ,  1 996). 

Another possible explanation for the differences in the pressure sensitivities of �-LG, 

a-LA and BSA is the presence of a central hydrophobic cavity in the structure of �-LG 

and the absence of such a cavity in a-LA and BSA. Thi s  central hydrophobic cavity of 

�-LG (Hummer et aI . ,  1 998; Jameson et al . ,  2002) could be col lapsed by moderate 

pressure treatment (Balci & Wilbey, 1 999; Yang et aI . ,  2003 ), by forcing water inside 

the cavity . Although the findings from this study need to be verified using a greater 

range of treatments, recent work (Considine et aI . ,  2005a, 2005b, 2006a, 2006b) 

supports this contention; when a hydrophobic l igand, such as retinol, palmitic acid, 

SDS, myristic acid or conjugated linoleic acid, was bound to �-LG in its cavity, �-LG 

was more resistant to pressure-induced denaturation and aggregation (also see Appendix 

2) .  

Size and type of heat- and pressure-induced aggregates 

The present study showed that disulphide- l inked and hydrophobical ly bonded dimers, 

trimers etc . were generated after a pressure treatment of 200 MPa, which was the lowest 

pressure used in the present study . However, it was observed that pressure treatment of 

WPC solutions generated comparatively greater proportions of hydrophobically l inked 

aggregates than did heat treatment (see F igure 4 .7) .  Both heat treatment and pressure 

treatment generated 1 :  1 disulphide-bonded dimers between a-LA and �-LG, similar to 

those reported by Havea et al . ( 1 998) in a heated WPC system. Some of the larger 

aggregates from both heat- and pressure-treated WPC solutions appeared to contain al l  

of the whey proteins that were l inked through disulphide bonds. The pathway from 

native protein to aggregated disulphide-bonded particles wi l l  include intermediate 

conformations in which thiol groups or disulphide bonds become exposed to one 

another so that disulphide bond i nterchange can take place. Both pressure and 

temperature alter the energetics of the water-protein surface i nteractions, as wel l  as the 

internal atomic packing, and modify the protein conformation in different ways. 
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Further, the results of the present study indicated that different proportions of 

aggregates of various s izes were generated by heat and pressure treatments. Pressure 

treatment of WPC sol ut ions generated a greater proportion of comparatively smal ler 

protein aggregates (such as dimers, trimers, tetramers etc . )  than did heat treatment of 

WPC solutions, whereas heat treatment generated a greater proportion of very high 

molecular weight aggregates (which could not enter the gel or were caught up i n  the 

stacking gel )  than did pressure treatment of WPC solutions. The differences i n  the 

aggregation behaviours of proteins generated by heat treatment and pressure treatment 

may well be related to the different effects of heat and pressure on protein structure. 

Consequently, there appeared to be some differences and simi larities in the denaturation 

and aggregation of the proteins in the heat- and pressure-treated WPC samples. 

Therefore, it may be possible to modify the functional properties of whey proteins using 

pressure treatment or combinations of pressure treatment and heat treatment 

It is expected that a proportion of heat-sensitive whey proteins ( mostly Igs, L F  and 

some BSA)  would have been denatured during the manufacture of the wpc. Therefore, 

the results of the present study are applicable only to commercial WPC or to the whey 

from pasteurised milk, and are not appl icable to the whey from raw milk .  

4.5 Conclusions 

The effects of heat treatment and pressure treatment on the proteins i n  WPC solutions 

were simi lar in general terms, with some proteins forming disulphide-bonded 

aggregates more readily than other proteins. Also, both these treatments generated 

hydrophobical ly as wel l  as disulphide- l inked protein aggregates. The most stable 

protein in both systems was a-LA. However, there were important differences, 

inc luding the sensitivities of the different whey proteins in the heat- and pressure-treated 

WPC solutions. �-LG aggregated faster than BSA when WPC solutions were pressure 

treated but more s lowly than BSA when WPC solutions were heat treated. It is l ikely 

that the presence of a hydrophobic cavity i n  �-LG but not in  BSA or a-LA allows �-LG 

to be more sensitive to pressure treatment  than expected. Another important difference 

was that HP treatment generated a greater proportion of smaller or i ntermediate-sized 

protein aggregates (such as dimers, trimers etc . )  than did heat treatment. This was 
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probably a consequence of the different effects of heat and pressure on the structure of 

the native proteins and the disulphide-bonded dimers. 

Apart from these findings, the effects of various WPC concentrations and pressurising 

temperatures on the pressure-induced denaturation, aggregation and gelation of WPC 

may be very important for its commercial appl ication . However, it appears that only 

l imited information is  avai lable on this subject. Based on the results of the present 

study, given that heat treatment and pressure treatment have different effects on the 

different whey proteins, it would be interesting to know how WPC solutions of different 

concentrations behave under pressure or when pressure treated at different pressurising 

temperatures. Thus, the present study was expanded (Chapters 5 and 6) by using a wider 

range of WPC concentrations and pressure treatments for various times at various 

pressuris ing temperatures to study in detail how a WPC solution behaves under these 

conditions and thus to define more ful ly the pressure-induced aggregation and protein­

protein interactions that occur i n  these systems. 
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CHAPTER S 

Effects of Protein Concentration, Pressurising Temperature 

and holding time on the Aggregation of Whey Proteins l 

5. 1 I ntrod uction 

When solutions of whey proteins are heated, the whey proteins modify their structure 

and interact with one another to form aggregates and gel s, depending on the temperature, 

duration of the heat treatment, the concentration of the proteins, the pH and the ionic 

strength. Some of the earl ier reports on heat-induced denaturation and aggregation (as 

summarised in Chapter 2) also suggested that the type, size and composition of heat­

induced whey protein aggregates are dependent on the concentration of the protein 

solution and the severity of the heat treatment employed. It has been reported that 

signi ficantly higher proportions of i ntermediate-sized aggregates ( such as dimer, trimer, 

tetramer etc . )  are formed when di lute (0 .5-2%) whey protein solutions are heated, 

whereas much greater proportions of high molecular weight aggregates are generated 

(or whey protein gels are formed under appropriate conditions) when whey protein 

solutions at sufficiently higher concentration (e.g. 8-1 2%) are heated (e.g. Havea et aI . ,  

1 998).  

Some of the previous studies on the effects of high pressures on whey proteins (e.g. 

Wong & Heremans, 1 988;  Okamoto et aI . ,  1 990; Dumay et aI . ,  1 994, 1 998; 

Funtenberger et aI., 1 995, 1 997; Van Camp & H uyghebaert, 1 995b; Van Camp et aI ., 

1 996, 1 997a, 1 997b; Iametti et aI . ,  1 997; Jegouic et aI . ,  1 996, 1 997; Famelart et aI . ,  

1 998; Havea, 1 998; Kanno et aI . ,  1 998;  Keim & H inrichs, 2004) have indicated that the 

operati ng pressures and the protein concentrations appear to be important factors that 

influence the extent of whey protein  denaturation, aggregation and gelation. However, 

comparatively l i ttle such information on the effects of protein concentration, holding 

time or pressurising temperature is avai lable in the l iterature. Also, the l imi ted ranges of 

pressure treatments, protein concentrations and pressuris ing temperatures used in the 

previous studies seemed insufficient to generate a clear trend of the effects of these 

I Part of the content presented in this chapter has been presented as a poster at the ADAS-ASAS Joint 
Annual meeting, M inneapolis, Minnesota, J u ly 9- 1 3 , 2006 and published in Dairy Foods: Chemistry and 
M icrobiology section, Journal of Dairy Science (2006) 89, Suppl. I, p 1 76.  
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parameters on denaturation and aggregation of whey proteins. Moreover, the cumulative 

or interactive effects of these parameters have not been evaluated. 

In this context, the effects of a range of protein concentrations, and various pressure­

time combinations, pressurising temperatures and combinations thereof on the 

denaturation and aggregation of whey proteins were evaluated in  WPC solutions. The 

results are reported in this chapter. 

5.2 E x peri m e n tal 

Whey protein concentrate ( WPC) solutions of various concentrations (0 .5 ,  2 ,  5 ,  8, and 

1 2  % w/v) were prepared by dissolving the appropriate quantity of acid WPC 

(approximately 80% protein) in Mi l l i-Q water and were pressure treated, and the control 

and pressure-treated samples were analysed using native- and sodium dodecy l sulphate 

(SDS)-polyacry lamide gel e lectrophoresis ( PAGE) as described in Chapter 3 .  

For the samples pressure treated at different pressurising temperatures, the temperature 

of the pressurising fluid was adj usted as described in Chapter 3 .  

A summary of  the overa l l  experimental plan,  i nc l uding preparation and analysis  of  the 

samples, is presented in Figure 5 . 1  A and 5 . 1 B .  
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F igure 5. 1 .  Outl ine of experimental plan for the study of the effects of a range of 
protein concentrations, various pressure-ti me combinations, various pressurising 
temperatures and combinations thereof on the denaturation and aggregation of whey 
proteins. Experimental plan CA) was designed to address the effect of different WPC 
concentrations, pressure-treatments and combination thereof. Plan C B) was designed to 
address the effects of different pressuris ing temperature, WPC concentrations, pressure 
treatments and combination thereof. 
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5.3 Results a n d  discussion 

5.3 . 1  Effects of whey protein concentration and pressure intensity on pressure­

induced aggregation in WPC solutions pressure treated at 20°C 

In the present study, one representative pressure in  each of the regimes of mi ld, medium 

and severe pressure treatment was selected in order to generate an overal l  view of 

pressure-induced denaturation and aggregation over a wide pressure range. In thi s  

context, 200, 400 and 600 M Pa were identified as  mi ld, medium and severe pressure 

treatments respectively . I n  selecting these pressure regimes, some consideration was 

also given to previous reports on the pressure-induced denaturation of pure 

�-lactoglobul in ( �-LG) solutions (Considine et aI . ,  200Sb, 2006a, 2006b). Similarly, 

WPC solutions of five different concentrations (O.S, 2 ,  S ,  8 and 1 2% w/v) were selected 

to study the effects of whey protein concentration over a wide range, covering d i lute 

solutions to concentrated so lutions. 

Identification of protein bands on native- and SDS-PA GE 

The native-PAGE patterns of O .S ,  2, S ,  8 and 1 2% (w/v) WPC solutions pressure treated 

at 200, 400 and 600 MPa at 20DC for different times ( from S to 60 min) are presented in 

Figures S .2 A-S .2E, S . 3A-5 .3E and S .4A-S .4E respect ively . The corresponding S DS­

PAGE patterns are presented in Figures S . SA-S .SE ,  S .6A-S .6E and S .7A-S . 7E 

respectively . 

The bands corresponding to monomenc whey proteins [immunoglobul ins ( Igs), 

lactoferrin ( LF), bovine serum albumin (BSA), �-LG and a-lactalbumin (a-LA)] were 

resolved on native- and SDS-PAGE, giving clear PAGE patterns . Each band was 

identified by comparing its position with that of the respective band in the native- and 

SOS-PAGE patterns of pure proteins and WPC (see Chapter 4, Figures 4 .2, 4.4 and 4 .S )  

and was marked appropriately on  the left-hand side of each PAGE pattern (Lane 1 ,  

Figures S . 2-S .7) .  Some material that did not enter the gel was a lso present in the 

untreated ( control) samples, and was marked as Xo on the native-PAGE patterns and as 

Xo on the SDS-PAGE patterns (Lane 1 ,  Figures S .2-S . 7 ) . Representative PAGE patterns 

of reduced samples are presented ( i .e. in F igure S .SF) .  
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Effects of different protein concentrations and pressure treatments on aggregation of 

proteins 

General comparison of the PAGE patterns of the control samples ( Lane 1 ,  Figures 5 .2-

5 .7) with those of the pressure-treated samples (Lanes 2-8, Figures 5 .2-5 .7) indicated 

that the i ntensities of the monomeric bands corresponding to native-l ike and SDS­

monomeric I3-LG, a-LA, BSA, JgG and LF decreased in the PAGE patterns of the 

pressure-treated samples. However, the extent of the decrease in the intensities of the 

native-l i ke and SDS-monomeric I3-LG, a-LA, BSA, JgG and LF bands was found to be 

dependent on the concentration of WPC, the severity of the pressure treatment 

employed, the holding t ime of the samples at a particular pressure and combinations 

thereof. This general trend was in agreement with the trend reported by Huppartz et al 

(2004a) for I3-LG and a-LA in the pressure treated bovine mi lk samples. Detai led 

aspects of the denaturation and aggregation as observed on the native-PAGE and SDS­

PAGE patterns of samples of various concentrations pressure treated at 200, 400 and 

600 MPa are described i n  the fol lowing sections. 

Native-PAG E 

WPC solutions of different concentrations pressure treated at 200 MPa 

Comparison of the native-PAGE pattern of the contro l sample ( Lane 1 ,  Figure 5 .2A) of 

the 0.5% w/v WPC solution with that of samples pressure treated at 200 MPa and 20cC 

for various times up to 60 min ( Lanes 2-8, F igure 5 .2A) indicated that the PAGE 

patterns of samples pressure treated at 200 MPa for 5, 1 0  and 20 min ( Lanes 2-4, Figure 

5 .2A) were almost identical to the PAGE pattern of the control sample (Lane 1 ,  Figure 

5 .2A) showing that there were minimal changes in the samples pressure treated at 200 

MPa for up to 20 min. However, some changes were noticeable in the PAGE patterns of 

the samples pressure treated for 30 min and longer (Lanes 5-8, Figure 5 .2A), as shown 

by the appearance of a new intense band corresponding to non-native monomers (N') 
and I3-LG dimer ( intense band just above the a-LA band) .  No bands corresponding to 13-

LG trimer, tetramer etc. appeared on thi s  PAGE pattern, suggest ing that the pressure­

induced changes were l imited mainly to the formation of I3-LG dimers when di lute 

WPC solutions (0.5% w/v) were subjected to mild pressure treatment ( 200 MPa). 
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Comparison of the native-PAGE pattern of the untreated (control )  sample of the 2% w/v 

WPC solution ( Lane 1 ,  Figure 5 .2B) with those of the pressure-treated samples ( Lanes 

2-8, F igure 5 .2B) showed almost simi lar changes in the pressure-treated samples. 

However, the bands corresponding to p-LG dimer ( P-LG2) were comparatively more 

intense (Lanes 5-8, Figure 5 .2B)  than those observed in the correspondi ng PAGE 

patterns of the 0.5% w/v WPC solutions ( Lanes 5-8, F igure 5 .2A). 

Native- PAGE 

W PC sol u t ions of 5 different concen t rations treated a t  200 M Pa (20 °C) 

a-L A  

p-LG 

I gG 
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4 5 6 7 8 1 2 3 4 5 6 
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] Xs 
} X4 

_ ( (3-LG), 
(i3 -LG )4 

(i3-LG )3 
((3-LG )2 
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7 8 

� �  Stack i ng 
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lying 

Figure 5.2. Native-PAGE patterns of (A) 0.5% w/v, (B) 2% w/v, (C) 5% w/v, (D)  8% 
w/v and (E)  1 2% w/v WPC solutions: untreated (contro l )  sample ( Lane 1 ), and samples 

pressure treated (at 20°C) at 200 MPa for 5 min (Lane 2 ), 1 0  min ( Lane 3 ) , 20 min 
( Lane 4), 30  min (Lane 5), 40 min (Lane 6), 50 min (Lane 7) and 60 min (Lane 8) .  
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Native-PAGE 

WPC solutions of 5 diffe rent concentra tions treated at  400 MPa (20 QC) 
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Figure 5.3. Native-PAGE patterns of (A) 0 .5% w/v, (B )  2% w/v, (C) 5% w/v, (D)  8% 
w/v and (E) 1 2% w/v WPC solutions :  untreated (control) sample (Lane 1 ), and samples 
pressure treated (at 20°C) at 400 MPa for 5 min ( Lane 2), 1 0  min (Lane 3 ), 20 min 
(Lane 4), 3 0  min (Lane 5),  40 min ( Lane 6), 50 min ( Lane 7) and 60 min (Lane 8 ). 
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Native-PAGE 

WPC solutions of 5 different concentrations t reated at 600 MPa (20 °C) 
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Figure 5.4. Native-PAGE patterns of (A) 0.5% w/v, (B )  2% w/v, (C)  5% w/v, (D)  8% 
w/v and (E) 1 2% w/v WPC solutions: untreated (contro l )  sample (Lane 1 ), and samples 
pressure treated (at 20°C ) at 600 MPa for 5 nun (Lane 2), 1 0  min (Lane 3 ) ,  20 min 
(Lane 4) , 30 min (Lane 5 ), 40 min (Lane 6), 50 min (Lane 7) and 60 min (Lane 8 ) .  
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In  addition, several new di screte bands ( resolved in the regIon between the newly 

formed band corresponding to �-LG dimer and the top of the resolving gel) were visible 

in the native-PAGE patterns of the 2% w/v WPC solutions pressure treated at 200 MPa 

for 30  min and longer (Lanes 5-8, F igure 5 .2B) .  These bands were identified as trimers, 

tetramers, pentamers etc . W-LG3, �-LG4' �-LGs etc . )  and high molecular weight 

polymers of �-LG. These results c learly showed that comparatively larger size pressure­

induced aggregates were formed ( i .e. the size of the aggregates increased from dimers to 

trimers, tetramers, pentamers etc . )  when the WPC concentration was increased from 0.5 

to 2% w/v. 

Further compari son of the PAGE patterns of pressure-treated solutions of the 5, 8 and 

1 2% w/v WPC solutions (Lanes 2-8, Figures 5 .2C-5 . 2E  respectively) with those of 

their respective controls (Lane 1 ,  F igures 5 .2C-5.2E respectively ) showed that the onset 

of changes, such as the formation of �-LG dimer, trimer etc . ,  occurred earl ier than for 

the pressure-treated samples of the 0.5 and 2% WPC solutions. These changes became 

clearer as the concentration of the WPC solution was increased from 2 to 5, 8 and 1 2% 

w/v. For example, in the native-PAGE patterns of the 1 2% w/v WPC solutions (Figure 

5 .2E), the bands corresponding to �-LG2, �-LG3, �-LG4, �-LGs etc. appeared after a 

pressure treatment of 5 min ( Lane 2, F igure 5 .2E). These polymers became larger after 

pressure treatment of the samples for extended holding times and a proportion of high 

molecular weight polymers, which were caught up at the top of the resolving gel 

(marked as Xt) or within the stacking gel ( marked as Xs), were generated ( Lanes 3-8, 

Figure 5 .2E) .  These results suggested that the size of the pressure-induced aggregates 

increased with increasing concentration of the WPC solutions and with increasing 

holding t ime when samples were treated at a particular pressure. 

WPC solutions of different concentrations pressure treated at 400 and 600 MPa 

The native-PAGE patterns of the WPC solutions (0.5, 2, 5 ,  8 and 1 2% w/v) pressure 

treated at 400 and 600 MPa ( 20°C) for 5-60 min ( Lanes 2-8, F igures 5 . 3A-5 .3E and 

5 .4A-5 .4E respectively) showed the combined effects of various concentrations and 

more severe pressure treatments ( i .e .  400 and 600 MPa). It i s  apparent from these PAGE 

patterns that the intensities of the bands corresponding to native-like �-LG, a-LA and 

BSA decreased and the onset of aggregation occurred much earlier when samples from 
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the same al iquots were pressure treated at 400 MPa (Lanes 2-8, F igures S . 3A-S .3E)  or 

600 MPa (Lanes 2-8, F igures S .4A-S .4E) than at 200 M Pa ( Lanes 2-8, F igures S .2A­

S.2E) .  Also, comparat ively greater proportions of wel l-defined newl y  formed bands 

(corresponding to �-LG2, j3-LG3, �-LG4' �-LGs etc . )  were observed in the region 

between the a-LA band and the top of the resolv ing gel in  the PAGE patterns of the O .S ,  

2, S ,  8 and 1 2% w/v WPC solutions pressure treated at  400 ( Lanes 2-8, Figures S . 3A­

S .3E)  and 600 MPa ( Lanes 2-8, Figures S .4A-S .4E) than in the PAGE patterns of their 

counterparts pressure treated at 200 MPa (Lanes 2-8, F igures S .2A-S .2E) .  Moreover, 

comparative ly greater proportions of very high molecular weight aggregates, i .e .  those 

caught up at the top of the resolving gel ,  those within the stacking gel or those that 

could not enter the gel (marked as X4, Xs, X6 respectively), were formed when S, 8 or 

1 2% w/v WPC solutions were pressure treated at 400 M Pa (F igures S . 3C-S . 3E) or 600 

MPa (Figures S .4C-S .4E) than when samples from the same al iquots were pressure 

treated at 200 MPa (Figures S .2C-5.2E) .  I n  some instances, the aggregates became so 

large that they were immobi l ised in the sample wel l  (marked as X6) or did not enter the 

gel and were subsequently washed away during the staining and destaining procedure 

[for example, this was c lear from the native-PAGE patterns of the 1 2% w/v WPC 

solutions pressure treated at 600 MPa (Figure S .4E)] . 

These resul ts suggested that, after mi ld pressure treatment (e .g.  200 M Pa), sma l l  

aggregates, such as dimers and trimers etc . ,  were formed and that a comparatively very 

smal l proportion of aggregates of high molecular weight, such as those caught up at the 

top of the resolving gel ,  those within the stacking gel and those that could not enter the 

gel (marked as X4, Xs, X6 respectively), were formed. In contrast, when samples from 

the same al iquots were subjected to moderate or severe pressure treatment (e.g. 400 and 

600 MPa), s ignificant proportions of large or very large aggregates (marked as Xt, Xs, 

X6 respectively) were formed. 

SDS-PAGE 

Comparison of the SDS-PAGE patterns of control WPC solut ions (Lane 1 ,  F igures 

S . 5A-S .SE, S .6A-5 .6E and S .7  A-S .7E) with those of samples pressure treated at 200, 

400 and 600 MPa (at 20CC) for S-60 min ( Lanes 2-8, Figures S . SA-S .SE,  S .6A-S .6E 

and S .  7 A-S . 7E) indicated that the trends observed on the SOS-PAGE patterns were 
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similar to those observed on the native-PAGE patterns ( Figures S .2-S .4) .  However, 

unlike native-PAGE, no wel l -defi ned bands corresponding to tetramers ( P-LG4), 

pentamers ( �-LG5) etc. were clearly observed on the SDS-PAGE patterns of the 

pressure-treated samples. I nstead, only the bands corresponding to �-LG dimer (p-LG2) 

and �-LG trimer W-LG3)  were clearly resolved on the SDS-PAGE patterns of the 

pressure-treated samples. In  addition, there was a dark-staining b lurred region between 

the �-LG bands and the top of the resolving gel in the SDS-PAGE patterns of the 

pressure-treated samples. 

Again, i t  can be observed from the SDS-P AGE patterns of the pressure-treated samples 

(Figures S . SA-S.SE, S .6A-S .6E and S .7  A-S .7E) that the size of the aggregates 

increased gradual ly ( i .e. a progressive increase from a-LA and �-LG dimers to trimers, 

tetramers and high molecular weight aggregates) as the concentration of the WPC 

solutions, the severity of the pressure treatment and the holding time of the samples at a 

particular pressure increased. High molecular weight aggregates, i .e .  those caught up at 

the top of the resolving gel ,  those within the stacking gel or those that could not enter 

the gel (marked as &, Xs and X6 respectively),  were observed in the PAGE pattern of 2, 

S ,  8 and 1 2% w/v WPC solutions pressure treated at 400 MPa (Figures S .6B-S .6E) and 

600 MPa ( Figures S .7B-S . 7E).  Moreover, it was noticed that pressure-induced gels  

were formed when 1 2% w/v WPC solutions were pressure treated at 600 MPa at  20°C . 

It wi l l  be interesting to characterise the pathways of such pressure- induced gel 

formation in detai ls by extending the present study ( see Chapter 6) .  

These results confirmed that both the concentration of protein in  the sample and the 

severity of the pressure treatment are important. The combination of a lower 

concentration and mild pressure treatment generated only smal l -sized aggregates, 

whereas the combination of pressure treatment and concentrated WPC solutions (e .g.  8 

or 1 2% WPC solutions) led to the formation of very large aggregates or very high 

molecular weight protein aggregates ( >  SOO kDa) that could not enter the gel, which 

explains why cross-linking and gel formation accelerate when WPC solutions of higher 

protein concentrations are subjected to severe pressure treatments for longer holding 

time (also see Appendix 3 ) .  
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The above results showed that the effects of pressure treatment on the proteins in WPC 

solutions followed an almost simi lar trend to those of heat treatment ( Havea et aI . ,  

1 998), which showed that the loss of native-like monomeric and SDS-monomeric �-LG 

in WPC solutions increased as the protein concentration and the holding t ime of heat 

treatment increased. 

SDS-PAGE 

WPC solu tions of 5 differen t concen trations treated at 200 M Pa (20 °C) 
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Figure 5.5: SDS PAGE patterns of (A) 0.5% w/v, (B )  2% w/v , (C)  5% w/v, (D) 8% w/v 
and (E) 1 2% w/v WPC solutions: untreated (control )  sample ( Lane 1 ), and samples 
pressure treated ( at 20°C) at 200 MPa for 5 min ( Lane 2), 1 0  min ( Lane 3 ), 20 min 
( Lane 4), 30 min ( Lane 5 ), 40 min ( Lane 6), 50 min ( Lane 7) and 60 min ( Lane 8) .  (F)  
SDS-PAGE patterns of reduced samples corresponding to the samples shown in Figure 
5 .5B .  
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Figure 5.6. SOS-PAGE patterns of (A) 0.5% w/v, (B )  2% w/v, (C) 5% w/v, (D) 8% 
w/v and (E) 1 2% w/v WPC solutions : untreated (contro l )  sample ( Lane 1 ), and samples 
pressure treated (at 20°C) at 400 MPa for 5 min (Lane 2), 1 0  min (Lane 3 ), 20 min 
(Lane 4), 30 min ( Lane 5) ,  40 min (Lane 6), 50 min ( Lane 7) and 60 min ( Lane 8) .  
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SDS-PA G E  

WPC solutions o f  5 different concentrations t reated at 600 MPa (20 0c) 
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Figure 5.7. SDS-PAG patterns of (A) 0 .5% w/v, C B) 2% w/v, ( C )  5% w/v, (D )  8% 
w/v and ( E) 1 2% w/v WPC solutions :  untreated (control)  sample ( Lane 1 ), and samples 
pressure treated (at 200e) at 600 MPa for 5 min ( Lane 2 ) ,  1 0  min (Lane 3 ), 20 min 
(Lane 4 ), 30 min (Lane 5 ), 40 min (Lane 6), 50 min (Lane 7)  and 60 min (Lane 8) .  
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Effects of protein concentration and pressure treatment on BSA and a-LA 

It was observed from the native- (Figures 5 .2A-5 .2E)  and SDS- ( Figures 5 .5A-5 .5E)  

PAGE patterns that mi ld  pressure treatment (200 MPa at  20°C) had l ittle effects on the 

bands corresponding to BSA and a-LA, confirming some of the earlier reports and the 

results shown in Chapter 4. The native- (Figures 5 .3 A-5 .3E) and SDS- (Figures 5 .6A-

5 .6E) PAGE patterns of samples from the same aliquots that were pressure treated at 

400 MPa at 20°C showed that the intensities of the bands corresponding to both p-LG 

and BSA were affected, but that the intensity of the band corresponding to a-LA was 

least affected. However, when samples from the same al iquots were pressure treated at 

600 MPa at 20°C, the intensities of the bands corresponding to �-LG, BSA and a-LA 

were affected, as shown by the native- (Figure 5 .4A-5.4E) and SDS- (Figure 5 .7 A-

5 .7E) PAGE patterns, particu larly when 1 2% w/v WPC solutions were pressure treated 

at the severe pressure of 600 MPa at 20°C ( see Figures 5 .4E and 5 .7E) .  These results 

ind icated that a-LA was the most resistant of the whey proteins to pressure treatment up 

to 400 MPa at 20°C, confirming some of the earlier reports (L6pez-Fandino et aI . ,  1 996; 

Tanaka & Kunugi, 1 996; Tanaka et aI . ,  1 996; Scollard et aI . ,  2000; Huppertz et aI . ,  

2002, 2004b). Similarly, BSA seemed to be comparat ive ly more resistant than �-LG, 

when pressure treated at up to 400 MPa at 20°C (Hayakawa et aI . ,  1 992 ; Lopez-Fandino 

et aI . ,  1 996), but, at higher pressures (e.g. 600 MPa at 20oq, the rate of decrease in the 

intensity of the band corresponding to BSA seemed to be comparatively faster than that 

of the band corresponding to �-LG. 

Quantitative PAGE analysis 

The changes in the relative intensities of the bands (relat ive to the band intensity of the 

control/untreated sample on each PAGE pattern) corresponding to native-l ike and SDS­

monomeric p-LG (as measured using laser densitometry ) on the PAGE patterns 

(Figures 5.2-5 .7) of the WPC solutions of various concentrations pressure treated at 

200, 400 and 600 MPa at a pressurising temperature of 20°C are presented in Figures 

5 . 8  and 5 .9. An attempt was also made to measure the intensities of the bands 

corresponding to a-LA and BSA, as affected by the pressure treatment of WPC 

solutions. However, some difficulties and errors were encountered, particularly for the 

nat ive-PAGE patterns, because the bands corresponding to a-LA and BSA overlapped 
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with the new bands corresponding to the pressure-induced aggregates of �-LG ( i .e. new 

pressure-induced bands corresponding to non-native monomers, dimers, trimers and 

tetramers) .  Moreover, it has been reported previously that �-LG, being the major whey 

protein in WPC, dominates the heat-induced ( Mulvih i l l  & K insella, 1 987;  Boye et aI . ,  

1 995)  and pressure-induced (Van Camp et aI . ,  1 996, 1 997a, 1 997b; Kanno et aI . ,  1 998;  

BeI loque et aI . ,  2000) aggregation and gelation of WPC solutions and therefore the 

overal l behaviour of WPC is strongly affected by the behaviour of �-LG. Considering 

these reasons, only the integrated intensities of the bands corresponding to �-LG are 

plotted ( Figure 5 . 8  and 5 .9) and most results are discussed in relation to the pressure­

induced behaviour of �-LG. 

I t  i s  apparent from Figure 5.8 that the decrease in native-l i ke and SDS-monomeric �-LG 

was comparatively greater and faster in the WPC solutions of 0.5, 2, 5, 8 and 1 2% w/v 

samples pressure treated at 400 MPa ( Figure 5 .SB)  or 600 MPa ( Figure 5 . SC) than in 

the WPC solut ions from the same aliquots pressure treated at 200 M Pa ( F igure 5 .SA) .  

When the samples were pressure treated at 200 MPa ( F igure 5 . SA), the decrease in  

native-l ike and SDS-monomeric �-LG was smal l  (within 20-25 %), suggesting that 

there were no s ignificant effects of protein  concentration when the WPC solut ions were 

subjected to mild pressure treatment . In contrast, when the WPC solutions were 

pressure treated at 400 MPa (Figure 5 . 8B)  or 600 MPa concentration of monomeric 

�-LG decreases considerably (F igure 5 .8C) .  For example, there was :::::: 20% residual 

monomeric �-LG in concentrated ( 1 2% w/v) WPC solutions subjected to a severe 

pressure (600 M Pa) for 40 min or longer, compared with :::::: 70-S0% res idual monomeric 

�-LG when WPC solutions from the same aliquots were subjected to a mild pressure 

(200 MPa) for 40 min. From these plots, it can be seen that the effect was more 

pronounced when severe pressure treatment was coupled with an i ncreased WPC 

concentration in the sample ( Figure 5 .SC; see also Figures 5 .9A-5 .9E) .  

Further, i t  was observed that the decrease in native-like and SDS-monomeric �-LG was 

much greater after a longer holding time (20 min or more) at 400 MPa (Figure 5 . 8 B) 

and 600 MPa (Figure 5 . SC)  than after a longer holding time at 200 M Pa (F igure 5 .8A) 

(see also F igure 5 .9) .  These results suggest that the rate and the extent of the 

denaturation of monomeric �-LG is dependent on the protein concentration, the severity 

of the pressure treatment, the holding time of the sample at the part icular pressure and 
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combinations thereof. This behaviour of �-LG in  pressure-treated WPC solutions was 

somewhat simi lar to that of �-LG in heat-treated WPC solutions (e.g. Havea et aI ., 

1 998;  S ingh & Havea, 2003) .  

