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\BSTRACT

]

veveral different hyvotheses of casein micelle structure
have been proposed from the data obtoined in the investipgations
carried out on micelles over the past twenty years. The
present comparative study of caprine (goat) and ovine (sheep)

caseln micelle systems with that of {he bovine was made in an

attenmpt to demonstrate the validity of thesc hypothescs.

The caseln contents, mineral levels, and Ca:phosphate
ratios in the skim milks varied between cpecies, but no
significant differences in the Ca:phosphate ratios in the
caseln micelles or the sera were found. There were major dif-
ferences betvieen the electrophoretic patterns of the casein
samples from the different species. Both caprine and ovine
caseins contrined two prominent bands in the f-casein region,
while caprine caseln also contained a smaller proportion of its
casein in more mobile components (ag-caseins) than the bovine.
Three major as—caseins were observed in ovine caselin, and one

major as—casein in the majority of the caprine casein sauples.

Bovine, caprine and ovine caseins, 1lsolated from the
whole milks, were separateea into their major comnonents by
ion exchange chromatography. The x-, g-, and aé—caseins
which were isolated accounted for 15, %55 and 5055, resnect-
ively of bovine casein, 10y, 60% and 2%, respectively of
caprizte casein and 105, 455 and %5, resvectively of ovine
casein. The caprine and ovine cascins were 1ldentified as
a -, B- and k-type caseins by their chemical and physical

s
characteristics.

The bovine, caprine and ovine x-caselns were readily
hydrolysed by rennin and were able to stabilize the Ca sensi-
tive a - or f-caselns. Caprine 31— and ﬁ%-caseins which were
present in ecquimolar amounts, had nearly identical amino acid
compositions, and were similar to thet of bovine fg-casein Ag.
The B component, however, contained an additional phosphate
residue.

The temperature dependent Ca sensitivities and the
temperature dependent polymerization of the caprine g-caseins

were similar to that of bovine g-casein. However, g,-casein
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appeared to associate more easily than BP-casein, despite
its higher net negative charge. Viscosity measurements
indicated that the conformation of the two caprine g-caselins
was similar to that of bovine f-casein, both at 4°C and at
&%,

The major caprine as-casein was more similar to the

minor bovine asz-casein than Lo bovine e« ,-~casein. RS

5 s
was demonstrated by their behaviour on gel electrophoresis
with Mg buffers, Ca sensitivities, amino acid compositions

and molecular weights.

The two ovine B-caseins were similar to each other,
and to the caprine and bovine f-caseins. <The relationship
between the ovine p-caseins was similar to that of the
caprine p-caseins. Two of the three major ovine aS-caseins
were isolated. These were both similar to each other, and
to bovine zgq—casein.

The properties of the c%—caseins from the three species
were more variable than those of the g-caseins, which in turn

were more variable than the x-caseins.

The casein micelles from caprine, ovine and bovine
milks were all highly solvated and roughly spherical. Although
their size distributions varied, the micelles were in each
case composed of sub-uanits about 12 nm in diameter. Gel
chromatography of sub-micellar casein aggregates from the
three species indicated that they had similar hydrodynamic
sizes and appeared to be in equilibrium with their component
caseins.

The finding that similar sized sub-units are formed in
the casein micelles in the milks of the various species,
suggests that the differing proportions of the various
component caseins must compensate for the differences observed
in the properties of the caseins. It appeais likely that not
enough emphasis has been given to the role of B-casein in
micelle structure, and - and aS—caseins may be inter-
changeable.
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CHAFTER 1: GERNERAL, INTRODUCTICON

Milk is a complex fluid secreted by the mammary gland
of mammals. Its primary function is to supply the young
suckling mammal with the nutrients, such as protein, lipid,
carbohyGrate, minerals and water that are necessary for growth
and developuent, Howevér, the milk of some species hag also
assuned an important rdle in supplying some of the nutriticnal
requirements of humans.

The cow (Bos taurus and Bos indicus) is the most

important dairy species, and to some extent, depending on

geographical location, the domestic geat (Capra hircus), the

water buffalo (Bubalus bubalis) and the domestic sheep (Cvis

aries) are also important. This thesis is concerned with a
comparison of the properties of milk from the cow (bovine),
with milk from the goat (caprine) and sheep (ovine).

Vel Composition of Milk

A typical composition of normal bovine milk is
presented in Table 1.1. In addition to the major con-
stituents included in Table 1.1 normal milk ccentains numerous
enzymes, water-soluble and lipid-soluble vitamins, as well as
nitrogenous compounds, gases and trace elements (Jenness and
Patton, 1959). The gross comnyposition of bovine milk can vary
widely anc i1s dependent on factors such as inherited variation
(Jenness and Fatton, 1959). Other factors include the plane
of nutrition, specific composition of the feed ration,
seasonal variations and stage of lactation. Infections of
the udder, in particular sub-clinical mastitis have one of
the greatest effects on the gross composition of milk.
Although few data are available, many or all of the factors
which may affect the composition of tovine milk are likely to
affect the composition of milk from other species.

N2 The Caseins

Casein comprises some 80% of the total protein in
bovine milk (Table 1.4). These caseins, or phospho-proteins
combine with calcium, magnesium, citrate and inorganic

phosphate to form large spherical colloidal aggregates known
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abilel 4.4

The Composition of Typical Dovime Skim IMilk

Total conc.

Water 870 g/1
IMilk fat 40 g/1
Casein 25 g/l
wWhey proteins 6.1 g/1
Lactose 45-50 g/1
Calcium A4 mmol/1
Magnesium 5 mmol/1
Sodiwn 20 mmol/1
Potassium 41 mmol/1l
Citrate 9 mmol/1
Inorganic phosphate 23 mmol/1
Chloride 28 mmol/1

plI 6.68-6.72 (25°C)

as casein micelles, which can range in diameter from 40 nm to
300 nm (Nitschmann, 1949). T"hese casein micelles arediSperse&
throughout a serum phase, and "carry" more calcium phosphate,
necessary for growth of the young mammal, than would otherwise
be soluble in the serum. A typical composition of the secrun
and micelle phases of bovine milk is shown in Table 1.2.

The caseins have loosely folded open structures
(ierskovits, 1966) and as such are readily accessible to
proteolytic enzymes, an important feature in their nutritiona:
role. The whey proteins, lactose and other ionic constituents
in milk are largely present in the serum phase in which the
micelles are suspended (Table 1.2).

Casein micelles are remarkably stable against the
effects of temperature, dilution and concentration of milk,
and yet are rapidly destabilized by the action of rennin, a
protease isolated from the abomasum of the calf. These

properties are important factors in the processing of milk to
products.
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Table 1.2

Approximate Composition of the Serum and

Micelle Fhases of “Typical Boving Skim
Milk at 20°C

H

Serumn Micelles
Sodium 21.4 mmol/1 9 mmol/1
Potassium 42.5 " 28 i
Magnesium 548 i 16 i
Calcium 12.6 " 226 "
Citrate orse " ) "
Inorganic phosphate 15,8 " 110 U
Chloride 51.0 " 7
lactose 569 18/ g
Casein 4 250 g/1
wWwhey Proteins Sl 7

Note: Data have been calculated (Pearce, 1972)
using experimental results repcrted by Davies
and White (1960). The figures for the micelle
phase were found by difference and are less
reliable. The micelle rhase has been assuned
to occupy 10% of the skim milk volume. The
composition is the same as in Table 1.1.

The casein in the micelles falls into three major
classes, k-casein, B-caseln and aé-casein, which constitute
some 15%, 30% and 50% respectively of the casein in bovine
milk (Jenness, 1970). These casein fractions have their own
characteristic properties.

The definitions applied to the various casein
fractions in milk by the American Dairy Science Association

are described below since these assume special significance
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in considering the nomenclature of caseins from the milks of
species other than bovine (Jenness et al., 1956; Brunner et
al., 1960; ‘Thompson et al., 1965; Rose et al., 1970).

Casein: "A heterogeneous group of phospho-prcteins
precipitated from skim milk at pH 4.6 and 20°%¢ . "

a—~Casein: "That fraction of a-casein precipitated by Ca at
O—4OOC, and stabilized by x-casein in the presence of Ca."
k-Casein: "The principal casein upon which rennin acts. It
is soluble in the presence of 0.40 M Ca at pH 7.0 and O—4OC,
and can prevent as—casein from preciritating in the presence
of Ca, through the fecrmation of soluble micelle-type
complexes" (stabilization).

B-Casein: '"That fraction of casein soluble in 3.3 M urea,

but insoluble in 1.7 M urea at pH 4.6. B-Caseins are
precipitated with calcium at 3500, but not at 400, and possess
ultracentrifugal association-dissociation properties at 8.500.”

For the purpose of this thesis, this definition needs
updating to: '"and possess temperature dependent association-
dissociation properties between 4°C and 3700.”

e 2 Aim of the Investigation

Knowledge of the fundamental structure of the casein
micelle is important 1n understanding the stability of <asein
micelles during the processing of milk into milk products, and
in understanding the role of the casein micelle and the

caseins in nutrition.

During the last twenty years there have been numerous
studies to determine the way in which caseins associate to
form casein micelles. These have included an examination of
the behaviour of natural micelles and also synthetic micelle
systems (Waugh, 1971). Although this work has revealed a
considerable number of the fundamental properties of casein
micelle systems, a universally accepted model of micelle
structure has yet to be proposed.

The caseins of all mammalian species that have been
examined to date are tuought to exist in the form of casein
micelles (Jenness, 1973). A study of the micelle systems
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of other species should lead to a greater understanding of
the fundamental factors affecting the structure of the bovine
casein micelle, since this is analogous to examiuing the
effects of mcdified bovine caselins on the properties of
casein micelles. As a pre-requisite to an investigation of
the association of the caseins from other speciles tc form
caseln micellesy it 1s necessary to determine their chemical
and physical propertiest The recent elucidation of the
primary structures of the major bovine caseins has added
impetus to investigations on the caseins of other species.

A knowledge of the primary structure and physical
characteristics of caseins from other species will help in
tracing the pattern of changes to the milk proteins, in
particular the caseins, during evolution. Consequently,
those caseins and regions of the casein molecules which have
an important role in micelle structure and nutrition may be
identified. To date, very little work has been done on the
caseins of other species.

The aim of this thesis is to compare some of the
fundamental properties of caprine and ovine milks with bovine
milk. The composition of the milks, and some of the
properties of the caprine, ovine and tovine caseln micelles
are compared, using electron microscopy, ultracentrifugation,
viscometry and gel chromatograrhy. articular emphasis is
given to the isolation and characterization of the major
caprine and ovine caseins, and a comparison of their chemical
and physical characteristics with the bovine caseins. These
species were chosen for investigation since they are fairly
closely related ruminant species, belonging to the family
Bovidae in the order Artiodactyla (Sloan et al., 1961).
Consequently, a comparison of their caseins should be of
more value, than say, with those of the order Rodentia.

The thesis work is divided into three sections.

In Part I, the compositions of caprine, ovine and
bovine milk are described. Some of the properties of the
caseln micelles from these species are also described and
compared.



In tart I1, the isolation of the major caprine, ovine
and bovine caselns are described. come of their chemical
and physical characteristics are compared and contrasted with
those of other species.

Fart III briefly outlines some of the models of caseiln
micelle structure which have been proposed. The results
obtained in this thesig are discussed in the light of their
application to these models.



PART I

A COMFPARISON OF CAFRINIE, OVINE AND BCVINIE MILKS
AND THEIR CASEIN MICELLS

————
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CHAFPTER 2: INTRCOUCTION

In this chapter, only published studies which are
directly relevant to the work presented in the following three
chapters will be briefly reviewed. Other properties of
casein micelles, and the various models of micelle structure
are prescented and discussed in Chapter 15.

?
2 Composition of Milk

In Chapter 1, typical compositions of bovine milk
(Table 1.1), milk serum and casein micelles (Table 1.2) were
presented. Mention was also made of some of the variables
affecting the composition of bovine milk. Reference tc any
of the standard texts in dairy chemistry (Jenness and Patton,
1959; lcKenzie, 1970; DlNcKenzie, 1971) will provide data on
the composition of bovine milk. Also, Rook and Wheelock
(196"7) have reviewed the literature on the water soluble
constituents in bovine milk.

Data oir the milks of other specles is more variec 1in
nature and scattered throughout the literature. Nejim (1963)
determined the protein, fat, ash, calcium and phosphorus
contents of ovine milk during a seasonal study. Djordjevic
and Caric (1972) examined the distribution of calcium in ovine
milk during a seasonal study.

Parkash and Jenness (1968) have comprehensively
reviewed the literature on the composition and characteris-
tics of caprine milk. Konar et al. (1971) compared the
concentrations of water soluble constituents of bovine,
porcine (pig), ovine and caprine milks. Major variations
were observed in citric acid, chloride and potassium, with
similar sodium and lactose contents. Macy et al. (1953)
reviewed the literature and compiled data on the composition
of human colostrum, and mature human, caprine and bovine milks.

The concentration of the individual constituents in
milk are subject to considerable variation, even within each
species. This can be partly attributed to whole animal
effects, such as breed, state of health, plane of nutrition
etc., but can also be markedly affected by variations, due to
the accuracy of different analytical procedures. This is



1llustrated by the range of values obtained for the citric
acid content of the same milk samples, analysed using dif-
ferent procedures (white and Davies, 1963), and in the
results of different investigations which were tabulated by
Macy et al. (195%) for the constituents of ccaprine, human
and bovine milks. However, determining the concentration
of the various constituents in caprine, ovine and bovine
milks using the same procedure, should provide a better

basis for comparison.

2N oize Distribution of Casein Micelles

The size distribution of casein micelles in milk has
been the subject of a number of investigations. With the
exception of the recent investigations (Lin et al., 1971;
Dewan and Bloomfield, 1973%; Holt et al., 1973%), these
investigations were carried out by means of electron
nicroscopy (Nitschmann, 1949; Knoop and Wortmann, 1960;
Shimmin and Hill, 1964; Shimmin and Hill, 1965; Rose and
Colvin, 1966; Calapaj, 1968; Carroll et al., 1968; lYarry
and Carroll, 1969; Saito, 197%; schmidt et al., 1973).

Electron microscopy revealed that casein micelles are
roughly spherical in shape and are strongly polydispersed
(Nitschmann, 1949). The size distribution of casein micelles
observed by Nitschmann (1949) and Rose and Colvin (1966) were
two or three times lower than the values of 90-170 nm obtained
by more recent measurements (Knoop and Wortmann, 1960;

Calapaj, 1968; Carroll et al., 1968; Prarry and Carroll, 1969;
Saito, 1973).

Knoop and Wortmann (1960), using an embedding
technique, obtained average micelle diameters for human and
bovine milk and caprine colostrum of 42 nm, 95 nm and 1%% nm,
respectively. Later, Calapaj (1968) obtained an average
diameter for human casein micelles of &5 nm. Schmidt et al.
(1973%) suggested that the micelle sizes obtained by Knoop and
Wortmann (1960) may be uncertain since embedding of thin
sections in methacrylate i1is accompanied by considerable
shrinkage.



Most of the techniques used for determining the
size distribution of casein micelles on electron migrographs
have involved shadowing of the dried samples of milk with
heavy metals such as platinum (Calapaj, 1968; Carroll et al.,
1968; liarry and Carroll, 19€9; Laito, 1973). Recently,
Schmidt et al. (11973, 1974) obtained values for the average
light-scattering diameter of unfractionated casein micelles
from electron micrograéhs-(prepared using; a freeze-etching
technique) and from lipght-scattering measurements of, 236 nm
and 450 nm, respectively. According to Schmidt et al. (1974)
a light-scattering average diameter 1cr casein micelles from
electron micrographs of 2326 nm 1s equivalent to a weight-
average value of the diameter of 128 nm.

Lin et al. (1971) studied centrifugally fractionated
micelles in solution by means of inelastic light scattering.
'hey found 80)s of the casein micelles had diameters of 100-
200 nm, with a most probable diameter of 160 nm (Bloomfield
and Morr, 1973). Holt et al. (1973), using the technique
of clipped digital autocorrelation of scattered laser light,
found casein micelle sizes similar to those found in recent
electron microscopic (Carroll et al., 1968; Farry and Carroll,
1969; wvaito, 1973) and inelastic light scattering studies
(Lin et al., 1971), however the distributions were broader.

mlectron microscopy of casein micelles revealel they
are composed of roughly spherical sub-units, 10-20 nm in size
(Shimmin and Hill, 1964; Shimmin and Hill, 1965; Schmidt
and Buchheim, 1970; Knoop et al., 1973; Schmidt et al.,
1973%; Buchheim and wWelsch, 197%. These sub-units are
readily evident in electron micrographs prepared using the
freeze-etch technique (Schmidt and Buchheim, 1970; Buchheim
and Welsch, 197%; Schmidt et 21., 1973%) or the thin section
technique (Knoop et al., 197%).  According to Knoop et al.,
(197%3) casein micelles are loosely constructed in the
regions in which calcium is located, which they suggested
are the interstices between the sub-units. The diameter of
the sub-units was- 15-2C nm and the width of the "canals"

between them were about % nm.



11

=0 Molecular Weight of Casein [icelles

From their inelastic light scattering studies on
bovine casein micelles, liorr et al. {(1973), Bloomfield and
Morr (1973%), Dewan and Bloomfield (1973) have determined the
molecular weight of micelle fractions. Two fractions
isolated by rate-zone ulttracentrifugation, and representing
small and large micelles were found to have molecular weights
of 2.5x108 and 18x108, respectively. The average molecular
weight of unfractionated casein micelles was found to be
5.2Ox108. From their light scattering studies Schmidt et
al. (1974) obtained molecular weights of 11.OX108 and
1.5x108-5.6x108 for unfractionated and fractionated casein
micelles, respectively. Nitschmann (1949) obtained a
molecular weight of 5.56x108 for casein micelles, assuming a
micelle diameter of 153 nm. This value was somewhat lower
than that obtained for large casein micelles by Morr et al.

(1973).

2.4 Voluminosity and tolvation of Casein Ilicelles

The degree of solvation and voluminosity (specific
volume) of casein micelles are important chasracteristice,
since micelles appear to be large porrus structures which
contain a considerable amount of water. bolvation is defined
as the weight of water (g) bound or associated with 1 g of
protein, while the voluminosity (V) is defined as the volume
(ml) occupied by 1 g of dry casein micelle material.

The water can either be "tipghtly bound" to the casein
in the micelles, or "loosely bound", occupying the holes or
interstices in the interior of the micelles, and loosely
associated with the exterior surface. About 0.5 g water
per g dry casein micelle is "tightly bound" (Waugh, 1971),
while the remainder (about 1.5 g water per g of dry casein
micelle) is "loosely"' associated with the casein micelle.

The degree of solvation and voluminosity of caseiln
micelles can be determined by ultracentrifugation or vis-
cometry. The water and protein content of micelles
sedimented by ultracentrifugation was used by Trompson et al.

(1969a) to determine the casein-pellet sclvation.
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Voluminosity and solvation of caseln micelles were also
messured by viscometry (wWhitnah and Rutz, 1959; Dewan et
al., 1973).

Casein-pellet solvation values, obtained by ultra-
centrifugation of bovine skim milk at 5700, were 1.90 g
water per g micelle pellet (Thompson et al., 1969a). Casein-
pellet solvation valucs were correlated with heat stability
of milk by 'Thompson et al. (1969a), more highly solvated
casein micelles beilng more heat stable.

Viscosity measurements resulted in values for the
voluwninosity and solvation of bovine casein micelles of
4,37+0.27 ml/g micelles and %.67 g water per g protein,
respectively (Dewan et al., 1973). Micelle solvation as
measured by viscometry (Lewan et al., 197%) was considerably
higher than that measured by ultracentrifugation (‘fhompson
et al., 1969a).

2.5 Tenperature Dependent Dissociation of Casein liicelles

The structure of casein micelles can be investigated
under conditions of controlled dissociation. Casein micelles
may be dissociated by low temperature (Downey and Murphy,
1970), high pressures (Schmidt and Buckheim, 1970), high
concentrations of urea (Morr, 1967a), removal cf calcium
phosphate by dialysis (Pyne ard lMcGann, 1960; DMcGann and
FPyne, 1960), gel filtration (Boulet et al., 1970; Creamer
and Berry, 1975), Pyrophosphate and citrate (Morr, 1967b) or
£DTA (Lin et al., 1972).

The temperature dependent dissociation of casein
micelles has been investigated by ultracentrifugation (Rose,
1968; Downey and Murphy, 1970) or gel chromatcgraphy
(Downey and Murphy, 1970; Creamer and Berry, 1975).

Sullivan et al. (1955) suggested that 8-casein was
dissociated from casein micelles on cooling. This was
verified by Rose (1969) who showed B-casein constituted some
55/ of the increase in serum casein, obtained by storing milk
overnight at 4°¢ prior to centrifugation. Downey and IMurphy
(1970) found the total casein in supernatants prepared by



centrifugation increased from 6% to 15%, on cooling the
milks from 5OOC to 500. B-Casein accounted for 46% of this
increase, while a - and k-caseins constituted 305 and 23%,

respectively of this casein.

Gel chromatography of samples of bovine milk on a
column of Sepharose 2B in synthetic milk serum at 2500
indicated the presence?of two peaks (Downey and Murphy, 1970).
The first opague peak, which was eluted at the void volume,
contained the caseins, apparently in micellar form (molecular
weipght >1O8), and a second peak eluted at a volume
corresponding to molecular weight 2xﬂ05, contained the whey
proteins. On decreasing the temperature to SOC, acout 605
of the B-casein in the casein micelles was eluted with the
whey proteins. Chromatography of CPF-milk (colloidal
phosphate free milk), resulted in two major peaks, one
correspondini; to a molecular weight of 2X106, and the other
resembling the peak observed with skim milk, which contained
the whey proteins.

At SOC, casein micelles in normal wilk which have been
chromatographed on Sepharose 2B have about 90:% of their
a - and x-caseins, and 40, of the p-cssein eluted at the void
volume (Downey and FNurphy, 1970). Further gel filtration of
this micellar caseiln peak resulted in further dissoc¢iation,
until chromatography for a fourth time resulted in a fraction
containing 8.0:1.2:0.8 parts of agq =y B- and k-casein:s,
respectively (Downey, 1973). The material in this peak was
precipitated with 10 mll CaCl2, whereas normal milk is
unaffected by 1 M CaCl2.

Creamer and Berry (1975) examined the behaviour of
sub-micellar casein aggregates freed of colloidal calcium
phosphate and most protein bourd Ca, by chromatography of
caselin micelles consecutively on columns of Sephadex G-10 and
Sepharose 4B. From their results, they concluded that the
individual caseins in the sub-micellar casein aggregates
were in equilibrium with their constituent caseins.
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CHAFTER 3%: E{PERTMINTAL

o 0 Preparation of Skim Milks

Samples of bulk and individual bovine milks were
obtained from cows of the liassey University No.2 twin

e . op .
Friesian herd and skimmed at 30°C using a scparator.

Samples of individual or bull caprine milks were
obtained from British Sszanen milking goats. Skim milk was
prepared by centrifugation at 800 g for 10 min at BOOC, or
with a commercial separator, depending on the quantity of milk
available. .

Ovine milk samples were obtained from Romney ewes of

the hassey University flock. Some milk somples were also
obtained from other breeds. The milks wexe bulked or kept

as 1ndividual samples and the milks skimwmed by centrifugation
2 - o, . ¥

at 800 g for 10 min at %0°C. Skim milk was removed fron

under the cream layer using a pipette.

MILE COMPOSITION

Although there are a nuher of ceonstitucnts which
could have been compared, eniphasis is placed on those which
may be important to the integrity of the casein micelles.

3.2 Nitrogen Distribution

Total nitrogen (TN), non casein nitrogen (NCN), and
non protein nitrogen (NPN) contents of the milks were deter-
mined by Kjeldahl digestion using the procedurce of Rowland
(19%8), as modified by Aschaffenburg and Drewry (19%59). NCN
was determined in filtrates of skim milk which had been
acidified to pH 4.0. NPN was measured in 12.5% trichloro-
acetic acid (TCA) filtrates of skim milk. Casein nitrogen
(CN) was determined as:

CN = TN - NCN

Protein was 6.38 x nitrogen concentration



LIk | Inorpganic Fhosphate Determination

Samples were de-proteinised with TCA (final concentra-
tion, 12.5% w/v) and their phosphate content determined by
the method of Chen et al. (1956), in which the phosphate is
converted into a blue phosphomolybdate complex which was
estimated by absorbance at 820 nmn. Standards were prepared
from dried AnalaR grad% potassium dihydrogen phosphate.

el Determination of Cation Concentrations

After the skim milk was diluted, Na and X were deter-
mined by flame emission spectroscopy. Mg was determined by
atomic absorption spectroscopy using a seiss FIOII spectro-
photometer fitted with an FA2 flame attachment and a Sargent
SIL recorder. An air acetylene flame was used.

Ca plus lg was determined in suiltably diluted samples
which were titrated with EDT'A using calcon indicator (British
Drug Houses). 03003 dissolved in dilute HC1l was used as a
standard.

25 Cation Activity

A sample of skim milk was equilibrated with a portion
of strong cation exchange resin which had been pre-equilibrated
with a solution of salts having approximately the same
activities as the solution uncer test (Pearce and Creamer,
1974). After eqguilibration the resin was washed, dried and
later eluted with % IM HCl. The eluent was analysed by flame
photometry to give the resin composition. Hence, by use of
calibrating solutions, the cation activity ratios were
calculated, using K as the reference ion. From the concentra-

tion of K, the cation concentration quotient was obtained:

©-8-  8a _%¢a , (x)°
v2 2
K %

where ayy g and (K) are the activity, activity coefficient
and concentration of K respectively, and CYoP is the Ca 1ion
activity (Pearce and Creamer, 1974).
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Dhel® Citric Acid Content

Citric acid was measured in TCA filtrates (12.5% w/v)
of milks using the method of Marier and Boulet (1958), as

modified by Whitc and Davies (1963).

Dhent Electrophoresis

Caselin samples were precipitated from milks with acid
and examined by gel electrophoresis using the procedures out-
lined in Chapter 7.6. '

PROPERTTIES OF CASEIN MICELLWS

In this secction the procedures used to examine the
properties of cascin micelles by electron microscopy, ultra-
centrifugation, viscometry and gel chromatography are
described.

5.0 Freeze—-etch .islectron iiicrographs

These were prepared by taking milk from beneath the
cream layer, adding glycerol to 30% v/v, freezing it onto =a
specimen holder using liquid ¥reon 22, cutting the frozen
droplet under vacuum aand depositing a layer of carbon-platinum
on to the lightly etched surface. After mounting the
replicas on to appropriate grids they were examined with a
Philips &M 200 electron microscope.

6.9 whole lMicelle Electron Micrographs

These were prepared by 100-fold dilution of the milks
with 0.01 M CaClz. further samples (30-fold dilution) were
also fixed with 2% (v/v) formaldehyde solution for 30 minutes.
These solutions were sprayed on to collodion coated copper
grids and air dried. Some weie shadowed with platinunm-
carbon and they were examined using a Philips EM 200 electron
microscope.

Voluminosity and Solvation of Casein Micelles

The volumihosity and solvation of casein micelles,
defined in Chapter 2.4, were measured by ultracentrifugation



and viscometlry measurements on caprine, ovine and bovine
milks. The water and protein content of pelleted micelles
prepared by ultracentrifugation of milk samples were used

to determince the cascin-pellet solvation. Viscosity
measurements on the milks and diluted milks, reiative to
ultraccntrifuge serum were used to determine the voluminosity,
and hence the solvation of casein micelles. The caseln-
pellet solvation (measured by ultracentrifugation) is not
necessarily the same as the casein micelle solvation,

measurcd by viscometry (Chapter 5.2).

%.10 Solvation of Casein Micelles: Ultracentrifucation

Casein-pellet solvation was determined by ultra-
centrifugation of skim wmilk using 2 procedure similar to

that previously described by waugh anid Noble (1965).

Welghed sliquots of skim milk werc centrifuged at
BOiﬂoC in a deckman SW 56 rotor using a beckman L2-65 ultra-
centrifuge for periods of 20 minutes to % hours at 330 000 g.
Casein-pellet solvation was also determined at 4°%¢ wnd %0°C
by centrifugation in a 'i'ype ©5 rotor at 102 0CC g for
60 minutes.

After centrifugation, the serum was carefully poured
off and the tube and wet pellet welghed. After frecze
drying, the tube and pellet vere again weighed, the loss of

2

weight on dryine being the weight of water in the pellet.

Casein-pellet solvation (g water per g dry micelle
pellet) was estimated from:

W - W
W a

caseiln-pellet solvation =

W - w
d

where W Wy and Wi, are the weights of tube end wet pellet,
tube and dry pellet, and tubte, respectively.

The distribution of cations and inorganic pnosphorus

between the serum and micelle phases was detcrmined by
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analysing the scrwn cand micelle pellets, after weirphed

aliquots of the pelletls had been re-dissolved.

511 ~olvation of {asein PMicelles: Viscosity Measurenments

Freparation of Lauaples

vamnples of [resh g¢him milk were centrifuged at 1500 g
for 15 min at OOC. 3treptopen (1 drop/500 ml) (Glaxo
Laboratories, 107 units wtreptomycin and 10) units penicillin
per tube) was added to each millk sample to prevent bacterial
growth. The samples of milk were ecguilibrated at 4°¢ and
BOOC prior to viscosity meuasweunicnts. Lerun used to dilute
the milk samples was prepared by centrifuging milk at #°C or
BO C in a Bechnuun 1L2-65 uvltracentrifuge for 71 h at 102 000 g
to sediment the cecein micelles. s#liouvots of milk were
diluted 29., 50. cnd 75,. by weisht with 4°C or 20°C ultra-
centrifuge serun, and then equilibrated at 4°¢ or BOOC, prior

to viscosity mecesurcnients.

The concentration of micellar casein in the milks was
determined from the 1IN and LCN contents of the pelleted
micelles which were obtained during the prevaration of the
ultracentrifuge scra. "he relative densities (relative to
water) of milks ond ultracentrifuse sera were measured at 20°c
using a 10 ml! or 25 ml pycnometcr. Relative densities of the
diluted milk samples were obtained by internolation of the

serum and milk values.

It was considered necessary to complete sll of the
measurements within 12 h of the milk samples being collected.
Consequently, this reduced the nunber of dilutions of milk
which could be used to determine the intrinsic viscosity of
the casein micelles.

Viscosity lieasurements

The relative viscosities of milk and diluted milk
samples, measured rclative to ultracentrifuge serum at
4t 0.02°C and 30 % O.ﬂoo, using Cannon ilanning Semi ficro
Capillary viscometers (Camnon Instrument Co., Fennsylvannia).
The type /Y and type 50 viscometers were used at 4°C and 3000,
respectively, giving flow times for 1 ml samples from 200 to
400 sec.
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The samples of milk, diluted milk and ultracentrifure
serum were {i1ltered through mediun porosity sintered glass
filters into the viscometers and cquilibrated for 10 min at
4°¢ or 0°C. flow times for each samole were an average of
at least three measurements, none of which was more than
0.1 sec different from the nmcan. After each run the
viscometers were rinsed with water, washed with chromic acid,
rinsed again with deionised water and acetone, and finally
dried in a stream of dry compressed air. Unless extreme
care was taken in the preparation of samples for viscosity
neasurements, reproducible results were difficult to obtain,
presunably due to the presence of dust particles and large
fat globules.

Treatment of Data

The flow times, relative densities and concentrations
of micellar casein were used to determine the reduced

viscosity ( msp/c) of each sample from the expression:

it - dobo

where d and d, are the relative densities, and t and to are
the flow times of samplce and ulctracentrifuge serun,

resvectively.

The intrinsic viscosity, [v], is related to the

reduced viscosity by the Huggin's equation (Bradbury, 1970):

NS 2
—EE = [‘f}] + k 1 ['1] [
wherc k' is the luggin's constant. The intrinsic viscositie

of the casein micelles from caprine, ovine anc bovine milks
were determined by linear least squares analysis of a plot of
reduced viscosity versus the concentration of casein in the

micelles.

G

S
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If it 1is assumed that the cascin micelles are rigid,

non-interacting cphcerical particles in solution, then it can
be shown that the voluminosity, V, 1s related to the intrinsic

viscosity by:

r o o

Vo = [7] /2.5

storiiula has beenn discussed in sone

The derivetion of this

detail by Dewan et al. (197:4).

'he degree of solvebion of cusein micelles (51) can
then be determined using the approwimation of Panford (1961)
vhere:

Vo= ¥, 4+ 8,V

and V? is the partisl specific volume of dry casein micelles
and vg is the specific veclune of pure water, taken as 1.00 ml/
8. The partial specific volume of dry caseiln was taken as

0.7 ml/g (ford et ai., 195Q).

o 2 Tenperature Dependent Dissocilolion of Casein IMicelles

Casein micelles were sedimented from cavprine, ovine
and bovine milks by centrifusation at different temperaturcs
and the soluble cascins present in these sera were quanti-

tatively examined by gel electrophoresis.

blkin milk samples wevre equillibrated at MOC, 20°C or
30°C for 1 h prior to centrifugation in a Beckman 1ype 65
rotor at 102 000 g for 1 h in a Beckman L2-65 ultracentrifuge.
Four ml samples of serum were removed and acidified (Chapter
7.1), centrifuged for 15 min at 27 000 g and the supernatant
removed and the precipitate (casein) redissolved in 10 ml
4.5 Il urea solution containing 0.1, (v/v) 2-mercaptoethanol.
Samples of milk (4 ml for wovine caprine, and 2 ml for ovine)
were precipitated with acid and the caseins redissolved in
25 ml of 4.5 M urea containing 0.1% (v/v) 2-mercaptoethanol.
Aliguots (0.05-0.200 ml) of these sasmples were examined by
vertical polyacrylamide gel electrophoresis at pH 8.4

Chapter 7.6). After staining and destaining ti.e gels, they
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were cut longitudinally and the patterns scoanned usine a
Canalm irodel G dencitoneter. The concentration of each
soluble casein present in the sera was deternined from the
pealk areas in the densitomcler vatterns, and thie volume of
the sample analyosed. The concentratlions of the caseins
relative Lo that in whole casein were calculated from the
area under each poak. o wllowances were mace for any

=

T . . 3 .
differences in dye binding, between the caseins.

L , i - : L Y T
5.15 Gel Chromatorraphy of Casein liicelles at 6°C &nd
zr O"
208

The milk anc micelle f{ractions from thie three species
were exauined by chromatojmaphy on & column of vepharcose 43
(rharmacia) ueing the procedure described by Creamer and
Berry (1975).

Three drops of streptopen and 10 mg soyvean trypsin
ivhibitor (Ligma) per litre were added to skim nmilk to prevent
bacterial contamination and possible enzymstic degradation of
the caseins. Micelle fractions werc prevmared by ccentrifuga-
tion of skim milk in a Type 65 rotor ot 57 000 g for %0 nin
in a Beckman L2-65 ultracentrifuge at 5OOC. Thie upper
modile layer of snall micelles was rcmoved, and in the case
of bovine and caprine milks they were recevcrifuzed at
102 00C g for 30 min at 30°%C.  The large ond small micelle
fractions vere gently redisversed in water to give a protein
concentration of approximately 5j.

The samples were chromatographed at 6°C and 5700 on
a column (2.5 cm x 50 cm) congsisting of an upper layer of
vephadex G-10 (Jharmacia) (2.5 cm x 16 cm) used to dissociate
the casein micelles to sub-micellar casein agperegates,
followed by chromatography on a lower layer (2.5 cm x 2% cm)
of Cepharose 4B.

The column was equiliorated at 6°C or 37°C with
several bed volumes of 0.025 Il imidazole-[HC1 buffer pll 6.7
containing 0.1 M NaCl and 0.02, NaNB. The pll of the buffer
was adjusted at the temperature used for the chromatography.

The flow rate of the column was maintained at approximately
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40 ml/h at 77°C and 12 ml/h at 6°C. Fractions of avnproxi-
mately 5 g were collected and weighed. i'he absorbance of
the fractions was measured at 280 nm, and used in the
determination of the elution weight of the peak fractions.
Some fractions were diluted with 9 M urea containing 0.1
(v/v) 2-mercaptoethanol and the proteins examined by poly-
acrylamide gel electrophoresis (Chapter 7.6). After
destaining the gels, the protein patterns were scanned with
a densitometer, and the quantity of each casein determined
from the peak areas.



CHAPIXER 4: COMECSITICH OF CAVRINE, CVING AND BOVIND TMILES

The composition of caprine, ovine and bovine skim milk
samples were exarined on several occasions. Ovine and
caprrine milk samples were obtained from 6 and 12 animals,
respectively, while bulk wmilkx was obtained from a pre-
dominantly ¥riesian herd of covs. These millks wvere anzalysed
as soon as possible afiter collection and the naximum time
between collection and examination was 8 h for electron

micrograpvhs.

4.1 Nitrosen, Inorganic thosphorus and Citric Jcid

Contents

M, KCH and NIN contents 1in caprine, ovine and bovine
milks were determined by Kjeldshl analysis (Table 4.1). The
levels of inorganic phosphcrus and citric acid found in 2.5,
PC0A filtrates of ovine, caprine and bevinec milks are also
shown in '‘able 4.1. T, NCN and CN conlents were fairly
similar in caprine and oovine milks, although bovine mili: had
a slightly higher level of both IN and Ci (Lable 4.1). ‘'he
higher level of 1IN in cvine mill, compared with bovine and

caprinc milks, 1s caused almoslt entirely by the high CN
content. Jrotein coantents vere 2.5, 4.6 and 2.8 g casein/

1700 ml milk 1in caprine, ovine and bovine milks, respectively.

Macy et al. (195%) compiled the results from & number
of studies which indicated an average composition for mature
caprine milk of 0.558% TN, 0.166;; NCN, 0.392/5 CN and
0.040;0 NEN, values which are slightly higher than those in
Table 4.1. Knowles and Wwatkins (19%8), whose results for
caprine milk were not included in the review by MNacy et al.
(195%), were similar to those in Table 4.1 with values of
0.5226 TN, 0.%86,0 CN and 0.069,) NrN.

Caprine milk from British &aanen goats is known to
have a lower solids not fat content than other breeds
(Parkash and Jenness, 1968), which may partly explain the
lower levels of nitrogen (lable 4.1).

The nitrogen vualues obtained during a seasonal study
of bovine milk (Tlable 4.1) were similar to those compiled by

\H



Cavrine Cvin
Fram g M
Mean S.D.q Mean
m T
Total nitrogen 0.488 0.055 0.914

5/100 ml

Non caseln nitrogen z 420
/100 ml 0.1320 0.029 0.189

N;?qggogfin nitrogen 4 ggq  0.006  0.053
ngﬁég nltrogen 0.357  0.027 0.725
Ii§;%anic phosphorus 21.8 | 1.3 %4.0
e 6.69 9.77

1. Standard deviation.

5.D.]

0.044
0.008
0.002

0.0%9

T"'; ﬂe

Vochaa

. e
5.D.1

C.048

0.006
0.044

5.0

2. Results obtained during a seasonal survey of Friesian herd

milk by K Pearce (1973).
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Macy et al. (195%) who reported 0.5505 TH, 0.110;5 NCN,
0.440,5 CIi and 0.0%2¢ NIPN. The NiIN content of caprine and
ovine millis are higher, compared with the value of 0.0%20

NI obtained for bovine milk by Macy et al. (1953).

