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SUMMARY

Analytical methods of ion-exchange and gel permeation chromatography were
developed to determine the composition of the caseinate complex and the whey protein
fraction in bovine, caprine and ovine milk. These methods were subsequently used to
study natural variation in the composition of the milk proteins, casein micellar structure
and stability, and changes in the proteins during milk processing.

Initially traditional anion-exchange chromatography on DEAE-cellulose was
used to examine the composition of bovine casein, but a more rapid method of anion-
exchange FPLC (fast protein liquid chromatography) was introduced in which the main
fractions, namely o,-, -,a,-, k- and vy-caseins, were separated under dissociating
conditions at pH 7.0. A complementary method of cation-exchange FPLC, in which
the caseins were separated under dissociating conditions at pH 5.0, was also developed
to determine the compositions of bovine, caprine and ovine caseins. Both methods
could also be used on a preparative scale.

In detailed studies of natural variation in the composition of bovine casein, it
was found that in creamery milk in South-West Scotland there was a pronounced
seasonal variation in the concentrations of the total and individual proteins but that the
relative amounts of the proteins did not vary markedly. The composition of whole
casein from individual cows, however, was affected by genetic polymorphism of «-
casein. The relative amount of k-casein in whole casein varied with phenotype in the
order x-casein BB> AB> AA; on average there was about 25 % more x-casein in whole
casein containing the BB phenotype than in that containing the AA phenotype. The
presence of B-casein A!, A? or B genetic variants had no significant effect on casein
composition.

Compared with bovine casein, caprine casein contained much less o, -casein,
a similar amount of ¢,,-, and much more 8- and «-caseins. Caprine casein was also
much more variable in composition, due to the occurrence of an unusual, quantitative
genetic polymorphism of o, -casein. Polymorphism of caprine «-casein was also studied
and it was found that although the amount of x-casein varied between 9 and 20% of the
total casein, the variants were produced in approximately equal amounts in the

heterozygotes.



There was considerable variation in the composition of individual samples of
ovine casein, mainly due to proteolysis of ($-casein. Compared with bovine casein,
ovine casein contained much less o,-casein, considerably more p-casein and
approximately the same amount of x-casein. In a study of the composition of bulk milk
from a commercial dairy flock, it was found that there were considerable seasonal
changes in the concentrations of total and individual proteins, but the relative amounts
of the proteins remained fairly constant.

The composition of the whey protein fraction of all three species was
determined by gel permeation FPLC, and four main fractions were separated at pH
7.0. Compared with bovine whey protein, caprine whey protein contained less 8-
lactoglobulin and more a-lactalbumin, whereas ovine whey protein contained slightly
more (-lactoglobulin and less a-lactalbumin.

The methods of casein analysis were combined with ultracentrifugation to
examine in detail the composition and stability of casein micelles, and in particular the
effect of temperature and pH on the dissociation of the caseins and calcium phosphate
from the micelles. On cooling milk there was a marked increase in the level of serum
casein, which was due almost entirely to S-casein dissociating from the micelles. The
change in distribution of micellar and serum casein was completely reversed on re-
equilibration at 20°C for 18h. In a series of studies on controlled acidification of milk
in the pH range 6.7-4.9 at 30, 20 and 4°C, changes were found in the level and
composition of serum casein. These were attributed to a decrease in hydrophobic
interaction at lower temperatures, removal of Ca and inorganic phosphate from the
micelles as the pH was lowered, and isoelectric precipitation of the caseins at low pH.
Results of an investigation using controlled dialysis to selectively remove Ca or
inorganic phosphate from casein micelles showed that the binding strength of individual
caseins was in the order ay,-> a,;- > 8-> k-casein, indicating that linkage within the
micelle increases with the number of phosphate centres in the caseins. In two separate
studies it was found that the relative amount of x-casein in micellar casein increased
markedly, and that of B-casein decreased, with decreasing micellar size.

A number of other important changes which take place in the caseins and the
whey proteins during processing were examined. Using gel permeation FPLC, detailed

quantitative information was obtained on the extent of denaturation of the individual
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whey proteins of the cow, goat and sheep with increasing temperature, heating time,
and pH. An increased association of the whey proteins with the caseins was observed,
and there was a close correlation between the levels of denaturation of bovine (-
lactoglobulin and a-lactalbumin and the amounts of these proteins retained in the curd
during the pilot-scale production of Cheddar cheese. The effect of incorporation of the
whey proteins into the curd on the proteolysis of the caseins during the ripening of
Cheddar cheese was examined by ion-exchange FPLC.

The caseins were found to be less sensitive to heat treatment than the whey
proteins, but on severe heating, such as occurs during UHT treatment, changes were
detected using alkaline and SDS PAGE and anion- and cation-exchange FPLC. These
changes were consistent with loss of positive and negative charges on the proteins.
Comparison of laboratory and commercially prepared sodium caseinates indicated that
considerable heat damage and change in functional properties had occurred in the
commercial products.

In a study of acid gelation, it was found that on heating milk at functionalisation
temperatures, the concentration of k-casein in the serum increased. On controlled
acidification of the heat-treated milk, Ca, inorganic phosphate and caseins dissociated
from the micelles but, compared with unheated milk, maximum dissociation of the
caseins at 4 and 20°C occurred at higher pH, and the overall extent of dissociation was
reduced. On acidification at 30°C, the level of serum casein decreased, compared with
the slight increase found for raw milk.

Results showed that a detailed knowledge of the composition and interactions
of the milk pfoteins could result in considerable improvements and increased efficiency

in milk processing.
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1
GENERAL INTRODUCTION

1. INTRODUCTION

Dairy products form a substantial part of the diet in the Western world, and within the
European Community the total annual production of cows’ milk is about 114 million
tonnes. A further 1.7 and 2.0 million tonnes are obtained from the goat and sheep,
respectively (EC Facts and Figures, 1993). The proteins constitute more than 25% of
the total solids in milk, and are especially important in human nutrition as a rich source
of essential amino acids.

Despite their value in the diet, there is a limited amount of information about
the concentrations and relative proportions of the individual proteins in the milk of the
cow, goat and sheep. Also, there have been few quantitative studies on natural
variation in the composition of milk proteins due to the effect of season, stage of
lactation and genetic polymorphism. The main reason for the lack of this quantitative
information on composition is that the milk proteins are difficult to separate and the
available analytical methods have been laborious.

Precise quantitative methods are also required in order to study changes in the
proteins, and to investigate problems that occur during processing. Most milk,
including that for liquid consumption, undergoes some form of treatment. To meet
public health requirements, milk is initially kept refrigerated, and subsequently
subjected to heat treatment such as pasteurisation to reduce the growth of
microorganisms. About 17% of milk is used for liquid consumption, with only slight
modification such as skimming or homogenisation, but the remainder undergoes
extensive processing in the manufacture of the dairy products shown in Fig. 1.

On cooling milk, or on adjusting the pH as during the manufacture of cheese
or fermented milk products, there are changes in the mineral and protein equilibria
which can affect processing characteristics. Similarly, heat treatment causes various

problems, including the formation of deposits on heat-exchangers (Burton, 1968;
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Belmar-Beiny and Fryer, 1993), milk instability or gelling on heating during the
production of concentrated milks (Singh and Creamer, 1992), and age-thickening of
concentrated milks (Harwalkar, 1992). Difficulties are also experienced in the
manufacture of specific products, such as cheese, fermented products, milk powders
(Singh and Newstead, 1992), and cream liqueurs (Horne, 1992) which may be related
to seasonal changes in the milk supply or to changes in the proteins during processing.
The manufacture of cheese accounts for about 27% of the milk supply (Fig.1), and
there is considerable potential for improving the efficiency of the manufacturing stages,
increasing cheese yield, and optimising the ripening process.

This thesis describes the development of rapid, quantitative analytical methods
for examining in detail the content and composition of the proteins in the milk of the
cow, goat and sheep, and the use of these methods to study natural variation in the
individual proteins (Chapters 2-4). The study also involved the application of these
analytical methods to examine changes that occur in the proteins during milk
processing, including the effect of cooling, pH adjustment (Chapter 5) and heating
(Chapter 6). Work was also carried out to examine the increase in cheese yield from
heat-treated milk, and to obtain more information about cheese ripening (Chapter 6).

These objectives are described in detail at the end of this Chapter.

2. THE CASEINS

Biosynthesis of the main constituents in the milk of the cow, goat and sheep - protein,
fat and lactose - occurs in the specialised epithelial cells of the mammary gland. Most
of the milk proteins are synthesised under close genetic control from free amino acids
in the secretory cells, but between 5 and 10% of the proteins, including some of the
immunoglobulins, serum albumin, the transferrins and some other minor proteins,
originate in the blood (Mepham et al., 1992).

The milk proteins can be separated by isoelectric precipitation into two main
groups - the caseins and the whey proteins. The caseins, which in the cow, goat and
sheep amount to about 80% of the total protein, are defined as the group of
phosphoproteins precipitated from skim-milk at pH 4.6 and 20°C (Eigel ez al., 1984).
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Table 1. Content and composition of protein in milk from creameries in South-
West Scotland. (Values are means of 29 samples from 5 creameries)

Conc Total Casein Whey
g/l protein % protein
% %

Total protein 32.7
Total casein 26.9 82.2
Total whey protein 5.8 17.8

CASEINS
a,-Casein 10.3 31.3 38.1
B-Casein 9.6 29.3 35.7
a,,-Casein 2.7 8.4 10.2
k-Casein 3.5 10.5 12.8
~v-Casein 0.9 2.7 3.2

WHEY PROTEINS
B-Lactoglobulin 3.1 9.6 54.2
a-Lactalbumin 1.2 3.8 21.2
Serum albumin 0.5 1.4 7.8
Ig, Lactoferrin, 1.0 3.0 16.8
Proteose peptones

Data from Davies and Law (1980)



Table 2. Amino acid compositions of the commonly occurring
bovine caseins

P—

" Amino acid o,-CN | B-CN 0,-CN | «-C
B-8P A%5P A-10P A-1P
Asp D 7 4 4 4
Asn N 8 5 14 8
Thr T 5 9 15 15
Ser S 8 11 7 12
SerP S 8 5 10 1 |
Pyroglu E 0 0 0 1
Glu E 25 18 25 12
Gln Q 14 21 15 14
Pro P 17 35 10 20
Gly G 9 5 2 2
Ala A 9 5 8 14
172Cys C 0 0 2 2
Val \Y 11 19 14 11
Met M 5 6 4 2
Ile 1 11 10 11 12
Leu L 17 22 13 8
Tyr Y 10 4 12 9
Phe F 8 9 6 4
Lys K 14 11 24 9
His H 5 5 3 3
Tp W 2 1 2 1
Arg R 6 4 6 5
Total 199 209 207 169
M.W. 23,614 23,981 25,149 19,037

Data from sequences



1 RPKHPIKHQG LPQEVLN
31 VFGKEKVNEL SKDIGSE
61 EAESISSSEE IVPNSVE
91 YLGYLEQLLR LKKYKVP
121 HSMKEGIHAQ QKEPMIG
151 RQFYQLDAYP SGAWYYV
181 DIPNPIGSEN SEKTTMP
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Fig.2 Primary structure and sites of phosphorylation of «,-casein B-8P

S: Phosphoserine

Mercier et al.(1971)

1 RELEELNVPG EIVESLSS
31 EXFQSEEQQQ TEDELQDRK
61 PFPGPIPNSL PQNIPPLT
91 EVMGVSKVKE AMAPKHKE
121 ESQSLTLTDV ENLHLPPL
151 LPPTVMFPPQ SVLSLSQS
181 PQRDMPIQAF LLYQQPVL

Fig.3 Primary structure of $-casein A’
S : Phosphoserine
v Position of plasmin attack to give vy-caseins

Ribadeau-Dumas et al.(1972)
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1 KNTMEHVSSS EES
31 SKENLCSTFC KEV
61 SAEVATEEVEK ITV
91 KFPQYLQYLY QGP
121 PTLNREQLST SEE
151 TKLTEEEKNR LNF
181 KTVYQHOQKAM KPW
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Fig.4 Primary structure of «,,-casein A-10P

S: phosphoserine

Brignon et al. (1976)

1 EEQNQEQPIR CEK
31 VLSRYPSYGL NYY
6l YAKPAAVRSP AQI
9] QPTTMARHPH PHL
121, TINTIASGEP TST
151 EVIESPPEIN TVQ

Fig.5 Primary structure of x-casein A
S: Phosphoserine

v Position of chymosin attack

Mercier et al. (1972a)
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This group includes o,;-, 8-, -, k- and the yy-caseins. The whey proteins remain in
solution at pH 4.6 and include B-lactoglobulin, «-lactalbumin, serum albumin,
lactoferrin and the immunoglobulins. The proteose peptones are usually also classed
as whey proteins, but this fraction contains mainly peptides formed by proteolysis of
the caseins. The main peptides, namely components 5, 8 slow and 8 fast, are derived
from B-casein (Andrews and Alichanidis, 1983). Typical values for the concentrations
and relative amounts of the individual caseins and whey proteins in creamery milks are
shown in Table 1.

The caseins in the milk of the cow, goat and sheep are all derived from four
main polypeptides, a,,-, 8-, a,,- and k- caseins, by changes in the primary structure or
by post-translational modifications such as phosphorylation, glycosylation or
proteolysis. The amino acid compositions of the commonly occurring bovine
polypeptides are given in Table 2; the sequences are shown in Fig. 2-5. The
modifications that occur in the main polypeptides are described below. They are

summarised in Table 3.

2.1 Changes in Primary Structure

2.1.1 Differences between species

The sequences of the caseins of the cow, goat and sheep have been determined, and
it has been shown that there is between 80 and 90% homology of the caprine and ovine
caseins with the corresponding bovine caseins (Mepham et al., 1992). Most of the
differences are substitutions or deletions of a few amino acids; the sequences of the
three species are compared in Chapter 3 (Fig. 10-13).

2.1.2 Genetic polymorphism

Within each species it has been shown that the caseins exhibit genetic polymorphism,

which is characterised by the occurrence of closely related polypeptides that differ only



Table 3. Summary of modifications to the bovine caseins

Modification Casein
U B - Q- K-
Primary Structure® A Al A A
B A? B B
C Al C C
D B D E
E C
D
E
Phosphorylation® 8P 5P 10P 1P
9P 11P 2P
C, D variants | 12P
4P 13P
Glycosylation Thr/Ser
Micelle formation
Proteolysis® Y,-  129-209 Para «-
‘ Y,- £106-209 f1-105
Ys- £108-209
Macro-
PP5  f1-105 peptide
f1-107 £106-169
PP8S 29-105
£29-107
PP8F f1-28

* Mercier et al. (1972); Grosclaude et al. (1972); Grosclaude et al. (1973);
Brignon et al. (1977)

® Mercier (1981)

¢ Gordon and Groves (1975); Andrews and Alichanidis (1983)



slightly in primary structure. Most instances of genetic polymorphism are due to a
change in a single base pair in the DNA, leading to substitution of an amino acid in
the corresponding polypeptide. For example, the change in a codon from CCU to CAU
alters Prog; in B-casein A? to His in the A?! variant (Grosclaude et al., 1973).

Larger changes involve the addition or deletion of amino acids. In bovine «,;-
casein A and a,-casein D (Mercier et al., 1972b; Grosclaude et al., 1979), caprine
a,-caseins D and F (Brignon et al., 1990), and ovine a,,-casein (Boisnard et al., 1991)
the differences are caused by fairly large deletions of amino acids in the polypeptides.

The expression of each of the milk proteins is controlled by multiple-allelic
genes which are transferred without dominance. The production of a particular protein
is controlled by two genes, one from the male and one from the female line; the
protein may contain one or both variants. The levels of expression of some genetic
variants may differ, however, and there are quantitative differences in the genetic
variants of B-lactoglobulin (A > B), k-casein (B > A), a,;-casein (B> A), a,,-casein
(A > D) and the variants of caprine ¢,-casein (A,B,C > E > D,F > null). The
differences in the levels of expression of bovine ay,-caseins A and D and caprine a;-
caseins D and F have been attributed to splice-site mutations, which lead to deletions
of phosphopeptides and, at the same time, reduced rate of RNA processing. On the
other hand, the reduced rate of synthesis of caprine o, -casein E is not related to
changes in the amino acid sequence of the protein, and must therefore, as in bovine 8-
lactoglobulin and «-casein, be caused by mutations outwith the structural gene.

The genetic variants of bovine caseins are summarised in Table 4; gene
frequencies of the common variants in Friesian cows are given in Table 5. Genetic

variants of caprine and ovine caseins are described in Chapter 3.

2.2 Phosphorylation
The four main caseins all undergo phosphorylation at serine and, occasionally,

threonine residues; it is believed that this occurs during the transfer of completed

polypeptide chains from the rough endoplasmic reticulum to the Golgi (Mepham et al.,
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Table 4. Differences in the genetic variants of bovine caseins, and their order of

occurrence
Casein Change —» Variant Change —» Variant
asl‘cn C Gly192"> Glu B Del 14 - 26 A
Alag;— ThrP D
Glng— Lys
Glulgg_’ Gly E
B-Cn A? Prog, > His Al Ser,,, —> Arg B
Gluy; — Lys
SerP;s—> Ser C
His,o, — Gln Al
SerP;s— Lys D
Glus — Lys E
a,-Cn A Del 50 - 58 D
k-Cn A Aspy3—> Ala
Thry;4-> Ile B

Grosclaude ez al. (1973)
Grosclaude et al. (1979)
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Table 5. Gene frequencies of the caseins from Friesian cows in the UK

Casein Variant Frequency
Oy~ B 0.93
0.07
8- Al 0.66
A? 0.24
A’ 0.04
B 0.06
oy A mainly
K- A 0.83
B 0.17

Data from Aschaffenburg

(1968)
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1992). The differently phosphorylated forms of the bovine caseins are shown in Table
3.

A study of more than fifty phosphorylated hydoxyamino acids in caseins from
different species has shown that phosphorylation tends to occur in the tri-peptide
sequences - Ser/Thr-X-A-, where X represents any amino acid residue and A is an
acidic residue such as Asp, Glu, SerP or ThrP (Mercier, 1981). Closer study of the
sequences has shown that the ease of phosphorylation is -Ser-X-Glu > -Thr-X-Glu >
-Ser-X-Asp > -Thr-X-Asp (Mercier, 1981). The occurrence of a particular sequence,
however, does not necessarily lead to complete phosphorylation, and this has been
attributed to changes in the primary and secondary structures of the caseins leading to
steric hindrance and less effective binding of the casein kinase. Also, at periods of
maximum synthesis, there may be a deficit of casein kinase.

Inbovine caseins, partial phosphorylation leads to the existence of a,;-casein with
either 8 or 9 phosphoseryl groups. Manson et al. (1977) have shown that an extra
phosphorylation can occur at Ser,;, where the sequence is -Ser-Lys-Asp. This is a less
favourable phosphorylation site, however, and «,,-casein 9P constitutes less than 15%
of the total o, -casein (Manson and Annan, 1975). It has similarly been shown by
Brignon et al. (1976) that a,,-casein exists in 10, 11, 12 and 13 P forms; there may
also be microheterogeneity, with the polypeptide having a certain number of P groups
differently distributed on the available serine and threonine residues.

B-Casein normally has 5 P groups but an interesting change occurs in the 8-casein
C variant in which the Glu,, is replaced by Lys, and phosphorylation is unable to take
place at Ser,; (Grosclaude et al., 1972). $-casein C, therefore, has only 4 P groups.

k-Casein normally contains one phosphate residue but Vreeman et al. (1977) have
shown the existence of a second phosphorylation site at Ser,,;. A small degree of

phosphorylation is believed to occur at another unknown site (Vreeman et al., 1986).

2.3 Glycosylation

k-Casein is unique among the caseins in that it undergoes post-translational

glycosylation. The degree of glycosylation varies with stage of lactation but normally
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about half of the k-casein is glycosylated (Robitaille et al., 1991); on alkaline PAGE
it appears as a series of bands with increasing mobility (Vreeman et al., 1977). The
differently glycosylated forms can be separated by anion-exchange chromatography, the
more highly glycosylated k-casein having higher net negative charge (Vreeman et al.,
1986). In normal milk the carbohydrate is composed of NeuNAc, Gal and GalNAc
(Fournet et al., 1979). Glycosylation occurs at Thry;,, Thrs;, Thryss (or Thr,s), and
Ser,4; (or Thr,,,) (Jollés et al., 1973). The three main structures that have so far been
determined (van Halbeek ef al., 1980) are:

4y NeuNAco2 -» 3Galfl - 3GalNAcB1 -

an GalB1 — 3GalNAcB1 —»
6
t
NeuNAca?2

(III) NeuNAca2 -» 3GalB1l - 3GalNAcB1 -
6
t

NeuNAca2

2.4 Casein Micelles

One of the characteristic properties of the caseins is that they associate in the presence
of divalent ions such as calcium, and in milk at 37°C most of the caseins are in
micellar form, closely linked to calcium phosphate. The micellar structure permits the
presence of high concentrations of the caseins in milk without an excessively high
viscosity. At the same time the micelles serve to transport high levels of calcium and
phosphate which are important in nutrition. The micelles also contain small amounts
of magnesium, citrate, sodium and potassium and have a high serum content. The
structure and stability of casein micelles have been extensively reviewed (Waugh, 1971;
Slattery, 1976; Walstra, 1990; Holt, 1992; and Rollema, 1992).

Casein micelles have a wide size distribution between 10 and 300 nm in
diameter, and a volume fraction average of about 150 nm (Holt, 1992). In various

studies it has been shown that the relative amount of x-casein increases, and that of -
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casein decreases with decreasing micellar size (Davies & Law, 1983; Donnelly et al.,
1984; Dalgleish et al., 1989).