Differences between SDS-monomeric and native-like �LG 

From the plotted values ( Figures 5 .8 and 5 .9), it can be seen that there were some 

differences (� 5-30%) between the residual native-l ike �-LG and the residual SDS­

monomeric �-LG in the pressure-treated samples, suggesting that a proportion of the 

pressure-induced aggregates of �-LG were non-covalently l inked (mainly 

hydrophobical ly l inked), depending on the concentration of the WPC solutions (Figure 

5 .9) and the severity of the pressure treatment employed (Figure 5 . 8, also see F igure 

5 .9). These results were somewhat simi lar to those reported and d iscussed earl ier 

(Gezimati et aI., 1 996, 1 997; Dalgleish et aI . ,  1 997 ;  Schokker et aI., 2000; Havea et aI . ,  

2001 ; Hong & Creamer, 2002) for heat-treated solutions of whey proteins. It was found 

that the difference between residual SDS-monomeric �-LG and residual native- l ike �­

LG increased as the concentration of the WPC solution increased (see Figure 5 .9). For 

example, the greatest (� 30%) difference between residual SDS-monomeric �-LG and 

residual native-l ike �-LG was found in the 1 2% WPC sol utions pressure treated at 600 

MPa (see Figure 5 .9E), suggesting that comparatively higher proportions of 

hydrophobically l inked aggregates were generated when the samples were pressure 

treated at higher concentrations and at higher pressures. 

These results are also in partial agreement with the results of Yang et al. (200 1 ), who 

reported the formation of hydrophobic molten globules when �-LG samples were 

pressure treated at 600 MPa at 50 QC, and are supported by the results of Aouzel leg et 

al. (2004), who suggested that pressure intensity is the most important parameter in 

bringing about molecular changes in  the protein. Earl ier reports on the pressure-induced 

aggregation of �-LG also indicated that factors such as the concentration of protein 

(Dumay et aI . ,  1 994), the buffer type and molarity used for preparation of the protein 

solutions ( Funtenberger et aI . ,  1 995)  and the pressure intensity, pressurising time and 

pressurising temperature (Funtenberger et aI., 1 995 ; Yang et aI . ,  200 1 ;  Aouzelleg et aI . ,  

2004) affect pressure-induced changes in the protein structure, and the denaturation and 

aggregation of �-LG. 
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Figure 5.8. Residual native- l ike and SDS-monomeric �-LG i n  0 .5 ,  2 ,  5 ,  8 and 1 2% 
(w/v) WPC solutions pressure treated at (A) 200 MPa, (B) 400 MPa and (C) 600 MPa at 
20°C for various times. Residual native-l ike �-LG present in . :  0.5%; T :  2%; . :  5%; 

. :  8%; .. 1 2% w/v WPC solutions; and residual SDS-monomeric �-LG present in 0 : 
0.5%; v :  2%; 0 :  5%; 0: 8%; 11 :  1 2% w/v WPC solutions. 
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5.3.2 Effects of different pressurising temperatures on aggregation of whey 

proteins 

It has been reported that pressure treatments employed at elevated temperature are more 

effective for the destruction of microorganisms (e.g. Farkas & Hoover, 2000). Therefore, 

it may be expected that different pressurising temperatures may have different effects on 

the denaturation and aggregation of proteins ( Huppertz et aI . ,  2004a) . However, l ittle 

has been reported in the l i terature on the effects of different pressuris ing temperatures 

on the denaturation and aggregation of proteins. Therefore, the study was extended to 

explore the combined effects of dilute (0.5% w/v), i ntermediate ( 5% w/v) and 

concentrated (8% w/v) WPC solutions after mild (200 MPa) and severe (600 MPa) 

pressure treatments at four different pressurising temperatures (20, 30, 40 and 50°C). 

The effects of these parameters were evaluated in order to determine the individual and 

combined effects of protein concentration, severity of pressure treatment and 

pressurising temperature. This experimental design (F igure 5 . 1  B),  in which samples 

from the same aliquots were subjected to various combinations of pressure treatments 

and pressurising temperatures, al lowed simple comparison of the effects of different 

pressurising temperatures at selected protein concentrations and pressure treatments. 

Native- and S OS-PAGE 

The native- and SDS-PAGE patterns of WPC solutions (0 .5,  5 and 8% w/v), subjected 

to mild (200 MPa) and severe (600 MPa) pressure treatment at 20, 30, 40 and 50°C, are 

presented in F igures 5 . 1 0-5 . 1 3  and 5 . 1 4-5 . 1 7  respectively . 

The native-PAGE patterns of the 0 .5 ,  5 and 8% w/v WPC solutions subjected to mi ld 

pressure treatment (200 MPa) at 20°C for 30 min and longer ( Lanes 5-7, F igures 

5 . 1 OA-5 . 1 OC) showed some minor changes (e.g. the appearance of a faint band 

corresponding to �-LG dimer), confirming earl ier results ( Figures 5 .2A-5 .2E, 5 .8  and 

5 .9) .  I n  contrast, pressure treatment of samples from the same al iquots of the 0.5% w/v 

WPC solution pressure treated at 600 MPa at 20°C ( Figure 5 . 1 OD) gave several changes 

in the native-PAGE pattern ( including the formation of several new bands 

corresponding to dimers, trimers, tetramers and higher polymers etc . ) .  In addition to 

these new bands, a proportion of high molecular weight polymers (marked as �, Xs 

and X6) were apparent in the native-PAGE patterns of the 5 and 8% w/v WPC solutions 
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Figure 5. 1 0. Native-PAGE patterns of WPC solutions of concentration (A) 0 .5% w/v, 
(B )  5% w/v and (C) 8% w/v pressure treated at 200 MPa at a pressurising temperature 
of 20°C. Simi larly, native-PAGE patterns of WPC solutions of concentration (D) 0.5% 
w/v, (E)  5% w/v and (F) 8% w/v pressure treated at 600 M Pa at a pressuris ing 
temperature of 20°C. I n  each of the PAGE patterns, the untreated (contro l )  samples 
( Lane 1 )  and samples pressure treated for 5 min ( Lane 2), 1 0  min (Lane 3 ), 20 min 
(Lane 4), 30  min (Lane 5 ), 40 min (Lane 6) and 50 min (Lane 7). 
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Figure 5. 1 1 .  Native-PAGE patterns of WPC so lutions of concentration (A)  0.5% w/v, 
(8 )  5% w/v and ( C )  8% w/v pressure treated at 200 MPa at a pressurising temperature 
of 30°C. Simi larly, native-PAGE patterns of W PC solutions of concentration (D) 0.5% 
w/v, (E)  5% w/v and (F) 8% w/v pressure treated at 600 M Pa at a pressuris ing 
temperature of 30°C.  In  each of the PAGE patterns, the untreated (contro l )  samples 
( Lane 1 )  and samples pressure treated for 5 min ( Lane 2 ), 1 0  min (Lane 3 ), 20 min 
(Lane 4), 30 min (Lane 5 ), 40 min (Lane 6) and 50  min ( Lane 7) .  
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Figure 5. 1 2. Native-PAGE patterns of WPC solutions of concentration (A) 0.5% w/v, 
(B )  5% w/v and (C) 8% w/v pressure treated at 200 MPa at a pressuri sing temperature 
of 40°C . S imilarly, native-PAGE patterns of WPC solutions of concentration (D)  0.5% 
w/v, (E) 5% w/v and (F)  8% w/v pressure treated at 600 MPa at a pressurising 
temperature of 40°C. In each of the PAGE patterns, the untreated (control) samples 
(Lane 1 )  and samples pressure treated for 5 min (Lane 2), 1 0  min (Lane 3), 20 min 
(Lane 4),  30  min ( Lane 5 ), 40 min (Lane 6 )  and 50 min (Lane 7) in each PAGE patterns. 
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Figure S. 1 3. ative-PAGE patterns of WPC solutions of concentration (A) O .S% w/v, 
(B)  S% w/v and (C)  8% w/v pressure treated at 200 M Pa at a pressurising temperature 
of SO°C. Similarly, native-PAGE patterns of WPC solutions of concentration (D)  O.S% 
w/v, (E)  S% w/v and (F) 8% w/v pressure treated at 600 MPa at a pressurising 
temperature of SO°e. I n  each of the PAGE patterns, the untreated (control)  samples 
(Lane 1 )  and samples pressure treated for S min ( Lane 2), 1 0  min (Lane 3 ), 20 min 
( Lane 4), 3 0  min (Lane S) ,  40 min (Lane 6) and SO min (Lane 7) .  
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pressure treated at 600 MPa at 20°C (F igures S . l OE and S . l  OF) .  These PAGE patterns 

clearly showed that, at a pressurising temperature of 20°C, the protein concentration 

appeared to have minor effects when used in combination with mi ld  (200 MPa) pressure 

treatment (F igures S . l OA-S . 1  OC), but had significant effects when used in  combination 

with severe (600 MPa) pressure treatment (Figures S . l OD-S . 1  OF). 

Almost similar trends were apparent for the samples subjected to mild (200 MPa) 

pressure treatment at 30, 40 and SO°C, with the exception that comparatively greater 

proportions of larger protein aggregates were observed in the PAGE patterns as the 

pressurising temperature was increased from 20 ( Figure S . l OA-S . I  OC) to 30, 40 and 

SO°C (Figures S. I I A-S . I I C,  S . 1 2A-S . 1 2C and S . 1 3A-S . 1 3C) .  The effects were 

comparatively more pronounced when O.S,  S and 8% w/v WPC solutions from the same 

aliquots were pressure treated at 600 MPa ( instead of 200 MPa) and coupled with 

increasing pressurising temperature from 20 (Figure S . 1  OD-S . I  OE) to 30, 40 and SO°C 

(Figures S . 1 1 D-S . l 1 F, S . 1 2D-S . 1 2F and S . 1 3 D-S . 1 3 F). 

The SDS-PAGE patterns of the O .S ,  S and 8% w/v WPC solutions subjected to mild 

(200 MPa) and severe (600 MPa) pressure treatment at 20, 30, 40 and SO°C (Figures 

S . 1 4-S . 1 7) showed almost simi lar trends to those observed on the native-PAGE patterns 

of the corresponding samples (Figures S . 1  0-S . 1 3) .  

Comparison of the native-PAGE patterns of WPC solutions (O .S ,  S and 8% w/v) 

pressure treated at 200 and 600 MPa at 20, 30, 40 and SO°C showed that the major whey 

proteins (a-LA and BSA) were minimally affected when samples were pressure treated 

at 200 MPa. However, when the severe pressure treatment (600 M Pa) was used in  

combination with elevated pressuri sing temperatures ( 30, 40 and SO°C), there were 

significant effects on the denaturation and aggregation of al l  the whey proteins, 

including �-LG, a-LA and BSA. It was observed that the concentration of native-l ike �­

LG, a-LA and BSA decreased significantly for the samples pressure treated at  600 MPa 

at :?: 40°C (F igures S . 1 2D-S . 1 2F and S . 1 3D-S . 1 3 F) with the concomitant formation of 

large and very large (molecular weight > SOO kDa) aggregates (marked as X4, X5 and 

X6). It was also noticed that smal l  proportions of intermediate-sized protein species 

( such as dimer, trimer etc .) were forn1ed at such pressure-temperature combinations 

( Figures S . 1 2 D-S . 1 2F and S . 1 3 D-S . 1 3F), showing that the combination of higher 
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pressunsmg temperature and severe pressure treatment generated very large protein 

aggregates. 

Again, it can be observed from the S DS-PAGE patterns of the pressure-treated samples 

(F igures S . 1 4A-S . 1 4F, S . I SA-S. I SF ,  S . l 6A-S. 1 6F and S . l 7A-5 . 1 7F) that the size of 

the aggregates gradually increased ( i .e. a progressive increase from a-LA and �-LG 

dimers to trimers, tetramers and high molecular weight aggregates) as the protein 

concentration in the WPC solutions, the severity of the pressure treatment and the 

holding time of the samples at a particular pressure increased. Also, it can be observed 

that the concentration of SDS-monomeric �-LG, a-LA and BSA was comparatively 

higher (as indicated by comparatively darker intensity of the bands corresponding to 

these proteins) in the SDS-PAGE patterns than in the corresponding native-PAGE 

patterns, which may be attributed to the d issociation of hydrophobical ly l inked 

aggregates in the SDS-PAGE environment. 

Effects on BSA and a-LA 

These results also showed that the aggregation behaviours of �-LG, a-LA and BSA 

were quite different when WPC samples were pressure treated at different pressuris ing 

temperatures. I t  was particularly interesting to note from the native- and SDS-PAGE 

patterns that pressure-resistant whey proteins, such as a-LA and BSA, aggregated much 

faster as the pressurising temperature was increased from 30 to 40 and SO°C at 600 

M Pa. It was found that the intensities of the bands corresponding to a-LA and BSA 

decreased faster than the intensity of the band corresponding to �-LG when WPC 

samples were pressure treated at 600 MPa at pressuri sing temperatures of 40 and SO°C 

(S . 1 2D-S . 1 2F, S . 1 3 D-S . 1 3F ,  5 . 1 6D-5 . 1 6F and 5 . 1 7D-5 . 1 7F) .  

These results suggested that a-LA and BSA became more reactive when the 

pressurising temperature was increased to � 40°C at 600 MPa. There are several 

possible reasons for such behaviour of these proteins. It has been reported that the 

denaturation of a-LA is partly reversible ( Ruegg et aI . ,  1 977). It may be possible that a­
LA unfolded reversibly when pressure treated at lower temperature (Tanaka & Kunugi, 

1 996; Tanaka et aI., 1 996). Another possibi l ity is that a-LA was in a molten globule 
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Figure 5. 1 4. SDS-PAGE patterns of WPC solutions of concentration (A) 0 .5% w/v, 
(B)  5% w/v and (C) 8% w/v pressure treated at 200 MPa at a pressurising temperature 
of 20°C. S imilarly, SDS-PAGE patterns of WPC solutions of concentration ( D) 0.5% 
w/v, (E) 5% w/v and (F)  8% w/v pressure treated at 600 MPa at a pressurising 
temperature of 20°e . I n  each of the PAGE patterns, the untreated (contro l )  samples 
( Lane 1 )  and samples pressure treated for 5 min ( Lane 2), 1 0  min ( Lane 3 ), 20 min 
( Lane 4), 30  min ( Lane 5), 40 min (Lane 6) and 50 min ( Lane 7). 
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Figure 5. 1 5. SOS-PAGE patterns of WPC solutions of concentration (A) 0 .5% w/v, 
(B)  5% w/v and (C) 8% w/v pressure treated at 200 MPa at a pressurising temperature 
of 30°C. Simi larly, SDS-PAGE patterns of WPC solutions of concentration (D) 0 .5% 
w/v, (E) 5% w/v and (F) 8% w/v pressure treated at 600 M Pa at a pressurising 
temperature of 30°C. In each of the PAGE patterns, the untreated (control)  samples 
(Lane 1 )  and samples pressure treated for 5 min ( Lane 2), 1 0  min (Lane 3 ), 20 min 
(Lane 4) , 30 min (Lane 5), 40 min (Lane 6) and 50 min (Lane 7) .  
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Figure 5. 1 6. SDS-PAGE patterns of WPC solutions of concentration (A) 0.5% w/v, 
(B )  5% w/v and (C)  8% w/v pressure treated at 200 M Pa at a pressuris ing temperature 
of 40°C . Simi larly, SDS-PAGE patterns of WPC solutions of concentration (D) 0 .5% 
w/v, (E) 5% w/v and ( F) 8% w/v pressure treated at  600 MPa at  a pressuris ing 
temperature of 40°C . I n  each of the PAGE patterns, the untreated (control)  samples 
( Lane 1 )  and samples pressure treated for 5 min (Lane 2),  1 0  min (Lane 3), 20 min 
( Lane 4), 30 min (Lane 5 ), 40 min (Lane 6) and 50 min (Lane 7) .  
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Figure 5. 1 7. SOS-PAGE patterns of WPC solutions of concentration (A) 0 .5% w/v, 
(B)  5% w/v and (C) 8% w/v pressure treated at 200 MPa at a pressurising temperature 
of 50°C. Simi larly ,  SOS-PAGE patterns of WPC solut ions of concentration (D)  0 .5% 
w/v, (E) 5% w/v and (F) 8% w/v pressure treated at  600 MPa at  a pressurising 
temperature of 50°C. In each of the PAGE patterns, the untreated (control )  samples 
(Lane 1 )  and samples pressure treated for 5 min ( Lane 2), 1 0  min (Lane 3) ,  20 min 
(Lane 4), 30 min ( Lane 5 ), 40 min (Lane 6) and 50 min ( Lane 7) .  

form and that the structural changes were partial ly or fully reversible (Lassel le et aI . ,  

2003 ) when the samples were subjected to mild pressure treatment and when the 

pressurising temperature was low (::::: 20°C). However, it seems from the results of the 

present study that the higher pressurising temperatures appeared to have i rreversible 

effects on disulphide bond interactions and that the formation of new disulphide bonds 

was enhanced by the higher pressurising temperatures. Therefore, i t  is possible that, at 

higher pressurising temperature, a-LA unfolded and exposed i ts disulphide bonds and 
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some i rreversible changes in the structure of a-LA took place or  the a-LA irreversibly 

reacted with p-LG and BSA and some new irreversible disulphide interactions occurred. 

However, it would be interesting to determine whether a-LA behaves in the same 

manner when solutions of pure a-LA are pressure treated at higher pressurising 

temperatures in the absence of any free-thiol-group-containing whey protein (such as P­

LG). Yet again, the faster aggregation of a-LA and BSA in  samples subjected to severe 

pressure treatment may be attributed to adiabatic heating due to the combined effects of 

higher temperatures and severe pressure treatment; when WPC solutions are pressure 

treated at higher pressure (600 MPa) and higher pressurising temperature (e.g. 50°C), 

the actual temperature of the sample reaches approximately 6 1 °C ( i .e .  it is  exposed to 

nearly the denaturation temperature of a-LA) due to adiabatic heat ing (for example see 

Figure 3 .4 for adiabatic effects, Chapter 3 )  and the sample is  actually pressurised at 

approximately 6 1  °C for 5-7 min (the time required for the temperature of the sample to 

equi l ibrate back to the preset temperature), which may lead to partial denaturation of 

heat sensitive whey proteins ( see Td data in table 2 .6, chapter 2) .  These factors might 

have significant effects on the properties of proteins when protein-containing foods are 

pressure treated at different pressures and at different pressurising temperatures. 

Simi larly, as discussed earlier ( see Chapter 4), BSA contains 1 7  d i sulphide bonds and 

has a more rigid structure than p-LG. Heat treatment unfolds BSA faster than p-LG, but 

BSA is quite resi stant to pressure treatment when pressure treated at 200 MPa at 20 °C. 

This may be because when samples are pressure treated at low pressure or at a 

combination of ambient temperature (� 20°C) and mi ld pressure (200 MPa), the 

structure of BSA i s  not much affected as the energy suppl ied may not be sufficient to 

disrupt its disulphide bonds or affect the thiol group. However, it seems that the thiol of 

BSA is exposed and becomes reactive when higher pressures (more than 400 MPa) are 

employed, particularly in combination with elevated pressurising temperatures (� 

30°C). 

Quantitative PA GE analysis 

The relative intensit ies of the bands corresponding to residual nat ive-like and SDS­

monomeric p-LG from the native- and SDS-PAGE patterns of 0 .5 , 5 and 8% w/v WPC 
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solutions, after pressure treatment of 200 MPa and 600 MPa at 20, 30, 40 and 5 0DC, are 

plotted in Figures 5 . 1 8  and 5 . 1 9  respectively. 

From Figure 5 . 1 8 , it is  clear that the concentration of nat ive- l ike and SDS-monomeric 

�-LG was not much affected in the WPC sol utions pressure treated at 200 MPa. L ittle 

decrease in the native-l ike and SDS-monomeric �-LG was noticed in the 0 .5% (Figure 

5 . 1 8A), 5% (Figure 5 . 1 8B) and 8% (Figure 5 . l 8C)  WPC sol utions pressure treated at 

200 MPa at 20, 30, 40 and 50DC, suggesting that both the pressurising temperature and 

the protein concentration did not have significant effects when the WPC so lutions were 

subjected to mild (200 MPa) pressure treatment . 

In contrast, when samples from the same aliquots were subjected to severe (600 MPa) 

pressure treatment (F igure 5 . 1 9) ,  a significant decrease in residual native- l ike and SDS­

monomeric �-LG was observed. A comparatively greater decl ine in native-l ike and 

SDS-monomeric �-LG was observed even when di lute (0 .5% w/v) WPC sol utions were 

pressure treated at 600 MPa at 3 0DC and higher (Figure 5 . 1 9A) .  This effect was even 

more pronounced when WPC solutions of 5% (Figure 5 . 1 9B)  and 8% w/v (F igure 

5 . 1 9C)  were pressure treated at 600 MPa. 

Also, there appeared to be two distinct stages of aggregation of �-LG when WPC 

solutions of 5% (Figure 5 . 1 9B)  and 8% w/v (Figure 5 . 1 9C)  were pressure treated at 600 

MPa, at a pressuris ing temperature of 30DC and higher compared with when the same 

solutions were pressure-treated at 600 MPa at a pressuri sing temperature of 20De. 

However, such trend was not apparent when WPC solutions from the same aliquots 

were pressure-treated at 200 MPa at pressurising temperatures of 20, 30, 40 or 50DC. 

This trend of different stages of aggregation of �-LG may be explained as discussed in 

previous studies with pure �-LG solutions (Considine et aI . ,  2005a, 2005b, 2006a). It 

may be possible that the kinetics of denaturation of �-LG when the WPC so lutions were 

subjected to severe pressure treatment at higher temperatures (30DC or higher) may 

have been different from those when the WPC solutions were pressure-treated at lower 

temperature (20DC).  
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Figure 5. 1 8. Residual native-l ike and SDS-monomeric �-LG in WPC solutions of 
concentration (A) 0.5% w/v, (B)  5% w/v and (C) 8% w/v after pressure treatment at 200 
MPa at 20, 30, 40 and 50°C for various times. Residual native-l ike �-LG in WPC 
solutions pressure treated at . : 20°C;  0 :  30°C; T :  40°C; \7 :  50°C; and residual SDS­
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Overal l ,  comparison of these data showed that the effects were more pronounced when 

the combination of severe pressure treatment, higher pressurising temperature and 

higher WPC concentration was employed than when the combination of mild pressure 

treatment, higher pressurising temperature and higher WPC concentration was 

employed. Together, these results show that the factors such as pressurising 

temperature, severity of pressure treatment and concentration of WPC solution are very 

important and should be carefully considered when protein solutions are pressure 

treated. Also,  i t  is l ikely that the denaturation trend of the major whey proteins such as 

�-LG wi l l  change considerably when these parameters are varied, either individual ly or 

in combination. 

5.4 General  Discussion 

Compared with the thermal denaturation and aggregation of whey proteins, l i tt le 

attention has been paid to the effects of protein concentration, pressurising temperature 

and holding time on the pressure-induced aggregation of whey proteins. As there is 

ample l iterature on thermal denaturation and aggregation (see Chapter 2), the main 

focus of this discussion i s  on pressure-induced changes in the whey proteins. Some 

other factors ( such as the effects of pH and the calcium content), which are important in 

thermal denaturation, aggregation and gelation of whey proteins, are not included in  the 

present study. This is partly because of the size and complexity of the experiments. 

However, such parameters may form part of future studies. 

Many aspects of the pressure-induced denaturation and aggregation of  whey proteins, as 

affected by protein concentration, pressuri sing temperature and holding time have been 

discussed in the respective results and discussion sections. However, one of the 

important points to note [when studying the effects of elevated pressurising temperature 

(e.g. � 40°C) in combination with the severe pressure treatments (e.g. 600 MPa) used i n  

the present study] i s  that the adiabatic heating may accelerate the rate o f  denaturation 

and aggregation of the whey proteins in the early stages of each pressurisation cycle, 

depending on the preset pressurising temperature in a particular study. As shown in the 

results of the present study ( see Chapter 3 and Section 5 .3 .2), the temperature of the 

sample increased during pressurisation due to adiabatic heating. The time taken for the 

temperature to equi l ibrate back to the preset temperature was about 5-7 min after the 
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desired pressure had been achieved. This suggested that there was a significant i ncrease 

in temperature (::::: 1 1  DC) due to adiabatic heating and that the samples were pressure 

treated at the elevated temperature for 5-7 min (the time taken for the temperature to 

equil ibrate back to the preset temperature) .  Thj s is of concern, particularly when 

samples are pressure treated at higher pressure (e.g. 600 MPa) and higher pressurising 

temperature (2: 40DC) for a short holding time (e.g. for holding times of 5- 1 0  nun), 

because, in this case, the depressurisation cycle will begin before the temperature of the 

sample has equi librated back to the preset temperature. Tills means that, when a sample 

is pressure treated at 600 MPa and at a pressurising temperature of 50DC, the actual 

temperature of the sample rises to about 6 1  DC due to adiabatic heating and the sample i s  

exposed to this temperature (::::: 61  DC)  and severe pressure (600 MPa) for 5- 1 0  min  or 

unti l  the temperature returns to the preset temperature. In such a case, the sample will be 

pressurised at a higher temperature than is desi red, which may cause a greater extent of 

denaturation. Moreover, because the pressure increase is  not i nstantaneous ( i .e .  the rate 

of pressure increase is approximately 300 MPaJmin, and it takes some time to reach the 

desired pressure), and thus some denaturation of the proteins may occur during the 

pressurisation process. For example, when samples are pressure treated at 600-800 

M Pa, it will take 2-3 min to achieve the desired pressure. Therefore, this factor should 

be given consideration whi le planning the experiments or during the commerc ial trials . 

Attempts were made to evaluate the kinetics of whey protein changes in samples 

pressure treated at different temperatures. We also tried to fit the data to d ifferent order 

reactions, but it was not possible to get a complete fit of the data to 1 .0, 1 . 5, 2 .0 or 2 .5  

order reactions in  the majority of  cases, which may be partly attributed to  the faster 

denaturation of p-LG in the initial 5-1 0  min due to adiabatic heating. Once the majority 

of the p-LG had been denatured in the initial 5-] 0 nun (particularly in the severely 

pressure-treated samples), the rate of loss of native-l ike and SDS-monomeric p-LG was 

slow and constant for an extended period of time. Such factors would make a kinetic 

evaluation of the data difficult. Ideal ly, it i s  important to compensate for such adiabatic 

heating and pressurisation effects. However, these effects have not been considered in  

most of the previous studies, including the present study. Therefore, the adiabatic 

heating for each pressurising temperature and each pressurisation cycle should be 

considered as an independent parameter for evaluation under high pressure processing 

and such effects need to be evaluated in  detail in a separate study . 
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The results of the present investigation on the effects of various protein concentrations 

and pressurising temperatures on the aggregation of proteins generated useful 

information on how the aggregation of whey proteins precedes pressure-induced gel 

formation, when the solutions of WPC of various protein concentrations are subjected to 

different pressure treatments. The present study also showed that pressure-induced gels 

can be formed when WPC solutions of sufficiently high concentration (e.g. 1 2% w/v) 

are subjected to severe pressure treatment (600 MPa) at relatively low temperatures 

(20°C). It wi l l  be useful to carry out detai led characterisation of aggregation products 

and pathways involved in formation of such pressure-induced gels. Therefore, i n  

Chapter 6 ,  the mechanisms of  pressure-induced gel formation from concentrated ( i .e .  

1 2% w/v) WPC solutions ( 800 MPa, 22°C) are studied in  detail .  

5.5 Conclusions 

I t  was found that various parameters, such as protein concentration, intensity of pressure, 

holding time and pressurising temperature, have considerable effects on the pressure­

induced aggregation and gelation of whey proteins. These parameters should be 

considered during process optimisation and during high pressure processing of protein­

containing food systems, in new product development or for appl ications of high 

pressure processing as a novel process in the food i ndustry, because many functional 

properties of dairy or food products are the consequence of the unique behaviour of 

proteins. 

The present study also showed that the effects of pressure treatment on the proteins in 

WPC solutions fol lowed an almost simi lar trend to the effects of heat treatment. 

However, pressure treatment generated a comparatively greater proportion of 

intermediate-sized aggregates (such as dimer, trimer etc . )  at lower protein 

concentrations and lower pressures than did heat treatment. 

It was also observed that the behaviour of different whey proteins W-LG, a-L A  and 

BSA) was quite different when WPC solutions were pressurised at different pressurising 

temperatures. In particular, a-LA and BSA became more reactive when the pressuri si ng 

temperature was increased from 20 to 40°C and h igher at severe (600 MPa) pressure, 

which may be partially explained by the structural changes in these proteins as the 
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pressurtsmg temperature was increased. These prel iminary results may suggest some 

potential use of different protein concentrations, holding t ime,  intensity of pressure 

treatment and pressurising temperatures and combinations of these factors to manipulate 

food systems. However, further studies wi l l  be necessary to confirm these observations 

and to find mechanisms behind such behaviour of different whey proteins and their 

aggregation patterns. 
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CHAPTER 6 
H igh-pressure-induced Aggregation and Gelation of Whey 

Proteins in Concentrated ( 1 20/0 w/v) WPC Solutions ! 

6. 1 I ntrod uction 

As the heat-induced gelation of whey proteins is  considered to be one of the most 

important functional properties of whey protein ingredients, many studies to evaluate 

the mechanisms of the heat-induced aggregation and gelation of whey proteins have 

been conducted (e.g. Xiong & Kinsel la, 1 990; Matsudomi et aI . ,  1 99 1 ,  1 992, 1 993,  

1 994; Calvo et aI . ,  1 993 ; Doi ,  1 993;  H ines & Foegeding, 1 993 ; Tang et  aI . ,  1 993, 1 994; 

1 995; McSwiney et aI . ,  1 994a, 1 994b; Agui lera, 1 995;  Gezimati et a I . ,  1 996, 1 997; 

Havea et aI ., 1 998, 200 1 , 2002, 2004), but l i ttle is  known about the mechanism of the 

pressure-induced aggregation and gelation of the whey proteins in whey protein 

concentrate ( WPC) solutions. 

As with thermal processing, the pressure-induced denaturation of globular proteins in  

concentrated solutions can lead to extensive aggregation and the formation of  a gel 

structure (Dumay et aI ., 1 994; Van Camp & Huyghebaert, 1 995a, 1 995b; Kanno et aI . ,  

1 998; Famelart et aI . ,  1 998;  Keim & Hinrichs, 2004; also see Chapter 5) .  Several 

aspects of the aggregation and gelation of whey proteins by high pressure may be of 

interest in relation to the use of mi lk proteins as functional ingredients in many foods. 

Previous work on the high-pressure-induced denaturation and aggregation of �­

lactoglobulin ( �-LG) and a-lactalbumin (a-LA) in a model system after pressure 

release showed that high pressure treatment of whey protein solutions promotes 

unfolding and aggregation of �-LG through sulphydryl-disulphide interchange reactions 

( Dumay et aI . ,  1 994, 1 998; Funtenberger et aI . ,  1 995, 1 997;  Jegouic et aI . ,  1 997; Van 

Camp et aI . ,  1 997a, 1 997b). I ntermolecular interactions and irreversible aggregations 

1 Part of the content presented in th is chapter has been publ ished as a peer-reviewed paper in Journal of 
Agricultural and Food Chemistry (2005) 53 9590-960 I .  

The content from th is  chapter was a lso presented as a poster at the 4th IDF Symposium on Recombined 
M i l k  and Mi lk  Products, Cancun, Mex ico, 9- 1 2  May 2004. 
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are induced at high protein concentration (e.g. see results of Chapter 5 ;  Wong & 

Heremans, 1 988 ;  Oumay et aI . ,  1 994; Iametti et aI . ,  1 997) and, as a result of aggregation 

and gel formation, may lead to textural changes in the final products. However, the 

detai led aggregation pathways and the interaction products that may be generated in the 

process of pressure-induced gel formation have not been characterised in detai l .  

Moreover, comparatively l i tt le information i s  avai lable on  the effects of severe pressure 

treatment (800 M Pa) for extended holding times on mixtures of the whey proteins. 

Detailed characterisation of the same samples using a range of different techniques may 

be useful for a detailed understanding of the pathways involved in pressure-induced 

whey protein gel formation. 