There was a similar concentration of inorganic
phosphorus in caprine and bovine milks (21.8 mM and 21."7 mM,
respectively), contrasted by the considerably higher level of
Z4.0 mli in ovine milk (Table 4.71). Bosworth and Van Slyke
(1916) found 2%.2-24.1 mll inorganic pnosphorus in caprine
milk, with one exception of %4.0 mli. These results are in

good agreement with those shown in Teble 4.1.

The citric acid content of caprine, ovine and bovine
milks (7able 4.1) cun be compared with those of Konar et al.
(1971) who found 4.2, 10.7 and 11.4 mM citric acid/kg milk
water in caprine, ovine and bovine milks, respectively. IMacy
et al. (19%3) reported levels of citric acid of 7.9 and 11.7
ml in caprine and bovine milks, respectively. The citric
acid levels in Table 4.1 for caprine, ovine and bovine milks

are lower than those of Konar et al. (1971).

lowever, the citric acid conteuat of the milks is dif-
ficult to determine with any accuracy (white and Davies, 196%),
since the results obtained depend on the method used, snd this
may have contributed to the differences between the present
results (Table 4.1) and those of Xonar et al. (1971).

4,2 Cation Concentrations and Activities

The total cation concentrations in samples of ovine
and caprine milk are given in Table 4.2 together with similar
data for bulk factory supply bovine milk. The Na levels for
the mid-lactational ovine and caprine milks were comparable
at 11-14 nli. The late lactational ovine milk and the bovine
milk were also comparable at 17/-20 nll. Konar et al. (1971)
reported average values of 21.6, 20.5 and 17.8 mmoles/kg milk
water for ovine, caprine and bovine milk. These values are
appreciably higher for ovine and caprine milk than the

present results.



Concentrations and ictivities of Cations in oskimmed Hilk frem animals of seversl Species

No. of Activity
sariples sample weeks of Iillk Concentrztion, mii _ e vienius.,
Lpecies pooled date lactation  pH G ha et Ca R e 75

Bovine herd milk

(Pearce, 1972) 6.72 39 20 5. 54 15 0.65 -
Ovine 8 5/12/72 20 5.52 5.6 47.4 L.28 5.0

10 12/12/72 21 6.57 %7.9 8.4 8.13 53.9 48.7 0.20 7
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> &1/ S/75 4 €.60 7L.4 5.0 F.rD 3408 2h.s 0,30 7

5 &7/ 9/ 5 6.04 36,7 1.6 B.59 4.3 B8 O.v2 ¢

S 4/10/7% 6 6.56 39.5 12.9 6.01 45,1 144.1 .59 1
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fhe . levels in ovine and bovine wilk were comparable
at 26-40 ml while in the caprine milk it was slichtly higher
at 50 mM. lHowever, Lonar et al. (1971) reported values of
50, 71 and &1 mmoles/kg milik water for X in ovine, caprine and
bovine milk respectively. #s the value they renorted for
bovine milk was high (ltook and Campling, 1965, rcport ca.
40 mmoles/kg milk water) it is possible that the values

reported for ovine and taprine milk were also too high.

The Ca contents of the cavrine and bovine milk were

similar and necar 30 mis. However, ovine milk Ca coantent was
near 50 mi. Cvine milk contains some 6,0 protein while bovine
and caprine milk contain ca. %.4. protein (Table 4.1). The

micelle pellets from ovine milk were twice the weisht of
those from bovine or caprine milks (Table 4.3). Ais Ca is
bound by caseln, 1t 1s likely that the hicher Ca content of

ovine milk is a conseguence of its higher casein content.

The Mg levels follow a similar trend to the Ca levels
being highest in the ovine milk (6-8 M) and lowest in the

caprine milk (4.5 mlf).

The averare Ca concentration quotients (aOa)/(Wgﬂ) are
similar for the three milks (Tlable 4.2). It Tx is assumed to
be 0.785 for the three milks, the average Ca l1on activities
are 1.01, 0.9% and 1.0% mii for bovine, ovine and caprine milk
respectively.

The Iig concentration cuotients are more varied, with
the bovine milk giving the lowest result. The ratio of
total lig to total Ca (0.11-0.14) is lower than the ratio of
the concentration quotients (0.40-0.52). This is probably
caused by the stronger associations between casein, citrate,
phosphate and Ca than between these anlions and lig
(Pearce, 1972).

Bosworth and Van Slyke (1916) and Kondo and Mori (19%2)
(see review by larkash and Jenness, 1968) obtained levels for
Ca, Mg, Na and K in caprine milk of 28.6-40.7 mll, 8.5-15.% mii,
15.%=-18.2 ml and 42.4-5%.3% ml respectively. These con-

centrations of Ca and K are similar to those o1 the present



study (able 4.72), whercus the wurlier results for lg and

Na were considcrably hisher

Djordjevic and Curic (1v72) during a seasonal study
obtaincd an average value of 51.0 mhi Ca in ovine milk, which

is comparable to the results oi this study (Lable 4.2).

4.7 “lectrovhoresia of the Chseinsg
¢

Caseln sanples prepared from the milks of the three
species, gave different electrovhoretic patterns (Fig.4.1).
1he bovine cersein sanple contained « q—caoewn B and g-casein
B, with approximately eoual stain intensity, and a number of
minor bands. 'hhie ovine casein containeda four major bands
in twe regions which hoave been designated as o= and f-casein
(Bloan et al., 1961; C'Connor and rFox, 1U73). 'he caprine
casein components were sirilarly labelled, although there
were marked intensity differences. L detailed analysis of
the physiceal and chemical properlies of these proteins has
shown this classificaticn (QMig.2.1) to e correct (this
thesis, rart 17). The cavrince, ovine and bovine f-caéselnsall
have similar elecctrophoretic mobilities in alkalinc gels.

In contrast, under thesc conditions the order of movbility of
the c%—caseins was boviue > ovine > caprine. It is
interesting to note that some ol the minor components,
particularly those with lower clectrophoretic mobilitics than
the p-caselns were similar in the three specles. It 1is
evident from Iig.4.1 that the proportion and nature of the

caselns varies considerably with the different species.

A COMPARISCIH OF PHE I'ROPLRTIES OF THE CAGLIN MICELLLS

4.4 slectron Micrographs of Intact Ilicelles

Iypical electron micrographs of the platinum shadowed
micelles of bovine, ovine and caprine milk are shown in
Fig.4.2. It is clear that there are mecre srall micelles in
ovine and caprine milk than in bovine milk. A characteristic
of the caprine milk was the occurrence of a few large micelleg,
many of these were larger than any bovine micelles.

Formaldehyde treated micelles showed the same characteristics



Fig.4.1:

tolyacrylamide gel electrophoresis at pH 8.4 of
bovine (I), caprine (II) and ovine (III) caseins.
The bovine casein was_obtained from a cow
homozygous for ¢3%—Gn3~ﬁ—0n -x-CnB. The bands

corresponding to the major e_- and f-caseins 1in
caprine and ovine caseins ar@ indicated. The
Bp-casein with the higher electrophoretic
mobility in caprine and ovine caseins was
designated as p,-casein, while the less mobile
component was dgsignéted as p,-casein. The
nomenclature of these caseins™is discussed in
Chapter 8. The direction of electrophoresis
is indicated.

29
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but they appearcd to be a little smaller. The average sizes
of the caprine, ovine and bovine casein micelles were about

110 nm, despite the different size distributions.

Lxamination of unshadowed preparations showed that
the ovine and most caprine micelles were similar to the
bovine nicelles, but that the large caprine micelles appeared
to contain more electron dense material than large micelles
of other species.

Electron microscope examination of bovine milk samples
using a number of procedures showed the average micelle
diameter in bovine milk was approximately 100 nm (Nitschmann,
1949; IKnoop and Wortmann, 1960; Farry and Carroll, 1969;
Baito, 197%), in good agreement with the present investiga-
tion. Knoop and wortmann (1960) found that the casein
micelles of caprine milk colostrum had an average size of
1%% nm.

4.5 iLlectron Micrographs of Freeze-etch Replicas

Typical freeze-etch electron micrographs cf bovine,
ovine and ceprinec micelles are shown in Fig.4.3. It can be
seen that these micelles are composed of sub-units. It can
also be seen that the sizes of the sub-units of the micelles
from the milk of these different species are similar at ca.
3 e The sizes of the sub-units in bovine milk aie
similar to those recently reported (Schmidt and Buchhieim,
1970 Buchheim and Welsch, 1973), and slightly smaller
than the size of 15-20 nm obtained by Knoop et al. (1973).

4,6 Ultracentrifugation of Casein Micelles

Under the conditions normally used for sedimenting
bovine casein micelles (68 000 g for 45 min) prior to
measuring caeir casein-pellet solvation (Thompson et al.,
1969a), caprine and ovine casein micelles were not
completely sedimented. Conseqguently, a series of
centrifuge runs of different length were carried out. ILC
was found that measured casein-pellet solvation decreased as
the run length increased. Iurther runs at higher forces
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Fig.4.2: Typical electron micrographs of shadowed bovine,
ovine and caprine casein micelles on collodion
grids. The milks were diluted with dilute CaCl
solution and the mixture sprayed onto the grid.

2

Bovine

Caprine

Bovine Ovine Caprine

Fig.4.3: Freeze-etch electron micrographs of the micelles
in bovine, ovine, and caprine milk. FPhotographs
showing micelles of approximately similar size
were selected.



(330 000 g for 20-180 min) were made and the results are
presented in Table 4.3%. It can be seen that for all milks
the solvation decreased with increased time of centrifugation.
The weights of the dried pellets did not alter by more than
5% from the minimum to the maximum time of centrifugation,
showing that the decrease 1n solvation was probably caused by
pellet compression and that little additional material was
sedimented. These solvation values were lower than those
reported by Thompson et al. (1969a) of 1.90 g water per g dry
casein micelles. However, they were similar to the minimum
solvations obtained by Waugh et al. (1971) for cgq—casein

and 1:1 ratio mixtures of agq= and B-casein in CaCl2
solution. These latter results were essentially independent
of field at less than 100 000 g.

Table 4.3

Variation of Casecin-Pellet Lolvation and Dry Fellet

Weight with Species and Centrifugation Wime

Casein-~pellet Dry pellet
Centrifugation solvation wt.,g/100 g
Species time, min g I-0/g dry pellet skim milk

bovine 20 2.12 %.02
60 1.89 5 .82

180 e 59 %.20

ovine 20 2.00 6.07
60 1.80 6.09

120 1.62 5.97

caprine 30 1.97 2.85
60 1.67 %.00

120 154 %.02

4.7 Ca and Fhosphate Distribution

The Ca and phosphate contents of milks and their
derived casein pellets and sera are shown in Table 4.4. 'The
micelle pellets from the milk of the three species were

similar in their Ca and phosphate contents and their ratios



Table 4.4

Distribution of Calcium and Inorganic Fhosphate Between Micellar and Serum Fhases

Micellar content

Sample Centrifugation mmoles/g of dry Serum content Ca:Fhosphate
- Species date time, min pellets mmoles/1l serum ratio

Ca Fhosphate Ca TYhosphate Micellar Gerum

Bovine  (10/12/71) 0 (milk) z1.7 2% .1 1.37
20 0.718 0.345 16.2 124 2.08 1.30

60 0.61% 0.300 14.5 1.9 2505 Iz

180 0.535  0.299 15.0  12.1 2.19°  1.21

Cvine (21/ 9/73%) 0 (milk) 60.2 34.8 1.73
30 0.700 0.365 N6w? 14.0 1.92 1.19

60 0.704 0.3%66 N> 12 46 1.93 1.20

120 0.740 0.264 16.0 14.0 2.04 1.4

Caprine (26/ 9/73) O (milk) Z4.7 2%.1 1.50
30 0.745 0.376 12.6 fion2 1.98 1,24

60 0.726 0.360 121 10.0 2.02 P

120 0.758 0.265 12.0 giC = 2.08 el



of Ca to phgsphate. The ratios of Ca to phosphate in the
sera were also similar, but the absolute quantities varied,
with the ovine milk containing the most Ca and the most
phosphate, and the caprine milk containing the least. I
is interesting to note that the milk pH's were 6.61, 6.69
and 6.76 (Table 4.2) for the ovine, bovine and caprine milks
used to obtain these resﬁlts, suggesting that perhaps the

pH of the milk is related to the soluble Ca and phosphate in
milk.

On one occasion, examination of ovine ultracentrifuge
serum showed that it contained 13.6 mM Na, 35.5 mM K and
3.9% mM Mg compared with 1%.% mM Na, 35.1 mM K and 7.%% m!l Mg
in milk. This indicated apprecximately half of the Mg was
associated with the ovine micelles, while Na and K were
largely in the serum phase. In a sample of caprine milk,
the ultracentrifuge serum contained %.13% mM Mg compared with
4.45 mM Mg in the milk, indicating %0% of the lig was associated
with the micelles.

The greater variation in Ca:phosphate ratios among the
milks than in either the sera or the micelle peilets (lable
4.4) was caused by the variation in the quantities of
micellar cascin in the milks (Table 4.3 gives pellet weights).
As the gquantity of casein in the milk increased the
Ca:phosphate ratio tended towards that of the micelle phase
(ca. 2.0). '

Jenness and Fatton (1959) reported a Ca:phosphate
ratio of 2.12 in bovine casein micelles. Ca:phosphate ratios
obtained by Bosworth and Van Slyke (1916) for micelles from
caprine milk were more variable than those in Table 4.4. This
variation was probably due to the less accurate methods of
analysis available at that time.

4,8 Discussion

The results showed that the bovine, ovine and caprine
casein micelles have similar sub-structures, but their size
distributions were different (Figs.4.2 and 4.3).
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If the sub-units are 12 nm in diameter with a volume of
9X’IO_25 m5 and the average micelle is 120 nm in diameter
(8chmidt et al., 1973) with a volume of 9X10-22 mB, then a
maximum of about 1 000 sub-units might fit into each micelle
(assuming no space between the sub-units). I1f the average
caseln molecule is considered to have a molecular weight of
24 000, weigh about 4510”0 g and occupy a volume of 5x10—26
mB, then there would ber about 30 molecules per sub-unit (if
the sub-units contain only protein; cf. Waugh et al., 1970).
I1f an appreciable fraction of the measured solvation is
closely associated with the protein and included in the micelle
sub-unit (or between the sub-units) then there would be a
corresponding decrease in the number of casein molecules per
sub-unit (or sub-units per micelle).

The mineral levels in the milks varied from species
to species (Pable 4.2) but there were no significant dif-
ferences in the cation activities, or the Ca:phosphate
ratios in either the casein pellets or the sera (Table 4.4).
The small differences in the caseiln-pellet solvations
(Table 4.%) may possibly be a reflection of the differences
in micelle size distribution, but they were sufficiently small
to be considered insignificant. The apparent differences in
Ca:phosphate ratios of the skim milk were an indication of
the differing quantities of casein in the milks, as the
micelle pellets had Ca:phosphate ratios of ca. 2.0 and the
sera had ratios of ca. 1.2.

There were major differences between the electro-
phoretic patterns of the casein samples. The caprine casein
contained smaller quantities of the more mobile components
than either the ovine or the bovine casein. However, these
differences must compensate each other, so that similarly
sized sub-units can be formed in the casein micelles in the
milk of each species.

The sub-units however, behave differently. The
caprine sub-units form either large or small micelles, ovine
sub-units form small micelles and bovine sub-units form
micelles with a wide size distribution. It is unlikely that
variations in Ca or lg ion activities could be of importance



because they are very similar in the three milks. It seems

likely that the obscrved diffcrences in micelles size
distribution are related to the way in which the proteins

in the various sub-units react with ecach other when the sub-

units coalesce to form micelles.



CHAPTER 5: TEMPLERATURYE DEPENDENT PROPERTIES OF CASEIN
MICELLES

The tempcrature dependent properties of casein micelies
from caprine, ovine and bovine milks were compared by ultra-

centrifugation, viscosity measurements and gel chromatography.

5.1 Ultracentrifucation
v

Samples of caprine, ovine and bovine milks were
centrifuged at 102 000 g for 60 min at 4OC, 20°€ or'BOOC, and
the caseins present in the supernatant sera were precipitated
with acid and examined by alkaline gel electrophoresis and
densitometry (Figure 5.1). The alkaline gel electrophoresis
patterns that were obtained are shown in Fig.5.1. ~ The pro-
portions of the "soluble™ caseins, expressed relative to their
concentration in milk, are presented in Table 5.71.

The results for "soluble" B-casein in caprine and ovine
milks include the «-caseins, since they are difficult to
differentiate from the f-caseins and other minor components
under these conditions (Chapters 9 and 10). Furthermore, the
results in Table 5.1 for the v¥-caseins in bovine milk may
include some soluble «-casein since no attempt was made to
differentiate between these caseilns.

Table 57

Temperature Dependent Dissociation of
/l

Casein Micelles

2

% Soluble Casein

Caprine Bovine Ovine

- ag-— v- g - o= B- ag -
4°C Micelle Serum 15 - 10 16 1 2w
20°C Micelle Serum 2 - - trace - 1 -
30°C lMicelle Serum 2 - - - - - -

1. The proportion of the caseins in the ultracentrifuge
sera were determined by gel electrophoresis. The gel
patterns were scanned with a densitometer and the

peak areas of the caseins compared with those from
the gel patterns for the milks.
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2 3 4 5 6 a 8 9 10 n 12 13

Gel electrophoresis (pH 8.4) of the caseins present in the ultracentrifuge sera,
obtained by sedimenting caprine, ovine and bovine casein micelles at different
temperatures. 1, whole caprine casein; 5, whole ovine casein; 9, whole bovine
casein; 2, 6, 10, 11, 4° serum [11 has twice as much sample as 10); 3, 7, 12, 200C
serum; 4, 8, 13, 20°C serum. The direction of electrophoresis is indicated.

8¢t
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It is evident (¥ig.5.1, Table 5.1), that a consider-
able amount of the g-casein in milks from the three species
was soluble at 4°C. Only a trace of g-casein was soluble at
2OOC in bovine milk, with none evicent at BOOC. Caprine and
ovine milks had 155% and 21% respectively, of their g-casein
fraction soluble at 400, conpared with 10% for bovine milk.

A number of minor casein‘components with electrophoretic
mobilities less than the p-caseins arnd which were soluble in
caprine and ovine milks at 2OOC, remained soluble in caprine
milk at 30°C. The solubility of the ovine and caprine
'"s-caseins" at high temperature can largely be attributed to
the minor caseins evident in the p-casein region.

O'Connor and Fox (1973), in a similar study, found 10
and 1,6, respectively of the g- and as—caseins in bovine nilk
were soluble at 500, similar to the present results (Table
Ot ke Their values for g-casein in c¢caprine milk at 5°C and
20°C were Liigher than those in Table 5.1, being 25 and 10,
respectively. The proportion of soluble g-casein in ovine
milk was similar at 5OC and 20°C to the results in Table 5%
being 15, and 2%, respectively. I"'urthermore, C'Connor and
Fox (197%) observed minor components in ovine and caprine
milks, similar to those in ¥ig.5.1, that were soluble at SOC
and 20°C with electrophoretic mobilities in alkaline gels
less than the B-caseins. O'Connor and Fox (1973) designated
these components as, "minor B-caseins", since they were not
readily hydrolysed by rennin and were soluble at SOC and 20°C.
Details of a preliminary attempt made in this study to
establish the identity of these caseins are outlined in
Chapter 12.2.

Sl Voluminosity and Solvation of Casein Micelles

The voluminosity and solvation of casein micelles from
. . . p o) o)
caprine, ovine and bovine milks were measured at 4 °C and 50°C
from their intrinsic viscosities.

The relative densities of the milks and sera, obtained
by pycnometry, are compared with values obtained by Nejim
(1963) for ovine milk and those reported by Macy et al. (1953)
for caprine and bovine milks (lable 5.2). The value obtained
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by Nejim (1963) for the relative density of ovine milk wa
considerably lover than that obtained in this study.

Table 5.2

Relative Densitbles of [Milks and

Ultracentrifuce ilera

()vinemI Caprineq Bovine2
Milk 1.0467 1.0%%1 1.034
30°C serun 1.0274 1.0254 1.025
49 serunm 1.0%02 1.0280 1.027
Milk 1.0%66°  1.033%  1.032"

i e O
s lleasured at 25°C
. O
2. Measured at 20°C
. . L . 0
7. Value obtained by Liejim (196%) at 15 C.

4, Values reported by lMacy et al. (195%).

The reduced viscosities of the milks and diluted milk
fractions (rclative to ultracentrifuse serum) were used to
determine the intrinsic viscosities of the caseln micelles at
4°C and BOOC. The intrinsic viscosities of the micelles from
caprine, ovine and bovine milk were obtained b, linear least
couares analysis of the reduced viscosity plots, some of
which are shown in iigs.5.2, 5.3 and 5.4. The values
obtained for the intrinsic viscosities, voluminosities,
Huggin's constant, k', and the concentration of casein in the
micelles are presented in Table 5.%.

Some variation in the intrinsic viscosity, and hence
voluminosity values were apparent between the different
samples of milk. It is evident from Table .5 that with
two exceptions there were no appreciable differences between
the intrinsic viscoslity and voluminosity values at 4°C and
20°C for the sane samnple of milk. The results for ovine
milk (12/12/72) méy be unreliable since this was ~r end of
lactation milk sample which contained an abnormally high
concentration of prctein.
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CONCENTRATION (10’ g/ml)

Plots of reduced viscosity for caprine casein
micelles against concentration of micellar casein
at 4°C (m) and 30°C (e). Ultracentrifuge sera
prepared at 4°C and BOOC were used as reference
solvents. _
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CONCENTRATION
(xlozg/ﬁnl)

IFlots of reduced viscosity for ovine casein
micelles against concentration of micellar casein
at 4°C (m) and 30°C (e). Ultracentrifuge sera

prepared at 4°¢ andABOOC were used as reference
solvents.
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Fig.5.4:
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CONCENTRATION (s10%g /ml)

Ilots of reduced viscosity for bovine casein
micelles against concentration of micellar
casein at 4°C (m) and 3%0°C (e). Ultracentrifuge
sera prepared at 4°C and BOOC were used as
reference solvents.



Intrinsic Viscosities and Voluminosities of Caprine, Ovine and

Bovine Cssein Micelles

Intrinsic Casein
viscosity, Volumincsity (V) Huggin's concentration
Date @] ml/g ml/g Constant (k') g/ml
20°%c  4°  30°% 4°¢ 30°¢ 4.9¢ 20°¢ 49¢
Ovine milk 1/12/72 6.20 - 2.48 - 0.9 - 0.0474 -
12/12/72 5.6% 6.55 2.25 2.62 OL5 1.0 0.0594 (€.0587
19/ 9/73 7.25 7.5% 2.90 %.01 0.6 Ao 0.0453 0.0442
27/ 9/7% 6.43 6.3%0 2.57 2.52 0.9 1.9 0.C450 " 0.0400
4/10/73 7.7% 7.12 %.09 2.87 (OR7 2ol 0.0456 C.0385
Mean 2.66 2.80
Caprine milk 25/ 9/73 7.35 7.88 2.94 2. 15 0. 2.2 0.0214 0.0183
1/10/7% 6.53 8.90 2.61 756 0.6 1.2 0.02E5 0.0212
18/10/73% 6.01 - 2.40 - 4.4 - 0.0192 -
Meaa 2.65 PE
Bovine milk 9/10/73% - 8.40 - 3.3%6 - 1.6 - 0.0216
16/10/7% 7.95 7.25 2.96 2.90 152 4.1 0.0235 0.0193
Mean 2.96 513

tri7



I% ié apparent from the voluminosities of.the casein
micelles from caprine, ovine and bovine milks (Dbl Swd).,
that the micelles did not appreciably change their hydro-
dynamic size as the temperature was decreased from BOOC to
4°c¢. Furthermore, there was less casein in the micelles at
4°C than at 30°C (Table 5.3), consistent with dissociation
of caseins from the micelles at low temperature.

¥
The value of Huggin's constant, k', calculated from

the gradient of the graph of reduced viscosity against con-
centration and the intrinsic viscosity, is generally considered
to be related to the interaction between solute molecules
(Bradbury, 1970) (Chapter %.11). At BOOC, values of k'
range from 0.6 to 1.2, with one exception (Table 5.3). A
4OC, values of k' were considerably higher, and with one
exception, range from 1.1 to 2.4. Values of k' at 4°C were
always greater than those at 30°C. This was due to the
slope of the reduced viscosity plots (Figs.5.2, 5.3 and 5.4),
since the intrinsic viscosity values were similar at 4°C and
30°C.  The increased value of k' at 4°C, compared with 30°C
may be due to increased interaction between the dissociated
caseins and the casein micelles, as well as increased inter-
action between the micelles.

From the average voluminosities of the casein micelles
(Table 5.3), values were obtained for the solvation of casein
nicelles from caprine, ovine and bovine milks at 4°C and
20°C (lable 5.4). These casein micelle solvation values,
obtained by viscosity measurcments, are compared in Table 5.4
with casein-pellet solvation values, obtained by ultra-
centrifugation of milk samples at 20°C (Table e By and ait
1@, Casein-pellet solvation values were obtained at 420! oy
centrifuging milk samples for 1 h at 102 000 g. The
centrifugal force used to sediment the micelles was less than
that used at 30°C (326 000 g for 20 min to 180 min).

The micelle pellets obtained at low temperatures were
very "soft", compared to the "hard rubber-like" texture of
the pellets at 30°C. Consequently, difficulty was
experienced in separating the micelle and servm phases of
pellets sedimented at low temperatures.
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Table 5.4

Golvation of Casein Micelles (g water per g protein)

Cvine Caprine Lovine

Viscosity Eeasurementsq

30°C | 1.96 1.95 2.26

4°¢ 2.10 2.65 2.43

3 ?

Ultracentrifugation”

20°¢ 2.0-1.6  1.97-1.54 2.12-1.57

4°¢ 2.29 2.8% 2.16
Dewan et al. (1975)3 3,67
Thompson ¢t al. (4969&)4 1.60 1.90

1eSolvation values for casein micelles were calculated
from the average voluminosities in Table 5.% using
the expression:

o)

Y = V., + & e

2 1V

(Chapter %.11)

2.Casein-pellet solvation values (g water per g dry
micelle pellet) at BOOC were obtained from Table 4.3.
Values at 4°C were obtained by cenvrifuging milk
samples for 1 h at 102 000 g.

. 0, .
3. Obtained at 25°C from viscosity measurements.

4,Casein-pellet solvation values obtained at 5700 by
ultracentrifugation of milk samples at 68 000 g for
355 min.

Casein micelle solvation values measured at 4°C from
viscosity measurements (Table 5.3%) were slightly higher than
those obtained at BOOC (Table 5.4). Casein-pellet solva-
tion values (obtained by ultracentrifugation) at BOOC were
similar to those obtained from viscosity measurements at
30°C. Likewlise, with the possible exception of bovine milk,
the casein-pellet solvation values at 4°C were similar to

those obtained from viscosity measurements.



The ;alue of casein micelle solvation obtained for
bovine milk by Dewan et al. (197%) from viscosity measure-
ments at 2500, was considerably higher than those obtained
in this study by ultracentrifugation or viscosity measure-
ments (Table 5.4), and the casein-pellet solvation obtained
by Thompson et al. (1969a), at z27°¢. Dewan et al. (197%)
were unable to provide an explanation for the discrepancy
between their results hnd those of Thompson et al. (1969a).
Although the number of samples of bovine milk that were
examined in this study (Table 5.3) were limited, volumino-
sities that were obtained for the bovine casein micelles
were in accordance with those of the other species.

I'rom thelr intrinsic viscoslty measurements, Whitnah
and Rutz (1959) obtained a value for the voluminosity of
bovine casein micelles at 2500 of 2.7 ml/g. I'rom this a
casein micelle solvation value of 2.0 ml/g may be calculated,
which 1s close to the value obtained in Table 5.4 for bovine
caselin nicelles from viscosity or ultracentrifugation

measurements .

It is important to note that micelle solvation, as
determined by viscosity measurements, includes the water that
is occluded with the micellar domain. Conseguently, one
would expect the micelle solvation measured after a short
time of centrifugation may correspond to the viscosity
resultis. In fact, this appears to be the case, with the
increased time of centrifugation (Table 4.%) probably
resulting in more water or serum being squeezed out from
between the micelles, or the micelle sub-units.

D9 Gel Chromatography of Bovine, Caprine and Cvine

Casein Micelles

Although bovine casein micelles are disrupted by
the removal of Ca, the individual casein micelles remain
aggregated in sub-micellar caseln aggregates(Creamer and
Eerry, 1975). Jhen fractions of large or small casein
micelles from bovine milk were chrcmatographed, consecutively
on vephadex G-10 and Sepharose 4B at 57OC, ionic strength
0.1, using pH 6.7 buffer, it was found that the protein was
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eluted as a single peak constituting sub-micellar casein
agpregates (Creamer and Berry, 1975).

Alkaline gel electrophoresis patterns revealed the
ratios of x- to p-caselin in fractions of caprine and ovine
small casein micelles were hircher than those in milk or
fractions of large micelles. svimilar results were obtained
by Creamer and Berry (1975) for fractions of small bovine
caseln micelles. Fractions of large or small caseiln
micelles, isolated from caprine or ovine milks by ultra-
centrifugation, wvere cluted as a single major peak from the
sephadex G-10 and wsepharose 4B column, in the same position
as the bovine casein micelle fractions. Duplicate analyses
revealed that fractions eluted from the column which corn-
tained the most protein had elution weights of 82.8 g, 8.5 g
and 85.6 g, respectively for caprine, ovine and bovine
riicelle fractions. These results suggested that the caseiln
aggreraces from the three species had similar hydrodynamic

sizes.

rigure 5.5 shows the elution pattern obtained when a
fraction containing large micelles from ovine milk was
chromatographed consecutively on the bSephadex G-10 and
vepharose 43 column in neutral buffer at 5700. Alkaline gel
electrophoresis and densitometry of some of the fractions
that were collected (ligs.5.5 and 5.6) revealed k-casein was
eluted at the leading edge, whereas f- and aS—caseins were
distributed at a constant ratio throughout the sub-micellar
caseln aggregate peak. Similar results were obtained to
those in ligs.5.5 and 5.6 when fractions of caprine casein
micelles were chromatographed on the column. «k-Casein in
caprine micelle fractions could only be identified by electro-
phoresis of the column fractions at acid pH (Chapter 9.1),

since at alkaline pll x-caseln was obscured by the g-caseins.

Creamer and Berrcy (1975) showed that when bovine
caseln micelle fractions were chromatographed on the Gephadex
G-10 and sepharose 4B column, «x-caseln was eluted at the
leading edge of the sub-micellar casein aggregate peak.
Furthermore, densitometer measurements revealed the ratio

of #&casein to the other caseins to be 1 to 2.5 and 1 to 7
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Fig.5.5: Elution of ovine sub-micellar casein aggregates

from a Sephadex ‘G-10-Sepharose 4B column at 3700.

A sample containing ovine large casein micelles

was applied to the column and eluted at a flow rate
of 40 ml/h with 0.025 M imidazole-lCl buffer, pH 6.7,
containing 0.1 M NaCl and 0.025% (w/v) NaNB,
fractions of 3 ml being collected. <Total protein
was estimated as 280 nm absorbance (O). ome of
the fractions containing protein were examined by
gel electrophoresis (Fig.5.6) and densitometry.
x-casein (A), B-caseins (0) and a_-caseins 0)

were estimated by 615 nm absorbance of the amido
black stained bands of the gel electrophoresis
patterns (Fig.5.6).
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Fig.5.6:
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Polyacrylamide gel electrophoresis (pH 8.4) of
fractions obtained by gel chromatography of ovine
large casein micelles at 37°C (Fig.5.5).

O. Ovine large casein micelles prior to chroma-
tography. The fractions from Fig.5.5 which were
examined are indicated. The arrow indicates the
direction of electrophoresis.
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for the leading and trailing edge of the casein aggregate
peak, respectively of bovine milk micelles (based on 280 nm
absorbance).

At 6OC, micelle fractions from caprine, ovine and
bovine milks all have similar elution patterns when
chromatographed consecutively on a column of Sephadex G-10
and ocpharose 43. Hopever, under these conditions, consider-
able dissociation of lLhe casein aggregates became apparent
with the appearance of a second protein peak which -eluted
later than the casein aggregate peak. Mgures 5.7 and 5.8
show the elution pattern obtained for small caprine micelles
at 6OC, and the alkaline gel electrophoresis patterns of
some of these fractions, respectively. A considerable
amount of the caprine pB-caseins and some as—oaseins were
dissociated from the casein aggregates at low tenmnperature and
eluted close to the whey proteins (Fig.5.8).

The sub-micellar casein aggregates from caprine, ovine
and bovine micelles, at 6OC, had elution weights of 72.9 g,
75.2 ¢ and /0.5 g, respectively, thus essentially confirming
that the sub-micellar caseln aggregates have similar hydro-
dynamic sizes. 1t should be noted that a column with a
slightly different height of packed gel was used, compared to
that used at 5700 and consequently no comparison was made
between the elution volumes at 5700 and 6°C. The peak which
eluted at the beginning of the chromatographic run (Fig.5.7)
was distinctly turbid. Gel electrophoresis of aliquots
from these fractions (Fig.5.8) revealed no protein was present.
The absorbance 280 nm values (Fig.5.7) were not corrected for
any turbidity in the fractions. Similar peaks, which eluted
at the void volume of the column were observed by Creamer and
Berry (1975).

Chromatography of caprine, ovine and bovine caseiln
micelles consecutively on the column of Sephadex G-10 and
Sepharose 4B caused dissociation to sub-micellar casein
aggregates which had similar hydrodynamic sizes at both 5700
and 6°C. It should be noted that Creamer and Berry (1975)
found most of the Ca was dissociated from the sub-micellar
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Fig.5.7: Llution of caprine sub-micellar casein aggregates obtained from a small casein micelle
fraction from a Uephadex G-10-iLepharose 4B column at 6°C. Other experimental details

are the same as in Fig.5.5.



Fig.5.8:
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Folyacrylamide gel electrophoresis at pH 8.4 of fractions obtained by gel chromato-
graphy of caprine small casein micelles at 6°C (Fig.5.7).
micelles.

O, caprine small casein
The fractions in Fig.5.7 which were examined are indicated. The arrow

indicates the direction of electrophoresis.
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caseln aggregates, consistent with the removal of colloidal
calcium phosphate and the loss of most of the protein bound
Ca.

5.4 Discucsion

Both ultracentrifyugation measurements (Chapter 5.1)
and gel chromatogravhy (Chavter 5.3) of casein micelles
showed that the casein'micelles are porous structures which
allow caseins, in particular g-caseins to dissociate at low

temperatures.

The similar values obtained for micelle solvation
(viscosity measurements) or casein-pellet solvation (ultra-
centrifugation) at 4.°¢ and EOOC (Chapter 5.2) indicated that
the bovine, caprine and ovine casein micelles are highly
solvated, and have similar specific volumes despite the dif-
ferences in the nature of the caseins. The reason for the
difference between the voluminosity of bovine casein micelles,
as obtained in this study (Table 5.3%) and by Dewan et al.,
(197%) are not readily apparcnt. It is interesting to note,
however, that whitnah snd Rutz (1959) obtained a similar
value for the voluminosity of bovine casein micelles to that

obtained in this study.

The results which have been presented in Fart 1 of

this thesis are discussed further in Chapter 13%.



PART IT

ISOLATION AND CHARACTERIZATION OF 'Hi MAJCR CAPRINE
AND CVINL CASEINS, AND A COMPARISON WITH
THIZ BOVINE CASEINS.
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CHAPTER 6: INTRCDUCTION

The caseins, particularly those from bovine milk, have
been the subject of intensive investigation during the last
two decades. This has recently culminated in the elucidation,
largely by the French group at Jouy-en-Josas, of the primary
structures of the major bovine a =y B- and x-caseins and
their genetic variants., This was a sterling achievement
which has added impetus to further investigations on the
physical and chemical properties of the bovine caseins.

Recent.iy, there have been a number of excellent
publications which have reviewed the literature on the
caseins, in particular the bovine caseins (Jollés, 1966;
McKenzie, 1967; licKenzie, 1970; Rose et al., 1970;
McKenzie, 1971; Lyster, 1972; DMercier et al., 1972a;
Swaisgood, 1973). Consequently, only a brief survey of the
relevant literature is presented.

The chapter is divided into two sections, the first
reviewing some of the chemical and physical characteristics
of bovine caseins while the second section briefly reviews
the characterization of caseins from other species.

BCOVINE CASEINS

6.1 Historical

Casein was first isolated by Braconner in 1830.
Hammarsten isolated and characterized acid casein some 50
years later in 1883. Nearly a century after it was first
isolated, Linderstr¢gm-Lang and Kodama (1925) and Linderstrgm-
Lang (1929) discovered casein was a heterogeneous
phosphoprotein.

Use of Tiselius free-boundary electrophoresis by
Mellander (19%9) resulted in the separation of bovine casein
into three fractions which he called a-, - and 9-, in order
of their decreasing mobilities at pH 7.6. Following this,
Warner (1944) described a method to isolate a- and B-caseins
by chemical fractionation and later Hipp et al. (1952)
isolated the a-, B- and ¥- fractions, utilizing their



b 4

different solubilities in ethanol and urea solutions. The
latter method is still widely used today for isolating casein
fractions.

One of the more significant advances in the chemistry
of caseins was an extension of Linderstrgm-Lang's observations
on solubility differences in the presence of Ca by Waugh and
ven Hippel (1956). Tgcy uscd sedimented casein micelles to
isolate "first cycle casein", (casein micelles, essentially
freed of Ca) and they then separated it into two fractions:
Fraction S which was soluble in the presence of Ca, and
Fraction 1 which was insoluble in the presence of Ca. Sub-
sequently, Waugh et al. (1962) used Fraction P to isolate
as-casein, while McKenzie and wake (1961) used Fraction S to

isolate «-casein.

6.2 Identification of the Major Casein Fractions

There are three major bovine caseins, a g~ - and
k—-casein. The nomenclature and characteristics of these
caseins have already been described briefly (Chapter 1.2)
and for a more detailed description the reader is referred
to the reviews by the "Committee on milk protein nomen-
clature, Asmerican Dairy Science Association" (Jenness et al.,
1956; Brunner et al., 1960; Thompson et al., 1965; Rose
et al.. 1970).

The major c%—casein fraction, which accounts for
some 50% of bovine casein, contains a major component, a 4=
‘asei i a -, a - - -
casein, and several minor components, e -, @, 5—, agz=y Ogy
and 125—caseins (Annan and Manson, 1969; Rose et al., 1970)

(Fig.4.1).

B-casein, which constitutes 30% of the total casein,
has a mobility in starch and polyacrylamide gel electro-
phoresis less than that of asq—casein. (Fig.4.1) (Rose et
al., 1970).