Casein micelles are remarkably stable but on cooling more than half of the -
casein is able to dissociate out of the micelle into the serum; this is reversible on re-
warming to 37°C (Rose, 1968; Downey and Murphy, 1970). Similarly, on
acidification, calcium phosphate is removed from the micelles, and the caseins,
including the oy - and a,,-caseins which are normally more tightly bound than 8- and
k-casein, are released into the serum (Dalgleish and Law, 1988). Low temperature and
pH together have more than an additive effect on dissociation (Rose, 1968).

On treatment with chymosin (or rennet), as in the stomach of the calf or during
the manufacture of cheese, the micelles aggregate. This occurs because of proteolysis
of the k-casein Phe,s-Met,os bond, removal of the caseinomacropeptide (f106-169),
and the resulting loss of the normal stabilising effect of the x-casein (Waugh and von
Hippel, 1956).

The arrangement of the caseins, calcium phosphate and citrate within the
micelle has been the subject of much research and debate, and the stucture of micelles

is discussed in Chapter 5.

2.5 Proteolysis

The caseins have a fairly open conformation (Richardson et al., 1992), and when they
dissociate from the micelles they are susceptible to attack by proteolytic enzymes. The
breakdown of $-casein by plasmin has been extensively studied. It has been shown that
the y-caseins and most of the proteose peptones, which occur in small quantities in
milk, are specific fragments of the 8-casein variants (Gordon and Groves, 1975), as
shown in Table 3. Three different vy-caseins and five different proteose peptone
peptides are derived from B-casein A’ (Tables 6 and 7); in bulk milk from Friesian
cows, corresponding fragments are also produced from (-caseins A! and B.

The other caseins, especially o,-casein, are also partially broken down by
plasmin (Noomen, 1975; Eigel, 1977; Barry and Donnelly, 1981; Visser et al., 1989).
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Table 6. Amino acid compositions of proteolytic fragments of $-casein A and «-
caseins A and B

Amino v1-A? ~yy-AZ v;-A? Para- CMPA | CMPB
acid 29-209 | 106-209 | 108209 | x-A,B 106-169 | 106-169
1-105
Asp 4 2 2 2 2 1
Asn 3 1 1 5 3 3
Thr 8 4 4 3 12 11
Ser 10 7 7 7 5 5
SerP 1 0 0 0 1 1
Pyroglu 0 0 0 1 0 0
Glu 11 4 4 || 4 8 8
Gln 21 11 11 12 2 2
Pro 34 21 21 4 12 8 8
Gly 4 2 2 1 1 1
Ala 5 2 2 9 5 6
172 Cys 0 0 0 2 0 0
Val 17 10 10 5 6 6
Met 6 4 4 1 1 1
Ile 7 3 3 6 6 7
Leu 19 14 14 7 1 1
Tyr 4 3 3 9 0 0
Phe 9 5 5 4 0 0
Lys 10 4 3 6 3 3
His 5 4 3 3 0 0 {
Trp 1 1 1 || 1 0 0
Arg 2 2 2 5 0 0
Total 181 104 102 105 64 64
M.W. 20,521 11,823 11,557 12,268 6,787 6,755

Data from sequences
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Table 7. Amino acid compositions of proteose peptones from S-casein A2

Amino PPSF PP8S PP5 PP8S PP5 ‘
Acid 1-28 29-105 1-105 29-107 1-107
Asp 0 2 2 2 2
Asn 2 2 4 2 4
Thr 1 4 5 4 5
Ser 1 3 4 3 4
SerP 4 1 5 1 5
Pyroglu 0 0 0 0 0
Gl 7 7 14 7 14
| Gin 0 10 10 10 10
|| Pro 1 13 14 13 14
|| Gly 1 2 3 2 3
[ Al 0 3 3 3 3
1/2 Cys 0 0 0 0 0
Val 2 7 9 7 9
Met 0 2 2 2 2
Tle 3 4 7 4 7
Leu 3 5 8 5 8
Tyr 0 1 1 1 1
Phe 0 4 4 4 4
Lys 1 6 7 7 8
His 0 1 1 2 2
Trp 0 0 0 0 0
Arg 2 0 2 0 2
Total 28 77 105 79 107
M.W. 3,478 8,699 12,177 8,964 12,442

Data from sequences
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The proteose peptone fraction may contain as many as 38 peptides, most of which are
derived by the action of plasmin on the caseins (Andrews and Alichanidis, 1983).

The extent of proteolysis tends to increase towards the end of lactation and when
mastitis occurs (Davies and Law, 1977b; Andrews, 1983; Andrews and Alichanidis,
1983); this is believed to be due to an increased permeability of the epithelial tight
junctions and an increase in plasmin from the blood (Peaker, 1975; Aaltonen et al.,
1988; Politis ez al., 1989). The caseins may also be more available for attack, as it has
been shown that the dissociation of $-casein from micelles increases towards the end
of lactation (Downey and Murphy, 1970).

The specific proteolytic cleavage of k-casein by chymosin at the Phe,os-Met;os
bond causes aggregation of the casein micelles. This is important in the nutrition of
young mammals in that the progress of the resulting curd through the digestive system
is slowed. Chymosin action is also an important first step in the production of the curd
in cheese manufacture, and has been the subject of considerable research (Dalgleish,
1992). The amino acid compositions of the single para-«-casein and the two different
caseinomacropeptides formed from k-caseins A and B are shown in Table 6.

Proteolysis of the caseins is of particular interest in the study of flavour
development in cheese where the breakdown of the caseins occurs due to a variety of
endogenous and added proteolytic enzymes, including plasmin and rennin (Mulvihill
and Fox, 1979; Humbert and Alais, 1979; Visser, 1981). This is discussed in more
detail in Chapter 6.

2.6 Properties of the individual caseins
2.6.1 o, -Casein

a,-Casein is one of the major caseins and amounts to about 30% of the total protein
in milk. It is a single polypeptide containing 199 residues; a,;-casein B has a molecular
weight of 23,614 (Merciér et al., 1971). Most a,-casein contains eight phosphate
groups, but Manson et al. (1977) have shown from sequence studies that some of the

o, -casein may also be phosphorylated at Ser,;. Seven of the phosphate groups and 12
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carboxyl groups of aspartic and glutamic residues occur between residues 43 and 80;
this highly acidic segment accounts for most of the negative charge (Table 10). The
clustering of the phosphoseryl residues is typical of the calcium sensitive caseins, such
as 3- and oy,-caseins, and indicates that, together with the Asp and Glu residues, they
play an important part in maintaining micelle integrity by their interaction with calcium
phosphate (Dalgleish and Parker, 1979; Schmidt, 1980; Holt ez al., 1986).

The C-terminal half of the molecule is highly hydrophobic, and this may
account for the tendency of self-association of the a,-casein monomer in aqueous
solution (Farrell, 1973). The high proline content of «,-casein, and the even
distribution of proline residues along the molecule indicate that the content of stable o-
helical and 3-sheet stuctures is low, and the protein has an open conformation. This has
been confirmed directly by optical rotatory dispersion, circular dichroism and infrared
analysis. These results have recently been reviewed (Holt and Sawyer, 1993; Sawyer
and Holt, 1993). As the caseins have not yet been crystallised, however, it has not
been possible to study three-dimensional structures using high resolution X-ray
diffraction; a more recent approach has involved prediction of secondary structure from
the primary structure (Creamer et al., 1981; Richardson et al., 1992).

At the present time four genetic variants are known in European breeds, namely
A, B, C and D, and the differences are shown in Table 4 (Grosclaude, 1972). In the
Holstein and Ayrshire breeds a,,-casein B is the most common variant (Aschaffenburg,
1968). a,;-Casein A is rare but has been extensively studied because of the effect of
the deletion (14-26) on the calcium sensitivity and processing properties (Thompson
and Kiddy, 1964; Sadler et al., 1968; Thompson et al., 1969).

2.6.2 3-Casein

B-Casein is also one of the major caseins and constitutes about 30% of the milk-
proteins. It is a single polypeptide containing 209 residues, the commonly occurring
variant B-casein A’ having a molecular weight of 23,981 (Ribadeau-Dumas et al.,
1972). The polypeptide contains five phosphoseryl groups which are located in the N-
terminal end of the molecule, four of the groups being clustered together. This end of

the molecule is also rich in Asp and Glu residues and, therefore, contains most of the
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negative charge. The total negative charge is, however, less than that of a,;-casein
(Table 10).

-Casein is the most hydrophobic casein, and the C-terminal part of the
molecule contains many hydrophobic residues, the distribution being even more
pronounced than in a,-casein. Comparison of sequences of B-casein from different
species shows that the polar N-terminal and the hydrophobic nature of the C-terminal
domains are conserved and probably have an important biological function (Bonsing
and Mackinlay, 1987). B-Casein contains even more proline residues than a,,-casein;
it has, therefore, an open conformation (Creamer et al., 1981).

One of the characteristic features of §-casein is that more than 50% dissociates
from the micelle as the temperature is lowered and the hydrophobic interactions
become weaker (Bigelow, 1967; Downey and Murphy, 1970). This may have an
important effect on the processing characteristics of milk that has been refrigerated,
especially since the B-casein may go back onto the surface of the micelle on re-
warming (Davies and Law, 1983).

At present, the known genetic variants are A!, A%, A%, B, C, D and E, and the
differences are summarised in Table 4 (Grosclaude et al., 1972). B-Caseins A! and A?
are common in the Friesian and Ayrshire breeds; 8-casein B is present at a much lower
frequency (Aschaffenburg, 1968).

B-Casein also readily undergoes proteolysis due to the action of plasmin to form
the ~y-caseins (Table 6). The complementary fragments - proteose peptones 5, 8 slow
and 8 fast - are shown in Table 7 (Gordon and Groves, 1975; Andrews and
Alichanidis, 1983). The identification of the y-caseins as fragments of $-casein is an
interesting piece of scientific detective work in which Gordon and Groves (1975) were
able to establish a link between the genetic polymorphism of the y-fragments and the
parent B-caseins A? and B. For some time it was believed that the y-caseins might be
formed by de novo synthesis due to translation of discrete fragments of S-casein
messenger RNA, but it has been established, notably by Kaminogawa and Yamauchi
(1974) and Noomen (1975), that B-casein undergoes proteolysis to give y-caseins when
milk is incubated at 37°C. This is due to plasmin which is transported from the blood.
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2.6.3 a,,-Casein

a,-Casein was the last of the main caseins to be characterised because it occurs as
differently phosphorylated forms, containing between 10 and 13 phosphate groups per
molecule (Brignon et al., 1976), and was difficult to separate from «,-casein. The
polypeptide contains 207 residues, the 11P form having a molecular weight of 25,230
(Brignon et al., 1976).

The protein can also occur as a disulphide-linked dimer due to the occurrence
of two cyteine residues per polypeptide (Hoagland et al., 1971). Evidence from mass
spectrometry and sequence analysis has shown that all four cysteine residues are
involved in disulphide linkage in the dimer; the chains can exist in parallel and
antiparallel alignments (Rasmussen et al., 1992). The cysteine residues are close
together, and steric hindrance appears to prevent the formation of further polymers.
There is, however, some evidence of disulphide linkage with «-casein (Kudo and Mada,
1983; Rasmussen and Petersen, 1991, 1992).

The protein is the most hydrophilic of the caseins (Table 10), with three regions
containing phosphoseryl and glutamic residues, and is extremely sensitive to changes
in calcium concentration (Toma and Nakai, 1973). It is similar to «,;-casein in having
a high content of phosphoseryl residues and in being tightly bound within the micelle.

Two genetic variants are known (Table 4), but only the A variant is common
in the Friesian and Ayrshire breeds (Grosclaude et al., 1979). The D variant differs
from the A variant due to the deletion of nine residues, including three phosphoseryl
residues. This change is of particular interest because it resembles the deletion of the
phosphate centre in caprine «,;-caseins D and F (Chapter 3); it is also associated with

a reduction in the level of synthesis of the casein.

2.6.4 x-Casein

The «-casein polypeptide contains 169 residues, the B variant having a molecular
weight of 19,007 (Swaisgood, 1975). The molecule contains two cyseine residues

(Cys;; and Cysg), and x-casein can exist as a series of disulphide linked polymers
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containing on average five monomers (Swaisgood et al., 1964; Vreeman, 1979). Three
disulphide linkage patterns are possible; these are Cys;;-Cys,;, Cys;;-CySsgs and Cysgg-
Cysgg (Rasmussen and Petersen, 1992). The high proline content and uniform
distribution of the residues, as in the other caseins, prevent development of extensive
secondary structure.

k-Casein undergoes glycosylation at threonine and serine residues as previously
described, and usually contains only one phosphoseryl residue (Vreeman et al., 1986).
It is, consequently, not sensitive to calcium ions, and plays an important part in micelle
stabilisation (Waugh and von Hippel, 1956). On treatment with chymosin, as in the
manufacture of cheese or in the calf’s stomach, the Phe,js-Met;os bond is split to yield
the products para-x-casein (f1-105) and the caseinomacropeptide (106-169) (Wake,
1959; Mercier et al., 1972a, b). Under the appropriate conditions of temperature and
ionic strength, the micelles aggregate. Para-x-casein contains a high proportion of
hydrophobic residues, all of the aromatic residues and the two cysteine residues. The
macropeptide is very hydrophilic, and also has a very high content of hydroxy amino
acids, one in four of the total residues being serine or threonine. The carbohydrate,
when present, is located on residues Thr,;,, Thry;;, Thry;s (or Thr,s), and Ser,,; (or
Thry,,) (van Halbeek er al., 1980; Fournet et al., 1979), but does not seem to play an
important part in the micelle-stabilising properties of x-casein (Mackinlay and Wake,
1965).

Two common variants, k-caseins A and B, occur in the milk of Friesian and
Ayrshire cows, and are of particular interest because of differences in the renneting

properties of the respective milks (Aschaffenburg, 1968; Jakob and Puhan, 1992).

3. THE WHEY PROTEINS

The whey proteins are defined as the proteins remaining in solution after precipitation
of the caseins at pH 4.6 and 20°C (Whitney et al., 1976; Eigel et al., 1984). In the
milk of the cow, goat and sheep, the whey proteins include B-lactoglobulin, o-
lactalbumin, serum albumin, lactoferrin and the immunoglobulins. The proteose

peptones are usually also classed as whey proteins, but components 5, 8 slow and 8
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fast (Table 7) are derived from (-casein (Gordon and Groves, 1975; Andrews and
Alichanidis, 1983). Commercial whey protein obtained from cheese manufacture may
also contain small amounts of casein, the caseinomacropeptide and other proteolytic
products from the caseins. The whey proteins of the goat and sheep show close
homology with the bovine whey proteins (Chapter 4).

Although their structures are different, the whey proteins are similar in a
number of respects. Examination of their amino acid compositions (Table 8) shows that
the whey proteins are rich in cysteine residues, and have a high degree of tertiary
structure which is maintained by intramolecular disulphide bonds (Fig. 6 and 7). The
globular conformation makes the whey proteins less susceptible to proteolysis than the
caseins.

On heating, or at extremes of pH, the whey proteins show characteristic
denaturation which involves breaking of their internal disulphide bonds, and a
progressive loss of globular conformation (de Wit and Swinkels, 1980; de Wit, 1981).
If milk is heated above 60°C, the whey proteins become closely associated with the
caseins (Smits and van Brouwershaven, 1980; Noh and Richardson, 1989; Mohammad
and Fox, 1987), either through hydrophobic interaction (Bonomi and Iametti, 1991) or
by formation of new intermolecular disulphide bonds (Singh and Fox, 1987; Singh,
1994). On subsequent acidification to pH 4.6, the denatured whey proteins precipitate
together with the caseins (Rowland, 1937a,b; Rowland 1938). Similarly during the
manufacture of cheese from heated milk, the denatured whey proteins tend to be
retained in the curd, giving a substantial increase in cheese yield (Banks, 1990; Law
et al., 1994). The individual whey proteins undergo denaturation at different rates; in
terms of loss of solubilty at pH 4.6 the ease of denaturation is immunoglobulins >
serum albumin > @-lactoglobulin > o-lactalbumin (Larson and Rolleri, 1955;

Dannenberg and Kessler, 1988). The individual whey proteins are discussed below.

3.1 B-lactoglobulin

B-Lactoglobulin is the main whey protein, amounting to about 10% of the total milk
protein (Davies and Law, 1980). It is believed to have a physiological function in
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Table 8. Amino acid compositions of the bovine whey proteins

Amino acid B-Lg B a-La Serum Lactoferrin*
(Monomer) albumin

Asp 10 13 39 -

Asn 5 8 12 - L

(Asx) - - 3 62 ||

Thr 8 7 34 37 |

Ser 7 7 28 44

Glu 16 7 59 -
| Gln 9 6 19 -

(GIx) - - 1 78 ||
"Pro 8 2 28 35 |
I Gy - 4 6 16 48

Ala 15 3 46 66

1/2 Cys 5 8 35 35

Val 9 6 36 45

Met 4 1 4 9

Ile 10 8 14 4

Leu 22 13 61 66

Tyr 4 4 19 21

Phe 4 4 27 - 29

Lys 15 12 59 52

His 2 3 17 10

Trp 2 4 2 15

Arg 3 1 23 35

Total 162 123 582 704

M.W, 18,277 14,178 66,267 79,000

Data from sequences

* Buchta (1991)
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1 LIVTQTMKGL DIQKVAGTWY SLAMAASDTIS
31 LLDAQSAPLR VYVEELKPTP EGDLEILLQOQK
61 WENDE&AQKK ITIAEKTKIPA VFKIDALNEN
9] KVLVLDTDYK KYLLTF I ME-I.;-S AE-;-E—a_;—E_;-éQ
121 C|1LVRTPEV-I;-I-)--;-;\-;-;-I—(_FDKAL KALPMHIRLS
151 FNPTQLEEQ(IZHI

Fig.6 Primary structure of S-lactoglobulin A

Frank and Braunitzer, 1967; Braunitzer et al., 1972

|
QLTKCEVFR ELKDLKGYGG

1l E VSLPEWVCTT
I

31 FHTSGYDTQA IVQNNDSTEY GLFQINNKIW
| |

6l CKDDQNPHSS NICl:NISCDKF LDDDLTDDIM
| [

9] CVKEKILDKVG INYWLAHKAL CSEKLDQWLC

121 EKL

Fig.7 Primary structure of bovine a-lactalbumin B

Brew et al., 1970
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retinol binding (Papiz et al., 1986), and a number of reviews on its physico-chemical
properties have been published (Sawyer, 1969; McKenzie, 1971; Lyster, 1972;
Hambling et al., 1992). The amino acid composition is given in Table 8; the sequence
is shown in Fig. 6. The polypeptide of B-lactoglobulin B has 162 residues and a
molecular weight of 18,277 (Frank and Braunitzer, 1967; Braunitzer et al., 1972).
Between pH 5.0 and 8.0 at 20°C it exists mainly as a dimer; the two polypeptides are
held together by electrostatic forces, rather than disulphide linkage (Papiz et al., 1986).

B-Lactoglobulin has a high degree of secondary structure, containing 33% a-
helix and 33% B-sheet (McKenzie, 1971; Sawyer and Holt, 1993), and the globular
structure is maintained by intramolecular disulphide bonds. The polypeptide contains
five cysteine residues and a disulphide bond is formed between residues 66 and 160.
A second disulphide bond can occur between residue 106 and either residue 119 or 121
(Fig.6). This effectively leaves a free -SH equally distributed between residues 119 and
121, which can readily form intermolecular disulphide bonds on heating.

B-Lactoglobulin undergoes the characteristic denaturation shown by the whey
proteins. On mild heating (20-30°C), it progressively dissociates to the monomeric
form (Georges and Guinand, 1960). Above 60°C it loses secondary and tertiary
structure, and becomes associated with the caseins (Singh, 1992; Noh and Richardson,
1989). The nature of the interaction between denatured B-lactoglobulin and the caseins
is still a matter of speculation, and may be hydrophobic or disulphide linkage, or some
combination. The evidence suggests that there is disulphide linkage of $8-lactoglobulin,
a-lactalbumin, and possibly some of the other whey proteins with «-casein. This has
been extensively reviewed (Sawyer, 1969; McKenzie, 1971; Jang and Swaisgood,
1990).

Six main genetic variants of 8-lactoglobulin are known, and the differences are
outlined in Table 9. In Friesian and Ayrshire cows, the A and B variants are the most
common, having gene frequencies of 0.4 and 0.6, respectively (Aschaffenburg, 1968).
These two variants have been closely studied because the A variant is associated with
a higher whey protein / casein ratio, and greater heat stability (Aschaffenburg and
Drewry, 1957; Dupont, 1965).
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Table 9. Location of the amino acid substitutions in the genetic variants of bovine
B-lactoglobulin

Position of change

B-LG

variant | 45 50 59 64 78 118 | 129 | 130 158
A Asp Val
B Glu | Pro Gln | Gly Ile Ala Asp | Asp | Glu
C His _I
D Gln |
F Ser* Tyr® | Ty | Gly* "
G Met* Gly* |

* Amino acid substitutions not yet established by sequencing

® Tyr substitution for Asp occurs at either 129 or 130

Aschaffenburg (1968)
Ng-Kwai-Hang and Grosclaude (1992)
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3.2 «-Lactalbumin

a-Lactalbumin is the second most abundant whey protein, amounting to about 4% of
the total milk protein. The physico-chemical properties have been extensively reviewed
(Gordon, 1971; Lyster, 1972; Brew and Grobler, 1992). The amino acid composition
is given in Table 8; the sequence is shown in Fig.7. The polypeptide of the B variant
contains 123 residues and has a molecular weight of 14,178 (Brew et al, 1970). Some
minor forms contain carbohydrate which can be distinguished by polyacrylamide gel
electrophoresis (Hopper and McKenzie, 1973). There are eight cysteine residues in the
polypeptide, all of which are involved in intramolecular disulphide bonding which
maintains the folded globular structure (Vanaman et al., 1970).

a-Lactalbumin bears a striking resemblance to lysozyme in sequence and
disulphide bond arrangement (Brew, 1970), but appears to have a very different
biochemical role. Lysozyme acts as an anti-microbial glycosidase, whereas o-
lactalbumin has a regulatory role in the synthesis of lactose, which in turn controls the
volume of the aqueous phase of milk (Peaker, 1977). In lactose synthase, a-lactalbumin
promotes the affinity of the enzyme galactosyltranferase for glucose in the
incorporation of glucose and UDP-Gal into lactose (Gal $1-4Glucose). This reaction
occurs in the Golgi, and an accumulation of lactose, which is one of the most abundant
constituents of milk, causes a flow of cellular water into the Golgi to maintain osmotic
pressure (Brew, 1970). a-Lactalbumin, lactose and the cellular fluid are then secreted
into the milk by. exocytosis. This pathway provides a means of linking the hormone-
contolled synthesis of a-lactalbumin, and other proteins, with the synthesis of lactose
and milk yield. a-Lactalbumin also has the property of binding divalent ions such as
calcium (Kronman ez al., 1981), but it has not yet been established if this forms part
of the regulatory mechanism.