In this context, in the present study, concentrated solutions of WPC ( 1 2% w/v) were 

pressure treated at 800 MPa at ambient temperature (22°C) for various t imes up to 1 20 

min and the resultant samples were characterised, after pres ure release at various stages 

of pressure treatment, using rheological measurements, size exclusion chromatography 

(SEC) and transmission electron microscopy (TEM). Also, the intermediate aggregates 

and interaction products formed by the pressure treatment of WPC so lutions were 

characterised using various one-dimensional ( 1  D) and two-dimensional (20)  

polyacrylamide gel electrophoresis (PAGE) techniques. 

6.2 Experi mental 

The detai led procedure fol lowed for sample preparation, pressure treatment and analysis 

of control and pressure-treated samples i s  described in  Chapter 3 .  A summary of the 

experimental plan specific to the results presented in this chapter is out l ined in Figure 

6. l .  
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WPC solution ( 1 2% w/v) 

-Seal into tubes 

-Pressure treatment 
(800 M Pa 0- 1 20 min) 

-Release pressure 
-Cut-open tubes 

Visual changes------++-.B.AU!Jl�e.!!!nd�il.!x�4 
R heology-------� 

Transmission 
electron m icroscopy -----+I 

Size excl usion chromatography --+l 
I D PAGE:  Native, SDS, & S DSR'--_-+I 

2D PAG E :  N ative then SDS ----+l 

2D PAGE: SDS then SDSR-----+I 

(2) 

(3) 

(4) 

(5) 

(6) 

(7A-7D) 

(7E -7H) 

1 4 1  

Figure 6. 1 .  Summary of the experimental protocol used in this study of the pressure­
induced aggregation and gelation of whey proteins. ote that the sample treated for 0 
min is untreated (control )  samples and it does not mean that pressure was released 
immediately once 800 MPa was reached. 

6.3 Resu lts and discussion 

6.3. 1  Visual changes 

When the WPC solutions were pressure treated at 800 MPa at ambient temperature 

(22°C), the colour of the solutions changed from opalescent pale dun to pale yellow and 

final ly to whiti sh yellow. The clarity of the samples decreased initial ly and then 

increased with longer pressure treatments .  After a pressure treatment of 800 MPa for 20 

min, the consistency of the samples was almost unchanged. The consistency increased 

with pressure treatment of the samples for longer holding times and the samples became 

viscous after a pressure treatment of 60 min  at 800 MPa (see Appendix  4). The samples 

were quite v iscous after 90 min of pressure treatment. The solutions were transformed 
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into stable, elastic, a lmost trans lucent gels after 1 20 mm of pressure treatment 

(Appendix 4). 

6.3.2 Rheology 

The viscosity as a function of shear rate for the control sample and the sample pressure 

treated for 20 min remained independent of the shear rate, exhibiting Newtonian 

behaviour (F igure 6 .2A). After longer pressurisation times (40 and 60 min), the 

pressurised samples deviated from Newtonian behaviour, to exhibit pseudo-plastic 

behaviour. Furthermore, the viscosity of these samples increased with an increase in the 

pressurisation time ( see Figure 6 .2A, inset a). To quantify the extent of pseudo­

plastic ity, the viscosity ( '7) as a function of the shear rate ( ; ) was calculated using a 

power law equation of the form 'I = k r ,: - I where k is the consistency index and n is the 

flow behaviour index, which is related to the extent of pseudo-plasticity of the samples 

(note that, for a Newtonian l iquid, n = 1 ) . It was found that n was equal to 0.96, 0 .70 

and 0.32 for 20, 40 and 60 min of pressurisation respectively . 

The frequency sweep measurement showed that, for pressure treatment times longer 

than 40 min, the elastic modulus C' was higher than the viscosity modulus C" (Figure 

6.28) .  In addition, the elasticity of these gels ( G* )  increased exponentially with the time 

of pressure treatment (Figure 6 .2B, inset b). However, even after a longer pressure 

treatment time ( 90 min), these samples sti l l  behaved as weak gels. To further i l l ustrate 

the effect of high pressure on the viscoelasticity of these samples, tan 0 (= C"/G') is  

reported in Figure 6.2C. I t  was observed that the sample pressurised for 40 min 

remained mainly l iquid up to a frequency of 1 Hz, with a tan 0 value near to 1 ,  and 

started to become elastic at higher frequenc ies. However, for the samples pressurised for 

60 and 90 min, tan 0 was less than 0.45, which indicated the e lastic nature of these 

samples, suggest ing that the elastic gels were formed after pressure treatment of 90 min. 
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Figure 6.2. Effect of pressure treatment (800 MPa at 22°C) for (A) 20, 40 and 60 min 
on the shear rate dependence of the sample viscosity measured at 20°C, for (8)  40, 60 
and 90 min on the frequency dependence of G' and G", and for (C) 40, 60 and 90 min 
on the frequency dependence of tan 8. I nset (a) shows the v iscosity for the samples 
pressure treated for 20, 40, 60 and 90 min at a shear rate of l OS- I . Inset Cb) shows G* for 
the samples pressure treated for 40, 60 and 90 min at 1 Hz. 
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6.3.3 Transm ission electron microscopy 

Two sets of pressure-treated samples were fixed, stained and examined using TEM, and 

a typical set of micrographs is shown in Figures 6 .3A-6.3F .  The micrograph of the 

untreated control sample ( Figure 6.3A) did not show any sign of aggregated proteins, 

whereas the micrograph of the WPC sample that was pressure treated ( 800 MPa) for 20 

min (F igure 6 .3 B) showed the formation of fine hai r-I ike strands of almost uniform size. 

These fine strands were distributed randomly throughout the sample. The structure of 

these fine strands appeared to be comparable with the 'fine-stranded' structures of heat­

induced �-LG gels ( 1 2% w/v) reported earl ier (Stading & Hermansson, 1 99 1 ; Langton 

& Hermansson, 1 992) .  In  addition, some c lusters of strands (aggregates) were observed 

after a pressure treatment of 20 min. 

The aggregates became larger after 40 min of pressure treatment (F igure 6 .3C) .  There 

were more aggregates of almost simi lar size after 60 min of pressure treatment and 

some appeared to be l inked to give even larger aggregates (Figure 6 .3D) .  Longer 

pressure treatment times (Figures 6 .3E and 6 .3F )  did not appear to increase the 

concentration and size of the aggregates, but there appeared to be more low density 

areas. This 'particulate' material looked simi lar to that observed in the heated whey 

protein system (Stading & Herrnansson, 1 99 1 ; Langton & Hermansson, 1 996), and 

appeared to be consistent with scanning electron micrographs of pressure-treated WPC 

solutions (Van Camp et aI . ,  1 997a, 1 997b; Kanno et aI . ,  1 998) .  These results also 

compared wel l  with those of Walkenstrom & Hermansson ( 1 997), who reported that, at 

pH 6.8 in a mixed gelatin and WPC system, the mixed gel formed a phase-separated 

system, composed of an aggregated network and a phase with fine strands; the 

aggregated network proved to be made up of both gelatin and WPC. 

Overal l, it appeared that the particulate aggregate structures were formed as a 

consequence of 40-60 min of pressure treatment at 800 MPa, but there appeared to be 

no further significant i ncrease in particle size after longer pressure treatments ( Figures 

6 .3D-6 .3F)  despite the changes in the rheological properties ( Figure 6 .2) .  
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Figure 6.3. Transmission electron micrographs of WPC solutions ( 1 2% w/v) pressure 
treated ( 800 MPa at 22°C) for (A) untreated sample, ( B )  20 min, (C) 40 min, (D) 60 
min, (E)  90 min  and (F) 1 20 min. After pressure treatment, each i ndividual sample was 
removed, fixed, stained and photographed. Note that the sample treated for 0 min is 
untreated samples and i t  should not be confused or mean that pressure was released 
immediately once 800 MPa was reached, 
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6.3.4 Size exclusion chromatography 

The untreated sample gave a major peak eluting at about 29 m in with a minor peak at 3 1  

m in  (Figure 6.4A), using a TOSOH TSK-G4000pwxL column (Supelco, Bel leforte, PA, 

U SA). The major components of WPC ( P-LG and a-LA) were the l i kely source of the 

major peak. The minor peak at 3 1  min was probably orotic acid because it showed a 

substantial absorbance at 320 nm (Dave Elgar, Fonterra Co-operative Group Ltd, 

Palmerston North, ew Zealand, 1 999, personal communication ) .  After pressure 

treatment, the samples showed a marked and continuing decrease in the size of the 

major peaks corresponding to native whey proteins and increased absorbance between 

20 and 28 min of elution time. For the sample pressure treated for 20 min ( Figure 6 .4B), 

there was a smal l  broad peak at about 26 min, which corresponded to p-LG dimers 

( Schokker et ai . ,  1 999). There appeared to be a peak with an elution t ime of about 2 1  

min  in the sample pressure treated for 40 min (Figure 6 .4C). This void volume 'peak' 

contained material that was too large to enter the gel pores and smal l enough to pass the 

fi lter (0.22 flm) and therefore entered the column. I n  the region between 22 and 25 min 

of  elution time, the absorbance corresponded to intermediate-sized aggregates, which 

probably corresponded to low mobi l i ty bands on PAGE patterns (e .g .  Figure 6 .5A, 

Lanes 2-5 ). I t  was observed that, as the pressure treatment time increased, the total 

quantity of material that entered the column decreased and the height of the peak that 

e l uted between 2 1  and 27 min decreased (e.g. Figure 6 .4F). Also, the size of peak 

corresponding to native protein was decreased to about 1 0% that of the control (F igure 

6 .4A), suggesting that about 90% of the original native protein had been denatured and 

polymerised to give high molecular weight aggregates of the size that would not pass a 

0 .22 �lm filter to enter the column. The resolution of the protein peaks in the present 

study was poor, compared with that obtained when a Superdex-75 column was used for 

simi lar studies on heated whey protein solutions (Schokker et aI . ,  1 999). 
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Figure 6.4. Size exc lusion chromatograms of WPC solutions ( 1 2% w/v) for (A) 
untreated control samples and for samples pressure treated (800 M Pa at 22°C) for (B) 
20 min, (C)  40 min, ( D) 60 min, (E)  90 min and (F )  1 20 min,  monitored at 2 1 4  nm 
wavelength. 
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6.3.5 l D  PAG E analysis 

The PAGE patterns of control and pressure-treated WPC samples, analysed by I D  

native- PAGE, sodium dodecyl sulphate (SDS)-PAGE and SDS-PAGE of reduced 

samples (SDSR-PAGE), are presented in Figures 6 .5A, 6 .5B and 6.5C respectively. The 

identities of the protein bands in the control sample were determined as described 

earl ier (Chapter 4) and the positions of the major whey proteins are noted on the left­

hand s ide of the PAGE patterns of the control samples (Lane 1 in Figures 6.5A, 6 .5B 

and 6 .5C). Pressure-induced aggregates are denoted as  X ,-X6 and �-X6 on the right­

hand side of the native- and SDS-PAGE patterns respectively .  

Native-PAGE 

The native-PAGE patterns of the pressure-treated WPC solutions (Lanes 2-6, Figure 

6.5A) showed that the intensities of the bands corresponding to native- l ike monomeric 

whey proteins decreased with increasing pressure treatment time. It was clear from the 

PAGE pattern that the WPC used in the present study contained a smal l  proportion of 

glyco-a-LA (denoted as a-LA * ), the detai ls  of which have been explained earl ier 

(Chapter 4), and non-native �-LG species were also apparent in the 2D PAGE patterns 

of corresponding pressure-treated samples (Figures 6 .7  A-6. 70) .  Most of the changes 

observed in the pressure treated samples were simi lar to those described in Chapter 4 .  

The new bands X2 and X3 (Lanes 2-6, Figure 6 .5A), which were not present in the 

control sample (Lane 1 ,  Figure 6.5A), corresponded to �-LG dimers and trimers 

respectively. These species were also identified using 2 D  PAGE techniques (compare 

with corresponding 20 PAGE pattern in F igure 6 .7) .  The bands X2 and X3 appeared to 

reach maximum concentrations in the samples that were pressure treated for 20 and 40 

min ( Lanes 2-3 , Figure 6.5A) and thereafter their intensity decreased. Simi larly, bands 

X4 and Xs reached maximum intensities in the sample that was pressure treated for 60 

min ( Lane 4, F igure 6 .5) .  The l ower intensity of region X6 in the samples pressure 

treated for 90 min and longer (Lanes 5 and 6, Figure 6 .5A) indicated that the pressure­

induced aggregates present in these samples were too large to enter the stacking gel or 

to remain in the sample loading wel l of the stacking gel and therefore were lost during 

the staining and destaining procedures. This observation is  consistent with the results of 

size exc lusion chromatography (e.g Figure 6 .4F). These results suggest that the 
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pressure-induced interactions progressed towards the formation of larger and larger 

aggregates upon prolonged holding times. The largest aggregates on the top part of the 

staclcing gel or caught in the sample wel l  (X6), within the stacking gel (Xs) and at or 

near the top of the resolving gel (X4) probably consisted of both disulphide-l inked and 

non-covalently  associated proteins and contained protein aggregates of low net negative 

charge and/or high molecular weight. 

SDS-PAGE 

The major protein bands were also readi ly identified in the SDS-PAGE pattern of the 

control sample  ( Lane I ,  Figure 6 .5B) .  The bands corresponding to the A and B variants 

of p-LG were indistinguishable and migrated more slowly than a-LA, in contrast to 

their mobility in the native-PAGE pattern ( Figure 6.SA).  

The regions labeled X2-X6 ( Figure 6 .5B) indicate the positions of new bands on SDS­

PAGE that were formed as a consequence of the pressure treatment. The high molecular 

weight polymers were at the top of the stacking gel or in the sample loading wel l  �6), 
within the stacking ge l �5) and at or near the top of the resolving gel �). These 

aggregates did not contain non-covalently associated proteins as they were not 

dissoc iated by SOS. The new bands X2 and XJ, which were not present in the control 

sample, corresponded to p-LG dimers and trimers and were identified as covalently 

l inked dimers and trimers using 2D SDS: SDSR-PAGE (compare with Figures 6. 7E-

6.7H) .  These bands appeared to attain maximum intensity after 40 min of pressure 

treatment (Lane 3 ,  Figure 6 .5B) .  

Reduction of the control sample and the pressure-treated samples prior to analysis by 

SDS-PAGE gave almost identical patterns (F igure 6.SC), showing that there were no 

pressure-induced interactions leading to the formation of aggregates that could not be 

reduced using 2-mercaptoethanol .  These results indicated that no covalent bonds other 

than disulphide bonds were formed. 
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Figure 6.5. Typical ID  (A) native-, (B)  SDS- and (C )  SDSR-PAGE patterns of 
pressure-treated (800 MPa for 0-1 20 min at 22°C) WPC solutions: control sample 
(Lane 1 )  samples pressure treated for 20 min ( Lane 2), 40 min ( Lane 3), 60 min ( Lane 
4), 90 min ( Lane 5) and 1 20 min (Lane 6), and control sample ( Lane 7). The identities 
of the major monomeric protein bands in  the control samples are noted on the left-hand 
side and the new protein bands present as a consequence of the pressure treatment are 
denoted on the right-hand side as X I -X6 on native-PAGE (A) and �-X6 on SDS­
PAGE (B) .  
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Formation of covalently linked and non-covalently linked protein aggregates 

The integrated intensities (quantified data) of the bands corresponding to SDS­

monomeric (Figure 6 .6A) and native-l ike (F igure 6.6B) �-LG, a-LA and BSA were 

plotted against the pressure treatment time. The relat ive decrease i n  the intensities of the 

bands corresponding to SDS-monomeric and native-l ike �-LG, a-LA and BSA in the 

pressure-treated samples (compared with those in the PAGE pattern of the control 

sample) indicated that the concentration of �-LG decreased faster than that of a-LA or 

BSA (F igures 6.6A and 6.6B), supporting earlier find ings as discussed in Chapter 4 as 

wel l  as those reported earl ier in mi lk samples ( L6pez-Fandifio et aI . ,  1 996; L6pez­

Fandifio & Olano, 1 998a; Garcia-Risco et aI . ,  2000; Needs et aI . ,  2000a; Huppertz et aI ., 

2004a; 2004b) or in whey (Huppertz et aI . ,  2004b). These plots showed that the 

sensitivity of the pressure-induced aggregation of three major whey proteins was �-LG 

> BSA > a-LA, which was quite different from that obtained for the heat treatment of 

WPC solutions (BSA > �-LG ;:::; a-LA), using comparable analytical methods (Have a et 

aI . ,  1 998) .  

This quantitative analysis of the protein bands in  the 1 D native- and SDS-PAGE 

patterns of the control and pressure-treated samples (Figures 6.6A and 6.6B) showed 

that the loss of native-l ike proteins ( Figure 6.6B) was comparatively greater than the 

loss of SDS-monomeric proteins (Figure 6 .6A) for al l  major whey proteins, including �­

LG, a-LA and BSA. Such a difIerence in the concentrations of the monomers, assessed 

by PAGE analysis, represents the ' non-native monomer' species (mainly non­

covalently- linked (hydrophobic) aggregates) as discussed in chapter 4 and has been 

investigated and discussed previously ( Havea et a I . ,  1 998; Manderson et aI . ,  1 998; 

Creamer et aI . ,  2004; Considine et aI . , 2005a, 2005b). 

Figure 6 .6C shows the changes in non-native �-LG, a-LA and BSA with pressure 

treatment. Most of the monomeric �-LG was aggregated into disulphide-bonded 

dimers, trimers etc . (see F igure 6.7F) but some was converted into non-native 

monomeric �-LG (Figure 6.6C).  These results indicated that approximately 5-25% of 

the aggregates formed during the pressure treatment of 1 2% WPC solutions for different 

holding times at 800 MPa were non-covalentIy l inked (Figure 6.6C) and that the 



1 52 Chapter 6: Pressure-induced aggregation and gelation of whey proteins 

majority (approximately 75-95%) of these aggregates were disulphide l inked, 

confirming ear l ier results of Chapter 5 .  
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6.3.6 Characterisation of pressure-induced protein interactions using 2 D  PAG E 

The WPC samples were further analysed usmg 2D PAGE techniques (native :SDS­

PAGE and SDS:SDSR -PAGE), in order to characterise the i nteraction products formed 

during pressure treatment . The general procedures that have been used previously to 

characterise pressure-induced aggregates (Chapter 4) in WPC solutions were fol lowed 

to give the results shown in Figure 6 .7 .  

2D native:SDS-PAGE of control and pressure-treated samples 

The PAGE patterns of the control sample and the samples that were pressure treated for 

20, 60 and 1 20 min are shown in F igures 6.7A-6.70 respect ively. Each figure contains 

the horizontal ly mounted stained gel strip (marked as a") and the sample gel strip 

(marked as a') from the 1 0  nat ive-PAGE, the corresponding SOS-PAGE pattern of the 

non-reduced sample in the left-hand vertical lane (denoted as SNR) and a series of 

molecular weight standards (denoted as Mr) in the right-hand lane (Figure 6 .7  A). 

The protein spots corresponding to �-LG, a-LA, a-LA*, B SA and lactoferrin ( LF) 

monomers identified earl ier in WPC samples (Chapter 4) were readi ly observed on the 

PAGE pattern of control samples (Figure 6.7A) .  The spot resolved adjoining to a-LA 

could be an a-LA dimer (marked as a-LA2)  (Chapl in & L yster, 1 986; Havea et ai . ,  

1 998,  2000; Hong & Creamer, 2002), which may be present in commercial WPC 

samples as a consequence of processing. 

Comparison of the 20 PAGE pattern of the control sample (F igure 6.7 A) with those of 

the pressure-treated samples (F igures 6. 7B-6. 7D)  showed that the intensities of al l  

monomeric whey protein spots, i nc luding immunoglobulin G ( IgG), LF, BSA, �-LG 

and a-LA, decreased with the t ime of pressure treatment, with the simultaneous 

appearance of new protein spots (as shown in the region Y', F igures 6 .7B-6.70) .  The 

protein spots corresponding to monomeric IgG and LF were absent from the samples 

that were pressure treated for 20 min or longer ( Figures 6 .7B-6.70),  but a faint spot of 

monomeric BSA was sti l l  observable even in the samples pressure treated for 60 min. 

Comparison of the sample gel strip (a' ) in the 2D gel with the stained gel strips (a") of 

the control sample (Figure 6 .7A) and the pressure-treated samples ( Figures 6 .7B-6.70) 
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showed that the high molecular weight protein aggregates formed by pressure treatment 

(Figures 6 .7B-6.7D, particularly marked as �-X6 on the stained gel strip) were only 

partially dissociated by SDS PAGE in the second dimension. Some protein aggregates 

(marked as X2, X3, X4, Figure 6 . 7B) dissociated from the region between the a-LA band 

and the top of the resolving gel of the sample gel strip to give many c losely located 

protein spots on the 2D gels, forming an almost continuous faint inc l ined l ine (marked 

Y', Figure 6 .7B) as described earlier in Chapter 4. The faint band with a mobi l ity 

intermediate between monomer and dimer in the fi rst dimension (Figure 6 .5 )  had the 

same electrophoretic mobil ity in the second dimension as the monomer (marked as N' ,  

Figure 6 .7  A) and therefore was identified as non-native monomer, as descr ibed by 

Manderson et a l .  ( 1 998). Also, as shown and described in Chapter 4, there was a series 

of closely located very faint spots in the region between the 13-LG spot and the 13-LG 

band in the left-hand lane in the PAGE pattern of the pressure-treated samples (F igure 

6 .7B) .  These spots corresponded to hydrophobically bonded non-native monomers of 13-

LG, 13-LG dimer, trimer etc. generated as a result of the pressure treatment. As observed 

in Chapter 5 ,  these results also confirmed that proportions of pressure-induced 

aggregates were non-covalently l inked, when concentrated WPC solutions were 

subjected to severe pressure treatment. 

2D SDS:SDS-PA GE of control and pressure-treated samples 

The 2D SDS:SDSR PAGE patterns of the control sample and the samples that were 

pressure treated for 20, 60 and 1 20 min are shown in Figures 6 .7E-6.7H.  Each PAGE 

pattern contains the stained gel stri p (a") from the 1 D SDS-PAGE and the molecular 

weight markers (Mr). The reduced SDS sample loaded in the left-hand lane ( denoted as 

SR) was the reduced sample of the corresponding sample used in the 1 D SDS-PAGE 

(see Figure 6.5C) .  
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Figure 6.7. 2D PAGE patterns of control and pressure-treated WPC solutions ( 1 2% 
w/v) ,  Native- and then non-reduced SDS-PAOE patterns of (A)  the control, and 
samples pressure treated for ( B )  20 min, (C)  60 min and (D )  1 20 min. Simi larly, SDS­
and then reduced SDS-PAGE patterns of (E) the control, and samples pressure treated 
for (F )  20 min, (0 )  60 min and (H )  1 20 min. 
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The 2D SDS:SOSR-PAGE pattern of the control sample is shown in  Figure 6 .7E .  The 

spots corresponding to a-LA, �-LG, caseins, I gL,  I gH ,  BSA and LF were c learly 

identified as described earl ier ( see Section 4 .3 . 7  in Chapter 4) .  

Comparison of the PAGE pattern of the control sample (Figure 6 .7E)  with those of the 

pressure-treated samples (Figures 6.7F-6.7H ) showed the presence of new spots 

corresponding to reduced SOS dimers, trimers and higher polymers of �-LG in the 

pressure-treated samples .  The most significant spots were in a horizontal l ine that 

al igned with the large monomeric �-LG band in the left-hand lane ( i .e .  a series of spots 

between the spot corresponding to monomeric �-LG and the �-LG band on the left-hand 

s ide). From right to left in the 20 PAGE pattern, there was a large spot corresponding to 

reduced monomeric �-LG fol lowed by a di stinct dimer spot, then a distinguishable 

trimer spot and then a large spot resolved from the band corresponding to aggregated 

material resolved from the X4 region of the reduced sample gel strip (Figure 6 .5B) .  

Further to the left wa a faint �-LG streak that was resolved from the region that 

corresponded to Xs and X6 of the reduced sample gel strip (Figure 6 .5 B) .  These results 

suggested that pressure-induced disulphide-bonded dimers, trimers and high molecular 

weight polymers were generated. 

A simi lar pattern of a horizontal line consisting of faint spots was also observed 

between the a-LA spot and the a-LA band on the left-hand side (Figures 6.7F-6 .7H ) .  

A lso, the spots corresponding to reduced BSA, I gG and LF were identified on the 20 

PAGE pattern of the pressure-treated samples, suggesting that disulphide-bonded 

dimers, trimers etc. and disulphide-bonded complexes of �-LG with a-LA and BSA, 

I gG and LF were generated by the pressure treatment of WPC solutions. The low levels 

of a-LA polymers compared with �-LG polymers as wel l  as the presence of a moderate 

level of a-LA monomer even after severe pressure treatment for 1 20 min at 800 M Pa 

(Figure 6.6) reinforced the notion that a-LA was not as responsive as �-LG to high 

pressure treatment. 
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6.4 General discussion 

The 2D native :SDS-PAGE data (F igures 6. 7A-6 .7D) show that medium- to large-sized 

polymers can be bui l t  up from smal ler aggregates such as non-native monomers, dimers, 

trimers etc . These results are consi stent with the TEM patterns ( Figure 6.3) ,  which show 

that there was an increase in the larger aggregates, which were apparent after various 

pressure treatments ( Figure 6 .3B) .  The SEC pattern (F igure 6.4B) also indicated that the 

native protein peak had dimini shed significantly after pressure treatment and the larger 

and larger polymers which could not enter 0.22 /-l filter were formed. It has been 

postulated that p-LG, being a major whey protein, plays a major role in thermal 

( Mulvihi l l  & Kinsel la, 1 987; Boye et aI . , 1 995) or pressure- induced (Van Camp et ai . ,  

1 997a, 1 997b) aggregation and gel formation of WPC. Therefore, the major part of the 

discussion in this chapter is focused on effects of h igh pressure on p-LG. However, it is 

useful to begin with the knowledge that heated WPC solutions contained 1 :  1 disulphide­

bonded adducts of a-LA and p-LG and that these were more obvious at lower WPC 

concentrations ( Have a et ai., 1 998) .  This reaction was further explored by Hong & 

Creamer (2002) to show that p-LG could catalyse the formation of a-LA disulphide­

bonded dimers and could form 1 :  1 adducts of a-LA and p-LG .  However, analysis of the 

pressure-treated samples (Figures 6 . 7F-6.7H) showed that there was very little dimeric 

material containing a-LA, viz. a-LA dimer, a-LA: BSA or a-LA : p-LG, but that p-LG 

dimer was a major intermediate. More of such smal ler adducts and intermediate 

aggregates were observed when WPC solutions were pressure treated at significant ly 

lower concentration and lower pressures such as 200 MPa (as di scussed in Chapter 5 ), 

as was the case for heat-treated samples ( Havea et a i . ,  1 998) .  However, the examination 

of a model system helped to further clarify this situation (see Chapter 8).  

The loss of native-l ike or SDS-monomeric a-L A  (Figures 6 .5  and 6.6) from the 

pressure-treated WPC solutions was moderate, but this may not be so if a-LA a lone is 

pressure treated (Chapter 8) .  In milk ( Huppertz et ai . ,  2004a), a-LA is not affected at 

pressures up to 400 M Pa. Of course, when a WPC solution is heated, a-LA is  denatured 

almost at the simi lar rates to those for p-LG and BSA (Havea, 1 998;  Havea et aI . ,  1 998, 

2002). The mechanism suggested involvement of thiols, notably CysH 1 2 1  of p-LG in 

the first instance (Hong & Creamer, 2002), catalysing disulphide bond interchange 

within a suitable environment (suggested to be a molten globule) involving both a-LA 
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and p-LG (L ivney et aI . ,  2003 ) .  I t  i s  unl ikely that the types of environments, such as 

hydrophobic/molten globule, that exist at high temperatures are comparable with those 

that wi l l  be avai lable at high pressure, in which hydrophobic c lusters are less stable 

(Lassal le et ai . ,  2003 ) .  However, it was shown by Hong & Creamer (2002) that 

a-LA heat denatures faster in the presence of p-LG, probably because these proteins 

can form a stable  adduct, which can then undergo thiol-catalysed di sulphide bond 

interchange within the hydrophobic interior of the adduct. This mechanism could apply 

equal ly wel l  to the pressure-induced denaturation and aggregation of a-LA in a mixture 

of whey proteins. As discussed in Chapter 4, the comparison of the present results with 

those in the l iterature also suggests that there are some similarities between the heat­

induced aggregation and the high-pressure-induced aggregation of whey proteins. On 

the other hand, it has been reported that there are significant differences i n  protein 

denaturation and aggregation induced by heat compared with high pressure (e.g. 

Heremans et aI . ,  1 997) probably because the effects of high pressure on protein 

solutions are mainly related to the rupture of non-covalent interactions and subsequent 

re-formation of bonds within and between protein molecules, leading to the formation 

of oligomers and polymers, l inked by hydrophobic interact ions and disulphide bridges. 

Therefore, it is  suggesting that the gels produced from whey proteins by high pressure 

may have different properties from those made by heat treatment. 

As discussed in Chapter 2, gel formation within the neutral pH range is explained by the 

bui ld-up of intermolecular disulphide bonds, which connect the whey proteins to form a 

network structure (Van Camp & Huyghebaert, 1 995b; Tanaka & Kunugi, 1 996; Van 

Camp et aI . ,  1 997a, 1 997b; Kanno et aI . ,  1 998; Stapelfeldt & Skibsted, 1 999), which is  

common for both heat- and high-pressure-induced gels .  However, various studies have 

suggested that the structure and the properties of heat- and pressure-induced gel s  of 

p-LG are different (Van Camp & Huyghebaert, 1 995a, 1 995b; Van Camp et ai . ,  1 996; 

Dumay et aI . ,  1 998) .  [n general, pressure- induced gels are weaker, less elastic and more 

exudative than heat-induced gels (Cheftel & Dumay, 1 996; Dumay et ai . ,  1 998)  and 

high pressure treatment generates gels  with more porous structures and lower firmness, 

compared with heat-induced gels (Van Camp & Huyghebaert, 1 995b; Zasypkin et aI . ,  

1 996; Dumay et  aI . ,  1 998) .  I n  th is  context, the results of the present study showed that 

the samples of 1 2% w/v WPC solutions that were pressure treated at 800 MPa at 22°C 

contained a range of disulphide-bonded and hydrophobica l ly bonded protein aggregates 
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after pressure release (F igure 6.7)  and gave visco-elastic gels (Figures 6.2) .  Samples 

that had been pressure treated for longer than 40 min contained particles (e.g. F igures 

6.3C-6.3F) that appeared to be comparable with those found by others (Van Camp et aI . ,  

1 997a, 1 997b; Kanno et aI . ,  1 998) and were s imilar to the particulate structure induced 

by heat treatment (Stading & Hermansson, 1 99 1 ;  Havea et aI . ,  2004) .  

As mentioned in  the previous reports (Huppertz et aI, 2006a; Considine et ai . ,  2005b, 

2006a, 2006b),  and as discussed in Chapter 4, it appears that, at neutral pH, �-LG 

progressively unfolds as the pressure increases to 400 M Pa. At this pressure, there are 

only transient structural elements (helices, strands and sheets) and almost no extensive 

structure. Disulphide bonds that originally stabi lised the native structure of �-LG are 

strained and, in the presence of a free thiol, inter- and intramolecular d isulphide bond 

interchange occurs readi ly (Creamer et ai., 2004). At high pressures such as that used in 

the present study, where the hydrophobic effect, which helps to cluster the hydrophobic 

side chains, is significantly  diminished (Heremans et aI . ,  1 997; Royer, 2002), the new 

disulphide bonds will be different from those in a heat-induced aggregation (Creamer et 

aI . ,  2004; Patel et aI., 2004; Considine et aI . ,  2005a) and wil l  vary with pressure. At 800 

M Pa and the time used in the present study, the proteins will have very l ittle class ical 

tertiary structure, but �-LG clearly associates progress ively into disulphide-bonded 

dimers, trimers etc . (Figures 6 .5-6.7)  to give much larger aggregates. 