The xk-casein fraction contains some 15% of the total
casein (Rose et al., 1970) and has an electrophoretic
mobility in alkaline polyacrylamide and starch gels which is
less than f-casein (Fig.4.1). The minor fraction, "whole
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Y-casein'", is composed of ¥-, TS-, R- and S-caseins, which
account for 3-7% of the total casein (Rose et al., 1970).
These y-caseins are now known to arise through the degrada-
tion of B-casein by a naturally occurring milk protease
(Gordon et al., 1972; Yamauchi and Kaminogawa, 1972).

507 Genetic Variants of Bovine Caseins

Aschaffenburg (4961) was the first to demonstrate
genetic polymorphism in the g8 -caseins by paper electro-
phoresis in the presence of urea. He found three variants
which he named A, B and C, in order of their decreasing
mobilities at pH 7.15. These were the result of autosomal
co-dominant alleles. Later, Peterson and Kopfler (1966)
using acid polyacrylamide gel electrophoresis in gels
containing urea demonstrated that g-casein A was actually
composed of three variants, Aq, A2, and AB, in order of

their decreasing mobilities (Kiddy et al., 1966).

Recently, other genetic variants of B-casein have been
observed in the casein from Zebu cattle (Bos indicus) which
Aschaffenburg et al. (1968a) designated as the D and Be
variants. The BZ variant had an identical mobility in

alkaline and acid gel electrophoresis to the B variant

in Western breeds. Examination of chymotryptic digests
however, revealed differences between these variants
(Thompson et al., 1969b). A new variant, B-casein E, has
been observed in Italian Piedmont cattle (Voglino, 1972).
-The isolation and partial characterization of a new g-casein
variant has been described (Seitov et al., 1971) although no
details of its electrophoretic mobility are available. The
relative mobilities of the genetic variants of g-casein in
alkaline and acid gel electrophoresis are shown in Fig.6.1.

Following the report of g-casein polymorphism,
Thompson et al. (1962) using alkaline gel electrophoresis,
observed three variants of (gq—casein in Western cattle,
which they designated as A, B and C, in order of their
decreasing mobilities. Since then, Grosclaude et al. (1966)
have identified a fourth variant, cgq—casein D, with a
mobility on alkaline gel electrophoresis intermediate
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between the A and B variants (Fig.6.1). Originally this
variant was thought to exist only in the milk of the French
Flammande cattle, but has now been found in other breeds
(Grosclaude et al., 1973).

Polymorphism has not yet been observed in the minor
as—caseins of Western breeds (Hoagland et al., 1971),
although casein of somg Red Danish cattle give no &3~ and
ab4—casein bands after starch gel electrophoresis
(Michalak, 1967).

The existence of two genetic variants of «-casein
was established independently by three laboratories
(Neelin, 1964; Schmidt, 1964; Woychik, 1964). These were
designated as k-casein A and B, following the nomenclature
for @ 4= and p-caseins. «-Casein was resolved into definite
zones by electrophoresis only after the disulphide linkages
were first reduced to allow complete dissociation in urea.
The relative mobilities of the k-casein genetic variants are
shown in Fig.6.1.

The genetic variation in 7Y-casein and in the other
minor fractions was shown to follow the variations in
B-casein (Groves and Kiddy, 1970). In light of the recent
findings on the 7Y-caseins (Groves et al., 1972), their

relationship with B-casein is not surprising.

All of the genetic polymorphs presently characterized
are products of allelic autosomal genes inherited via simple
Mendelian processes with no dominance (Aschaffenburg, 1968;
Li and Gaunt, 1972; Thompson, 1971).

Of the tgq-caseins, the B variant is predominant in
liestern breeds (Bos taurus), Ayrshires being hcmozygous for

this allele, whereas the C variant is predominant in Zebu
cattle (Bos indicus) (Aschaffenburg et al., 1968a). ag
Casein A 1s a rare genetic variant which has only been

observed in some Holstein-Friesian , New Zealand Friesian
and Red Danish cattle (Farrell et al., 1971).

The AT, 4°

found in most Western breeds, although the B variant is a

and A5 variants of B-casein A have been
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Fig.6.1:
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Diagrammatic representation of the relative
mobilities of the genetic variants of the bovine

agq =y B- and x-caseins in starch gel electrophoresis
with urea and 2-mercaptoethanol. A, PH 8.6;

B, pH 3.0. Only the main band of x-casein is
indicated at pH 8.6. .Reproduced from Grosclaude

et al. (1973).
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significant }henotype in the Jersey breed (Aschaffenburg,
1968). Both k-casein variants occur with high frequency in
all breeds, A predominantly in Holsteins and B in Jerseys
(Aschaffenburg, 1968).

To date, with the exception of the B-casein BZ
variant in Zebu cattle, all the genetic variants have been
the result of substitution of charged amino acid residues,
or in the case of asq-casein A, a deletion of % residues.
Changes involving charged amino acids are most readily
detected by gel electrophoresis. Substitutions could
occur 1involving uncharged residues, such as in the BZ
variant of g-casein (4ischaffenburg et al., 1968a; Thompson
et al., 1969b) which are not as readily detected and have yet
to be observed. Grosclaude et al. (1973) estimated that
one in three genetic variants in bovine casein which are the
result of point mutations might have substitutions involving
charged amino acids. It is obvious therefore, that a large
number of genetic variants involving neutral substitutions
may yet be identified.

K—C A SE]_ N

6.4 Isolation of x-Casein

Linderstrém-Lang (1929) pbstulated the existence of
k-casein, after isoclating and partially characterizing a
crude casein fraction. It was later isolated from "first
cycle casein" as an impure fraction soluble in Ca by Waugh
and von Hippel (1956). McKenzie and Wake (1961) isolated
k-casein by a procedure involving alcohol fractionation of
Fraction S, a fraction from acid casein which was soluble in
Ca. Waugh (1961) showed «-casein was the only major casein
possessing disulphide bridges. These were shown to occur
inter-molecularly, resulting in the formation of a series of
covalent polymers ranging in size from 60 000 (trimer) to
well above 150 000 with S2O,w values of 13%3.25 in neutral
phosphate buffer (Swaisgood and Brunner, 196%; Swaisgood
et al., 1964; Mackinlay and Vvake, 1964; Talbot and Waugh,
1970).



Alkaline gel electrophoresis in the presence of urea
of reduced k-casein containing a single genetic variant
revealed one intensely staining band and approximately five
minor bands with greater mobility (Mackinlay and Wake, 1964;
Schmidt, 1964; Woychik, 1964). These rapidly migrating
bands, which only account for a proportion of k-casein,
differ from the slower, more intense band in their carbohy-
drate content (Woychikiet al., 1966; Mackinlay and Wake,
1965; Gchmidt et al., 1966). The major component contains
no carbohydrate, while the minor bands possess increasing
amounts of hexose and sialic acid. Treatment of these
caseins with neuraminadase reduces the intensity of these
minor components, consistent with the removal of sialic acid
from the leading bands (Schmidt et al., 1966). These bands
also disappear on treatment with rennet (Rose et al., 1970;
Schmidt et al., 1966). The lack of carbohydrate does not
affect the micelle stabilizing ability of x-casein
(Mackinlay and Wake, 1965).

Ribadeau Dumas et al. (1964) purified «-casein by
chromatography of whole casein on DEAE-cellulose in buffer
containing urea. Later, k-casein was isolated by chromato-
graphy on DEAE-cellulose after the disulphide groups were
reduced (Schmidt et al., 1966; Mackinlay and Wake, 1965;
Imjolle et al., 1966; Woychik et al., 1966).

Recently, Yaguchi and Tarassuk (1967) and Yaguchi et
al. (1968) described a procedure for the isolation of
k-casein from milk or casein by chromatography on Sephadex
G-150 in the presence of 6 IM urea. oince x-casein is inter-
molecularly linked through its disulphide bonds, in the
absence of 2-mercaptoethanol it i1s eluted as a peak at the
void volume of the column. These procedures for isolating
k-caseins, utilizing chromatography on DLEAE-cellulose and
Sephadex G-150 and the procedure described by lMcKenzie and
Wake (1961), do not expose the proteins to the rigorous
conditions experienced using the urea-sulphuric acid
fractionation method of %ittle and Custer (1963). Other
methods used to isolate x-casein are described in the
review by Mackinlay and Wake (1971).
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6.5 Physical Properties of x-Casein

xk—caseln 1is soluble in solutions containing moderate
levels of Ca with 2 g atoms being bound to the protein
(Dickson and Ferkins, 1971). However, since only 1 phosphate
group is present in k-casein (Ilercier et al., 1973), an
additional binding site for Ca may exist.

Waugh and his c5workers have largely been responsible
for the work on the stabilization in solution of aéqrcasein
by «-casein. tgq—Casein and k-casein can form soluble
micelle-type complexes in the presence of Ca (stabilization),
under conditions where ¢g1—casein would normally precipitate.
Although they originally believed complexes between k-casein
and cgq—casein formed spontaneously, with a preferred weight
ratio aéq—casein:x—casein of 4 1in the absence of Ca
(Waugh, 1958), recent results suggested the complex at 5700
was composed of a unit weight ratio of the two proteins
(Waugh and Noble, 1965; Noble and Waugh, 1965). This work
led to a study of micelle formation with ag 4= and x-casein in
the presence and absence of Ca. For a description of this

work the reader is referred to the recent review by Waugh

(1971).

6.6 - Action of Rennin on «x-Casein

Addition of rennet to normal milk at room temp:arature
results in rapid clotting. This is the result of an
extremely labile phenylalanine-methionine peptide bond being
cleaved (Fig.6.2), causing a loss of the stabilizing ability
of x-casein, and the generation of para-k-casein and macro-
peptide (Jolles et al., 1963; Delfour et al., 1965; Jolles,
1966; Jolles et al., 1968). The macropeptide has an
N-terminal methionine (Delfour et al., 1965) and a common
C-terminal sequence to k-casein (Joll®s, 1966). The sub-
stitution sites responsible for the A and B genetic variants
of k-casein exist in the macropeptide (de Koning et al., 1966;
Woychik et al., 1966), as well as the single phosphorylated
residue (Fig.6.2). The macropeptide is also the site of
attachment for the carbohydrate residues (lMackinlay and Wake,
1965; Mackinlay et al., 1966; Fiat et al., 1972). The
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macropeptide fraction containing carbohydrate (glyco-
macropeptide) is soluble in 12% TC/, whereas the fraction
with no carbohydrate 1is insoluble under these conditions.

Para-k-casein, the N-terminal region of k-casein,
contains the cysteineresidues and on gel electrophcresis
in urea shows a major and a minor conmponent moving
towards the cathode. Lim et al. (1969) established by
gel electrophoresis and amino acid analysis that this
minor band was probably due to carbamylation of the lysine
residues after their exposure to concentrated solutions of
urea.

6.7 Nature of the Carbohydrate Residues in «-Casein

The carbohydrate residues attached to x-casein have
been the subject of intensive investigations (see the
review by Mackinlay and Wake, 1971). Recent evidence (Tran
and Baker, 1970; Fiat et al., 1972) indicates the carbo-
hydrate moeity is a trisaccharide unit, a-N-acetyl-neuraminyl-
(2—=6)-B- pgalactosyl -(1— 3, or 1— 6)-N-acetyl-galactosamine,
that is attached to the peptide chain through the hydroxyl
groups of serine or threonine (Fiat et al., 19€3). The
number of trisaccharide units has been suggested to vary
from O to 5 per mole of protein (Rose et al., 1970).

6.8 Amino Acid Composition and FPrimary Structure of

k-Casein

After Jollés et al. (1970) described sequences account-
ing for half of the r-casein molecule, Mercier et al. (1972b)
and Brignon et al. (1972) elucidated the amino acid sequences
of the macropeptide and para-«-casein, thus completing the
primary structure of «--casein B (Fig.6.2).

k-Casein B is a single polypeptide chain containing
169 amino acid residuves with a molecular weight deduced from
the amino acid seguence of 19 023 (liercier et al., 1973).
Woychik et al. (1966) obtained a similar value for the
monomer molecular weight of k-casein using sedimentation
equilibrium measurements in 5 M guanidine. HCl. The amino

acid composition of k-casein B deduced from its amino acid
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FPyroGlu-Glu-Gln-Asn-Gln-Glu-Gln-Pro-Ile-Arg-Cys-Glu-Lys-Asp-Glu-Arg-Fhe-Fhe-Ser-Asp-Lys-Ile-Ala-
30 ‘ 40
Lys-Tyr-Ile-Pro-Ile-Gln-Tyr-Val-Leu-Cer-Arg -Tyr-Pro-Ser-Tyr-Gly-Leu-Asn-Tyr-Tyr-Gln-Gln-Lys-Fro-
50 60 70
Val-Ala-Leu-Ile-Asn-Asn-Gln-fFhe-Leu-Fro-Tyr-rro-Tyr-Tyr-Ala-Lys-Fro-Ala-Aila-Val-irg-Ser-Pro-Ala-
_ 80 90

Gln-Ile-Leu-Gln-Trp-Gln-Val-Leu-Ser-Asp-Thr-Val-Pro-Ala-Lys-Ser-Cys-Gln-Ala-Gln-Pro-Thr-Thr-Met-

. 100 | 19
Ala-Arg-His-Pro-His-Fro-His-Leu-Ser-FhellMet-Ala-Ile-Pro-¥Fro-Lys-Lys-4isn-Gln-Asp--Lys-Thr-Glu-Ile-

120 e - * 140
ro-Thr-Ile-Asn-Thr-Ile-Ala-Ser-Gly-Glu-Pro-Thr-Ser-Thr-Fro-Thr4lle}Glu-Ala-Val-Glu-Ser-Thr-Val-

Thr| (variant A)

150 160
Ala—Thr—Leu—Glu—AJa—@er—Pro~Glu-Val—Ile—Glu—Ser—Pro—Pro-Glu~1le-nsn—Thr-Val-Gln—Val—Thr—Ber-Thr—

Asp - (variant A)

169
4la-Val.CH

Fig.6.2: Primary structure of bovine k-casein B. The enclosed amino acid residues are those
corresponding to the double substitution differentiating the A and B genetic variants
(Mercier et al., 1973). { peptide bond readily cleaved by rennin.
* possible sites of attachment to the peptide chain for the trisaccharideunit in the
glycopeptide characterized by Fiat et al. (1972). tee text for further details.

aeG;
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sequence (Mercier et al., 1973) is:

Aqu, Asn7, Thrqq, Serqz, Sequ, Glqua Glnqq,
LyroGluq, Pro2o, Gly2, Ala15, Vaqu, Cysg,
Met2, llqu, Leu8, Tyrg, }he4, Lysg, Hisa, Trpq,
Arg5

which is 1n good agreement with those reported previously
¥

for the carbohydrate-free major component of k-—~casein B

(Schmidt et al., 1966; Woychik et al., 1966).

Para-«-casein, the N-terminal region of k-casein, has
105 residues and a molecular weight of 12 269, deduced from
the amino acid sequence (Mercier et al., 1973). Its amino
acid conmposition:

Aspa, Asn4, ThrB, Ser7, PyroGluq, Glu4, Glnq2,
Proqg, Glyq, Alag, Cyse, Val5, Metq, Ile6, Leu7,
Tyrg, }he4, Lys6, Hisa, Trpq, Arg5

(Brignon et al., 1972) agrees fairly well with previous
amino acid compositions (Kalan and Woychik, 1965; de Koning
et al., 1966: Kim et al., 1969), recalculated where
necessary by Swaisgood (1973) to the correct molecular
weight. Th: presence of the N-terminal pyroglutamyl
residue was deduced after mass spectrometry of the N-
terminal peptide (Brignon et al., 1972). The labile peptide
bond cleaved by rennin is between PheﬂOB_Met106'

_ The B variant of the macropeptide, residues 105-169,
contains 64 amino acid residues and has a molecular welght
of 6754 (Mercier et al., 1972b). The amino acid compositions
previously determined for this fraction (de Koning et al.,
1966; Hill et al., 1970) are in good agreement with that
deduced from the amino acid sequence: '

Aqu, AsnB, Thrqq, Sers, Sequ, Glu8, Gln2, Pr08¢

Glyq, Ala6, Va16, Metq, Ile7, Leuq, Lys5

(Mercier et al., 1973).

Genetic substitutions invoiving the A and B polymorphs
previously noted by de Koning et al. (1966) and verified by

Hill et al. (1970) are located at Thr/Ile and Asp/Ala

126 148



(Fig.6.2). The site of attachment of a trisaccharide
characterized by Fiat et al. (1972) and Joll®s et al. (1973)
has tentatively been assigned as ’J.‘hr15,I or Thr155, the
former being the favoured position in k-casein B.

The overall hydrophobicity of k-casein B is between

that for a

characteristic of a hyvdrophobic protein (Mercier et al.,

- and p-caseins at 5.37 kJ per residue and is

1973). The net negative charge at the pH of native milk
(about pH 6.8) is very close to 3.5 for the monomer devoid
of sialic acid. The high content (11.8%) and rather
uniform distiibution of proline residues prevent much
a-helical organization of the molecule, in agreement with
the previous optical rotatory dispersion measurements of
Herskovits (1966). Both hydrophobic and charged amino acid
residues are distributed non-uniform:y along the peptide
chain (Mercier et al., 1973) (Fig.6.2), whereas most of the
basic residues are distributed uniformly in the section of
the chain corresponding to para-k-caseiln. The hydrophobic
para-k-caseiln contains all of the aromatic residues of
k-casein, and also the two cysteine residues which are
located in two hydrophiiic regions, one of these bheing a
cluster of charged residues (Fig.6.2). Mercier et al. (1973)
suggested that even if both regions &are neighbouring through
folding of the molecule, the charged nature of the groups
surrounding the cysteine residues 1s unlikely to lead to
favourable conditions for forming intra-molecular bonds.
Instead, they are likely to be exposed and able to form inter-
molecular disulphide linkages.

The macropeptide section of the k-casein polypeptide
chain has one in four of its residues as threonine or serine
(Mercier et al., 1972b). According to Hill and Wake (1969)
this region may be responsible for the micelle stabilizing
properties of‘x—casein. Mercier et al. (1973%) suggest a
possible biological role of the sugar residues may be to
prevent phosphorylation of these threonine and serine
residues, since the «-caseins which contain carbohydrate
appear to have no influence on micelle stability.
Fhosphorylation of these residues would undoubtedly affect
the properties of «x-casein (i.e.‘solubility in Ca, and the



stabilization of a,- and B-caseins). They suggest that
this implies glycosylation of x-casein occurs to protect
these threonine and serine residues before phosphorylation
of the protein by phosphoryl kinases. Subsequent
deglycosylation results in the observed mixture of proteins.

B-CASEIN

6.9 Isolation of ﬁ—Cﬁsein

p-Casein was first isolated by chemical fractionation
of casein (Warner, 1944; Hipp et al., 1952). Garnier et al.
(1964 ) purified B-casein variants by chromatography of whole
caselin on DiA¥-cellulose in buffers containing urea.
Thompson and Fepper (1964) also isolated pure B-casein A, B
and C genetic variants by chromatography on DEAE-cellulose
in urea of fractions obtained by the method of Hipp et al.
(1952). Inclusion of 2-mercaptoethanol in the protein
sample and in the buffers used for chromatography was found
to remove the contaminating x-caseins, otherwise normally
associated with these purified B-caseins (Thompson, 1966).
The procedures which may be used for isolating B-casein have
been described in detail (McKenzie, 1967; Thompson, 1971).

6.10 Physical Properties of B-Caseins

The temperature dependent polymerization of bovine
p-casein was first observed by von Hippel and Waugh (1955)
and Sullivan et al. (1955).

At low temperatures, < 4OC, f-casein exists in solution
as a monomer with a molecular weight of 24 OO0 and a
sedimentation coefficient, 5020 - of approximately 1.50 S
(Svedburg unit, 10-13 sec), which is virtually independent
of protein concentration (Sullivan et al. 1955; Payens and
van Markwijk, 1963; DNoelken and Reibstein, 1968; ILvans et
al., 1971a). Payens and van Markwijk (1963%) measured the
intrinsic viscosity at 4°C of bovine B-casein in sodium
barbiturate buffer, pH 7.5, adjusted to an ionic strength of
O.2 with KC1l, and obtained a wvalue of 2% ml/mg. A similar
value of 2%.1 ml/g wae obtained for the intrinsic viscosity
of bovine B-casein B by Noelken and Reibstein (1968).
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Turthermore, Noelken and Reibstein (1968) found virtually no
change in the intrinsic viscosity of bovine g-casein B in
going from 0.02 M ILEDTA-0.14 M NaCl, pH 7, at 2.500 o Ol
phosphate buffer, pH 7/, containing 6 M guanidine.HC1l at
25%¢, Tanford et al. (1967) showed using viscometry, that
in 6 M guanidine.HCl a number of proteins were random coils,
possessing little, if any structure. Consequently, the
results of Noelken and :Reibstein (1968) led them to suggest
the p-casein monomer at low temperature has a conformation
similar to a random coil. Optical rotatory dispersion
parameters and NIR spectra suggest f-casein possesses little
if any structure at low temperature (Herskovits, 1966;
Garnier, 1966; kLvans et al. 1971b).

Waugh et al. (1970) have considered that the high
intrinsic viscosity of pB-casein at low temperature could
result from the highly solvated and flexible N-terminal
region of the fg-casein molecule which is very acidic and
contains all of the organic phosphorus groups (Fig.6.3).
Random coil formation, in the presence of 6 M guanidine.HC1,
would decrease the contribution of the acidic peptide to
viscosity, but increase the contribution of the remaining
portion, so the net effect could be small.

Increasing the temperature of g-casein solutions above
4°C results in the formation of large polymers, concurrent
with a decrease in the optical rotatory dispersion
parameter, a, (Garnier, 1966; Herskovits, 1966; Evans et
al., 1971a, b), and a red shift in the absorption maximums of
the aromatic residues (Garnier, 1966). This is indicative
of a change from a more polar to a less polar environment for
these residues.

At 8.5OC, and at concentrations exceeding about 0.15 g/
100 ml of protein, polymers of pB-casein are present. A
rapidly sedimenting peak becomes apparent which has a
sedimentation coefficient very dependent on protein concentra-
tion (Payens and van Markwijk, 1963). Similar results were
obtained at 13%.5°C. The degree of polymerization of
B-casein was about 22 at 8.500, and even higher at 15.500,

with a slow rate of equilibrium existing between monomers
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and polymers. Payens and van IMarkwijk (1963%) proposed
that the pg-casein polymer consisted of a number of inter-
linked coils. Furthermore, unlike bovine aéq-casein, no
polymers of intermediate size were observed, the transition
being of the type:

oM = M?
where n is the number Of monomers (Payenset al., 1969).

Garnier (1966) as a result of optical rotatory dis-
persion and difference spectroscopy measurements, proposed
p-caseln undergoes a rapid and reversible endothermic
transformation from state I at 500, to state 11 at 4OOC,
with a temperature of half transition of 23 to FSE He
also suggested that p-casein at both low and high tempera-
tures is partially folded in a left handed type poly-L-
proline II helix. Evans et al. (1971a) suggested the
presence of a similar structure to the poly-L-proline II
helix in f-casein, as a result of their studies using 8 M
LiBr. The amino acid sequence of B-casein (Fig.6.3) has
5 pairs of proline residues adjacent to one another, as well
as several prcline residues in alternating sequence, which
are mostly located in hydrophobic regions. Swaisgood
(1973) concluded from this that large regions of left handed
poly-L-proline I1 helix were urlikely, although the exicstence
of a similar structure could 1ot be overruled. KIR studies
(Evans et al., 1971b) suggested that the p-casein polymers,
even at 2500, still possessed a high degree of inter- and
intra-chain flexibility. Spectrophotometric titration of
B-casein B at 25°C indicated the 4 tyrosine residues in the
molecule are still exposed to the solvent (Creamer, 1972).

Payens et al. (1969) using light scattering, showed
B-casein at 21°C in neutral sodium phosphate buffer, I1=0.2,
had a polymer molecular weight of 725 000, and consisted of
about 50 monomers. They suggested the association of
B-casein closely resembles micelle formation in soap
solutions (Fayens, 1966; Payens et al., 1969). This is
likely, considering f-casein has a hydrophilic N-terminal
region of approximately 47 residues and a largely hydrophobic



tail (Fig.6.3). Sullivan et al. (1955) obtained an
intrinsic viscosity for pg-casein at 2500, in neutral buffer,
of 12.5 ml/g. Common globular proteins have intrinsic
viscosities of 3-4 ml/g (Tanford, 1961). Consequently
these results suggest the f-casein polymer may be highly
solvated and highly asymmetric.

The p-casein pojiymer is sensitive to Ca, and is
precipitated in its presence at low levels (Garnier, 1966;
Thompson et al., 1969¢c; VWaugh et al., 1970). Waugh et al.
(1970) examined the behaviour of p-casein in the presence
of Ca and found sedimentation rates were a function of both
temperature and Ca concentration. In 0.048 M NaCl at 57OC
and pH 6.6, the value of SEO,w increased with Ca concentra-
tion until precipitation occurred at 7 to 7.5 mM. Likewise,
increasing the temperature of the solution containing 0.048 M
NaCl and 0.015 M Ca produced an increase in S2O until
precipitation occurred near 26 to 2700 A plateau in the

20,w values between 21°C and 25 C occurred, with the
attainment of limiting values of reduced viscosity. They
2lso suggested the polymers had attained limiting average
values of size, shape and solvation.

In further studies of these "core polymers" (Waugh
et al., 1971), precipitation occurred at a site bound Ca
level of 5.4 g atoms/mole and a net charge of -6, independent

of NaCl concentration at pH 6.6 and 5700. Dickson ana
Perkins (1971) in binding studies using 7Ca,
obtained a similar value (4.8 g atoms/mole). There are 5

phosphorylated serine residues in bovine f-caseins (Fig.6.3)
(except the C variant), and hydrogen ion equilibria studies
(Creamer, 1972) in the presence of Ca are consistent with

the binding of Ca to these phosphoserine groups. Acylation
of B-casein with increasing alkyl chain lengths, increases
its ability to polymerize (Hoagland, 1968; Evans et al.,
1971b) while increasing the negative charge on the protein by
carboxyacylation decreases this ability (Evans et al., 1971a).
Removal of the three C-terminal hydrophobic residues, Ile-
Ile-Val-Ok, from B-casein C by carboxypeptidase A altered
the temperature dependent polymerization of this variant
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(Thompson et al., 1967). fp-Casein C tends to associate
more than the A and B variants (Thompson, 1971), although
their general behaviour is similar. These results all
serve to indicate the importance of hydrophobic interactions
in the aggregation of RB-casein.

6.11 Amino Acid Composition and Seguence of B-Casein

? . . . 2
The complete amino acid sequence of bovine B-casein A

has recently been elucidated by Ribadeau Dumas et al. (1972).
It is a single polypeptide chain containing 209 amino acid
residues with an amino acid composition deduced from the
sequence of:

Asp4, Asns, Thrg, Serqq, SerP5, Glu18, Glngq,
}r055’_Gly5’ Ala5, Valqg, @etc, Ileqo, Leu22,
Tyr4, Eheg, Trpq, Lysqq, H155, AT,

The amino acid sequence of f-casein A2 and the sites of
genetic substitution are shown in Fig.6.3 . The molecular
weights previously determined for the g-casein monomer using
physical techniques (Sullivan et al., 1955; ZFayens and

van Markwijk, 1963; Noelken and Reibstein, 1968) are in
excellent agreement with that calculated from the sequence of
the A° variant (2% 98%) (RkRibadeau Dumas et al., 1972).

The amino acid ccmpositions previously determined for
the different variants of g-cacein (Pion et al., 1965;
Peterson et al., 1966; Thompson et al., 1969b) are also in
good agreement with those determined from their amino acid
sequences (Grosclaude et al., 1972). The variation in the
number of serine residues in these amino acid compositions
has been attributed to the extreme acid lability of the
phosphoserine residues (Swaisgood, 1973%).

Substitutions resulting in the different genetic
variants were located after comparing their difference
peptides with those from g-casein A2 (Grosclaude et al., 1972).
Compared to the A2 variant, the following substitutions were
found to result in the different genetic variants (Fig.6.3):
A2/A5, His/Gln 063 A2/Aq, Pro/His67; A2/B, Fro/His
Ser/Arg122; Ag/C, SerP/SerBs, Glu/LysB7,

67" and

and Pro/Hls67.
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1 10
H.Arg-Glu-Leu-Glu-Glu-Leu-Asn-Val-Pro-Gly-Glu-Ile-Val-Glu-

49 -caseins
: 20 I——————
%er—Leu-?er-?er-?er—Glu-Glu-ser—Ile-Thr—Arg—Ile-Asn—Lys Lys-
P P P P

30 40
11e—Glu—Lys—Phe—Gln—?ermGlu-Glu~Gln—Gln—Gln-Thr—Glu—Asprlu-

Ser Lys (C variant)
50
Leu-Gln-Asp-Lys-Ile-His-Pro-fhe-Ala-Gln-Thr-Gln-Ser-Leu-Val-

60 ' 70
Tyr-Pro-Fhe-Fro-Gly-kFro-I 1e;Ls n-sSer-Leu-Fro-Gln-iAsn-Ile-

His (A1, B and C variants)

80
Pro-Pro-Leu-Thr-Gln-Thr-Pro-Val-Val-Val-Fro-Fro-Phe-Leu-Gln-

90 100
Fro-Glu-Val-Met-Gly-Val-Ser-Lys-Val-Lys-Glu-Ala-Met-Ala-Fro-
R, TS.B-caseins

; J 110
LyerigFLys Glu-lMet-Pro-Phe-Fro-Lys-Tyr-Pro-Val-Gln-Pro-Fhe-

S,TS.AZ—caseins
Gln (A3 variant)
120 130
Thr-Glu Gln-Ser-Leu-Thr-Leu-Thr-Asp-Val-Glu-Asn-Leu-His
Arg (B variant) ’

140
Leu-Pro-Pro-Leu-Leu-Leu-Gln-Ser-Trp-liet-His-Gln-Pro-His-Gln-

150 160
Fro-Leu-Pro-Pro-Thr-Val-tMet-fhe-Pro-Pro-Gln-Ser-Val-Leu-Ser-

170
Leu-Ser-Gln-Ser-Lys-Val-Leu-Fro-Val-Pro-Glu-Lys-£la-Val-Fro-

180 190
Tyr-Fro-Gln-Arg-Asp-lMet-Pro-Ile-Gln-Ala-Fhe-Leu-Leu-Tyr-Gln-

200 209
Gln-Fro-Val-Leu-Gly-Fro-Val-irg-Gly-Pro-Fhe-Fro-Ile-Ile-Val.OH

Fig.6.3%: Primary structure of bovine g-casein A?
(Ribadeau Dumas et al., 1973). The regions
of the sequence which correspond to the 7-, R-, -
S- and TS-caseins are also indicated. Enclosed
amino acid residues are those corresponding to
substitutions which differentiate the Aq, AB, B
and C genetic variants from the A° variant.
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The amino acid sequence of the f-casein BZ variant
observed in Zebu cattle (Bos indicus) (Thompson et al.,
1969b) has not yet been determined.

The five phosphorus residues in g-casein AB are
covalently linked to serine residues located in the N-
terminal region of the molecule (Fig.6.%), four of these
rhosphorylated rcsiduc§ being in a cluster. Peterson et
al. (1958) isolated a N-terminal tryptic peptide containing
four of these phosphorylated serine residues, which was later
sequenced by lanson and Annan (1971). These phosphate
groups were shown to be O-esterified to the hydroxyl groups
of serine residues.

The N-terminal region of pg-casein AE, with its four
phosphoserine residues and glutamyl residues (Fig.6.3%)
constitutes a highly negatively charged zone. The net
negative charge of this N-terminal region at pH 6.6 is
approximately 12 (Swaisgood, 1973), while the remainder of
the molecule has a net charge of essentially zero. With
the exception of the N-terminal end, B-casein A2 contains a
high proportion of hydrcphobic residues. Ribadeau Dumas
et al. (1973) suggested the molecule has a rather loose
structure at room temperature, while *the high content of
hydrophobic residues and the presence of clusters of such
groups suggested a more or less stable structure due to
hydrophobic interactions.

6.12 7Y-Caseins

From the results of amino acid analyses, peptide
mapping, molecular welght determinations and from studies
of terminal residues, Gordon et al. (1972) recently
suggested that Y-, R-, S-, and TS-caseins might be fragnents
of p-casein, a suggestion verified by Ribadeau Dumas et al.
2, AB, or
B always contained the corresponding vY-casein variants, which

(1973). Indaividual milks containin -caseiln A/I A
g £ )

are designated in a similar manner (Groves and Kiddy, 1970).
The <%Y-caseins, R, .S and TS-caseins are derived from the
C-terminal half of B-casein (Fig.6.3) (Groves et al., 1973).

Previously TS—A2 and R-casein had been observed with g-casein



A2 variants; whereas the TS-B and S-caseins were present with
p-casein B (Groves, 1969). 49-Casein corresponded to residues
29-209 of the B-casein sequence (Iig.6.3%), while S- and ‘I'S-A2
caseins corresponded to residues 106-209, and R- and TS-B to
residues 108-209 (Ribadeau Dumas et al., 1972; Groves et al.,
1973%) . The amino acid substitutions which differentiated
the known variants of B-casein (Grosclaude et al., 1972)

also explained the obsdérved relationship between the
polymorphism ¢f 8-, ¥-, R-, S- and TS-caseins, but not the
absence of the ¥-C variants in milks containing the f-casein
C variant (Rose et al., 1970). The similarity between some
products of f-casein hydrolysis by milk protease and the
minor caseins was demonstrated recently by Yamauchi and
Kaminogawa (1972).

OrS ~-CASEINS

6.1% Isolation of %q-Caseins

%—Casein was first isolated by chemical fractionation
(Warner, 1944; Hipp et al., 1952) and later from "first cycle"
soluble casein, obtained by high speed centrifugation of sxim
milk at 37°C (Waugh et al., 1962). Thompson and Kiddy (1964)
described a method to purify the A, B and C variants by

chromatography on DEill-cellulose of a crude a ,-casein fraction

prepared by the urea fractionation method of Elpp et al. (1952).
cgq-caseins were also purified from whole casein by chromato-
graphy on DissE-cellulose (Thompson, 1966). McKenzie (1970,
1971) has outlined the various procedures used to isolate

“sq-casein in some detail.

6.14  Fhysical Properties of cé—Caseins

Bovine ¢%1-casein in solution readily undergoes
association to form polymers. Unlike f-casein, polymer
formation is highly dependent on ionic strength and pH, and
is virtually independent of temperature.

Sedimentation studies on aéq-casein B in phosphate
buffer, pH 7, (I=0.1) and light scattering measurements have
indicated the dependence of S50 values and apparent molecular

s _



A

weights on protein concentration (Irons et al., 1973;
Schmidt and Fayens, 1972; Payens and Schmidt, 1966;
Schmidt and van Markwijk, 1268; Schmidt, 1970a, b;
Swaisgood and Timasheff, 1968). The behaviour of a4
caseln is typical of rapidly equilibrating associating
protein systems.

The association ,,of asq-casein B is dependent on pH
(Schmidt et al., 1967) and ionic strength (Schmidt and van
Markwijk, 1968; OSchmidt, 1970a), and is virtually
independent of temperature (Schmidt and Yayens, 1972;

Irons et al., 1973), indicating the importance of both
hydrophobic and electrostatic interactions. ©Schmidt and
van Markwijk (1968) and Schmidt (1970a) employed light
scattering to characterize the association of aéq—casein B
in pH 6.6 imidazole buffers of different ionic strength.
The association of asq-casein can be described in terms

of consecutive assoclation steps, and at an ionic strength
of 0.05 1t was found that aggregates up to tetramer were
present. Increasing the ionic strength increased the
degree of polymerization. At low protein concentrations,
further dissociation of aéq-casein aggregates occurred and at
infinite dilution, monomers of molecular weight 2% 000-

24 000 were obtained (Schmidt and van Markwijk, 1968). Ho
and Chen (1967), by diffusion measurements in 0.01 M KC1,
pH 7.02, have also shown.cgq—casein is dissociated to the
monomer at low ionic strengths.

Optical rotatory dispersion parameters of asq-casein
(Herskovits, 1966; Irons et al., 1973; Ho and Chen, 1967)
indicated asq—oasein in solution has only a limited smount
of a-helical structure. NMR studies at 2500 (Irons et al.,
1973%) indicated a high degree of flexibility in the o4~
caseln molecule. Viscosity measurements on (gq—casein B
indicated little change in the intrinsic viscosity of a1
casein B between 4.900 and 3700 in 0.01 M KC1l, pH 7.02, with
values ranging from 11.8 ml/g to 10.2 ml/g as the temperature
was increased (Ho and Chen, 1967). In 0.1 M KC1 at pH 7 and
BOOC, when polymers of aéq—casein are present the intrinsic

viscosity was 7.7 ml/g, whereas in 6 M guanidine.HC1l the



intrinsic viscosity is 19.2 ml/g. It is interesting to
note that at pld 12, asq—casein C has an intrinsic viscosity
of 19.5 ml/g (Swaisgood and Timasheff, 1968). The dis-
sociation of asq—casein aggregates above about pH 9 has been
attributed to the increase in the net negative charge on

the protein.

Although cgq~ca%ein is not typical of @« native
globular protein, heing asyrmmetric and probably highly
solvated (Ho and Chen, 1967; Swaisgood and Limasheff, 1968),
it nonetheless has a more compact structure than a random
coil, typified by proteins in 6 M guanidine.HCl and in
particular has a more compact structure than f-casein.

aéq-Casein C has similar properties to the B variant,
except it tends to associate to a greater extent (Swaisgood
and Timasheff, 1968; Schumidt, 1970b). This increased
association has been attributed to the slightly lower net
charge on this variant, as a result of the amino acid sub-
stitution from glutamic acid in the B varinnat to glycine in
the C variant. buccinylation of asq—casein B, which doubles
the net negative charge at pH 6.6, decreases the extent of
associction, while alkylation of the protein iacreased the
tendency to associate, despite the increase in charge (Irons

et al., 1973).

Ho and Waugh (196%5) using infrared spectroscop.,
concluded that the phosphate groups in aSq—casein were the
strongest Ca binding sites. Later, Waugh et al. (1970)
observed that irrespective of NaCl concentration at pH 6.6,
protein precipitation was initiated at the same level of
site-bound Ca and net charge, namely 8.0 and -8
[recalculated to a molecular weight of 23 600 by Swaisgood
(1973)]. Dickson and lerkins (1971) using 47Ca, estimated
that native cgq-casein bound 8.5 g atom/mole while
dephosphorylated asq—casein bound 1.2 g atom/mole. From
solubility studies Bingham et al. (1972) concluded that 7 g
atom/mole are bound prior to precipitation, and an
additional 3 moles during precipitation of the native protein,
in qualitative agreement with the results of lioble and Waugh
(1965). No evidence of significant binding of Ca to



dephosphoryiated %4

mole were bound during precipitation. ©lightly higher

-casein was obtained, although 2 g atom/

concentrations of CaCl2 are needed to precipitate dephos-
phorylated protein using identical protein concentrations.
It appears that additicnal site binding of Ca to asq-casein
does occur, though with a lowered binding constant, since
there are 8 phosphoserine residues in the molecule.