In common with the other whey proteins, a-lactalbumin undergoes unfolding
on heating, due to the disruption of intramolecular disulphide bonds (Larson and
Rolleri, 1955; Chaplin and Lyster, 1986; Dannenberg and Kessler, 1988). The process

reverses more readily than in the other whey proteins, however, and when measured
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in terms of loss of solubility at pH 4.6, a-lactalbumin appears more difficult to
denature than the other whey proteins (Larson and Rolleri, 1955; Riiegg et al., 1977).

3.3 Serum albumin

Serum albumin is a minor component of milk protein which is present in the blood,
and appears in milk due to increased leakiness of the tight junctions of the epithelial
cells of the mammary gland. This may be more pronounced towards the end of
lactation or when mastitis occurs, and is generally accompanied by an increase in
sodium and a decrease in potassium and lactose in the milk (Kitchen, 1981).

Serum albumin contains 582 residues and has a molecular weight of 66,267
(Brown, 1975). The amino acid composition is shown in Table 8. The protein has a
globular structure maintained by 17 intramolecular disulphide bonds, leaving one free
sulphydryl group at residue 34 (Eigel et al., 1984). Serum albumin readily denatures
on heating (Rilegg et al., 1977) and, because of the size of the molecule and large
number of cysteine residues, it may have a proportionately large effect on the
behaviour of heated milks.

3.4 The immunoglobulins

The immunoglobulins are present in the milk and blood of all mammals as part of their
immune defence system. Four main classes of immunoglobulins have been identified
in bovine milk - IgG, IgA, IgM and IgE ; all have a similar basic structure composed
of four subunits with a molecular weight that varies around 160,000 (Larson, 1992).
IgG exists in monomeric form, containing two identical light chains (MW each
25,000) and two heavy chains (MW each 55,000) giving a total MW of 160,000.
IgA and IgM are similar in basic structure to IgG, except for an additional 18
amino acids on the C-terminal end of their heavy chains. IgA occurs as a dimer with

molecular weight 370,000, whereas IgM is a more complex molecule having a
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molecular weight of about 1 million. IgE has a molecular weight of 190,000, and is
involved with allergic reactions.

In general, mammals that transfer passive immunity before birth of their
offspring (human, rabbit) have lower concentrations and different ratios of the four
classes of the immunoglobulins in their milk, compared with those that transfer passive
immunity in colostrum after birth, such as the cow, horse and pig (Larson, 1992). The
immunoglobulins are easily denatured by heat treatment, readily losing their solubility

at pH 4.6 after even mild treatment (Riiegg et al., 1977).

3.5 Lactoferrin

Lactoferrin is an iron-binding glycoprotein which constitutes about 1% of the protein
in milk (Harmon ez al, 1975). It is of particular interest because it has bacteriostatic
properties believed to be the result of its iron-chelating ability, making iron unavailable
to bacteria (Masson and Heremans, 1971; Law and Reiter, 1977; Paulsson et al.,
1993). The amount in the milk of different species is variable, but usually tends to
increase at the end of lactation as involution is occurring, and in the milk of cows
affected by mastitis (Harmon et al., 1975). The sequence of lactoferrin is known
(Goodman and Schanbacher, 1991; Schanbacher et al., 1993); the protein contains 689
residues. The amino acid composition is given in Table 8. The molecular weight,
including carbohydrate, is estimated between 83,000 and 87,000 (Buchta, 1991; Hurley
et al., 1993).

3.6 The proteose peptones

The proteose peptone fraction amounts to about 4% of the total protein in milk, It
consists of a diverse mixture of polypeptides that remains soluble after heat treatment
at 90°C for 30 min, followed by adjustment to pH 4.6 (Rowland, 1938). Andrews and
Alichanidis (1983) found that this fraction, which is insoluble in 12% TCA, contained

at least 38 components, most of which were derived by the action of plasmin on the
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caseins. Of the major components, it has been established that proteose peptone
components 5 (f1-105, f1-107), 8 slow (f29-105, £29-107) and 8 fast (1-28) are specific
parts of B-casein (Gordon and Groves, 1975; Andrews, 1978a; Eigel and Keenan,
1979; Andrews, 1978b). The fragments derived from B-casein A? are summarised in
Table 7. In milk from Friesian cows, corresponding genetic variants of the fragments
are formed from B-caseins A! and B. Proteose peptone 3 (MW 40,800), however, is
believed to be derived from the milk fat globule membrane (Ng et al., 1970).

4. SCOPE OF THIS STUDY

The first part of this study involved development of rapid methods for determining the
relative amounts of the individual caseins and whey proteins in the milk of the cow,
goat and sheep (Chapters 2, 3 and 4). Previously, the most commonly used quantitative
methods for analysis of the caseins and whey proteins involved traditional ion-exchange
and gel permeation chromatography, which were laborious and time-consuming, and
required large samples. Quantitative FPLC (Fast protein liquid chromatography)
methods were developed in which the caseins of the three species were separated by
anion- and cation-exchange chromatography, and the whey proteins by gel permeation
chromatography. The methods were semi-automated and had the advantages that
separations required less than 1 hour, much smaller samples could be analysed, and
column packing lasted for several thousand fractionations.

In the second part of the work, the analytical methods were used to study
natural variation in the composition of protein in the milk of the three species, and to
examine factors which might affect processing characteristics. Previous studies had
shown that there was variation in the gross composition of the casein and the whey
protein. Some work had been published showing the effect on the relative amounts of
the proteins, of breed and individual differences (Rolleri et al., 1956), stage of
lactation (Larson and Kendall, 1957; Davies and Law, 1977b; Barry and Donnelly,
1980), age and mastitis in the cow (Randolph et al., 1974; Barry and Donnelly, 1981).
Similary, seasonal differences had been examined in the whey proteins (de Koning et

al., 1974). In general, however, resolution of the earlier methods tended to be poor,
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and factors affecting the concentrations and relative amounts of the milk proteins,
especially of the goat and sheep, were not well documented. In this study, seasonal
changes in the content and composition of casein and whey protein in the milk of the
cow and sheep were examined. A further study was carried out on goats’ milk to
determine the effect of stage of lactation on the concentration of total casein, and the
concentrations and relative amounts of the whey proteins.

Part of the work included a study of the effect of genetic polymorphism on the
composition of the milk protein. As indicated earlier, even small changes in the
primary structure of the caseins or whey proteins can lead to, or be associated with,
quite marked changes in the processing characteristics of milk (Feagan et al., 1972;
McLean et al., 1984; Jakob and Puhan, 1992; van den Berg et al., 1992). Previous
work had indicated that there was an inverse relationship between k-casein content and
micellar size (Sullivan et al., 1959; McGann et al., 1980). Also, there was some
evidence that x- and [B-casein variants were associated with different renneting
properties (van den Berg, 1992; Jakob and Puhan, 1992), but exactly how these
variants affected coagulation time and gel strength was not clear. As a first step in
understanding the differences, the effect of x-casein variants A and B, and (-casein
variants A!, A? and B on the composition of whole casein was determined.

The effect of genetic polymorphism of caprine a,- and k-caseins on the
composition of whole casein was also studied. Earlier work demonstrated the
occurrence of an unusual quantitative genetic polymorphism of «,,-casein (Grosclaude
et al., 1987, Brignon et al., 1990) in which the production of «,-casein is controlled
by at least 14 possible alleles, three of which are known to give high concentrations
(a;-Cn A, B and C), and four of which give lower concentrations (a,;-D, E and F),
or no o, -casein (a,,-Cn°). The large differences in the concentrations of total casein,
and in the relative amounts of the caseins associated with the variants, indicated that
the corresponding milks might have different renneting properties and give different
yields of cheese (Pirisi et al., 1994).

A major part of this thesis deals with the composition, structure and stability
of casein micelles and, in particular, with the interaction of the caseins and calcium
phosphate. Previous workers had shown that substantial amounts of the casein,

especially B-casein, dissociated from the micelles at temperatures below 37°C (Rose,
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1968; Downey and Murphy, 1970). In commercial practice, most milk is stored for
some time at a temperature of about 5°C, and it seemed likely that this increase in
serum casein might have an effect on subsequent processing. In this study, therefore,
the effect of cooling milk on the dissociation of §-casein, and the reversibility on re-
warming, were examined in detail. Because of the importance of acidification in the
manufacture of yogurt and cottage cheese, the combined effect of reducing the
temperature and pH on micellar dissociation was also studied. The relationship between
micellar size and the composition of the casein and micellar calcium phosphate was
also examined.

The final part of this thesis describes changes that occur in the caseins and the
whey proteins during various manufacturing processes. Using gel permeation FPLC it
was possible to study heat-denaturation of the whey proteins, as determined by the loss
of solubility at pH 4.6, occurring during various heat-treatments. The effects of heating
temperature, holding time and pH of heating on the extent of denaturation were
examined; the rates of heat-denaturation of the whey proteins in the milk of the cow,
goat and sheep, were compared.

It was also possible to examine heat-treatment as a means of increasing cheese
yield by incorporating denatured whey proteins into the curd during the manufacture
of Cheddar cheese. Anion- and cation-exchange FPLC were subsequently used to
study the maturation process, and the effect of the whey proteins on cheese ripening.

Anion- and cation-exchange FPLC were also used to examine changes in the
caseins, whey proteins and commercial sodium caseinate caused by severe heat
treatments. This work has important implications in that the changes observed in the
proteins may occur in a number of processes involving severe heat-treatment, such as
the production of sterilised milk products (Singh and Creamer, 1992; Harwalkar,
1992).

In order to understand the changes taking place during lactic acid fermentation
in the manufacture of yogurt and cottage cheese, a further study was carried out to
examine the effect of heat-treatment and acidification on the dissociation of casein

micelles.
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2
THE COMPOSITION OF BOVINE CASEIN

1. INTRODUCTION

The caseins constitute about 80% of the protein in milk, and are the proteins present
in most types of cheese. They are also the main constituents of milk powders and co-
precipitates, and are used as sodium and calcium caseinates in the food industry in the
manufacture of a wide variety of baked and confectionary products and cream liqueurs
(Fox and Mulvihill, 1982; Mulvihill, 1992). As outlined in Chapter 1, however, the
individual caseins have different properties, and previous studies have indicated that
the concentrations and relative amounts of the individual caseins can vary.

In milk, the caseins occur in micellar form, closely associated with calcium
phosphate. The structure and stability of the micelles have an important influence on
the processing properties of milk, and may be affected by cold storage, pH adjustment
and renneting. Changes in the micelles may lead to various problems during
processing, such as heat instability and age thickening of concentrated milks. In order
to determine the amount of natural variation in the composition of micellar casein, and
to understand the nature of the changes occurring during processing, it is necessary to
have rapid, quantitative analytical methods. Previous methods tended to be laborious,
and for some purposes did not give satisfactory resolution of individual caseins.

This section describes the development of two complementary methods of anion-
and cation-exchange FPLC (fast protein liquid chromatography) for the quantitative
fractionation of the bovine caseins, and their application in the study of variation in the
composition of casein. These methods had the added advantage that they could be used
to separate the common genetic variants of x- and (-caseins, and were applied to
examine the effect of genetic polymorphism in these proteins on the composition of
whole casein. Polyacrylamide gel electrophoresis (PAGE) was used to characterise the

column fractions, and to identify the genetic variants of k- and (3-caseins.
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2. METHODS FOR SEPARATING THE CASEINS

The two methods that have been most commonly used to separate the caseins -
electrophoresis and ion-exchange chromatography - are based on charge differences in
the caseins at alkaline or acid pH. A summary of the calculated net charge on the
caseins and some proteolytic fragments is given in Table 10. At alkaline pH most of
the negative charge is due to phosphoserine, Asp, Glu, Cys, Tyr, and the C terminal
carboxyl group, whereas at acid pH the positive charge is due to Lys, Arg, His and the
N terminal amino group. The net negative charge on the main caseins at alkaline pH
is in the order o, - > a,- > B- > x- > y-caseins.

Because of the tendency for the caseins to associate, separations are usually
carried out in the presence of high concentrations of a dissociating agent, such as urea
(Wake and Baldwin, 1961). Also, because of the occurrence of polymers of x-casein
(Swaisgood and Brunner, 1963), a reduction or alkylation step is necessary.

The techniques of anion- and cation-exchange FPLC, and alkaline and acid
urea-PAGE are discussed below; they are also compared with other methods used to

separate the caseins.

2.1 Electrophoresis

2.1.1 Moving boundary electrophoresis

In early studies, moving boundary electrophoresis was used by Mellander (1939) to
separate casein into three main fractions, termed a-, 8- and +y-caseins, according to
decreasing net negative charge. This technique was later applied to study breed
differences, individual cow differences and the effect of stage of lactation (Rolleri et
al., 1956; Larson and Kendall, 1957). The method was difficult to use, however, and
the results are of limited value because of the inability to subfractionate a-casein into
its constituent -, «,- and k-caseins. This method was replaced by zonal

electrophoresis carried out in starch or polyacrylamide.
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Table 10. Properties of the caseins and proteolytic fragments calculated from the
amino acid compositions

Casein M.W. A 280 He® pI* | Charge

coef.* pH 6.7
a,-B 9P 23,694 10.3 1061 4.3 -23.2
8p 23,614 10.3 4.4 -21.7
a,-A 13P 25,388 10.7 997 | 4.6 -17.7
12P 25,308 10.7 4.7 -16.3
11P 25,228 10.8 4.8 -14.8
10P 25,149 10.8 4.9 -13.3
B-A? 23,980 4.5 1231 4.6 -13.2
Al 24,021 4.5 4.8 -12.9
B 24,090 4.5 4.8 -12.0
k-A 1 Trisaccharide? 19,695 9.0 1094 5.0 -5.9
k-A Non-glycosylated 19,037 9.3 5.1 -4.9
x-B 1 Trisaccharide? 19,663 9.1 5.1 -4.9
x-B Non-glycosylated 19,005 9.4 5.3 -3.9
1,-A? (f29-209) 20,521 5.3 5.7 -3.4
~,-A? (f106-209) 11,823 8.0 7.2 0.9
vs-A? (£108-209) 11,557 8.1 6.5 -0.4
PP8F (f1-28) 3,478 0 3.0 -10.0
PP5 (f1-105) 12,177 1.2 ' 4.0 -14.3
[ 107 12,442 1.1 42 | -13.0
PP8S (f29-105) 8,699 1.7 4.6 -4.4
(f29-107) 8,964 1.5 5.1 -3.1
Para-x- (A and B) 12,268 14.5 9.0 3.6
} Macropeptide A : 6,787 0 3.7 -8.6
l Macropeptide B 6,755 0 39 -7.6

* Molar absorbances Trp, 5,200; Tyr, 1400. ® Hydrophobicity, Eigel et al., 1984
¢ pKa SerP, 2.1, 6.8, 12.7; C terminal 3.8; Asp, 4.0; Glu, 4.4; Cys, 9.5; Tyr, 9.6;
Lys, 10.4; Arg, 12.0; His, 6.3; N terminal, 7.5; ¢ Calculated NeuNAc-Gal-GalNAc-
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2.1.2 Zonal electrophoresis

A significant improvement was made by Wake and Baldwin (1961) who carried out
electrophoresis in a starch gel at pH 8.6, in the presence of urea (7M) as dissociating
agent. These workers obtained patterns with about 20 bands, showing the complexity
of whole casein. Electrophoresis was sufficiently sensitive to separate proteins differing
in even a single charge, and led to the demonstration of polymorphism in the caseins
and whey proteins. In early studies, Aschaffenburg (1961), using paper electrophoresis,
established the occurrence of genetic polymorphism in B-casein; Thompson er al.
(1962), using starch gel electrophoresis, demonstrated genetic polymorphism in o,-
casein.

Swaisgood and Brunner (1963) showed that disulphide-linked polymers of «-
casein could be reduced by the addition of 2-mercaptoethanol. Neelin (1964), Schmidt
(1964) and Woychik (1964) were later able to detect genetic polymorphism in the main
non-glycosylated x-casein bands. Peterson (1963) introduced alkaline polyacrylamide
gel electrophoresis (PAGE) to examine genetic polymorphism in the caseins and whey
proteins. This technique was easier to use than starch gel electrophoresis, and had the
additional advantage that the concentrations of polymer (acrylamide) and cross-linking
agent (bis-acrylamide) could be adjusted to give different molecular sieving effects. The
technique is now widely used, and the mobilities of the most common variants that are
known at present are shown in Fig. 8 and 9. Alkaline PAGE does not resolve $-casein
Al,; A? or A%, but these variants can be identified by acid PAGE (Peterson and Kopfler,
1966) as shown in Fig.9, and in the fourth paper in this section (Paper 4, Hollar et al.,
1991).

Comparison of the electrophoretic patterns of the caseins (Fig.8) with the
calculated charge (Tablel0), shows that the major caseins migrate according to net
negative charge, in the order a,;- > a,- > B- > k- > +y-caseins. Electrophoretic
mobility increases with increasing levels of phosphorylation and glycosylation. The
polyacrylamide gel exerts some sieving effects, however, and small, highly negatively
charged peptides, such as the caseinomacropeptide and proteose peptone 8 Fast, have
higher electrophoretic mobilities than a,;-casein.

Differences in the caseins due to genetic polymorphism are sometimes difficult
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Fig.9 Relative mobilities of the common genetic variants of bovine o;,;~, §-, .- and
x-caseins on alkaline and acid PAGE
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Grosclaude et al. (1972)
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to detect by electrophoresis at alkaline pH, because of differences in the negative
charge due to phosphorylation or glycosylation. The alkaline PAGE pattern for whole
casein containing the variants o,,-Cn B, 8-Cn A! and A2, and «-Cn A and B are shown
in Fig.8. a,-Casein can be seen as two prominent bands representing the 9P and 8P
forms, in order of decreasing mobility. Similarly «,-casein is seen as four main bands
representing the 13, 12, 11 and 10 P forms, again in decreasing order of mobility. «-
Casein in this sample has only one P group, but the two genetic variants, A and B, are
present. The non-glycosylated forms, represented by the two most prominent bands,
can easily be distinguished. The mobility of each variant increases with increasing
glycosylation to give two series of bands. In this sample, 8-casein contains only the A’,
and A? variants of 3-casein, and is seen as only one band. The B variant can normally
be distiguished from the A variants of B-casein at alkaline pH, and all three can be
separated at acid pH (Fig.9). The electrophoretic mobilities at acid pH are B-casein B
> A' > A? compared to the A? variant, the A! has an extra positively charged His,
and the B variant has an extra positively charged His and Arg (Table 4).

In the work described in this Chapter, the column fractions and the genetic
variants of x- and B-caseins were identified by a combination of alkaline and acid urea-
PAGE, as described above.

A number of workers have obtained quantitative results by photometric scanning
of electrophoretic patterns (Kim and Bird, 1972, Dill et al., 1972, McLean et al.,
1984). There is, however, some debate about the accuracy of the method, because of
the different dye-binding properties of the individual caseins, and because of some
binding of proteins to the matrix during electrophoresis. These difficulties can be partly

overcome by running standards, but this makes the method more laborious.

2.1.3 SDS-PAGE

When sodium dodecyl sulphate (SDS) is added to a protein, the non-polar end
of the molecule interacts with the hydrophobic groups on the protein, and the protein
acquires a large negative charge. If proteins treated with SDS are subjected to

polyacrylamide electrophoresis, they move towards the anode and, due to the sieving
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effect of the acrylamide, are separated according to molecular size. As shown in Table
10, the main bovine caseins have a narrow molecular weight range (19,005-25,388).
In theory, they should not be effectively separated by SDS-PAGE, but in practice they
are resolved and migrate in decreasing order of mobility x- > 8- > ay,- > a,-casein
(Chapter 3). The anomalous migration of 8- and a,,-caseins (MW 23,980 and 23,613
respectively) has been attributed to the uneven distribution of negative charge along the
polypeptide chains (Creamer and Richardson, 1984).

The technique is particularly useful for detecting smaller molecular weight
proteins such as the vy-caseins and para-x-casein (Table 10), and this is discussed in
Chapter 3. Also, because of the wider molecular weight range of the whey proteins
(14,178-1,000,000), SDS-PAGE is useful for identifying the individual proteins
(Chapter 4). Similarly, the technique has proved invaluable in the detection of the
caprine «,;-casein D and F variants, which have lower molecular weights than the other

variants, because of deletions of amino acids (Chapter 3).

2.1.4 Capillary electrophoresis

Recently, capillary zone electrophoresis has been used to separate the milk proteins.
Good resolution of the individual caseins and whey proteins has been obtained using
fused-silica capillaries (Kanning et al., 1993; de Jong et al., 1993). It has also been
possible to separate the genetic variants of x- and (-caseins and B-lactoglobulin.
Negative charge on the silica capillaries can affect the resolution and quantification but
this can be reduced by carrying out the separations at acid pH, or at alkaline pH using
chemically coated capillaries. The technique is rapid, and separation characteristics can
be modified by changing the pH or the type of coating on the capillary tubing.
Separation of proteins can also be achieved on a size to charge basis, as in SDS-PAGE
separations.