In order to accommodate these two different viewpoints [ (v iz. extended holding time at 

high pressure gives more aggregation or gelation with particulate structure, which is  

observable after depressurisation (Figure 6.3 ) ,  but nuc lear magnetic resonance (NMR) 

and other data obtained after severe pressure treatment of whey proteins indicates that 

stable hydrophobic interactions are unl ikely) ] ,  another process needs to be involved. I t  

i s  possible that the particles seen in  Figure 6 .3  are not present at 800 MPa but are 

formed rapidly during (or after) pressure release and that the energy balance that 

favours hydrophobic interactions at lower pressures encourages the formation of these 

small partic les. This explanation is supported by the larger proportion of protein in the 

particulate form that occurs between 60 and 90 min of pressure treatment, when the 

extent of inter-protein disulphide bonding is at an intermediate stage (Figures 6.5-6 .7 ) .  

In  situ, pressure-induced gels are mainly stabi l i sed by hydrogen bonds because this 
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reaction favours a negative reaction volume. Gel formation wi l l  be restrained as the 

pressure increases if considerable hydrophobic interaction is involved, because the 

reaction volume is positive (Masson, 1 992) .  In such a case, i t  is assumed that the 

microstructure of the gel is built up during the pressure release phase because, as the 

pressure is reduced, hydrophobic interactions are again reinforced and the groups 

involved re-orient themselves (Suzuki & Taniguchi, 1 972; Cheftel, 1 992) .  With 

increasing pressure, protein molecules undergo a sequence of conformational changes 

due to the balance of stabi l ising interactions that are altered (Johnston et aI . ,  1 992a, 

1 992b) However, during the pressure release phase and after pressure treatment (as in 

the present study), new intermolecular interactions are formed and the proteins may 

become differently structured ( Fertsch et aI . ,  2003) .  

Another possible hypothesis is that during earlier stages (e.g. up to 60 min) of pressure 

treatment, large protein aggregates (particulate aggregates), held together by 

hydrophobic association were formed. During the later stages (90 and 1 20 min), these 

aggregates appear to di sperse into fine stranded aggregates, which were held together by 

both hydrophobic and disulphide-linked associations ( see TEM and PAGE results). 

Based on this explanation, it seems that the pressure-induced ge l formation of WPC 

solut ions fo llowed novel pathways ( see Figure 6 .8) .  This hypothesis is speculation 

based on what might be possible, but comparative results of " in-situ" analysis and 

analysis of the same sample after pressure release will be required to confirm achlal 

changes taking place during and after pressure-treatments. 

As shown in the present study, the proteins in WPC solutions interact and gradually 

aggregate to form polymers of increasing size with increasing time of pressure treatment 

at 800 MPa. The identification of dimers, trimers etc . of p-LG and the other labile whey 

proteins using 20 SDS:SOSR -PAGE suggests that disulphide bond interchange is 

involved, as previously suggested in Chapter 4 and in a number of other studies ( Fel ipe 

et aI ., 1 997;  L6pez-Fandino et aI . ,  1 997; Kanno et aI . ,  1 998). The progress towards gel 

formation is slow relative to heat-induced gelation and this must be constrained either 

by the low rate of thiol-catalysed disulphide bond interchange or by the overal l low 

energy gain as a result of gel formation. 

Overal l, the results of this study on a 1 2% w/v WPC solution at neutral pH are self­

consistent and can be interpreted to give a coherent picture of the changes to the protein 



1 62 Chapter 6: Pressure-induced aggregation and gelation of whey proteins 

components and thei r  aggregation that occur during pressure treatment ( 800 MPa at 

22°C for an extended period of time). I t  i s  l i kely that several p-LG molecules wi l l  

become l inked to  one another by  new disulphide bonds and that there wi l l  be  a number 

of CysH residues that are capable of interacting with the disulphide bonds of other 

molecules. a-LA, as the second major protein, is a potential candidate for forming a 

disulphide bond with the newly formed p-LG strands and with avai lable CysH residues. 

At thi s  pressure, there wi l l  be negligible p-LG secondary structure, but a-LA wil l  

probably have some secondary structure, because of the stabi l i ty of the molten globule 

state of this protein .  Thus, a-LA wil l  react s lowly with the thiols of p-LG and wi l l  

become incorporated into the growing protein strands and aggregates. L t  is  envisaged 

that, after about 90 min of pressure treatment, most of the proteins wi l l  have become 

attached to one another via disulphide bonds and that there wi l l  be virtual ly no strong 

protein-protein interaction or association other than via disulphide bonds .  This situation 

is very different from that in heat-treated WPC solutions, where hydrophobicity appears 

to be an important driving force. Once the pressure is reduced to atmospheric, the 

hydrophobic assoc iations wi l l  be partly restored within the constraints of the new 

disulphide bonding structure. 

6.5 Concl usio n s  

I n  the current study to elucidate the pathway of  pressure-induced gel formation, i t  was 

found that the pressure-treated samples showed a time-dependent loss of native whey 

proteins by SEC and I D PAGE, and a corresponding increase in non-native proteins 

and protein aggregates of different sizes. These aggregates altered the viscosity and 

opacity of the samples and were shown to be cross-l inked by i ntermolecular disulphide 

bonds and by non-covalent interactions using I D  PAGE (native, SDS and SDSR) and 

2D PAGE (native:SDS and SDS:SDSR PAGE) .  As discussed in Chapter 4 and again 

confirmed by results of present study, the large internal hydrophobic cavity of p-LG 

may have been partial ly responsible for its sensitivity to high pressure treatments. 

Conversely, a-LA responds to pressure by modifying its structure to be more molten 

globule l ike and does not fully unfold at very high pressures. Various possible aspects 

and hypotheses in support of pressure-induced gel formation have been discussed in 

detai l based on the results of the present study . I t  seemed l ikely that, at 800 MPa, the 

formation of a p-LG disulphide-bonded network preceded the formation of disulphide 
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bonds between a-LA or BSA and p-LG to form multi-protein aggregates, possibly 

because the disulphide bonds of a-LA and BSA are less exposed than those of p-LG 

either during or after pressure treatment. I t  may be possible that intermolecular 

disulphide bond formation occurred at high pressure and that hydrophobic assoc iation 

became important after the high pressure treatment. 
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CHAPTER 7 
Effects of Heat and H igh Hydrostatic Pressure on  Interactions 

of Proteins in Skim M ilk! 

7. 1 Introduction 

The heat-induced interactions of caseins and whey proteins play an important role in the 

functional ity of many dairy products (Hague & Kinsel la, 1 988;  Jelen & Rattray, 1 995) ,  

e .g .  the heat stabi l ity of  milk and the texture of yoghurt. Many studies have been 

reported on heat-induced interactions between p-Iactoglobulin (P-LG) and K-casein  (K­

CN) in  model systems or in  milk, suggesting that the two disulphide bridges and the 

free sulphydryl group present in the native structure of p-LG play an important role in  

its heat-induced interactions with K-CN (Hague et  a I . ,  1 987;  Hague & Kinsel la, 1 988;  

Hi l l ,  1 989; Dalgleish, 1 990; Jang & Swaisgood, 1 990; Singh, 1 995 ; Corredig & 

Dalgleish, 1 999; Cho et aI . ,  2003 ) .  Recently, high pressure (HP)  processing has also 

been recognised as a tool for the modification of proteins (Cheftel, 1 992; Hayashi, 1 992 ; 

Balny & Masson, 1 993 ) ,  and thus i s  considered to be one of the most promising new 

processing technologies for modifying the functional and textural properties of dairy 

products (Johnston, 1 995 ;  Vardag & Korner, 1 995; Messens et aI . ,  1 997; Datta & Deeth, 

1 999, 2003 ; Needs et aI . ,  2000a, 2000b) .  

Most of the earl ier work on the effects of HP on milk proteins has been on the 

denaturation behaviour (or kinetics) of individual proteins in mi lk (e.g. L6pez-Fandino 

et a I . ,  1 996, 1 998;  Fel ipe et aI . ,  1 997; Garcia-Risco et aI . ,  2000; Scol lard et aI . ,  2000; 

Huppertz et aI . ,  2004a, 2004b), pasteurised milk (Needs et aI . ,  2000a, 2000b) or 

reconsti tuted skim milk ( Gaucheron et aI . ,  1 997).  p-LG has been reported to interact 

with K-CN, probably via disulphide bonds (Felipe et aI ., 1 997;  L6pez-Fandifio et aI . ,  

1 997, 1 998;  Needs et aI . ,  2000b; Scol lard et aI . ,  2000)  during HP  treatments. Some of 

these studies also reported a decrease i n  the turbidity and the size of the casein micel les 

I Part of the content presented in this chapter has been publ ished as a peer-reviewed paper in Journal of 
Agricultural and Food Chemistry (2006) 54 3409-3420. 

Part of the content was also presented as an oral paper at the ADSA-2004, St. Louis, Missouri, 26-29 Ju ly 
2004, and was pub l i shed in M i l k  Proteins and Enzymes Section, Journal of Dairy Science (2004) 87 
(Suppl. I ) 98.  
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due to their disintegration as a consequence of pressure treatments between 250 and 600 

M Pa (Desobry-Banon et aI . ,  ] 994; Gaucheron et aI . ,  1 997; Needs et aI . ,  2000b; 

Huppertz et aI., 2004a, 2004c; Anema et aI . ,  2005b). These studies explored the effects 

of HP on individual proteins, but little attention has been paid to characterizing the 

pressure- induced i nteractions of caseins and whey proteins, including interaction of usT 
CN and �-LG. 

Various one-dimensional ( 1  D) and two-dimensional (2D) polyacry lamide gel 

electrophoresis ( PAGE) techniques have been used to characterise aggregates and 

interaction products formed in heat-treated or pressure-treated (Chapters 4-6)  WPC 

solutions. We have appl ied such teclmiques to characterise pressure- induced 

interactions of caseins and whey proteins in a more complex system, such as milk .  I t  

was necessary to  modify the standard sodium dodecyl sulphate (SDS)-PAGE method 

and to develop another PAGE method (2D alkaline urea (AU) :SDS-PAGE)  in order to 

analyse the large process- induced aggregates formed in the presence of high casein 

concentrations. 

7.2 Experi m e n tal 

The detai led procedures for obtaining skim mi lk, for heat and pressure treatment of 

skim milk samples and for analysing various samples using appropriate I D and 2D 

PAGE methods have been described in  Chapter 3 .  

A summary of  the experimental plan for generat ing and analysing the heat- and 

pressure-treated skim mi lk samples by PAGE methods is outl ined in F igure 7 . l .  

The standard 2D SDS and then reduced S DS-PAGE method described in Chapter 3 and 

used in Chapters 4 and 6 was used with some modi fications in order to trap very high 

molecular weight aggregates (the aggregates that were unable to enter the ge l )  present in 

the heat- and pressure-treated skim milk samples. In  the modified method, the sample 

was mixed with the stacking gel mixture and was set within the sample loading wel l  

(Davis, 1 964). See Figure 7.3 and results and discussion session for more detai l .  I n  

addition, the combination of non-reduced AU- and then S DS-PAGE (as described in 

Chapter 3) was used for effective separation of the caseins from one another. 
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Figure 7 .1 .  Outli ne of the steps taken from the raw skim milk,  via a variety of heat and 
pressure treatments, to the PAGE analysis results. The heat treatments used 
corresponded to pasteurisation (nOe for 1 5  s),  preheat treatments used for powder 
manufacture ( 1  oooe for 1 20 s or 1 200e for 1 20 s) and UHT steri l isation ( 1 400e for 5 
s). 
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7.3 Resu lts and discussion 

7.3. 1 Appearance of milk 

Visual differences between heat- and pressure-treated skim milk samples were noticed 

directly after treatment (Figure 7.2) .  There was no distinct difference between the 

untreated control sample and the heat-treated skim mi lk sample ( Figure 7 .2A) .  However, 

the appearance of the pressure-treated sample changed to translucent or semi­

transparent with a sl ightly yel low hue, which may be attributed to pressure-induced 

changes in the casein micel les (Figure 7 .2B) .  When the milk was he ld at refrigerator 

temperature (about 5°C), it retained the semi-transparent appearance for long periods 

(several days) .  However, upon holding at room temperature, the milk became 

progressively more turbid, but did not return to the original appearance of the untreated 

milk. These observations are in agreement with the observations that have been reported 

previously (Needs et aI . ,  2000a, 2000b; Gervi l la  et aI . ,  200 1 ) . 

e E o u 

u u 
o � 
0 0  O N  

A 

� .5  
o E 
0 0  \0 M 

B 

Figure 7.2.  Changes in the appearance of skim mi lk after heat (A) and pressure 
treatment (B) ,  as marked on each of the samples, compared with an untreated contro l .  
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7.3.2 Modification of standard SDS-PAGE 

I t  was observed during pre l iminary experiments that some very large heat- or  pressure­

induced aggregates (molecular weight > 5 00 kDa) did not enter the stacking gel during 

electrophoresis; as a consequence, they were caught in the sample loading wel l and 

were subsequently lost during the stain ing and de stain ing procedures. While try ing 

different approaches to resolve this prob lem, we found that mixing the heat- or 

pressure-treated samples with a polyacry lamide of s imi lar composition to the stacking 

gel and setting them in the sample loading wel l  using similar principles to those 

described by Davis ( 1 964) trapped the protein  aggregates with a molecular mass gr ater 

than about 500 kDa within the set sample gels  (see Figure 7.3 ) .  This strategy prevented 

the loss of very large protein  aggregates during electrophoresis and during the gel 

staining and destaining procedures. Consequently, a qualitative estimate of the 

composition of these very large aggregates could be made using the 2D SDS:SDSR-

PAGE procedure. 

Another problem was that the standard native- and SDS-PAGE methods (Chapters 4-6) 

were not suitable for dispersi ng the samples (containing high concentrations of caseins) 

sufficiently to give c lear patterns of each of the proteins. The caseins, which are 

naturally aggregated into micelles, are difficult to disperse at neutral pH .  However, i n  

SDS solutions, the casein components are readily dispersed as SDS complexes. A l l  four 

caseins (as t -CN, as2-CN, p-CN and K-CN) are readi ly separated by SDSR-PAGE, but 

they have similar mobi l ities and therefore the bands corresponding to all four caseins 

overlap when higher sample loadings are used or when the sample contains high 

concentrations of caseins. I t  was found that the caseins are dispersible in 5 M urea 

solution and migrate satisfactorily at higher sample loadings in an AU-PAGE system. A 

prel iminary study showed that a 2D PAGE system based on a urea separation in the first 

dimension fol lowed by an SDS separation in the second dimension could effectively 

separate the caseins from one another. 
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Figure 7.3. Diagram showing the preparation and running of a sample of heated mi lk in 
a modified 2D SOS:SDSR-PAGE system. The mi lk sample is dispersed in S DS stacking 
buffer, mixed with an acrylamide gel solution and set in  two sample wells of a standard 
SOS-PAGE gel .  After electrophoresi s  of the samples, one of the gel strips is stained 
and the other is immersed in a SOS sample buffer containing 2-mercaptoethanol 
solution to reduce the covalent disulphide bonds. After washing, the unstained treated 
sample gel strip is clamped into another electrophoresis cel l ,  the SDS resolving gel is  
set under it and then the SDS stacking gel  is  set around it .  After the second dimension 
electrophoresis, staining and destaining, the previously stained gel strip is  placed above 
and parallel to the strip that had been set into the gel .  This set-up is then scanned and 
photographed (see Figure 7 .7  for examples). This procedure al lows the relationship 
between the stained spots/bands of the disulphide-bonded proteins and those of the 
reduced proteins to be establ i shed. 

7.3.3 1 0  PAGE patterns of pure casein and whey proteins 

The AU-PAGE and SOS-PAGE patterns of pure proteins, including skim mi lk 

(standard), l actoferrin (LF) ,  bovine serum albumin ( BSA), immunoglobul in  G ( IgG ), 

us l -CN, usTCN, �-CN, K-CN are presented in Figures 7.4A and 7 .4B respectively .  The 

PAGE patterns of the pure proteins were useful for identifying individual caseins and 

whey proteins in the AU and SOS PAGE patterns of mi lk .  
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Figure 7.4. AU-PAGE (A) and SDS-PAGE (B)  patterns of pure proteins. 
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The loading detai ls on AU PAGE include, Skim milk standard (Lane 1 ), Lactoferrin 
(Lane 2) ,  BSA (Lane 3) ,  I gG (Lane 4), as2-CN (Lane 5) ,  as l -CN (Lane6), p-casein 
(Lane 7) ,  K-casein (Lane 8), p-Iactoglobul in (Lane 9), a-lactalbumin (Lane 1 0) .  

The sample load ing detai ls on SDS PAGE pattern are: skim mi lk  (Lane 1 ), Lactoferrin 
(Lane 2), BSA (Lane 3 ), IgG (Lane 4), as l - CN (Lane 5 ), as2-CN (Lane 6). as-CN 
(as l - + as2-CN) (Lane 7), p-CN (Lane 8) ,  K-CN (Lane 9) and skim milk standard (Lane 
1 0) .  

7.3.4 Identification of  protein ban ds on  I D  PAGE patterns of control samples 

iD SDS- and A V-PAGE 

The bands corresponding to LF,  BSA, IgG, a I -CN, asTCN dimer, p-CN, K-CN, p-LG 

and a-LA on the I D  SDS-PAGE patterns of the control samples ( Lane 1 ,  Figures 7.5A-

7.5C) were c learly identified by comparison with the I D  SDS-PAGE patterns of the 

pure proteins (Figure 7 .4B; Farrell et aI . ,  2004) and their identities are noted on the left­

hand side of each PAGE pattern. The bands corresponding to as l -CN, as2-CN, p-CN 
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and K-CN were clearly ident ified on the AU-PAGE patterns of the control samples 

(Lane 1 ,  Figures 7.6A and 7 .6B), whereas the bands corresponding to whey proteins 

were not clearly resolved on the AU-PAGE patterns. In addition, for the purpose of 

identifying the bands corresponding to various caseins and whey proteins, the caseins 

and whey proteins were prepared by acid precipitation of skim milk  (:::::: SO°C). The 

samples of skim milk and the whey and casein obtained from the same skim mi lk were 

analysed using comparable I D  (SDS- and AU-PAGE) and 20 (SDS :SDSR-PAGE and 

AU:SDS-PAGE) PAGE (see Appendix S ) .  These PAGE patterns were useful in 

ident ifying the pattern and location of various protein bands in the PAGE patterns of 

milk.  These protein bands are appropriately marked on the respective PAGE patterns 

(Figure 7.SA for SOS-PAGE and 7.6A for AU-PAGE) .  Some of the doubtful protein 

spots ( e.g. corresponding to as2-CN dimer, K-CN polymers and �-LG dimer) present in 

the 20 SOS:SOSR -PAGE pattern of the untreated control sample were further analysed 

to confirm the identity of the protein components by mass spectrometry of their tryptic 

digests (see Appendix 6). Some large aggregates marked as Xo or Xo were present in the 

SOS and AU PAGE patterns of the control samples respectively ( Lane 1 ,  Figures 7 .SA, 

7 .SB, 7 .6A and 7 .6B) .  

As described ear l ier (Chapter 4) ,  when the control sample was reduced prior to analysis 

by SOS-PAGE (Figure 7.SC), the �-LG and a-LA bands were more intense. Also, the 

material  that could not enter the gel or that migrated only a short distance in the non­

reduced sample (marked as Xo or Xo in Lane 1 of F igure 7 .SA or 7 . SB )  was absent from 

the PAGE pattern of the reduced sample ( Lane 1 ,  Figure 7 .SC) .  

7.3.5 I D  PAGE of beat- and pressure-treated samples 

The preparation of the heat- and pressure-treated milk samples is  out l ined in F igure 7 . 1 

and the resultant I D  SOS- and AU-PAGE patterns are shown in  Figures 7 .S  and 7 .6 

respecti vely. 

The large heat- and pressure-induced aggregates ( Lanes 2-S, F igures 7 .SA and 7 .SB)  

were c lassified into three groups, i .e .  those caught up at the beginning of  the resolving 
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gel ,  those caught up in the stacking gel and those that could not enter the gel or were 

caught up in the sample loading wel l ,  and are marked as regions X4, Xs and X6 

respectively. In F igures 7 .SA and 7 .SB,  X6 contained the material trapped in the set 

sample gels; in Figures 7.6A and 7.6B, X6 contained the material that would normally 

be caught in the sample loading wel l  at the top of the stacking gel. 

SDS-PA GE of heat-treated samples 

The nomenclature of the proteins in the control and heat- or pressure-treated samples 

has been described in detai l in Chapter 4. The same nomenclature and terminology i s  

used in  this study of  the heat- and pressure-induced denaturation, aggregation and 

interactions of proteins in the mi lk  system. 

The heat-treated samples were analysed by SDS-PAGE without di sulphide bond 

reduction (Lanes 2-S, Figure 7 .SA) and by SDSR-PAGE (Lanes 2-S, Figure 7.SC) after 

disulphide bond reduction with 2-mercaptoethanol .  In the PAGE pattern of the reduced 

samples (Figure 7.SC), Lanes 1 -6 appeared to be similar to one another, suggesting the 

presence of disulphide- l inked i nteractions in the heat-treated samples. 

I t  was observed that the intensities of the bands corresponding to B-LG and a-LA 

decreased significantly in the severely heat-treated samples ( Lanes 3-S, Figure 7.SA),  

whereas mild heat treatment, such as noc for I S  s (Lane 2 ,  Figure 7 .SA), did not affect 

the intensities of the bands corresponding to B-LG and a-LA.  However, some decrease 

i n  the intensities of the bands corresponding to monomeric IgG, LF and BSA was 

observed in the PAGE pattern of the sample heated at 72°C for I S  s (Lane 2, Figure 

7 .SA) .  The bands corresponding to these heat-sensitive proteins ( lgG, LF and BSA)  

were essential ly absent in  the PAGE patterns of  the PAGE pattern of  samples heat­

treated at 1 00 and 1 20 °C for 1 20 s or at 1 40 °C for S s  ( L anes 3-S, Figure 7.SA). The 

PAGE patterns of these severely heated samples also showed an increased density or 

dark-stain ing portion in the set sample gels  (X6), indicating that significant proportions 

of large protein aggregates, which could not enter the gel ,  were present in the mi lks 

heated at 1 00°C for 1 20 s, 1 20°C for 1 20 s and 1 40°C for S s (Lanes 3-S respectively, 

Figure 7 .SA). 



1 74 Chapter 7: Effects of heat and HP on interactions of proteins in milk 

Set sample 
gel & --re 

I gG 
as2-CN 
d imer 

BSA-

a-LA 
Set sample 
gel �---r£ 

I gG 
as2-CN 

2 3 4 

d imer ___ !' . ... _� . .. _, . �_. 

5 6 Mr 

b=� X� 

� 

Heat 

97400 

66200 

45000 
3 1 000 

2 1 500 

1 4400 

B Pressure 

97400 
66200 

45000 
3 1 000 

2 1 500 

1 4400 

C SDS (R) 

97400 
66200 

45000 
3 1 000 

2 1 500 

1 4400 

Figure 7.5. 1 0  SOS-PAGE patterns of non-reduced heat-treated (A) and pressure­
treated (B)  samples, and 1 D SDS-PAGE pattern of reduced heat-treated samples (C) .  
For the PAGE patterns of  the heat-treated samples (A and C) :  control ( Lane 1 ), heat 
treated at 72°e for 1 5  s (Lane 2), 1 000e for 1 20 s (Lane 3), 1 200e for 1 20 s (Lane 4) 
and 1 400e for 5 s (Lane 5 ), and control (Lane 6) .  Simi larly, for the PAGE patterns of 
the pressure-treated samples (B) :  control (Lane 1 ), samples pressure treated at 200 MPa 
for 30 min ( Lane 2), 400 MPa for 30 min (Lane 3 ), 600 MPa for 30  min ( Lane 4) and 
800 MPa for 30 min ( Lane 5 ), and control ( Lane 6) .  
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SDS-PA GE of pressure-treated samples 

Simi lar analysis of the pressure-treated samples usmg SDS-PAGE (Figure 7 .5B)  

showed steady changes with the extent of high pressure treatment from 200 to 800 MPa 

(Lanes 2-5 ). It was noticed that the intensities of the bands corresponding to �-LG, IgG 

and LF were the most affected. The changes in �-LG were apparent even in the sample 

pressure treated at 200 MPa for 30 min (Lane 2, F igure 7 .SB). However, the intensity of 

the band corresponding to a-LA was not much affected unti l the sample pressure treated 

at 400 MPa ( Lane 3 ,  Figure 7 .5B) .  Also, there were corresponding increases in the 

proportions of high molecular weight aggregates in the X4, Xs and X6 regions in the 

severely pressure-treated samples ( Lanes 3-5, Figure 7 .5B) .  However, it was found that 

the proportion of aggregates that were caught at the start of the resolving gel ( region 

marked as X4) was greater in  the PAGE patterns of the pressure-treated samples (Lanes 

3-5, Figure 7 .5B)  than in the PAGE patterns of the heat-treated samples ( Lanes 3-5 , 

Figure 7 .5A).  I n  other words, the proportion of very large aggregates in the regions 

marked as Xs and X6 was less in the PAGE patterns of the samples pressure treated at 

400-800 MPa (Lanes 3-5, Figure 7 . 5B) than in the PAGE patterns of the severely heat­

treated samples (Lanes 3-5, Figure 7 . 5A) .  

A U-PA GE of control samples 

Analysis of the control (untreated) mi lks usmg AU-PAGE ( Lane 1 ,  Figure 7 .6A) 

showed that the casein s  were well separated from one another. The bands corresponding 

to different proteins were appropriately marked on the left-hand side of the PAGE 

pattern ( Lane 1 ,  Figure 7.6A). Also, the effects of various genetic poly morphs of 

proteins, post-translational modifications, phosphorylation or glycosylation (Fox, 2003 ; 

Farrel l et aI . ,  2004) could be seen. �-LG gave rather blurred bands, probably as a 

consequence of thiol-disulphide interchange in the alkal ine (pH :::: 8 .7)  chaotropic 

environment. 
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Figure 7.6. 1 D AU-PAGE patterns of heat-treated (A) and pressure-treated ( B )  samples. 
For the PAGE patterns of the heat-treated samples (A) :  control (Lane 1 ), heat treated at 
72°e for 1 5s ( Lane 2), 1 000e for 1 20 s ( Lane 3 ), 1 200e for 1 20 s ( Lane 4) and 1 400e 
for 5 s (Lane 5), and control (Lane 6). Simi larly, for the PAGE patterns of the pressure­
treated samples (B ) :  control (Lane 1 ), samples pressure treated at 200 MPa for 30 min 
(Lane 2),  400 MPa for 30 min (Lane 3 ), 600 M Pa for 30 min ( Lane 4)  and 800 MPa for 
30 min (Lane 5) ,  and control ( Lane 6). 
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A V-PAGE of heat-treated samples 

The AU-PAGE pattern of the sample heat treated at noc for I S  s (Lane 2, Figure 7 .6A) 

was almost indistinguishable from that of the control sample (Lane 1 ,  Figure 7 .6A) .  The 

AU-PAGE patterns of the samples that had been heated more extensively ( Lanes 3-S, 

Figure 7.6A) showed that the intensities of the bands corresponding to whey proteins  

and caseins (mainly K-C and us2-CN) decreased significantly .  These results suggested 

that heat-induced interactions of whey protein s  with K-C and possibly w ith us2-CN 

occurred. Also, it was evident from these AU-PAGE patterns that s ignificant 

proportions of high molecular weight aggregates, marked as Xt, Xs and X6, were 

present in the AU-PAGE patterns of the samples heat-treated at l OO°C for 1 20 s, 1 20°C 

for 1 20 s and 1 40°C for S s (Lanes 3-S, Figure 7.6A). These results are consistent with 

those shown in F igure 7 .SA. 

A V-PAGE of pressure-treated samples 

Analysis of the pressure-treated samples usmg AU-PAGE showed s imi lar trends 

(F igure 7 .6B) to those observed in the SOS-PAGE patterns of the heat-treated samples 

(Figure 7 .SB). The pressure treatment diminished the intensities of the bands 

corresponding to monomeric Us2-C and K-C in Lanes 3-S, with corresponding 

increases in the intensities of the regions marked as Xt, Xs and X6. However, the 

differences were not as clear-cut as shown in the SOS-PAGE results (Figure 7 .SB) .  

When the regions marked as  X4, Xs and X6 in the PAGE patterns of the heat- and 

pressure-treated samples were compared, it was found that the proportion of aggregates 

caught at the top of the resolving gel was comparatively greater in the PAGE patterns of 

the pressure-treated samples (Lanes 3-S , Figure 7 .6B),  whereas the proportion of very 

large aggregates (that could not enter the gel or that were caught up in the sample 

loading wel l )  was comparatively greater in the PAGE patterns of the heat-treated 

samples (Lanes 3-S, Figure 7 .6A).  These results are consistent with the results for heat­

and pressure-treated WPC solutions (Chapter 4) .  
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7.3.6 2D PAGE of heat- and pressure-treated samples 

SDS:SDsR -PA G E of heat-treated samples 

The SDS : SDSR-PAGE pattern of the untreated control sample of untreated skim milk 

(F igure 7.7 A) had a series of spots that lay diagonally from the lower right of the gel to 

the upper left. As described in Chapter 4, the proteins that gave rise to these spots had 

comparable mobil ities regardless of the action of 2-mercaptoethanol, i .e .  they had not 

been part of a disulphide-bonded protein aggregate. The order of decreasing mobi l i ty on 

these PAGE pattern was: y-CN, a-LA, �-LG, K-CN monomer, �-CN, as l -CN, as2-CN 

monomer, as2-CN dimer and spots correspond to IgH,  BSA and LF .  To the left of the 

diagonal , there was a small spot of reduced as2-CN and two significant streaks that were 

reduced K-CN, indicating that they had been disulphide bonded during the first 

dimension separation. The two K-C spots were resolved from the regions 

cOlTesponding to XLI and X6 of the sample gel strip (a') shown in Figure 7.7A. This 

indicates that much of the K-CN was present in  polymerised form (disulphide- l inked 

polymers of K-CN ) in the unheated control sample. The simi lar spots cOlTesponding to 

polymeric K-CN observed in the PAGE pattern of the sample heated at 72°C for 1 5  s 

suggested that this heat treatment did not affect the distribution of K-CN significantly.  

The samples that were subjected to more severe heat treatments ( i .e. those heated at 

l OO°C for 1 20 s, l 20°C for 1 20 s and 1 40°C for 5 s) gave a significantly different 

pattern (Figures 7 .7C-7. 7E), compared with the control sample (F igure 7 .7A), with the 

presence of al l  of the whey proteins, much of the K-CN and a smal l  proportion of the 

as2-CN in a series of new spots that were resolved by disulphide bond reduction of 

protein aggregates caught up in the set sample gel (region marked as X6) .  These results 

suggested that s ignificant proportions of very high molecular weight disulphide- l inked 

casein and whey protein complexes consist ing of a-LA, �-LG, BSA, LF, I gG, K-CN 

and as2-CN were formed by severe heat treatment of the milk. The density of the 

reduced spot corresponding to as2-CN ( resolved from the regions XLI-X6 of the reduced 

1 D SDS gel strip) was comparatively greater in Figures 7. 7D and 7. 7E, showing that 

these heat treatments had significant effects in incorporating as2-CN into the heat­

induced d isulphide-bonded aggregates. However, the spot corresponding to as2-CN 
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Figure 7.7. 2 D  SDS- and then reduced SDS-PAGE patterns of the control sample (A) 
and samples heat treated at 72°C for 1 5  s (B) ,  t OO°C for 1 20 s (C), 1 20°C for 1 20 s (D)  
and 1 40°C for 5 s (E ) .  Similarly, 2D PAGE patterns of  samples pressure treated a t  200 
MPa for 30 min (F) ,  400 MPa for 30 min (G), 600 MPa for 30 min ( H )  and 800 MPa for 
30 min ( 1 ). 
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dimer remained almost unaffected after severe heat treatments, indicating that as2-CN 

dimer was much more stable to the severe heat treatments used in the present study. 

From these results, it can be concluded that a major proportion of the heat-induced 

interaction products formed were so large that they could not enter the gel , i .e .  were 

caught up in the set sample gel portion ( region marked as X6), and that smal l  and 

intermediate-sized aggregates (such as dimer, trimer, tetramer etc . )  were not generated 

by the severe heat treatments used in the present study. 