]
Limited physical data is available on the behaviour

of asq-casein in solution with Ca, since precipitation is
initiated at low levels. asq-Casein is readily precipitated
by 4-5 mM CaCl,_ at 37°C (Thompson et al., 1969c; Bingham et
Alg g 19%2; Nogle and Waugh, 1965). The A variant which has
a deletion of 13 residues (Fig.6.4) behaves in a different
manner from the other variants (Thompson et al., 1969c), with
pronounced solubility differences for the A and B variants
between 1°C and BOOC. Additional binding of Ca to agq~
casein occurs at high CaCl, levels (>80 mM), since free
boundary electrophoresis showed the protein attains a net
positive charge under these conditions (Bingham et al., 1972).

6.15 Amino Acid Composition and Primary Structure of

a_ ,—-Caseins
s

The primary structure of asq-casein B was recently
elucidated by Mercier et al. (1971) (Fig.6.4). The peptide
chain has 199 residues and is characterized by the presence
of 8 phosphoseryl residues, shown by the use of alkaline
phosphatase to be O-phosphorylated (lMercier et al., 1971).
Like g-casein, four of these phosphorylated residues are
located close together in the highly charged region between
residues 4% and 7/0. Three regions of the molecule are
highly hydrophobic, segments 1-44, 90-113 and 13%2-199, with
most of the aromatic residues being located in this last
region (Ribadeau Dumas et al., 1973).

The amino acid composition of asq-casein B, determined
from its sequence is: Asp7, Asn8, Thr5, Ser8, SerPB, G1u24,
A 4 , :
Glnq5’ Proq7, Glyg, Alag, \aqu, Net5, Leu17, Pyrqo, Lhe8,
Lysqq, Ileqq, hls5, Trp2, Arg6.
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Fig.6.4: Primary structure of bovine asq—caseins (Ribadeau
Dumas et al. 1973). Enclosed amino acid residues
are those corresponding to mutations which
differentiate A, C and D genetic variants from the
B variént. The enclosed residues, 14-26, represent
the sequence deleted 1in the A variant.
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According to the sequence, the molecular weight of
the monomer is 2% 615 and its net negative charge at the pH
of native milk (about €.8) is very close to 22. The
molecular weisiht values of aSq—casein, determined using
physical methods (Neilsen and Lillevik, 1957; DMelnychyn
and wolcott, 1965; Driezen et al., 1962; Schmidt and
Payens, 196%; Schmidt et al., 1967; OCwaisgood and
Timasheff, 1968) were in the range, 16 500 to 29 600,
although the more recent results of Ncelken (1967), 24 600,
and Garnier (1967), 24 300, are closer to the value dcduced
from the sequence. The amino acid compositions of the
aSq—caseins previously determined by Gordon et al., (1965),
de Koning and van Rooijen (1965, 18667) were similar to that
calculated from the amino acid sequence (liercier et al., 1571),
providing they were recalculated to the correct molecular
weight (Swaisgood, 197%).

The genetic variants, B/C, result from the substitu-
tion, Glu/Glnga, whereas the B/D variants are the result of
the substitution, Ala/’“hrP55 (Grosclaude et al., 1972)
(Fig.6.4). asq~0asein A, when compared with the B variant
has residues 14 to 26 deleted from the molecule (Grosclaude
et al., 1970), possibly a result of unequal crossing-over
within the c%q-casein locus (Crosclaude et al., 1973).
veveral chemical and physical properties of this variant are
also altered (Thompson, ‘971). There are two polar segments
in aéq—casein, 45-89 and 114-151, the former belng significant
since it contains more than half the acidic residues, and in
particular, seven of the eight phosphoseryl residues (liercier
et al., 1971).

6.16 liinor tg—Caseins

annan and Manson (1969) partially fractionated the

T a -caseins. Th isolated -
group of A e ey ted pure A

—-casei shi - a - i . 3
g, caselns, while ag3, nd a ,-caseilns were rresent, together

- and

with a small amount of cgg—casein, in another fraction. The
C-terminal secuence of ¢%o—casein is Leu-Trp.CH, with a
molecular weight determined from these C-terminal studies of
28 000 (Ribadeau Dumas et al., 1973). fnnan and lManson



(1969) postulated the presence of two chains in as5—casein,
a5z and asq—caseins having leucine and tyrosine respectively
as C-terminal amino acids.

Ribadeau Dumas et al. (1973%) isolated and partially
characterized ;3= and asu—caseins, and suggested a molecular
weight of 26 000 for these proteins, with a C-terminal
sequence of Leu—Tyr.OHx Hoagland et al. (1971) determined
the amino acid composition of =t A5 and as4—caseins, and
suggested that aSS—casein was a dimer consisting of a5z~ and
asq-caseins,the individual caseins having a molecular weight
of 33 7700. Gel electrophoresis of c%B—casein in the absence
of 2-mercaptoethanol at alkaline pH indicated a band with a
mobility slightly greater than g-casein. in the presence of
2-mercaptoethanol this band was reduced with the formaticn of
two new protein bands, a5z~ and 054—casein which had
mobilities near to that of asq—casein (Fig.4.1). These
caseins are different from the others, particularly in their
cystine content and high lysine content (Hoagland et al., 1971).
The fraction, as5~casein is more sensitive to Ca than bovine
asq-caseins, being rezdily precipitated in 2 mM Ca012 (Toma
and Nakai, 1973).

® .47 Homologies ‘/ithin the Caseins

Mercier et al. (1971) observed homology between
residues 1%-21 of bovine B-carein and residues 62-70 of bovine
asq-casein (Fig.6.5). Lyster (197%) suggests the two
proteins may share a common evolutionary origin, since it 1is
extremely unlikely these homologies have occurred by chance.
He also found considerable homology between regions 25-3%9,
8-16 and 47-56 from aéq-casein with regiens 84-100, 148-156
and 34-4% respectively of g-caseins (Fig.6.5). There are two
repeating sequences in the asq-casein molecule, 70-84 and
110-125, and 18-2% and 96-101 (Mercier et al., 1971; Lyster,
1973). No repeating sequences which could not have occurred
by chance were observed in B-casein (Lyster, 1973).

6.18 A Yossible lMechanism of Casein ‘hosphorylation

Fhosphorylation of proteins is thought to cccur post-
ribosomally, and experiments dealing with the ecffect of
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puromycin on casein biosynthesis in rat and mouse mammary
sland explants have supported the concept that phosphate 1is
incorporated after completion of the protein molecule
(Turkington and Topper, 1965; Singh et al., 1967).
Comparison of the segquences of f-casein and o511~
casein led Mercier et al. (1972a) to suggest the sequence of
amino acids around thcaphosphorylated and phosphate free
hydroxy amino acids provided evidence of enzymatic phosphoryla-
tion. Al11 phosphorylated residues occur in position n with
relation to a glutamyl or a phosphoseryl residue in position
n+2 (Ribadeau Dumas et al., 1973). Ilercier et al. (1972a)
suggested a phosphoryl kinase may recognise an anionic
phosphorylation site corresponding to the tripeptide seguence
Ser/Ihr-X-Glu/LerP, where X is any amino acid.

This hypothesis was verified by examination of the
asq—casein D genetic variant where an additional phosphate
group is located on a threonyl residue (ThrP53)’ resulting
from the substitution Ala/Thr55, in the tripeptide sequence
—A1a55—Met—G1u55— (Grosclaude et al., 1972). Grosclaude et
al. (1972) suggest this extra phosphorylated residue may be a
result of the phosphoryl kinase recognising a new phosphoryla-
tion site. Similarly, the lack of one phosphate group on
Ser55 in the g-casein C variant may be explained by the dis-
appearance of the phosphorylation site ~5er55-Glu~Glu57—
due to the amino acid substitution Glu/LysB7 (Mercier et al.,
1972a). The macropeptide from k-casein contains several
hydroxyamino acids, which correspond to residues 127, 135,
145 (and subseyuently 133 and 131) in k-casein that are
located in sites which should be phosphorylated. Mercier
et al. (1972a) suggested the lack of phosphate in these
potential phosphorylation sites may be due to their
inaccessibility to phosphoryl kinase. Such steric hindrance
may be due to tertiary configuration or to the presence of
carbohydrate moieties on these hydroxyamino acid residues.

6.19 Fhylogenetic Relationships of the Bovine Caseins

The elucidation of the amino acid sequences of the
bovine caseins (Mercier et al., 197%; Ribadeau Dumas et al.,



1973) enabled Grosclaude et al. (1973) to draw further
conclusions on their phylogenetic relationships.

The linkage between the ¢%1—Gn and B-Cn loci was
discovered by Grosclaude et al. (1964) and by King et al.
(1965). The linkage of the x-casein locus to the a_,- and
g -casein loci was demonstrated by Grosclaude et al. (1965) and
Larsen and Thymaon (1966). As well as considering the
alleles of the individual loci, they also examined the
"sene combinations" or "gene complexes'" formed by the closely
linked alleles of the '"clustered loci", since these gene
complexes appear to be transmitted from one generation to
anothgr. Grosclaude et al. (1972) consider the ahq-CnB—
g-Cn

" "gene complex" as the original type from which, by
succecssive nutations either at the asq-Cn or B-Cn locus, the
other gene complexes have been derived. The phylogeny of
the common asq—Cn—B—Cn gene complexes found in bovine popula-

tions is shown in Fig.6.06.

As a result of their population surveys on gene
complexes, Grosclaude et al. (1972) suggested that the
mutation sites corresponding to the more common agq= and
g-casein variants were very close together on the chromosomal
UNA, closer than to the x-casein mutacion site. They further
suggested the agq~ anG @-caseln locli were adjacent, and their
mutation sites were located in their adjacent terminal parts
(Grosclaude et al., 1969). blucidation of the amino acid
sequences of the bovine caseins has led Grosclaude et al.
(1972) to propose that the initiator end of the 8-Cn locus
(N-terminal) is adjacent to the asq—Cn terminal end (C-
terminal). The proposed model of the organization of the
asq—Cn—B—Cn—x—Cn "cluster of genes" is shown in Fig.6.7
(Grosclaude et al., 1973). According to Grosclaude et al.
(1973) this model explains the rare occurrence of recombinant
types between as,l—CnC and B—CnAq, B—CnB,B—CnC, since the
distances between the corresponding mutation sites on the
chromosomal LNA would be only 73, 128 and 143 codons,
respectively {(Grosclaude et al., 1973). The k-Cn locus is
thought to be further away from the asq—Cn and f-Cn loci,
since existing gene complexes, if not too rare, appear to be



c-A’

C-A?
D-A’
A
B
B_A2 C C A38 B
' C
At | A
\B—AI
/////\\\\\ 2 -
B-B B-C o~ Cn® g-Cn* x=-Cn*

Fig.6.6: lhylogeny of the '"gene complexes" Fig.6.7: The model for the organization of
formed by the alleles of the bovine the asq—Cn-ﬂ—Cn—x-Cn "cluster of
¢%1-0n2and f-Cn loci. The asq-CnB- genes'", proposed by Grosclaude et al.
ﬂ—CnA complex (B-A2 on the figure) (1973). The mutation sites for the
is considered by Grosclaude et al. genetic variants are indicated. The
(1973) as the original type from longest arrows correspond to the
which, by successive mutations either more common variants.

at the asq-Cn or at the #-Cn locus,
the other '"gene complexes" have been
derived. The bold letters denote
the asq—Cn loci.

S8



associated in a nonspecific manner with qunA or x—CnB. That the
k~Cn locus 1s after the B-Cn locus is suggested by the
association of asq—casein U with A or B variants of k-casein
(Grosclaude et al., 1973).
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CASKING FROM OTHLR Si-1C1 BSOS

Our knowledme of the caseilns of other species, at
least up until the last three years was fairly limited,
especially for some of the non-domestic speciesg, and was
largely restricted to electrophoretic analyses. Rrecently
however, with the elucidation of the primary structures of
the bovine caseins, atfention has begun to focus on the
caseins of other species. This has resulted in a consider-
able number of publications, in particular, on the ovine and
human caseins. As a pre-reculsite to an investigation of the
association of the caseins from other species to ferm casein
micelles, it is necessary to determine their chemical and
physical properties.

This cection is divided into subsections on the
caseins of the major species (i.e. ceprine, ovine, buffalc,
human) and also includes some of the preliminary work on less
comimon caseins.

©.20 Carrine Caseilns

The first electrophoretic analyses of the proteins from
caprine milk used free boundary electrophoresis (Dovey and
Campbell, 1952) and paper electrophoresis (Schulte and
Fuller, 1955; Hofman, 1958a; Sloan et al., 1961). »loan
et al. (1961) examined the electrophoresis patterns produced
by mammalian species, representing some eight orders of

Therian mamnmals.

Hofman (11958a) identified two casein fractions, which
he designated as a- and B-, in order of their decreasing
electrophoretic mobilities. Using the method developed
by Warner (1944) for bevine casein, Hofman (1958b) was able
to isolate the e- and g-fractions from caprine casein. The
a- fraction contained 1.02/5 phosphorus while the g- fraction
contained 0.67;0 phosphorus, similar to their bovine counter-
parts.

Alkaline polyacrylamide gel electrophoresis in 4.5 IM
urea resolves caprine casein into a series of tands, somne

with a lower mobility than bovine as—casein, end two



prominent bands with a similar mobility to bovine g-casein
(Fig.4.1) (hssenat, 1967; Farkash and Jenness, 1968; 4Jittle
and Custer, 1966). Macha (1970) observed polymorphism in
goat's milk by starch gel electrophoresis, one protein band
being di-allelic and another tetra-allelic. These bands
have yet to be positively identified and the results sub-
stantiated. Bogdanov et al. (1972) have observed poly-
morphism in the capriné as—caseins although few details are
available.

Zittle and Custer (1966) employing the sulphuric
acid-urea extraction method developed fcr bovine'x—casein,
isolated «-caseln as a single major component from caprine
casein. They concluded that in alkaline gel electrophoresis
of whole casein, the x-casein was obscured by the two dominant
bands in the f-casein region. Caprine x-casein was readily
hydrolysed by rennin to form para-xk-casein, and was soluble
in CaCla, and able to stabilize caprine as-casein and bovine
as—casein against precipitation by CaCl2 (4ittle, 1966;
Zittle and Custer, 1966). sittle (1967) described a method
for separating a - and x-casein by fractional precipitation
with sodium polyphosphate from acid solutions of bovine or
caprine whole casein in 2 M urea.

The sialic acid content of caprine k-casein (0.3,c) is
considerably lower than that of bovine k-caseir (>2.0j)
(zittle and Custer, 1966). Jollés et al. (1964) isolated and
partially characterized glycomacropeptides hydrolysed from
caprine casein with rennin, and found 2.83% sialic acid,
compared with 10.2% sialic acid in the glycomacropeptides
isolated from bovine casein. Levels of galactosamine and
galactose were also lower in caprine glycomacropeptides
compared with those of their bovine counterparts (Alais and
Jolleés, 1961; Jolliés et al., 1964). Sialic acid in the
caprine glycomacropeptides was found to be a mixture of N-
acetyl and N-glycollyl-neuraminic acid, unlike the bovine
glycomacropeptides which only contain N-acetyl-neuraminic
acid (Alais and Jolleés, 1961; Jolles et al., 1964; Cabezas
et al., 1968). Glutamic acid and valine were released from
the C-terminal of the caprine macropeptides by the action of



cérboxypeptidase A, whereas the C-terminal of bovine k-casein,
and the macropeptides has recently been shown to be Ala-Val.
OH (Mercier et al., 1973).

6.21 Ovine Caseins

Paper electrophoresis of ovine casein revealed two
major fractions which were analogous to the bovine a- and
g-caseins (Sloan et all, 1961). Genetic polymorphism was
observed in the ovine «, - and g-caseins of several breeds by
starch gel electrophoresis (King, 1966; Tanev, 1967; Tanev,
1969; bBogdanov et al., 1972; El-Negoumy and Burfening, 1972;
Arave et al., 1973) and polyacrylamide gel electrophoresis
(Assenat, 1967). Only two variants were observed for each
casein and the fregquency with which they occurred in 592
samples of milk from 6 breeds was very low, being 0.0%6 for
a—CnAB and 0.17 for /E?-Cn“'LB (4irave et al., 1975). Similar
results were found by King (1966), indicating there may be
less variation in the ovine caseins than the widespread
polymorphism evident for bovine caseins.

Alais and Jolles (1967) isolated two major k-caseins
which they suggested were genetic variants and designated them
as k-casein A and B. The presence of multiple forms of ovine
k—casein has since been reported by Ribadeau Dumas et al.

(1975).

Ovine casein, when treated with rennin releases
glycomacropeptides corresponding to those released from bovine
and caprine whole caseins (Alais and Jollés, 1961; Jollés et
al., 1961). Like their caprine counterpart, glutamic acid
and valine were released from the C-terminal by carboxy-
peptidase A. The sialic acid content (1.0%) of the ovine
glycomacropeptides was lower than in either the caprine or
bovine glycomacropeptides (Jolles et aley 196109 Jollés et al.,
1964 ), but like caprine glycomacropeptides was composed of
N-acetyl- and N-glycollyl-neuraminic acid.

Mercier et al. (1968) resolved ovine casein into four
major peaks by chromatography on DEAE-cellulose in buffers
containing urea. Ovine k-casein A and B were isolated from



a crude fraction by chromatography on DEil-cellulose and
their amino acid compositions were determined (:ilais and
Jolleés, 1967). The amino acid compositions of ovine x-casein
A and B were similar. The major difference Dbetween

ovine and the bovine x-casein was the greater content of
aspartic acid (Alais and Jolles, 1967; Ribadeau Dumas et al.,
1975). The x-caseins were readily hydrolysed by rennin and
consisted of both majoy and minor components on starch gel
electrophoresis similar to bovine «k-casein. The recovered
welghts of protein after chromatography on DL.l-cellulose
indicate «x-caseln comprises approximately 15, of the total
casein, vhereas g-casein and « -casein constitute 28, and 48%
respectively.

Resmini et al. (1967) isolated and partially
characterized the ovine x-, B- and as—caseins. ohalichev and
Tanev (197%) recently isolated ovine 4%—casein by chromato-
graphy of a crude as—casein fraction on Sephadex G-150 in
5 M urea. They obtained an extinction coefficient
(Jq%cm at 280 nm) of 8.45, and a molecular weight of 47 500
for the protein. They also determined the amino acid

composition of ovine as—casein.

Recently, Iiat et al. (1970 determined the sequence
of a tryptic peptide of thirteen residues which contains the
rennin sensitive phenylalanine-methione bond that was readily
cleaved in bovine x-casein by rennin and found the sequence to
be identical to the corresponding region in bovine k-casein.
The N-terminal sequence of 40 residues from the ovine «-casein
macropeptide which was determined using a sequencer, has
indicated a 78,5 homology when compared with bovine kx-casein
(Fig.6.8) (Jolles et al., 1973). lhere is probably an
insertion of two amino acids at residues 27 and 28 of the
ovine glycomacropeptide, as well as seven amino acid
substitutions.

Furthermore, the seguence of ovine paranA—casein,
determined by Jollés et al. (1974), had thirteen amino acid
substitutions when compared with that of bovine para-«x-
casein (lMercier et al., 1973) (Iig.6.9).
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Fig.6.8: N-terminal sequences of bovine and ovine k-casein

A glycomacropeptides (Jollés et al., 1973). To
optimize homologous relationships, two deletions
were suggested to occur in the bovine peptide.

O; deletion. The enclosed residues indicate the
differences in the sequences of the two peptides.
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6.22 Buffalo Caseins

After the earlier reports of heterogeneity in buffalo
casein (Aschaffenburg and Sen, 1963; Ganguli and Bhalerao,
1964), two genetic variants of «x-casein, designated as A and
B, were found by starch gel electrophoresis (Ganguli and
Majumder, 1968). The B:variant was found to be the most
common with none of thg samples examined being homozygous for
the A variant (Ganguli, 1973). Aschaffenburg et al. (1968b)
using starch gel electrophoresis observed two genetlic variants
which they designated as A and B in buffalo B-casein. The A
variant was only observed in the caseins of % closely related
buffalo from a total of 105 animals. Genetic polymorvhism

in the buffalo caseins appears to be a rare occurrence.

Abd El-Salam and lanson (1967) isolated buffalo «-casein
using the procedure developed by JZittle and Custer (1963%) for
bovine «-casein. They found buffalo x-casein had a phosphorus
content of 0.36;,;, higher than bovine k-casein, and an extinc-
tion coefficient (Eqmcm at 278 nm) of 11.0. The C-terminal
sequence -..la-ver-1hr-val.OH obtained by digestion of buffalo
t—casein with carboxypeptidase i is slightly different from
that of bovine x-casein (Fig.6.2).

Recently Nagasawa et al. (1973) separated buffalo
caselin by chromatography on bLkik-cellulose in urea into 3
major fractions, similar to tlielir bovine counterparts.
Buffalo p-casein and bovine g-casein have similsr electro-
phoretic mobilities in alkaline polyacrylamide gels, with
buffalo aS—casein having a lower electrophoretic mobility
than bovine asq—casein and being more heterogeneous.
Quantitative polyacrylamide gel electrophoresis indicated
buffalo casein contains 11.05 k-, 43.4, g- and 45.6 a -
casein. 'here appears to be less sialic acid in buffalo
x-casein than in bovine «-casein. The amino acid composi-
tions of the buffalo caseins were fairly similar to their
bovine counterparts.

6.23 Human Caseins

Some of the earlier reports on the extent of rennin
action on human casein were variable sinc~= glycopeptides
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containing sialic acid were found in some but not all caseins
(Malpress, 1962; Alais and Jolles, 1962). Alais and Jolles
(1970) found difficulty in isolating casein from human milk,
obtaining 0.5 g/100 ml, in contrast to bovine milk (2.5 g/

100 ml). Malpress and Hytten (1964) found differences in the
caseins of human milk samples, and in the sialic acid content

of rennin hydrolysed caseins.
L]

Malpress and Seid-Akhavan (1966) isolated and character-
ized two fractions, o - and k-caseiln from human casein. The
aS—casein fraction isolated by Malpress and Seid-Akhavan (1966)
is now thought to have been human g-casein (agasawa et al.,
1970). The x-fraction was insensitive to CaClg, being
heterogeneous in gel electrophoresis,with the formation of
soluble glycomacropeptides after rennin degradation (xlais
and Jolles, 1969; lialpress and veid-i/khavan, 1966; Nagasawa
et al., 1870). some carbohyarate 1s attached to the peptide
through an C-glycosidic linkage to threonine and serine, and
like bovine k-casein the stabilizing power of human «-casein
is lost after rennin action (lMalpress and weid-Akhavan, 1966).
Alais and Jolles (1969) also isolated two components from
human caseins which they designated as k-caseins, since they
were readily hydrolysed with rennin. Groves and Gordon (1970)
isolated human x-casein and determined its amino acid compo-
sition. Toyoda and Yamauchi (1973%) have also isolated a
x-casein-like fraction from hvman casein.

Nagasawa et al. (1967) separated human casein into 9
major fractions by chromatography on DE:xE-cellulose at 1OOC,
in the absence of urea. The main component observed in
polyacrylamide gel electrophoresis had six protein bands
which mipgrated in the region of bovine f-casein. The patterns
were very heterogeneous, with 14-26 protein bands being
observed depending on the sample. o Ca sensitive fraction

corresponding to cow cg—casein was found.

Human casein was separated into three fractions by
chromatography on isephadex G-150 at 10°C in the absence of
urea (Nagasawa et al., 1970). In the major fraction, six
proteins were observed in alkaline polyacrylasmide gels

whose bands varied in their intensity, and which were
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designated as @-casein A, B, C, D, & and F, in order of

their decreasing electrophoretic mobilities. Human f-casein
B, the second most mobile component, which was isolated by
chromatography of the major fraction on DEaE-cellulose,
resembled bovine f-casein in its Ca sensitivity, phosphorus
content and amino acid composition (Nagasawa et al., 1970).
Their results led Nagasaﬁa et al. (1970) to propose that
human casein was largel’y composed of a k-casein and a
g-casein fraction. ‘The human g-caselin fraction was shown
by amino acid analyses and phosphorus estimation to contain
one protein phosphorylated at different levels with a
similar molecular weight to bovine B-casein, and containing
0-5 phosphate groups per mole of protein (Groves and Gordon,
1970; Groves and Townend, 1970). lhese results were
verified by Nagasawa et al. (1971) in their studies on
dephosphorylating human p-casein with phosphoprotein phospha-
tase from beef spleen. The different levels of phosphorus
in the human f-caseins explains the marked sensitivity to
CaCl2 of the proteins containing more phosphorus (i.e. the
more mobile components on gel electrophoresis) compared with
the less mobile B-caseins (Nagasawa et al., 1970). Recently,
Nagasawa et al. (1972a) examined the variation in gel
electrophoresis patterns of human milk with the duration and
temperature of storage of the milk. Human milk was found to
be very susceptible to proteolysis with a marked increase in
hetercgeneity of the protein pattern, even after storage of
the milk at 3700 for less than three hours. These observa-
tions of Nagasawa et al. (1972a) may in part explain the
heterogeneity and differences observed by earlier workers
(Malpress, 1962; Ailais and Jolles, 1962; Malpress and
Hytten, 1964; Nagasawa et al., 1967).

Voglino and Yonzone (1972) showed that the relative
intensities of the A and D human g-casein bands varied and
suggested that the g-caseins were under the control of two
allelic genes.

Some of the physical characteristics of human p-casein
have been examined by Toyoda and Yamauchi (1972) who showed
human g-caseins undergo temperature dependent polymerization
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similar to that of bovine B-casein, except the transition

starts at a higher temperature than with bovine f-casein.

©.2U Other Caseins

Alais and Jolles (1970) examined human and rabbit
caseins by starch gel electrophoresis and showed they did
not have the characteristic electrophoresis pattern of
caseins from the ruminahts. Later, four pure components
were isolated by chromatography of rabbit casein on DLAL-
cellulose (l'estud and ikibadeau Dumas. 1973). bome’of these
caseins resembled individual bovine caseins, and 1n
particular, one fraction had an amino acid composition
resembling bovine f-caseln. llowever, it is more similar to
human 8-casein. 1t was not possible to isolate a k-casein-
like fraction in rabbit milk, although a para-s-casein like
fraction appears on electrophoresis of rennin treated rabbit
whole casein.

Similarly, although canine casein was separated by
DEil-cellulose chromatography into f- and es~casein fracticns,
no fraction resembling «-casein was found (Nacasawa et al.,
1972b). Canine B-caseln resembles human g-caseln, at least
in its amino acid composition.

Acrylamide gel electrophoresis (i'eldman and Ceriani,
1970; Feldman and Hohmann, 1971) and paper electrophoresis
(Sloan et al., 1961) of rat and mouse caseins have also
revealed the presence of casein components, which have as yet,
not been fully characterized. Their immunoelcctrophoretic

and electrorhoretic relationships show that they are similar.

Freliminary investigations on porcine caseilns have
shown polymorphism in the caseins (Gerrits et al., 1969;
Woychik and Wondolecwski, 1969; Glasnhk, 1966; liarkovich,
1971). Sloan et al. (1961) showed that porcine (sow) casein
is heterogeneous. Porcine a - and k-caseins could be inter-
changed with the bovine caseins in Ca stability tests and
had similar amino acid compositions to their bovine counter-
parts {(Woychik and Wondolowski, 1969).
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CHAFTER 7:  LEXTFERIMENTAL

The methods used to isolate and characterize the major
caprine and ovine caseins, and some bovine caseins are out-
lined in this chapter. The caseins were characterized from
their electrophoretic mobilities 1n polyacrylamide gels,
molecular weights, amino‘acid compositions, phosphorus con-
tents, and extinction goefficients. The physical
characteristics of the caseins were compared by reasuring
their solubility in the presence of CaClg, stabilization of
the aS—cascins by x-caseins, and the temperature dependent
polymerization of the B-caseins. Wherever possible all
analyses were carried out using conceritrated stock solutions

of known protein concentration.

71 Yrerar.tion of Jicid Cagseins

Bovine Casein

Raw milk, obtained from individual Friesian cows
belonging to the Massey University monozygous twin herd, was
wormed to %0°C and skimmed using a separator. icld caseln
was precipitated from the skim milk by slowly adJjusting the
pH to 4.6 with 1 I IiCl. The precipitate was collected,
washed several times with water, and redissolved at pH 7/ Dby
the addition of 1 I IlaOH. Care was taken to maintain the
pE of the solution below 8. 1he casein was reprecipitatecd
at pll 4.6, washed, freeze dried and then stored at -20°¢.

Caprine Casein

Samples of milk were obtained from British Saanen
goats and skimmed using, the same procedure for bovine milk.
Acid casein was precipitated at 20°C by adjusting the pH to
4.2 with 1 M HC1. The casein was washed, redissolved,

reprecipitated, freeze dried and then stored at -20°¢.

Ovine Casein

Ovine milk samples were obtained by hand milking,
mainly from Border Leicester-Romney crossbreed ewes belonging

to the Massey University flock. These milks were either



bulked, or Kept as individual samples. The milk was warmed
to EOOC and centrifuged at 800 g for 15 minutes. okim milk
was removed from underneath the cream layer and diluted with
an ceual volume of water prior to precipitating the casein at
pH 4.6 with 1 1 HCl. T"he remainder of the procedure was the

same as that used for the bovine and caprine caceins.

e Folymorphism in Caprine and Cvine Caseins
L4

A number of cascin samples (25 caprine and 60 ovine)
were examined by polyacrylamide gel electrophoresis for
evidence of polymorphism in the caseins. Casein precipitated
from 2 ml samples of caprine milk and 1 ml samples of ovine
milk was discolved in 10 ml of 4.5 M urea containing 2-
mercaptoethanol (0.15%, v/v) and 10% (w/v) sucrose. &liquots
(0.02 ml) of these samples were examined by polyacrylamide
gel electrophoresis at pH 8.4 and in some cases by alkaline gel
electrophoresis in the presence of Mg (Chapter 7.6 and 7.7).

7.3 Chromatography of Casein on DEAL-Cellulose

Whole caprine, ovine and bovine caseins were separated
into their major fractions by chromatogreaphy on DEAiAL-cellulose
in buffer containing urea using a procedure similar to that
described by rhompson (1966).

DEAE-cellulose LL-52 (lhatman) was precycled according
to the procedure outlined in the Whatman handbook. The
cellulose was washed in 0.5 M HC1l for %0 min and washed
with deionized water on a sintered glass filter until tThe pH
of the effluent was 4. The procedure was repeated using
0.5 M NaCH and the cellulose washed with water until the pH
of the effluent was 8. The DL..E-cellulose was washed with
several bed volumes of 0.01 M imidazole-HC1l buffer, pH 7.0,
containing 4.5 M urea and 0.1% (v/v) 2-mercaptoethanol,
packed into a column (2 cm x 50 cm) and equilibrated with
buffer. Concentrated solutions of urea (9 M), used in the
preparation of buffers, were filtered through a column of
DEiE-cellulose and then stored at 4°C.

Samples of whole casein (1-2 g) were dissolved in
buffer and chromatographed on the DEAE-cellulose column, the
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caseins being eluted at a flow rate of 50 ml/h with a
linear gradient of NaCl. Since the conditions used for
chromatography varied with the nature of the sample,
specific details are outlined in the results section. The
effluent was continuously monitored at 280 nm with a Zeiss
PMQII spectrophotometer coupled to a Sargent SRL recorder.
Fractions were analysed by polyacrylamide disc gel electro-
phoresis (pH 8.9), pooied, dialysed and stored at -20°c.
Most of the casein fractions were purified further by
rechromatography on DEAE-cellulose or by chromatography

on CM-cellulose. Some crude bovine agq- and B-casein
fractions that had been prepared by urea fractionation of
whole casein (Hipp et al., 1952) were purified by chromato-
graphy on DEAE-cellulose.

74 Chromatography of Casein on CF-Cellulose

Impure casein fractions were often rechromatographed
on a column of whatman ClM-%2 cation exchange cellulose in
0.01 M sodium formate buffer (pH 4.0) containing urea (4.5 M)
and 2-mercaptoethanol (0.1%, v/v). The cellulose was pre-
cycled and packed into a column, using the same procedure
as that previously described for DxiE-cellulose, except the
ClM-cellulose was washed first with 0.5 I1 NaOH and then with
OvS K BC. The conditions used for column chromatography
on CM-32 were similar to those previously described for DLkik-
cellulose.

e Polyacrylamide Disc Gel Electrovrhoresis

Folyacrylamide disc gels were routinely used to
identify the caseins present in the column fractions and to
assess their purity.

Folyacrylamide disc gel electrophoresis at pH 8.9 in
gels containing 5.5 M urea was based on the method outlined
by Davis (1964). The gels consisted of an upper 1 cm layer
of large pore gel used to concentrate the protein sample,
and 6 cm of separation gel. These were set in 5 mm wide
glass tubes. Stock solutions were prepared (Table 7.1) and
from these, three working solutions were mixed (Table 7.2).

MASSEY UMNIVERSITY
LIBRARY.
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Table 7.1

Stock Solutions

Solution A, pH 8.9 Solution B, pH 6.7
Tris 26.6 g Tris 5.98 g
1 M HC1 48 ml 1 M HC1 48 nl
TEMED 0.2% ,ml TEMED O.46 ml
Water to 100 ml Water to 100 ml

Solution C sSolution D
Acrylamide 28.0 g Acrylamide 10 g
Bis 0.735 g Bis 2.5 g
Viater to 100 ml Water to 100 ml

Solution E

Riboflavin 4 mg
Water to 100 ml
Table 7.2

Working, volutions

Small pore solution 1 small pore solution 2
1 part A Ammonium persulphate solutioun
2 parts C (0.14 g in 100 ml of 9 I1 urea)

1 part 9 M urea

Large pore solution Llectrode buffer
1 part B Tris 3 g
2 parts D Glycine 14.4 g
1 part E 0.25 ml bromophenol blue

(0.1, v/v)
6 parts 9 M urea Water to 1 1
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The §eparation gel was made by mixing equal parts of
small pore solutions 1 and 2. The gel was allowed to poly-
merize and the spacer or large pore gel was then polymerized
on top of this. Lamples in urea solution were applied to
the gel and electrophoresed for 1.5 h at 120 V, normally
with a current of 50 mA. when the bromophenol blue dye
marker reached the bottom of the gels, they were removed from
the tubes and stained with 0.1% (w/v) amido black 10B in
7% (v/v) acetic acid for 1-4 h. Unbound dye was removed by
electrophoresis.

7.6 Polyacrylamide Slab Gel klectrophoresis

Where it was necessary to compare the electrophoretic
mobility of a number of caseins, these were examined by slab
polyacrylamide gel electrophoresis. Alkaline or acid gel
electrophoresis of caseins was carried out in 5% (w/v) poly-
acrylamide gel slabs containing 6 I urea using an b-C
vertical gel electrophoresis apparatus (k-C Apparatus Corpora-
tion, Fhiladelphia). The method used for alkaliine gel
electrophoresis (Table 7.3) was similar to that used by
Thompson et al. (1964) except the pH of the electrode buffer
was 8.4. After the addition ¢f ammonium persulphate, the
gel was left to polymerize for 1 h. The samples, in urea,
were placed in the gel slots and electrophoresis then
carried out for 4 h or longer at 200 V. The gels were
stained with 0.1% (w/v) amido black 10B and these were then
washed in 3%} (v/v) acetic acid to remove excess dye.

Samples were also examined by acid gel electrophoresis
in S#» (w/v) polyacrylamide gel layers (Table 7.4). -The
samples were electrophoresed at 300 V for 6 h and stained and
destained using the normal procedure.

Wwan/ Gel Electrorhoresis in Buffers Containing lig

The procedure used for gel electrophoresis in the
presence of Mg has previously been described by Waugh et al.
(1970). Electrophoresis in polyacrylamide gels containing
Mg and 6 M urea was carried out using the E-C vertical gel
electrophoresis apparatus. The composition of the gel and



Table:F. &

Stock Gel Solution

Cyanogum 41 50 g
Tris 10.80 g
Na LDDA. 2H,0 . 0.925 g
Boric acid 5.5 g
TEMED ' 1 ml
8 M urea 750 ml
wWater to 1 1

Catalyst

Ammonium persulphate 0.2 g used to polymerize 200 ml
of gel solution

Llectrode Buffer Solution pH 8.4 (PPeacock et al., 1965)

Tris 107.9 S
NaeﬁDTA.2H2O 9.25 g
Boric acid (crystalline) 55.0 g
Water to 10 1

Table 7.4

scid Gel Solution (pH 4)

Cyanogum 12 g
Glacial acetic acid 12 g
O Ii urea 1%3 ml
TEM=D 1 ml
Deionized water to 200 ml

Catalyst

Ammonium persulphate 0.% g used to polymerize
200 ml gel solution
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Table 7.5

Polyacrylamide Gels Containing lMg

Stock Gel Solution

Tris 4 g

Boric acid = 2 g

Magnesium acetate.4Hep 0.2 g

Cyanogum 10 g

8 M urea 150 ml

TEMED 0.2 ml

Water to 200 ml

Catalyst

Ammonium persulphate 0.2 g in 200 ml gel
solution

Anode Buffer (lower reservoir)

Magnesium acetate.4H20 4 g/l

Cathode Buffer (upper reservoir)

Sodium tetraborate 4 g/l

adjusted to pH 8.6 with 3% (v/v) acetic acid
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the electrode buffers is given in Table 7.5. bamples were
applied to the gels and electrophoresis carried out for 6 h at
300 V. The gels were stained and destained as described in
the previous section.

7.8 Frotcolytic Degradation of Caseins with Rennet

Some column chromaéography fractions were dialysed
against deionized water 'and diluted with an equal volume of
0.2 M citrate buffer, pH 6.5. These were incubated at 5700
and aliguots of rennet (0.10 ml) (M. Cooperative Rennet Company
Ltd, Eltham) that had been diluted tewn fold with buffer were
added to the casein solution and incubated for 15 min. The
reaction was stopped by diluting the samples with an equal
volume of 9 M urea containing 2-mercaptoethanol (0.1, v/v).
Aliquots of the samples, obtained before and after rennet
treatment, were examined by gel electrophoresis to identify
any casein fractions which may have been hydrolysed.

mstimation of lMolecular veishts

Analytical ultracentrifugation using the techniques of
sedimentation velocity or sedimentation equilibrium are the
commonly used procedures for determining the molecular weights
of proteins. The molecular weights of the bovine caseins
are difficult to determine since they readily aggregate to
form polymers, whose size may be dependent on tcmperature,
protein concentration and ionic strength (see introduction for
further details). These problems can be overcome however, by
ultracentrifugation of the caseins in concentrated guanidine.
HC1 solution (Iloelken, 1967; Noelken and Reibstein, 1968).

In recent years a number of other technigues involving
gel chromatography have been developed to determine the
molecular weights of proteins. Gel chromatography of
native globular proteins on columns calibrated with globular
proteins of known molecular weight has become a widespread
technique of estimating molecular weights (.Andrews, 1970).
Other techniques include gel chromatography on columns
calibrated with prbteins of known molecular weight in the
presence of sodium dodecyl sulphste (Fish’.1971)

3



concentrated solutions of urea (Thompson and O'Donnell,
1965) or guanidine.HCl (¥ish, 1971; Bryce and Crichton,
1971).