Quantitative values are obtained by direct UV-detection, but so far values have
only been expressed on the basis of absorbance area, without correction for absorbarce:
coefficients. A major advantage of the method is that caseins and whey proteins can

be separated on a single electrophoretic run.
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2.2 Ion-exchange Chromatography

2.2.1 Low pressure chromatography

Apart from electrophoresis, ion-exchange chromatography has been the most widely
used technique for separating the caseins. Resolution depends on differences in the
charges on the caseins (Table 10), but the separation also depends to some extent on
the distribution of charge on the polypeptides, and separation characteristics are
difficult to predict. On anion-exchange chromatography, the caseins elute according to
their calculated net negative charge, rather than total negative charge, in the order v-,
k-, B-, a,- and o, -casein.

The first successful fractionation of the caseins, in dissociating and reducing
conditions, was carried out by Thompson (1966). He used anion-exchange
chromatography on DEAE cellulose in imidazole buffer at pH 7.0, containing urea and
mercaptoethanol, and separated three fractions consisting of «a,- (a,;- and o,,-), 8- and
x-caseins. The separation was achieved because of differential binding of the negatively
charged caseins to positively charged groups (diethylaminoethyl) on the anion-
exchanger. On applying a gradient of NaCl, x-casein with the lowest negative charge
eluted first, B-casein was intermediate, and the a,-caseins, having the highest negative
charge eluted last (Swaisgood, 1992). Mercier et al. (1968) used similar conditions in
a preparative method. They also determined the absorbance coefficients of the
fractions, and obtained quantitative values for o,- (o,- and a,,-), 8- and x-caseins. Rose
et al. (1969) improved on this method by using an alkylation step, instead of reduction
with 2-mercaptoethanol. This avoided the problem of having a large void volume peak
caused by oxidation products of 2-mercaptoethanol, and these workers were also able
to determine the relative amount of +-caseins present.

Annan and Manson (1969) used cation-exchange chromatography, under
dissociating and reducing conditions, to fractionate whole casein and the a,-casein
complex. The separation was based on the differential binding of positively charged
residues (mainly Lys and Arg) on the caseins to negatively charged sulphoethyl groups
on the chromatographic matrix. Elution was achieved by a gradient of NaCl; the
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caseins eluted in the order 8-, x-, a,,- and «a,-caseins.

Davies and Law (1977a) used anion-exchange chromatography on a highly
substituted DEAE cellulose. They separated whole casein into five main fractions
which, in order of elution were -, k-, 8-, a,,- and a,-caseins. They used this method
to examine variation in the composition of casein due to stage of lactation, individual
cow differences, age of the cow, and mastitis (Law, 1977; Davies and Law, 1977b).

This method of anion-exchange chromatography was used in the initial part of
the present work to examine seasonal variation in the content and composition of the
casein in creamery milks in South-West Scotland (Paper 1, Davies and Law, 1980).
The concentrations of total and individual caseins varied considerably over a year; the
concentrations of the individual caseins, with the exception of «,-casein, were
considerably higher during the summer, when the cows were at pasture. The
concentration of a,,-casein reached a maximum in early summer, and decreased during
the summer. The relative amounts of the caseins, however, varied only slightly over
the year, and the ranges were as follows: a,-casein, 37.2-39.0%; B-casein, 34.4-36.6;
a,-casein, 9.2-11.5; k-casein, 12.1-13.6; y-casein 2.8-3.9% of the total.

2.2.2 Anion- and cation-exchange FPLC

The ion-exchange methods described above were laborious and time-consuming because
columns had to be re-packed frequently, and fractionations typically took about 24 h
(Yaguchi and Rose, 1971). A considerable reduction in separation times has been
achieved by the introduction of new ion-exchange materials that have small, uniformly-
sized beads, good flow characteritics and rapid kinetics. The beads in FPLC (Fast
protein liquid chromatography) are about 8 um in diameter, and typical back-pressures
about 2 MPa, whereas in HPLC (High pressure liquid chromatography) bead sizes are
5 um or less and back-pressures may be of the order of 10 MPa. The beads are
substituted with amino or sulphonic acid groups to give anion- and cation- exchangers,
respectively. Separation of the caseins is achieved by means of a salt gradient in the
same way as described above for DEAE or CM substituted cellulose.

Barrefors et al. (1985) and Andrews et al. (1985) fractionated whole casein by
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FPLC on Mono Q anion-exchanger, which has the positively charged
trimethylaminomethyl group attached to the matrix. The casein was reduced with 2-
mercaptoethanol and separations were carried out at pH 7.0, in the presence of urea,
as dissociating agent. Rapid separations of the main casein fractions were obtained, and
the elution profiles were similar to those obtained by traditional anion-exchange
chromatography, except that resolution of the a,,- and o,,-caseins was poorer on Mono
Q. Using similar conditions, Humphrey and Newsome (1984) fractionated casein on
TSK DEAE 5PW anion-exchanger which had the charged diethylaminoethyl group
attached to the matrix. They obtained an elution profile similar to that on Mono Q
anion-exchanger.

In the present work, a rapid method of anion-exchange FPLC was developed
which gave reliable quantitative values for five main casein fractions (Paper 2, Davies
and Law, 1987). Separation of the o,,- and a,,-caseins, which was poor in previously
published methods (Barrefors et al., 1985, Andrews et al., 1985), was improved by
the introduction of an alkylkation step which effectively increased the positive charge
on «- and a,,-caseins. The fractions were characterised by alkaline PAGE, and it was
possible to determine the relative amounts of a,;-, 8-, a,,-, k- and y-caseins, together
with several minor fractions. Casein concentrations were calculated from peak areas
using calculated specific absorbance coefficients, as shown in Table 10. In order to
confirm the accuracy of the method, a comparison was carried out with anion-exchange
chromatography on DEAE cellulose. Results showed that there was close agreement
between the two methods; anion-exchange FPLC was also much more rapid, less
laborious and required smaller samples.

Barrefors et al. (1985) and Dalgleish (1986) also fractionated whole casein by
FPLC on Mono S cation-exchanger which is substituted with the negatively charged
sulphoethyl group. Chromatography of reduced casein samples was carried out at acid
pH in the presence of urea, as dissociating agent. The elution profile was similar to
that obtained on sulphoethyl Sephadex by Annan and Manson (1969), but separations
were obtained in 30 min. The elution pattern was also much simpler than obtained on
Mono Q anion-exchanger, as the heterogeneity caused by glycosylation of x-casein, and
by phosphorylation of o;- and «,,-caseins, did not affect their elution positions on the

cation-exchange column.
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In the present study, a quantitative method of cation-exchange FPLC was
developed which could be used to complement anion-exchange FPLC in the study of
the composition of whole casein (Paper 3, Hollar et al., 1991). Cation-exchange FPLC
was basically similar to low pressure cation-exchange chromatography on sulphoethyl
Sephadex, described above, but was much quicker. Whole casein was separated into
five main fractions containing, in order of elution, y-, 8-, k-, a,- and ay,-caseins.
Quantitative values were obtained from peak areas using the specific absorbance
coefficients shown in Table 10. In general there was good agreement in values obtained
by anion- and cation-exchange FPLC.

This method of cation-exchange chromatography had the advantage that it could
be scaled up directly as a laboraratory preparative method, using S-Sepharose Fast
Flow (Paper S, Leaver and Law, 1992). Results from SDS-PAGE and re-
chromatography showed that the main fractions were pure. The method was especially
useful for obtaining gram quantities of the different genetic variants of 8-casein (A',

A? and B) which eluted in the void volume fraction.

2.2.3 Reverse phase HPLC

The caseins have also been fractionated by reverse phase HPLC, which depends on the
affinity of the proteins for non-polar groups (C8 and C18) attached to a
chromatographic matrix. Selective elution of the caseins is achieved by a gradient of
increasing hydrophobicity. Separations have been obtained at alkaline pH (Carles,
1986), and at acid pH (Visser et al., 1986). The latter workers compared various types
of reverse phase columns and, using trifluoroacetic acid and a gradient of acetonitrile,
separated whole casein into fractions containing, in order of elution, -, ay,-, o,- and
B-caseins. There is some evidence, however, that under certain conditions reverse
phase HPLC may be unsuitable for measuring the relative amounts of the individual
caseins, because of incomplete recovery of a,- and - caseins (Visser et al., 1986;
1991). These workers found that on certain types of reverse phase columns a,-casein
eluted at two different concentrations of acetonitrile, indicating that there was possibly
some interaction with the matrix. Also, there was a tendency for - and a,,-caseins,

which had not been completely removed from the column, to be eluted during the
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following chromatographic run.

2.2.4 Hydrophobic interaction chromatography

Hydrophobic interaction FPLC is based on the same principle as reverse phase
chromatography, in that the separation depends on the affinity of the caseins for
hydrophobic groups on the chromatographic matrix. In hydrophobic interaction FPLC,
however, the caseins are bound to the column under conditions of high ionic strength,
which promotes hydrophobic bonding, and eluted using a gradient with decreasing ionic
strength. Using this technique, Chaplin (1986) was able to separate whole casein into
fractions containing, in order of elution, 8-, a,,- (plus y-), k- and a,,-casein. Resolution

of the method, however, was poorer than that obtained using reverse-phase HPLC.

3. GENETIC POLYMORPHISM OF THE CASEINS

The study of genetic polymorphism in the caseins has been important for two main
reasons. Firstly, from segregation studies of alleles, it has been possible to establish
that the casein genes are closely linked, and that combinations of alleles are transferred
as a group. Secondly, it has become apparent that even very small differences in
primary structure can lead to, or be associated with, quite marked differences in the
amount and properties of the variants, and in their subsequent processing characteristics
(McLean et al., 1984; Jakob and Puhan, 1992; van den Berg et al., 1992).

3.1 Linkage of casein genes

Direct evidence for linkage of the casein genes came from segregation studies of
heterozygous bulls which showed that combinations of alleles, such as a,-Cn B - 3-Cn
A?, were transferred to progeny together (Grosclaude et al., 1973). Indirect evidence

came from population studies showing the absence of certain combinations of alleles,
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for example o,,-Cn C - 3-Cn B. Segregation studies also showed that there was a close
linkage between the a,;-Cn and «-Cn loci, but not as close as between the a,,-Cn and
-Cn loci, or the B-Cn and x-Cn loci. Since the frequency of cross-over that occurs
in chromosomes in the diploid state is proportional to the distance between loci, it
could be inferred that the genes were arranged in the order o,-Cn, 8-Cn, and «-Cn
(Grosclaude et al., 1973). It has since been confirmed, using a combination of physical
mapping techniques, that the four casein genes are located on 200 kb of chromosome
6, in the order a,,-, 8-, a4, and x-Cn (Threadgill and Womack, 1990, Mercier and
Vilotte, 1993). '

From population studies it has been shown that some variants of the caseins are
more widely distributed across breeds and species, and must have appeared earlier. It
has, therefore, been possible to deduce the order of occurence of the various alleles.
This is shown for bovine caseins in Table 4 (Grosclaude, 1988). The corresponding
phylogeny of the caprine o, -casein variants is shown in Table 14. The original
combination of alleles of the main caseins is believed to be a,,-Cn C - 8-Cn A?, as
this occurs in European breeds of cattle, in the zebu and yak. Also Gly,q,, which is
present in a,;-Cn C of the cow, occurs in caprine and ovine o,;-casein (Ng-Kwai-Hang,
1992). The other combinations of alleles are believed to have occurred due to mutations
in the original type; the common combination of alleles found in European cattle - a,;-
Cn B - 8-Cn A? - has arisen by a change in Gly,o, to Glu in «,,-casein. Grosclaude
(1988) has found that, in the Friesian breed, the frequency of the gene combinations
(or haplotypes) of the a,,-, 8-, and «- alleles are: o,;-Cn B, 8-Cn A2, x-Cn A 37.1 %;
a,-Cn B, B-Cn A?, x-Cn B 7.2 %; a,-Cn B, 8-Cn A!, x-Cn A 31.1; and «,,-Cn B,

B-Cn Al, xk-Cn B 21.4 %. A small number of rarer combinations were also found.

3.2 Genetic polymorphism and processing characteristics

The genetic variants of the caseins have been extensively used as genetic markers in
the study and improvement of production characteristics, such as milk yield and fat
content (McLean et al., 1984). In these instances, it is unlikely that there is a causal

relationship, but there is a more direct link between genetic polymorphism of the
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caseins and their processing properties, and the relative amounts and concentrations of
the individual caseins.

In Friesian cows, the most common variants are x-caseins A and B, and (8-
caseins A!, A% and B. The gene frequencies found in Holstein-Friesian cattle in Britain
are: k-caseins A and B, 0.83 and 0.17; B-caseins A!, A%, A3, and B, 0.66, 0.24, 0.04
and 0.06, respectively (Aschaffenburg, 1968). Various studies have shown that, in
cheese-making, x-casein B is associated with a decrease in clotting time, increased curd
tension, better fat retention and higher cheese yield; the phenotypes are ranked BB >
AB > AA (Jakob and Puhan, 1992). Similarly the B variant is associated with higher
heat stability in normal and concentrated milk (McLean et al., 1987). The exact
reasons for the differences in behaviour are not known. It has been shown that the B
variant of k-casein is associated with higher relative amounts of k-casein in whole
casein (Sullivan et al., 1959; McGann et al., 1980), and there is an inverse relationship
between k-casein content and micellar size (Davies and Law, 1983; Dalgleish et al.,
1989). Also there are differences in the degree of glycosylation of the two k-casein
variants. For example, one of the points of attachment of the carbohydrate, Thr,;4 of
the A variant, is absent in the B variant. Despite this, measurement of N-acetyl
neuraminic acid content has shown that the B variant is more efficiently glycosylated
than the A variant (Robitaille ef al. 1991; Robitaille ez al., 1993).

B-Casein variants have similarly been associated with different processing
characteristics. The effect of B-casein on the renneting properties of milk are as
pronounced as those of x-casein, but the results have been less consistent, probably in
part due to the difficulty in identifying the seven different alleles of B-casein. Milk
containing $-Cn B, and especially 8-Cn BB milk, was found to have shorter
coagulation times, and gave a firmer curd than milk containing only 8-Cn A (Feagan
et al., 1972, Mariani et al., 1986). The $-casein C variant also gave shorter renneting
times than the A variant (Jakob and Puhan, 1992).

The genetic variants discovered so far have been identified mainly by
electrophoresis, and differ in charge either at alkaline or acid pH. Clearly a variant that
has two residues subsituted in such a way that the overall charge, at alkaline and acid
pH, remains the same, would not normally be detected by electrophoresis. Similarly

any change in an uncharged amino acid that did not result in a charge difference would

48



not be identified by electrophoresis. With the introduction of reverse phase
chromatography, it may be possible to separate some of these silent variants. For
example, Carles (1986) has identified a variant of B-casein which differs from B8-Cn
Al in the substitution of Pro by Leu.

In the study of genetic polymorphism in k- and [(-caseins described in this
Chapter (Paper 6, Law, 1993), the variants of x-casein were identified by alkaline
PAGE. The relative amounts of the individual caseins were determined by anion-
exchange FPLC.

Genetic polymorphism of k-casein had a significant effect on the composition
of whole casein; the relative amounts of x-casein for phenotypes AA, AB and BB were
9.7, 10.9, and 12.1% of the total casein, respectively. This result was confirmed by
cation-exchange FPLC. The relative amounts of «,- and B-caseins varied in the
opposite manner (k-casein AA > AB > BB), whereas the vy-caseins increased with -
casein, and the relative amount of o,,-casein did not vary significantly. The differences
in the relative amounts of k-casein in the three phenotypes may be particularly
important because of the location of x-casein on the surface of the micelles, and its role
in micellar stability.

In a study of genetic polymorphism in (3-casein, cation-exchange FPLC was
used to separate the commonly occurring variants of 3-casein, namely A!, A? and B
(Paper 4, Hollar et al., 1991). The identities of the variants were confirmed by acid
PAGE, as described by Peterson and Kopfler (1966).

In a subsequent study on the effect of genetic polymorphism in B-casein on the
composition of whole casein in Friesian cows (Paper 6, Law, 1993), it was found that
the relative amount of 8-casein was not significantly affected by the presence of Al,
A? or B variants; in the A'B and A’B heterozygotes, the levels of expression of the A

and B variants were the same.
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4. CONCLUSIONS

Anion-exchange chromatography on DEAE-cellulose gave good resolution of the
individual caseins, and provided reliable quantitative values for the composition of
whole casein. The method, however, required large samples (typically 250mg) and was
laborious. Rapid methods of anion- and cation-exchange FPLC were developed, which
gave similar resolution of the caseins, and comparable quantitative values.

Using anion-exchange FPLC, it was possible to determine the relative amounts
of -, k-, B-, oy~ and a,-caseins, together with several minor fractions. Separations
usually required less than 5mg of sample, and could be completed in about 36 min.

Using cation-exchange FPLC, whole casein could be fractionated into 8-, «-,
a,,- and a,,-caseins. It was also possible to separate the A!, A% and B genetic variants
of B-casein. Both FPLC methods could be scaled up directly to preparative methods,
and cation-exchange chromatography was particularly useful in that it was possible to
obtain any of the common genetic variants of 8-casein (A!, A? and B) in pure form as
the void volume fraction.

In a study of the protein in creamery milks in South-West Scotland, it was
found that there was considerable seasonal variation in the concentrations of the total
and individual caseins. The relative amounts of the individual caseins, however,
showed only small variations.

A combination of anion- and cation-exchange FPLC was used to examine the
effect of genetic polymorphism of x- and ($-caseins on the relative proportions of the
caseins in whole casein. Genetic polymorphism of k-casein had a significant effect on
the composition of whole casein; the relative amounts of k-casein in whole casein for
phenotypes AA, AB, and BB were 8.9, 10.9 and 12.1% respectively. There were small
compensatory changes in the relative amounts of the other major caseins, except a,,-
casein. The presence of B-casein genetic variants A!, A% and B appeared to have no
significant effect on the composition of whole casein, the A and B variants being

produced in equal amounts in the A'B and A’B heterozygotes.
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SumMmaRry. The content and composition of protein in milk samples from creameries
in south-west Scotland were determined over a period of 12 months. The composition
of the whole casein was expressed in terms of a,-, #-, k-, a¢,- and y-caseins, and that
of the total milk serum protein in terms of f-lactoglobulins (4-1g), «-lactalbumins,
bovine serum albumin, and a mixture of immunoglobulins, proteose-peptone com-
ponent 3 and lactoferrin (IPL). Concentrations of the individual caseins varied
appreciably and for most, concentration was closely correlated with and showed the
same seasonal pattern as total casein concentration. Concentrations of the milk serum
proteins also varied but only those of #-1g and the IPL fraction were closely correlated
with that of total milk serum protein and seasonal trends were not marked. Relative
amounts of the individual proteins, on the other hand, showed smaller variations and
so throughout the experimental period the milks contained a protein complex of
comparatively constant composition. Because of this comparative constancy it would
appear that seasonal variations in milk properties in south-west Scotland are unlikely
to be determined to a major extent by milk protein composition, but could be more
affected by protein concentration.

Statistics published by the Federation of United Kingdom Milk Marketing Boards
(1978) show that approximately half of the milk sold off farms in the UK in 1977-78
was utilized for the manufacture of dairy products, with the other half going for liquid
sales. Of the milk going to manufacture a considerable proportion, especially in
Scotland, was used for the production of cheese, condensed milk, skim-milk powder
and casein. The yield of these products depends to an appreciable extent on the
protein content of the milk (Zurborg, 1978) and their quality could be influenced by
the composition of the protein, i.e. the relative amounts of the various caseins and
milk serum proteins present. Values for the contents of total protein, casein and whey
protein in commercial milk supplies in England and Wales have been reported by
Harding & Royal (1974) and for creamery milks from south-west Scotland by Holt,
Muir & Sweetsur (1978), but there appears to be little information on the relative
amounts of the individual caseins and milk serum proteins in such milks. Therefore
we have carried out a detailed analysis of the protein in creamery milks collected
over a period of one year in south-west Scotland and the results are presented here.
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MATERIALS AND METHODS

Reagents. Analytical grade materials were used wherever possible and deionized
water was used throughout.

Samples. Milk samples were collected over the period February 1977-February
1978 from creameries at Mauchline, Kirkmichael, Lockerbie, Sorbie and Stranraer.
Those from the first 2 creameries were obtained at roughly 5-weekly intervals, with
a total of 10 samples from each creamery being obtained, and those from the other
3 in February, May and November 1977 only. The samples were representative of
bulk supplies ranging from 11 000—180 0001, the milk having been kept in refrigerated
tanks on farms for up to 36 h and then in some instances stored at the creamery
for a further 24 h. During transport to the laboratory the temperature of samples
was maintained at around 6 °C.

Skim-milk, which was used for all analyses, was obtained by collecting the material
from below the fat layer after whole milk had been centrifuged at 20 °C for 30 min
at 1000 g.

Preparation and analysis of casein. Samples of whole casein were prepared, alkylated
and analysed as described by Davies & Law (1977a).

Preparation and analysis of milk serum protein. Samples were prepared from the
filtrate after precipitation of casein at pH 4-6. The filtrate was centrifuged at 20 °C
for 30 min at 70000 g to remove the small amounts of fat, dialysed against deionized
water for 48 h at 4 °C to remove lactose and salts, any precipitated protein dissolved
by pH adjustment to 7-0, and the solution lyophilized.