SDS:SDsR-PA GE of pressure-treated samples 

Comparison of the SOS- and then reduced SOS-PAGE pattern of the skim mi lk sample 

pressure treated at 200 MPa for 30 min (F igure 7 .7F)  with that of the untreated control 

(Figure 7 .7  A) showed that the intensity of the spot corresponding to monomeric p-LG 

decreased in the PAGE pattern of the sample pressure treated at 200 M Pa for 30 min. 

This decrease in  the intensity of the p-LG band was coupled with the appearance of new 

faint spots corresponding to p-LG dimer, trimer and tetramer ( labeled as d2, d3 and d4 

respectively on Figure 7 .7F)  and larger polymers of p-LG. Treatment at 400 MPa 

(Figure 7 .7G) showed a further decrease i n  the intensity of the spot corresponding to 

monomer p-LG and the presence of several new spots that had been resolved from the 

XLI and X6 regions of the I D  SDS-PAGE sample gel strip, indicating that p-LG had been 

incorporated into high molecular weight disulphide-bonded aggregates that also 

included K-CN and a minor quantity of monomer as2-CN. 

As described i n  Chapter 4, an almost continuous horizontal series of spots was resolved 

to the left of the monomeric p-LG spot. The sample treated at 600 M Pa gave a s imilar 

pattern (Figure 7 .7H) with more p-LG, K-CN and as2-CN as wel l  as some a-LA 

resolved from regions X6 and XLI of the reduced gel strip and comparatively smal l  

proportions of spots corresponding to monomeric p-LG, a-LA, K-CN and as2-CN. The 

same trend continued for the sample treated at 800 MPa (Figure 7 .7 1 ) ,  with an even 

greater proportion of high molecular weight material trapped in the set sample gel (X6) 

and region XLI and proportionately more p-LG, a-LA, K-CN, as2-CN, 19, BSA and LF  

and possibly as2-CN dimer i n  the large aggregates from regions XLI and X6. Once again 

these results suggested that greater proportions of intermediate-sized aggregates and 

those resolved from the top of the resolving gel (the region marked as XLI) were 
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generated by pressure treatment (F igures 7 .7G-7 .7 1 )  than by heat treatment (F igures 

7.7C-7 .7E) .  

A U:SDS-PAGE of control sample 

Almost a l l  the spots corresponding to various caseins and whey proteins were identified 

by comparison with the I D  AU gel strip mounted horizontal ly on the top of the 2D 

PAGE pattern and by matching the mobi l ity of each protein spot with the PAGE pattern 

of the non-reduced SDS sample in the vertical lane on the right-hand side. 

The AU :SDS-PAGE pattern of the untreated control sample ( Figure 7 .8A) had two 

major spots near the centre of the 2 D  PAGE pattern, which were identified as as l - and 

p-CN. Another almost oval spot adjoining the as l -CN spot was ident i fied as monomeric 

as2-CNs (as2-C l OP to as2-CN 1 3 P) (Farrell et a i . ,  2004) and the small i ntensely 

stained spot was dimeric as2-CN, as marked on the 2D gel (Figure 7.8A).  Monomeric 

K-CN and products of post-translational modifications (Fox, 2003 ; Farrell et ai . ,  2004) 

were resolved horizonta l ly as a streak. p-LG was a lso resolved as a horizontal streak 

and a-LA, which also contained some glyco-a-LA, was resolved as a small spot under 

the p-LG streak. The high molecular weight whey proteins, including BSA, LF and Igs, 

gave a d iagonal streak near the origin of the resolving gel region. 

A U:SDS-PA GE of heat-treated samples 

The 2D AU: SDS-PAGE pattern of the skim milk sample heat treated at 72°C for 1 5  s 

(Figure 7 .8B)  was almost similar to that of the control sample (Figure 7.8A), confirming 

earl ier results from I D  AU-PAGE (Lane 2, Figure 7.6A) and 2D SDS and then reduced 

SDS-PAGE of the corresponding sample (Figure 7 .7B) .  The spots correspondi ng to 

both monomeric p-LG and monomeric K-CN were relatively unaffected in this PAGE 

pattern, supporting the 2D SDS-PAGE results shown in  Figure 7 .7B .  
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The PAGE patterns of the samples heat treated at l OODC for 1 20 s, l 20DC for 1 20 s and 

1 40DC for 5 s (F igures 7 .8C, 7 .8D and 7 .8E respectively) were simi lar to one another, 

al though the intensities of the spots corresponding to both K-CN and Us2-CN diminished 

significantly after a heat treatment of 1 20DC for 1 20 s (Figure 7 .8D), supporting the 

report that severely heat-treated milks (e.g.  U HT-treated milk) contained �-LG:Us2-CN 

complexes (Snoeren & Vander Spek, 1 977) .  

A U:SDS-PAGE of pressure-treated samples 

The 2D AU:SDS-PAGE pattern of skim milk pressure treated at 200 MPa for 30 min 

( Figure 7 .8F) was simi lar to those of the control sample (F igure 7 .5A) and the sample 

heat treated at 72DC for 1 5  s (Figure 7 . 8B).  As the severity of the pressure treatment 

increased, the density of the low mobi l ity band increased, with corresponding decrea es 

in the spots corresponding to �-LG, K-CN and monomer Us2-CN (Figures 7 .8F-7.8 1 ). 

Because separation in a urea buffer smears some of the protein bands, this particular 

technique was found to be less useful for the whey proteins, but it was valuable for 

determining the roles/fates of the mono mer, dimer and aggregates of Us2-C . After a 

pressure treatment of 400 MPa (Figure 7 .8G), the spot corresponding to monomeric 

Us2-CN was comparatively less dense. The intensity of the Us2-C spot further 

diminished after pressure treatments of 600 MPa (Figure 7 .8H ) and 800 M Pa (Figure 

7 . 8 1 ), suggesting that us2-CN was involved in  the pressure-induced interactions. The 

intensity of the spot correspond ing to Us2-CN monomer gradual ly decreased after higher 

pressure treatments, but that the intensity of the spot corresponding to Us2-CN dimer did 

not change appreciably, suggesting that Us2-CN dimer was comparatively more pressure 

resistant. 
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7.4 General discussion 

The complexes of casein:whey protein complexes and the interaction pathways during 

heat treatment and pressure treatment of skim milk has not previously been studied in 

detail ,  partly because milk is  a complex system in which al l  its components, including 

the case ins, whey proteins, lactose and milk salts, are present in their natural form. I n  

particular, the caseins are present as casein micelles i n  which the case i n s  are held 

together by a combination of hydrophobic association and cross- l i nking via smal l 

calcium phosphate clusters ( Holt & Home, 1 996; Home, 1 998). 

Method development 

I n  previous studies on whey protein systems, 2D (native and non-reduced SDS) PAGE 

has proven to be a suitable method for analysing heat-induced aggregates in  model 

whey protein systems ( Manderson et ai . ,  1 998 ; Havea et ai . ,  2000, 200 1 ;  Schokker et aI . ,  

2000; Hong & Creamer, 2002) or in WPC solutions ( Havea et ai . ,  1 998; Chapter 4) .  

However, some initial experiments on the analysis of heat- and pressure-treated mi lk 

using 2D native and non-reduced SOS-PAGE showed that this 2D PAGE system was 

less than optimal for the separation of the milk proteins because the strong casein :casein 

association in the native-PAGE system prevented sufficient differentiation of the 

caseins, partly because the relatively high ratio of casein to whey protein in mi lk made 

it difficult to observe the whey proteins in the presence of the casein bands in the 

overloaded PAGE system .  In addition, the SDS-PAGE system (e.g. Figure 7 .5A, Lane 

1 ), which worked wel l for whey protein samples ( Havea et ai . ,  1 998, 2000, 200 1 ; 

Chapter 4, Chapter 5) ,  also poorly differentiated the SDS complexes of us I -CN, 
monomeric Us2-CN, �-CN and monomeric K-CN because they had similar mobil ities. 

However, the 2D SOS and then reduced SDS-PAGE system ( Figure 7 .7) was suitable 

for showing that K-CN was present in  the large process- induced aggregates, which 

appeared as high molecular weight protein bands in the 1 D SDS- PAGE in the first 

dimension .  

Also, introduction of  urea into the sample to  be  analysed and into the gel system (AU­

PAGE) dispersed the case ins and separated them via their  mobi l ity at pH 8 . 5 .  The 

combination of AU-PAGE for the first dimension and SDS-PAGE for the second 
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dimension, e.g. Figure 7 .8A, separated the various proteins and their  heat- or pressure­

induced aggregates effectively. This was particular ly useful for analysing the various 

as2-CN and K-CN polymers and aggregates, but less useful for analysing native �-LG, 

because disulphide bond interchange was faci l itated in  the AU-PAGE environment (PH 

8 .5 , 5 M urea) (Figure 7 . 8A), thus giving rise to streaks of polymeris ing unfolded �-LG. 

Another modification was to set the sample in  a large-pore polyacrylamide gel in the 

sample slot (Figure 7 .5)  [a procedure based on the concept of Davis ( 1 964)], in order to 

retain the very high molecular weight aggregates that could not enter the gel ,  and 

therefore these aggregates could be analysed in detai l during 2D e lectrophoretic analysis. 

When the set sample gel procedure was applied to the SDS:SDSR -PAGE system ( Figure 

7 .7), the protein aggregates that were trapped in the I D  sample gel strip ( inc luding those 

trapped in the set sample gel region) were reduced and the individual spots 

corresponding to reduced monomeric proteins were resolved in the second d imension. 

The components of these high molecu lar weight aggregates could then be determined; 

this showed the presence of both as2-CN and K-CN, as well as �-LG and other whey 

proteins, in the pressure-induced aggregates (e.g. the series of new spots in the left-hand 

column resolved from region X6 on the sample gel strip of Figure 7 . 71) ,  and showed the 

relative incorporation of these proteins in the aggregates induced by heat and pressure 

treatments. 

Heat- and pressure-induced interactions of milk proteins 

When �-LG and a-LA are present together at high temperature i n  model system or 

whey system, disulphide bond interchange can occur via a 'molten globule' state (e.g.  

Kuwaj ima, 1 989; Griko, 2000; Lassalle et al . ,  2003 ) ,  probably within a hydrophobic 

environment, as discussed in detail in Chapter 6 (also see Schokker et al., 2000; Hong & 

Creamer, 2002; Livney et a l . ,  2003) .  However, in  the mi lk environment, the situation is  

different; namely, there are two caseins, as2-CN and K-CN, each of which contains two 

Cys residues: Cys 36 and 4 1  for as2-CN and Cys 1 1  and 88 for K-CN (Farrel l  et al . ,  

2004) .  as2-CN i s  natural ly present as a monomer (with one intramolecular disulphide 

bond) and as a dimer (with two intermolecular disulphide bonds) ( Hoagland et al . ,  1 97 1 ;  

Rasmussen et al . ,  1 992b, 1 999). Although both forms are stable, the as2-CN d imer 

appears to be comparatively more stable in heat- or pressure-treated milks as shown in 

the results section (e.g. F igures 7 .7D and 7 .7H respectively). In contrast, K-CN exists in 
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milk as a wide range of K-CN polymeric speCIes rang ing from monomers to large 

polymers (with intermolecular disulphide bonds), with many i n  the 6- 1 2  monomers per 

aggregate range ( Rasmussen et aI., 1 992a; Farrel l  et aI . ,  1 998;  Groves et aI . ,  1 998;  

Rasmussen et  a I . ,  1 999). 

The virtual absence of Us2-CN from the heat- induced aggregates formed at 8 5-90°C in 

milk, as reported in the previous studies, might be because Us2-C is not a surface 

component of the micelle and therefore its disulphide bond(s )  are inaccessible to the 

denaturing or denatured �-LG (F igure 7 .9) .  On the other hand, K-CN is on the surface of 

the micel les, and its disulphide bond(s)  could be readily accessible to a thiol group of 

�-LG. Based on this fact, a diagrammatic representation of the consequences of the 

various inter-protein  reactions that might take place during the heat treatment of milk at 

about 90°C is shown in Figure 7.9. Us2-CN was apparent in the large aggregates 

( resolved from regions X4 and X6) in mi lk samples heated at temperatures above 1 00°C 

( Figures 7 .7D and 7 .7E),  support ing an earl ier report by Snoeren & Van der Spek ( 1 977)  

and indicating that higher processing temperatures affect the proteins in a qualitatively 

different way . 

I n  contrast, the effects of the pressure treatment of milk (F igure 7 . 1 0) were different 

from the effects of the heat treatment of milk (F igure 7 .9) .  I t  can be postulated that both 

the casein micelles and the whey proteins are compressed at pressures up to about 1 50 

MPa (Anema et aI . ,  2005a, 2005b). Thereafter the micel les swell  as the pressure 

increased up to 400 MPa, and hydrogen bonds (which are important in maintain i ng 

hel ix and sheet structures) and hydrophobic associations are diminished and colloidal 

calcium phosphate dissolves. As a consequence, the micelles absorb more water, swel l  

and subsequently disperse (Anema et a I . ,  2005a, 2005b). 

At low pressure, �-LG loses some peripheral turns and the native dimer dissociates i nto 

nat ive monomers. At higher pressures, it loses the major helix, and then some of the 

sheet structures, and final ly the F, G and H motifs that are stable and contai n  the native 

Cys 1 06-Cys 1 1 9 disulphide bond, as discussed earl ier in Chapter 6 and by Considine et 

al . (2006a, 2006b) .  A free thiol also becomes available to interact with previously 

inaccessible disulphide bonds and the i ntermediate species are probably very simi lar to 
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Figure 7.9. Pictorial representation of the l ikely effect of heating mi lk at 90°C. The 
native �-LG dimer dissociates and the monomer undergoes internal disulphide bond 
interchange to give reactive monomers that react with K-CN at the surface (outer region) 
of the casein mice l le.  Native �-LG monomers can also form an adduct w ith a-LA, 
which then gives rise to a-LA d imers and a-LA:�-LG dimers. I n  the severely heat­
treated samples, as2-CN also forms disulphide bonds with other proteins. C H) i ndicates 
possib le heat-induced complexes. 
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the early heat-induced aggregates, but it is  postulated that there i s  a stable disulph ide­

bonded d imer of �-LG (as wel l  as a reactive dimer) that is  not readi ly transformed into 

larger disulphide-bonded aggregates (Considine et aI . ,  2005a, 2005b, 2006a, 2006b) as 

indicated in  Figure 7. 1 0, < 400 MPa. The present results show that, at 200 M Pa, �-LG 

does not appear to become involved in  interactions but is  constrained to forming a 

stable, inactive, disulphide-bonded dimer (Figure 7 . 1 0) at < 400 M Pa support ing the 

results of Considine et al . (2005b, 2006b). At higher pressures (> 400 M Pa), the 

polymerisation of �-LG becomes the norm and the pressure-i nduced �-LG aggregation 

becomes similar to the heat-induced �-LG aggregation (F igure 7 .9) .  Thi s  result shows 

that the �-LG in WPC (as discussed in Chapters 4 and 6) or in mi lk  (present data) is not 

significantly modified by the other components, i .e .  �-LG dominates the denaturation 

and aggregation pathway during pressure (> 400 M Pa) treatment, as it has been shown 

to dominate the reaction at high temperature heat treatments. 

Pressure treatment of mi lk  at 200 MPa caused �-LG to form disulphide-bonded dimers 

and incorporated �-LG into aggregates, probably disulphide bonded to K-CN. The other 

whey proteins appeared to be less affected at 200 M Pa for 30 min.  I n  contrast, pressure 

treatment at 800 MPa incorporated �-LG and most of the minor whey proteins, as wel l  

as  K-CN and much of  the as2-CN, into large aggregates. The accessibil ity of as2-CN and 

the formation of complexes involving as2-CN, K-CN and whey proteins in the pressure­

treated mi lk is an important novel finding of the present study ; this knowledge may 

explain the significant differences in the texture and functionalities of ac id gel products 

made from heat and pressure treated milks, However, only a proportion of the a-LA 

was denatured or i ncorporated into the large aggregates. The relat ively lower degree of 

a-LA reactivity at high pressures is probably related to the relative stabi l ity of this 

protein compared with �-LG, as discussed earl ier in Chapters 4 and 6, and is based on 

the unusual pressure-dependent behaviour of a-LA ( Kuwaj ima et aI . ,  1 990; 

Kobashigawa et aI., 1 999; Lasal le et aI . ,  2003) .  These and other results show that the 

differences between the stabi l it ies of the proteins and the accessibi l ities of the 

disulphide bonds of the proteins at high temperature or pressure affect the formation 

pathways that result in differences among the composition of resultant aggregation or 

interaction products ( including their sizes) that ultimately may affect product 

functionalities. 
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Figure 7. 1 0. Pictorial representation of the l ikely effects of medium (� 250-400 M Pa) 
and high (>400 MPa) pressure treatment at � 22°C . The casein micel le swel ls  at � 250 
MPa and p-LG unfolds and aggregates via disulphide bonds. p-LG forms disulphide­
bonded dimers at lower pressure and probably aggregates with K-CN, but does not form 
larger p-LG aggregate. The proportion of a-LA that is  included in the aggregates is  less 
than that of p-LG (Figure 7 . 5B )  because it does not readi ly  unfold. At pressures � 400-
600 MPa, Us2-CN becomes avai lable for thiol interchange reactions, assisted by the 
permeation of water into the micelle and the dissolution of the calc ium phosphate. Also 
the p-LG molecules can polymerise into aggregates larger than dimers. ( P) indicates 
possible pressure-induced complexes. 
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7.S Conclusions 

The modifications to the previously used PAGE methods were found to be useful in  

identifying the new disulphide-bonded species that were formed from the native 

proteins. Setting the samples in an open-pore gel (stacking gel mixture) prior to SDS­

PAGE separat ion prevented the loss of very large aggregates during the PAGE analysis 

procedure so that the protein components of these aggregates could be determined after 

disu lphide bond reduction. Consequently, it was possible to show that these large 

disulphide-bonded aggregates that were generated by high temperature (> 1 00DC) or 

pressure (> 400 MPa) treatments of skim milk contained disulphide-l inked complexes 

consisting of a high proportion of Us2-CN as wel l as K-CN, p-LG and other whey 

proteins. 

The addition of urea to native-PAGE gels and to the treated milk samples dissociated 

the casein molecules (and the processing-induced protein  aggregates) from natural, 

heat- or pressure-treated, micel ler aggregates and the strong casein :casein hydrophobic 

associations, which al lowed the Us2-CN monomers and dimers to be identified and 

tracked. 

The present study demonstrated that p-LG and other whey proteins interacted with 

Us2-CN as wel l  as K-CN at high temperatures and at pressures greater than 400 MPa to 

form disulphide-linked high molecular weight complexes of casein and whey proteins. 

H owever, p-LG preferential ly  aggregated with K-CN at 200 MPa. The accessibi lity of 

Us2-CN and the formation of complexes involving Us2-CN, K-CN and whey proteins in 

the pressure-treated milk is  an important novel finding of the present study; this finding 

may have significant implications for the functionality of product made from pressure 

treated milks. It was also found that d imer us2-CN was comparatively more stable than 

the monomer form after either high pressure treatment or high temperature treatment. 
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CHAPTER 8 

Pressure-induced Interactions of Pure Proteins in a Model 

System 

8.1  Introduction 

Whey proteins are a heterogeneous group of proteins, with different ammo acid 

compositions and molecular structures; it is therefore possible that the aggregation 

behaviour of the individual proteins is altered by the presence of other proteins. It has 

been demonstrated in many earl ier studies that addition of bovine serum albumin (BSA) 

or a-lactalbumin (a-LA) to �-lactoglobulin W-LG) (Matsudomi et ai . ,  1 99 1 ,  1 993 ,  1 994; 

Gezimati ,  1 995 ;  Gezimati et ai . ,  1 996, 1 997) increases the rigidity of the resultant gels 

because of the formation of disulphide-l inked complexes between �-LG and a-LA or 

BSA. Some of the studies have also demonstrated that, in addition to disulphide-linked 

aggregation, non-covalently l inked aggregates are formed in a heat-treated mixture of �­

LG and BSA (e.g. Gezimati et aI . ,  1 995; 1 996) or a-LA (Gezimati, 1 995 ;  Gezimati et 

ai . ,  1 997; Oalgleish et ai . ,  1 997; Schokker et ai . ,  2000; Havea et ai., 200 1 ;  Hong & 

Creamer, 2002) .  Havea et ai . (2000), using binary and ternary mixtures of whey proteins, 

demonstrated the formation of new protein structures in heated mixtures of BSA and 

a-LA. Characterisation of heated mixtures of pure solutions of �-LG, a-LA or BSA, 

usmg one-dimensional ( l  D) and two-dimensional (20) polyacrylamide gel 

electrophoresis (PAGE), showed that homopolymers of each protein as well as 

heteropolymers of these proteins were observed (Havea et ai . ,  200 1 ) . Extensive research 

has been conducted, using pure protein solutions in single, binary and ternary system to 

w1derstand the synergistic effects of different milk proteins and their mixtures on heat­

induced aggregation and gelation behaviour. However, there i s  comparatively l ittle such 

information in the literature on the pressure-induced interactions of individual (pure 

solutions of �-LG, a-LA or BSA) whey proteins and how the pressure-induced 

denaturation and aggregation of one whey protein is affected by the presence of other 

whey proteins, when they are pressure treated in binary or ternary combinations. 

Moreover, because of the complexity of a mixed whey protein system [whey protein 

concentrate (WPC) system] ,  the role of �-LG, a-LA or BSA in the pressure-induced 
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aggregation and gelation of whey proteins when pressure treated in  a WPC environment 

was not entirely c lear from earl ier results (Chapters 4-6).  Therefore, some 

assumptions/speculations were made about the role of these proteins in the pressure­

induced aggregation and gelation of WPC. Thus, it would be desirable to clarify the role 

of each protein in pressure-induced aggregation and interactions when a complex 

mixture of whey proteins (e.g. WPC) or caseins and whey proteins (e.g. mi lk) is 

pressure treated. This can be explored by studying the behaviour of the individual pure 

milk proteins alone and in binary and ternary m ixtures after pressure treatment and 

analysing those using comparable methods. Therefore, the main aim of the present 

investigation was to use a model system to further explore the mechanisms of the 

pressure-induced interactions of different mi lk proteins. 

8.2 E x perimental  

Detai l s  of the sources of the pure proteins, pressure treatment of the samples and 

analysis of the samples by 1 0  and 20 PAGE are g iven in Chapter 3 .  Spec ific details of 

the experimental plan fol lowed in the present study are outl ined in Figure 8 . 1 .  
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Figure 8. 1 .  Outl ine of the experimental plan used in the present study .  P indicates 

pressure treatment at 600 MPa of samples at 600 MPa for 5-60 min and the numbers 

g iven are respective figure number. 
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8.3 Results a n d  discussion 

8.3 .1  Pressure treatment of pure protein solutions 

p-Lactoglobulin 

ID PA GE 

The native- and SDS-PAGE patterns of control and pressure-treated p-LG solutions are 

presented in Figures 8 .2A and 8 .2B respectively. Lane 1 in each figure is the PAGE 

pattern of the untreated (control )  sample and Lanes 2-8 are the PAGE patterns of 

samples held at 600 MPa for various times ranging from 5 to 60 min. 

Comparison of the native-PAGE pattern of the control sample ( Lane 1 ,  Figure 8 .2A) 

with that of the pressure-treated samples (Lanes 2-8, Figure 8 .2A) showed that the 

intensity of the band corresponding to native- l ike p-LG decreased significantly after the 

initial pressure treatment of 5 min at 600 MPa ( Lane 2, Figure 8 .2A), with the 

simultaneous appearance of several new bands (corresponding to non-native monomers, 

p-LG dimers, trimers, tetramers etc . ) .  This trend was similar to the results reported 

previously ( Funtenberger et aI . ,  1 995 ) .  These newly formed bands in the pressure­

treated samples are marked appropriately on the right-hand side of the PAGE pattern. 

The intensity of the band corresponding to native- l ike p-LG continued to decrease and 

simultaneously the new bands became more intense upon extended holding times at 600 

MPa. Extended holding of the samples at 600 M Pa also generated significant 

proportions of high molecular weight aggregates that were resolved at the top of the 

resolving gel (marked as X4, Figure 8 .2A) and some polymers that were caught up 

within the stacking gel (marked as Xs, Figure 8 .2A) .  However, it appeared that very 

high molecular weight material (that could not enter the gel ,  X6) was not formed in 

these pressure-treated samples, even after pressure treatment of di lute p-LG solutions at 

600 MPa for 60 min. These results are different from that reported by Havea et al . (200 1 )  

for heat-treated p-LG samples; in this case, significant proportions of very large 

aggregates, including aggregates that could not enter the gel ,  were formed and there 

were comparatively fewer intermediate-sized species such as dimers, trimers and 

tetramers of P-LG. 
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Figu re 8.2. (A) Native-PAGE and (B)  SOS-PAGE patterns of pure P-Lg AA solut ions 
( 1 0  mg/mL): untreated control sample (Lane 1 )  and samples pressure treated at 600 
MPa for 5 min ( Lane 2) ,  1 0  min (Lane 3 ), 20 min (Lane 4), 30 min (Lane 5), 40 min 
( Lane 6), 50 min (Lane 7) and 60 min ( Lane 8). 

Comparison of the SOS-PAGE pattern of the control sample ( Lane 1 ,  Figure 8 .2B)  with 

those of the pressure-treated samples ( Lane 2-8, Figure 8.2B) indicated a simi lar trend 

to that observed for native-PAGE (F igure 8 .2A), i .e .  a decreased intensity of the band 

corresponding to SOS-monomeric p-LG and the simultaneous appearance of new bands 

in the PAGE patterns of the pressure-treated samples. However, only bands 

corresponding to p-LG dimer (molecular weight approximate ly  37 kOa) were 
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dist inguishable in the S DS-PAGE patterns; bands corresponding to trimers, tetramers, 

pentamers and hexamers, as observed on the native-PAGE patterns of the pressure­

treated samples (Lanes 2-8, Figure 8.2A), were not clearly distinguishable on the SDS­

PAGE patterns of the corresponding samples ( Lanes 2-8, F igure 8 .2B) .  Instead, a dark­

staining blurred region (marked as X4) corresponding to aggregated protein species was 

observed between the band cOITesponding to SDS �-LG d imer and the top of the 

resolving gel, and the i ntensity of this region increased with extended holding time. 

However, small proportions of high molecular weight aggregates that were caught up 

within the stacking gel (marked as Xs) or that could not enter the gel (marked as X6) 

were observed in the PAGE patterns of the severely pressure-treated samples (e.g. Lane 

8, Figure 8 .2B) .  This result for SDS-PAGE was also different from that reported by 

Havea et al .  (200 1 )  for heat -treated samples. 

The intensities of the bands corresponding to residual native- l ike and SDS-monomeric 

�-LG were measured in the PAGE pattern of the control and pressure-treated samples 

using a laser densitometer (Figure 8.3 ) .  The plot suggested that there was a significant 

decrease in the intensities of the bands corresponding to residual native- l ike and SDS­

monomeric �-LG (approximately 60% and 45% respectively) after initial holding (5 

min) of the sample at 600 MPa. A gradual decrease was observed on further holding at 

600 MPa for up to 40 min, with no further decrease after 40 min. The fast decrease in 

the native-l ike and SDS-monomeric �-LG during the init ial period of pressure treatment 

may be attributed to adiabatic heating during pressurisation of the samples and the time 

taken to return to the preset temperature, as discussed in Chapter 5 .  

The higher concentration o f  residual SDS-monomeric �-LG compared with that of 

residual native- l ike �-LG suggested that a proport ion of the aggregates were non­

covalently l inked. The difference between residual SDS-monomeric �-LG and residual 

nat ive-like �-LG was greater (approximately 1 8%) in the initial ;::: 1 0-20 min period of 

pressure treatment, and was gradually lowered to approximately 6% at extended holding 

times. 



Chapter 8: Pressure-induced interactions of pure proteins 

1 20 
<11 

.:.= 
:: .-.. � � I OO ;> '-'  
::: 1-' � ...:l 
-; cb. 80 
= <.J 

:2 ·C 
'" <11 
<11 E 60 ... 

... 0 0 
0 c 

0 
C E .g � 40 • 
� Q ..: �  
C -g 20 <11 
<.J 
C � 
0 

U 
0 

0 

0 

0 
0 

• • • 

1 0 20 30 

o 
• 

40 

• alive-like 13-LG 
o SOS monomeric 13-LG 

o 
• 

50 

o 
• 

60 70 
Time of pressure t reatment  at 600 M Pa (m in)  

1 97 

F igure 8.3. Concentrations of native- l ike ( . ) and SOS-monomeric ( 0 )  �-LG In 

solutions (1 0 mg/mL) of pure (3-LG treated at 600 MPa for 0-60 min_ 

2D PAGE 

The pressure-induced aggregates observed on 1 0  native- and SOS-PAGE were further 

characterised using 20 native :SOS-PAGE and 2 0  SOS:reduced SOS-PAGE (Figure 

8 .4) .  When 1 0  strips having lower sample loadings were used, it was difficult to 

observe the changes, particularly the minor changes in the proteins on the corresponding 

20 PAGE. Therefore, in order to visual i se majority of the changes clearly, the 1 0  

PAGE strips ( intended for use in  subsequent 2 0  PAGE analysis) were overloaded. Thus, 

the stained gel strip (a") used on each of the 2D PAGE patterns looks darker. The lower 

hi stogram settings used to generate scanned image in the I mageQuant program were 

also partly responsible for the darker look of the stained gel strip (a'l 

The 20 native :SDS-PAGE pattern of the control sample of �-LG was that expected, 

with only a single large native-l ike (3-LG spot. The 20 native:SOS-PAGE patterns of 

the pressure-treated sample ( Figure 8 .4A) showed that the intensity of the spot 

correspondi ng to monomeric �-LG was lowered considerably, with the simultaneous 

appearance of a series of new spots (on a diagonal) .  These spots were resolved from the 

bands correspondi ng to �-LG d imer, trimer, tetramer on the 1 0  native gel str ip (marked 

as the sample gel strip a') under the dissociat ing environment (SOS-PAGE) in the 

second dimension. 
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Figure 8.4. 2D (A) native: SDS-PAGE and (B)  SDS:reduced SDS-PAGE patterns of a 
p-LG solution pressure treated at 600 MPa for 60 min. 
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Also, a dark streak corresponding to large polymers (resolved from the region marked 

as Xtt on the 1 D native gel strip) was resolved at the top of the resolving gel of the 2D 

PAGE, indicating that pressure treatment of pure d i lute �-LG solutions generated non­

covalently l inked (mainly hydrophobical ly bonded) dimers, trimers as wel l  as high 

molecular weight polymers. 

The 2D SDS:reduced SDS-PAGE patterns of the pressure-treated samples (Figure 8 .4B) 

showed that the intensity of the spot corresponding to SDS-monomeric �-LG decreased 

significantly, with the simultaneous appearance of a horizontal streak containing a series 

of new spots that were resolved from the region between SDS-monomeric �-LG and the 

top of the resolving gel of the reduced sample gel strip (a') .  These new spots were 

reso lved from the bands that corresponded to dimers, trimers, tetramers and higher 

polymers of the stained gel strip (a") after treatment of the I D  SDS gel strip with 2-

mercaptoethanol, indicating that disulphide-l inked d imers, trimers, tetramers and higher 

polymers of �-LG were induced by pressure treatment. 

These results from the 2D native :SDS-PAGE and SDS:reduced SDS-PAGE patterns 

showed that pressure treatment of pure �-LG generated both hydrophobical ly bonded 

and disulphide- l inked aggregates of �-LG. These results for pressure-treated samples 

were comparable with those reported for heat-treated pure �-LG solutions (Manderson 

et aI., 1 998; Havea et aI . ,  200 1 ) . 

a-Lactalbumin 

ID PAGE 

The native- and SDS-PAGE patterns of pure a-LA solutions pressure treated at 600 

MPa for 0-60 min are presented in F igures 8 .5A and 8 . 58  respectively .  It was observed 

that the native-PAGE patterns of the untreated control (Lane 1 ,  F igure 8.5A) and the 

pressure-treated (Lanes 2-8, Figure 8 .5A) a-LA solutions were al most identical, 

suggesting that there were no effects when pure a-LA solutions were pressure treated. 
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Figure 8.5. (A) Native-PAGE and (B)  SDS-PAGE patterns of pure a-LA solut ions 
( l 0  mg/mL) :  untreated control sample ( Lane 1 )  and samples pressure treated at 600 
M Pa for 5 min ( Lane 2), 1 0  min (Lane 3 ), 20 min (Lane 4) ,  30 nun ( Lane 5 ), 40 min 
(Lane 6), 50 min (Lane 7) and 60 min (Lane 8) .  