In the presence of dissociating agents, and in
particular 6 M guanidine.lCl, proteins which have their
disulphide linkages reduced are denatured to random coils
(Tanford, 1968). Theye is however, some evidence of the
caseins (bkvans et al., 1971a) and some other proteins
(Tanford, 1968) still possessing some degree of structure
under these conditions. However, gel chromatography of
bovine caseilns in the presence of °/ IM urea and in € M
guanidine.HC1l yields molecular weipht values close to those
estimated from their amino acid secuences. Conseguently,
the molecular weights of the caprine, bovine and ovine
caselins were determined by gel chromatography in 7 I1 urea
and in 6 I guanicdine.iCl.

7.9 Molecular Veipht of Caprine x-Casein

The molecular weight of caprine k-coaseln was
estimated by gel chromatography on a column of Sephadex
G-100 (2.2 cm x 90 cm) in 0.1 M Lris-HC1 buffer, pH 8.0,
containing 7 M urea. Yepsin (molec.wt 35 CO0) (Sigma),
bovine g-casein B (molec.wt 24 100), bovine k-casein B
(molec.wt 19 02%), haemoglobin (uiolec.wt 15 500) and bovine
ribonuclease A (molec.wt 1% 7C0) (Calbiochem) were used as
molecular weight standards. The molecular weight of
B-casein was estimated from the amino acid sequence
(Ribadeau Dumas et al., 1972; Grosclaude et al., 1972).

The molecular weight of bovine k-casein B was taken
from Mercier et al. (1973%). Other molecular weights were
taken from wWeber and Csborn (1969). trior to chromatography
all proteins except B-casein B were S-carboxymethylated
(Hirs, 1%67a). The flow rate of the column was maintained
at 10 ml/h, 2.2 g fractions being collected and their
extinctions measured at 250 nn. In each chromatographic
run Blue Dextran 2000 (Fharmacia) and e-dinitrophenyl(DLF)-
lysine (BDH) were included to enable the distribution co-
efficient (Kd) for each protein to be calculated as described



by Fish (1971) using the formula:

\ \
Kd = IR
LA
where Ve = elution weight of protein
VO = elution weight of Xlue Dextran 2000 (void volume)
Vt = elution weight of a-INP-lysine (VO + Vi’ where

V.l is the interstitial volume).

The logarithm of the molecular weight for each standard
protein was plotted against the distribution coefficient
and the molecular weight of the unknown was estimated from

this curve.

710 Molecular Yieisht Analysis in 6 M Guanidine.HCl

The molecular weights of the bovine, ovine and caprine
caseins, except caprine x-caseln were detcrmined by chromato-
graphy in 6 M guanidine.HCl buffer on a column of Sepharoce
6B. The column had previously been calibrated with
S-carboxymethylated proteins of lknown molecular weight using
the procedure outlined by Fish et al. (1969).

A columnn (2.26 cm x 84 cm) of Sepharose 6B (rharmacia)
was equilibrated with several bed volumes of 0.02 M fris,
0.01 M NagﬁDTA buffer, pli 8.2, containing 6 M guanidine.HCl.
The flow rate of the column was maintained at 5.0-5.2 ml/h
using a Accuflo pump (Beckman Instruments, Spinco Division,
Palo .lto). Fractions were collected at %0 min intervals
using a LKB RadiRac fraction collector.

Chromatography of Proteins

The proteins, with the exception of the f-caseins
were all S-carboxymethylated prior to chromatography, using
a similar procedure to Hirs (1967a). The standard proteins
used to calibrate the molecular weight column are presented
in Table 7.6 . The protein samples (%-5 mg), a-DiiP-alanine
(0.02 mg) and Blue Dextran 2000 (1 mg) were dissolved in

guanidine.HC1 buffer containing 10, (w/v) sucrose. The

U



Table 7.6

. - |
Standard l'roteins

source Molecular Weight
¥_Globulin H-chain Sigma 50 000°
Ovalbumin Sigma 43 OOO2
Chymotrypsinogen A ' Sigma 25 7OO2
¥-Globulin L-chain $igma 2% 500°
Myoglobin (equine) Sipma 17 2007
Haemoglobin Sigma 15 SOO5
Ribonuclease A Miles leravsc 7005
Cytochrome C (equine) bigma 11 7OO5
4 Unless otherwise indicated, bovine standard proteins

were used.
. lMolecular weights from ‘Jeber and Csborn (1S869).
Moleculsr welights determined frcm the amino acid

N
.

sequences listed by Dayhoff (1972).

elution weights of each protein were measured, since these
result in more accurate values for the distribution co-

efficients than those obtained from clution volumes (¥ish

10Y

et al., 1969). The absorption at 640 nm, 280 nm and 365 nm

of the fractions was used to estimate the elution position

of Blue Dextran 2000, protein and e«-Llil'-nlanine, respectively.

The distribution coefficient (Kd) of each protein was

calculated using the expression:

Ka = om0

where Ve = elution weight of protein
Vt = elution weight of a-LNP-alanine
Vo = void volume characterized by Blue Dextran 2000

1

A standard curve was prepared by plotting Kd® versus
(molec.wt)? for the S-carboxymethylated proteins of knowm
molecular weight (Bryce and Crichton, 1971).
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7.1 Amino scid Compositions

The amino acid compositions of the purified caprine
caseins and some bovine caseins were determined after hydro-
lysing the proteins with 6 II HC1. Duplicate samples of each
purified protein (3-4 mg) were hydrolysed in vacuo in 6 I
HC1l at 110%1°C for 24, 48 and 72 h. vamples were placed in
thick walled glass tubep and frozen in liquid nitrogen.

The samples were evacuated with a vacuum o0il pump and degassed
as they thawed. This process was repeated several times.

The sample tubes were sealed at a pressure of less than

50 microns (Moore and Stein, 1963). The ovine caseins

were hydrolysed with 6 M HC1l after the tubes were evacuated
with a water pump and repeatedly flushed with oxygen-free
nitrogen, using a similar procedure to Spitz (197%).

The hydrolysates were evaporated to dryness on a
rotary evaporatory, washed with water and redried. The
process was rcpeated twice, and the samples stored at -20°¢
prior to amino acid analysis.

Amino sicid Analysis

1'he amino acid cocmpositions of the protein hydrolysates
were determined by ion exchange chromatograrhy using the
procedure of Moore and Stein (196%).

Casein hydrolysates were analysed using the single
column methodology on a Locarte Mk IV amino Acid analyser.
Norleucine (25 nanomoles) was included as an internal
standard in each chromatographic run. T'he analyser was
calibrated with Beckman standard amino acid calibration
mixtures, containing 25 nM of each amino acid. Usually,
0.100 ml aliquots of hydrolysates containing 5-100 mnanomoles
of each amino acid were analysed on a column of Locarte L4/49
cation exchange resin, using a three buffer program. The
acidic and neutral amino acids were eluted first with buffers
1 and 2, followed by the basic amino acids which were eluted
with buffer 3 (Table 7.7). After elution from the ion
exchange column the concentration of each amino acid was
determined photometrically after reaction with ninhydrin.
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Nabdier

Locarte Amino Acid Analyser Frogranm

Period of

Composition Llution (min)
Buffer 11 C.2 N Na citrate pH %.25 50
Buffer 2 0.2 N,Na citrate pll 4.20 95
Buffer 3 1.0 X Na citrate pH 6.65 135
NaCH 0.2 N NaOH 50 .
Equilibration
buffer O.2 N Na citrate pH %.25 90

1. After eluting the ion exchange column for 40 min the
temperature was increased from SOOC to 60°C.

The buffer and ninhydrin flow rates were each maintained at
30.0 ml/h. This program resulted in a total analysis time
of 6 hours 40 minutes for each sample.

Hydrolysates of caprine k-casein were analysed using
the two column methodology (Beckman 120C Instruction Manual)
on a Beckman 120C Amino Acid Analyser. Norleucine (Pierce)
and a-amino-g-guanidine propionic acid (Pierce) were used as
internal standards in these analyses.

Cysteine

Any cysteine and cystine present in the caseins were
oxidized with performic acid, prior to acid hydrolysis
(Hirs, 1967Db).

Tryptophan

Tryptophan in caprine k-casein was determined by amino
acid analysis after acid hydrolysis of the protein samples
in vacuo in the presence of 4% (v/v) thioglycollic acid for
48 hours at 110°C (Matsubara and Sasaki, 1969). Tryptophan
in the other caprine caseins was determined colorimetrically

with p-dimethylaminobenzaldehyde after enzymatic hydrolysis with
Tronase (Koch Light) as described in Frocedure 'W' by Spies
(1967). L-Tryptophan (Sigma) was used to prepare a
standard curve.
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The ovine caseins were hydrolysed in % I p-toluene
sulphonic acid containing 3-(2-aminoethyl)indole (0.2 v/v)
for 24 h at 110°C (Liu, 1972) and tryptophan in these
digests was determined by amino acid analysis. L-Tryptophan
(Sigma) was used as a standard. The method of Liu (1972)
was used to determine the tryptophan content of ovine
caseins, since this method was technically simpler than the
method of tpics (1967)2 Furthermore, only 2 mg protein
samples were required, compared with 110-20 mg using the
method of Lpies (1967).

The molar ratio of tyrosine to tryptophan in some
caseins was determined from measurements made on the protein
in 0.1 M NaCll at 280 nm and 294.4 nm (Beaven and Holiday,

1952).

712 Fhosphorus

Fhosphorus was determined in casein samples which had
been digested using onc of two methods. 1t was determined
directly in the hydrolysates used for amino acid analysis,
or in caseins (10-20 mg) which had been digested with nitric
and sulphuric acids and oxidized with hydrogen peroxide using
the wet digestion procedure described by lickenzie and lurphy
(1970). Thosphorus was determined colorimetrically using Llhe
procedure described in Chapter %.3.

Rk rxtinction Coefficients

The extinction coefficients of the caseins were
determined at 280 nm in 0.1 M phsophate buffer (pH 7.0).
Aqueous stock solutions of the caselns whose protein con-
centrations were previously determined by measuring their dry
weight (licKenzie and Murphy, 1970), were diluted with
phosphate buffer and their extinctions measured at 280 nm
and %220 nm against 0.1 M phosphate buffer. The extinction
coefficient at 280 nm of a 1% (w/v) protein solution in a
cell with a 1 cm path length was determined after correction
for Rayleigh light scattering by the expression:

ol E - /i .7}3
cm

Cc

where ¢ 1s the protein concentration in g/100 ml.



111

A
7T Viscosity Measurements on Caprine and Bovine

p-Caseins

The intrinsic viscoslity of a protein i1s a measure of
its conformation in solution. The intrinsic viscosities of
bovine and caprine f-caseins were determined in neutral
buffer at several temperatures, and at 4°C in the presence

of 6 M guanidine.HCl. ,

Stock protein solutions were prepared by precipitating
caprine 61‘ and Bg—caseins and bovine f-casein Aq at their
isoelectric points and redissolving them in deionized water
at pil 7.0 with the addition of small quantities of 0.1 M
NaCH. heir protein ccncentrations, determined by measuring
the weight of dry material in alicuots taken from these
solutions, wore 1.96,5, 1.514 and 1.80,5 for caprine 61— and
ﬂg—caseins and bovine B-caseln Aq, respectively. These
solutions were diluted with concentrated stock buffer so
thot they contained approximately 1o (w/v) protein in 0.02 N
vD1's buffer, pH 7.0, and 0.14 IM1 NaCl. ialternatively, they
were diluted with concentrated stock buffer so the solutions
contained epproximately 1, (w/v) protein in 0.1 M phosphate
buffer, pid 7.0, and 6 @1 guanidiue.lCl. Reference solutions
were preparec from the concentrated stock buffer solutions
by diluting them to the same extent, by weight, as the

protein solutions.

Guanidine.HC1l (Grade 1) (Sigma), recrystallized from
methanol (Nozaki and Tanford, 1967), was used in the
preparation of buffers. The absorption spectrum of the
guanidine.lC that was purified by this procedure showed 1t
to be essentially free of any contaminants (Nozaki and

Tanford, 1967).

The relative density (relative to water) of the
0.02 It EDTA buffer, pi 7.0, containing 0.14 I1 NaCl, and
O«1 1 phosphate buffer, pH 7.0, containing 6 M guanidine.lHCl,
were determined by pycnometry at 2500. These measurenents
were repeated with the buffer solutions containing known
amounts of protein. It was assumed that the change 1n

relative density of solutions was minimal between 4 °C and

279C.



Viscosity measurements were carried out at 400, 1000,
2500 and 5700 in £DTA-NaCl buffer, pid 7.0, and at 4°C in
buffer containing 6 M guanidine.HCl, using the procedure
outlined in Chapter 3%.11. It was necessary to filter the
solutions through a medium porosity glass sintered disc
before measuring their relative viscosities, otherwise
reproducible viscometer flow times were difficult to obtain.
At 4°C and 1OOC, Cannoh lManning Semi licro Viscometers,
type 75, were used as these provided :. minimum flow time
for water of approximately 180 sec at 10°C. 4t the higher
temperatures the type 50 viscometers were used which provided
a minimum flow time for water of approximately %80 sec at
2500. Under these conditions the kinetic energy correction

was negligible (Bradbury, 1970).

The viscometer flow times of the reference buffers =znd
concentrated protein solutions were determined. The con-
centrated protein solutions were successively diluted by
welght with buffer to provide a series of samples of different
protein concentrations. The flow times of all of these
solutions were measurzd at least threc times to obtain

results with a maximun variation of 0.1 sec.

The specific viscosity values at different protein

concentrations were determined from the expression:

at
" = =
Sp doto
where "sp is the specific viscosity, and d and dO and t and
t the relative densities and viscometer flow times,

C,
respectively of the protein solution and the reference solvent.

The data was fitted by least squares analysis to the Huggin's
equation (Bradbury, 1970):

ns e
—C—E = ["1] + k! [73_] o
where[ﬁ] is the intrinsic viscosity of the protein (ml/g),

k' is Huggin's constant and ¢ is the concentration of protein
in g/ml.
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*

7.15 Sedimentation Coefficients

Sedimentation coefficients were measured in a Beckman
Model L analytical ultracentrifuge using schlieren optics.
The caprine f-caseins were studied in &DT'A-NaCl buffer, pH 7.0
used for viscosity measurements.

Sedimentation velocity experiments were carried out
at 1OOC, 14°3  and 25OC'in a 12 mm double sector, synthetic
boundary cell at 56 100 rev/min after eguilibration of the
protein solutions for at least 1 h rrior to the run.

vedimentation coefficients were calculated from the
movement of the mawinum ordinate of the schlieren curve and

were corrected to standard conditions (sqo w)'
U4 W

/.16 Calcium Sensitivity of Caprine, Cvine and Bovine

Caseins

The solubility of caprine, ovinc and bovine $- and
as—caseins in the presence of Ca012 was measured using two
procedures. ‘the first method, used for caprine and bovine
caselns, measured the concentration of soluble protein
remaining in the supernatant at various CaCl, concentrations,
of solutions initially containing 5 mg/ml protein in sodium
cacodylate buffer, pH 6.8, at 1°C or 379G, Due to a limited
supply of some ovine caseins, 1t was necessary to measure
their Ca sensitivity using a procedure which required less
protein. The Ca sensitivity of solutions containing 0.5 mg/
ml of protein, at 5700 was determined from their turbidity
in the presence of various levels of CaClE. These turbidity
measurements can only be used to determine the Ca concentration
at which the caseins first precipitate and form colloidal
aggregates, since turbidity is not necessarily related to
protein concentration.

Method 1: Solutions (1 ml), which contained 6.25 mg/ml

of casein in buffer, were equilibrated in 8 centrifuge tubes
at 1°C or 5700. Aliquots of CaClP solutions were then added
to each tube and rapidly mixed. Each tube then contained

5 mg/ml protein in 0.05 Il sodium cacodylate buifer, pH 6.8,
and 0.05 i KC1 (I = 0.088). The final concentration of
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CaCl2 used fanged from O to 0.02 M CaCl2 at 5700, and O to
O.4 M CaCl2 at 1°C. Each solution was incubated for %0 min,
centrifuged at 12 000 g for 15 min and a 0.5 ml sample of

the supernatant removed using pipettes equilibrated at 1°¢C

or 5700, and diluted with 2.0 ml HO. The absorbance at

280 nm and %20 nm of each fractioanas measured and the
results used to construct curves of casein solubility versus

CaCl2 concentration. '

Method 2: $olutions (2.0 ml), which contained 0.75 mg/ml
of protein in buffer, were equilibrated in Spectronic 20
glass cuvettes at 3700. Aliquots of CaCl2 solutions were
added so the solutions (3.0 ml) contained 0.5 mg/ml protein
in 0.05 M sodium cacodylate buffer, pH 6.8, and 0.05 Il NaCl
(I = 0.088). The 03012 concentration in the solutions
ranged from O to 0.02 I. These solutions were incubated
for 10 min at 5700, and their absorbance measured at 440 nm,
the results being used to construct curves of turpidity

versus 03012 concentration for the individual caseins.

The ability of caprine, ovine and bovine x-caselns
to stabilize the a - and B-caseins from the three species

in solution in the presence of {aCl., was also compared.
[

Solutions (0.4 ml), containing 5 mg of a - and
p-caseins and 1 mg kx-casein in 0.01 IM sodium ceccodylate
buffe., pd 6.8, and 0.05 I NaCl were eguilibrated at 37°C.
Concentrated Ca012 solution was added to each tube and
rapidly mixed, giving a final concentration of 20 mll. These
solutiops were incubated for 15 min at 5700 and immediately
centrifuged at 500 g for 5 min. An aliguot (0.2 ml) was
removed from each sample and diluted with 1.8 ml of 0.05 M
sodium citrate. The absorbance at 280 nm of these solutions
was compared with the absorbance of the original a - or
f-casein solutions that did not contain CaCl2 or k-casein to
determine the amount of stabilization.

7.7 Temperature Dependent ITolymerization of B-Cesein

The increase in turbidity of solutions containing the

B-caseins and CaClg, as the temperature was increased from



10°C to 4OOC, showed tne ability of the bovine, caprine and
ovine f8-caseins to undergo temperature dependent polymeriza-
tion since bovine B-caseln polymers are readily precipitated

in 03012 solutions.

Solutions (3 ml), in Spectronic 20 cuvettes contained
1 mg/ml of protein in 0.05 M sodium cacodylate buffer, pHd 6.8,
0.05 M NaCl (I=0.10) ang 20 mlM CaCl, at about 10°C.  The
temperature of these solutilions was increased slowly 1in
approximately 2°¢ steps, equilibrated at that temperature for
10 min and tihe turbidity measured at 550 nm. I'rom the data,
curves of turbidity versus temperature were constructed.
Some neasurecrents were also made at other ionic strengths and
pli's.
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CHAPTiR 8: ' Chacklll COI FOSIDPION AN ISOLATICN COF THLE

COMNEON M DS

RS

The separation of whole bovine, caprine and ovine
caseins into their magjor fractions by chromatography on
columns of DEAL-celluloce is described in this chapter.
The composition of the wnhole caseins and the polymorphism
evident in a number o% individual caseln samples are also
discusced.

8.1 Chromatography of “hole Bovine Casein on DEAE-
Ccllulose

Bovine casein, isolated by acid precipitation from
milk of & cow homozyegous for asq—CnB—ﬁ—CnB—x—CnB was
separated into threce major fractions by chromatography on a
column of DIEAE-cellulose at pll 7.0 in buffers containing
4.5 M urea and Z2-mercaploecthanol (0.1, v/v) (Fig.8.1).

'he fractions indicated were pooled and thelr purity examined

by gel electrophoresis at pli 8.4 (I'ig.8.2).

Fraction 1 contained the heterogeneous group of
4-caseins which were not examined further.

Fraction 2 and 2a contained «k-casein B and the minor
carbohydrate containing k-casein fractions, respectively,

vhich were readily hydrolysed by rennin (Ffig.9.2).
Fraction % contained pure pB-casein B.

Fraction 4 contained the minor aS5_ and o _,-caseins

sS4
as well as smaller quantities of the other caseins.

Fraction 5 contained aéq—casein B and the aso~casein

fraction.

8.2 Composition of Bovine Casein

The composition of whole bovine casein was determined
by chromatography of 2.00 g samples of 'wet' casein, con-
taining about 0.5 g protein on DEAE-cellulose at pH 7.0.

The peaks which contained protein were pooled into several

fractions, similar to those in Fig.8.1. These fractions were
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Fig.8.1: Chromatography of 1 g of whole bovine casein on DEAE-cellulose in 0.01 M imidazole-HC1l

buffer, pH 7.0, containing 4.5 M urea and 2-mercaptoethanol (0.1%, v/v). The flow rate
was maintained at 50 ml/h, and 8 ml fractions were collected. The caseins were eluted
with a 1 1 linear gradient of 0.05-0.3 M NaCl. The pooled fractions, indicated by the
bar, were examined by polyacrylamide slab gel electrophoresis at pH 8.4 (Fig.8.2).

Ll



Fig.8.2:

Folyacrylamide gel electrophoresis (pH 8.4) of
whole bovine casein, and the fractions isolated by
chromatography on DEAE-cellulose (Fig.8.1).
Samples: 1, 8, whole bovine casein; 2, Fraction 1;
3, PFPraction 2; MEERPaction 2a; 5, Fraction 3;

6, Fraction 4; TSeeaction 5. The direction of
electrophoresis is indicated.
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dialysed for two days against three changes of 5 1 of

0.02 M NaCl and their volumes were measured before being !
freeze dried. Two 50 ml alicuots of 0.02 M NaCl in which
the caseins were dialysed, and 10 g of 'wet' casein were

also freeze dried. The protein content of each fraction
was estimated from its dry weight after correcting for the
salt content. After gel electrophoresis and densitometry,
the proportion of the other caseins in each casein fraction
was calculated by assuming that each casein had the same dye
binding constant for amido black 10B. Since, in most

cases there was only & small amount of contamination, this
assumption chould not lead to appreciable errors in the
recovered weights of each protein.

It was necessary to make two further assumptions:

1. That «any caseings permanently bound to the DiAE-cellulose
vags 1n the gsame proportion for all the caseins.
s That none of the caseins were preferentially lost through

the dialysis sac.

The percentage composition of a sample of bovine
cascin isolated from the milk of a single cow and based on
the total recovered weight of protein is shown in Table 8.1,
and compared with the compositiongs obtained by 2ibadeau
Dumas (1968) and Rose et al. (1969).

The results presented in Table 8.1 are similar to 3
those obtained by Rose et al. (1969) who used a similar
technicue, except they used the corrected absorbance at
280 nm of each fraction to determine the casein composition.

The values obtained for the aS—casein fraction by Rose et al.
(1969) and hibadeau bumas (1968) included all the as—caseins. e

Rivadeau Dumas (1968) determined the composition of
bovine caseiln by measuring the concentration of each amino
acid released from the C-terminal of the caseins with carboxy-
peptidase A. His values for fg-casein, listed in Table 8.1
would include the 4Y-caseins, since these caseins have the
same C-terminal sequence (Gordon et al., 1972). The composi-
tion obtained by Ribaleau Dumas (1968) has lower values for

k- and c%—caseins than results obtained in this study and by



Table 8.1
Composition of Eovine Casein/I

Comnosition
rrercent of total casein

Magor Rose et a1.2 2lvadeau Dumas2

Casein Fraction I' I1! (1969) (1968)
Y-casein 1 4.0 1.6 2.3-2.8 -
x-casein 2+2a 1.5 17.0 14.6-14.9 10.6-12.3
f-casein % 260.7 %6.5 31.8=-22.4 20.2-35.6

— = 7 @

a3 +a ,-Caseln 4 8.0 5.4
asq-+ago—casein 5 29.6 4C.2 49,2-50.8 47 .5-46.8
Recovery factor 92.0 §&°.0
Zxpected total protein 4z0 mg &30 ng

a5

The composition of bovine caseln was based on the total recovered
welght ol protveln after chromatogranhy on Diiz-cellulose.

Range of values obtained from thrce replicates. Values for

a ,—caselin also include the minor aS-caseins. bee text for

s
further details.
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Rose et al. (1969). Ribadeau Dumas (1968) attributed the
presence of phenylalanine in the carboxypeptidase A digests
of whole casein to the presence of para-«k-casein.

Including para-«x-casein in his results increases the «x-
caseln content up to a total of about 16,0, in much better
agreement with the other results.

8.5 Chromatogranhy of whole Caprine Caseln on DEAE-
Cellulose

Caprine casein was precipitated from the milk of a
single British iasnen goat at pH 4.Z2. A survey of caseiln
isolated between pHd 4 and pH 5 showed that pH 4.2 gave the
best yield of casein in agreement with the results of 4ittle
and Custer (1966).

Four major fractions were isolated by chromatography
of caprine casein on DEkAll-cellulose at pH 7.0 (Fig.8.%).
The fractions indicated were pooled and examined by gel
electrovhoresis at pH 8.4 (Mig.8.4). The major peaks in
the Dlhilll-cellulose chromatcgram of caprine caseln overlap to

& greater degree than with bovine caseln, causing each fraction

to be rore heterogenecus.

The caseins in fraction 1 have a similar electro-
phoretic mobility to the 7Y-caselns found in bovine caseiln

(I'igs.8.1 and 8.2). This fraction was not examined further.

Fractions 2 and 2a were shown to contain «-casein
from their sensitivity to rennin (I'ig.9.2). «-Casein has a
similar electrophoretic mobility at pH 8.4 to fractions % and
4 (Fig.8.4) and is obscured in patterns of whole casein by
these components.

Fractions % and 4 (l"igs.8.% and 8.4) contained Bo-
and f%—caseins, respectively. They were tentatively
designated as fB-caseins on the basis of their electrophoretic
mobilities, which are similar to that of bovine g-caseiln
(Fig.4.1). This designation as B-caseilns was confirmed from
their amino acid compositions (Chapter 9) and their tempera-
ture dependent behaviour (Chapter 11). Fraction 4 was

invariably contaminated with some of the as—caseins which
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Fig.8.3: Chromatography of 1 g of whole caprine casein on DEAE cellulose at pH 7.0. Lxperimental
details were the same as those in Fig.8.1. The fractions indicated were pooled and

exanined by gel electrophoresis at pH 8.4 (Fig.8.4).
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Fig.8.4:
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}Tolyacrylamide gel ele¢ﬁr;phoresis at pH 8.4 of
whole caprine casein and the fractions isolated by
chromatography on DEAE-cellulose (Fig.8.3).
Samples: 1, whole caprine casein; 2, Fraction 1;
3, Fraction 2; 4, Fraction 2a; 5, Fraction 3;
6, Fraction 4; 7, Fraction 5; 8, Fraction 5a.
The direction of electrophoresis is indicated.

123




124

have a lower mobility than the major as—casein. The degree
of contamination of ﬁq—casein with thesec%wcaseins was
usually greater than that indicated in Fig.8.4.

Fraction 5 (¥igs.8.3 and 8.4) contained the major
caprine as-casein and some minor components, tentatively
designated as aS-caseins=from their electrophoretic
mobilities compared wijth bovine asq—casein (Fig.4.1).
There was also a considerable amount of B-casein present.
Only the major as—casein was characterized further (see
Chapters 9 and 11). Fraction 5a contained the minor
as—caseins.

These fractions were dialysed to remove urea and
buffer salts, freeze dried and then stored at =280~

8.4 Composition of Caprine Casein

The composition of caprine casein, determined from
the recovered weights of the protein fractions after
chromatography of whole casein on DEAEK-cellulose is shown
in Table 8.2. The casein was isolated from a sample of
milk obtained from a single British Gaanen goat. Greater
variation is evident in the duplicate chromatographic runs
(Table 8.2) than was the case with bovine casein. This was
probably due to overlapping of the protein peaks eluted from
the DEAE-cellulose column and the increased difficulty in
correcting the recovered protein weights. Samples of
casein which had been stored for long periods (about 1 year)
at —2000, appeared to have been degraded, as shown by DEAE-
cellulose chromatography.

It is evident from Table 8.2 that the «-casein content
of caprine casein was probably less than that of bovine
casein (Table 8.1). The most notable feature of caprine
casein was the high content of the B-caseins which appeared
to be present in roughly equimolar amounts, constituting some
60% of the total casein compared with 3%6j% in bovine casein.
There was considerable heterogeneity in the c%-casein region
of caprine casein as shown by gel electrophoresis, with thlie
total protein content of this region being approximately 22
of the total casein, considerably less than that present in



fable 8.2

?
Composition of Canrine Casein

Major
caseiln Fraction Composition
Percent of total casein
I 1T

Y-caseiln 1 72 4.7
k—casein 2 77 10.7
B,—Casein %) 0.8 %50.0
ﬁ;—casein 4 28.1 25.9
aS—casein 5

} 26.0 18.8
minor aS—casein 5a

Recovered protein 85.1%  96.75
kxpected total protein 1.000g 1.000 g
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bovine casein (Table 8.1). The major caprine aé—casein
accounts for about 15 of the total casein, compared with

40% for bovine e« ,-casein.

s

8.5 Chromatography of whole Ovine Casein on Dit.il-Cellulose

Ovine casein was precipitated from diluted skim milk
at pH 4.6. The milk used was a composite sample from six
Romney cross ewes, whith appeared to have no differences in
their caseins as shown by their gel electrophoresis patterns.
Although 1t would have been more desirable to use casein
isolated from an individual milk, problems were experienced
with the removal of fat from the casein sanples, and unless
that fat was completely removed, this resulted in poor
resolution on JlAk-cellulose. Coupled with this, the shorter
period of lactation of the eweg meant only a limited number of
samples of milk could be obtailned.

The major components of winole ovine casein were
separated by column chromatographry on bisils-cellulose (rig.
8.5). The fractions indicated were pooled and their purity
examined by gel electrophoresis at pH 8.4 (Fig.8.6).

Fractions 1 and 2 contained minor caseins which were
not examined further. These caseins had similar electro-
phoretic mobilities to those in fraction 1 from bovine and
caprine caseins.

The major protein in fraction % was shown to be
k-casein since it was readily hydrolysed by rennin (i#ig.10.1).
A minor band with a greater mobility than «x-casein, which
was hydrolysed by rennin, may correspond to the carbohydrate
containing k-caseiln. Ovine k-caselin, in contrast to caprine
k-caseiln, can be clearly differentiated from the B-caseins
by gel electrophoresis at pH 8.4 (i#ig.8.6), and consequently
there can be no confusion between them.

Ovine casein contains two B-casein components,
(¥ractions 4 and 5, Figs.8.5 and 8.6), which were designated
as Bo- and Bq—casein respectively, because their electro-
phoretic mobilities were similar to that of bovine B-casein
(Fig.4.1).
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Fig.8.5: Chromatography of 1 g of ovine casein on bLAk-cellulose at pH 7. Lxperimental details

were the same as those in Fig.8.1. The fractions indicated were pooled and examined

by polyacrylamide gel electrophoresis at pH 8.4 (Fig.8.6).
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Fig.8.6: Gel electrophoresis at pH 8.4 of whole ovine
casein and the fractions isolated by chromato-
graphy on DEAE-cellulose (Fig.8.5). The
positions of the major caseins are indicated.
Samples: 1, 8, whole ovine casein; 2,
Fraction 2; 5, Fractioyl % @&, Fraction 4;
S, PFraetion 5; 6, Fraewsien ©; 7/,

Fra&geion 7s The direction of electrophoresis
is indicated.
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.Frac%ions 6 and 7 (Figs.8.5 and 8.6) contained two
major aS—casein fractions which were tentatively designated
as agz= and asg—caseins, because their electrophoretic
mcbilities were similar to that of bovine asq—casein (Fig.
4.,1). A number of other minor components with electro-
phoretic mobilities at pH 8.4 greater or less than the two
major c%—caseins were also observed in these fractions.

The major as—caseins were difficult to separate from each
other and were eluted on DEAX-cellulose in an incompletely
resolved peak. The individual ovine caseins were more dif-
ficult to isolate in pure form than the caprine and bovine
caseins because of considerable overlapping of the protein
peaks 1n the DEAE-cellulose chromatogram.

The characteristics of these caseins and the
Justification for their nomenclature as x-, f- or as—caseins
are outlined in Chapters 10 and 11.

8.6 Composition of Ovine Casein

The composition of cvine casein in Table 8.% was
based on the results of a single experiment using a composite
sample of casein. Since the ovine as—caseins were difficult
to separate the value for aé—casein in Table 8.% includes a
number of minor proteins in this region.

Fraction 2 which was not identified, contains some
4% of the total casein. The k-casein content of ovine
casein is similar to that of caprine casein (Table 8.2).
The B-caseins exist in approximately equimolar amounts with
a total content of 44.7% of the total casein, intermediate
between the values for bovine and caprine caseilns. Gel
electrophoresis (Fig.8.6) indicated that the major as—caseins
also appeared to exist in approximately equimolar amounts,
with a total content of about 35/, again intermediate between
the bovine and caprine caseins.

This composition (Table 8.3) is different from that
reported by Alais and Jollés (1967) for ovine casein.
They obtained a composition, based on the recovered weight of
protein after chromatography on DEAE-cellulose of: minor



Tzble 8.

Composition of QOvine Casein

Casein

Y~-caseiln
X~-casein
k~-casein
32—casein

Bq—casein

as—caseins

Recovery factor
ixpected protein weight

I'raction

Composition

Fercent of total casein

O & W

I
6.9
4.0
9.8

20.8
23.9

4.6

87 .1
1.000 g

1oV
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fractions not retained on the column, 4%; minor fractions
eluted before g-casein, 4w; k-fraction eluted in the gradient,
12%; «-fraction eluted in 0.25 M NaOH, #4%; pB-fraction, 28);
a ~fraction, 480,

In this study the DEAE-cellulose columns were not
washed with 0.25 M NaOH after each chromatographic run.
Consequently, if some ﬁ—casein was eluted with 0.25 M NaOH,
as Alais and Jollés (1967) found, this may increase the lower
value of 9.8 x-casein in Table 8.3 to a value more -in keeping
with their results. However, the content of o = and
g-caseins are still considerably different to the values 1in
Table 8.5%.

8.7 Polymorphism in the Caprine Caseins

A number of individual casein samples (25), isolated
from the milk of British Saanen goats and a
single sample of Angora goat casein were examined by gel
electrophoresis at pH 8.4 for evidence of polymorphism. Some
of the representative gel electrophoretograms which were
obtained are shown in Fig.8.7 and the mobilities of the
caseins relative to carrine ﬁg—casein are presented in
Table 8.4.

The most notable feature of these caprine caseln gel
patterns was the presence of two dominant p-casein bands,
and only minor amounts of ab—casein, unlike that of bovine
casein. In the limited number of casein samples examined,
both p-caseins were present in roughly equimolar amounts and
did not appear to be subject to any genetic variation
involving charged amino acid substitutions. A number of
minor bands with a lower electrophoretic mobility than the
p-caseins were also evident, particularly in Angora goat
caseiln.

The B-casein with the greater electrophoretic mobility
was designated as Bq—casein and the slower component as
62-casein. Thislnomenclature appeai’s reasonable since
4ittle and Custer (1966), Ribadeau Dumas et al. (1975) and
Macha (1970) have also identified two B-caseins in caprine
casein.



Fig.8.7:

A BS-1 BS-I

O

BS-1 BS-1I

lolyacrylamide gel electrophoresis (pH 8.4) of
samples of caprine casein. 4, angora goat
casein; Bu-I, BsS-II, refer to the two types
of gel electrophoresis patterns that were
observed for casein from British Saanen goats.
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The as—caseins were considerably more heterogeneous
with two or three types of electrophoresis pattern being
evident (Fig.8.7). Cne of these contains a major as—casein
component with several minor components, while the other
type, identified in three samples, has two slower major
bands of approximately equal intensity which have mobilities
different from the minor:bands in the other as—casein type.
Furthermore, the conteht of aé—casein in these caseins
with several major as—caseins appears to be greater than
that in the samples with the single major as—casein. It
should be no*ed that most of the milks were obtained from
related goats and that 8 samples were from mother-daughter
pairs. The sample of Angora casein had a similar pattern
in the as—casein region to that shown by the more hetero-
geneous of the British Saanen caseins (1"ig.8.7).

Gel electrophoresis of 10 caprine caselin samples at
pH 4 did not reveal any significant differences in the gel
patterns. Under these conditions k-casein is clearly
evident, with g mobility intermediate between the g-caseins
and a_-caseins (Chapter 9.1). No genetic variation was
observed for «-casein.

While polymorphism was evideni in the caprine caseilns,
particularly for the aS—caseins, it remains to be seen
whether these differences were the result of genetic
variation. This can only be determined by examination of a
large number of caseins from different herds and brecds, and
from breeding studies. It is likely however, that genetic
variants of the c%—caseins, and perhaps the fB-caseins do
exist, although no conclusions can be drawn from this study.

Bogdanov et al. (1972) observed genetic variation in
the c%-caseins from goats' milk, but since their results are
not readily available, they cannot be usefully compared with
those of this study. Macha (1970) examined 194 samples of
goats' milk by alkaline starch gel electrophoresis. A
region which he called K2 was diallelic with the occurrence
of AB, BB phenotypes. This region corresponds in electro-
phoretic mobility to the major as—casein (Table 8.4).
Although two bands were observed by Macha (1970) in the B -

caseiln region, these were not Sib ject bo varia¥ifon,



Table 8.4

. . ) femel. .2 .
Relative electrophoretic mobilities '~ of Some Bovine,

Caprine and Ovine Caseins in Alxaline Gels.

Casein Bovine Ovine Caprine
British Saanen Angora
K- 0.5% 0.92
g- 1.0 ﬁ2-1.0 62-1.0 1.0
g,~1.05 31—1006 1.06
50—1.12
ag 1.49 1.24 1.24
o 3= 1.59 1«51 1.3% 1434
asg_ /] .66 ‘] .béj aS 10"—5"2 /l obO
&1~ 1.7% 1 .64 1.4
a o 1.79 1.54 1.54
1. The mobilities are expressed relative to g-casein in

bovine caseln and ﬁg_casein in ovine and caprine caseilns,
since they have similar electrcphoretic mobilities and this
allows for an easier comparison between the species.

20 The electrophoretic mobilities revresenting the

major e« -caseins are enclosed, |

+C L
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E J8 Polymorphism in the Cvine Caseins

Sixty individual ovine casein samples representing
Romney, Border leicester, lerendale, vouthdown and Drysdale
breeds were examined by polyacrylamide gel electrophoresis
for evidence of polymorphism.

Some of the typ}cal alkaline gel electrophoresis
patterns that were obtained are shown in Fig.8.8 and the
electrophoretic mobilities of the caseins relative to ovine
ﬁé-casein are compared in Table 8.4 with those of the bovine
and caprine caseins. Some heterogeneity was observed between
the ovine casein samples, but the major differences in the gel
electrophoresis patterns were between the different breeds.