The milk serum protein samples were fractionated at 20 °C by gel chromatography
on Sephadex G-100, Superfine (Pharmacia, Fine Chemicals AB, Uppsala, Sweden) in
0-02 m-Na,HPO, buffer, containing 0-1 M-NaCl and 0-029%, NaN, and with the pH
adjusted to 6:7+ 01 with 1 M-HCI. Normally about 50 mg of sample were applied in
5:0 ml buffer to a gel bed 2:5x 90+ 1 cm, the flow-rate was maintained at about 10
ml/h and the column eluate collected in 5:0 ml volumes. The protein content of pooled
fractions was determined by a micro-biuret method (Itzhaki & Gill, 1964; Davies
& Law, 1977a), using the A}l %, values for the various biuret complexes which are given
later.

Nitrogen analyses. Solutions for the determination of total, non-casein and non-
protein nitrogen (NPN) were prepared by methods based on those of Rowland (1938),
except that tungstic acid was used to prepare the filtrate containing NPN only, and
their N content was determined by a micro-Kjeldahl procedure. Values for casein N
and milk serum protein N were obtained by difference and were converted to values
for casein and milk serum protein by multiplying by 6-:51 and 6:38 respectively.

RESULTS AND DISCUSSION

Content and composition of milk protein

After an initial separation of the total milk protein into mixtures representing whole
casein and total milk serum protein, by adjustment of the pH of milk to 46, the
mixtures were further partitioned by ion-exchange chromatography and gel chrom-
atography respectively. Ion-exchange chromatography of the whole casein yielded
5 fractions representing cg,-, f-, k-, g, and y-caseins respectively the ag, a,n(.:l %y
fractions were previously referred to as ag; - and minor a-caseins respectively
(Davies & Law, 1977b) and the nomenclature has been altered in the light of work
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by Manson, Carolan & Annan (1977) and Brignon. Ribadeau Dumas & Mercier (1976).
The levels of cross-contamination in fractions and the recovery of material were the
same as reported previously for individual-cow and herd-bulk samples (Davies & Law.
1977a). Gel chromatography of the total milk serum protein produced 4 fractions
representing respectively #-lactoglobulins (£-lg), a-lactalbumins («-la), bovine serum
albumin (BSA) (plus very small amounts of bovine serum transferrins and possibly
some immunoglobulins), and a mixture of immunoglobulins, proteose-peptone com-
ponent 3 and lactoferrin (IPL); the Al¢g, values at 310 nm for the biuret complexes
of these fractions were 228, 21-7, 21-9, and 22-4 respectively. Recovery of material
was similar to that reported by Davies (1974) for the albumin fraction of milk serum
protein, but the resolution was slightly poorer because of the presence of additional
proteo-sepeptones which led to some contamination of the §-lg fraction by material
which had the same gel-electrophoretic mobility as proteose-peptone component 5.
However, since proteose-peptone component 5 accounts for not more than 25°; of
the total proteose-peptone (Andrews, 1978), or about 39, of the total milk serum
protein, the contamination led to only a comparatively small over-estimation of 8-1g.

Analysis of variance showed that mean protein values for milks for the individual
creameries did not differ significantly and therefore the resuits for all 29 milks from
the 5 different creameries were combined to produce overall average values for
south-west Scotland (Table 1). The values should be reasonably representative of
much of the milk utilized for the manufacture of dairy products in Scotland since
the samples were collected from a region which accounted for about 60 9% of the milk
produced in Scotland. The dairy cattle in the region were Ayrshire, Friesian or
Ayrshire-Friesian cross-bred and the average contents of total protein, total casein
and total milk serum protein were in very good agreement with the mean values of
32:29, 26:27 and 6:02 g/l respectively, for milk from breeds other than Channel
Islands, which may be calculated from the results of Harding & Royal (1974) when
allowance is made for fat and NPN. The average concentrations of the different
caseins and the variation in values were very similar to those found for bulk milks
from a herd of Ayrshire cows (Davies & Law, 1977b). Few corresponding values for
the individual milk serum proteins seem to be available, but the present values were
in good agreement with corresponding average values of 3:15, 1-16, 0-81, and 0-43
g/l for p-lg, a-la, IPL and BSA respectively, obtained for 3 samples of bulk milk

Table 1. T'he content and composition of protein in creamery milks in south-west Scotland.
Values are means for 29 samples from 5 creameries

Total milk serum

Skim-milk, g/l  Total protein, %  Total casein, % protein, %
Mean SD Mean SD Mean SD Mean SD
Total protein 3271 1-80 — — - — —
Total casein 26-92 1-54 82-2 0-6 — — — —
Total milk serum protein 579 0-32 17-8 0-6 — — — —
a,,-Casein 1025 0-57 31-3 05 381 05 —
B-Casein 960 0-50 29-3 06 357 0-8 —
x-Casein 345 032 105 05 128 0-6 — —
ag,-Casein 274 0-21 84 05 10-2 08 — —
y-Casein 0-88 0-15 27 04 32 04 — —
f-Lactoglobulin 314 019 96 04 — — 542 1-3
a-Lactalbumin 1-23 009 38 03 — — 21-2 1-4
IPL 097 0-10 30 02 — — 16:8 1-2
Bovine serum albumin 0-45 004 14 01 — — 7-8 06

sp, Standard deviation IPL, Immunoglobulins, proteose-peptone component 3 and lactoferrin.
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collected over the same period from The Hannah Research Institute herd. Also.
present values for #-lg and a-la agreed well with mean values obtained by Rolleri.
Larson & Touchberry (1956), using moving-boundary electrophoresis, for a small
number of milks from individual Ayrshire and Holstein cows, and were similar to
values for a variety of milk samples obtained by a number of workers using
immunological techniques (Larson & Hageman, 1963 ; Babajimopoulous & Mikolajcik.
1977; Beck & Tucker, 1977). The average value for BSA, however, was considerably
higher than that of around 0-25 g/1 obtained by Babajimopoulos & Mikolajcik (1977)
and was also higher than the 0-3 g/l obtained by Rolleri et al. (1956) for milk from
Ayrshire cows.

The average relative values for the various fractions, expressed as percentages of
total protein (Table 1), showed as expected that total casein accounted for about 82 %,
and total milk serum protein for about 189, of the total protein; NPN accounted on
average for 559, of the total N and if this is taken into consideration then casein
N and milk serum protein N accounted for 77-5 and 17-0 % respectively of the total
N. Generally speaking, the average amounts of the various fractions, expressed as
percentages of total protein, fell within the ranges given by Whitney et al. (1976) with
the notable exception of as-casein which according to Whitney et al. accounts for
45-55 %, of the total, whereasin thisstudy the combined amountsof ay, - and a,-caseins
usually accounted for approximately 409,. The variation in the percentage values
was comparatively small with the coefficients of variation for a;-and §-caseins being
around 2 %, those for k- and a,-caseins and #-lg being about 5%, and those for the
remaining fractions, apart from y-casein, being less than 10 % . This relative constancy
in protein composition is of considerable interest since it suggests that the normal
variation which can be expected in milk protein composition in south-west Scotland
makes it unlikely that it is a major cause of the variation which has been observed
in the properties of commercial milk supplies in the area at certain times of the year.

The amounts of the different caseins, expressed as percentages of total casein, were
very similar to those found previously in herd-bulk milk (Davies & Law, 1977b), with
the average over-estimation of «-casein because of contaminants again amounting
to about 2 % of the total casein. Values for y-casein in the creamery milks were low
and the reduction in #-casein values compared with those for herd bulk milks was
small, thus indicating that the conditions employed during storage on the farms and
at the creameries, and during milk collection, were associated with only a small
increase in proteolysis over the very limited amount which occurred during consid-
erably shorter storage periods at The Hannah Research Institute farm. Mean values
for the individual milk serum protein fractions, expressed as percentages of total milk
serum protein, agreed reasonably well with the corresponding values of 56-7, 21-0,
14:6 and 7-7% for 8-lg, a-la, IPL and BSA respectively which were obtained for
Institute herd bulk milk collected over the same period. The value for g-lg was also
the same as that found by Rolleri et al. (1956) for Holstein milk, but was considerably
lower than their value of 61-3 %, for milk from Ayrshires and higher than the 49:6 %
found by Aschaffenburg & Drewry (1959) for Friesian milk. The present value for
a-la agreed with that of Rolleri et al. while that for BSA was a little higher, and these
2 fractions together represented an amount similar to that found by Aschaffenburg
& Drewry for ‘residual albumins’. Aschaffenburg & Drewry found also that immuno-
globulins and proteose-peptones each accounted for about 10 9% of total milk serum
proteins, whereas in this study the IPL fraction, which contamed most of these
proteins plus lactoferrin, represented slightly less than 209% of the total. A full
explanation for the differences between present values for the relative amounts of
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milk serum proteins and some of those reported previously is not apparent, but the
use of different analytical techniques and differences in sample type are probably
major contributory factors.

Interrelationships of milk protein fractions

For the most successful utilization of milk protein in the manufacture of dairy
products a knowledge of the interrelationships of the various protein fractions could
be of considerable value since it is well known that some proteins interact strongly
when, for example, milk is heated. To study such interrelationships, correlation
coefficients were calculated and a selected portion of the matrix relating to protein
concentrations is presented in Table 2. The values show that there were very highly
significant positive correlations (P < 0:001) of total casein and total milk serum
protein with total protein, and this was also true for the relationships of individual
caseins (ag,-casein excepted), #-lg and IPL with total protein. Since total casein
accounted for about 82 9%, of the total protein, the same correlations with coefficients
of similar magnitude were found for total casein. The correlations of the individual
caseins and total casein, apart from that involving a,-casein, were generally a little
closer than those found for herd bulk and individual-cow milks (Davies & Law,
1977b). This was possibly because variation associated with factors such as stage of
lactation was less evident in the present creamery samples. Interrelationships
involving total milk serum protein showed that the correlation coefficient with total
casein was very similar to the 0-676 found by Rolleri et al. (1956) for milks from
individual cows, and also that §-lg, the major constituent protein, was very closely
related to the total, but that a-la was much less closely related. The correlation
between f-lg and a-la (r = 0-230) was much poorer than that found by Rolleri et al.
(r = 0-845). Other relationships which could be of importance were the very highly
significant positive correlations (P < 0:001) between «x-casein and #-lg (r = 0-595) and
between ag,-casein and a-la (r = 0-580), the latter being noteworthy in view of the
generally poor relationships between these 2 proteins and the other proteins.

Correlation coefficients for the relative amounts of the various proteins were
generally considerably smaller than those for protein concentrations. However, very
highly significant negative correlations (P < 0-001) were found between amounts of
ag,- and ag,-caseins (r = —0-603) and f- and k-caseins (r = —0-754), expressed as

Table 2. Correlation coefficients for concentrations of various protein fractions with
concentrations of total protein, total casein and total milk serum protein. Values
calculated from results for 29 samples

Total milk
Total protein Total casein serum protein

Total casein 0-991 *** — —
Total milk serum protein 0-786%** 0-697%** —
a,,-Casein 0-958%** 0-966*** 0-676%**
B-Casein 0-920%** 0933 %** 0-628***
x-Casein 0-926%** 0-928*** 0-679***
ag,-Casein 0-482** 0-494** 0-281
y-Casein 0-793#** 0-784*** 0-632%**
p-Lactoglobulin 0-686*** 0601 *** 0-913***
a-Lactalbumin 0-402* 0-357 0-511**
IPL 0-737%** 0-684*** 0-797**+*
Bovine serum albumin 0-229 0-163 0-482**

Significance levels: *** P < 0-001; ** P <0-01; * P < 0:05.
IPL, Immunoglobulins, proteose-peptone component 3 and lactoferrin.
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percentages of total casein, and between f-lg and a-la (r = —0-618), expressed as
percentages of total milk serum protein. The absence of close relationships between
the relative amounts probably arose because of the comparatively small ranges in
the values.

Interrelationships were also examined using molar ratios and these produced, for
example, average ratios for the caseins ag,: x:f:05; of 1:0:1-7:3-7:4°0, for x:f: g of
1-0:2-2:3:0, and for «-casein:f-lg:a-la of 1:0:0-9:0-5. Whether these ratios have any
biological significance is uncertain but they may, as already stated, be relevant in
studies dealing with protein interactions and ion-binding.

Seasonal variation in milk protein

Seasonal variations in the properties of milk which may have an influence on the
manufacture of various dairy products have been reported by a number of workers
(e.g. Dellamonica et al. 1965; Chapman & Burnett, 1972; De Koning, Koops & Van
Rooijen, 1974; Holt et al. 1978). Sometimes the variations have been associated with
changes in levels of total protein and casein. Both the total protein and total casein
contents of milk are known to vary with season (Waite, White & Robertson, 1956;
Rook, 1961; Harding & Royal, 1974), but relatively little information seems to be
available on seasonal variations in the concentrations of the individual proteins or
their relative amounts in total milk protein. Since these factors could also affect milk
properties, values were obtained for the concentrations of individual proteins at
regular intervals over a period of 12 months and the results are presented in Fig. 1.

The pattern for the variation in total protein was similar to that reported by
Harding & Royal (1974). Low values in late winter and early spring were followed
by a considerable increase in values shortly after the cows went out to grass, with
the high values being maintained throughout the summer, and then there followed
a decrease in late autumn to lower values. The magnitude of the difference between
summer and winter values was greater during the experimental period than appears
to be normal for the region and was about twice that found in 1976 and 1978. This
arose because for some unexplained reason the values at the beginning of 1977 were
exceptionally low. The seasonal pattern for total casein was very similar to that for
total protein, as were those for the major individual caseins, ag,-and S-caseins. This
was also largely true for the patterns for k- and y-caseins, but the pattern for a,-casein
differed appreciably in that the high value reached in early summer was not sustained
beyond the beginning of July. Generally speaking therefore, the results showed that
milk produced when the cows were at pasture tended to be richer in all types of
casein, apart from ag,-casein, than milk produced at other times.

When the amounts of the various caseins were expressed as percentages of the total
casein, however, little seasonal trend was found. The relative amounts showed only
small variations with the overall ranges for the various caseins being as follows: ag
37-2-39-0%, £ 34:4-36'6 %, « 12:1-13-6 %, a5, 92-11-5%, and y 2:8-3-9%. Thus, the
composition of the whole casein remained relatively constant throughout the year
even though its concentration varied by nearly 159%,.

The pattern for seasonal variation in the concentration of total milk serum protein
was similar to those found for total protein and total casein with the amounts in
summer milk being greater than those in winter milk (Fig. 1). Trends for the
individual milk serum proteins were not very marked but values for g-lg tended to
be higher in summer than in winter, which is the opposite of that found by
Dellamonica et al. (1965), while the pattern for a-la was similar to that for ag,-casein
with a peak value at the end of May being followed by a gradual decline to a minimum
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Fig. 1. Seasonal variation in concentrations of total protein, total casein, individual caseins, total milk

serum protein and milk serum protein fractions. Values are means for milks from 2 creameries.
(== -, Annual mean values; IPL, immunoglobulins, proteose-peptone component 3 and lactoferrin).

in November. Variation in the IPL fraction led to most of the summer samples giving
the higher values, while that for BSA was largely within the limits of experimental
error.

As with the caseins, the relative amounts of the individual milk serum protein
fractions showed little seasonal trend. The overall ranges for the individual fractions
expressed as percentages of the total milk serum protein were as follows: g-Ig
52-1-56'4 %, a-la 18-5-22-89,, IPL 153-18:2 9%, and BSA 7-2-8:39%,. Variations from
the annual means were generally within the limits of experimental error, apart from
a slight tendency for the relative amount of £-lg to be low in spring and early summer
and high in autumn, and for the reverse trend for «-la.

When the present results for milk protein were compared with seasonal variation
in some of the properties of the milks such as their heat stability before and after
concentration, little apparent interrelationship was found. High concentrations of
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total protein. total casein and of the individual caseins for example were associated
with both long and short coagulation times and the relative constancy in the
composition of the protein moiety of the caseinate complex did not result in a uniform
behaviour when it was subjected to heat. This agrees with results of Holt et al. (1978)
which showed that variation in the composition of the milk serum, espezially in urea
levels, was a major factor in determining heat stability for most of the year. The
results on the heat stability of the milks used in this study will be dealt with in detail
elsewhere.

We thank the management and staff of the various creameries for providing the
milk samples, and we also thank Dr D. D. Muir for assistance and helpful discussion,
Dr D. Reid for the statistical analyses, Mrs M. C. Wallace for technical assistance,
and Mrs N. West and Mrs S. J. Wyllie for some of the N determinations.
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Quantitative fractionation of casein mixtures by fast protein liquid
chromatography
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SuMmMmaRry. Alkylation of whole casein samples by reaction with cysteamine and
cystamine in a bis-tris-propane—urea buffer (pH 7-0) followed by fast protein liquid
chromatography (FPLC) at 20 °C on a Mono Q HR5/5 column in the same buffer and
using a NaCl gradient led to good resolution of the whole casein into fractions
representing (i) y,- plus y,-caseins, (ii) k-caseins, (iii) f-casein, (iv) ag,-caseins and
(V) a,-caseins, together with small amounts of unidentified materials. Quantitatively
the FPLC values agreed well with those for ag-, §-, a.,- and y,- plus y,-caseins
obtained by ion-exchange chromatography on DEAE cellulose, Whatman DE52 and

with those for k-caseins obtained by gel-permeation chromatography on Sephadex
G-150.

The advent of high-performance liquid chromatography (HPLC) and fast protein
liquid chromatography (FPLC) has allowed the rapid fractionation of protein
mixtures and both techniques have been applied to the study of milk proteins
(Pearce, 1983 ; Humphrey & Newsome, 1984 ; Andrews et al. 1985; Barrefors et al.
1985). However, the results so far obtained for the caseins suggest that the fraction-
ation is incomplete and in some instances it appears less satisfactory than that
achieved by other chromatographic methods, especially with regard to the «,-caseins.
In this study we describe a simple pretreatment of casein mixtures which leads to
more effective fractionation by FPLC and the results so obtained are compared with
tliose from chromatography on DEAE cellulose (Davies & Law, 1977) for a,-, f-.
sy~ and y,- plus y,-caseins, and with those from gel-permeation chromatography
(Yaguchi et al. 1968) for k-casein.

MATERIALS AND METHODS
Reagents

Analytical grade materials were used wherever possible and deionized water was
used throughout. The 3-3 M-urea solution used in buffer preparation was filtered
through a column of DEAE cellulose (Whatman DE1; 2:5 x40 ¢cm) and stored in
glass containers at 4 °C. Buffer solutions used for FPLC were further filtered through
a VCWP filter (Millipore (UK) Ltd, London, UK ; pore size 0-1 #m, diam. 47 mm) and
stored at 4 °C in glass containers. The buffers were warmed to 20 °C and degassed
shortly before use.
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Dialysis sacs

Sacs were prepared from Visking cellulose tubing which had been freed of

impurities by boiling for 30 min in a solution of 0-5 M-Na,CO, and 0-001 M-EDTA.
Na, and then washed in deionized water.

Whole casein samples

Samples were prepared from skim milk, micellar casein pellets and serum casein
as previously described (Davies & Law, 1977, 1983).

Lon-exchange and gel-permeation chromatography

Ion-exchange chromatography was as described by Davies & Law (1977) and gel-

permeation chromatography was carried out at 4 °C essentially as described by
Yaguchi et al. (1968).

Rennet treatment of samples

Rennet (Kiselab Pulver; Chr. Hansen’s Laboratorium A/S, Copenhagen,
Denmark) treatment was done in phosphate buffer (pH 6-5) essentially as previously
described for chymosin treatment (Davies & Law, 1977).

Fast protein liquid chromatography (FPLC)

Whole casein samples, which had been alkylated by pretreatment with
cysteamine and cystamine, were subjected to FPLC on a Mono Q HR5/5 anion-
exchange column (Pharmacia AB, Uppsala, Sweden).

To pretreat material for duplicate fractionations, about 12 mg lyophilized, whole
casein were dissolved at 20 °C in 15 ml bis-tris-propane-HCl-urea (BTP) buffer
(pH 7:0; 0-005 M-bis-tris-propane, 3-3 M-urea) and 10 mg cysteamine hydrochloride
and 10-0 mg cystamine dihydrochloride added. After 5 min stirring followed by
standing for about 1-5 h, the solution was transferred to a small dialysis sac (1 cm
diam.) and dialysed at 4 °C against 3 x 100 ml BTP buffer over about 22 h, with the
buffer changes being made after 4 h and a further 16 h; this removed excess reagents
from the alkylating procedure and other impurities. The sample was then filtered
through a GSWP filter (Millipore; pore size 0-22 ym, diam. 13 mm).

The FPLC was carried out at 20 °C with 500 xl sample containing ~ 2-5 mg whole
casein being applied to the column which had previously been equilibrated with
10 ml BTP buffer containing 1-0 M-NaCl followed by 5 ml BTP buffer. The sample
was washed onto the column with 1 ml BTP buffer and the caseins then eluted, at a
flow rate of 10 ml/min, with a NaCl gradient formed by mixing BTP buffer con-
taining 1 M-NaCl with the salt-free buffer so that the concentration of NaCl being fed
into the column reached 0-10 m after 2 ml gradient, 0-11 m after 9 ml, 0-22 M after
14 ml, 0-28 m after 21-5 ml, 0-295 m after 29 ml and 0-43 M after 35 ml. This resulted
in all the casein being eluted in a total volume of 36 ml. To ensure full control of NaCl
concentration, it was necessary with our equipment to start each fractionation with
the pumps at the beginning of a cycle. This then avoided the momentary drop in
NaCl concentration, with the concomitant irregularity in the elution profile, which
occurred if the pump supplying BTP buffer containing 1 M-NaCl had to change
direction. During elution the absorbance of the eluate at 280 nm was monitored
continuously. Between fractionations the column was re-equilibrated with 2 ml BTP
buffer containing 1 M-NaCl followed by 5 ml salt-free buffer.