Simi larly, no changes were observed on the SDS-PAGE patterns of the pressure-treated 

samples ( Lanes 2-8, Figure 8 .5B). Unl ike �-LG, a-LA does not contain a free 

sulphydry l group and therefore does not readily initiate the sulphydryl-disulphide 

interchange reaction and considering this fact this result was as expected. These results 

for pressure-treated a-LA were different from those for heat-treated samples, in which 

the formation of hydrophobic and/or disulphide- l inked aggregates of a-LA was reported 

(Chapl in & Lyster, 1 986; Havea et aL, 2000; Hong & Creamer, 2002; McGuffy et aL, 

2005). 
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As there were no apparent changes in the I D  PAGE patterns of pressure-treated a-LA 

samples, the intensities of the bands corresponding to residual native- l ike and SDS­

monomeric a-LA were not measured and the pressure-treated samples were not further 

characterised using 2D PAGE. 

Bovine Serum Albumin 

ID PAGE 

The native-PAGE pattern of the untreated control sample suggested that some of the 

BSA existed as a polymer (marked as p on the PAGE pattern) ( Lane 1 ,  Figure 8 .6A). 

N,,;,,',:8 
BSA --._ 

SDS ---f1. 
monomeric 
BSA 

2 3 4 5 

A 

r � on-native 
- - -- Monomer of 

BSA 

B 

6 7 8 

F igure 8.6. (A) Native-PAGE and ( B) SDS-PAGE patterns of pure BSA solutions ( 1 0  
mg/mL) :  untreated control sample ( L ane 1 )  and samples pressure treated at 600 MPa for 
5 min (Lane 2),  1 0  min ( Lane 3 ), 20 min (Lane 4), 30 min (Lane 5 ) , 40 min ( Lane 6), 50 
min (Lane 7) and 60 min ( Lane 8) .  
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I t  was observed that the intensity of the band corresponding to native- l ike BSA 

decreased significantly in  the native PAGE pattern of pressure-treated samples ( Lanes 

2-8, Figure 8 .6A) and that the new bands appeared between the band corresponding to 

native- l ike BSA and the top of the resolving gel .  These results suggested that l ike �-LG, 

BSA also self-aggregated and formed non-native monomers, d imers, trimers and other 

high molecular weight polymers that were marked as X4 and X5 ; the proportion of such 

aggregates increased with longer holding times of the samples. The S DS-PAGE patterns 

of the pressure-treated samples ( Lanes 2-8, Figure 8 .6B) also indicated that the 

intensity of the band corresponding to SOS-monomeric BSA decreased and that some 

high molecular weight aggregates, which were mainly caught up as a dark-staining 

region (marked as X4) near the top of the resolving gel, were observed. Unl ike on the 

native-PAGE patterns of the pressure-treated samples (Lanes 2-8, Figure 8 .6A),  d i st inct 

bands corresponding to i ntermediate-sized protein aggregates were not observed c learly 

on corresponding SOS PAGE patterns (Lanes 2-8, Figure 8 .6B) .  
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Figure 8.7. Concentrations of native-l ike ( . ) and SDS-monomeric ( 0 )  BSA 10 
solutions ( l 0  mg/mL )  of pure BSA treated at 600 MPa for 0-60 m in.  
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Plots (F igure 8 .7)  of the relative intensities of the bands corresponding to residual 

native-l ike BSA (Figure 8 .6A) and residual SOS-monomeric BSA (Figure 8 .6B) in the 

pressure-treated samples indicated that there was a sharp decl ine (approximately 65%) 

in the concentration of native-l ike and SOS-monomeric BSA during the initial 1 0  min 

holding period of the samples at 600 MPa. Further, it was observed that the 

concentrations of residual native-l ike and SDS-monomeric BSA in the pressure-treated 

samples were almost similar; suggesting that pressure treatment of pure BSA did not 

generated non-covalently bonded aggregates. This finding was different from the results 

for �-LG solutions, which showed that both non-covalently l inked and covalently l inked 

aggregates were present in the pressure-treated solutions (Figure 8 .3 ) .  

K-Casein 

ID PAGE 

K-Casein (K-CN) did not generate a satisfactory native-PAGE pattern, partly because 

significant proportions of K-CN present in the control sample existed as K-CN polymers. 

The band corresponding to monomeric K-C was not observed on the native PAGE 

patterns. The pressure treatment further polymerises the K-CN and also generated some 

insoluble polymers of K-CN (Figure 8 .8A). The SOS-PAGE pattern of the control 

sample  (Lane 1 ,  F igure 8 . 8B)  also showed that a sma l l  proport ion of the K-CN was 

monomeric K-CN (molecular weight 24 000 Da), but that most of the K-CN was in a 

polymeric form that was resolved in the regions marked as X4 and Xs. The SOS-PAGE 

pattern of pressure-treated samples (Lanes 2-7, F igure 8.8B) indicated that the 

proportion of monomeric K-CN was not much affected by the pressure treatment, 

whereas the polymeric K-CN aggregated further as a result  of the pressure treatment to 

yield even higher polymers, as shown by the increasing proportion of polymeric 

material , marked as Xs and X6 ( Lanes 2-7, Figure 8 .8B) .  This result suggested that K ­

CN self-aggregated to form very large polymers as a result of  pressure treatment. I t  was 

not possible to carry out quantitative analysis of the monomeric K-CN as most of the 

K-CN already existed in a polymeric form in both the pressure-treated samples and the 

untreated control sample. 
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Figure 8.8. (A) Native-PAGE and (B)  SDS-PAGE patterns of pure K-CN solutions ( 1 0 
mg/mL):  untreated control sample (Lane 1 )  and samples pressure treated at 600 MPa for 
5 min (Lane 2), 1 0  min (Lane 3), 20 min (Lane 4), 30  min ( Lane 5) ,  40 min (Lane 6)  
and 50 min (Lane 7) .  
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8.3.2 Pressure treatment of binary and ternary mixtures of pure proteins 

Mixture of J3-LG and a.-LA 

ID PAGE 

Dist inct bands corresponding to native- l ike p-LG and a-LA were clearly resolved on 

the native- ( Lane 1 ,  Figure 8 .9A) and SDS- (Lane 1 ,  Figure 8.9B) PAGE patterns of the 

control samples containing a binary mixture of pure p-LG and a-LA. 

Upon pressure treatment, the intensities of the bands corresponding to native- l ike p-LG 

and a-LA decreased sharply (Lanes 2-8, Figure 8 .9A). The extent of the decrease in  the 

intensities of the bands corresponding to native- l ike p-LG and a-LA was comparatively 

greater and faster when a 1 : 1 binary mixture of p-LG and a-LA was pressure treated 

(Lanes 2-8, Figure 8 .9A) than when solutions of pure p-LG (Lanes 2-8, Figure 8 .2A) or 

pure a-LA (Lanes 2-8, Figure 8 .5A) were pressure treated in i solation. Thi s  decrease in 

the intensities of the bands corresponding to native-l ike p-LG and a-LA in the pressure­

treated samples (Lanes 2-8, Figure 8 .9A) coincided with the appearance of several new 

bands, as label led on the right-hand side of the native-PAGE pattern (Figure 8 .9A). 

H igh molecular weight aggregates, marked as X4 and Xs, were also observed on the 

PAGE patterns of the pressure-treated samples (Lanes 2-8, Figure 8 .9A). 

The SDS-PAGE patterns of pressure-treated samples of a binary mixture of p-LG and 

a-LA (Lanes 2-8, Figure 8 .9B) were very simi lar to those of a pressure-treated p-LG 

solution ( Lanes 2-8, Figure 8 .2B), except that the decrease in the intensity of the band 

corresponding to SDS-lTIonomeric p-LG was comparatively faster when a 1 :  1 binary 

mixture of p-LG and a-LA was pressure treated than when a pure p-LG solut ion was 

pressure treated in isolation ( Lanes 2-8, Figure 8 .2B) .  Simi larly, the intensity of the 

band corresponding to SDS-monomeric a-LA decreased faster when a 1 :  1 binary 

mixture of p-LG and a-LA was pressure treated (Lane 2-8, Figure 8.9B) than when 

pure a-LA was pressure treated alone in which a-LA was not affected ( Lane 2-8, 

Figure 8 . 5B) .  Also, comparatively greater proportions of high molecular weight 

aggregates, marked as M, XS and X6, were observed on the PAGE pattern when a 
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binary mixture of �-LG and a-LA was pressure treated than when �-LG (Figure 8 .2B) 

or  a-LA ( Figure 8 .5B)  alone was pressure treated. 
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Figure 8.9. (A) Native-PAGE and (B )  SDS-PAGE patterns of a 1 : 1 binary mixture of 
pure �-LG and a-LA sol utions ( 1 0  mg/mL) :  untreated control sample (Lane 1 )  and 
samples pressure treated at 600 M Pa for 5 min (Lane 2), 1 0  min (Lane 3 ), 20 min ( Lane 
4), 30 min (Lane 5 ) ,  40 min (Lane 6), 50 min (Lane 7) and 60 min ( Lane 8) .  



Chapter 8: Pressure-induced interactions of pure proteins 207 

The plotted intensities ( Figure 8 . 1 0) of the bands corresponding to native- like ( Figure 

8.9A) and SDS-monomeric (Figure 8 .9B) �-LG and a-LA in the control and pressure­

treated solutions indicated a sharp decline in the concentration of native-l ike �-LG and 

a-LA after a pressure treatment of 5- 1 0  min. It was observed that the concentrations of 

native-l ike �-LG and a-LA decreased at almost similar rates throughout the pressure 

treatment. This behaviour of a-LA when a binary mixture of �-LG and a-LA was 

pressure treated was quite different from that when pure a-LA alone was pressure 

treated. On the other hand, the concentration of SDS-monomeric �-LG and, in particular, 

SDS monomeric a-LA decreased comparatively slowly, indicating that pressure 

treatment of a binary mixture of �-LG and a-LA generated a significant proportion of 

hydrophobically linked aggregates of �-LG and a-LA, and the greater proportion of 

such aggregates was contributed by a-LA rather than by �-LG. 
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2D PA GE 

The 2D PAGE patterns of pressure-treated samples of a l :  1 binary mixture of f3-LG and 

a-LA are presented in Figure 8 . 1 1 .  

The 2D native :SDS-PAGE pattern (Figure 8 . 1 1 A) showed the presence of a series of 

new spots (a diagonal series), resolved from the pressure-induced aggregates that were 

present in the region (marked as Xt on the 1 D native stained gel strip, a") between the 

native-l ike a-LA band and the top of the resolving gel of the 1 D native sample gel strip 

(a' ) .  These new spots were resolved when the l D  native sample gel strip (a' ) was run on 

SOS-PAGE in the second dimension ( i .e .  in a dissociating environment), suggesting 

that significant proportions of hydrophobical ly l inked aggregates were generated by 

pressure treatment of a 1 :  1 binary mixture of f3-LG and a-LA. This observation 

confirmed the results of I D  PAGE presented in  Figure 8 . 1 0 . There was some material 

sti l l  present at the top of the resolving gel ( that was not dissociated by S DS).  Simi larly, 

the 2D SDS:reduced SDS-PAGE pattern (Figure 8 . 1 1  B) showed a series of new spots 

(as an almost continuous horizontal streak) that were resolved from the corresponding 

bands present in  the region between the f3-LG band and the top of the resolving gel of 

the reduced 1 D SDS sample gel strip (a' ). These new spots were identified as reduced 

SDS f3-LG dimer, a-LA dimer and high molecular weight disulphide-bonded co­

polymers of f3-LG and a-LA generated by the pressure treatment. These results were 

comparable with those reported earlier ( Gezimati, 1 995; Gezimati et a I . ,  1 997; Havea et 

aI . ,  200 1 )  in a heated binary mixture of f3-LG and a-LA. The results of 2D PAGE 

confirmed the results of 1 D PAGE (Figure 8 . 1 0) showing that the pressure treatment of 

a binary mixture of f3-LG and a-LA generated both hydrophobical ly l inked and 

disulphide-l inked polymers of both f3-LG and a-LA. 
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Figure 8. 1 1 .  2D (A) native:SDS-PAGE and (B )  SDS:reduced SOS-PAGE patterns of a 
solution of a 1 :  1 binary mixture of �-LG and a-LA pressure treated at 600 MPa for 60 
mm. 
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Mixture of J3-LG and BSA 

lD PAGE 

The native-PAGE patterns of control and pressure-treated samples of a 1 :  1 binary 

mixture of J3-LG and BSA (Figure 8 . 1 2A) showed that the intensities of the bands 

corresponding to native- l ike J3-LG and BSA decreased sharply in the PAGE pattern of 

the pressure-treated samples ( Lanes 2-8, Figure 8 . 1 2A). The band corresponding to 

BSA almost diminished slowly in the PAGE pattern of the sample pressure treated for 

40 min or longer at 600 MPa (Lanes 5-8,  Figure 8 . 1 2A), whereas a faint band 

corresponding to J3-LG was sti l l  observable in the PAGE pattern of the sample pressure 

treated for 60 min at 600 MPa. These results suggested that, when a binary mixture of 

BSA and J3-LG wa pressure treated at 600 MPa, the loss of BSA was greater and faster 

than that of J3-LG. It appeared that almost al l the BSA interacted with J3-LG during the 

early stages of pressure treatment. This behaviour exhibited by BSA after severe 

pressure treatment was almost simi lar to the behaviour of BSA after heat treatment 

( Havea et aI . ,  200 1 ). This trend of the results confirmed that the behaviour of BSA was 

quite different when a mixture of whey proteins ( WPC solution) was subjected to 

different pressure treatments (Chapters 4-6) than when a pure BSA solution alone was 

pressure treated ( i .e. in the absence of J3-LG; see Figures 8 .6A and 8 .6B), confirming 

that the presence of other whey proteins (particularly J3-LG) in the WPC system 

catalyses the aggregation and interactions of BSA with other proteins. Several new 

discrete bands corresponding to a range of aggregates, inc lud ing dimers, trimers, 

tetramers of J3-LG, co-polymers of J3-LG and BSA as wel l  as high molecular weight 

polymers (marked as X4 and Xs respectively), were observed on the PAGE patterns of 

the pressure-treated samples (Lanes 2-8, Figure 8 . 1 2A) .  

A simi lar trend was apparent on the corresponding SDS-PAGE patterns of the pressure­

treated samples ( Lanes 2-8, Figure 8 . 1 2B) .  However, in contrast to the native-PAGE 

patterns (Figure 8 . 1 2A), only a distinct band corresponding to J3-LG dimer was c learly 

observable. The native and SDS PAGE patterns of a pressure treated mixture of 1 :  1 

binary mixture of J3-LG and BSA were s imi lar to those of native and SDS PAGE 

patterns of pressure treated pure J3-LG solutions, indicating that J3-LG dominated the 

aggregation behaviour of the mixed system. 
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Figure 8. 1 2. (A) ative-PAGE and ( B )  SDS-PAGE patterns of a 1 :  1 binary mixture of 
pure �-LG and BSA solutions ( l 0 mg/mL):  untreated control sample ( Lane 1 )  and 
samples pressure treated at 600 MPa for 5 min ( Lane 2), 1 0  min ( Lane 3 ), 20 min ( Lane 
4), 3 0  min ( Lane 5 ), 40 min (Lane 6) ,  50  min (Lane 7) and 60 min ( Lane 8) .  

The proportion of high molecular weight aggregates (marked as X4) was comparatively 

greater, whereas high molecular weight aggregates (marked as Xs or X6) was 

compatively less in the SDS-PAGE patterns as compared with the corresponding native­

PAGE patterns ( Lanes 2-8, Figure 8 . 1 2A) .  This probably suggests that the material 

caught up within the stacking gel (marked as Xs) in the native-PAGE patterns consisted 

of very l arge aggregates, a proportion of which were subsequently dissociated to 

comparatively smal ler aggregates in the SDS environment, which is in general 
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agreement with earlier studies ( McSwiney et aI . ,  1 994a; Havea et aI . ,  200 1 ) of a heat­

treated mixture of the pure proteins.  

The integrated data on the intensities of the bands corresponding to native-l ike and 

SDS-monomeric �-LG and BSA ( Figure 8 . l 3 ) showed that the concentrations of 

residual native- l ike and SDS-monomeric BSA were almost sirrli lar in all pressure­

treated samples, suggest ing that a small proportion of non-covalently bonded aggregates 

of BSA were generated in this case. A simi lar observation was made when BSA alone 

was pressure treated (see Figure 8 .7) .  However, there was some difference between the 

concentrations of SDS-monomeric �-LG and native-l ike �-LG in  this case, suggesting 

that presence of �-LG contributed to the formation of a proportion of non-covalently 

bonded aggregates. However, it can be seen that the difference between the 

concentrations of SDS-monomeric �-LG and native-l ike �-LG (approximately 1 0% )  

was smal l compared with that (approximately 30-40%) when a 1 :  1 binary rrlixture of �­

LG and a-LA was pressure treated (see Figure 8 . 1 0 ) .  This observation suggested that 

comparatively greater proportions of hydrophobical ly l inked aggregates were generated 

by pressure treatment of a mixture of �-LG and a-LA than by pressure treatment of a 

mixture of �-LG and BSA. 
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Further, it was observed that the concentrations of both native- l ike and SDS-monomeric 

�-LG and BSA decreased comparatively faster when a binary mixture of �-LG and 

BSA was pressure treated than when pure �-LG ( see Figure 8 .3 )  or BSA (see Figure 8 . 7 )  

was pressure treated alone. 

2D PAGE 

The 2D native :SDS-PAGE and 2D SOS : reduced SDS-PAGE patterns of a pressure­

treated 1 : 1 binary mixture of �-LG and BSA are presented in Figures 8 . 1 4A and 8. 1 4B 

respectively. 

The 2D native :SDS-PAGE pattern (Figure 8 . 1 4A) showed that the intensities of the 

spots corresponding to monomeric �-LG and BSA decreased as a results of pressure 

treatment, with the simultaneous formation of high molecular weight aggregates. These 

aggregates were so large that they did not travel further in the 2D gel;  some of these 

aggregates were resolved in  the stacking gel or near the top of the resolving gel .  Some 

newly formed spots resolved in the second dimension on SOS-PAGE, from the protein 

aggregates present in the region between the monomeric �-LG band and the top of the 

resolving gel of the 1 D native sample gel strip (a'), corresponded to polymers of �-LG 

and BSA. A proportion of the material caught up at the top of the resolving gel and 

caught up within the stacking gel was not dissociated in the second dimension in the 

SDS-PAGE environment, suggesting that a proportion of the aggregates were other than 

hydrophobically l inked. 

On the 2D SDS:reduced S OS-PAGE pattern (F igure 8 . 1 4B), several new spots were 

resolved (as almost continuous horizontal streaks), in l i ne with the spots corresponding 

to SDS-monomeric �-LG and BSA, to the left of the diagonal . These new spots were 

resolved from the region between the SOS-monomeric f3-LG band and the top of the gel 

of the reduced I D  SOS sample gel strip (a') ( i .e. after d isulphide bond reduction of the 

proteins within the sample gel strip), which coincided with the bands corresponding to 

reduced SDS dimers of �-LG and high molecular weight co-polymers of �-LG and BSA 

on the stained gel strip (a"), suggesting that these aggregates were disulphide l inked. 
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Mixture of a-LA and BSA 

lD PAGE 

Comparison of the native-PAGE patterns of a binary mixture of control a-LA and BSA 

(Lane 1 ,  Figure 8. 1 5A) and pressure-treated samples (Lanes 2-8, Figure 8 . 1 SA) 

indicated that the intensity of the band corresponding to native- like BSA decreased 

gradual ly in the pressure-treated samples. However, the decrease in the intensity of the 

band corresponding to native- l ike BSA was much slower than that observed when a 

binary mixture of �-LG and BSA (Figure 8 . 1 2A) was pressure treated. The band 

corresponding to native-l ike BSA was sti l l  clearly observable in the native-PAGE 

pattern of the sample pressure treated at 600 MPa for 60 min (Lane 8, Figure 8 . 1 5A); 

this behaviour of BSA was clearly different from that when a binary mixture of �-LG 

and BSA was pressure treated (Lane 8,  Figure 8 . 1 2A).  Simi larly, the intensi ty of the 

band corresponding to native-l ike a-LA also decreased much more slowly (F igure 

8 . 1 SA) compared with when a binary mixture of �-LG and a-LA was pressure treated 

(Figure 8 .9A). 

There were several new bands and a dark-staining region corresponding to aggregated 

material between the band corresponding to native-l ike BSA and the top of the 

resolving gel in the native-PAGE patterns of the pressure-treated samples ( Lanes 2-8, 

Figure 8 . 1 SA) . . Also, in this case, comparatively smal l  proportions of high molecular 

weight aggregates (regions marked as X4 and Xs) were generated. 
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Figure 8. 1 5. (A) Native-PAGE and (B) SDS-PAGE patterns of a 1 :  1 binary mixture of 
pure a-LA and BSA solutions ( l 0  mg/rnL) :  untreated control sample ( Lane 1 )  and 
samples pressure treated at 600 MPa for 5 min ( Lane 2), 1 0  min (Lane 3 ), 20 min ( Lane 
4), 30 min ( Lane 5), 40 min ( Lane 6), 50 min (Lane 7) and 60 min ( Lane 8) .  

The SDS-PAGE patterns of the pressure-treated samples ( Lanes 2-8, Figure 8 . 1 5 B) also 

indicated almost the same trend as for the native-PAGE patterns ( Lanes 2-8, Figure 

8 . 1 5A). There was l i ttle change in the intensity of the band corresponding to SDS­

monomeric a-LA. A number of new discrete bands and a dark-staining region 

corresponding to aggregated material were observed between the band corresponding to 

SDS-monomeric BSA and the top of the resolving gel in the SDS-PAGE pattern of the 

pressure-treated samples (Lanes 2-8, Figure 8 . 1 5B) .  This aggregated material consisted 

of polymers of BSA alone, as wel l  as co-polymers of a-LA and BSA (Figure 8 . 1 7B) .  
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However, i ntermediate-sized aggregates cons isting only of a-LA (such as a-LA dimers) 

appeared to be absent from both the native-PAGE (Figure 8 . 1 5A) and SDS-PAGE 

(Figure 8 . 1 5B)  patterns. 

These results c learly indicated that both a-LA and BSA behaved differently when 

pressure treated in the presence (Figure 8 .9A and 8. 1 2A respectively) versus in the 

absence of �-LG (Figure 8 . l 5 ), suggesting that the reactivity of these seemed to be 

different in each system, depending on the presence or absence of �-LG in the system. 

The relati e intensities of the bands corresponding to residual native- l i ke and SDS­

monomeric a-LA and BSA in a pressure-treated mixture of a-LA and BSA (Figure 8 . 1 6) 

showed that the concentrations of native- l ike and SDS-monomeric BSA decreased 

faster than those of native- l ike and SDS-monomeric a-LA. It appears from these results 

that most of the BSA was self-aggregated (confirming earlier results; see Figures 8 .6 

and 8 .7 )  and that a-LA played l ittle role in the formation of co-polymers of a-LA and 

BSA when a mixture of a-L A  and BSA was pressure treated. Also, the differences 

between the concentrations of SDS-monomeric and native-l ike a-LA and between the 

concentrations of SDS-monomeric and native-l ike BSA were very small i n  al l  pressure­

treated samples. Thus, these results again confirm that comparatively small proportions 

of hydrophobical ly l inked aggregates of BSA were generated when BSA was pressure 

treated either alone (e.g. see also Figure 8 .7 )  or in combination with other whey proteins 

in binary systems (Figure 8 . 1 6; see also Figure 8 . 1 3 ) .  These results indirectly suggest 

that pressure-induced aggregation of BSA either alone or in combination with other 

whey proteins generated main ly disulphide- l inked aggregates. This behaviour of BSA is 

in contrast to the behaviours of �-LG and a-LA, which generated both disulphide­

l inked and hydrophobically l inked aggregates. 
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2D PA GE 

Significant proportions of h igh molecular weight aggregates were resolved as a diagonal 

streak near the top of the resolving gel, and were not further dissociated by SDS in the 

2D native :SDS-PAGE pattern (Figure 8 . 1 7  A). Also, it seems that there was l i tt le effect 

on a-LA. 

In contrast, the 2D SDS:reduced SDS-PAGE pattern ( Figure 8 . 1 7B)  c learly showed that 

spots or streaks corresponding to reduced monomeric BSA and a-LA were resolved 

from the high molecular weight aggregates present in the region between the SDS­

monomeric BSA band and the region marked as X4 of the reduced 1 D SDS sample gel 

strip (a'). These results suggested that pressure treatment of a b inary mixture of BSA 

and a-LA generated high molecular weight disulphide-l inked co-polymers consisting of 

BSA and a-LA. 
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Mixture of �-LG, a-LA and BSA 

lD PAGE 

The native-PAGE patterns of control and pressure-treated samples of a 1 :  1 :  1 ternary 

mixture of �-LG, a-LA and BSA are presented in F igure 8 . 1 8A. Upon pressure 

treatment, sharp decreases in the intensities of the bands corresponding to native- l ike �­

LG, a-LA and BSA were observed (Lanes 2-8, Figure 8 . 1 8A), with the simultaneous 

appearance of several new discrete bands corresponding to protein aggregates of �-LG, 

a-LA and BSA ( inc luding h igh molecular weight aggregates �, Xs, and X6) as marked 

on the right-hand s ide of the native-PAGE patterns (Figure 8 . 1 8A). 
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Figure 8. 1 8. (A) Native-PAGE and (B) SDS-PAGE patterns of a 1 :  1 :  1 ternary mixture 
of pure �-LG, a-LA and BSA solutions ( 1 0  mg/mL):  untreated control sample ( Lane 1 )  
and samples pressure treated at 600 MPa for 5 min ( Lane 2), 1 0  min ( Lane 3 ), 20 min 
(Lane 4), 30 min (Lane 5),  40 min (Lane 6), 50  min ( Lane 7) and 60 min (Lane 8) .  
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The SDS-PAGE patterns of the pressure-treated ( Lanes 2-8, Figure 8 . 1 8B) samples 

suggested a simi lar trend to that of the corresponding native-PAGE patterns (Lanes 2-8, 

Figure 8 . 1 8A), showing significant decreases in the intensities of the bands 

corresponding to SDS-monomeric p-LG, a-LA and BSA and the concurrent appearance 

of new discrete bands corresponding to SDS p-LG dimer and a dark-staining region 

corresponding to high molecular weight aggregates between the band corresponding to 

the SDS p-LG dimer and the top of the resolv ing gel .  As observed on the native-PAGE 

patterns (Figure 8 . 1 8A), the band corresponding to SDS-monomeric BSA was absent in 

the PAGE patterns of samples pressure treated for longer than 20 min at 600 MPa ( Lane 

5-8, F igure 8 . 1 8 B), whereas the bands corresponding to monomeric p-LG and a-LA 

were sti l l  observable after severe pressure treatment (Lane 8, Figure 8 . 1 8B), suggesting 

that BSA was found to be more pressure sensitive when a ternary mixture of p-LG, a­

LA and BSA was pressure treated than when pure BSA was pressure treated in isolation. 
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Figure 8. 1 9. Concentrations of residual native-l ike p-LG ( e ), SDS-monomeric p-LG 

( 0 ), native-like a-LA ( T ), SDS-monomeric a-LA (,v ), native- l ike BSA ( _ )  and 

SDS-monomeric BSA ( D )  in solutions ( 1 0  mg/mL) of a ternary mixture of pure p-LG, 
a-LA and BSA treated at 600 M Pa for 0-60 min. 
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From the plotted intensities of the bands corresponding to the concentration of residual 

native- l ike and SDS-monomeric �-LG, a-LA and BSA (Figure 8 . 1 9), it can be observed 

that the concentrations of native- like and SDS-monomeric BSA decreased fastest, 

fol lowed by �-LG and a-LA. Also, it can be seen that there were some differences 

between the concentrations of residual SDS-monomeric and native-l ike �-LG and a-LA 

(but not BSA), suggesting that a proportion of the aggregates of �-LG and a-LA were 

hydrophobically l i nked. 

2D PAGE 

The 2D native :SDS-PAGE and 2D SDS:reduced SDS-PAGE patterns of pressure­

treated samples of a ternary mixture of �-LG, a-LA and BSA are presented in Figures 

8.20A and 8 .20B respectively. 

A series of new spots were resolved on 2D native :SDS-PAGE as a diagonal streak from 

the protein aggregates present in the region between the band corresponding to �-LG 

and the top of the resolving gel of the 1 D native sample gel strip (a' ) .  These new spots 

were di ociated in the S DS environment, suggesting that they were hydrophobical ly 

l inked. 

Simi larly, the 2D SDS:reduced SDS-PAGE pattern of the pressure-treated samples 

(Figure 8 .20B) showed that a series of new spots were resolved from the reduced I D  

SDS sample gel strip (a') .  The new spots were resolved as a continuous horizontal l ine 

to the left of the reduced monomeric �-LG , a-LA and BSA spots on the 2D PAGE 

pattern ( i .e .  to the left of the diagonal) .  These spots were resolved from the bands 

corresponding to intermediate-sized aggregates (e.g. �-LG and a-LA dimers) and from 

the high molecular weight aggregates accumulated in the region marked as X4 and Xs) 
of the reduced san1ple gel strip (a'), suggesting that disulphide-l inked co-polymers 

consisting of BSA, �-LG and a-LA were generated by pressure treatment. 
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Figure 8.20. 2D (A) native :SDS-PAGE and (B) SDS : reduced SDS-PAGE patterns of a 
solution of a 1 :  1 :  1 ternary mixture of �-LG, a-LA and BSA pressure treated at 600 MPa 
for 60 min. 
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Mixture of �-LG and K-CN 

ID PA GE 

The native-PAGE patterns of the control and pressure-treated samples (Figure 8 .2 1  A) 

showed that the band corresponding to native- l ike �-LG was resolved in the control  

samples (Lane 1 ,  Figure 8 .2 1 A) ,  giving a quite distinct c lear monomeric band with 

almost no impurity or aggregated protein, and that most of the K-C existed in  a 

polymeric form (which was resolved near the top of the resol ving gel, was caught up in 

the stacking gel or could not enter the gel) .  I t  was found that the intensity of the band 

corresponding to native- l ike monomeric �-LG decreased sharply in the pressure-treated 

samples (Lanes 2-8,  Figure 8 .2 1 A), with the concurrent formation of several new bands 

in the region between the native-like B-LG band and the top of the resolving gel, as 

marked on the right-hand side of the gel . High molecular weight polymers (marked as 

X4, Xs and X6) were also present in the PAGE pattern of the pressure-treated samples 

(Lanes 2-8, Figure 8.2 1 A). 

The SOS-PAGE patterns also showed that the intensity of the band corresponding to 

SDS-monomeric 13-LG decreased in the PAGE patterns of the pressure-treated samples 

( Lanes 2-8, Figure 8 .2 1 B), with the simultaneous formation of aggregates (mainly 

B-LG dimers) and high molecular weight aggregates of B-LG and K-CN (marked as X4, 

Xs and X6). Some very large, insoluble aggregates that did not penetrate the gel pore or 

that caught up within the stacking gel or could not enter the gel were also generated by 

pressure treatment. This result shows that a comparatively much higher proportion of 

very large aggregates was formed when a binary mixture of B-LG and K-CN was 

pressure treated compared with when a binary or ternary mixture of �-LG in 

combination with a-LA and BSA was pressure treated (see Figures 8 .9, 8 . 1 2  and 8 . 1 8) .  
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Figure 8.2 1 .  (A) ative-PAGE and (B)  SOS-PAGE patterns of a 1 : 1  binary mixture of 
pure �-LG and K-CN solutions (1 0 mg/mL) :  untreated control sample (Lane 1 )  and 
samples pressure treated at 600 MPa for 5 min (Lane 2), 1 0  min (Lane 3),  20 min (Lane 
4), 30 min (Lane 5 ), 40 min ( Lane 6), 50 min ( Lane 7) and 60 min ( Lane 8) .  