Cnly one major «-casein component was observed in the
casein samples from the various breeds (Fig.8;8). Alkaline
gel electrophoresis indicated the presence of two B-caseilns
in all but two of the komney casein samples (ifig.8.8), which
contained an extra band. This was designated as Bo—casein,
since it had a greater electrophoretic mobility than -
casein. The pB-casein bands in the gel electrophoretograms
varied in thelr intensity between different breeds of sheep
(Fig.8.8). Most of the breeds of sheep that were exarined
are in fact Romney crossbreeds, with the exception of the
Southdown, which is a "pure-breed". The Drysdales are a
Romney sub-breed and the Bordew Leicester are Border
Leicester-Romney half breeds. The lerendale originated from
a Cheviot-Romney cross. In all the samples examined,
except those from the Southdown and some Romney and Border
Leicester ewes, where the intensity of the f-casein bands
were similar, Bq-casein was the most intense, and therefore
probably the major component. A decrease in the intensity
of 31—casein was observed in the two Romney samples which
contained ﬁo—casein. Gel electrophoresis at alkaline pH
in the presence of Mg caused the mobilities of the g-caseins
to decrease, and to become similar so that the two ovine
p-caseins were not separated (1"ig.8.9).

Three major ag-casein components were observed in all
the ovine caseins examined by alkaline gel electrophoresis.



Fig.8.8:

2 3 4 5 6 7

tolyacrylamide gel electrophoresis at pH 8.4 of samples

of ovine casein from different breeds. 1,

Romney cross-

breed; 2, 3, 9, 10, 11, Romney; 4, Southdown; 5,
Border lLeicester; 6, DLrysdale; 7/, 8 Ferendale. The

direction of electrophoresis is indicated.
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Few minor components were evident in the ¢%-casein region.
The major differences between casein samples, and in
particular between caseins from different breeds of sheep,
appeared to be in the intensity of the bands representing

the three as—caseins, which were designated as A and
asa—casein in order of their decreasing electrophoretic
mobilities at alkaline pH (Figs.8.8 and 8.9). In the
Drysdale caseins, ase—dasein was the most intense band. In
the Border leicester samples ag o= and C%B—caseins were present
in about the same concentration (Fig.8.8). However, in one
Border leicester casein sample, cgg—casein was dominant, as
in the Drysdale samples. In the rerendale, the major com-
ponents were the Agq and as2-caseins, while in the Southdown
breed the ag 5~ and cga-caseins have the most intense bands
(Fig.8.8). The iomney caseins were the most variable with
either the & 5= and c@a—caseins or the a g and c%2—caseins
being the major compronents (#ig.8.8).

Gel electrophoresis of the caseins at alkaline pH in
the presence of Mg (Fig.8.9) did not change the intensities
01 relative electrophoretic mobilities of the as—caseins.

No attempt was made to determine the frequency of
pclymorphism in the ovine caseins because of the limited
number of samples examined and the uncertain relationship
existing between these caseins. The variation in the
intensity of the casein bands was difficult to observe if the
gels were overloaded with sample. The [%— and {%—caseins
are closely related and appear to differ largely in their
phosphorus contents, arcasein being phosphorylated to a
preater extent than g,-casein (Chapter 10). Hence, £-
casein may contain more phosphorus than the ﬁq—casein since
electrophoresis at alkaline pH in the presence of Mg revealed

only one component in the g-casein region (Chapter
10).

Arave et al. (1973) examined 592 ovine milk samples
from six breeds or crosses between these breeds by starch
gel electrophoresis and revealed two variant casein types,
one céq—casein and one fg-casein. The overall frequency of
these variants was very low, being 03056 and 0.017 for @ q-
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Fig.8.9:

2 3 4 5 6 7 8

Polyacrylamide gel electrophoresis at pH 8.4 in the
presence of Mg of ovine caseins isolated from
different breeds of sheep.

1, bovine casein; 2, 3, iomney; 4, woouthdown;
5, Border Leicester; 6, Lrysdale;

7, 8, Perendale. Lxcept for the bovine casein,

the samples are the same as those in Fig.8.8.

The direction of electrophoresis is indicated.
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casein ard p-casein, respectively. arave et al. (1973%)
based their frequencies on the assumption that the variants
were heterozygous in a co-dominant system. The a'S-CnAB
variant observed by Arave et al. (197%) has two extra bands
mnigrating between the three normal as—casein bands,
designated as the A variant, and g-casein, giving a total

of 5 bands instead of thfee. The genetic polymorphism
observed by arave et al. (1973) for B-casein was essentially
similar to that observed in this study. They identified a
component analogous to ﬂo—casein which was designatea as the
A variant, while Bg—casein, present in all the caseins
exanined, was designated as the B variant. In a sample,
designated as ﬁ-CnAB, they found the intensity of the com-
ponent of intermediate mobility (61-casein) was diminished
or absent.

King (1966) in his study of 1022 individual ovine
casein samples observed two a-casein variants and one f-casein
variant. An a-casein variant, designated as the "Welsh"
variant, was the same as the B variant described by Arave et
al. (197%), and had a gene frequency of 0.048. The normal
starch gel electrophoresis pattern indicated the presence
of three a-casein bands, similar to the patterns in Fig.8.8 .
In addition, King (1966) observed a fourth band in some
caseln samples that had a greater mobility than the usual
three a-casein bands. Furthermore, he observed some varia-
tion in the intensity of individual e-casein bands, similar
to that evident in Fig.8.8. King (1966) observed variation
in the patterns of the g-caseins, and observed a band similar
to that which was designated as Bo—casein in this study.

Both El-Negaimy and Burfening (1972) and Bogdanov et
al. (1972) observed genetic polymorphism in the ovine caseins.
However, the lack of data available for comparison with the
results of this study means the type and nature of the
polymorphism on which fthey based their results is unknown.

The lack of available information, and the arbitrary
designation of various casein components as the i, B or C
variants based on their electrophoretic mobilities, helps
to complicate the already rather confusing nature of poly-

morphism in the ovine caseins.
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King (1966) suggested the variation in ovine g-caseins
(i.e. ﬁo—casein in Fig.8.8) was due to a simple alternative
allele. While the nature of the variation in the g-caseins
will require further investigation, alkaline gel electro-
phoresis in the presence of Mg does not eliminate the pos-
sibility that Bo~ and Bq—caseins may differ in their
phosphorus content, similar to Bq- and 62—caseins (Chapter
10). .

The variation in the ovine as—caseins was more obscure,
although King (1966) described the "Welsh'" variant, only
observed in Clun Yorest, Welsh lMountain and Suffolk breeds with
gene freguencies of 0.04, 0.10 and 0.03, respectively, as
the heterozygous form of a mutant gene. The variation in
the intensity of the a_-caseins, cannot however be explained
at this time. )

Aschaffenburg and Thompson (1967) observed polymorphism
in the caprine as—caseins, although the mode of inheritance
is not as simple as the bovine, and its nature is still
obscure.

The dominant feature of the ovine and caprine caseins
is the limited amount of polymorphism which is evident, as
shown by gel electrophoresis. Clearly, further work on the
inheritance and on the isolated caseins and their peptides
is needed to resolve this protlemn.



CHAPTER 9: CHARACTERILATION OF CAFRINE CASEINS

The isolation and chemical characterization of the
major caprine caseins are described in this chapter. These
caseins, which include the major oy~ ﬁq—, ﬂ2— and k-caseins,
were characterized from their electrophoretic mobilities in
polyacrylamide gels, molecular weights as determined by gel
chromatography, amino acid compositions, phosphorus contents
and extinction coefficients at 280 nm. These characteristics
were also compared with those of their bovine counterparts.

CAFRINE &-CASEIN

) Furification of Caprine «-Casein

Mive major fractions were isolated by chromatography
of whole caprine casein on DiAE-cellulose (Figs.8.3 and 8.4).
The major component in Iraction 2 was designated as x-casein,
since gel electrophoresis showed it was readily hydrolysed
with rennet, resulting in an almost complete disappearance of
the major protein bands. Fraction' 2 was rechromatographed
on a column of Cl-%2 cation exchange cellulose at pH 4.0 in
0.01 M sodium formate buffer containing 4.5 I1 urea and 2-
mercaptoethanol (0.1%, v/v) to remove minor contaminants
(Fig.9.1). The purity of caprine x-casein isolated by this
procedure and the effect of treatment with rennet are
indicated by electrophoresis at pH 8.4 and pH 4 (¥igs.9.2 and
9.3%). Caprine para-r-casein moved towards the anode gt
pH 8.4, whereas under the same conditions bovine para-kx-casein
migrated toward thecathode(¥ig.9.2).

Caprine k-casein has a greater electrophoretic
mobility at pH 8.4 than bovine «-casein B (Fig.9.2).
Caprine x-casein was obscured in electrophoretograms at pH 8.4
of whole caprine casein by the more intense bands of B~ and
‘ﬁb—caseins.CXxelectrophoresis at pH 4 (Fig.9.3), caprine
k-casein had a mobility intermediate between that
of the B-caselins and ¢%-casein. The failure to identify
caprine x-casein by alkaline gel electrophoresis of a sample
of whole casein, because it was obscured by two major casein
components, has also been reported by Zittle and Custer (1966).
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Fig.9.1: Chromatography of caprine x-casein on a CM-cellulose column (2 cm x 50 cm) in 0.01 M

sodium formate buffer, pH 4.0, containing 4.5 M urea and 2-mercaptoethanol (0.1% v/v).
The column was eluted with a 1 1 linear gradient from 0-0.12 M NaCl. The fraction

containing x-casein, indicated by the bar, was pooled and its purity examined by s

alkaline and acid gel electrophoresis (Figs.9.2 and 9.3).
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Alkaline gel electrophoresis patterns

(pH 8.4) of whole caprine casein (4),
purified x-casein (3) and the effect of
rennet on this fraction (5), compared with
whole bovine casein (1) and purified «-casein
(2). The direction of electrophoresis is
indicated.

Fig.9.3:

Acid gel electrophoresis

(pH 4) of whole caprine

casein (1), purified caprine
s—casein (2) and the effect

of rennet on this fraction (3).
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Alkaline gel electrophoresis indicated that the
k—-caseln preparation obtained by a combination of DEAE- and
ClM-cellulose chromatography was fairly pure (Fig.9.2).
However, acid gel electrophoresis revealed that x-caseiln
contained traces of two minor impurities (Fig.9.3). The
level of the impurities in some other preparations were
less than those indicated in Figs.9.2 and 9.3. The minor
band with a greater mobpility than x-casein, ooserved by
alkaline gel electrophoresis, may be the carbohydrate con-
taining fraction of «-casein. Alais and Jolles (1961) and
Jollds et al. (1964) found the level of carbohydrate in the
glycomacropeptide fraction of caprine casein to be consider-
ably less than in the bovine glycomacropeptide fraction. They
obtained values for the bovine and caprine glycomacropeptides
of 14.3% and 3%.0,0 sialic acid, respectively. Consequently,
caprine k-casein should not be as heterogencous as bovine

k—casein on gel electrophoresis.

9.2 Molecular Weight of Caprine x-Casein

The molecular weight of caprine x-casein was estimatea
by chromatogranhy in buffer containing 7 M urea on a column
of Sephadex G-100 whicih had previously been calibrated with
carboxymethylated proteins of known molecular weight (Fig.9.4).
Caprine «-casein was eluted from the column in a similar
pcsition to bovine «-casein. The distribution coefficient
obtained for each protein was the average of at least three
determinations. The distribution coefficient obtained for
ceprine k-casein indicated a molecular weight of 18 400%500
which is similar to the molecular weight of 18 500 obtained
for bovine «k-casein by sedimentation equilibrium in 5 M
guanidine.HC1l (lioychik et al., 1966). The molecular weight
obtained for caprine x-casein is close to the molecular
weight (19 023) estimated from the amino acid sequence of
bovine x-casein B (Mercier et al.,1973).

The molecular weights of the other caseins were not
determined using this method because of the high slope in
Fig.9.4, indicating the low sensitivity of elution weight to
molecular weight, at molecular weights above 20 000. It
would appear that under the conditions used for chromatography
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Plot of the logarithm of the
molecular weight versus the
distribution coefficient for
carbokymethylated proteins
chromatographed in 0.1 M Tris-
HC1 buffer, pH 8.0, containing
7 M urea on Sephadex G-100.
The standard proteins used to
calibrate the column were:

1, pepsin; 2, bovine f-casein
B; 3, bovine «x-casein;

4, haemoglobin; 5, ribo-
nuclease A. The position at
which caprine x-casein is eluted
is indicated. Further details
are outlined in the text.
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on Sephadex‘G—1OO (i.e. buffer containing 7 M urea), proteins
with molecular weights above 20 000 are only partly included
in the gel.

9.3 Amino Acid Composition of Caprine x-Casein

The amino acid composition of caprine x-casein was
calculated from twelve aﬂalyses. This was determined by
duplicate analysis of duplicate samples hydrolysed for 24,

48 and 72 h. The number of residues per mole of protein

were 1nitially calculated on the basis that the protein had

a molecular weight of 18 400 and contained 8 residues of
lysine. It was refined by assuming the protein had 8

lysine residues, 15 aspartic acid residues, 14 alanine
residues, 7 tyrosine residues and 4 phenylalanine residues.
‘'he results are shown in Table 9.1, together with the

reported compositions of bovine (Mercier et al., 1973) and
ovine x-caseins (Alais and Jolles, 1967; Ribadeau Dumas et
oo, TO7E). The composition of bovine kx-casein B was based
on the amino acid sequence determined by Mercier et al. (1973).
With the exception of serine, threonine, valine and isoleucine
the number of residues was taken as the average of twelve
replicates including three hydrolysis times. The molecular
weights calcnlated from the amino acid compositions and shown
in Table 9.1,do not take into account the amides present or
the sugar residues bound to the protein, but include the
phospnate residues.

The amino acid composition of caprine x-caseiln was
very similar to that of bovine x-casein B (Mercier et al.,
1973%) (Table 9.1) based on its amino acid seguence. The
number of residues of eight amino acids in the compositions
of bovine x-casein and caprine x-casein were the same, and
seven amino acids differed by only one residue. The number
of residues for isoleucine and aspartic acid differed by three
and four respectively. A close similarity was also observed
between the compositions of caprine x-casein and ovine
x-casein (Alais and Jolleés, 1967; Ribadeau Lumas et al.,
1975). The extinction coefficient (absorbance at 280 nm of
a 15 (w/v) solution, 1 cm in depth) of caprine k-casein was
8.80, a value 1n agreement with an analysis of 1 tryptophan,



Table 9.1

Amino Acid Compositions of Caprine, Ovine and Bovine x-Caseins
(Residues vper Mole of Protein)

Caprine «Casein Bovine x-Casein B Ovine x-Casein B Ovine « -Casein
lean No. of Jtandard Frobable No. ) b 5
Residue Residues Deviation of Residues Mercier et al. (1973) Alais and Jolles (1967) Ribadeau Dumas et al. (1975)
Asp 15.13 0.26 15 11 17 16
Thr 13.4 13 14 10 12
cer] 12.1 12 13 110-12 12
Glu 26 .60 1.08 27 27 25-27 26-27
Fro 19.70 1.23 20 20 21 19-20
Gly 2.20 0.53 2 2 2 2
Ala 14,06 ORZ5 14 15 17 18-19
Cys® 2.11 ' 2 2 1- 2 3
vall 10.97 0.29 11 11 10-11 12
et 0.98 0.18 1 2 ' 2- 3 2
I1e" 9.5 0.16 10 13 10 9
Leu 8.09 0.52 8 8 8- 9 Vi
Tyr 7.16 0.27 7 9 8- 9 -8
the 3.99 0.25 4 4 4 4
His 3.81 0.16 4 3 3- 4 4
Lys 7.89 0.38 8 9 9 8
RH5 21
hrg 4.13 0.28 4 ) 5 5- 6 6
Trpd 0.96 1 1 1- 2 1
Phosphorus residues 1.4 1 1 2 2
h?igggiagcgglgg;position) 18 2N 19 023 19 180 ) 19 050
No. of residues 163 169 163-174 168-171

1= Values for serine and threonine were obtained by extrapolation to zero time. Valine and isoleucine
were taken as the 72 h results.

ofe Ineasured as cysteic acid from duplicate analyses.

3. Pryptophun was estimated from a single analysis where thioglycollic acid was present during hydrolysis
(Inatsubara and Sasaki, 1969).
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7 tyrosine and 4 phenylalanine residues (Table 9.1). Bovine
k—casein B which contains two more tyrosine residues than
caprine s-casein (Pable 9.1) has been reported to have an
extinction coefficient of 9.6 (Talbot and Waugh, 1970).

9.4 Discussion

About 10% of the ﬁrotein in caprine caseln 1is
xk-casein, which can be ‘readily isolated by a combination of
chromatography on DAk~ and Cli-cellulose. In contrast, the

proportion of «-casein in bovine casein is about 15w.

The glycopeptides isolated from ovine and caprine
caseins do not appear to be as heterogeneous as those from
bovine casein, presumably due to their lowered content of
sialic acid (Alais and Joll@s, 1961; Jollés et al., 1964).
Ihe most notable feature of caprine and ovine x-caseins 1is
their high aspartic acid level, compared with bovine x-casein.
The phosphorus content of 0.23 for caprine sx-cacein was
similar to that for bovine x-casein (Alais and Jollés, 1961),
there being 1.4 residues of phosphorus per mole of caprine
k-casein. Alais and Jollés (1967) reported a phosphorus
content of 0.325% and 0.40/ (2.1 and 2.5 residues per molecule)
for two ovine x-casein fractions which they designated as the
A and B genetic variants. Ribadeau Dumas et al. (1975) found

2 residues of phosphorus in ovine x-casein.

The molecular weight or 18 400 for caprine r-casein,
obtained by chromatography in 7 M urea on a Sephadex G-100
column,was in good agreement with the value of 18 290
determined from the amino acid composition. This value is
close to the molecular weight of 19 02% obtained for bovine
t-casein B (Mercier et al., 1973) from the amino acid
sequence.

The greater mobility of caprine k-casein on gel
electrophoresis at pH 8.4 is undoubtedly linked to its amino
acid composition with one less lysine and arginine and four
more aspartic acid residues than bovine x-casein (Table 9.1),
since the phosphofus content of the two caseins 1is similar
(Richardson et al., 1973%). It is likely that much of this



charge difference resides in the para-x-casein region of

the x-caseins, because of the relative electrophoretic
mobility of caprine and bovine para-x-caseins in alkaline

gel electrophoresis (aAssenat, 1967). Under these conditions,
caprine para-sx-casein had the greatest electrophoretic
mobility, followed by ovine para-x-casein, while bovine para-
x-casein had a negative mobility (moved towards the cathode).

CAIRINE B-CASEINGS

9.5 Isolation of Caprine 61— and 62—Caseins

Two caprine f-caseins, designated as ‘y—casein
(Fraction 4, ¥Figs.8.% and 8.4) and f-casein (Fraction 3,
1'igs.8.% and 8.4) were isolated by chromatography of whole
caprine casein on DEAZ-cellulose. Their nomenclature was
discussed in Chapter 8.7. ﬁg—Casein, the slower component
on electrophoresis at pH 8.4 was eluted more readily from
the DEAE-cellulose column than ﬁq—casein (Fig.8.4). Bach
f-casein fraction was normally rechromatographed on DBAE-
cellulose before being purified further by chromatography on
a column of CM-cellulose in 0.01 M sodium formate buffer,
pH 4.0, containing 4.5 M urea. A typical chromatogram
obtained for Bg—casein is shown in Fig.9.5. Rechromatograrhy
on biEaE-cellulose was more effective in removing the other
B-casein conponent, while chromatography on CM-cellulose
removed the minor aé—casein fractions normally found in
impure B-casein preparations (Fig.8.4). The purity of the
caprine p-caseins 1isolated using this procedure is shown in
Fig.9.6. A fraction containing crude bovine g-casein B,
isolated by urea fractionation of whole casein, was purified
by chromatography on DEAE-cellulose. The fractions con-
taining pure protein were pooled after being'examined by gel
electrophoresis.

Gel electrophoresis at pH 4 reversed the order of
mobility of the caprine Ff-caseins so that x%—casein became
more mobile than fﬁ—casein. In the- presienee of' Mg in the
electrophoresis buffer the mobilities of K%— and ﬁg—caseins
decreased and the two components merged (Fig.9.6). This
suggested that By~ and tb—caseinsdiffered in the number of
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Chromatography of crude caprine 52-casein on CM-cellulose. A 1 1 linear gradient of

0-0.15 M NaCl was used to elute the caseins. The other experimental details are the
same as those in Fig.9.1. The fraction indicated was pooled and its purity examined

by gel electrophoresis (Fig.9.6).
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Fig.9.6: Gel electrophoresis at alkaline pH of the caprine p-caseins and at alkaline pH in
the presence of lig. Osamples: 1, caprine casein; 2, caprine 52-casein;
3, caprine ﬂq-casein; 4, bovine casein. The direction of electrophoresis is
indicated.
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phosphate gfoups that each contained, since llg associates
strongly with the phosphate groups of the caseins and
largely neutralizes their charge. This conclusion is sup-
ported by the results from acid gel electrophoresis which
showed that Bq—casein carries more negative charge than
Bg—casein at both pH 4 and pH 8.6. At these pH values the
phosphate groups would carry single and double negative
charges, respectively.?

The mobility of cqprine Bg-casein on alkaline gels
was similar to that of bovine B-casein B (Fig.9.6).

9.6 Dliolecuiar Veights of Caprine B-Caseins

The molecular weights of the major caprine, bovine
and ovine caseins, except caprine x-caseln, were estimated
by chromatography on a column of Sepharose 63 in buffer
containing 6 M guanidine.HCl. A typical elution pattern
obtained from a calibration run is shown in Fig.9.7. The
distribution coefficients (Kd) for the standard carboxy-
methylated proteins and the caprine and bovine caseins were
the average of at least three determinations.

The results were arnalysed
using the procedure as descritred by Bryce and4
Crichton (1971). Using this procedure, values of Kd” were
plotted against (molec.wt)% for the standard proteins
(Fig.9.8) and this calibration curve was then used to
estimate the molecular welghts of the caseins. Linear
least squares analysis of the data obtained for the standard
proteins resulted in the expression:

2 2
Kd® = 1.01546 ~ 0.00188 (molec.wt)?

The molecular weights obtained for the caprine and bovine
caseins are shown in Table 9.2, although these results will

be discussed in their respective sections.

The value obtained for bovine asq-casein B [(Edble
9.2) was nearly identical to the molecular weight of 23 615
estimated from the amino acid sequence (Mercier et al., 1971).
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Fig.9.7: A typical chromatographic run used to calibrate the molecular weight column. The sample,

containing 1 mg of blue dextran 2000 (1) and 0.02 mg a-LNP-alanine (5), and the
carboxymethylated proteins, ¥ -globulin (5.25 mg), consisting of the H-chain (2) and the
L-chain (3) and cytochrome C (2.6)mg (4) were chromatographed on a column (2 cm x 90 cm)
of Sepharose 6B in 0.02 M 'fris, 0.01 M wDTA, pH 8.2, buffer containing 6 M guanidine.
HCl. The fractions were approximately 2.5 g, and the flow rate was maintained at

5.2 g/h.

@ absorbance at 280 nm. A absorbance at 365 nm.
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‘'he molecular weight calibration curve obtained by chromatography of S-carboxymethylated
proteins of known molecular weight on a column of Uepharose 6B in buffer containing 6 M
puanidine HC1l (Fig.9.7). The proteins used to calibrate the column were:

1, cytochrome C; 2, ribonuclease 4; 3%, haemoglobin; 4, myoglobin; 5, <vY-globulin
L-chain; 6, chymotrypsinogen A; 7, ovalbumin; 8, ¥-globulin H-chain. The molecular

welghts of these proteins are listed in Table 7.6.
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Likewise, the molecular weight obtained for bovine p-casein
B was close to the molecular weight of 24 089 estimated from
the amino acid sequence (Swaisgood, 1973). These results
agree closely with those obtained using other physical
technigques that were previously outlined in Chapter 6.11

and 6.15.

Table 9.2

Molecular Weichts of Caprine and Bovine

Caseins

Molecular Standardq

weight deviation
Caprine as—casein 25 700 1500
Caprine Bg-casein 2% 500 £ 900
Caprine 3q—casein 25 500 1200
Bovine c%q—casein B 24 100 1600
Bovine B-casein B 25 100 * 600
Bovine aSB—casein 25 400 1200

TGiven byJEji(Ki-K)g/n—ﬂ where X; e Zn
individual determination and X is the mean
of n determinations.

The precision of Kd% values for caprine ﬁgwcasein was
about 1%, resulting in an accuracy for the moleccular weight
of 8. In general, for the other caseins, the precision in
estimating Kd% was approximately 15, with an accuracy in
estimating the molecular weight of about 10j.

Molecular weights of 23 500 and 25 500 were obtained
for caprine 62- and 51—caseins, respectively (lable 9.2).
In addition, a sample containing both B1- and f%-caseins
was chromatographed on the molecular weight column and the
fractions collected as before. After weighing, each
fraction was dialysed to remove salts, and after gel
electrophoresis and densitometry the ratio of B4 and B~
casein was found to be constant across the protein peak.
This showed that the molecular weights of these proteins were
not distinguishable within the limits of this technique
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(£500). Consequently, the caprine f-caseins were assumed

to have the same molecular weight, namely 24 500. Using

the technique (described above) of gel filtration on the
molecular weight column and examination of the fractions by
electrophoresis, enabled the peaks of bovine asﬂ'l (the rennin
degradation product of asq-casein B), bovine msq—casein A and
(%q—casein B to be clearly resolved (Creamer and Richardson,
1974) . These caseins have molecular weights of 20 800,

22 098 and 2% 615 for «

sﬂ-I’ a,-casein A and B, respectively.

9.7 Amino #Acid Compesitions of the Caprine f-Caseins and

Bovine B-Casein B

The amino acid compositions of caprine 61- and 62-
caseins and bovine f-casein B were determined by analysis in
triplicate of duplicate samples hydrrlysed in vacuo in
6 M HC1l for 24, 48 and 72 h. Threonine and serine results
obtained from 24 h hydrolysates were increased 5% and 10;0
respectively, to allow for decomposition. of these residues
(Moore and vtein, 1963). Values for isoleucine and valine
were 72 h results, as both of these amino acids are capable
of forming acid resistant pepntide bonds which result in the
slower releasc of these amino acids (lMcore and Stein, 1$63).
Incomplete release of isolecucine and valine after hydrolysis
for 24 and 48 h was observed in this study.

A typical amino acid clromatogram obtained for caprine
Bg—casein using the Locarte ik IV amino acid and peptide
analyser is presented in Fig.9.9.

Ifolar ratios of amino acids in the caprine B-caseilns
were determined assuning the proteins each had a molecular
weight of 24 500 and contained 9 aspartic acid residues,

20 leucine residues, 9 phenylalanine residues and 12 lysine
residues in each molecule. The amino acid composition of
bovine p-casein B was based on 9 aspartic acid residues, 5
glycine residues, 4 tyrosine residues, 9 phenylalanine
residues and 11 lysine residues in each molecule of protein.
These amino acid compositions are compared with that of
bovine f-casein A2 (estimated from its amino acid sequence;
Mercier et al., 1972a) and those of the caprine f-caseins
(reported by Ribadeau Dumas et al., 1975) (Table 9.3).
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FIGURE 9.9: Amino acid analysis chromatogram obtained for caprine fy—casein using a Locarte Mk.IV analyser. Asp, aspartic acid; Thr, threonine; Ser, serine; Glu, glumatic acid;
Lys, lysine; NH3, ammonia; Arg, arginine; BC, buffer change.

Pro, proline; Gly, glycine; Ala, alanine; Val, valine; Met, methionine; lle, isoleucine; Leu, leucine; Nor, norleucine; Tyr, tyrosine; Phe, phenylalanine; His, histidine;
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imino Acid Composition of f-Casein (llesidues Amino Acid/Mole lrotein)

Table 9.3

@-Casein
Mean No.

Caprine

Mean

ﬂe-Casein
No.

Bovine

p-Casein B ﬂH~Casein
2 Mean No. I'robable No.

Caprine

32—Casein
FProbable No.

Bovine
p-Casein A
Ribadeau Dumas

Caprine
;3-—Caseins1

Ribacdeau Dumas

Residue Residues $.D.2 Residues 5.1, Residues Residues Residues et al. (1973) et al. (1875)

Asp 9.0 0.22 9.1 0.12 9.3 9 9 9 9-12
Thr 11.5 11.6 8.9 12 12 9 12
Ser’ 14.8 4.7 15,2 15 15 16 15
Glu 43 .2 1.3 43.0 0.89 39.8 43 43 39 41
Fro 32.8 1.36 32.6 1413 35.0 33 35 35 33
Gly ' 5.6 0.14 5.6 0.20 5.1 6 6 5 5
Ala 4.7 0.18 4,7 0.16 5.7 5 5 5 5
Va1’ 21.0 0.26 21.3 0.52 18.4 21 21 19 19-20
Met 5.8 0.14 6.3 0.24 5.6 6 6 6 6
11 8.6 0.17 9.0 0.3 9.0 _ 9 g © 10 9
Leu 20.2 0.49 20.5 0.47 21.8 20 20 22 21
1yr’ 3.6 0.07 3.4 0.06 4.0 4 4 4 4
Fhe 8.8 0.15 9.0 0.14 8.8 9 9 9 9
His 5.1 0.08 5.2 0.14 6.1 5 5 5 5
Lys 12.1 0.40 11.7 0.20 11.0 12 12 11 12
ATE 3.3 0.07 | 0.15 4.4 5 3 4 3
Trp’ 0.7 0.8 - 1 1 1 1
1:33" 29 29 26 -
Fhosphorus residues 6.2 5.3 - 6 5 5 4/5
Nolecular velent (foem g5 5 25 500 25 100

flolecular weirht (from

amino acid composition) 24 439 24 360 23 982 23 950
Yo. of residues 213 213 209 210

1..' iee text,

2c

itandard deviation.

8S1L



The amino acid compositions of caprine B and 62—
caseins were nearly identical, differing mainly in their
phosphorus content (Table 9.3%). The amino acid composition
of bovine f-casein B was very similar to that estimated from
the amino acid sequence (Lwaisgood, 1973%). 1t is interesting
to note the slightly lower content of isoleucine, and the
correspondingly higher level of alanine in the composition of
B-casein B (lable 9.3), compared with values obtained by
other workers (ilwaisgood, 1973). If these are real dif-
ferences they may be the result of a neutral substitution,
Ile/ila, which could not be differentiated by gel electro-
phoresis. In fact, only one case of a neutral substitution
has been reported, being that for the BZ variant of pB-caseiln
from :ebu cattle (Thompson et al., 1969b).

The amino acid compositions of the caprine f-~caseins
are simnilar to that of bovine g-casein AZ (Pable 9.%).
Caprine Bg—casein comparcd with bovine p-craseln A2 has seven
amino acid residues the same, with five differing by one
residue, three differing by two residues ana one differing
by three and four residues. The amino acid composition of
caprine 62—casein determined by Ribadeau Dumas et al. (1975)
differs from Bg—casein (this study) in glutamic acid, glycine,
valine and possibly leucine (Table 9.%).

Caprine p,- and ﬂe-caseins contained 0.62, and C.6%7.s
tryptophan, respectively. Determinations on acid hydrolysed
samples showed caprine ﬁq— and ﬂg—caseins contained 0.787» and
0.67;s phosphorus, respectively. Assuming a molecular weight
of 24 500, B4~ and ﬁg—casein therefore contain 6.2 and 5.3
residues of inorganic phosphorus per molecule of protein,

respectively.

The absorbance of 1 cm solutions of B~ and 62—casein
(1%, w/v) at 260 nm (corrected for Rayleigh scattering) were
4.2 and 4.5, respectively. These were similar to reported
values for bovine g-casein (4.5-4.7) (Thompson, 1971),
suggesting that the caprine pB-caseins and bovine B-casein
contain the same number of tyrosine and tryptophan residues.
The absorbance in 0.1 @1 NaCH solution at 280 nm and 294 nm
showed the ratio of tyrosine to tryptophan to be 3.8 and 3.7
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for Bq‘ and Bé—caseins, respectively. Consequently,
tryptophan was taken as one residue per molecule and
tyrosine as four residues per molecule, despite the lower
values obtained from the amino acid composition (Table 9.3).

9.8 Discussion

The mobility in poiyacrylamide gels at pH 8.4 of bovine
B-casein B is similar tb that of caprine 62—casein, the
molecular weight of the proteins is similar and hence the net
charge is probably similar. The number of histidine
residues was 7 and © respectively for caprine Ga—casein and
bovine f-caseln B, whereas the number of lysine plus arginine
residues was one more for the B variant of bovine B-casein
(Mercier et al., 1972a). Consequently, B,-casein (or 8-
casein) should have one less carboxyl residue than bovine
f-casein B, i.e. 21 aspartic acid and glutamic acid residues
and 31 asparagine plus glutamine residues. The bovine casein
contains 26 amide groups ( Grosclaude et al., 1973) and 22
carboxyl groups . As the only difference in charged
residues between Bq‘ and Be—caseins was the nuaber of phosphate
groups, the relative number of carboxyl and amide groups would
be the same for the two caprine caseins.

The amino acid compositions of the caprine g-caseins
were very close to that published for bovine B-casein A
(Table 9.3). The sum of the lysine and arginine residues is
constant at 15, and the sum of leucine, isoleucine and valine
residues 1is similar at 50 and 51, respectively for caprine
6é— and bovine B-casein A2. The only major difference
between the two caprine pB-caseins was their different phosphate
levels with B4- and Bg—caseins containing six and five
phosphate residues, respectively per molecule.

Ribadeau Dumas et al. (1975) have recently isolated two
caprine g-caseins with similar amino acid compositions (Table
9.3). They also differ principally in their phosphorus
content, with Bé—casein and Bq-casein having 4 and 5 phosphate
groups, respectively. However, reinvestigation of their data
revealed 5 and 6 phosphate groups, respectively for B and Bq—
caseins (Ribadeau Dumas, 1974, personal communication).
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The different levels of phosphorylation found in bovine
B-casein are known to be the result of genetic wariation in
the sequence (liercier et al., 1972a). In contrast, human
p-casein, similar in composition and properties to its bovine
counterpart (Nagasawa et al., 1970), contains six B-caseins
varying only in their level of phosphorylation (containing 0-5
phosphate groups)(Groves and Gordon, 1970). Since such
proteins have not yet vgen isolated in caprine casein, the
same mechanism of multiple phosphorylation may not occur in
the synthesis of the caprine B-caseilns. An alternative
possibility, however, is that a gene duplication and a sub-
sequent mutation occurred for one of these proteins such that
one casein contains five phosphate residues whilst the other
contains six.

CAFRINL aé—CASEIN

This section describes the isolation and chemical
characterization of the major caprine as—casein. Caprine
as—casein was 1nitially compared with bovine asq—casein.
However, wnen the amino acid composition of caprine as—casein
was determined, a close analogy was observed with the minor
bovine 8 zr and cﬁqfcaseins, particularly in regard to tueir
cysteine content. Consequently, the properties of both bovine

agq- and cga—caseins were compared with caprine as—casein.

9.9 Isolation of the aS-Caseins

The major caprine as—casein (Fraction 5, Figs.8.3% and
8.4) was isolated by chromatography on DEiL-cellulose and
purified free from minor contaminants by rechromstography on
Cli-cellulose. The minor as—casein fractions were not
examined further. This procedure removed most of the
contamiuants having a similar electrophoretic mobility to
caprine c%-casein (Fig.9.10). Caprine cﬁ-casein has a lower
electrorhoretic mobility at pH 8.4 than bovine asq—casein and
bovine aEB—casein, with a mecbility closer to that of bovine

a - i o
Sy caseln

Crude bovine (%q—casein B, i1solated by urea fractiona-
tion of whole casein (Hipp et al., 1952), was further purified



Fig.9.10: Alkaline gel electrophoresis of purified caprine aS-casein and purified bovine
asa—casein in the presence (B) and absence of Mg (A). 1, whole bovine casein;
2, purified bovine aSB-casein; 3, purified caprine as—casein; 4, whole caprine

casein.

A



bj chromatoéfaphy on LEAE-cellulose and the purity examined
by gel electrophoresis.

The bovine gz~ and_cgqfcaseins were isolated by
chromatography on DLili~-cellulose using a similar procedure
to that previously described by Hoagland et al. (1971).
Whole bovine casein was 1nitially fractionated by chromato-
graphy on DEAE-celluloge and the fractions that contained
bovine - and asq-caseins were pooled and dialysed. These
caseins were separated into two fractions by rechromatography
on Diafi~cellulose and the fractions isolated were examined by
gel clectrophoresis (1Fig.9.10). The peak fractions contain-
ing pure protein were pooled, dialysed and then stored at
-20%.

Althovrgh bovine a5z~ and asq—caseins were resolved into
two distinct peaks by chromatography, the as4—casein fraction
which was pooled appeared to be contaminated with «_;-casein.

S

The level of aSB— and « _,-caseins in whole bovine casein

S
(approximately 100 of the total casein) and their similarity

made them difficult to isolate in large guantities.

The amino acid compositions of bovine a5 5~ and Ly
caseins have been shown to be nearly identical (lloagland et
al., 1871) and consequently the more easily isolated g3~
casein was used for comparison with caprine as—casein.

Electrophoresis of these caseins in the presence of
Mg (ig.9.10), which binds to the phosphorus residues of the
caseins and largely neutralizes their charge, showed caprine
as—casein anc bovine c%%—casein maintain their relative
mobilities, although their electrophoretic mobilities decrease
markedly relative to bovine asq—casein B. The relative
mobilities of the caseins, 1n particular caprine as—casein,
bovine a4 and aSB-caseins are shown in Table 9.4 .
Although gel electrophoresis at pH 8.4 showed caprine o =
casein and bovine ¢%1-casein were fairly homogeneous, when Mg
was included in the gel some heterogeneity became evident
(Fig.9.10).



Table 9.4

Relative lMobilities of Casein Components in the

Component

Bovine
-casei
1o cak
- i
g3 casein
p-casein

Caprine
as—casein
—-casein
&

Iresence and /fbsence of Mg

Distance travelled, mm Ratio of distances

Alkaline gel Mg gel travelled
106 58 0.55
98 31 0. %4
65 41 0.63
89 29 0.%2
62 D 0.60

+rQ !



9.10 Molecular Veights of the ¢%—Caseins

The molecular weights‘of the S-carboxymethylated ag=
caseins were determined on a column of Sepharose 6B in 6 M
guanidine.HC1l (Chapter 9.6). DlMolecular weights of 25 700,
25 400 and 24 100, respectively, were obtained for caprine
c%—casein, bovine aSB—caséin and bovine asq—casein B
(Table 9.2). The moletular weight obtained for bovine
asq—casein B was in close agreement with the value calculated
from the amino acid sequence (Mercier et al., 1972a). The
molecular weirtht obtained for bovine asa—casein was consider-
ably lower than the value of 33 800 reported by Hoagland et
al. (1971), for asa—casein, however, it was much closer to
the value of 26 000 recently reported by Ribadeau Dumas et
al. (1973).

A sample containing both caprine as—casein and bovine
ch—casein was chromatograrhed on the molecular weight column
and the fractions collected as before. After weighing, each
fraction was dialysed to remove the buffer salts, and after
gel electrophoresis and densitometry the ratio of caprine
zé—casein to bovine as3—casein was found to be constant across
the protein peak, indicating the molecular weights of the
proteins were similar. This confirmed the results obtained
when they were chromatogravhed individually. A similar
experiment using caprine (%—casein and bovine asq—casein
showed that caprine as-casein had an appreciably greater
molecular weight, thus confirming the results obtalned earlier.
Figure 9.11 shows the chromatographic pattern and gel electro-
phoresis patterns obtained for these two proteins. It can be
seen that the leading edge of the peak contained predominantly
caprine as—casein, whereas the trailing edge largely contained
bovine asq—casein. This technicue is especially useful for
directly comparing the molecular weights of two proteins,
particularly when one can be used as a sensitive molecular
weight marker.