The identity of the eluted materials was established by comparing the elution
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Fig. 1. Elution profile of alkylated whole casein obtained by fast protein liquid chromatography at
20 °C on a Mono Q HR5/5 column and using bis-tris-propane—urea buffer (pH 7-0: 0-003 M-bis-tris-
propane, 3-3 M-urea) and a NaCl gradient. About 25 mg protein derived from a herd bulk milk were
applied to the column and the flow rate was 1) ml/min. —, Absorbance; ..., NaCl gradient. Fractions
were pooled (1-5 and A, B or C) as indicated.

profile of whole casein with those of pure caseins and rennet-treated caseins, and by
electrophoresis in polyacrylamide gel of materials isolated from selected fractions
(Davies & Law, 1977). The peak areas of the selected fractions were corrected for the
baseline value, which was dependent to some extent on the back pressure of the
column and normally amounted to 1-3% of f{l)lll scale deflection. The amounts of
protein present were then calculated using Aic/r(:\ values at 280 nm of 10-0 for a,-
casein, 4'6 for f-casein, 9-6 for k-casein, 10°1 for a,-casein, 80 for y,- plus y,-caseins
(fB-casein £106-209, f-casein f108-209) and 82 for the unidentified fractions. The
value of 8-2 selected for the unidentified fractions is that determined for whole casein
while the others are representative, literature values for pure caseins.

RESULTS AND DISCUSSION

Development of the FPLC procedure

Preliminary trials showed that the conditions used previously for the fraction-
ation on DEAE cellulose of casein mixtures alkylated with iodoacetamide, namely a
0-005 Mm-tris buffer containing 6 M-urea, pH 86, and a maximum NaCl concentration
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Fig. 2. Elution profiles of individual caseins obtained by fast protein liquid chromatography using the
same conditions as in Fig. 1. The y,- plus y;-, -, a,,- and «,-caseins were prepared by ion-exchange
chromatography on DEAE cellulose, Whatman DE52 and the «-casein by gel-permeation chromato-
graphy on Sephadex G-150.

of 0-25 M (Davies & Law, 1977), could not be used for FPLC on the Mono Q column
because much of the casein remained bound to the strong anion exchanger. While an
increase in the final NaCl concentration to 0-35 M led to a release of all the bound
casein, the resulting resolution was still poor, especially with regard to the a;-caseins.
Further trials were therefore carried out at pH 7-0 with a reduced urea concentration
of 3-3 M as used by Mercier et al. (1968) and these produced a considerably improved
resolution with elution profiles showing peaks representing the a,-caseins clearly
discernible. However, quantitation of the ag,-casein peaks showed that they rep-
resented only about 8% of the total casein whereas the corresponding value obtained
by chromatography on DEAE cellulose was about 13 %, e.g. for a sample from herd
bulk milk. Slight adjustments of pH, urea concentration or in the shape of the NaCl
gradient brought about little or no increase in the value for ag,-casein or in the
resolution of the other caseins, but they did reveal that a pH of below 7-0 should be
avoided because it induced increased spreading of the leading edges of peaks, so
causing increased cross contamination of fractions.

It appeared therefore that a satisfactory resolution could not be achieved by
simple manipulation of eluting conditions and so the effect of changing the method
used to alkylate the casein was examined. Smithies (1965) describes an alkylation
procedure, involving addition of cysteamine and cystamine, which results in the
cleavage of protein disulphide bonds and the blocking of the resulting thiol groups
with positively charged, aminoethylsulphide side chains. This, when applied to
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Fig. 4. Relationship between values for individual caseins obtained by fast protein liquid chromato-
graphy (FPLC) with those for a,-, 8-, @,- and v,- plus y;-caseins from ion-exchange chromatography
on DEAE cellulose, Whatman DE52 and those for «-casein from gel-permeation chromatography on
Sephadex G-150. Values are expressed as percentages of total casein; —, 1:1 relationship line.

24 h at 4 °C. Sample weights could range from 1:7-3:3 mg, but for maximum resolu-
tion the amount of sample was dependent to a certain extent on the exact nature of
the material. For casein from cows in advanced lactation and containing the B
variant of k-casein, for example, the sample load had to be in the lower part of the
range if the x-casein was to be separated completely from other materials. Further-
more, when the composition of the sample differed markedly from that of normal
whole casein precipitated at pH 4'6, it was sometimes necessary to carry out
exploratory trials to establish the best conditions for FPLC.

Characterization of the materials separated by FPLC

The elution profile (Fig. 1) was obtained by FPLC of about 2:5 mg whole casein
alkylated with cystamine and is representative of most samples isolated from skim
milk. From results obtained by FPLC of pure caseins (Fig. 2), the profile for the
whole casein was divided into a number of segments as indicated and comparison of
Figs 1 and 2 shows that segment 1 represents a mixture of y,- and y,-caseins, segment
2 k-caseins, segment 3 f-casein, segment 4 a,-caseins and segment 5 o, -caseins. The
profile shows also a number of minor features, designated A, B and C. The exact
nature of these was not established, but segments B and C coincide with the elution
volumes of much of the chymosin resistant material in fraction 2b (Davies & Law,
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1977); this was believed to represent partly dephosphorylated f-casein together with
some breakdown products of other caseins.

Materials representative of the various FPLC fractions were also collected and.
after dialysis and lyophilization, yielded on gel electrophoresis the patterns shown in
Fig. 3. Generally speaking the patterns corroborate the results from elution profiles
and in addition they show that cross contamination in the fractions was low. The
patterns for 1, 2, 3 and 5 were those expected for y,- plus y,-, k-, - and «a,-caseins
respectively, but that for fraction 4, which is believed to represent a,-caseins. is
considerably different from the corresponding one showing four discrete bands
previously obtained (Davies & Law, 1977). The reason for the difference was not
established, but it did not appear to originate in the alkylation procedure or in the
temperature used for FPLC. The patterns for the unidentified fractions show that the
combined fraction B+ C has, as a major component, material with a mobility slightly
less than f-casein which may represent the partly dephosphorylated protein, while
one of the bands in the indistinct pattern for A suggests that the fraction could
contain some vy,-casein.

While the characterization of some of the FPLC fractions remained incomplete.
the above results indicate that the FPLC system did provide a reasonably satis-
factory method for the fractionation of casein mixtures. The inability to identify the
materials in fractions A, B and C is not a serious drawback since in most samples they
together represented less than 5% of the total casein although in some samples of

whole casein from cows in advanced lactation and in some serum casein they
accounted for up to 7%.

Quantitative analysis by FPLC and comparison of values with those obtained by other
methods

FPLC of a variety of whole casein samples isolated from skim milk, and from
micellar casein pellets and supernatant serum casein separated by ultra-
centrifugation, produced very good agreement between duplicate fractionations.
Results for 15 samples showed that average differences between replicate analyses,
for values expressed as percentages of total casein, were 0-43+0-10, 0-32+0-07,
0-07 £0-02, 0-36 + 0-08 and 0-24 + 0-07 percentage units for o, -, 4-, k-, &g, and y,- plus
¥,-caseins respectively, and 0-21+0-07 for the combined unidentified fractions.
Recovery of material applied to the column varied from 95 to 110 % which was
reasonably satisfactory considering the very dilute solutions (~ 0007 % protein)
involved.

Comparison of FPLC values with those obtained by chromatography on DEAE
cellulose (Davies & Law, 1977) for a,-, 8, ag,- and y,- plus y,-caseins and by gel-
permeation chromatography (Yaguchi et al. 1968) for «-casein gave correlation
coefficients of 0996, 0-999, 0-993, 0977 and 0-900 respectively, which were very
highly significant (P < 0-001). The good agreement between results is depicted in
Fig. 4. Over wide ranges, values for a,- and f-caseins fell close to the line indicating
a 1:1 relationship between methods. This was true also for most k-casein values but
for some samples of serum casein, FPLC values were considerably higher because of
the inclusion of some contaminant which was not sensitive to chymosin. With regard
to og,-casein, the tendency for the FPLC to give slightly lower values was of little
practical importance since in 90% of samples the difference in values by the two
methods was < 1'5 percentage units. The slightly higher values by FPLC for y,- plus
Ys-caseins again were of very little practical significance since the difference
amounted to < 1-0 percentage unit in all samples. The closeness of the agreement
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generally obtained between the different methods does therefore indicate that the
FPLC method can provide reliable, quantitative values for the different caseins and
since FPLC can be carried out rapidly with small amounts of sample it offers several
advantages over previous methods for the analysis of casein mixtures.

We thank Dr C. Holt for helpful discussion, especially in relation to casein
alkylation.
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Separation of Major Casein Fractions Using Cation-Exchange

Fast Protein Liquid Chromatography!

C. M. HOLLAR, A.J.R. LAW,2 D. G. DALGLEISH,%® and R. J. BROWN

ABSTRACT

Whole casein was separated into B-
casein, x-casein, Ogj-casein, and Ogp-
casein fractions using cation-exchange
fast protein liquid chromatography. The
Y-caseins and several unidentified peaks
were also separated. A urea-acetate
buffer at pH 5 and a NaCl gradient from
0 to .26 M were used to separate the
casein fractions. Several fy-caseins and
unidentified fractions eluted first, fol-
lowed by three B-casein peaks, several y-
casein and unidentified peaks, x-casein,
Oy -casein, and (g -casein. Some ¥
caseins eluted with B-casein. The four
major caseins, which accounted for over
90% of the whole casein fractions, were
accounted for with this method, and the
calculated compositions correlated well
with values obtained using anion-ex-
change fast protein liquid chromatogra-
phy at pH 7.

(Key words: casein separation, fast pro-
tein liquid chromatography)

Abbreviation key: FPLC = fast protein liquid
chromatography, UA = urea acetate.
INTRODUCTION

Many fractionation techniques have been
developed for whole casein. These techniques

Received January 14, 1991.

Accepted March 18, 1991.

lContribution Number 4111 of the Utah Agricultural
Experiment Station. Approved by the director. Mention of
companies or products does not constitute endorsement by
Utah State University, Utah Agricultural Experiment Sta-
tion, or Hannah Research Institute over similar products
not mentioned.

2Hannah Research Institute, Ayr KA6 SHL, Scotland.

3Present address: USDA-ARS, Nutrition and Food
Sciences Department, Utah State University, Logan
84322-8700.

1991 J Dairy Sci 74:2403-2409

Woestern Dairy Foods Research Center
Nutrition and Food Sciences. Depariment
Utah State University

Logan 84322-8700

vary in their ability to both separate and quan-
tify the amounts of the four major casein com-
ponents (0g;-, Ogp-, B-, and x-caseins).

Gel electrophoresis has been used to sepa-
rate major and minor casein fractions (2, 12).
Recent developments have shortened the time
needed to produce and run PAGE gels (3, 10,
13), and densitometry has been used to quan-
tify protein bands. Differential staining of the
different proteins and nonreproducible destain-
ing procedures make it difficult to produce
repeatable results using this technique.

Reverse-phase HPLC has also been used to
quantify the different casein fractions (4, 14,
15). Quantitative reproducibility is good, but it
is difficult to separate the four major casein
components. 0g;-Casein and op-casein tend to
coelute in the procedure used by Walsh (15).
In the method of Carles (4), there is poor
baseline separation between the major casein
components, which may indicate cross-con-
tamination. o;-Casein and ogp-casein coelute
in hydroxyapatite, anion-exchange chromatog-
raphy, and reverse-phase HPLC procedures
(14). Using anion-exchange chromatography,
op-casein clutes both before and after oy;-
casein, and there is tailing between some major
peaks. With the Bio-Gel TSK-Phenyl RP*
column, B-casein elutes with oy-casein in a
series of peaks, but the Hi-Pore reverse-phase,
type RP-318 column shows good separation of
X-, Og3-, Osq-, and PB-caseins, although y-casein
elutes with the P-casein.

Use of ion-exchange chromatography on
anion-exchange materials has resulted in good
separation and quantification of the major
caseins (5, 7, 9, 11). Anion-exchange fast pro-
tein liquid chromatography (FPLC) using a
Mono Q column at pH 7 (8) provides good
separation and quantification of the major
casein components with slight cross-contami-
nation of o;- and agp-caseins, although the
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intermolecular disulfide bonds in x- and o)~
caseins must be modified by treatment with
cysteamine and cystamine. Small amounts of
unidentified material and some Yy-caseins are
eluted with the series of x-casein peaks. The
procedure can be used to confinm the presence
of x-casein A and B genetic variants (6) but
cannot quantify them. Cation-exchange FPLC
using a Mono S column at pH 3.8 has also
been used (1). This procedure rapidly separates
B-, x—, a4)- and og-caseins, although there is
some loss of resolution between the major
peaks in the published method due to the steep
NaCl gradient required for the short (less than
20 min) separation time.

MATERIALS AND METHODS

Milk collected from the moming milking of
the Hannah Research Institute herd was
skimmed by ceatrifugation at 2000 x g for 45
min at 5°C. The skim milk was twice filtered
through a double thickness of Whatman GF/A
glass fiber filter paper (Whatman, Clifton, NJ).
The skim milk was warmed to 30°C and acidi-
fied to pH 4.6 by adding 1N HCI with constant
stirring. The precipitated casein was collected
by filtration through Whatman 113V filter pa-
per, then washed with distilled water, and
refiltered twice. The precipitate was resus-
pended in distilled water and continuously
titrated to pH 6.7 by adding 1N NaOH until
the casein had dissolved. The casein was
lyophilized and stored at —20°C.

The FPLC analyses of casein samples using
anion-exchange chromatography on a Mono Q
HRS5/5 column (Pharmacia AB, Uppsala,
Sweden) were performed using the method of
Davies and Law (8).

Casein samples were fractionated using ca-
tion-exchange chromatography on a Mono S
HR5/5 column (Pharmacia AB, Uppsala,
Sweden). Urea-acetate (UA) buffer containing
6 M urea and .02 M acetate was used for
cation-exchange chromatography. The buffer
was made to volume and adjusted to pH 5 with
1IN HCI. The UA buffer containing 1 M NaCl
was prepared by dissolving NaCl in UA buffer
prior to pH adjustment.

Samples for cation-exchange chromatogra-
phy were prepared by dissolving about 15 mg
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of lyophilized casein in 2 to 5 ml of UA buffer
and treating this with 10 pl of B-mercap-
toethanol at 20°C. The mercaptoethanol was
required to break up disulfide-linked polymers
of x- and ay,-caseins. Because the reaction is
inefficient at pH conditions below 6, the pH of
the samples was adjusted to 7 with 1N NaOH.
After stirring for at least 1 h, samples were
adjusted back to pH 5 with 1IN HCl and
filtered through a .2-pum Acrodisc® LC PVDF
syringe filter (Gelman Sciences, Northampton,
England) prior to analysis. Samples (500 pl,
containing about 4 mg of whole casein) were
applied to the column, which had previously
been equilibrated by eluting 10 ml of UA
buffer containing 1 M NaCl followed by 5 ml
of UA buffer. The sample was washed onto the
column with 1 ml of UA buffer and was eluted
at a flow rate of 1 ml/min with the absorbance
of the eluate continuously monitored at 280
nm. A gradient of NaCl was formed by mixing
UA buffer containing 1 M NaCl with salt-free
buffer so that the concentration of NaCl going
into the column remained at 0 M for 2 ml,
reached .025 M after 2.1 ml, .075 M after 16.5
ml, .15 M after 26.5 ml, and .26 M after 42.5
ml All the applied casein was eluted in 45 mlL
To maintain full control of the NaCl gradient,
it was necessary to start each fractionation
with both pumps at the beginning of their
cycles; this prevented a momentary drop in
NaCl concentration and corresponding ir-
regularity in the elution profile when the pump
containing UA buffer with 1 M NaCl changed
direction. To reequilibrate the column and re-
turn both pumps to the beginning of a cycle,
8.8 ml of UA buffer containing 1 M NaCl
followed by 4.6 ml of UA buffer were passed
through the column.

To establish the identities of peaks found in
the chromatogram, individual casein fractions
were collected from chromatography of whole
casein on a Mono Q column and run on a
Mono S column following dialysis against UA
buffer and reduction:with B-mercaptoethanol.
Selected fractions from chromatography on
Mono S were also run on an alkaline urea-
PAGE gel. Electrophoresis followed the proce-
dure of Davies and Law (7). The 4.5% poly-
acrylamide gels containing 4.5 M urea and
Tris-EDTA-barbitone buffer were run for 6 h
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at 200 V following a prerun of 30 min at 300
V to remove impurities.

Visking cellulose dialysis tubing was pre-
pared by boiling for 30 min in a solution
containing .5 M Na;CO; and .001 M Na-
EDTA and rinsing in deionized water.

To compare quantitative estimates from
Mono S and Mono Q, previously purified sam-
ples from the Hannah Research Institute labo-
ratory were used (7). These covered a range of
casein composition and included herd bulk
whole, individual cow whole, and serum and
micellar caseins from fresh and cooled milks.

RESULTS AND DISCUSSION

Preliminary attempts to fractionate casein
by chromatography on the Mono S column
were made at pH 3, 4, and 5 using a formate-
based buffer. Artifact peaks diminished as the
pH of the buffer system increased, so a buffer
at pH 5 was selected as optimal for the analy-
sis. Because formate does not buffer effec-
tively at pH 5, acetate was used as the buffer-
ing agent. By flattening the NaCl gradient in
the major peak regions and making it non-
linear, it was possible to get additional peak
separation while minimizing the time required
to separate the casein fractions. A final con-
centration of .26 M NaCl was needed to clute
the entire casein sample. The chromatogram
for a typical separation is shown in Figure 1.
After the breakthrough peak (containing
mainly B-mercaptoethanol), the chromatogram
consisted of a series of four major peaks,
separated by a number of small contributions.
They were divided as shown in Figure 1. The
region defined as A contained variable
amounts of material. In Figure 1, there is only
a small amount, but in some samples larger
quantities of minor peaks were eluted in this
region. Fraction 1 contained the first major
peak and a minor peak immediately following
it; preliminary electrophoretic studies showed
that the two peaks had similar electrophoretic
mobility, and they might be genetic variants of
B-casein. Some minor peaks were grouped to-
gether in fraction B; they may be related
molecules because they eluted at similar times.

To help identify fractions obtained from
chromatography on the Mono S column, whole

ARSORBANCE 280 nin
-

ELUTION VOLUME (ml)

Figure 1. Elution profile of herd bulk whole casein
obtained by fast protein liquid chromatography at 20°C on
a Mono S HRS5/S column using urea-acetate buffer (pH
5.0; .02 M acetate; 6 M urea) and an NaCl gradient. About
2 to 5 mg of protein were applied to the column, and the
flow rate was 1 mi/min. Absorbance (—); NaCl gradient
(~=-). Fractions were pooled (1 to 4 and A or B) as
indicated.

casein was separated, and fractions were col-
lected using a Mono Q anion-exchange column
according to the method of Davies and Law
(8). After dialysis and reduction, these defined
fractions were run on the Mono S cation-
exchange column. Chromatograms of the frac-
tions are shown in Figure 2. The four major
casein peaks showed good separation although
there was some cross-contamination between
the oy;- and oy-casein peaks. This can be
explained because anion-exchange chromatog-
raphy has difficulty separating these two
cascins. Comparing Figures 1 and 2, the first
major peak on the chromatogram obtained us-
ing cation-exchange chromatography on a
Mono S column (fraction 1) is B-casein. -
Casein is the next major peak (fraction 2), and
the third major peak (fraction 3) is ot51-casein.
There are some small components at the start
of fraction 3, before the a5j-casein peak, possi-
bly due to varying degrees of o;-casein phos-
phorylation. The last major peak (fraction 4) is
Og-casein. The entire casein sample eluted in
45 ml.

The procedure of Davies and Law (8) pro-
vides a ¥, 3-casein fraction as well as three
unidentified peaks; all are minor fractions. The
Yp,3-casein and the unidentified A and B frac-
tions from Mono Q eluted on either side of the
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and Law (8). The breakthrough peak on Mono
S could not be included in the calculations,
although it contained small amounts of protein,
because B-mercaptoethanol coeluted and had a
variable absorbance. Figure 4 shows the corre-
lations between Mono S and Mono Q chroma-
tography for the calculated compositions of the
major casein fractions. Because the unidenti-
fied and 7 3-casein fractions from Mono Q
tended to elute in both the unidentified A and
B areas on Mono S, the minor peaks for both
columns were grouped together. Correlation
between Mono S and Mono Q for the minor
components was poor. The Mono S values
were low because the proteins in the break-
through fraction were not included in the cal-
culations and small amounts of y-casein coe-
luted with B-casein. The Mono Q values were
higher because the unidentified C fraction con-
tains both B- and x-caseins. More work with
the minor fractions of both procedures is re-
quired.

There was excellent correlation between
Mono S and Mono Q procedures for $-casein
(Figure 4). Mono S values were slightly higher
because small amounts of y-casein coeluted,
and the Mono Q values were slightly low
because some of the PB-casein coeluted with
unidentified C.

Correlation between the methods for x-
casein was fair (Figure 4). The Mono Q values
were higher than those from Mono S. On
Mono Q, a small amount of x-casein eluted
with unidentified C, which suggests that the x-
casein values should be low. However,
amounts of y-casein or other unidentified pro-
teins resistant to chymosin coelute with the
series of k-casein. peaks (6); this could have
increased the x-casein values found with Mono

Q.

Quantitative estimates of oj-casein be-
tween the methods showed excellent correla-
tion (Figure 4). Slight differences between the
two procedures resulted when some oy-casein
tailed into o 1-casein on Mono Q. The ;-
casein correlation was good, although the
Mono Q values are lower than those for Mono
S (Figure 4). A peortion of c;>-casein on Mono
Q was not fully separated from and tailed into
op-casein. This effect was not as pronounced
in the &g -casein comrelation curve. When og;-
and o-caseins were combined, however, the
correlation was excellent with the cross-con-
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tamination of the two caseins almost balancing
each other (Figure 4). Therefore, within
reasonable error, Mono Q and Mono S
methods of chromatography appeared to give
comparable quantitative estimates.