It was not possible to quantify the residual native- l ike or SOS-monomeric K-C as 

almost al l  the K-C was present in a polymeric form in al l  the samples, including the 

control samples (Lane 1 ,  Figures 8.2 1 A and 8 .2 1  B). The quantitative data on the 

residual native- l ike and SOS-monomeric �-LG were plotted (F igure 8 .22). These results 

suggested that the concentration of native- l ike and SOS-monomeric �-LG decreased at 

a faster rate when a 1 :  1 binary mixture of p-LG and K-CN was pressure treated than 

when a pure �-LG solution alone was pressure treated (Figure 8 .3 ) .  Also, the difference 

between SDS-monomeric and native- l ike p-LG was comparatively smal ler, compared 

with when a 1 :  1 binary mixture of p-LG and a-LA was pressure treated (F igure 8 . 1 0), 
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which suggested that the majority of the aggregates induced by pressure treatment of a 

binary mixture of P-LO and K-CN were covalently l inked. 
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Figure 8.22. Concentrations of residual native- l ike p-LG (e) and SDS-monomeric p­

LO ( 0 )  i n  solutions ( 1 0  mg/mL) of a binary mixture of pure p-LG and K-CN treated at 
600 MPa for 0-60 min. 

Mixture of p-LG, a-LA and K-CN 

lD PAGE 

The native PAGE patterns of the pressure-treated samples ( Lanes 2-8, Figure 8 .23A) 

showed a rapid dec line in the intensity of the band corresponding to native-l ike p-LG 

after pressure treatment of the samples for a short time (Lane 2 ,  Figure 8 .23A) .  This  

band corresponding to  native-like p-LG then a lmost disappeared upon longer holding 

(Lanes 3-8, F igure 8.23 ) .  The decrease in  the intensity of the band corresponding to 

native- l ike proteins was coupled with the formation of polymers of various sizes, 

ranging from dimers, trimers and tetramers to high molecular weight polymers of p-LG 

and K-CN that were caught up at in the region marked as X4, Xs and X6) .  I nterestingly, 

the intensity of the band corresponding to native- l ike a-LA remained almost unchanged 

throughout the pressure treatment. 
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Figure 8.23. (A) ative-PAGE and (B)  SDS-PAGE patterns of a 1 : 1 : 1 ternary mixture 
of pure �-LG, a-LA and K-CN solutions ( 1 0  mg/mL) :  untreated control sample ( Lane 1 )  
and samples pressure treated at 600 MPa for 5 min ( Lane 2), 1 0  min ( Lane 3 ), 20 min 
(Lane 4), 30  min (Lane 5) ,  40 min ( Lane 6), 50 min (Lane 7) and 60 min (Lane 8) .  

An almost simi lar trend as for the native-PAGE patterns (Figure 8 .23A) was shown by 

the SOS-PAGE patterns (Figure 8 .23 8 ). However, i n  contrast to the corresponding 

native-PAGE pattern (Lane 8, Figure 8 .23A), faint bands corresponding to SDS­

monomeric �-LG were sti l l  observable after a long pressure treatment. It was found that 

there was further polymerisation of K-CN in  the pressure-treated samples (see Lanes 2-

8, Figure 8 .23 8). No major changes in the intensity of the band corresponding to SDS­

monomeric a-LA were observed. ew bands corresponding to SDS �-LG dimer 

appeared in the SOS-PAGE patterns of the pressure-treated samples (Lanes 3-8, Figure 

8 .238) .  I n  addition, high molecular wei ght aggregates (marked as Xs and X6) were also 

observed. 
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From these results, it seems that there were preferential interactions of �-LG with K-CN 

with l ittle involvement of a-LA.  Also, in contrast to the binary system contain ing �-LG 

and a-LA (Figure 8 .9), comparatively fewer changes in a-LA were observed ( Figure 

8 .23). This behaviour is similar to the response of these proteins to heat treatment (Cho 

et ai . ,  2003) .  

The quantitative data on the concentrations of residual native-l ike and SDS-monomeric 

�-LG and a-LA (Figure 8.24) indicated that the concentration of native- l ike and SDS­

monomeric �-LG decreased much faster than that of a-LA, indicating that a-LA 

reacted slowly when two highly reactive proteins such as K-CN and �-LG were present 

in the system. I t  was not possible to obtain quantitative data on the decrease in the 

intensity of the band con-esponding to monomeric K-CN, as most of the K-CN was in a 

polymeric form. 

There were some differences between the concentrations of residual SDS-monomeric 

and native-l ike �-LG and between the concentrations of residual SDS-monomeric and 

native- like a-LA, suggesting that a proportion of the aggregates was non-covalently 

l inked . 
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Figure 8.24. Concentrations of residual native-l ike �-LG ( e ), SDS-monomeric �-LG 

( 0 ), native-l ike a-LA ( T )  and SDS-monomeric a-LA Cv) in solutions ( 1 0  mg/mL) of 

a ternary mixture of �-LG, a-LA and K-CN treated at 600 M Pa for 0-60 min .  
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8.4 General discussion 

Several studies have been reported on the effects of heat treatments on pure �-LG, 

a-LA or BSA alone or when heat treated in binary or ternary combinations in model 

systems (e.g. Chapl in & Lyster, 1 986; Calvo et aI . ,  1 993 ; Gezimati et aI., 1 996, 1 997; 

Oalgleish et aI . ,  1 997; Manderson et aI . ,  1 998, 1 999; Schokker et aI . ,  1 999, 2000; Havea 

et a I . ,  2000, 200 1 ;  Hong & Creamer, 2002 ; L ivney et aI . , 2003 ;  Murayama & Tomida, 

2004; McGuffy et aI . ,  2005) .  Also there are reports concentrating on the effects of heat 

treatments on �-LG, a-LA or BSA in a heat-treated natural whey protein (e.g. WPC) 

system (e.g. Donovan & Mulvih i l l ,  1 987;  Havea et aI . ,  1 998 ,  2002, 2004) or a milk 

system (e .g .  Oannenberg & Kessler, 1 988a, 1 988b; Noh et aI . ,  1 989; Anema & 

McKenna, 1 996; Anema, 2000, 2003a, 2003 b). Considering that ample l i terature is 

already avai lable on the above subjects, only the effects of pressure treatments on �-LG, 

a-LA, BSA or K-CN alone or when pressure treated in binary or ternary combinations 

were evaluated in the present study. The present discussion is therefore mainly based on 

the effects of the pressure treatments observed in the present study and these results are 

discussed in comparison with the reported l iterature on the effects of heat treatments. 

Further, it should be considered that severe pressure treatments (e.g. 600 MPa) wi l l  

have different effects on proteins, as compared with mi ld pressure treatments (e.g. 200 

MPa) or medium pressure treatments (e.g. 400 MPa) and may have different 

mechanisms of denaturation and aggregation (Considine et aI . ,  2005a, 2005b). However, 

it should be noted that the resul ts of the present study and the explanations are based 

only on the interactions that occur with severe pressure treatments. 

Further, it was obvious from the results of earl ier chapters that it was chal lenging to 

study the heat- or pressure-induced interactions or denaturation, aggregation and 

gelation of whey proteins in a complex system (e.g. in WPC, Chapters 4-6) or the 

interactions of caseins and whey proteins in a milk system (e .g .  in Chapter 7), in which 

all components ( including whey proteins, caseins and other milk components such as 

lactose and minerals) are present in their natural environment, which might affect the 

behaviour of each of the milk prote ins. Also, the role of some of the proteins when 

pressure treated in a complex system was not very clear. 
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Many previous studies o n  the effect of heat on rJ- LG (e.g. Manderson et aI. , 1 998 1 999; 

Croguennec et aI., 2003 ; Creamer et aI., 2004) and pressure on �-LG (e.g. Dumay et aI . ,  

1 994; Funtenberger et aI . ,  1 997; Iametti et aI . ,  1 997;  Mol ler et aI . ,  1 998;  Considine et aI . ,  

2005a, 2005b; also see Chapters 5 and 6) indicated that the general reaction pathways 

for heat- and pressure-induced denaturation and aggregation of �-LG are simi lar but not 

identical .  As discussed earl ier (Chapters 4-6), there are some similarities and 

differences between heat- and pressure- induced changes in the proteins.  Some of these 

differences in the denaturation and aggregation of proteins may be attributed to the 

differences in the rupture of non-covalent bonds and the subsequent re-formation of 

intra- and intermolecular bonds by heat compared with high pressure ( Heremans et aI . ,  

1 997). The effects of pressure treatments on i ndividual proteins are discussed in the 

subsequent sections. 

p-LG 

As �-LG is the major whey protein and is the most sensitive whey protein, it dominates 

the reactions in a mixed protein system such as WPC or milk .  Therefore, the effects of 

high pressure on �-LG are discussed in comparatively greater detai l .  As for heat-treated 

samples of �-LG, when rJ-LG is in an unfolding envi ronment such as high pressure, the 

free SH group of Cys 1 2 1  (CysH I 2 1 ) has the abi l ity to interact i rreversibly with 

disulphide bonds ( see Figure 8 .25;  Considine et a I . ,  2006a, 2006b). 

Pressure also seems to dissoc iate native dimers into monomers, which then partially 

unfold (as shown in Figures 8.2 and 8.4) so that the thiol moiety of CysH 1 2 1  can access 

the adjacent Cys 1 06-Cys  1 1 9 disulphide bond and generate a CysH 1 1 9 with a free thiol .  

Either this CysH 1 1 9 or the original CysH 1 2 1  then interacts with a Cys66-Cys 1 60 

disulphide bond of the same or another �-LG molecule to transfer the thiol to CysH66 

or CysH 1 60. The thiol on CysH 1 60 is l ikely to be able to access almost any avai lable 

Cys residue because CysH 1 60 is within two amino ac ids from the C terminus of �-LG. 

It was observed that comparatively smal l proportions of high molecular weight 

polymers were formed i n  these pressure-treated samples, which is  a different trend from 

that for heat-treated samples (Havea et aI . ,  200 1 ). Such behaviour of whey proteins 

under pressure may wel l  be related to enthalpy/entropy relationships or d ifferent effects 

of heat and pressure on the structure of whey proteins.  
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A 

B 

c 

Figure 8.25. Thiol-disulphide interchange in �-LG. (A)  The intramolecular interchange 
that precedes al l other interchange reactions (Croguennec et aI . ,  2003 ; Creamer et aI . ,  
2004). (B) The possible second interchange that involves the Cys66-Cys 1 60 I3-LG 
disulphide bond in the same molecule or in  another I3-LG molecule, which is  spatial ly 
distant in native �-LG. (C) A plausible interchange i nvolving two I3-LG molecule s  to 
form a disulphide-bonded dimer without involving the interchange shown in (B ). 

a-LA 

I n  contrast to �-LG, no changes in a-LA were observed when pure solutions of a-LA 

were subjected to severe pressure treatment in isolation, showing that a-LA does not 

readily aggregate when pressure treated alone. This behaviour is different from the 

earl ier reports (Chaplin & Lyster, 1 986; Havea et aI . ,  2000, 200 1 ;  Hong & Creamer, 

2002; McGuffy et aI . ,  2005 ), reporting hydrophobic or disulphide-bonded aggregates of 

a-LA after severe heat treatment. Such d ifferences might be attributed to the absence of 

a free sulphydry l  group in the structure of a-LA, as discussed in Chapters 4-7. In some 

studies (Kuwaj ima, 1 989; Hirose, 1 993 ; Lassal le et aI . ,  2003), a-LA has been shown to 

form disulphide-l inked polymers as wel l  as modified monomers when heated under 

severe conditions ( l ooec for 30 min) and these are probably in the molten globule state. 

One of the reports suggested that a-LA changes its conformation from molten globule 

to the unfolded state without volume changes (Kobashigawa et aI . ,  1 999). 
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Mixture of a-LA and fJ-LG 

I t  was found that a-LA alone is relatively non-reactive upon pressure treatment. 

However, the results of the present study (Figures 8.9 and 8 . 1 1 )  suggested that 

aggregation of a-LA occurs when it is  pressure treated in the presence of �-LG, which 

is  in agreement with earl ier reports on pure protein systems (Tanaka & Kunugi, 1 996; 

Jegouic et aI . ,  1 996; 1 997). This was also in agreement with several reports on the 

effects of heat treatment on model systems (e .g. Noh et aI., 1 989; Matsudomi et a I . ,  

1 992; Calvo et  a I . ,  1 993 ; H ines & Foegeding, 1 993 ; Qi e t  a I . ,  1 995;  Dalgleish et  a I . ,  

1 997; Gezimati et a I . ,  1 997; chokker e t  aI . ,  2000; Havea et  a I . ,  200 1 ; Hong & Creamer, 

2002), showing that, in the presence of a-LA, a series of di sulphide- l inked (Matsudom i  

e t  aI . ,  1 992 ; Calvo et aI . ,  1 993 ; Gezimati et aI . ,  1 997) and hydrophobic (Calvo e t  a I . ,  

1 993 ; Dalgleish et  aI . ,  1 997; Gezimati et aI . ,  1 997; Havea et  a I . ,  1 998, 200 1 ; Oldfield et 

aI . ,  1 998, 2000; Schokker et aI . ,  2000; Hong & Creamer, 2002) interactions between a­

LA and �-LG occur. These PAGE patterns of heat-treated binary mixtures of a-LA and 

�-LG are simi lar to those when �-LG solution is heated on its own, suggesting that the 

mechanism of aggregation is  governed by �-LG when a binary mixture of a-LA and �­

LG is heated ( Schokker et a I . ,  2000; Hong & Creamer, 2002). An almost simi lar trend 

was observed in the present study (Figures 8 .9A and 8.9B) when a mixture of a-LA and 

�-LG was pressure treated, suggesting that the pressure-induced mechanism is also 

governed by �-LG. 

BSA 

BSA has been reported as the most heat sensitive of the major whey proteins when 

heated alone (Clark et aI . ,  1 98 1 ;  Shimada & Matsushita, 1 98 1 ;  de Wit & Klarenbeek, 

1 984; Takeda et aI., 1 989; Yamasaki et aI . ,  1 99 1 ). However, comparatively l itt le 

information is avai lable on the behaviour of pure BSA when pressure treated alone. 

The results of the present study showed that, compared with �-LG, BSA was quite 

resistant to pressure treatment when solutions of BSA were pressure treated alone,  

which may be explained by the structural differences between these proteins and the 

number of disulphide bonds ( as discussed in  Chapters 4-6). Pressure resistance ( 1 00-

400 MPa) has also been demonstrated by Hayakawa et al .  ( 1 992), probably because 
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pressure does not affect the a-hel ix and does not impart sufficient energy to disrupt 

disulphide bonds, thus maintaining the molecular structure of BSA. L ike �-LG, BSA 

also self-aggregated and formed pressure-induced aggregates. 

Mixture of p-LG and BSA 

I n  comparison with pressure treatment of pure BSA (Figure 8 .6)  or �-LG (Figure 8.2) 

alone, when a 1 :  1 mixture of �-LG and BSA (F igure 8 . 1 2A) was pressure treated, the 

loss of both native-l ike and SDS-monomeric �-LG and BSA was faster and greater 

proportions of disulphide-bonded aggregates were formed. 

When a 1 :  1 binary mixture of �-LG and BSA was pressure treated in the present study, 

BSA denatured faster than �-LG and it appeared that almost al l the BSA interacted with 

�-LG during the early stages of pressure treatment. This behaviour of BSA was almost 

the same as that reported for heat treatment ( H avea et aI . ,  200 1 ), which may be 

attributed to the avai labil ity of the free thiol from f3-LG, which accelerates the reactivity 

of BSA. At lower pressure, 200-300 MPa, �-LG seems to be sensitive to high pressure 

and starts unfolding earl ier than a-LA or BSA (results of Chapters 4-5 ), but, at higher 

pressure (e .g. 600 MPa), BSA also becomes more sensitive and starts to denature and 

aggregate faster. Thi s  may be because the lower pressure may not be providing 

sufficient energy to affect the large number of disulphide bonds ( 1 7  disulphide bonds) at 

200-300 MPa, but the lower pressure (200-300 MPa) may be sufficient to affect the 

structure of �-LG or to col lapse the central hydrophobic cavity of �-LG (as di scussed in 

Chapter 4-6) .  

Mixture of a-LA and BSA 

I n  a heat-treated mixture ( Havea et aI . ,  2000), it was found that BSA forms d isulphide­

bonded aggregates and catalyses the formation of differently structured a-LA 

monomers, dimers and adducts of a-LA with BSA. However, this did not occur when a 

binary mixture of a-LA and BSA was pressure treated in the present study, which may 

be attributed to pressure resistance of a-LA. 
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Mixture of p-LG, a-LA and RSA 

When mixtures of B-LG, a-LA and BSA were heat treated, BSA formed polymers prior 

to the unfolding of either a-LA or B-LG (Gezimati et aI . ,  1 996, 1 997; Havea et al . ,  

200 1 ). Moreover, i t  has been shown that heating a-LA in the presence of BSA or B-LG 

in WPC permeate ( Havea et aI . ,  200 1 )  can induce the formation of a-LA dimers and co­

polymers of a-LA with B-LG and possibly with BSA. A somewhat simi lar trend was 

also observed in the pressure-treat d mixture of a-LA, B-LG and BSA in the present 

study. However, in the pressure-treated samples, it appeared that B-LG, being the most 

pressure-sensitive whey protein, formed early aggregates, prior to the unfolding of 

either a-LA or BSA. 

It was generally observed that, when pure BSA solutions or combinations/mixtures of 

BSA and other whey proteins (e.g. a binary mixture of BSA and a-LA) were pressure 

treated, almost all the aggregates were disulphide l inked and only a smal l proportion of 

the aggregates were hydrophobical ly l inked. However, pressure treatment of B-LG, a 

binary mixture of B-LG and a-LA or a ternary mixture of BSA, B-LG and a-LA 

generated aggregates compri sing a mixture of hydrophobical ly l inked and disulphide­

l inked aggregates. This may be attributed to structural differences in each of these 

proteins, and/or the effects of high pressure treatments on the structure of each of these 

proteins may be responsible for such differences. 

Mixture of p-LG and l(-eN 

When binary mixtures of B-LG and K-CN were pressure treated, B-LG dimers and large 

polymers consisting of B-LG and K-CN were formed as a result of interaction between 

B-LG and K-CN. The majority of these aggregates were not dissociated by SDS, 

suggesting that they were mainly disulphide bonded. These results are in  agreement 

with the avai lable reports showing that pressure-induced interactions occur between B­

LG and K-C (Felipe et aI . ,  1 997; L6pez-Fandifio et aI . ,  1 997; L6pez-Fandifio & Olano, 

1 998a, 1 998b; Needs et aI., 2000a, 2000b; Scol lard et a I . ,  2000), possibly VIa 

intermolecular disulphide bonds (L6pez-Fandifio et aI., 1 997; Needs et aI . ,  2000b). 
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Mixture of [3-LG, a-LA and K-CN 

Pressure treatment of a mixture of �-LG, a-LA and K-CN indicated that there was a 

rapid decl ine in the intensity of the band corresponding to monomeric �-LG and, 

interestingly, the intensity of the band corresponding to a-LA decreased very slowly 

(Figure 8.23 ) .  These results showed that, when all three proteins (�-LG, K-CN and a­

LA) were present in the system, reactions occurred preferential ly between �-LG and K­

CN, with little involvement of a-LA. The pressure stabi l ity of a-LA and the lack of a 

free thiol in a-LA may be responsible for such behaviour of a-LA i n  the pressure­

treated system. This behaviour was simi lar to the response of these proteins to heat 

treatment (Cho et aI . ,  2003 ). In such system, only a smal l proportion of the aggregates 

were non-covalently l inked and the majority of the aggregates were covalently l inked 

(mainly disulphide l inked) probably because of preferential reaction between �-LG and 

K-C . 

8.5 Conclusions 

This study on the effects of pressure treatments on pure proteins m isolated ( i .e. 

individual) i solated systems, or in binary or ternary systems, generated useful 

information and c larified the role of each protein in pressure-induced aggregation and 

interactions of milk proteins. This study was a major step towards c larifying many 

doubts about the role of different proteins, when a complex mixture of proteins ( such as 

WPC or mi lk)  is pressure treated. However, more detailed studies using different 

experimental conditions ( such as pH, ionic strength, and the natural WPC or milk 

systems with particular protein depleted or enriched etc) would be useful to further 

c larify the role of different proteins in the pressure-treated systems. 
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CHAPTER 9 

Overa ll Conclusions and Recommendations 

9. 1 Introduction 

Although the potential of high pressure (HP) processing of foods was first demonstrated 

in 1 899 by Hite, considerable research interest in HP processing has been generated 

only over the last two decades, partly because of the previous unavai labil ity of suitable 

commercial-scale equipment and because of high initial capi tal costs. Most of the 

previous studies on pressure-induced denaturation, aggregation and gelation have 

concentrated mainly on �-Iactoglobulin (�-LG) in model systems, i .e .  as an academic 

exercise. A number of studies eval uating the microstructural and rheological properties 

of pressure-induced whey protein gels or the effects of HP processing on the casein 

micel les in milk have also been reported. However, there is l imited understanding of the 

mechanisms involved in the pressure-induced aggregation and gelation of whey proteins 

or the casein-whey protein interactions in complex natural systems such as whey 

protein concentrate (WPC) or milk .  Such aspects are important because, in natural 

systems such as WPC or milk, the presence of other proteins, l actose and minerals wil l 

influence the behaviour of the proteins. In  addition, the effects of heat treatment and 

pressure treatment have been stud ied on different samples, i n  different systems and 

using different experimental protocols or analyt ical methods .  Therefore, in many 

instances, it is difficult to make comparisons and draw conclusions about the behaviour 

of milk and whey from these results .  

In this context, the effects of HP processmg on the denaturation, aggregation and 

gelation of whey proteins in WPC, and the interactions of caseins and whey proteins in 

milk and in model systems using pure proteins, were explored.  Changes in the milk 

proteins, as induced by selected pressure and heat treatments, were compared, where 

possible, using a common approach ,  common methodology and samples from the same 

aliquot to compare the effects of heat and HP on milk proteins. However, the purpose of 

the comparison was to provide an indication of the changes in proteins induced by 

particular heat or pressure treatments ( i .e .  general ly accepted treatments within mild, 

moderate and severe heat and pressure treatment regimes were considered);  therefore, it 

was not a direct comparison. Any heat treatment ( such as pasteurisation, steri l isation or 
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preheat treatment) should not be directly correlated with a particular pressure treatment, 

in terms of their functionalit ies or their abi l ities to inactivate microorganisms. 

The pathways and the products of denaturation, aggregation and gelation in  whey 

proteins, and the casein-whey protein complexes formed in heat- and pressure-treated 

milk systems, were el ucidated. I n  most cases, the findings have been discussed in terms 

of key simi larities and differences generated as a result of these two treatments, as 

observed in the present study or reported in the l iterature. Possible pathwayslhypotheses 

have been proposed based on the results from the present study and relevant d iscussion 

has been included in  the appropriate chapters. However, to support the conclusions, 

some of the important aspects of the discussion are reiterated in this chapter. 

9.2 Com ments a n d  conclusions 

Although several possible principal methods [such as size exclusion chromatography 

(SEC), light scattering, microscopy, rheology, c ircular dichroism etc . ]  could have been 

used, suitable polyacry lamide gel electrophoresis ( PAGE) techniques (with appropriate 

modifications, where necessary) were found to be valuable for the detailed 

characterisation of the aggregation pathways of whey proteins and the covalent 

interaction products of  caseins and whey proteins in  heat- and pressure-treated samples. 

Each of the PAGE techniques uses different principles to separate and identi fy the 

proteins and protein complexes. The two-dimensional (2D) PAGE techniques in the 

present investigation were useful in  determining which proteins formed reducible bonds 

(mainly disulphide bonds) or non-covalent bonds (mainly hydrophobic bonds) with one 

another. Appl ication of a common approach and a common methodology to heat- and 

pressure-treated samples from the same aliquots generated useful information, i ncluding 

the type and size of aggregates, the proportions of covalent and non-covalent 

aggregates, the forces involved in protein-protein interactions, and the molecular mass 

ranges of aggregates of individual proteins or mixtures of proteins. Furthermore, 

modification of the PAGE methods to set the sample in the stacking gel portion within 

the sample loading wel l  allowed better characterisation of the very large aggregates (> 

500 kDa), which could not enter the gel .  I n  some instances, combination of PAGE 

techniques with other avai lable techniques ( such as SEC, microscopy, rheology) 

provided greater understanding of the behaviour of the various milk proteins  and their 
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interactions as  affected by H P  treatments. The major findings of  the present study are 

l isted below. 

1 )  There were some differences and simi larities in the denaturation and aggregation 

of the proteins in heat-treated and pressure-treated WPC samples. I t  was found that each 

of the whey proteins had different sensitivities to heat treatment and pressure treatment, 

confirming the findings of some of the earl ier studies (e .g. Hinrichs et aI . ,  1 996; Lopez­

Fandifio et aI., 1 996; Gaucheron et aI., 1 997; Huppartz et aI . ,  2004a). The sensitivity of 

the major whey proteins to pressure was in the order p-LG B > p-LG A > 

immunoglobulin ( I  g) > lactoferrin ( LF) > bovine serum albumin ( BSA) > a-lactalbumin 

(a-LA) compared with Ig > LF > BSA > p-LG B > p-LG A > a-LA for heat. It has been 

proposed that the presence of a large internal hydrophobic cavity in p-LG, but not in 

BSA or a-LA, al low p-LG to be more sensitive to pressure treatment (Jameson et a I . ,  

2002); a-LA responds to pressure by modifying i ts  structure to be more molten globule 

l ike and does not ful ly unfold at very high pressures. The relatively lower degree of 

reactivity of a-LA at high pressures is probably related to the relatively greater stabi l i ty 

of this protein compared with p-LG (as discussed in Chapters 4 and 6 )  and is based on 

the unusual pressure-dependent behaviour of a-LA as reported previously (e .g .  

Kuwajima et aI . ,  1 990; Kobashigawa et aI . ,  1 999; Lasa l le et aI . ,  2003 ). Also, the heat­

sensitive proteins, such as I gs and LF, were comparatively more resistant to pressure 

treatment, which may be attributed to various other structural differences; this has been 

discussed in Chapters 4-6. 

The present study also indicated that different proportions of aggregates of various sizes 

were generated by heat treatment and pressure treatment . Pressure treatment of WPC 

solutions generated a greater proportion of comparatively intermediate-sized protein 

aggregates (such as dimers, trimers, tetramers and l arger polymers) than did heat 

treatment (Chapter 4), which was probably a consequence of the different effects of heat 

and pressure on the structure of the native proteins and the disulphide-bonded dimers. 

Both heat treatment and pressure treatment generated disulphide-bonded and 

hydrophobical ly bonded aggregates of whey proteins, consisting of 19s, LF, BSA, P-LG 

and a-LA (Chapters 4-6), as wel l  as 1 :  1 disulphide-bonded dimers between a-LA and 

p-LG, simi lar to those reported by Havea et al .  ( 1 998) in a heated WPC system. 
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Quantitative data (Chapter 5 )  suggested that up to 30% of the �-LG was involved in  

hydrophobic aggregation and that approximately 70% of the �-LG was i nvolved in  

d isulphide-l inked aggregation. Consequently, there appeared to be considerable 

s imilarity between the products of heat treatment and the products of pressure treatment 

of WPC. 

2) It was found that vanous experimental parameters, such as protein 

concentration, intensity of pressure treatment, holding t ime and pressuns1l1g 

temperature, have considerable  effects on the pressure-induced aggregation and gelation 

of whey proteins (Chapter 5 ) .  The combination of low protein concentration and mi ld 

pressure treatment led to minimal loss of native- l ike and SDS-monomeric �-LG, 

whereas the combination of high protein concentration and severe pressure treatment 

led to significant loss of both native-l ike and SO -monomeric �-LG. Once again, this 

i ndicated that the effects of pressure treatment on the proteins in WPC solutions 

fol lowed a simi lar trend to the effects of heat treatment, which demonstrated that the 

loss of native-l i ke and SDS-monomeric �-LG in WPC sol utions increased as the protein 

concentration and the holding time of heat treatment increased (Havea et aI . ,  1 998) .  

Moreover, the combination of severe pressure (e.g. 600 MPa) and elevated pressurising 

temperature had sign ificant effects on the denaturat ion and aggregation of al l  whey 

proteins. The pressure-resistant whey proteins such as a-LA and BSA became more 

reactive and involved in the aggregation as the pressurising temperature was increased, 

particularly at pressurising temperatures of 40°C and higher. The rate of loss of nat ive­

l ike and SOS-monomeric a-LA was greater than that of native- l ike and SDS­

monomeric �-LG and BSA when the pressurising temperature was increased to 40°C 

and higher. As discussed in Chapter 5 ,  pressure treatment generated comparatively 

greater proportions of intermediate-sized protein aggregates at lower protein 

concentrations and lower pressures, or  that were present only in the samples that were 

pressure treated at the lower pressuris ing temperatures, than did pressure treatment of 

concentrated protein solutions. However, comparatively smal l  proportions of 

i ntermediate-sized protein aggregates were formed when the combination of severe 

pressure treatment and the higher pressurising temperatures was used [ i .e .  even when 

di lute WPC solutions were subjected to severe (600 MPa) pressure treatment at the 

higher pressuris ing temperatures of 40 and 50°C] .  
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3) The pressure-treated samples of concentrated WPC solutions ( 1 2% w/v) showed 

a time-dependent loss of native whey proteins and a corresponding increase in non­

native proteins and protein aggregates of different sizes (Chapter 6). These aggregates 

altered the viscosity and the samples almost gel led and were shown to be cross-linked 

by intermolecular disulphide bonds and by non-covalent interactions. Based on the 

results, it was proposed that the formation of a �-LG disulphide-bonded network 

preceded the formation of disulphide bonds between a-LA or BSA and �-LG to form 

multi-protein aggregates, possibly because the disulphide bonds of a-LA and BSA are 

less exposed than those of �-LG either during or after pressure treatment. I t  was 

envisaged that, after about 90 min of pressure treatment, most of the proteins would 

have become attached to one another via disulphide bonds and that there would be 

virtual ly no strong protein-protein interaction or association other than via disulphide 

bonds. This situation is very different from that in heat-treated WPC solutions, where 

hydrophobicity appears to be an important driving force. Once the pressure was reduced 

to atmospheric, the hydrophobic associations would be partly restored within the 

constraints of the new disulphide-bonding structure. This led to the possible explanation 

that intermolecular d isulphide bond formation occurred at high pressure and that 

hydrophobic association became important after the high pressure treatment. Various 

possible hypotheses for pressure-induced gel formation are discussed in Chapter 6. 

4) The compositions of the casein-whey protein complexes formed during heat 

and pressure treatment of skim milk have not previously been studied i n  detai l .  

Modifications to the previously used PAGE methods, such as  setting the samples in  an 

open-pore gel prior to sodium dodecyl sulphate ( SOS)-PAGE separation, prevented the 

loss of the larger aggregates during the PAGE analysis so that the protein components 

of the aggregates could be determined after d isulphide bond reduction using a 2D 

PAGE analysis (Chapter 7) .  One-dimensional ( I D) alkal ine urea (AU)-PAGE and 20 

AU :SOS-PAGE dissociated the strong casein-casein hydrophobic associations, and the 

processing-induced disulphide-bonded protein aggregates of caseins and whey proteins 

in the control or processed samples, which allowed the as2-casein (as2_CN) monomers 

and dimers to be identified and tracked. Consequently, it was possible to show that 

these large disulphide-bonded aggregates that formed at high temperatures (> 1 00°C) or 

pressures (> 400 MPa) contained complexes consisting of a high proportion of asrCN 

as wel l  as K-CN, �-LG and other whey proteins. The effects of heat treatment and 
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pressure treatment on the interactions of caseins and whey proteins In milk were 

significantly different. as2-CN as wel l  as K-CN aggregated with �-LG at high 

temperatures and at pressures greater than 400 MPa. However, �-LG preferential ly 

aggregated with K-CN at 200 MPa. The accessibi l ity of as2-CN and the formation of 

complexes involving Us2-CN, K-CN and whey proteins in the pressure-treated mi lk, as 

demonstrated using the modified 20 PAGE teclmique and as explained by possible 

proposed reactions of the caseins and whey proteins in pressure-treated milk (Figures 

7 .7, 7.9 and 7 . 1 0, Chapter 7), was an important novel finding of the present study . I t  

was also found that dimeric as2-CN was comparatively more stable than the monomer 

form after either HP treatment or high temperature treatment. These findings also part ly 

demonstrated that the differences between the stabil ities of the proteins and the 

accessibi l ities of the disulphide bonds of the proteins at high temperature or pressure 

affect th pathways that give the differences among the resultant aggregates, the sizes of 

the aggregates and the product functionalities. 