9.11 smino sAcid Compositions of the aS-Caseins

The amino acid compositions of caprine as—casein and
bovine aSB—casein were determined using samples hydrolysed in
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Fig. 9.11

Chromatography of a sample containing the major
caprine og -casein and bovine ogq -casein B on
the molecular weight column to compare their
molecular weights. The absorbance at 280 nm
(@) of each fraction was measured and those
containing protein were dialysed free of buffer
salts and examined by disc gel electrophoresis
and densitometry. The proportion of caprine

o -casein (4) and bovine ogq -casein B (O) in
each fraction were calculated from the densito-
meter results and used to correct the absorbance
at 280 nm of the fractions. The conditions

used for chromatography have been outlined in
Fig. 9.7.
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@ I HC1 for‘24, 48 and /2 h. Molar ratios of amino acids
in caprine as—casein were initially calculated on the basis
that the protein had a molecular weight of apprcximately

25 700 and contained 22 residues of lysine. It was refined
by assuming that the protein had 17/ aspartic acid residues,
4 glycine residues, 10 alanine residues and 11 tyrosine
residues (Table 9.5). h

’
Molar ratios of amino acids in bovine asa—casein were

calculated assuming the protein had a molecular weight of
approximately 25 400 and contained 2% lysine residues. The
composition was further refined assuming each mole of protein
contained 23 lysine residues, 19 aspartic residues, 4 glycine
residues, 11 tyrosine residues and 6 arginine residues.

The compositions are compared in Table 9.5 with those
for bovine asq—casein B (iercier et al., 1972a) and bovine
asa—casein (Ribadeau Dumas et al., 1975; Hoagland et al.,
1971), after recalculation of Hoagland's data to give a more
cryropriate molecular weight.

It is clear that with the exception of proline, and
possibly valine, the compositior of caprine as—casein is very
close to that of bovine aSB—casein (this study), and those of
Ribadeau Dumas et al. (1975) and Hoagland et al. (1971).
However, there are large differcnces between caprine as—casein
and bcvine asq—casein, notably in the case of threonine,
glycine, leucine, lysine and cysteine residues (Table 9.5).
A11 three proteins, however, have 77 or 8 phosphate residues
and similar numbers of aromatic residues.

The tryptophan content of caprine as—casein was 1.82%
(Table 9.5). Fhosphorus contents, estimated in duplicate
samples of hydrolysates used for amino acid analyses, were
0.92% and 0.88w for caprine c%—casein and bovine aSB—casein,
respectively, corresponding to /7 phosphorylated residues per
molecule of protein (Table 9.5). Irevious results had
shown that a crude fraction of caprine as—casein contained
1.02jt phosphorus (Hofman, 1958D). Annan and Manson (1969)
found 1.0%% phosphorus in bovine asa—casein{ Recently,
however, lkibadeau Dumas et al. (1975) also reported bovine



Table 9.5

Amino Acid Composition of Caprine and Bovine as—Caseins (Residues Amino Acid/Mole Frotein)

Caprine Bovine

-casein a_--casein = in &
s s3 = agq-casein

Fresent results oy T

Mean MNo. lrobable No. Mean No. lrobable No. Illoagland et al.(1971) et al. (1975) Mercier et al. (12972a)
Residues S.D. Residues Residues &S.D. Residues Recalculated Mean No. Residues No. nresidues

ASD 17.20 0.46 17 18.60  O.44 19 19.7 19.2 15
Thr 14.02 14 14,40 14 15.5 gl 5
Ser 13.78 14 16.03 16 17.3 14.1 16
Glu 44,75 1.20 45 44,81 0.77 45 43,2 44,2 29
Fro 17.86 0.48 18 12.93 0.25 13 fillsd 10.6 17
Gly 4.12 0.11 4 3,96 0.09 4 3.1 2.4 9
ala 9.63 0.26 10 9.01 0.26° 9 8.5 8.8 9
Cys 1.8 2 2.3 2 1.1 ‘ - 0
Val 12.42 0.33 12 14.36  0.29 14 4.4 14.5 11 -
Fet 4,31 0.12 4 4.04 0.06 4 4.2 3.9 5
Ile . 10.80 0.29 11 10.51 0.21 11 11.6 10.7 11
Leu 12.40 0.33 12 13.79 0.26 14 11560 13.4 17
Tyr 10.90 0.29 11 11.05 0.22 11 10.7 11.8 10
the 25D 0.20 8 6.25 0.13 6 (5), 2 6.2 8
His SRE10) 0.14 5 3.71 0.09 4 4.1 135:,0) 5
Lys 21.91 0.59 22 23.07 0.40 23 22.8 26.4 14
Arg 6. 44 0.17 6 6.06 0.16 6 5.7 5.9 ' 6
Trp 252 2 - 2 1.5 1.8 2
thosphorus 725 . ?7 7.0 7 - 7.1 8
Total no. of residues 217 217 199
Molecular weigit X

, (a) amino acid analysis 26 0097 . 25 9381 23 615

“ " (b) Cepharose 63 column 25 700 25 400 24 1C0

1. lMolecular weight excludes amide groups.

891
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ch—casein as having '’ phosphorylated residues, 1n agree-
ment with the results in Table 9.5, and considerably lower
than the results of Annan and Manson (1269).

The extinction coefficients (absorbance of a 1% (w/v)
"solution 1 cm in depth) measured in 0.1 M phosphate buffer,
pH 7.0, were 10.1 and 10.3%, respectively for caprine as—casein
and bovine asB—casein. , Dovine assfcasein which is thought to
be an equimolar mixture of &gz~ and as4—caseins (Hoagland et
al., 1971), was reported to have an extinction coefficient of
10.1 (Toma and Nakai, 19727

9.12 Discussion

The present study has shown that the major aé—casein
of caprine milk has an amino acid composition and molecular
weight close to that of the minor bovine protein, ass—casein,
(Table 9.5). In contrast, bovine cgq—casein has a molecular
weight lower than, and & composition substantially different
from the major caprine cg—casein. It should be noted that
bovine cgqfcasein has a similar composition to asg—casein and
these two proteins occur in milk in equilibrium with as5—
caseln, a disulphide bonded dimer which may be composed of one
molecule each of a7~ and 124—caseins (Hoagland et al., 1971;
Toma and MNakai, 1973), but could be a mixture of % possible
disulphide dimers.

The marked decrease 1in the electrophoretic mobilities
of caprine asucasein and bovine oba—casein in the presence
of Mg (I'ig.9.10, Table S.4) may be attributed to these caseins
binding more lig than bovine cgq-casein. Bovine asq—casein,
which has one more phosphate group than caeprine o%—casein and
bovine aSB—casein was not affected to the same extent, suggest-
ing lig may be bound to vinding sites other than the phosphate
groups.

Frevious estimates of the molecular weight of the
proteins, a5z~ Gy and cés—caseins have been by sedimentation
in a preparative ultracentrifuge fitted with a schlieren
optical system (Woma and Nakai, 1973), by C-terminal analysis

(Annan and Ilanson, 1969:; Ribadeau Dumas et al., 1973) and
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from the amino acid composition (Hoagland et al., 1971;
Ribadeau Dumas et al., 1975). These studies gave molecular
weights of %1 800 and 65 750 for 3" and c%5-caseins (Toma
and Nakai, 1973%), 14 000 or 28 COO for (%5_ and cgq—cascins
(Annan and Manson, 1969) and 3% 700 for g~ and as4—caseins
(Hoagland et al., 1371). The present results show the
molecular weight of bovine aSB—casein to be 25 400 £ 1500

by chromatography on Segharose 6B in 6 I guanidine.HCl, a
result which 1s significantly lower than the values obtained
by other workers but similar to the molecular weight of 26 000
obtained by Ribadeau Dumas et al. (1973). However, the
nolecular weights of Uz and ;%5—caseins determined by
ultracentrifugation were measured at high protein concentra-
tions. If the proteins had any tendency to associate this
would have led to the values reported. Annan and lianson
(1969) concluded that the molecular weight was 14 000, because
the release of amino acids, leucine and tyrosine by carboxy-
peptidase A was virtually simultaneous, each was the end group
of g3~ and 054—caseins. Ribadeau Dumas et al. (1973) Hund
the C-terminal sequence of both bovine a7~ and asq—caseins to
be Leu-Tyr.0Oil, thus doubling the estimate of molecular weight
of Annan and Manson (1969) from 14 000 to 28 000.

The bovine agz=y gy~ and as5—caseins all together
only amount to a small proportion of the total as-caseins
(4innan and Manson, 1969) and possibly 10% (by weight) of the
total bovine casein (Chapter 8.4). The major caprine x-
casein accounts for about 15/ of the total caprine casein.
However, there may not be a protein in the group of caprine
caseins corresponding to bovine asq-casein.

The possibility that caprine as—casein exists as a
polymer in caprine milk, through the formation of inter-or
intra-molecular disulphide linkages should be considered.
Alkaline gel electrophoresis of caprine casein before and
after treatment with 2-mercaptoethanol revealed no differences
in the protein patterns. It is interesting to note that
bovine aSS—casein, the dimer of agz™ and asq-caseins, has a
mobility in alkaline gel electrophoresis slightly greater
than that of g-casein, whereas a5z and asq—caseins have
mobilities nearly equivalent to e« ,-casein (Fig.9.10).
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Consequently, 1f caprine as—casein existed as a dimer in the
absence of 2-mercaptoethanol, it would seem likely that some

change in its electrophoretic mobility would have been
observed.



CHAPTER 10: CHARACTERISATION CF THE MAJCR OVING CASEINS

Five major ovine caseins, k-, Bem, Bq, ag o= and gz~
caseins were isolated by chromatograrhy of whole casein on
DEAE-cellulose. This chapter describes their characteriza-
tion and a comparison with their respective bovine and
caprine caseins.

10.1 Ovine k-Casein

Ovine k-casein was isolated by chromatography of
whole casein 2n a column of DLAL-cellulose (Fraction 3,
Mgs.8.5 and 8.6) and purified further by chromatography on
Cl-cellulose at pH 4.0. It was identified as k-casein from
1ts electrophoretic mobility in polyacrylamide gels at pH 8.4
and from its sensitivity to rennin (Fig.10.1).

Gel electrophoresis at pl 8.4 showed ovine x-caseln
has a lower mobility thamn the ovine B-caseins and, unlike its
caprine counterpart, can be readily identified in patterns of
whole casein. Finor bands with a grzater electrophoretic
mobility than ovine x-caseiln were observed in some
preparations. These proteins were readily hydrolysed by
rennin and were probably k-caseins glycosylated at different
levels.

Alais and Jolles (1961) found the level of carbohydrate
in the glycomacropeptide from ovine casein to be less than that
from bovine casein. They reported levels of 1.1% sialic acid
in the ovine glycomacropeptide, and 14.3% and 3.0, in the
bovine and caprine glycomacropeptides, respectively.

A molecular weight of 20 500 was obtained for ovine
x-casein by chromatography of the S-carboxymethylated protein
in 6 M guanidine.HCl buffer on a column of Serharose 6©6B.

This molecular weight was similar to values previously reported
of 19 050 (Ribadeau Dumas et al.,1975) and 20 C00 (silais and
Jolles, 1967).

No further characteristics of ovine x-casein were
determined since the amino acid sequences of ovine para-x-
casein (Jolles et al., 1974) and the partial sequence of the



Fig.10.1:

Alkaline gel electrophoresis of whole ovine
casein (1,4), purified ovine x-casein (3),

and the effect of rennet on this fraction (2).
The direction of electrophoresis is indicated.
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ovine macropeptide (Jollés et al., 1973) have recently
been determined.

OVINIs B-CASEINS

10.2 Isolation of Ovine p-Caseins

Two f-caseins (Fractions 4 and 5, Figs.8.5 and 8.6)
were separated from whcle casein by chromatography on DiAlL-
cellulose at pH 7.0. Phese caseins, present in equimolar
amounts were tentatively designated as 62—casein (Fraction 4)
and 6,-casein (Fraction 5), since B,~casein had a similar
electrophoretic mobility at pH 8.4 to bovine pB-casein B and
caprine ﬁé—casein. bince there was a poor separation of
peaks from the bllili-cellulose ceclumn after chromatography of
whole ovine casein (Fig.8.5), fractions were invariably
contaminated with one another and required further purifica-
tion. They were repurified, initially by rechromatography
on columns of DLAk-cellulose, followed by chromatography
on CM-cellulose at pH 4.0. Alkaline gel electrophoresis
showed that this procedure yielded highly purified f-caseins
(Fig.10.2), although some heterogeneity became evident in the
presence of lig. "he ovine f-caseins were much mwore dif-
ficult to purify than their caprine counterparts, which in
turn were more difficult to purify than bovine f-casein.

Ovine ﬁ%—casein has a greater electrophcretic mobility
at pH 8.4 than ﬁg—casein (Fig.10.2) and was less readily
eluted from DEAE-cellulose (Fig.8.5). The electrophoretic
mobility of bovine fB-casein B at pH 8.4 was similar to that of
ovine tb—casein, while the mobilities of ovine ﬁq— and ﬂ2_
caseins were similar to those of caprine ﬁq— and
%;oaseins, respectively (Fig.4.1). At pH 4.0, the
mobilities of ovine ﬁq- and t%—caseins were reversed, so
ovine A%—casein had the greater electrophoretic mobility.
wWwhen Mg was included in the electrophoresis buffer, the
mobilities of ovine B~ and t%-caseins decreased and the two
components merged (Fig.10.2). This suggested that 61- and
Bg—caseins differed in the number of phosphate groups that
each contained, since lig associates strongly with the
phosphate groups of the caseins. and largely necutralizes
their charge. This conclusion was supported by the results
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Fig.10.2: Alkaline gel electrophoresis of the purified ovine B-caseins in the absence (A)

and presence of Mg (B). 1, whole bovine casein; 2, ovine go—casein;
%, ovine Bq—casein; 4, whole ovine casein. The direction of electrophoresis

is indicated.

G/L
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from acid gel electrophoresis where the mobilities suggested
that x%—casoin carried more negative charge than ﬁe-casein at
pH 4.0 and pH 8.4. The behaviour of these ovine f-caseins

1s similar to that observed for the caprine B-caseins -
(Chapter 9.5).

4/0)5] Ifolecular Weights of Ovine f-Caseins

Molecular weights of 25 000 and 24 900 were obtained
for ovine ﬁq‘ and ﬁé—caseins, respectively, by chromatography
in 6 M guanicdine.HCl on a calibrated column of Sepharose 6B
(Chapter 9.6). These molecular weights were the average of
duplicate analyses.

To determine whether the molecular weights of the
ovine pB--caseins were actually higher than that of bovine
f-casein a sample containing both ovine ﬁq—casein and bovine
p-casein B was chromatographed on the molecular weight column.
After dialysing each fraction, gel electrophoresis and
densitometry showed the ratio of ovine ﬂq-casein to bovine
f-casein B was constant across the peak, suggesting that the
molecular weights were eimilar at 24 00-25 000. This
verified the previous results when the proteins were
chromatographed individually on the mnlecular weight column.

10.4 Amino Acia Compositions of the Cvine B-Caseins

The amino acid compositions of the ovine (o and B
caseins were determined from nine analyses. Samples of
protein which had been hydrolysed with 6 M HC1l for 24, 48 and
72 h were analysed in triplicate. The molar ratios of amino
acids were initially calculated on the basis that the p-caseins
contained 8 aspartic acid residues and had molecular weights
of 24 000-25 000. They were refined by assuming ovine Ba~
and Bé—caseins contained 8 aspartic acid, 5 glycine, 9
phenylalanine, 12 lysine and 3 arginine residues per mole
of protein. The amino acid compositions of the ovine Bq—
and t%—caseins are presented in Table 10.1, and compared with
those of caprine t%—casein and bovine fg-casein A2, and with
the composition of ovine B-casein obtained by Resmini et al.
(1967), after it was recalculated assuming a molecular weipght
for the protein of 24 000.



Table 10.1

Amino Acid Compositions of the Ovine 5-Caseins (itesidues of Amino Acid per lMole of Frotein)

Ovine Caprine Bovine

Bg-Casein £,~Casein B-Casein? fr-Casein B,-Casein B,-Casein  p-Casein 42

Mean No. of 3 lean No. of g itesmini et Most I'robable Most lrobable . Ribadeau Dume

Residues S.D. Residues S.D. al. (1967) No. of Residues No. of Residues Table 9.3 et al. (1973)
ASp 8.08 0.20 8.13 0.19 9.8 8 8 9 9
Thr] 10.62 10.58 10.9 A 11 2 9
Ser] 13.78 13.22 13.3 14 13 15 16
Glu 39.02 1.42 39.92 1.01 4y .3 39 40 43 39
Ero 27,27 2.86 27,44 1.14 21.8 27 29 23 25
Gly SIo(©) 0.10 5.11 C.13% 5.2 5 5 6 5
Ala 4.70 0.29 4.39 0.12 6.3 5 I 5 5
Vall 21.88 0.52 21.69 0.57 18.6 22 22 21 19
Met 5.30 0.26 5.11 0.12 Dlele > 5 6 6
IleT 8.53 0.27 8.77 0.21 9.0 9 9 9 10
Leu 21.27 0.48 21.%1 0.53% 21.0 21 21 20 22
‘Tyr 2.97 0.07 3.00 0.08 0% 3 3 4 4
the 9.02 0.19 8.90 0.21 8.2 9 9 9 9
His 4.67 0.28 4.65 0.13 0.4 5 5 5 5
Lys 11 .86 0.25 11.57 0.3%0 11.8 12 12 12 A4
Arg 2.99 0.11 2.89 0.08 2le1) 2 3 3 4
Trp 1.1 1.1 0.8 1 1 1 1
Fhosphorus 4.1 4.6 - 4 5 5 5

Molecular weight
(a) Amino Acid 2% 773 23 823 24 360 2% 982
analysis
(b) Sepharose 6B 24 900 25 000

ki 209 208 213 209

No. of residues
1. Threonine and serine values obtained from 24 h hydrolysates were
increased by 5. and 10,y respectively. Isoleucine and valine were
72 h results.

2. itesults of iesmini et al. (1967) were recalculated assuming a
molecular weight of 2% 500, excluding the phosphate groups.

bl

3. Standard deviation.



The compositions of the ovine 51' and ﬁ2—oaseins were
very similar, with only minor differences between them (Table
woLay.. The differences in the number of glutamic acid
residues were probably not significant, considering their
standard deviations. The proline content of ovine Bg—casein
was rather uncertain, due to the large standard deviation,
however it appears unlikely there arec any significant dif-
ferences between these two proteins (able 10.1).

Ovine Bg—casein and bovine f-caseln A2 have the same
number of glutamic acid, glycine, alanine, phenylalanine,
histidine and tryptophan residues. Caprine 62—casein and
ovine ﬁé—casein also have similar compositions (Table 10.1),
with the levels of seven amino acid residues the same, eight
amino acids which differ by one residue and two amino acids
which differ by two residues. Tryptophan in samples of the
ovine f-caseins was determined directly by amino acid analysis
after the proteins were hydrolysed for 24 h with 3 M p-toluene
sulphonic acid. The molar ratios of tryptophan to arginine
were determined by amino acid analysis. On the basis of three
arginine residues per mole, the tryptophan content was 0.84
for both t%— and ﬁé—caseins.

Inorganic phosphorus, determined in acid hydrolysed
samples of the p-caseins, was 0.59;6 and 0.53% for ovine £,- anc
%fcaseins, respectively. The absorbance of 1 cm solutions
of the t%- and ﬁé-caseins (1% w/v), pH 7.0, at 280 nm
(corrected feor Rayleigh scattering) were 3.9 and 3.7,
respectively. Bovine and caprine p-caseins, which contain
one tryptophan and four tyrosine residues, have extinction
coefficients of 4.2-4.7 (Chapter 9.7). The lower values for
the extinction coefficients of the ovine B-caseins are
consistent with their content of one tryptophan and three
tyrosine residues.

10.45 Discussion

The two ovine g-caseins are similar to the two caprine
f-caseins with almost identical electrophoretic mobilities in
alkaline polyacrylamide gels, molecular weights, amino acid
compositions and with a difference in phosphorus content between
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the Bq— and ﬁ2—caseins (Pablie 10595 The composition
obtained by Resmini et al. (1967) for ovine B-casein is close
to those of ovine 61— and Bg—caseins which were obtained in
this study (Table 10.1), although some differences are
apparent in the aspartic acid, glutamic acid and proline
contents.

The electrophoretic mobilities at pH 8.4 of the ovine
and caprine 62—caseins and bovine B-casein B are similar,
and since they all have the same molecular weights, the net
charges on the proteins are probably similar. The sum of
the lysine, histidine and arginine residues 1is the same for
the ovine and caprine @-caseins and bovine g8-caseln A2, and
consequently the sum of the negatively charged residues 1is
probably similar. Iurthermore, the sum of isoleucine, valine
and leucine residues is similar at 49, 51 and 52, respectively,
for caprine Bg—casein, ovine Bg—casein and bovine f-casein A
(Table 10.1). The ovine B,- and B,-caseins contain 4 and 5
residues of phosphorus, respectively and are similar to the
corresponding caprine B-caseins which contain 5 and 6 phosphorus
residues. The ovine R-caseins may have a similar mechanism
of phosphorylation to that of the caprine B-caseins. It is
interesting to note that the variation observed in the
intensity of the B-casein bands in some ovine casein sanmples

(Chapter 8.8) has not yet been observed in the caprine caseins.

OVINE aé—CASEINS

10.6 Isolation of Ovine cgg—Casein and ch-Casein

Alkaline gel electrophoresis of a number of individual
ovine casein (Chapter 8.8) revealed the presence of three major
components having electrophoretic mobilities which were lower
than that of bovine aéq—casein (Fig.4.1). Two of these o« -
caseins were isolated by DEAL-cellulose chromatography of
whole ovine casein and designated as a o= and ¢%5-caseins,
since they corresponded in electrophoretic mobility to the i
slower components of the three aé-caseins. These components
(Fractions 6 and 7, figs.8.5 and 8.6) were only partially
separated by chromatography on DEAE-cellulose and it was

-



Fig.10.3:

2 -
E
c
(=]
[ ]
(4]
w
(@)
r4
<
ol F
[+ 4
(@]
(7]
o
<
yJi L 1 [ L
o 40 50 60 70

FRACTION No.

Chromatography of ovine asa—casein on DEAE-cellulose in 0.01 M imidazole-HC1l buffer,
pH 7, containing urea (4.5 M) and 2-mercaptoethanol (0.1%,v/v), and using a 11 gradient
from 0-0.15 M Mg012 to elute the caseins. Other experimental details are similar to
those outlined in Fig.8.1. The fraction indicated was pooled and its purity examined

by alkaline gel electrophoresis (Fig.10.4).

021
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Fig.10.4: l}olyacrylamide gel electrophoresis of the ovine as-caseins at pH 8.4 (A) and at pH 8.4
in the presence of Mg (B). 1, 4, whole ovine casein; 2, ovine as5-casein;

3, ovine “s2-casein.
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necessary to purify them further by rechromatography on
columns of DEAE-cellulose and ClM-cellulose. Although
alkaline gel electrophoresis.indicated the ovine as-caseins
were pure, electrophoresis at alkaline pH in the presence of
Mg revealed 30% qontamination of aSB—casein with another
casein component. This contaminant behaved in a similar
manner to bovine aS%-oaséin and caprine as-casein, since in
the presence cof Mg, its electrophoretic mobility was reduced
and became less than that of the ovine g-caseins. Consequently,
ovine asa—casein was repurified by chromatography on LEAE-
cellulose at nH 7 in buffers containing Mg (Fig.10.%). The
purity of the ovine a - and aSB—caseins, as shown by alkaline
gel elcctrophoretic mobilities, are shown in Fig.10.4. In the
presence of Mg the mobilities of a o= and asB—caseins were
reduced, but they did not merge together, and seemed to vehave
in a similar manner to bovine aéq—casein. This would suggest
the difference in net charge on the two ovine as-caseins is
not due to differences in their phosphorus content.

(O 7 Molecular Weights of Ovine aS—Caseins

The molecular weights of the ovine as-caseins were
determined by chromatography on a calibrated column of
Sepharose 6B in 6 M guanidine.HC1. A sample of pure ovine
aS—casein, which contained A and asa—caseins yielded an
average molecular weight determined from duplicate analyses
of 24 100. In addition, a sample which contained the ovine
c%-caseins and bovine c%q—casein B, was chromatographed on the
molecular weight column and the fractions examined by gel
electrophoresis. The ratio of ovine ag o= and asa—caseins to
bovine cgq—casein B was found to be constant across the peak,
suggesting the molecular weights were the same within the
error of the method and verifying the results obtained for
the individual proteins.

10.8 Amino Acid Compositions of the Ovine aS—Caseins

The amino acid compositions of the ovine asmcaseins

were determined in a similar manner to that used for the
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f-caseins. They were based on single samples of protein
hydrolysed for 24, 48 and /2 h, and analysed in triplicate.

The amino acid compositions of ovine as2-casein and
asa-casein were initially based on the supposition that the
proteins had a molecular weight of approximately 24 000 and
contained 17 residues of -aspartic acid. The composition of
asg—casein was further .refined by assuming it contained 17
aspartic acid, 9 glycine, 12 alanine, 14 lysine and 6
arginine residues per molecule of protein. The composition
of aSB—casein was refined by assuming it contained 17/ aspartic
acid, 11 glycine, 12 alanine, 1% lysine and 6 arginine
residues per molecule of protein.

The amino acid compositions of the ovine ag 5= and agz=
caseins are compared with those of caprine as—casein and
bovine aéq-casein B in Table 10.2. The amino acid compositiuns
of ovine as-casein determined by Resmini et al. (1967) and
Shalichev and Tanev (1973) are also shown after recalculation
to a more appropriate molecular weight.

The amino acid compositions of the ovine ag o= and a5z~
caseins were similar, with minor differences in their
threonine, serine, glutamic acid, glycine, valine, methionine,
isoleucine, phenylalanine, lysine, and perhaps arginine
contents (Table 10.2). The composition of ovine as2—casein,
in particular, was close to that obtained by Resmini et al.
(1967). Considerably more differences were observed between
the composition of asg—oasein and that of Shalichev and Tanev

(1973).

The compositions of the ovine as—caseins are much more
similar to bovine asq—casein B than to caprine as-casein
(Table 10.2). The ovine a_-caseins and bovine asq—casein B,
in particular, differ from caprine as—casein in their content
of threonine, glycine, cysteine, lysine and leucine. The
tryptophan content of the ovine aé—caseins was 1.7%, based on
the molar ratio of tryptophan to arginine determined by amino
acid analysis, assuming the proteins contained six arginine
residues per mole.



Table 10.2

Amino Acid Compositions of the Cvine aS-Caseins (Residues of Amino Acid ‘per lole of Frotein)

Gvine Bovine Caprine
a_z-Casein a 2-Casein ﬂs—Casein3 a.-Casein agz-Casein as>-Casein ﬂsq-Casein B as-Casein
Mean No. of Mé&n No. of 4 Resmini et ©Shalichev and Frobable No. Probable No. Ribadeau Dumas
Rresidues S.D. itesidues S.D. al. (1967) Tanev (1973) of Residues of Residues et al. (1973) Table 9.4

4sp 17.20 0.26 17.20 0.31 18.0 18.3 17 17 15 17
Thr] 4.55 0.45 3.64 0.04 4.6 5.1 5 4 5 14
Ser’ 18.47 0.41 16.61 0.16 16.4 14.8 18 17 16 14
Glu 42.29 0.48 28.89 0.72 B9 39.6 42 29 39 45
Fro 22.21 0.76 22.35 0.47 192 20.4 22 22 17 18
Gly 10.74 0.20 9.39 0.16 10.0 1085 11 9 9 4
Ala 12.23 0.66 12.23 0.29 iRy 14.6 12 12 9 10
Cys 2
VZ].'1 10.53 0.%8 9.72 0.20 8.6 10.3 11 10 11 12
Let 2| O 0.30 4 .64 (0185 4.5 Dlele 4 5 5 4
I1e’ 9.96 0.22 10.66 0.1% 10.0 9.7 10 11 11 11
Leu 17.66 0.42 17.80 0.42 18.0 18.1 18 18 17 12
Tyre 8.92 0.18 10.48 0.23 11.0 6.5 10 10 10 11
the 6.30 0.30 6.81 0.13 6.6 Sl 6 6 7 8 7
His 4,24 015515 4,16 0.09 C)0) (558) 4 4 5 5
Lys 13.23 0.40 14.25 0.16 14.0 19.8 13 14 14 22,
ekt

Arg 5159 0.66 6.4l 0.33 S.4 6.5 6 6 6 6
1rp 2.16 2.16 2.8 - 2 2 2 2
Fhosphorus 9.3 8.7 - = 9 9 8 7
Iolec. weight

amino acid composition 24 623 24 353 23 615 26 010

cepharose 6 B Colunn 24 100 24 100
No. of Residues 211 207 199 216

q3e Threonine and serine values obtained from the 24 h analyses
were increased by 5 and 10» respectively. Isoleucine and
valine were 72 h results.

2. See text.

36 'he compositions obtained hy Resmini et al. (1967) and
vhalichev and Tanev (1973) were recalculated to a molecular
weight of &% 500, excluding the phosphate groups.

4, Standard deviation.

78l
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Inorganic phosphorus measured in the acid hydrolysates
used for amino acid analysis were 1.06% and 1.20;0 for ovine
ag o= and asa-caseins, respectively. The absorbances of 1y
solutions (w/v) at 280 nm, pH 7.0 (after correcting for
Rayleigh scattering) were 11.20 and 10.9. These are higher
than the extinction coefficient for bovine asq—caseinISOf A10%y |
(Thompson, 1971). Amino acid analysis revealed 8.92 residues
of tyrosine in ovine asz—casein (fable 10.2). The molar ratio
of tyrosine:tryptophan measured in 0.1 M NaOE (Beaven and
Holiday, 1952) was 5.04. - This is equivalent to 10 tyrosine
residues per mole in asa—casein. Consequently, both ovine
as-caseins were assumed to have 10 tyrosine residues in each
mole of protein. The higher values for the extinction
coefficients of the ovine as—caseins compared with that for
bovine asq—casein which contains 2 tryptophan and 10 tyrosine
residues, suggests there may be 11 tyrosine residues in the

ovine as—caseins rather than 10 residues.

10.9 Discussion

Two major as-caseins, designated as ag o= and a_,-casein,

were 1isolated by chromatography on columns of DEAE—ceiiulose
and Cll-cellulose. Although this procedure was satisfactory
for the purification of as2—casein, it was necessary to purify
aSE—cascin by chromatography on DEAli-cellulose in the presence
of Mg in order to remove an impurity which behaved in a similar
manner to bovine cga—casein and the major caprine as-casein

during gel electrophoresis in the presence and absence of lg.

The amino acid compositions and molecular weights of
the ovine o o and c@a-caseins were similar to each other and
more closely related to bovine asq-casein B than to bovine
aSB—casein or caprine as-casein (Table 10.2). Amino acid
analysis of the impure ovine QEB—casein fraction revealed the
contaminant was similar to bovine a_,-casein.

s5

The similar phosphorus contents, molecular weights
and behaviour on gel electrophoresis in the presence of Mg
of the ovine as-caseins suggested they differ in the number
of charged amino acid residues which they contain and not in
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the number of phosphorylated residues. vince us2—casein has
a greater electrophoretic mobility at pH 8.4 than asB—casein,
despite its extra lysine residue, it must also have fewer
glutamine and or asparaglne residues. Although there are a
number of differences in the compositions of the ovine oo~
and asa-caseins, these caseilns must be considered as being
more closely related to each other than bovine c%q—casein fis

to f-casein, or bovine'asq—casein is to bovine aSB—casein.

shalichev and Tanev (1973) isolated and purified ovine
as—casein by urea fractionation of ovine cesein and chroma-
tography of a crude as-casein fraction on Sephadex G-150 in
Tris-citrate buffer containing urea. They obtained a
molecular weight of 47 500 for as—casein by chromatography on
Sephadex G-150 in Tris-citrate buffer, pH 7.5, in the absence
of urea. The molecular weight column was previously
calibrated with native globular proteins. Under these condi-
tions ovine as—casein,since 1t has an amino acid composition
close to that of bovine asq—casein, is unlikely to be similar
in molecular conformation to the proteins used to calibrate
the column. Under similar conditions, depending on the
protein concentration, bovine asq—casein would be present in
a particular polymerization form, and as a mixture of polymers
(Schmidt, 1970b). If one assumes the ovine as-caseins are
associating proteins this high molecular welight value 1s not
surprising.

Ovine ag 5= and abB—caseins appear to be fairly closely
related to each other, and they are each more closely related
to bovine asq—casein, with thelr similar amino acid composi-
tions, molecular weights, behaviour in alkaline gel electro-
phoresis in the presence and absence of lig, than to caprine

a_—-casein.
S
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CHAFTER 11:  PHYSICAL CHARACTERISATICH OF THR: CAIRINIE,
OVINi; AND BCVINl CASHING

This chapter outlines some of the physical character-
istics of the caprine, ovine and bovine «-, g- and as—caseins.

The temperature depenoent polymerization of caprine and
bovine fg-caseins was investigated by ultracentrifugation and
viscometry. The effect of temperature on the solubility of
the proteins in thec presence of Ca012 was deternined for
caprine, ovine and bovine fi-caseins. The solubilities of
the o - and g- caseins from the milks of the three species were
compared in the presence of b4u+2, at %7° C, and the effective-
ness of the bovine, camrine and ovine &-caseins 1n stabilizing
these caseins in 20 mit 03012 was assessed.

11 .1 Ultracentrifuration

The caprine g-caselns were examined in the analytical
ultracentrifuge at various temperatures for evidence of
temperature devpendent polymerization. A1l measurements were
made in 0.02 It ZDTA buffer, pl 7.0, containing 0.14 M NaCl, and
at protein ccncentrations of 0.80)5 (w/v) and 0.88/ (w/v) for

caprine By~ and 62~casein, respectively.

At 10003 only single slow moving peaks with sedimenta-
tion coefficients (s 20, “> of 1.:7S and 1.153 were observed for
caprllo B - and La—caoelns, respectively (Table 11.1). At
14 C a 51ngle slowly sedimenting peak was observed for caprine

%fcasein (Table 11.1).

These sedimentation coefficients were counsistent with
caprlne ﬁq— and ﬁg—caselns being monomers at 10° C, and also
at 14°C for ﬁ -casein, even at protein concentrations of
0.80-0.88% (w/v) (Table 11.1). Evans et al. (1971b) obtained
a sedimentation coefficient, 52% W (820 W extrapolated to zero
protein concentration) of 1.158 for the monomer forms of
bovine pg-casein A at 3 ec.

At 2500, ultracentrifugation revealed caprine [P and
62-caseins contained rapidly sedimenting and slowly sedimenting
peaks (Table 11.1), indicating the presence of an associating



Table 11.1

. . .. 1 . .
Sedimentation Coefficients of Capvrine f-Ceseins

ﬁz—Casein2 ﬁq-Caseing
820’w monomer Syn o polymer S2O,w ONomer SEO,w volymer
10°¢ 1.155 - s _
14°¢ 1.248 N
25°c 1.378 16.185 2.208 10.188
1515 15.23%53

1.Sedimentation coeffizients are in Zvedburg uvnits (S).

2. These neasurements were made in 0.02 I EDTA buffer, pHd 7

containing 0.44 @M NaCl, at fixed proftein concentrations
0.087; and 0.88% for 8,- and ﬁp—caseins, respectively.

. . L o, . .
viscosity of the puffer at 25°C (relative to water) was

to convert apparent sedimcantation coefficients to Sop
) W

-0
of
The
used

values.

No account was taxen of the effect of protein concentration on

the viscosity of the buffer.

The partial specific wvolume oI caprine 6q—casein, estimated

from its amino acid composition, was O.744 (Schachman, 1957).
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protein system. The sedimentation coefficient for the
rapidly sedimenting peak 1in ﬂ2—casein was less than that for
ﬂq-casein and may reflect differences in the size of the
polymers (Table 11.1). At 20°C, ivans et al. {(1971b)
observed both slowly and rapidly sedimenting peaks in the
ultracentrifuge for bovine pB-casein .\. The rapidly sedi-

menting peak had a S50 value of 12.68.
9

Consequently, the caprine f-caseins, like their
bovine counterpart, appear to undergo temperature dependent

polymerization from monomer to polymer, as the temperature
. o 5O
is increased from 10°C to 25°C.

11.2 Viscosity Measurements on the Caprine and Bovine

B-Cuseilns

The intrinsic viscosities of caprine ﬁq‘ and B >=
caselns were compared wilth bovine g-caseln Aq at teuwperatures
from 4°¢ to 5700 in neutral buffer, and in buffer containing
6 M guanidine.HC] at 4°¢,

The intrinsic viscosity, [n], of a protein, previously
defined in Chapter 7.14, 1s a measure of the specific volume
(in units of ml/g) of the domain of a macromolecule in solu~
tion, and 1ts measurement can give information on thav

macromolecule in solution (Tanford, 1961).

The reduced viscosity plots obtained for capriuae -
and %fcaseins at 4OC, 1OOC, 2500 and 5700 in neutral buffer,
and at 4°C in the presence of 6 M guanidine.HCl are
presented in Figs.11.1 and 11.2. Similar results obtained

L at 4°C and 2500 are presented in

for bovine B-caseln A
Fig.11.5. The intrinsic viscosities and the values of
Huggin's constant, k', obtained for caprine ﬁq- and 62—

caseins and bovine B-casein A' are presented in Table 11.2.

The curvature of some of the reduced viscosity plots
observed at low protein concentrations has been previously
noted for bovine B-casein (&Lullivan et al., 1955; von
Hippel and waugh, 1955; Payens and van Markwijk, 1963).
Toyoda and Yamauchi (1972) also observed curvature in

reduced viscosity plots for human pR-casein. The reason for
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iteduced viscosity plots for caprine ﬂ,]—casein at
different temperatures and in different solvents.
0.1 N phosphate buffer, pH 7, containing 6 M
ruanidine.HCl, 4°C (a): 0.02 M cl?u buffer, pH 7,
containing 0.14 Il NaCl at 4°C (e), 10°C (a),

25°C (m), 37°C (@)-
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Reduced viscosity plots for caprine 62-casein
at 4°C in 6 M guanidine.HC1l (A), and in EDTA-
NaCl buffer at 4°C (@), 10°C (a), 25°C (m),
37°C (o).
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the curvature of these graphs is obscure. In the present
study, protein was not lost from solution, as measured by
280 nm absorbance, and conseéuently it was unlikely to have
been caused by adsorption of protein to the wall of the
viscometer.

As the temperature was increased from 496 6 5700, the
intrinsic viscosities of bovine and caprine g-caseins 1in
“DTA-NaCl buffer decreased (Table 11.2). This was either a
result of a change in the conformation of the protein as the
temperature was increased, or was due to a decrease in solva-
tion of the protein (fanford, 1961). At 4°C, the intrinsic
viscosities of the p-caseins were all similar and only
increased slightly in value in going from neutral buffer to
one containing 6 M guanidine.liC1l (Table 11.2).