CONCLUSIONS

The FPLC at pH 5 using a cation-exchange
column provides good separation and quantita-
tive estimates of the major casein fractions,
0gi-, Og-, B-, and x-casein. It may also be
possible to separate and identify some of the
B-casein genetic variants. Further work is
needed to separate the Bcasein variants and to
identify the minor casein components.
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Separation of B-Casein A', A2, and B Using Cation-Exchange

Fast Protein Liquid Chromatography!

ABSTRACT

B-Casein genetic variants Al, A2, and
B were separated using cation-exchange
fast protein liquid chromatography. j-
Casein from a herd bulk casein sample
eluted as a series of three peaks. Casein
samples from individual cows containing
known combinations of B-casein Al, A2:,
and B were used to confirm that the
three peaks were B-casein genetic vari-
ants. An acid-PAGE gel confirmed the
identity of the peaks that eluted from the
column.
(Key words: PB-casein, genetic variant,
fast protein liquid chromatography)

Abbreviation key: CN = casein, FPLC = fast
protein liquid chromatography, UA = urea ace-
tate.

INTRODUCTION

In recent years, research has related B-
casein (CN) genetic variants to both the com-
position and processing characteristics of milk
(8, 12, 15). Feagan et al. (8) found that some
B-CN genetic variants have significantly differ-
ent “natural” curd tension. McLean et al. (12)

Received January 25, 1991.

Accepted May 3, 1991.

1Contribution Number 4116 of the Utah Agricultural
Experiment Station. Approved by the director. Mention of
companies or products does not constitute endorsement by
Utah State University, Utah Agricultural Experiment Sta-
tion, Hannah Research Institute, or University of Califor-
nia-Davis over similar products not mentioned.

2Hannah Research Institute, Ayr KA6 SHL, Scotland.

3Present address: USDA-ARS, Nutrition and Food
Sciences Department, Utah State University, Logan
84322-8700.

4 Animal Science Department, University of California-
Davis, Davis 95616-8521.

1991 J Dairy Sci 74:3308-3313

C. M. HOLLAR, A.J.R. LAW,2 D. G. DALGLEISH,23

J. F. MEDRANO,* and R. J. BROWN
Western Dairy Foods Research Center
Nutrition and Food Sciences Department
Utah State University

Logan 84322-8700

reported that B-CN genetic variants affected
both the concentration and proportion of 3-CN
(AlB, A2B > A!Al, A1A2 A2A2 BB), 0,;-CN
(AlAl, A2A2 > BB), k-CN (BB > A2A2), and
the concentration of whey protein (AlA2 >
most other B-CN variants). B-Casein A pheno-
types were associated with higher milk, fat,
and protein yields than other casein variants in
the casein systems studied by Ng-Kwai-Hang
et al. (15).

The seven B-CN genetic variants differ by
one or more charged amino acids (7), which
makes it possible to separate the B-CN vari-
ants. B-Casein A variants are separated under
acidic conditions with PAGE, and the remain-
ing variants can be separated under alkaline
conditions (7). Both Aschaffenburg (2) and Li
and Gaunt (11) studied the B-CN Al, A2, A3,
B, and C gene frequencies in the five major
Westem dairy breeds. In both studies, B-CN
Al, A2 and B accounted for over 95% of the
B-CN. B-Casein A2 occurs most often, fol-
lowed by variants Al, B, C, and A3. B-Casein
variants D and E, which are rare, were not
included in these gene frequency studies.

Starch and PAGE have improved resolution
between components from what was possible
with paper electrophoresis (18, 19, 20). There
is a variation in the histidine content of B-CN
A, found by sequencing the variants of §-CN,
that makes it impossible to separate B-CN A
further in alkaline media (7). Using B-CN A2
as the base sequence, B-CN Al has a histidine
replacing proline at position 67, and B-CN A3
has a glutamine replacing histidine at position
106 (7). Peterson and Kopfler developed an
acid-PAGE system to separate B-CN further
into Al, A2, and A3 based on changes in their
histidine content (16).

Electrophoretic techniques have been im-
proved to reduce the time required to separate
the caseins and their genetic variants (1, 3, 4,
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13, 20). Reduction in size of electrophoretic
gels to reduce the time required to separate the
caseins and their genetic variants has affected
the band resolution and ease of casein genetic
variant identification. Vegarud et al. (20) and
Bovenhuis and Verstege (4) rapidly separated
the genetic variants of caseins and whey pro-
teins using isoelectric focusing on urea-modi-
fied gels in a Phastsystem (Pharmacia AB).
This technique improved resolution of x-CN
genetic variants, but small gel size makes it
difficult to identify some bands. Extra care is
required when preparing samples and when
modifying and running the small gels.

Addeo et al. (1) used isoelectric focusing on
a thin layer gel to separate most of the com-
mon bovine casein variants. Bech and Munk
(3) employed electrofocusing in agarose gels
containing 7 M urea to identify quickly both
casein and P-lactoglobulin variants. Both of
these procedures require improvements in peak
resolution. The procedure of Medrano and
Sharrow (13) was a compromise between the
larger acid and alkaline PAGE procedures and
the smaller, faster isoelectric focusing tech-
niques. Reducing the amount of sample loaded
so that separate bands with similar mobilities
remain separate would improve band resolu-
tion.

Carles (5) used reverse-phase HPLC to frac-
tionate bovine caseins and to identify an atypi-
cal B-CN that differed by a neutral amino acid
substitution. Fast protein liquid chromatogra-
phy (FPLC) using anion-exchange chromatog-
raphy on a Mono Q column has also been used
to separate genetic variants of casein. Guillou
et al. (9) separated x-CN A and B and B-CN
A! and C using anion-exchange chromatogra-
phy. The procedure employed by Dalgleish (6)
also used anion-exchange chromatography on a
Mono Q column to separate x-CN A and B.
Hollar et al. (10) suggested separation of 3-CN
genetic variants with FPLC, using cation-ex-
change chromatography on a Mono S column,
in which the B-CN fraction elutes in a series of
three peaks. This paper describes investiga-
tions on the separation of the genetic variants
of B-CN using this method.

MATERIALS AND METHODS

Whole casein samples were prepared from
the milks of individual cows, which had previ-
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ously been typed for their genetic variant com-
position using the procedure of Medrano and
Sharrow (13). Whole milk from each cow was
separated by centrifugation and filtration. From
the skimmed milk, casein was separated from
the whey proteins by isoelectric precipitation
at pH 4.6. To precipitate the caseins, .3 ml
each of 33.3% acetic acid and 33.3% sodium
acetate at 40°C was added to 10 mi of whole
milk samples (14). The pellet of casein was
washed twice with acetate buffer, lyophilized,
and stored at ~20°C. B-Casein was typed using
both alkaline and acid PAGE on a Mini-Pro-
tean II System (BioRad Corp., Richmond, CA)
(13). At both pH conditions, the running gel
contained 2.55% bis-acrylamide cross linker
and 8% polyacrylamide, with a stacking gel of
4.6% polyacrylamide. For alkaline-PAGE, a
Tris-glycine buffer at pH 8.3 was used, and
PAGE was run at 50 V (constant) until the
sample entered the running gel, after which it
was increased to 100 V (constant). The B-CN
A variants were typed using an acidic nondis-
sociating continuous buffer system containing
8.6% glacial acetic acid and 2.5% formic acid.
The gels were run at 150 V (constant).

The method of Hollar et al. (10) was used
for chromatography of selected B-CN genetic
variants using FPLC (Pharmacia AB, Uppsala,
Sweden) with cation-exchange chromatogra-
phy on a Mono S HRS5/5 column. Urea-acetate
(UA) buffer containing 6 M urea and .02 M
acetate was made to volume and adjusted to
pH 5 with 1N HCI. The UA buffer containing
1 M NaCl was prepared by dissolving NaCl in
UA buffer prior to pH adjustment. Casein frac-
tions were separated with a nonlinear NaCl
gradient.

To confirm the identity of the B-CN peaks
from chromatography as genetic variants of -
CN, each fraction was collected, dialyzed
against deionized water, lyophilized, and run
on an acid-PAGE gel. The acid-PAGE proce-
dure of Peterson and Kopfler (16) was used to
identify the peaks as B-CN genetic variants.
Acid-PAGE was conducted using a vertical
water-cooled cell, 10% gels, and an 8.6% gla-
cial acetic acid and 2.5% formic acid buffer.
The acid-PAGE gel was run with a combina-
tion of constant current and constant voltage
for 16 h rather than 20 h to separate B-CN Al,
AZ, and B.

Purified B-CN and whole casein were
treated with plasmin (EC 3.4.21.7, Sigma

Journal of Dairy Science Vol. 74, No. 10, 1991
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Chemical Co., Poole, England) to break down
the B-CN into fragments (7, 17) and to find the
position of elution of the fragments using ca-
tion-exchange chromatography on the Mono S
column. These fraFments were previousl
known as 1;-CN (Al, A2, A3, B), »»-CN (A%,
A3, B), and 13-CN (A, B) (7). Plasmin was
dissolved in a .02 M NayHPO4, .046 M
KH,PO, buffer at pH 6.5 at a concentration of
6.8 mg/ml. About 40 of mg whole casein and
15 mg of B-CN were each dissolved in 1 ml of
the same phosphate buffer. After adding 100
Hl of the plasmin solution to each casein solu-
tion, the casein solutions were incubated at
35°C for 10 min. To stop proteolysis, 1 ml of a
.005 M bis-Tris-propane, 3.3 M urea buffer at
pH 7 was added. The samples were dialyzed
overnight against the UA buffer at pH 5 with
three buffer changes. The whole casein sample
was treated with 10 pl of B-mercaptoethanol as
previously described to break up disulfide-
linked polymers of x- and tgr-CN (10). The
sample was filtered through a .2-um
Acrodisc® LC PVDF syringe filter (Gelman
Sciences, Northampton, England) prior to
chromatography.

Visking cellulose dialysis tubing was pre-
pared by boiling for 30 min in a solution
containing .5 M Na;COj; and .001 M Naj-
EDTA and rinsing with deionized water.

RESULTS AND DISCUSSION

Individual cow whole casein samples of
known genetic variant composition were run
using cation-exchange FPLC with a Mono S
column. The UA buffer at pH 5 with a non-
linear NaCl gradient was used to separate the
major casein components and the B-CN vari-
ants contained in the samples. Chromatograms
of whole caseins containing the different ge-
netic variants of §-CN are shown in Figure 1.
Samples were both homozygous and heterozy-
gous for B-CN Al, A2, and B. The flattened
NaCl gradient in the B-CN region allowed for
the separation of three peaks on a chromato-
gram of whole casein from herd bulk milk
(10). Flattening the NaCl gradient further did
not improve peak resolution. The casein sam-
ples from individual typed cows helped con-
firm the B-CN peaks observed in the B-CN
region as three of the genetic variants. Figure 1
shows that, although there was good separation

Journal of Dairy Science Vol. 74, No. 10, 1991

a5

10 A2
sSor * as2
0 L 1 | N |
10
A2
Al
s+
0 1 1 L J
10 T
Al
E , L
2
o~
d 1} 1 { 1 1 ]
% 10
=
a2 A
2 st 2
<
0 1 1 1 1 1 1 1 ]
10
s Al
0 1 A 1 1 1 J
1.0 p
B
5
0 i ] 1 )

0 5 10 15 20 25 30 35 40 45
ELUTION VOLUME (ml)

Figure 1. Elution profiles of individual cow whole
casein samples of known P-casein genetic variant com-
position obtained by fast protein liquid chromatography at
20°C on a Mono S HR5/5 column and using urea-acetate
buffer (pH 5.0; .02 M acetate, 6 M urca) and a NaCl
gradient. About 2 to 5 mg of protein were applied to the
column, and the flow rate was 1 ml/min. Absorbance (—).

between the B-CN A variants and B-CN B,
there was some overlap between variant A!
and A2. The retention times of 8-CN Al and
A? were close to each other and varied slightly
depending on whether the casein sample was
homozygous or heterozygous. P-Caseins Al
and B did not appear to overlap in heterozy-
gous samples. To determine whether an un-
known sample was homozygous Al or A2, it
was necessary to run previously typed B-CN or
whole casein containing homozygous A! or A2
and compare the elution profiles.

By running whole casein samples from in-
dividual cows, it was possible to see minor
fractions that eluted with one or more of the B-
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There are light bands visible along with the
major B-CN band in both Lanes A? and Al,
confirming the presence of some cross-con-
tamination between these two peaks as ex-
pected from the chromatograms.

Proteolytic breakdown of B-CN, isolated
from herd bulk milk, by plasmin is shown in
Figure 3. The purified B-CN appears to contain
primarily B-CN A2 and A! with little B-CN B.
Retention times of the various casein compo-
nents are affected slightly by other components
present in the sample. Purified B-CN appears
to have a slightly longer retention time than f3-
CN in whole casein samples. In Hollar et al.
(10), it was suggested that more work was
required to help establish the identity of minor
peaks in two unidentified fractions before B-
CN A! and between B-CN B and x-CN. Some
minor peaks were known and others thought to
be B-CN fragments of proteolytic cleavage.
Because plasmin breaks B-CN into residues of
different sizes (7, 17), purified B-CN and plas-
min-treated purified B-CN were run using ca-
tion-exchange FPLC. The plasmin-treated sam-
ple showed formation of several minor peaks
both before and after the major $-CN peak and
had an increased breakthrough peak. The first
minor peak in the plasmin-treated sample fol-
lowing the major B-CN peak clutes with B-CN
B. This, along with the location of the minor
peaks formed prior to the major B-CN peak,
further supports the premise that the minor
components that elute with B-CN are derived
from B-CN.

CONCLUSIONS

The FPLC at pH 5 using cation-exchange
chromatography on a Mono S column provides
good separation and identification of B-CN Al,
A2, and B. The method is capable of further
development to allow quantification of the dif-
ferent genetic variants, but further studies on
the identification of the less common A C,D,
and E variants are required.
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A number of techniques have been developed for the purification of individual
caseins from milk. These include differential precipitation (e.g. Zittle & Custer. 1963:
Manson & Annan, 1971) and ion-exchange methods, e.g. fast protein liquid
chromatography (FPLC; Davies & Law, 1987; St-Martin & Paquin. 1990) and
conventional ion-exchange chromatography on DEAE-cellulose (Thompson. 1966
Andrews & Alichandis, 1983). The precipitation methods, whilst yielding relatively
large amounts of caseins, are time consuming, require the handling of large volumes
of liquid and, in our hands, yields tended to be rather varying. The FPLC techniques.
whilst having the advantage of speed, produce relatively small amounts of protein
in the absence of expensive preparative columns and pumps. We have therefore
developed a rapid method for the preparation of multigram quantities of f-casein.
based on a cation exchanger which can also be used batchwise, and also yields gram
quantities of other caseins if required.

MATERIALS AND METHODS

S-Sepharose Fast Flow was purchased from Pharmacia Biosystems Ltd. Milton
Keynes, as were the Mono S and Mono Q columns and Phastgels.

Preparation of samples

Acid casein was prepared from freshly skimmed bovine milk from the Hannah
Institute herd. It was resuspended in one quarter of the original volume of buffer A
(20 mm-acetate—6 M-urea, pH 5:0), and redissolved by adjusting the pH to 7-0 and
adding 2-mercaptoethanol to a concentration of 100 ul/g casein. Solid urea was
added to maintain the urea concentration at 6 M. The solution was left for 1 h to
allow reduction of disulphide bonds, and the pH was adjusted to 50 with a-HCI.

Freeze-dried casein was also used as starting material.

Column chromatography

The casein solution was loaded at 300 ml h™! via a peristaltic pump on to a
column of S-Sepharose Fast Flow (bed dimensions 200 x 50 mm, bed volume 400 ml)
equilibrated with buffer A. The column was washed with 600 ml buffer A at
300 ml h™, 100 ml fractions of eluent being collected. A 1600 ml linear gradient of
NaCl (0-2-0-6 M) was passed through the column in order to elute the bound caseins.
If only f-casein was required, the unbound f-casein was collected and bound protein
was eluted in bulk by washing with buffer A containing M-NaCl. Pooled fractions
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were dialysed against a large excess of deionized water to remove urea and then
lyophilized.

Batch preparation of f-casein

S-Sepharose Fast Flow, equilibrated with buffer A. was added to the casein
solution at pH 5-0. After stirring for 30 min at room temperature with an overhead
stirrer, the resin was collected by vacuum filtration and washed with buffer A
containing 0-1 M-NaCl. The resin was regenerated as for the column method.

Concentration of purified p-casein

Eluted f-casein in urea buffer could be concentrated by diluting with four
volumes of distilled water. The heavy white precipitate of protein was flocculated at
pH 46 and collected either by allowing it to settle under gravity or by centrifugation.
Any remaining urea was removed by dialysis after dissolving the casein at pH 7-0.

Analysis of purified caseins

Polyacrylamide gel electrophoresis. Caseins were separated by urea-PAGE as
detailed by Davies & Law (1977) after adaptation for rapid separation using a
Pharmacia Phast-System. Phastgels (12:5% acrylamide) were immersed in Tris—
EDTA~barbitone (TEB) buffer, pH 7'9 containing 45 M-urea. After gentle stirring
for 1 h, the gels were removed, drained and allowed to air dry for 15 min. Buffer
strips consisted of TEB buffer containing 2% agarose. Samples were dissolved in
TEB buffer containing 8 m-urea at a protein concentration of 3 mg ml™. 1 xl
2-mercaptoethanol/mg protein being added at least 1 h before separation. Samples
(0-3 ul), were applied to the gels. Electrophoresis was for 98 volt h and the proteins
were stained with Coomassie blue.

Fast protein liguid chromatography. Samples were analysed at pH 5-0 using a Mono
S HR5/5 cation-exchange column (Hollar et al. 1991). Protein reduced with 2-
mercaptoethanol was eluted using a NaCl gradient in buffer A.

RESULTS AND DISCUSSION

A typical elution profile from the S-Sepharose Fast Flow column is shown in Fig. 1.
The identity of the unbound material and individual pooled peak fractions was
established using urea-PAGE (Fig. 2) and cation-exchange FPLC on a Mono S
column (Fig. 3). Fraction 1, the unbound material, was shown to be f-casein,
fraction 2 was k-casein, 3 ag,-casein and 4 «,-casein. The purity of the f-, ag;-. -
and «-casein fractions was estimated from the FPLC profiles to be > 90 %. The order
of elution of a - and a,-caseins from the Mono S column was reversed from that
from the S-Sepharose Fast Flow column, despite their similar chemistry. Overall
recovery of individual caseins from a 20 g load of freeze-dried caseinate was 65 %
(Table 1). Some of the losses were due to material being discarded in order to prevent
cross contamination. Since the #-casein did not bind to the resin, it did not utilize any
of the binding capacity and therefore more caseinate could be loaded on to the
column. The capacity of the resin was determined to be sufficient to fractionate
~ 6 g caseinate/100 ml packed bed volume. Both wet, precipitated caseinate and
freeze-dried caseinate were suitable as starting materials providing that the quantity
of urea was adjusted in the protein solution to compensate for the water entrapped
in the precipitated acid caseinate. Using the column method a complete purification
took 7h. If only the f-casein was required, the time could be reduced to 4 h,
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Fig. 3. Fast protein liquid chromatography on a Mono S column, as described on p. 558. W, whole
casein; 1—4. fractions 14 from the separation shown in Fig. 1. The elution volumes of pure casein
fractions are shown at the top.

Table 1. Yields of casein fractionst

Recovered weight, Purity,

Casein fraction g %
B ’ 38 > 95
K 25 > 95
oo 2:0 90
oy 51 > 95

t Freeze-dried acid precipitated casein (20 g) was loaded on to a S-Sepharose Fast Flow column with a bed
volume of 400 ml and eluted as described on p. 557.

permitting 8-10 g f-casein to be prepared in a working day using 300 ml resin. As a
means of purifying f-casein, this method could be adapted to a batchwise mode
where no column or pump was required. The purity of the f-casein was found to be
the same as that obtained using the column method.

Because the f#-casein was obtained in a dilute form, large volumes needed to be
dialysed and freeze-dried. By diluting the eluted f-casein solutions with distilled
water, most of the protein precipitated. The optimum dilution was one volume of -
casein solution to four volumes of water. Approximately 86 % of the f-casein could
be recovered. Furthermore, if the pH was adjusted to 4-6, the precipitate flocculated
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and quite quickly settled to the bottom of the vessel. After decanting the
supernatant which contained most of the urea, the precipitated protein could be
redissolved in the minimum volume of water at pH 7:0 and any remaining urea
removed by dialysis.

As a method for purifying caseins. this cation-exchange technique has a number of
advantages over the alternative methods. The capacity of the resin is high, as is the
flow rate, permitting relatively large amounts of casein to be fractionated quickly. In
addition, the individual caseins were eluted in reasonably distinct peaks thus
minimizing cross contamination of individual components when fractions were
pooled.

Since the separation was performed at pH 5-0, the risk of cyanate formation in the
urea buffer, and with it modification of the protein (Stark et al. 1960; Manson, 1962)
was considerably reduced. Similarly. 2-mercaptoethanol was not required in the
chromatography buffers, unlike separations at pH 7-0, since at pH 5:0 the rate of
disulphide exchange and oxidation is low. This method therefore minimizes the risks

involved to the operator in using large quantities of this disagreeable, irritating
reagent.