5)  Finally, a study on the effects of the pressure treatment of pure proteins alone 

and in binary and ternary systems generated useful information and confirmed the role 

of each protein in pressure-induced denaturation, aggregation and interactions. Thi s  

study was a major step in  clarifying some doubts about the role of different proteins in  

complex systems (e.g. in  aggregation and gelation of  WPC or interactions of  case ins 

and whey proteins in milk). 

a-LA and BSA exhibited different behaviour when pressure treated in the presence, 

compared with in the absence, of �-LG. The presence of �-LG in the system was found 

to catalyse the reactions of other proteins such as a-LA or BSA but the reactions of 

�-LG were not significantly affected by a-LA or BSA, as discussed in Chapter 8 .  
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9.3 Reco m mendations for futu re study 

Effects of adiabatic heating 

The temperature of the pressurising fluid and the sample i ncreases during pressurisation 

as a resul t  of adiabatic heating and decreases as a result of adiabatic coo l ing (Chapter 3 ) .  

Adiabatic heati ng may accelerate the rate of denaturation and aggregation of  proteins in  

the early stages of each pressurisation cycle, depending on the desired (preset) 

pressurising temperature in a particular study . The temperature equi l ibrates back to the 

preset temperature within about 5 min of achieving the desired pressure. This is of 

concern, particularly when samples are pressure treated at higher pressure and higher 

pressurising temperature and for a short t ime (e.g. for holding times of 5-1 0  min), 

because, in this case, the depressurisation cycle wil l  begin before the temperature of the 

sample equi l ibrates back to the preset temperature, and therefore the sample wi l l  be 

pressurised at a higher temperature than is desired, which may give an incorrect 

prediction of denaturation. Moreover, because the pressurisation and depressurisation 

are not i nstantaneous (e.g. a pressure increase of approximately 300 M Pa/min), some 

denaturation of the proteins may occur during the pressurisation process (e.g. when 

samples are pressure treated at 600-800 MPa, it would take 2-3 nun to achieve the 

desired pressure) .  Ideally, it is important to compensate for such adiabatic heating and 

pressurisation effects. However, the effects of this important parameter have not been 

considered in most of the previous studies, including the present study . Therefore, the 

adiabatic heating for each pressurising temperature and each pressurisation cycle should 

be considered as an independent parameter for evaluation under HP processing and such 

effects should be evaluated in detai l  in a separate study. 

Effects of pressurising fluid 

Different pressunsmg fluids (e.g. water, mineral oi l ,  emulsions ete) have different 

temperature responses and d ifferent compressibi l ity. This may result into varied extent 

of adiabatic heating and therefore may affect the denaturation and aggregation of 

proteins, particularly when the combination of pressure treatment and heat is appl ied to 

inactivate pressure-resistant spores. Avai lable l i terature suggests that different 

pressurising fluids have considerable effects on microbial inactivation. However, 

comparatively l ittle information is avai lable on the effects of the pressurising fluid on 
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proteins, Therefore, a detai led investigation of this subject wi l l  be useful both from a 

scientific viewpoint and from a commercial viewpoint. 

Effects of pH and ionic strength on the pressure-induced denaturation of whey 

proteins 

It is known that the pH values and ionic strengths of samples have marked effects on the 

heat-induced denaturation, aggregation and interactions of proteins. However, 

comparatively l ittle attention has been given to study the effects of these factors on 

pressure-induced aggregation and interact ions of proteins. A detai led study of such 

aspects would be helpful in providing greater understanding of the subject, which might 

be useful in relat ing the laboratory and the processing data. 

Comparison of the behaviours of proteins under pressure 'in situ ' and after pressure 

release 

Many reports have indicated that proteins may behave differently when analysed under 

pressure " in  situ' and after pressure treatment. Therefore, it may be important to study 

and compare these behaviours in detai l ,  using suitable common techniques. The lack of 

suitable equipment, such as high pressure cells for circular dichroism and nuclear 

magnetic resonance, l imits such investigations. Some of the recent reports have 

exploited "in-situ" l ight scattering properties of milk (Huppertz, Kel ly and de Kruif, 

2006) or changes in the pH changes of protein solutions (Orlien et a I . ,  2007) under 

pressure using pressure chamber with special window 

Effects of /igands on pressure-induced denaturation and aggregation 

Previous work has shown that the binding of l igands or small molecules to I3-LG at near 

neutral pH delays its denaturation and aggregation (Considine et aI . ,  2005a 2005b, 

2006) .  Simi lar effects may be possible in  WPC systems ( see Appendix 2) or with other 

whey proteins such as a-LA and BSA. This may open up the possib i l ity for a new HP­

treated ingredient with bound l igands, with modified functional properties, such as gel 

formation. Therefore, a comparison of the properties of gels made from proteins with 

and without added l igands or solutes would be another area of interest for future study . 
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Effects of the addition/depletion of particular caseins or whey proteins on the 

functionality ofpressure-treated systems 

us2-CN, which is buried inside the casem mice l les, is general ly not accessible for 

interactions with �-LG or other whey proteins. However, the results and the proposed 

pathways of the present study suggest that solubi l isation of the casein micel les under 

pressure treatment makes us2-CN easi ly accessible to whey proteins. This wi l l  have 

significant effects on the functionality of milk products made from pressure-treated milk, 

as suggested by the results of an initial investigation that was carried out in the present 

study. However, it wi l l  be helpful to evaluate the ful l  mechanisms by studying the 

effects of the addition/depletion of particular caseins or whey proteins on the 

functional ity of pressure-treated systems.  

Effects of a combination of heat and pressure 

A combination of heat treatment and pressure treatment has been reported to have 

significant effects on microbial inactivation as wel l  as on the functional ity of milk 

proteins. H P  processing alone, HP processing in combination with heat treatment and 

the effects of HP  processing in combination with low temperature (e.g. 4°C) may be 

subject of interest for investigations using different systems such as milk, WPC/whey 

protein isolate (WPI) and model system using pure proteins. 

Behaviour of WPI vs WPC 

WPI has recently become very popular in the beverage and food industry because of its 

high protein content and excellent functional properties. Although it is generally 

expected that WPI wi l l  behave in the same way as WPC under pressure treatment, it 

would be useful to confirm this by carrying out extensive studies using WPI in place of 

the WPC used in the present study. A lso, WPIs from different sources, such as mineral 

acid casein whey, rennet casein whey or cheese whey, and made using different 

manufacturing processes, such as microfiltration, ultrafi ltration or ion exchange, wil l  

give different properties and may behave differently under pressure treatment because 

of thei r  different mineral contents, d ifferent amounts of �-LG, d ifferent proportions of 

glycomacropeptide etc .  
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9.4 Concluding remarks 

In conclusion, research on the HP processing of dairy proteins is comparatively new 

area (compared with various aspects of heat treatment) and there is sti l l  a long way to go. 

It is important to ensure that research on the various areas of HP processing i s  addressed 

appropriately to rea l ise its ful l  commercial potential .  As significant progress has already 

been made on the engineering aspects in the development of suitable equipment for 

processing, wider research to address various important aspects would help the food 

industry in the widespread use and acceptance of this technology . Extensive research to 

ful ly understand the behaviour of milk proteins is certainly an area of interest from the 

viewpoint of texture improvement/modification or for the creation of new 

products/ingredients with novel textures and functional i ties using HP technology. 
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Appendix 1 
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Figure 1.1 .  Native-PAGE of WPC solutions (2% w/v) :  control (Lane I ), and pressure treated at 
400 M Pa for 5 min ( Lane 2), 1 0  m in  (Lane 3 ), 20 m i n  (Lane 4), 30 min  (Lane 5) and 40 m i n  
(Lane 6). 



276 

H igh 
molecu lar 
weight 
aggregates 

� -L':"YI __ � 
H igh U-LA 

molecu lar 
weight 
aggregates { � .. '-:' ....J � 

I gG-{_ 

�-L 
u-L 

"' ''0  § == .- eo: - ell = .-- -0 
'" 0 

U == 
� of  � ·i 

Appendix 2 

"'0 Q) 
� 

I ntermediate � ;taggregates, -+t Jsuch as d imer, � 
� .... _ ...... ' . ....... � .... _ trimer etc. ::r: 

< � 
U + 
U � � 

_ _ _ _ _  - - v - if) Q) 
P.. 

I ntermediate § 
if) 

aggregates, A.. 
s�ch as dimer,� 1tIII ••• III!1 tnmer etc. ;:r: 

'0 rF.J 
.: Q - rF.J � + � U + 
U � 
� � � 

Figure 2.1. SOS-PAGE patterns of 2% WPC solutions, with and without l igands, that were 
untreated (Lane I ), heat treated at 80°C (top) and pressure treated at 600 M Pa (bottom) for 1 
min  (Lane 2), 2 min  ( Lane 3 ), 3 min ( Lane 4)  and 4 m in  ( Lane 5) .  
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Appendix 3 
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Figure 3.1. SDS-PAGE patterns of (A) 0. 5%, ( B )  5% and (C) 1 2% WPC solut ions that were 
untreated ( Lane I )  and pressure treated at 800 M Pa for 20 min  ( Lane 2), 40 min ( Lane 3 ), 60 
m in (Lane 4), 90 m i n  ( Lane 5) and 1 20 m in  ( Lane 6) .  
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Appendix 4 

A) Control ITi7======���::E:��:=::�P) 60 min 

B) 20 min 60 min 

C)  40 min 1 20 min 

Figure 4.1. Physical appearance of the WPC solutions ( 1 2% w/v): untreated control (A),  and 
samples pressure treated at 600 M Pa (22 DC) and held for 20 min (B), 40 m in (C), 60 min ( D), 
90 min (E )  and 1 20 min (F) .  The colour and the physical appearance of the samples changed 
from l iquid to semi-so l id soft gel to self-supporting e lastic gel structures. 
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Figure 5 . 1 .  SOS-PAGE pattern of  acid casein  ( Lane I ), rennet casein ( Lane 2), ac id case in 
whey ( Lane 3 ), rennet casein  whey (Lane 4)  and skim m i lk (Lane 5). The acid casein, rennet 
casein,  acid case in whey and ren net casei n  whey were produced from the same skim mi lk  
sample, and the SOS-PAGE patterns show the distribution of  the  casein  and whey protein 
fractions. Lane Mr shows the molecular weight markers, which a l so helped to identifY the bands 
corresponding to the various case ins  and whey proteins. 
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Appendix 5 (continued) 

2 

K -CN { 

Figure 5.2. AU-PAGE patterns of acid casein  ( Lane 1 )  and rennet casein  ( Lane 2) _  
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Appendix 5 (continued) 
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Figure 5.3. 2 0  SOS- and then reduced SOS-PAGE patterns of (A) acid casein  fract ion (Lane I )  
and (8)  whey fract ion isolated from skim m i lk  (pattern C). The acid casein and the acid casein 
whey were produced from the same ski m  mi lk  sample, and patterns A and 8 show the 
distribution of the casein  and whey protein fractions. 
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Appendix 5 (continued) 

Figure 5.4. 2 D  AU- and then non-reduced SDS-PAGE pattern of (A)  acid casein fraction ( Lane 
I )  and (8) skim m i lk .  The acid casein was produced from the same ski m  m i lk samp le.  
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Appendix 6 
Mascot Search Results 
User 
Email 
Search title 
MS data file 
Database 
Taxonomy 
Times tamp 
Significant hits : 

AVEENASH 
AVEENASH . BALA@ FONTERRA . COM 
D : \ PE Sciex Data\ Proj ects\API Instrument\Data\Datacsn2 0 0 90 3 . wiff 
C : \TEMP\mas 1 7 . tmp 
Sprot 0 4 0 3 0 3  ( 12 2 2 1 0  sequences ; 4 4 8 6 1 0 0 9  residue s )  
Other mammalia ( 5 1 6 9  sequences )  
2 4  Sep 2 0 0 3  a t  2 0 : 52 : 4 0 GMT 
TRFL BOVIN ( P2 4 62 7 )  Lactotransferrin precursor (Lactoferrin 
CAS2 BOVIN ( P02 6 6 3 )  Alpha-S2 casein precursor [Contains : Ca 
LACB BOVIN ( P02 754 ) Beta-lactoglobulin precursor (Beta-LG) 
LACB SHEEP (P02 7 5 7 )  Beta-lactoglobulin l /B ,  2 /A ,  and 3/C pr 
TRFL CAPHI (Q2 9 4 7 7 )  Lactotransferrin precursor (Lactoferrin 
CAS2 CAPHI ( P330 4 9 )  Alpha-S2 casein precursor (Alpha-S2 -CN) 
TRYP PIG ( P0 0 7 6 1 )  Trypsin precursor (EC 3 . 4 . 2 1 . 4 ) 
K1CJ BOVIN (P06394 ) Keratin , type I cytoskeletal VIB ( Cytok 
TRFL CAMDR (Q9TUMO ) Lactotransferrin precursor (Lactoferrin 
TRFE BOVIN (Q2 94 4 3 )  Serotransferrin precursor ( Transferrin) 

Probabil ity Based Mowse Score 
Ions score is - 1  O*Log(P), where P is the probability that the observed match is a random event. 
Individual ions scores > 25 indicate identity or extensive homology (p<O.05). 
Protein scores are derived from ions scores as a non-probabi l istic basis for ranking protein hits. 
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1 0 63 HP 
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Format A! 

1 1 
�ptid�-Su�y EJ 

Significance threshold p< 1 
0.05 

Standard scoring E MudPIT scoring C 

Show pop-ups E Suppress pop-ups C 

§earch Selected I r E rror tolerant 

Max. number of hits rw­

Ions score cut-offro-

Help 

Show sub-sets r 

. 
1 

Decreasing Score � . r Sort unasslgned ..:..:.J ReqUIre bold red 

l .  TRFL BOV I N  Mass : 8 0 0 0 2  Score : 4 60 Queries matched : 1 3  

( P 2 4 6 2 7 ) L a c t o t r a n s f e r r i n  p r e c u r s o r  ( La c t o f e r r i n  

r C h e c k  to i n c l ude t h i s  h i t  i n  e r r o r  t o l e rant s e a r c h  or a r c h i ve report 

Query Observed Mr ( expt) Mr ( calc) Delta Miss Score Expect Rank Peptide 

P' 6 8  4 0 2 . 2 0 802 . 38 8 0 2 . 42 - 0 . 0 4 0 2 1  0 . 14 1 EDLIWK 

P' 8 4  4 3 9 . 72 8 7 7 . 43 8 7 7 . 4 7 - 0 . 0 4 0 4 8  0 . 0 00 3 1  1 DSALGFLR 

P' 1 3 0 5 4 0 . 7 6 1 07 9 . 5 1 1 0 7 9 . 5 6 - 0 . 0 5 0 6 6  4 . 3e - 0 0 6  1 VDSALYLGSR 

P' 1 3 3  5 4 9 . 2 3 1 0 9 6 . 4 4 1 0 9 6 . 50 - 0 . 0 5 0 35 0 . 0 0 4 6  1 YYGYTGAFR 

P' 1 7 3  6 1 7 . 2 9 1 2 3 2 . 5 6 1 2 3 1 . 62 0 . 94 0 1 3  0 . 97 1 ANEGLTWNSLK 
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1 9 0 633 . 2 6 12 64 . 50 12 64 . 5 8 - 0 . 0 8 0 1 4  0 . 7 1 2 EPYFGYSGAFK 

f7 1 9 9  4 3 0 . 54 1 2 8 8 . 61 1 2 8 8 . 67 - 0 . 0 6 1 2 9  0 . 0 1 8  1 SVDGKEDLIWK 

f7 2 0 2  653 . 80 1 3 0 5 . 5 9 1 3 0 5 . 65 - 0 . 0 6 0 55 5 . 2e- 0 0 5  1 ETTVFENLPEK 

f7 2 0 5  4 3 9 . 90 1 3 1 6 . 6 9 1 3 1 6 . 7 5 - 0 . 0 6 0 42 0 . 0 0 1 2  1 LRPVAAEIYGTK 

f7 2 0 6  660 . 82 1 3 1 9 . 62 1 3 1 9 . 66 - 0 . 04 0 12 1 . 1  1 SFQLFGSPPGQR 

f7 2 1 7  6 8 1 . 8 1 1 3 6 1 . 60 1 3 61 . 67 - 0 . 07 0 57 3 . 5e- 0 0 5  1 GSNFQLDQLQGR 

f7 2 4 3  4 97 . 57 1 4 8 9 . 70 1 4 8 9 . 7 6 - 0 . 07 1 33 0 . 0 0 7 9  1 KGSNFQLDQLQGR 

f7 2 6 2 5 3 1 . 25 1 5 90 . 7 3 1 5 90 . 8 0 - 0 . 07 0 37  0 . 0 0 2 6  1 ESPQTHYYAVAVVK 

2 .  CAS 2 BOV I N  Mass : 2 6 1 7 3  Score : 344 Queries matched : 3 1  

( P 0 2 6 6 3 ) Al p h a - S 2  c a s e i n  p r e c u r s o r  [ Conta i n s : Ca 

r Che c k  t o  i n c l ude t h i s  h i t  i n  e r r o r  t o l e rant search o r  a r c h i ve repo r t  

Query Observed Mr ( expt) Mr ( calc) Delta Miss Score Expect Rank Peptide 

f7 4 8  634 . 3 6 633 . 3 6 633 . 38 - 0 . 0 3 0 35 0 . 0 1 1  1 LNFLK 

4 9  635 . 35 634 . 34 633 . 38 0 . 95 0 ( 15 )  0 . 7 1 6 LNFLK 

f7 5 6  7 4 6 . 4 1 7 4 5 . 4 1 7 4 5 . 45 - 0 . 04 0 2 7  0 . 051 1 VIPYVR 

f7 5 7  7 62 . 45 7 61 . 44 7 61 . 4 8  - 0 . 04 1 1 6  0 . 8 1 1 LNFLKK 
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p- 1 0 2  4 90 . 2 6  9 7 8 . 50 978 . 55 - 0 . 05 0 ( 1 4 )  0 . 61 1 FALPQYLK 

p- 1 0 3  4 90 . 2 6  978 . 50 978 . 55 -0 . 0 5 0 52 0 . 0 0 0 1 1  1 FALPQYLK 

p- 1 0 4  97 9 . 51 978 . 50 978 . 55 -0 . 05 0 ( 1 9 )  0 . 2 1  1 FALPQYLK 

p- 1 0 5  97 9 . 51 978 . 50 978 . 55 - 0 . 0 5 0 ( 1 4 )  0 . 6 6 1 FALPQYLK 

p- 1 0 6  4 90 . 2 6  978 . 51 978 . 55 -0 . 0 4 0 ( 2 9 )  0 . 02 1 FALPQYLK 

p- 1 0 7  4 90 . 2 6  978 . 51 978 . 55 - 0 . 04 0 ( 5 0 )  0 . 0 0 0 1 9  1 FALPQYLK 

p- 1 3 6  557 . 7 8 1 1 1 3  . 55 1 1 1 3 . 60 - 0 . 05 0 ( 3 3 )  0 . 0 0 93 1 AMKPWIQPK + Oxidation (M) 

p- 1 3 7  557 . 7 9 1 1 1 3 . 5 6 1 1 1 3 . 60 - 0 . 04 0 ( 1 4 )  0 . 7 8 1 AMKPWIQPK + Oxidation (M) 

p- 1 3 8  558 . 0 0 1 1 1 3 . 9 9 1 1 1 3 . 60 0 . 3 8 0 34 0 . 0 0 8 7  1 AMKPWIQPK + Oxidation (M) 

p- 1 5 8  5 9 8 . 30 1 1 94 . 5 9 1 1 94 . 67 - 0 . 0 9 0 ( 13 )  0 . 7 8 1 NAVPITPTLNR 

p- 1 5 9  1 1 95 . 62 1 1 94 . 62 1 1 94 . 67 - 0 . 0 6 0 ( 2 5 )  0 . 04 7  1 NAVPITPTLNR 

p- 1 6 0 5 9 8 . 32 1 1 94 . 62 1 1 94 . 67 - 0 . 05 0 ( 4 )  5 . 7 1 NAVPITPTLNR 

p- 1 6 1  5 9 8 . 60 1 1 95 . 1 9 1 1 94 . 67 0 . 5 1 0 4 6  0 . 0 0 0 3 8  1 NAVPITPTLNR 

p- 1 6 2  5 9 8 . 81 1 1 95 . 60 1 1 94 . 67 0 . 93 0 ( 1 3 )  0 . 65 1 NAVPITPTLNR 

p- 1 6 3 5 9 8 . 8 1 1 1 95 . 60 1 1 94 . 67 0 . 93 0 ( 3 2 )  0 . 0 0 9  1 NAVPITPTLNR 

p- 1 7 9  623 . 7 9 1 2 4 5 . 57 1 2 4 5 . 64 - 0 . 0 6 1 ( 3 8 )  0 . 0 0 2 5  1 ITVDDKHYQK 

p- 1 8 0  4 1 6 . 2 0 1 2 4 5 . 57 1 2 4 5 . 64 - 0 . 0 6 1 ( 4 5 )  0 . 0 0 0 5 3  1 ITVDDKHYQK 

p- 1 8 1  623 . 8 0 1 2 4 5 . 5 8 1 2 4 5 . 64 - 0 . 0 6 1 4 8  0 . 0 0 02 9 1 ITVDDKHYQK 
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P 1 8 3  4 1 6 . 54 1 2 4 6 . 60 1 2 4 5 . 64 0 . 96 1 ( 2 9 )  0 . 02 4  1 I TVDDKHYQK 

P 2 1 3  67 6 . 3 6 1 3 5 0 . 7 0 1 3 5 0 . 7 7 - 0 . 0 7 1 ( 2 9 )  0 . 02 2  1 RNAVPITPTLNR 

P 2 1 4  4 5 1 . 24 1 3 5 0 . 7 1 1 3 5 0 . 77 - 0 . 0 7 1 38  0 . 0 0 3  1 RNAVPITPTLNR 

P 2 2 1  6 8 4 . 32 1 3 6 6 . 63 1 3 6 6 . 69 - 0 . 0 6 0 ( 1 8 )  0 . 3  1 ALNEINQFYQK 

2 2 2  684 . 32 1 3 6 6 . 63 1 3 6 6 . 69 - 0 . 0 6 0 ( 12 )  1 . 3  2 ALNEINQFYQK 

17 2 2 3  684 . 8 1 1 3 67 . 60 1 3 6 6 . 6 9 0 . 91 0 ( 2 3 )  0 . 07 6  1 ALNEINQFYQK 

P 2 2 4  684 . 8 1 1 3 67 . 60 1 3 6 6 . 6 9 0 . 92 0 2 6  0 . 042 1 ALNEINQFYQK 

P 2 3 3  7 0 1 . 7 9 1 4 0 1 . 57 1 4 0 1 . 63 - 0 . 0 6 0 15 0 . 5  1 TVDMESTEVFTK + Oxidation (M) 

p 2 5 2  5 1 0 . 8 9 1 52 9 . 66 1 5 2 9 . 7 3 - 0 . 07 1 1 4  0 . 6  1 TVDMESTEVFTKK + Oxidation (M) 
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3 .  LACB BOV I N  Mass : 2 0 2 6 9 Score : 2 69 Queries matched : 7 

( P 0 2 7 5 4 ) B e t a - l a c t og l obu l i n  p r e c u r s o r  ( Be t a - LG )  

r C h e c k  t o  i n c l ude t h i s  h i t  i n  e r ro r  t o l e r ant s e a r c h  o r  a r c h i ve repo r t  

Query Observed Mr ( expt) Mr (calc) Delta Miss Score Expect Rank Peptide 

7 8  4 2 7 . 22 852 . 42 852 . 4 6 - 0 . 04 0 1 4  0 . 62 2 ALPMHIR + Oxidation (M) 

p 9 2  4 5 8 . 72 915 . 42 915 . 47 - 0 . 05 0 4 9  0 . 0 0 0 2 5  1 IDALNENK 

P 1 2 6  5 3 3 . 2 7 1 0 64 . 53 1 0 64 . 5 8 - 0 . 05 0 2 0  0 . 2  1 VLVLDTDYK 

P 1 5 7  5 9 7 . 31 1 1 92 . 61 1 1 92 . 67 - 0 . 0 6 1 62 1 . 2e - 0 0 5  1 VLVLDTDYKK 

P 1 7 8  623 . 2 6  1 2 4 4 . 51 1 2 4 4 . 5 8 - 0 . 0 6 0 64 6 . 3e - 0 0 6  1 TPEVDDEALEK 

P 2 7 2  8 1 8 . 35 1 634 . 68 1 634 . 77 - 0 . 0 8 1 ( 3 9 )  0 . 0 0 2 1  1 TPEVDDEALEKFDK 

P 2 7 3  5 4 5 . 90 1 634 . 69 1 634 . 7 7 - 0 . 0 8 1 61  1 . 4e - 0 0 5  1 TPEVDDEALEKFDK 

Proteins matching the same set of peptides : 

LACB BUBBU Mass : 2 0 4 1 0  Score : 2 69 Queries matched : 7 

( P 0 2 7 5 5 )  B e t a - l a c t og l obu l i n  p r e c u r s o r  ( Be t a - LG )  
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4 .  LACB S H E E P  Mass : 2 0 3 0 8  Score : 2 2 3  Queries matched : 7 

( P 0 2 7 5 7 ) Bet a - l a ct o g l obu l i n  l / B ,  2 /A ,  a n d  3 / C  p r  

r C h e c k  t o  i n c l ude t h i s  h i t  i n  e r ro r  t o l e ra n t  s e a r c h  o r  a r ch i ve report 

Query Observed Mr (expt) Mr (calc) Delta Miss Score Expect Rank Peptide 

7 8  4 2 7 . 2 2 8 5 2 . 4 2 8 5 2 . 4 6 - 0 . 0 4 0 1 4  0 . 6 2 2 ALPMH I R  + Oxida t i o n  

9 2  4 5 8 . 7 2  9 1 5 . 4 2  9 1 5 . 4 7 - 0 . 0 5  0 4 9  0 . 0 0 0 2 5  1 I DALN ENK 

1 2 6  5 3 3 . 2 7  1 0 6 4 . 5 3 1 0 6 4 . 5 8 - 0 . 0 5 0 2 0  0 . 2 1 VLVLDT DYK 

1 5 7  5 9 7 . 3 1  1 1 9 2 . 6 1  1 1 9 2 . 6 7 - 0 . 0 6 1 6 2  1 . 2 e - 0 0 5  1 VLVLDT DYKK 

1 7 8  6 2 3 . 2 6 1 2 4 4 . 5 1 1 2 4 3 . 5 9 0 . 9 2 0 1 9  0 . 2  3 T P EVDNEALE K  

2 7 2  8 1 8 . 3 5 1 6 3 4 . 6 8 1 6 3 3 . 7 8 0 . 9 0 1 ( 3 2 )  0 . 0 1 2 T PEVDN EAL E KFDK 

2 7 3  5 4 5 . 9 0  1 6 3 4 . 6 9 1 6 3 3 . 7 8  0 . 9 0 1 6 0  1 . 8 e - 0 0 5 2 T PEVDN EALEKFDK 

5 .  TRFL CAPH I Mass : 7 9 3 6 1  Score : 1 6 8  Queries matched : 5 

( Q2 9 4 7 7 ) L a c t o t r ans f e r r i n  p r e c u r s o r  ( La c t o f e r r i n  

r C h e c k  t o  i n c l ude t h i s  h i t  i n  e r ro r  t o l e rant s e a r c h  o r  a r ch i ve report 

Query Observed Mr (expt) Mr ( calc) Delta Miss Score Expect Rank Peptide 

1 3 0 5 4 0 . 7 6 1 0 7 9 . 5 1 1 0 7 9 . 5 6 - 0 . 0 5 0 6 6  4 . 3 e - 0 0 6  1 VDSALYLGSR 

1 3 3  5 4 9 . 2 3  1 0 9 6 . 4 4 1 0 9 6 . 5 0  - 0 . 0 5  0 3 5  0 . 0 0 4 6 1 Y YGYTGAFR 

1 7 3  6 1 7 . 2 9  1 2 3 2 . 5 6 1 2 3 1 . 6 2  0 . 9 4  0 1 3  0 . 9 7  1 ANEGLTWNS LK 
--

2 0 2  6 5 3 . 8 0 1 3 0 5 . 5 9  1 3 0 5 . 6 5 - 0 . 0 6 0 5 5  5 . 2 e - 0 0 5  1 ETTVFENLPEK 

2 2 8  695 . 30 1 3 8 8 . 5 9 1 3 8 8 . 74 - 0 . 1 5 1 4 6 . 9  9 TSALEClRAIAGK 
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6 .  CAS 2 CAPH I Mass : 2 6 5 4 3 Score : 1 2 7  Queries matched : 1 3  

( P 3 3 0 4 9 )  Alph a - S 2  c a s e i n  p r e c u r s o r  ( Alpha - S 2 -CN ) 

r C h e c k  t o  i n c l ude t h i s  h i t  i n  e r ro r  t o l e r a n t  s e a r c h  o r  a r chive report 

Query Observed Mr (expt )  Mr ( calc) Delta Miss Score Expect Rank Peptide 

4 8  6 3 4 . 3 6 6 3 3 . 3 6 6 3 3 . 3 8  - 0 . 0 3  0 3 5  0 . 0 1 1  1 LN FLK 

4 9  6 3 5 . 3 5  6 3 4 . 3 4 6 3 3 . 3 8 0 . 9 5  0 ( 1 5 ) 0 . 7 1  6 LN FLK 

5 7  7 6 2 . 4 5 7 6 1 . 4 4 7 6 1 .  4 8  - 0 . 0 4 1 1 6  0 . 8 1  1 LN FLKK 

1 7 9  6 2 3 . 7 9 1 2 4 5 . 5 7 1 2 4 5 . 6 4 - 0 . 0 6  1 ( 3 8  ) 0 . 0 0 2 5  1 ITVDDKHYQK 

1 8 0  4 1 6 . 2 0  1 2 4 5 . 5 7 1 2 4 5 . 6 4 - 0 . 0 6 1 ( 4 5 )  0 . 0 0 0 5 3  1 I TVDDKHYQK 

1 8 1  6 2 3 . 8 0 1 2 4 5 . 5 8 1 2 4 5 . 6 4  - 0 . 0 6 1 4 8  0 . 0 0 0 2 9  1 I TVDDKHYQK 

1 8 3  4 1 6 . 5 4  1 2 4 6 . 6 0  1 2 4 5 . 6 4 0 . 9 6  1 ( 2 9  ) 0 . 0 2 4  1 I TVDDKHYQK 

2 2 1  6 8 4 . 3 2 1 3 6 6 . 6 3 1 3 6 6 . 6 9  - 0 . 0 6 0 ( 1 8  ) 0 . 3  1 ALN E I NQ FYQK 

2 2 2  6 8 4 . 3 2 1 3 6 6 . 6 3 1 3 6 6 . 6 9  - 0 . 0 6  0 ( 1 2 ) 1 . 3  2 ALN E I NQ FYQK 

2 2 3  6 8 4 . 8 1  1 3 6 7 . 6 0 1 3 6 6 . 6 9 0 . 9 1 0 ( 2 3 )  0 . 0 7 6  1 ALN E I NQ FYQK 

2 2 4  6 8 4 . 8 1 1 3 6 7 . 6 0 1 3 6 6 . 6 9 0 . 9 2 0 2 6  0 . 0 4 2  1 ALN E I NQ FYQK 

2 7 7  558 . 00 1 6 7 0 . 98 1 67 1 . 93 - 0 . 9 6 2 1 1 1  6 LNFLKKI SQYYQK 
-

3 1 2  93 9 . 2 4 2 8 1 4 . 7 1 2 8 1 5 . 2 8 - 0 . 5 6 2 5 3 4 EKLCTTSCEEVVRNANEEEYSIR 