This research was funded by The Scottish Office Agriculture and Fisheries
Department. We thank Ms Theresa Collins for her assistance with the
chromatography.
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Quantitative examination of genetic polymorphism
in - and B-caseins by anion- and cation-exchange FPLC

By A.J.R. LAW
Hannah Research Institute, Ayr KA6 5HL, UK

1. Introduction

A considerable amount of detailed information
is available on genetic polymorphism of the ca-
seins, and it is now possible to select genotypes
giving different protein composition and improved
processing properties of milk. k-Casein B, for
example, has been associated with a decrease in
renneting time, increased curd tension and
cheese yield, and improved natural heat stability
(1). Similarly B-casein B gives fast clotting and a
finer curd (1). It is still not known, however, how
x-casein B and B-casein B, which differ only slight-
ly in primary structure from the corresponding A
variants (2), cause these marked differences in
processing properties. There is considerable evi-
dence that k-casein content and micellar size are
negatively correlated (3, 4), and the effect of x-
casein phenotype on the composition of casein
has previously been examined by gel scanning
(5, 6), anion-exchange FPLC (7) and reverse
phase HPLC (8).

In this study we have examined the effect of «-
and B-phenotypes on the composition of whole
casein by anion- and cation-exchange FPLC,
after aikylation to give optimum resolution of the
k- and ag,-caseins (9). The B-casein phenotypes,
and the relative amounts of the A and B variants
of B-casein in A'B and A2B heterozygotes, were
determined by cation-exchange FPLC (10).

2. Materials and methods

Milk samples. Milk samples were collected from
Friesian cows mainly in the Institute herd, the
remainder from farms in the North of England and
from a herd in California.

Whole casein samples. Whole casein samples
were precipitated from skim-milk at pH 4.6 and
20 °C by the addition of acetic acid (5 % w/v) and
sodium acetate (0.2 M) according to the method
of ROWLAND (11). The precipitates were washed
with water at pH 4.6 and then freeze-dried.

Anion-exchange FPLC. Casein samples were
alkylated with cysteamine hydrochloride and cyst-
amine dihydrochloride, and fractionated in bis tris
propane-urea buffer (pH 7.0) as described
previously (9).

Cation-exchange FPLC. Casein samples were
reduced with 2-mercaptoethanol and fractionated
in acetate-urea buffer (pH 5.0) as described by
HOLLAR et al. (10).

Milchwissenschaft 48 (5) 1993

Rennet treatment of x-casein samples. x-Ca-
sein fractions were treated with rennet (Kaselab-
Pulver; Chr. Hansen's Laboratorium A/S, Copen-
hagen, Denmark) as described previously (12).

PAGE. x-Casein fractions, before and after
rennin treatment, were examined by alkaline
PAGE following the procedure of DAVIES and
LAW (12), except that the proteins were stained
with Coomassie Blue dye.

3. Results

3.1 Characterisation of x-casein variants
separated by FPLC

Sections of the elution profiles obtained by an-
ion-exchange FPLC of alkylated samples of
whole casein, containing k-caseins A, AB and B
are shown in Fig. 1 a, b and c, respectively.

L (a) AA

o
N

o
T

o

Absorbance 280 nm

(b) AB

0.1 |-

{c) 88

10 11 12 13 14 15 16 17 18
Elution volume (ml)

Fig. 1: k-Casein sections of the elution profiles obtained by
FPLC of alkylated whole casein at 20 ‘C on a Mono
Q HR 5/5 column and with a bis tris propane-urea
buffer (pH 7.0; 0.005 M bis tris propane; 3.3 M urea)
acndBa NaCl gradient. (a) x-Cn A (b) x-Cn AB (c) k-
n B.

The elution profiles were basically similar to
those obtained for the respective k-casein types
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by traditional anion-exchange chromatography
(12, 13). x-Casein A gave a large peak of mainly
unglycosylated protein at about 14.5 ml followed
by three other main peaks of kx-casein glycosyl-
ated to different. degrees (Fig. 1a). x-Casein B,
which has a lower net negative charge, eluted
earlier, giving a large peak of mainly unglycosyl-
ated material with a maximum at about 11.5 ml,
together with four other main peaks of differently
glycosylated «x-casein (Fig. 1c). k-Casein AB
appeared as a composite of the profiles of the A
and B variants. The three different profiles were
sufficiently distinctive to allow phenoctyping of the
K-casein by anion-exchange FPLC. Alkylation of
the casein samples with cysteamine hydrochlo-
ride and cystamine dihydrochloride (9) effectively
reduced the net negative charge on x-casein,
which subsequently eluted earlier from the anion-
exchange column. The alkylation procedure also
gave a more complete separation of os;- and cg,-
caseins. Flattening the NaCl gradient in the k-ca-
sain region gave a more extensive separation of
the numerous k-casein components, comparab!e
to that shown by VREEMAN et al. (13), but did
not appreciably alter quantitative values for x-ca-
sein.

Unidentified T . [

[

- \ . T

o N

i -

L
Y- -
r2- -

AC 1 2 3 4 5 6

Fig. 2: Alkaline PAGE patterns for whole casein reduced

with mercaptoethanol (AC), and the alkylated x-
casein fractions obtained by FPLC as shown in
Fig. 1, before and after rennin treatment. Lane 1, k-
Cn A, lane 2, x-Cn AB; lane 3, x-Cn B; lanes 4, 5
and 6 x-Cn A, x-Cn AB and k-Cn B after rennin
treatment.

The alkaline PAGE patterns for x-caseins A,
AB and B, separated as in Fig. 1, are shown in
Fig. 2 (lanes 1, 2 and 3, respectively).

k-Casein A shows a main band of unglycosyl-
ated x-casein, three other main bands, and a
number of interspersed minor bands. x-Casein B
shows a similar pattern except that the bands
have slightly lower mobility due to the lower net
negative charge on the polypeptide. k-Casein AB
gives a pattern showing the bands present in
both k-caseins A and B.

Law, Genetic polymorphism of casein

The alkaline PAGE patterns for x-caseins A,
AB and B, separated as in Fig. 1 and treated with
rennin, are shown in Fig.2 (lanes 4, 5 and 6.
respectively). Electrophoresis showed that most
of the material was rennin sensitive, except for a
small amount of material in the most mobile
bands. This may have occurred because of the
resistance of highly glycosylated x-casein to ren-
nin treatment, or to the presence of some other
unidentified protein in the region between the x-
?g;i B-casein fractions as indicated previously (9.

The elution profiles obtained by cation-ex-
change of whole casein samples showed that x-
caseins A, AB and B eluted as single peaks at
the same position, and were as shown previously
for casein from herd bulk milk containing mainly
k-casein A (10). Para-k-casein from each of the

variants eluted at the same position as the intact
x-casein.

3.2 Effect of x-casein phenotype on the
composition of whole casein

The relative amounts of the individual caseins
in whole casein, determined by anion-exchange
FPLC for each of the k-casein phenotypes, and
expressed as a percentage of total casein, are
given in Table 1.

Table 1: The effect of x-casein phenotype on the ‘
composition of whole casein

«-Casein Friesian Jersey

phenotype AA AB BB BB

No of

samples 100 53 44 8

Casein % of total casein

K- 9.7+0.1  10.9+0.1 12.1+0.2-+ 12.3+0.5

B- 35.5£0.3 34.240.4 33.610.4' 33.7+0.6

ag¢- 36.810.2 36.0+0.3 33.9+0.4- 34.310.8

Ogp- 10.0+0.2 10.240.2  9.9+0.2Ns. 10.710.5

Minor 8.1+0.3 8.810.4 10.5+0.5-  9.1+1.0

*** Differences between phenotypes significant P <0.001

Results show that the relative amount of x-ca-
sein in whole casein varied with phenotype in the
order x-Cn BB > AB > AA, and on average there
was about 25 % more x-casein in the BB pheno-
type than in the AA phenotype. The relative
amounts of B- and og;-caseins varied in the op-
posite manner (AA > AB > BB). The relative
amount of a minor fraction which contained main-
ly y-caseins, including fractions 1, A, B and C de-
scribed previously (9), increased with phenotype
in the same way as x-casein. The differences
were significant in analysis of variance at
P <0.001. The relative amount of the ag,-caseins
did not vary with x-casein phenotype.

Values are also given in Table 1 for the compo-
sition of whole casein from Jersey cows of x-Cn
BB phenotype. Results show that the com-
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position of casein from Friesian and Jersey cows
of x-Cn BB type was similar.

To establish the accuracy of k-casein values,
resuits from anion- and cation-exchange FPLC
were compared (Table 2).

Cation-exchange FPLC confirmed the finding
that the relative amount of k-casein in whole ca-
sein varied with phenotype in the order x-Cn BB
> AB > AA. Also for each of the k-casein pheno-
types, values for the relative amounts of k-casein
determined by the two FPLC methods were in
good agreement.

Table2: Comparison of values from anion- and
cation-exchange FPLC for the relative
amounts of k-casein variants in whole
casein

k-Casein All

phenotype AA AB BB samples

No of samples 20 18 15 53

k-Casein, % of total casein

Anion- 9.3+0.1 10.7+0.2 12.1£0.2 10.6%£0.2

exchange

(Mano Q)

Cation- 9.5+0.2 10.7+0.2 12.7+04 10.8+0.2

exchange

(Mono g)

Average 0.6+0.1 06+0.t 1103 0.7x0.1

difference

between

two types

of analysis

These results from FPLC are in reasonable
agreement with those of McLEAN et al. (6) who
used gel scanning and found that the relative
amounts of x-casein for phenotypes AA, AB and
BB were 10.5, 11.8 and 12.9 %, respectively.
Similarly AALTONEN et al. (7) using anion-
exchange FPLC, and VAN DEN BERG (8), using
reverse phase HPLC found the same trend in
values for x-casein. Each of these groups of
workers found an accompanying decrease in the
relative amounts of og,- or ag-casein (AA > AB
> BB) but no significant differences in the other
fractions. In this study we found a small, but
significant (P <0.001) decrease in B-casein (AA
>AB > BB) and an accompanying increase in
y-caseins (11).

The overall distribution of x-casein values for
each of the phenotypes is shown in Fig. 3.

There was considerable variation within each
phenotype, and the distributions were slightly
skewed upwards. Closer inspection showed that
within each phenotype higher x-casein values
tended to be associated with samples taken in
late lactation, or with higher levels of y-caseins.
These results are consistent with the finding of
DAVIES and LAW (14) that there is an increase
in the relative amounts of k- and y-caseins in late
lactation, but that the increase in x-casein is not
an artefact due to increased proteolysis. In the
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Fig. 38: Distribution of the relative amounts of x-casein in

whole casein for each of the phenotypes x-Cn AA,
AB and BB, respectively.

present study, on grouping samples according to
the relative amounts of the y-casein, it was found
that the relative amount of x-casein varied in all
groups in the order BB >AB >AA.

The overall variation found in this study in the
relative amount of k-casein, within and between
phenotypes, seems sufficiently large to cause a
considerable difference in the micellar size dis-
tribution (4) and processing properties. The dif-
ferences in the relative amounts of x-casein,
especially in view of the location of x-casein on
the surface of the micelle, may be large enough
to exert a direct effect on renneting kinetics. Simi-
larly, the increased level of x-casein in the AB
and BB phenotypes, and the increased level of
the hydrophobic para-x-casein after renneting,
may account for the increase in curd firmness
which is observed with x-Cn B (1).

3.3 Effect of B-casein phenotype on the
composition of whole casein

Whole casein samples, reduced with 2-mer-
captoethanol, were fractionated by cation-ex-
change FPLC according to the method of HOL-
LAR et al. (15) and gave elution profiles which al-
lowed identification of B-caseins A2, Al and B.
The relative amounts of the individual caseins in
whole casein, determined by anion-exchange
FPLC for each of the B-casein phenotypes, are
given in Table 3.
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Table 3: The effect of B-casein phenotype on the
composition of whole casein

B-Caseintype A'A!l AIA2 A2A2 A'B A?B BB
No of samples 8 15 11 9 7 2
Casein % of total

B- 336 344 354 333 311 299
Ogy- 36.7 372 379 36.2 36.0 37.1
K- 103 101 99 109 114 120
gy 96 95 87 101 99 89
Minor 97 88 83 96 116 122
B + Minor 43.3 43.2 437 429 427 421

There was some indication that the relative
amount of B-casein was slightly lower, and the
amount of y-casein greater, in those samples
containing B-casein B, but the level of signifi-
cance in analysis of variance was low. This is
contrary to the finding of McLEAN et al. who
found that A’B and A2B heterozyqotes contained
significantly more B-casein than A1A1, A2A2 or BB
types. In the present study, differences in the
relative amounts of B-casein could be attributed
to the level of proteolysis, and there were no
significant differences between values for the
sum of the B- and y-casein fractions for each of
the phenotypes (Table 3).

AlsO, using cation-exchange FPLC, it was pos-
sible to separate B-caseins A2 and B, and A" and
B from the heterozygotes A2B and A'B, respec-
tively. Results showed that the relative amounts
of the A and B variants in the A'B and A2B hete-
L'ozygotes were very close to a 1:1 ratio (Table

Table 4: The relative amounts of pB-caseins Al, A2
and B in A'B and A2B heterozygotes

B-Casein type A'B A2B
No of samples 6 8

% of total p-casein
B-Casein A? or A2 50.8 £0.2 50.1+0.4
B-Casein B 49.2+0.2 49.9+04

It is difficult to account for the faster clotting
and finer curd formation associated with B-casein
B (1) in terms of the relative amounts of the B-
casein variants found here. However, there was
some indication in this study that, as found
previously (16), there was a closer than expected
linkage between x-casein B and B-casein B var-
jants, and whole casein samples with B-casein B
contained more k-casein (Table 3). There was
also considerable variation in the relative amounts
of x-casein within the different k-casein pheno-
types (Fig. 3). It is possible, therefore, that some
of the change in renneting properties attributed to
B-casein B was due to variation in the amount of
k-casein. Anion- and cation-exchange FPLC
have been successfully used in this study to
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identify and measure the relative amounts of «-
and [(-casein variants, together with the other
major caseins, and could be used in the quantita-
tive study on the effect of the variants on the
technological properties of milk.
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5. Summary

LAW, A.J.R.: Quantitative examination of genet-
ic polymorphism in k- and B-caseins by anion- and
cation-exchange FPLC. Milchwissenschaft 48 (5)
243-247 (1993).

24 Casein (genetic polymorphism)

The composition of casein samples from Friesian
cows was determined by anion-exchange FPLC, and
the x-casein phenotypes were identified from the elu-
tion profiles. The relative amounts of k-casein in
whole casein for phenotypes AA, AB and BB were
9.7, 10.9 and 12.1 %, respectively (P <0.001), and
this result was confirmed by cation-exchange FPLC.
The relative amounts of the other caseins, except og,-
casein, varied significantly (P <0.001) with phenotype,
casein from x-casein BB milks containing slightly less
B- and agq-caseins, and more y-caseins. The compo-
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sition of casein from Friesian and Jersey cows of k-
casein BB type was similar.

p-Casein A1, A2 and B genetic variants were identi-
fied from the elution profiles obtained by cation-
exchange FPLC, and some small differences were
found in the relative amounts of B-casein in whole ca-
sein for the 6 phenotypes. The variation, however, ap-
peared to be mainly due to the amount of proteolysis,
rather than to differences in the level of expression of
the variants, and it was found that the A and B
variants were present in the ATB and A2B heterozy-
gotes in equal amounts.

LAW, A.J.R.: Quantitative Untersuchung von ge-
netischem Polymorphismus bei k- und B-Caseinen
durch Anionen- und Kationen-Austausch-FPLC.
Milchwissenschaft 48 (5) 243—247 (1993).

24 Casein (genetischer Polymorphismus)

Es wurden die Zusammensetzung der Caseinpro-
ben von Holstein-Friesian-Kuhen durch Anionen-Aus-

247

tausch-FPLC bestimmt und die x-Casein-Typen in
Gesamtcasein nach den Elutionsprofilen identifiziert.
Die relativen x-Caseinmengen in Gesamtcasein fir
die Phanotypen AA, AB und BB waren 9,7, 10,9 bzw.
12,1 % (P <0,001), und dieses Ergebnis wurde durch
Kationenaustausch-FPLC bestétigt. Die relativen Men-
gen an anderen Caseinen, mit Ausnahme von og,-Ca-
sein, variierten signifikant (P <0,001) je nach Phano-
typ, wobei Casein aus x-Casein BB-Milch etwas we-
niger B- und ogs-Casein und mehr y-Casein enthielt.
Die Caseinzusammensetzung bei Holstein-Friesian-
und Jersey-Kihen des x-Casein BB-Typs war &hnlich.
Genetische Variationen von B-Casein A!, A2 und B
wurden nach den Elutionsprofilen identifiziert und ei-
nige kleine Unterschiede der B-Caseinmengen in Ge-
samtcasein fir die 6 Phanotypen festgestellt. Die Va-
riation beruhte im wesentlichen eher auf dem Proteo-
lysegrad als auf dem Unterschied des Expressions-
levels der Varianten, und es wurde festgestellt, daf
die Varianten A und B bei den A1B- und A2B-Hetero-
zygoten in gleicher Menge vorhanden waren.
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THE COMPOSITION OF
CAPRINE AND OVINE CASEINS

1. INTRODUCTION

The proteins in the milk of the goat and the sheep have not been as extensively studied
as those in cows’ milk. There is, however, an increasing market for the various types
of cheese and yogurt made from the milk of the goat and sheep. In order to make
processing more efficient, further information is required about the content and
composition of the casein fraction, and about natural variation which is caused by
genetic polymorphism of the caseins, or seasonal and lactational effects. Also, further
research is required into the structure and stability of the casein micelles, and the effect

of heating and renneting during the manufacture of yogurt and cheese, respectively.

2. THE COMPOSITION OF MILK FROM THE COW, GOAT AND
SHEEP

Some of the main properties of the milks from the three species have been summarised,
and these are shown in Table 11. Compared with cows’ milk, goats’ milk has a similar
content of the main constituents - fat, lactose and protein. There are, however, large
individual variations in the concentrations (Storry et al., 1983). Values for processing
characteristics, such as rennet coagulation time, syneresis time and heat coagulation
time are also similar to those of cows’ milk. Goats’ milk, however, gives a much lower
coagulum strength and, because of considerable variation in cheese yield from different
milks, is less satisfactory for cheese manufacture. Closer examination shows that the
total concentrations of Ca and Pi in goats’ milk are similar to those of cows’ milk, and

the ratio of Ca/Pi in casein micelles in both milks is close to 2.1. Casein micelles in
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Table 11. Comparison of the properties of milk from the cow, goat and sheep

Cow Goat Sheep "
1. Composition of milk JI
Fat % 1.38-5.10 2.75-6.43 5.79-6.45
Lactose % 3.71-4.6 3.91-4.81 4.47-4.76
Total casein % 2.28-3.27 2.14-3.18 3.78-5.20
Total whey protein % 0.16-0.76 0.37-0.70 0.88-1.04 |
2. Physical properties
Rennet coag. time (min) 6.7-13.7 4.2-10.4 3.7-7.0
Coagulum strength (g) 18.2-45.8 10.9-26.6 48.5-141.5
Syneresis time (min) 27-60 24-53 53-70
Heat coag. time (min) 19.0, 26.0 31.0 Immediate
3. Micellar properties
Micelle solvation 1.51 1.54 1.62
(g H,O/g dry pellet)
Micellar diameter (nm) 120 200 or< 80 <80
Total Ca in milk (mM) 31.7 34.7 60.2
f Total Pi in milk (mM) 23.1 23.1 34.8
Micellar ratio Ca/Pi 2.19 2.08 2.04
4. Casein composition % of Total
| a,;-Casein 38 0-20 35-47.2
|| a,,-Casein 12 10-30 -
| 6-Casein 36 43-68 28-45
| «-Casein 14 1529 10-12.1

Data compiled from:
1. Storry et al., 1983
2. Storry et al., 1983; Sood et al., 1979
3. Richardson et al., 1974

4. Remeuf & Lenoir, 1986; Anifantakis, 1986; Richardson, 1977
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goats’ milk show a different size distribution, tending either to be much larger or much
smaller than those in cows’ milk. Also, the relative amounts of the caseins in caprine
casein are much more variable; caprine casein contains, on average, much less oy~
casein and more - and k-caseins.

Compared with cows’ milk, that from the sheep tends to be more concentrated,
and has improved properties for cheese-making, with shorter rennet coagulation time
and greater coagulum strength (Table 11). The heat stability of milk from the sheep,
however, is poor. The concentrations of Ca and Pi are almost double those in cows’
milk, but the ratio of Ca/Pi in the micelle is similar to that for the cow and the goat.
Micelles in ewes’ milk, however, are on average much smaller than those in cows’

milk. Ovine casein also contains much more (8- and less o,-casein than bovine casein.

3. HOMOLOGY OF BOVINE, CAPRINE AND OVINE CASEINS

The amino acid compositions and sequences of the four main caseins of the cow, goat
and sheep, namely a,;-, 8-, o,,- and -, have been determined, and these are shown in
Tables 12 and 13, and Fig. 10-13. The sequences of ovine a,;-, 8- and o,,-caseins have
been determined by cDNA analysis, and it has not yet been established which Ser
residues are phosphorylated. Potential phosphorylation sites are indicated in Tables 12
and 13. Comparison of the sequences (Fig.10-13) shows that there is between 80 and
90% homology of caprine and ovine caseins with the corresponding bovine caseins
(Mepham et al., 1992; Jenness, 1980). A number of important differences occur in the
individual caseins, however, which affect their processing properties, and make
determination of the relative amounts of the caprine and ovine caseins more difficult
than for the bovine caseins. Also, some variants of caprine a,;-casein and ovine o,,-
casein occur because of substantial internal amino acid deletions which have marked
effects on their properties, and in some cases, on their level of expression.

The alkaline PAGE patterns for whole casein from the cow, goat and sheep
(Fig.14) show that caprine and ovine a,;-caseins have lower electrophoretic mobilities
than bovine o,;-casein, and tend to migrate close to the corresponding «,,-caseins.

Also, caprine and ovine f-caseins each migrate as two bands (8;- and 8,-) due to
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