These results suggested that the caprine and bovine
f-caseins have a conformation in neutral buffer at low
temperatures which approximates that of a random coil, since
proteins in 6 M guanidine.HC1l have been shown to have con-
formations closely resembling that of a random coil (Tanford,
1963) . Noelken and Reibstein (1968) obtained similar results
for bovine f-casein B (Chapter 6.10).

The intrinsic viscosity of bovine pg-casein Aq in
neutral buffer at 4°C was similar to the value of 23.1 ml/g
obtained for the B variant at 2.500 by Noelken and Reibstein
(1968). The intrinsic viscosity of f-casein B at 25°C in
6 M guanidine.HCl was 22.2 ml/g, lower than the value of
25.0 ml/g obtained for the Al variant at 4°C (Table 11.2).
It is interesting to note that Toyoda and Yamauchi (1972)
observed temperature dependence for the intrinsic viscosity
of human g-casein in 6 M guanidine.HC1. At 4°C and 1OOC,
the intrinsic viscosities of human B-casein in 6 M guanidine.
HC1l were 25.2 ml/g and 24.8 ml/g respectively, and 21.0 ml/g
o 85T

At 1OOC, the intrinsic viscosity of caprine 51-casein
had not changed appreciably from that at 400, however, the
value for caprine Bg—casein had decreased to 18.% ml/g.

At 2500, the intrinsic viscosities of bovine B-~-caseiln Aq and



Table 11.2

Intrinsic Viscosities of Caprine and Bovine f-Caseins

Bovine Caprine
B-casein Aq . ﬁg—caseinq . 3q-casein
[mie .37 x° [1ul/s £.2.° kT [1]wl/g 5.5
© M guanidine.HC1l
4°¢ 25.0 1.0 1.4 24.9 1.2 1.6 24.7 1.0

0.02 I EDTA
-0.14 M NaCl, pH 7.0

49¢ 22.7 0.1 1.4 22.2 0.3 0.8 24.6 0.4
10°¢c - 18.3 0.1 1.9 21.5 0.7
25°¢C 41.5 0.9 6.2 15.7 0.3 0.9 12.9 0.5
279¢ - 1%.8 0.2 4.1 10.8 0.5

1. 5.E., bStandard error of the intrinsic viscosities.

2. Huggin's constant, k'.

N



caprine ﬁq- and ﬁg—caseins have decreased to values of

11.5 ml/g, 12.9 ml/g and 15.7 ml/g, respectively (Table 11.2).
The intrinsic viscosity of bovine p-casein Aq at 25°C was in
good agreement with the value of 12.5 ml/g obtained at 2500 by
Sullivan et al. (1955). The difference in intrinsic viscosity
ot caprine Bg—casein ag 2500, and also at 5700, when compared
with bovine g-cuasein A &and caprine ﬁq-casein may be

attributcd to differences in conformation and solvation at
these temperatures.

The values of k', Huggin's constant, listed in Table
11.2 are similar to values obtained for bovine g-casein at
low tcmperature by Moelken and Reibstein (1968) and Fayens
and van Markwijk (1963%). In 6 I1 guanidine.liCl, Noelken and
Reibstein (1968) obtained a value for k', from bovine p-casein
B, of 1.0, while in agueous neutral buffer at low temperature
the value was also 1.0. Fayens and van Markwijk (1963%)
obtained a value for k' in neutral buffer of 0.9% for bovine
p-casein. In Table 11.2 the values of k' for bovine pB-casein
at 4°C were slightly higher than the values obtained by
Noelken and Reibstein (1968) and higher than the highest
values (0.29-0.95) found by Tanford et al. (1967) for proteins
in 6 M guanidinec.HC1l. The limited data available, and the
lack of adequate theory for k', other than for rigid, non-
solvated spheres (Bradbury, 1970) would suggest little inter-
pretation may be placed on these results.

e The Effect of Temvperature on the Solubility of the
Caprine, Cvine and Bovine B-Caseins in the FPresence
of 03012

Bovine f-casein is known to undergo temperature depen-
dent polymerization to form large polymers which readily
precipitate in the presence of low levels of Ca012 (Garnier,
1966; Thompson et al., 1969c). Polymerization appears to
be dependent not only on temperature, but also on protein
concentration. Consequently. use was made of the sensitivity
to Ca of these polymers in making a preliminary comparison of
the temperature dependent association of the pR-caseins from
bovine, caprine and ovine caseins.



The turbidity at 550 nm of solutions containing 1 mg/ml
protein in sodium cacodylate buffer, pH 6.8, and 20 ml CaCl,,
was measured as the temperature was increased from about 14gC
to 40°C. The behaviour of bovine fB-casein B and caprine [
and ngcaseins were compared at ionic strengths (excluding
Ca) of 0.05, 0.10 and 0.15 (Figs.11.4, 11.5 and 11.6). As
the ionic strength was increased from 0.05 to 0.15, the
temperature at which precipitation first became apparent in
the solutions increased quite markedly. The turbidity of
the f-casein solutions reached a maximum value at about 38-
40°;. Caprine 62—casein solutions Were possibly exceptional,
since a maximum in turbidity was not attained within the
experimental temperature range. Values of the temperature
of half transition (the midpoint temperature between the
minimum and maximum value of the turbidity of a B-casein
solution) obtained for the f-caseins are presented in Table
k|, 21,

Table 11.5

Temperature of Half Transition Values

for the B-Caseins

Bovine Caprine
Ionic B—caieln B Bq-ciseln ﬁ2—c§seln
strength T°C T-C TC
0.05 23 28 ~ 255
0.10 29 34 ~ 40
0.15 556 57 B

At any ionic strength, turbidity became apparent in
solutions of bovine B-casein at a lower temperature than for
caprine ﬁq—casein, which in turn was turbid at a lower tempera-
ture than ;%—casein (Figs.11.4, 11.5 and 11.6). Increasing
the pH to 7.1, or decreasing it to 6.5 did not significantly
alter the shape or position of the temperature turbidity
curves. Furthermore, the colloidal aggregates redissolved
again as the temperature decreased, though the turbidity curves
followed a different path.



Fig.11.4:

ABSORBANCE 550nm
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TEMPERATURE (°C)

The effect of temperature and ionic strength on the turbidity of caprine ﬁ,]-casein
solutions containing 1 mg/ml protein in 20 mM CaCl2 and 0.05 M sodium cacodylate
buffer, pH 6.8, with NMaCl added to ionic strengths, excluding CaCl,, of 0.05 (@),

0.10 (m) and 0.15 (a).

4.1



Fig.11.5:
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Fig.11.6:
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buffer, pH 6.8, with NaCl added to ionic strengths of 0.05 (m), 0.10 (®) and 0.15 (A).
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vome preliminary measurements were made comparing the
ovine pB-caseins with bovine f-casein Aq at an ionic strength
of 0.06. These indicated that ovine 32—casein solutions
behaved in a similar manner to bovine pg-casein solutions with
colloidal aggregates being evident for both proteins at 26°C.

Turbidity became apparent 1n ovine ﬁq—casein solutions at
20-21°¢. ‘

These results suggested that the ovine and caprine
g-caseins undergo temperature dependent polymerization similar
to that of bovine p-casein, since only the polymers of
p-casein appear to be sensitive to Ca (Chapter 11.4).

M4 Calcium Sensitivity of the Caprine, Ovine and Bovine

Caseins

The sensitivity of caprine, ovine and bovine caseins
to the presence of varying amounts of CaClg, was measurecd 1in
sodium cacodylate buffer, pH 6.8, containing 5 mg/ml protein
at both 1°C and 3700, or in solutions containing 0.5 mg/ml
protein at 37°¢C.

p-Caseins

At 5700, and an initial protein concentration of
5 mg/ml, caprine ﬂ1—casein was more sensitive to the presence
of CaCl2 than caprine ﬁé—casein (Fig.11.7). The amount of
soluble caprine ﬁ%-casein decreased rapidly between 6 and 8 mM
CaClg, compared with 8 to 10 CaCl2 for caprine 62—casein.
At 5700, in 0.01 M imidazole-HC1l buffer, pl 7.0, and an
initial protein concentration of 10 ng/ml, Thompson et al.
(1969c) found the amount of soluble bovine pg-casein C
decreased between 5 and 10 mM CaClg, until at 10 mM 407 of
the protein remained soluble. However, valid comparisons
between different studies are difficult, since the purity of
the caseins and the experimental conditions have an important
bearing on the results obtained.

The sensitivity of ovine g- and 52—caseins to CaCl2
at 5700, at an initial protein concentration of 0.5 mg/ml,
was measured from their initial increase in turbidity with
increasing CaCl2 concentration. These results are presented
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Fig.11.7:

1 | 1 1
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mM CaCl2

Calcium sensitivity of caprine ﬁ,]—casein (0) and 82—casein (m) at 3’7°C, in 0.05 M
cacodylate buffer, pH 6.8, containing 0.05 M KC1 (I = 0.088). The initial protein

concentration was 5 mg/ml.
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Fig.11.8: Calcium sensitivity of caprine, ovine and bovine

f-caseins at 5'7°C in 0.05 M cacodylate buffer,
pH 6.8, containing 0.05 M NaCl (I = 0.088). The
initial protein concentration was 0.5 mg/ml.

A, caprine ﬁ,]-casein; A, ovine 5,]-casein:1

B, ovine 62-casein; ® , bovine B-casein A .



in Fig.11.8, along with similar results obtained for caprine
ﬁﬁ-casein and bovine p@-casein. Under these conditions,
ovine 61—casein was more sensitive to CaCl, than ovine
ﬁg-casein, and had a similar sensitivity to caprine ﬁq-casein
(Fig.11.8). The sensitivity to CaCl, of ovine ﬁe—casein and
bovine B-casein Aq was alsc similar, and the protein started
to form colloidal aggregatég = 7 CaCl2. Since turbidity
measurements are not necessarily related to the amount of
protein in the collcid, the only conclusions that may be made
with any accuracy are those regarding, the initial point of
precipitation.

At 100, and at a protein concentration of 5 mg/ml, the
caprine p-caseins remained soluble, at least up to 0.2 M
CaCl2. Cvine B-casein solutions containing 0.5 mg/ml of
protein and 20 mM CaCl2 at 5700 which were initially turbid,

were clear arlter standing overnight at A o

o -Caseins
S

The solubility of the major caprine aS—casein in the
presence of CaCle, at a protein concentration of 5 mg/ml, was

compared with bovine a_,-casein B and one of the minor bovine

caseins, aSB—casein. blt 5700, caprine aS—casein was the mosgt
sensitive, followed by bovine aSB—casein, and bovine o 4~
casein B (ig.11.9). The result for asa—casein was similar
to that previously reported for bovine ass—casein (Tona and
Nakai, 1973), where 20;5 of the original protein (1 mg/ml) was
shown to be soluble in solutions containing 2 mM CaCl2, at
pH 7.5 and 5700. Bovine aSB-casein is thought to be a
disulphide dimer, composed of equimolar amounts of ag 3" and -
¢§4—caseins (Annan and Manson, 1969; Hoagland et al., 1971).
The solubility curve for bovine cgq—casein B (Fig.11.9) was
similar to that previously obtained at the same initial
protein concentration by Noble and vaugh (1965), who found
precipitation of the protein was initiated close to 4 mM

CaClg.

At 1OC, all the caseins were more soluble in the
presence of CaClz, but the order of sensitivity remained
the same. At a CaCl2 concentration of 5 mM, caprine
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Fig.11.9: Calcium sensitivity of the ¢%—caseins at 5700. A, caprine as—casein; O, bovine

aSB—casein; O, bovine ¢%1—casein B. Cther experimental details are the same as
in Fig.11.7.
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Calcium sensitivity of the caprine, ovine and
bovine as-caseins at 5'7°C. ® , caprine a -
casein; A , ovine aszcasein; ®m , ovine
asB-casein; A , bovine as,]—casein B. Other
experimental details were outlined in Fig.11.8.
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as—casein was soluble to 0.3 mg/ml, bovine a_,-casein was

soluble to 1.0 mg/ml and bovine asq—casein Buias soluble to
3.8 mg/ml. At a CaCl2 concentration of 0.2 M, caprine
as—casein was soluble to 2.5 mg/ml, whereas bovine asq—casein
B was soluble to 0.5 mg/ml. Thompson et al. (1969c) found
similar results for bovine aéq-casein B at WOC, and attributed
the increased solubility at high CaCl2 concentrations to the
proteins becoming positively charpged. Caprine as—casein
appeared to bind more Ca under these conditions, and thus

become more soluble than bovine c%q-casein.

At 5700, and an initial protein concentration of
0.5 mg/ml, the sensitivity to CaCl, of ovine ag»— and @y 3=
caseins was similar (¥ig.11.10), precipitating at 3 mli CaCls,.
On the other hand, bovine asq—casein B and caprine as—casein
initially precipitated at 5 mM and 0.5 mM CaClg, respectively,

in agreement with the earlier results (Fig.11.9).

115 Stabilization of the Caprine, Cvine and Bevine

@ = ond B-Caseins in the Fresence of CaCl,E by ‘

x-Caseins ‘

The ability of the caprine, ovine and bovine x-caseins
to stabilize the indivicdual a - and f-caseins in solution in
the presence of 20 mM CaCl2 through the formation of micelle
type complexes were compared. The results, presented in
Table 11.4, showed that at a weight ratio of a - or f -casein:
x--casein of 5:1, all of the x-caseins can stabilize the
proteins in solution with varying degrees of success.

Bovine and ovine k-caseins appeared to be slightly
more effective than caprine x-casein in stabilizing the a -
and p-caseins, although ovine k-casein could only stabilize
47,6 of bovine asa-casein in solution (Table 11.4). The
somewhat reduced efficiency of caprine x-casein may have been
due to a decrease in stabilizing ability as a result of some
pretreatment during the purification or storage of x-casein.
It was evident though that the caprine, ovine and bovine
k—-caseins can stabilize the o= and pg-caseins in solution in
the presence of CaClg, since 1n the absence of k-casein about
95% of the c%—caseins and more than 85, of the pB-caseins were
precipitated (Table 11.4).



Table 11.4

Stabilizationq of o - and p-Caseins by the k-Caseilns

x-Caseins o added x-casein

Bovine Caprine Ovine

Percent soluble protein2

Bovine 055—casein 88 88 47 2
Bovine asq—caseinq 95 85 97 5
Bovine g-casein A 100 68 82 2
Caprine aé—casein 80 68 73 3
Caprine 32—casein 91 82 68 15
Cvine aéa—casein 84 60 77 3
Ovine 32-casein 82 63 76 Vi

1. Stabilization tests were performed at e, - or g-casein:kx-casein
weight ratios of 5:1 in sodium cacodylate buffer, pH 6.8, at 37°C
in the presence of 20 mil CaCle. The initial concentration of
@~ or f-casein was 5 mg/ml.

2. These values were obtained from the absortance of the soluble
protein, after correction for the amount of added x-casein, ard
are expressed as a nercentage of the absorbance of the ag= OT g-
casein prior to adding CaCle.

4,02
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loble and wWaugh (1965) found that at a weight ratio
of bovine asq—casein:x—casein of 10:1, about 95 of the agq”
caseln was soluble in 20 mli CaCl2. i.imilar results were
obtained for a_,-casein in 10 mM CaCl, by Toma and Nakai (1472%)
at a as—casein:x-casein weight ratio of 5:1, although under
these conditions only 55, of the bovine as5—casein was soluble.
In the present study, bovine aSB—casein was nearly as
effectively stabilized as bovine asq—casein (Yable 11.4).
Zittle and Custer (1966) found 80,5 of the impure caprine
as—casein remained soluble at a caprine aS—casein: caprine
k-casein weight ratio of 7:1 in 20 mM CaCl2.

1.6 Discussion

Viscosity Measurements

At low temperatures (SMOC), cajprine Bq- and ﬁz—caseins
are present in solution as monomers, as shown by ultra-
centrifugation (Chapter 11.1). Similar studies have shown
that monomers of bovine pB-caseilin are also present under these
conditions (Payens and van liarkwijk, 196%; Noecllken and
Reibstein, 1968; Lvans et al., 1971a).

At 400, caprine 61— and 62—caseins and bovine @-casein
4 have intrinsic viscosities in EDTA-NaCl buffer, pH 7.0, °
ranging from 21.6 to 22.2 ml/g, which increased to about
25 ml/g in 6 M guanidine.HlCl. Noelken and Reibstein (1968),
who also found that the intrinsic viscosity of bovine
B-casein was similar in EDTA buffer at 400, and in 6 N
guanidine.HC1l, proposed that bovine f-casein B had a random
structure at low temperature. Subsequently, Waugh et al.
(1970) proposed that the hipgh intrinsic viscosity of bovine
B-casein at low temperatures could result from the highly
solvated and flexible N-terminal portion of the B-caseiln
molecule, which is very acidic and contains all of the organic
Qhosphate groups. Random coil formetion in the guanidine.
HC1 solution would reduce the contribution of the acidic
peptide to viscosity, but increase the contribution of the
remaining portion. This same hypothesis may be used to
explain the behaviour of the caprine f-casein at low teumpera-
ture, since they also contain considerable amounts of
phosphorus (Chapter 9.7).
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At 2500, the caprine and bovine f-caseins have fairly
high intrinsic viscosities ranging fiom 11.5 to 15.7 ml/g
(Table 11.2). Lven at 5700, the intrinsic viscosities of
caprine 64~ and ﬁ2—caseins were 10.8 and 13.8 ml/g,
respectively. These intrinsic visccsity values indicate
the caprine and bovine g-caseins, even at 5700, are highly
solvated or asymmetric molecules, since it is known that the
common globular proteins are neither highly solvated nor very
asymmetric and that their intrinsic viscosities vary from
3.3 to 4.0 ml/g (Lanford, 1961). Certainly, neither the
caprine f-caseins nor bovine g-casein have this character-
istic behaviour.

1t is interesting to note that human pg-casein which
also has a disorganized structure at low temperature, as
shown by viscosity measurements, optical rotatory dispersion
and circular dichroism, differs from bovine pg-casein in 1its
temperature dependent polymerization behaviour (Toyoda and
Yamauchi, 1972). Only monomers of p-casein were evident in
sedimentation patterns until approximately 2000, when rapidly
sedimenting peaks became apparent. ilowever, human B-casein
1s not a single species but a mixture of six proteins which
have from O to 5 phosphate groups (Groves and Gordon, 1970).
This would Le sufficient to alter their individual physical
properties, since each protein has a different sensitivity to
CaCl, (Nagasawa et al., 1970}

Polymerization of the g-Caseins

Ultracentrifugation showed that monomers of bovine
g-casein, present at low temperatures (<4°C), aggregated to
form large polymers as the temperature was increased (Fayens
and van Markwijk, 1963; Evans et al., 1971a, b). Thompson
et al. (1967) found that removal of the C-terminal residues,
-Ile-Ile-Val.CH of bovine g-casein (Fig.6.3%) with carboxy-
peptidase A altered the temperature dependent association
properties of bovine f-casein, since less polymer was formed
at 8.500, and at 2OOC, than with the untreated bovine p-casein.
Creamer and Berry (1974, personal communication) have
verified by gel chromatography, that removal of the two
hydrophobic C-terminal residues of bovine f-casein affects



the equilibrium between monomer and polymer, compared with
results obtained for the untreated bovine B-casein.
Iurthermore, bevine B-I, a rennet degradation product of
g-casein (Creamer et al., 1971), that has 20 C-terminal
residues removed (Pelissier et al. 1974) does not undergo
temperature dcpendent polymerization, as showvn by gel
chromatopraphy (Creamer and Berry, 1974, unpublished results).

Intrinsic fluorescence measurements on the caprine
p-caseins showed that they undergo the same type of tempera-
ture derendent rolymerization from monomer to polymer as
bovine p-casein Aq (rearce, 1974, unpublished results).
However, the temperature at which caprine 51—casein polymer-
ized was lower than that for ﬁg—casein, despite the higher
net negative charge on 6q—casein, with 1ts extra phosphorus
residue compared to 62—casein.

The polymer form 1s in equilibrium with the monomer
and if the position of the equilibrium is determined by the
opposing forces of attracticn between hydrophobic regions on
the scparate monomers, and repulsion between monomers with a
net ncgative churge, then, because the net charge on caprine
Bq—cascin is grecater than 62—casein, the attractive forces
between t%-casein monomers must be greater than between the
ﬁé~casein monomers. This suggests that despite the apparent
similarity of the caprine B4~ and ﬁé~caseins, there may be
differences in their sequences, particularly in the C-terminal
region, since this region appears to be involved in the
polymerization of bovine pB-caseiln.

One or more conservative changes in the C-terminal
region may be sufficient to affect the temperature derendent
polymerization of these caseins. This suggestion can only
be ratified by the determinztion of the C-terminal secuences
of these proteins, 1n conjunction with an investigation of
their physical properties. Furthermore, possible changes
in the primary structure, particularly in a region important
to the associative properties of the p-caseins may be
sufficient to explain the differences in associative propert-
ies of the p-caseins from the various species. -



From the few results for the experiments on ovine
p-caseins, it is likely that the ovine f-caseins could
behave in a similar manner to that proposed for the caprine
p-caseins.

An important characteristic of the caprine and bovine
f-casein monomers 1is their solubility in the presence of
CaCle. Although limited data are available on the ovine
p-caseins they were soluble in the presence of Ca012 at low
temperature (6°¢ , and insoluble at %790 (Chapter 11.4).
These results are consistent with a change from monomer to

polymer for the ovine f-caseins.

At higher temperatures (25°C), caprine, ovine and
bovine fB-casein solutions are sensitive to CaCl2 (Chapter
11.3), presumably as a result of the presence of p-casein
polymers. Ultracentrifugation of the caprine fg-caseins at
25°C anad protein concentrations of 0.80-0.885% (w/v),
revealed the presence of B-casein polymers. The
sensitivities to C3012 of the ovine and caprine ﬁg—caseins
were similar, both being precipitated at 57OC in solutions
containing 0.5 or 5 mg/ml of protein by the presence of 7 to
S mi CaCl, (Ffigs.11.7 and 11.8). Similarly, ovine and
caprine ﬂq—caseins were more sensitive than the other
caselns, being precipitated at approximately 6 mM CaCl2
(i"igs.11.7 and 11.8).

As the temperature of caprine p-casein solutions
containing 20 mM CaCl2 were 1lncreased, colloidal aggregates
of caprine ﬁq—casein were formed at a lower temperature than
were colloidal aggregates of caprine ﬁa-casein (Chapter 11.3).
These colloidal aggregates, which were only present at
temperatures greater than 20—2500, are due to two independent
equilibrium reactions. There is the temperature dependent
transition from monomer to polymer, followed by the transi-
tion, in the presence of CaCl2, fronm polymer to colloidal
aggregate. Ho and Waugh (1265) found that the primary Ca
binding sites in the caseins were the phosphoserine residues.
At a constant ionic strength and CaCl2 concentration, it 1is
likely that the transition of the carrine g-caseins from

monomer to polymer would not be affected by the consequent



transition from polymer to colloidal aggregate. lowever,
increasing the ionic strength from 0.05 to 0.15 increased
the temperature of half transition values for the caprine
B-caseins (Table 11.3). This may have been due tc a
reduction in the Ca activity in the solution, and reduced
CGa binding by the protein, until higher temperatures werec
rcached, as well as changes in the monomer to polymer
equilibrium.

wolubility of the a_-Caseins

I'he caprine, ovine snd bovine aé-caseins are all
sensitive to CaC 5 Al 5700. The reason for the increased
sensitivity of caprine as—casein and bovine 035—casein is
uncertain, since they both contain 7/ phosphorylated residues,
Sq—casein B (Table 9.4).

Dickson and Ferkins (1971), Bingham et al. (1972) and Waugh
et al. (1971) suggested that bindins sites for Ca to the
carboxyl groups of aspartic acid and glutamic acid may exist,

in contrast to 8 in bovine «

in conjunction with the primary phosphate binding sites (o
and wWaugh, 1965). Bingham et al. (1972) found 7 noles c¢f

Ca were bound per mole of bovine asq—casein, while the
addition of a further % moles of Ca resulted in precipitation,

P

_ |
caseln. Indeed, the marked decrease in the electrovhcretic

although there are only 8 phosphate groups in bovine o

mobilities of bovine aSB—casein and caprine aS—casein
relative to bovine asq-casein B  in the presence of uviea and
Mg (approximately 5 li compared with their wmobilities in
normal alkaline gel electrophoresis (Fig.9.10) and the
solubility of caprine aé—casein at high Ca concentrations
provides indirect evidence that Ca or Mg binding sites other
than the phosphate groups exist in these protecins.

The ovine o, >~ and aSB—caseins contain 9 phosphates
compared to 8 in bovine aéq—casein L (Table 10.2), which may
account for the increased sensitivity of the ovine as—caseins
to CaCl2 (Chapter 11.4). Despite the differences in the Ca
sensitivity of the aé—caseins, they can all be effectively
stabilized by caprine, ovine and bovine k-caseins in the
presence of CaClg, a property which is important to the
integrity of casein micelles.



CHAPTER 12: A COMPARISON OF THE PROPERTILS OF CASEINS
FROM THE MIIK OF SEVERAL SFECIES

Certain chemical and physical characteristics of
caprine and ovine -, f- and o%-caseins have been compared
with those of their bovine counterparts in Chapters 8, 9, 10
and 11. In this chapter the characteristics of these
caseins will be reiterated and compared with those character-
istics which are known for caseins from buffalo, rabbit, dog
(canine), and human milks.

The milks of the species so far examined appear to
contain caseiln, wnhich precipitates between pH 4 and 5, and
which is present in the form of casein micelles. Cne of
the striking differences between the milks from different
species 1is the variation in protein content, and in particul~r,
the levels of casein. Ffor instance, human milk contains 0.5
casein (aAlais and Jollés, 1970). Caprine, bovine and ovine
milks contain 2.3%, 2.8% and 4.6% casein, respectively
(Chapter 4.1), while rabbit milk contains 8.5% casein (Alais
and Jolleés, 1970). larked species differences were
observed both in the nature and heterogeneity of the caseins,
as shown by electrophuresis on paper (Sloan et al., 1961),
starch gels (Jenness, 1973) and polyacrylamide gels (C'Conno~
and Fox, 1973). The relationships between the caseins of
milx from any animal cannot be determined solely from
electrophoretic patterns, but must await isolation of *he
proteins and their chemical and physical characterization.
Those caselns for which only electrophoresis data is avail-
able will not be considered here.

121 x-Caseins

The caseins isolated from ovine, caprine and bovine
milk contain a k-casein fraction which may be readily
isolated by column chromatography technigues. These
k-caseins were characterized from their sensitivity to rennin,
being hydrolysed at a sensitive peptide bond to yield para-x-
casein (Assenat, 1967), and the soluble macropeptide fraction
(Alais and Jollés, 1961; Jollés et al., 1961; Jolles et
al., 1964). Fractions corresponding to bovine x-caseln have



been isolatéd from buffalo casein (Nagasawa et al., 197%),
porcine casein (sow) (wWoychik and wondolowski, 1969) and

human casein (Malpress and Seid-Akhavan, 1966; Alais and
Jolles, 1969; MNagasawa et al., 1970; Groves and Gordon,

1970).

Fractions corresponding to A-casein have not been
isolated from canine casein (dog) (Wagasawa et al., 1972b)
and rabbLit casein (Testud and Ribadeau Dumas, 197%), although
a para-s-casein-like fraction was identified in rabbit casein.
It seems likely however, that all mammalian milks possess a
fraction resembling s-casein, or at least contain a protein
capable of fulfilling a function similar to that of «-casein.

In the species studied in this thesis, &k-casein accounts
for 10 to 1Y% of the total casein. The «x-casein content of
bovine casein (1%5,4) is higher than that cf caprine (about
10/%) and ovine caseins (10,5). Guantitative gel electro-
phoresis indicated buffalo casein contains 11% x-casecin
(Nagasawa et al., 1973). No results were aveilable for the
other species.

Although Groves and Gordon (1970) have reported a
preliminary amino acid composition for human x-casein, the
nature of these caseins is still rather uncertain. Alais
and Jolles (1969) have isolated at least two fractions from
human casein which were analogous to bovine'u—casein, and
Nagasawa et al. (1970) isolated a component, which like
bovine x-casein, yielded a spreading zone when examined by
alkaline gel electrophoresis in the absence of 2-mercapto--
ethanol.

Two genetic variants of k-casein have been observed
in bovine x-casein (Grosclaude et al., 1973%) and in ovine
k-casein (Alais and Jollés, 1967). Caprine casein appears
to contain one major k-casein, with no observed genetic
variants (Chapter 8.7). Several different foims of ovine
x—casein appear to be present, differing in their phosphorus
and carbohydrate contents (Ribadeau Dumas et al., 1975;
Alais and Jollés, 1967). Folymorphism was not observed in

buffalo x-casein by Ganguli (197%), although examination of



a number of buffalo casein samples (70) indicated the
presence of two components which they designated as «-casein
variants (x-CnA and x-CnB), the relative concentration of the
B variant being considerably hipgher than that of the A
variant. The actual relationship between those two
r—-caseins has yet to be determined. It is interesting to
note that Aschaffenburg et al. (1968b) observed that in
addition to the major buffalo x-casein, two less mobile and
two more mobile components were present. All five compo-
nents disappeared after treatment with rennin. The
possibility +that the A variant cbserved by Ganguli (1973%)
was a «k-caseiln fraction contailning carbohydrate cannot be
discounted.

The x-casein from the various species have variable
levels of carbohydrate associated with the peptide chain.
Bovine «-casein has the highest level of sialic acid (1.89%)
(Tripathi and Gehrke, 1970), whereas ovine (Alais and Jollés,
1967), caprine (Zittle and Custer, 1966) and buffalo x-caseins
(Ganguli and Majumder, 1968; Nagasaua et al., 1973) contain
0.%%, 0.% and 0.6% sialic acid, respectively. The sialic
acid content of human casein appears to be extremely
variable (Malpress and Hytten, 1964).

The reason for variation in the carbohydrate and in
particular sialic acid contents of the verious r-caseins 1is
uncertain. Mackinlay and wWake (1965) found that the carbo-
hydrate residues in k-casein have no functional role in the
stabilization of casein micelles. Mercier et al. (197%)
suggested that the carbohydrate residues may have a
functional role in protecting those serine and threonine
residues in «-casein which would otherwise be phosphorylated,
thus drastically altering the properties of the protein.

If this proposal is correct, then the level of carbohydrate
in the x-caseins may simply be related to the level and
nature of the deglycosylating enzymes present in the mammary
glands of the different species.

Synthesis of milk proteins occurs in the mammary
gland on the ribosomes of the endoplasmic reticulum (Farrell

et al., 1971). Following synthesis, the proteins migrate



to the vicinity of the Golgi apparatus and i is in the
Golgi region, or in the Golgi vacuoles that ition of
carbohydrate and phosphorylation of the caseins is believed
to ocecur.

The x-caseins from caprine, ovine and bovine caseins
appear to have molecular.weights close to 19 000. For the
purpose of comparison,.the published amino acid compositions
of buffalo (Nagasawa et al., 1973) and human k-caseins
(Groves and Gordon, 1970) were recalculated, assuming a
molecular weight of about 19 000. The amino acid composi-
tions of the x-caseins from bovine (Mercier et al., 1973),
caprine (Table 9.1), ovine (Ribadeau Dumas et al., 1975),
buffalo (lNagasawa et al., 197%3), and human caseins (Groves
and Gordon, 1970) are compared in Table 12.1. Included are
the molecular weights (calculated from the amino acid compo-
sition) and the Bigelow hydrophobicity values (Bigelow, 1967).

The content of serine, glutamic acid, proline, glycine,
valine, tyrosine, phenylalanine, histidine, lysine and
tryptophan residues is almost invariant with the different
species (Table 12.1). However, the content of aspartic
acid, cysteine, isoleucine and leucine residues varies quite
considerably. In particular, human k-casein has considerab’ly
more leucine and methionine and considerably less alanine
and threonine than the «x-caseins from other species {(Table
12.1). The average hydrophobicities of the k-caseins are
fairly similar, ranging from 4.72 to 5.12 kJ/residue. These
values are typical of fairly hydrophobic proteins, and are
intermediate between values for the o - and p-caseins. The
amino acid composition of human k-casein is considerably
different from those of the ruminants «k-caseins, as might be
expected.

Fiat et al. (1970) isolated a tryptic peptide from
ovine «-casein which contained the rennin sensitive region,
and found that it had an identical sequence to that of
residues 99 to 111 from bovine «x-casein B (Fig.6.2) (Mercier
et al., 197%). The rennin sensitive peptide bond in bovine
x~—casein is located between Pheﬂo5-Met106' Furthermore,
Jollés et al. (1973) determined the N-terminal sequence of
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Table 12.1

Amino Acid Compositions of x-Caseins from Different Gpecies

(fimino acid residues/mole of protein)

Bovine x-Casein B Caprine Buffalo2 x-Casein Ovine x-Casein
Mercier et al. SCEDE Nagasawa et al. Ribadeau Dumas et al.

(1973) Table 9.1 (1973) (1975)
11 15 12 16
14 13 16 12
13 12 12 12

27 27 28 26-27

20 20 20 19-20
2 2 2 2

[lp 14 15 18-19
2 2 1 3
11 11 13 12
2 ] 2 2
13 10 12 9
8 8 9 7
9 7 8 8
y 4 4 4
3 4 3 4
9 8 8 8
21 = = =
9 4 4 6
1 1 1 1
1 1 1 2

169 163 170 169-172
19023 18300 19000 19050
5912 4.82 5.04 4,72

1,2

Human x—Casein

Groves and Gordon
(1970)
15
8
11
29
21

3
10

169
19300

5.04

1. Composition based on a 24 h analysis, therefore values for isoleucine

and valine may be low.
2. Data recalculated, assumine: a molecular weirht of about 19 000.

4Le
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the first 40 residues in the macropeptide from ovine s-casein
(Fig.6.8). The sequence was sinilar to that of the macro-
peptide from bovine casein, with 7 amino acid substitutions
and a probable insertion of two residues in the ovine macro-
peptide. It is interesting to note that 6 of the 7 substi-
tutions are favourable changes, i.e. point mutations, and

the unfavourable substitution from Ile51 in the bovine macro-
peptide to Pro53 in the oyine macropeptide has been previously
observed (Dayhoff, 1972). Recently, the sequence of para-
k—casein from the A variant of ovine k-casein was determined
by Jolles et al. (1974) (Fig.6.9). It has 105 residues and
1% amino acid substitutions when compared with bovine
para-s-casein. These substitutions are all favourable point
mutations (Dayhoff, 1972). The most notable feature is the
substitution from Argqo in bovine para-k-casein to Cysqo in
ovine para-k-casein, in a position adjacent to one of the
other cysteinc residues (Fig.6.9). With these results and
observations in mind, it is therefore hardly surprising that
the k-caseins from the various species are capable of
stabilizing their Ca sensitive casein fractions, analogous

to bovine k-casein. Caprine «-casein can stabilize caprine,
ovine and bovine oy and p-caseins (Chapter 11.5) while human
k-caselin can stabilize bovine céq—casein and the human and
bovine g-casein fractions in the presence of Ca (Nagasawa et
al., 1970).

It seems likely that the x-caseins, particularly those
from caprine, ovine and bovine caseins are all closely
related, and probably have a common ancestral protein. This
can only be determined after the «-caseins from the species

have been isolated, and their primary structures determined.

12.2 p-Caseins

A major casein fraction having an electrophoretic
mobility in alkaline gel or paper electrophoresis similar to
that of bovine f-casein has been observed in all of the
mammalian milks so far examined (Sloan et al., 1961; O'Connor
and Fox, 197%; Jenness, 1973%). Some of these casein
fractions, namely those from bovine (Ribadeau Dumas et al.,
197%), caprine (Chapter 9), ovine (Chapter 10; Resmini et al.,
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1967), buffalo (Nagasawa et al., 1973), rabbit (Testud and
Ribadeau Dumas, 1973), canine (Nagasawa et al., 1972b) and
human caseins (Nagasawa et al., 1970; Groves and Gordon,
1970) have becn examined in more detail.

In bovine casein, the proportion of f-casein is 30-
355,0f the total protein, whereas in caprine and ovine
caseins, p-casein accounts for 60% (Table 8.2) and 45%
respectively of the total protein (Table 8.3%). Nagasawa et
al. (197%) found 43%j% f-casein in buffalo casein, while
human casein appears to consist largely of f-casein fractions
(Nagasawa et al., 1970). Testud and Ribadeau Dumas (1973)
have isolated and characterized af-casein fraction from
rabbit casein.

Bovine p-casein is subject to considerable genetic
variation. These closely related genetic variants are the
result of amino acid substitutions, due to single nucleotide
base changes in the triplet codons of the messenger RNA
coding for each amino acid (Grosclaude et al., 1973%).
Similar detailed studies have not been made on the f-caseins
from animals of the other species.

In this study, two major f-caseins have been isolated
and characterized in caprine and in ovine caseins. All
four B -caseins had similar molecular weights, amino acid
compositions, and the different mobilities of the [ and
ﬂé—caseins in alkaline gel electrophoresis appeared to be
due to differences in their phosphorus content (Chapters 9.7
and 10.4). In caprine g-caseins, the more mobile component
in alkaline gel electrophoresis had six phosphorylated
residues compared with five in the slower component. The
ovine p-caseins contained five and four phosphorylated
residues respectively for By - and ﬁg—caseins. The p-caseins
in caprine casein do not appear to be subject to genetic
variation to any extent, since only two components have been
observed by gel electrophoresis, both in this study and by
other workers (Zittle and Custer, 1966; Macha, 1970;
Ribadeau Dumas et al., 1975).

The situation is not as simple with the ovine g-caseins,
and although alkaline gel electrophoresis indicated few
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differences between caseins from the same breed of sheep,
there was significant variation between the caseins from
different breeds of sheep (Chapter 8.8). This was due to
changes in the relative intensities of the B, - and 62—caseir
bands in ovine caseilns, and in two samples of casein, the
observation of an extra band with a greater electrophoretic
mobility at alkaline pH than ﬁq—casein. This band,
designated as ﬁo—casein, was similar to that observed by
King (1966), which he suggested may be due to a simple
alternative allele.

In human B-casein there are six p-casein components,
designated A, B, C, D, E and F, in order of their decreasing
electrophoretic mobilities in alkaline gels (MNagasawa et al.,
1970) . These fp-caseins appear to be the same protein
phosphorylatved to different levels (Groves and Gordon, 1970;
Nagasawa et al., 1971), for examnple, f-casein A has five
phosphate residucs while f-casein I' has none. Voglino and
Fonzone (1972) examined 80 human casein samples and found
that the dominant A and D components of f-casein were variable
in intensity. They suggested that the synthesis of these
p-caseins is under the control of a single locus with two
co-dominant alleles. Aschaffenburg et al. (1968b) observed
polymorphisw in buffalo pg-casein in 3 out of a total of 105
casein sampiles.

The f-caseins from buffalo (Nagasawa et al., 1973)
caprine and ovine (this thesis), human (Nagasawa et al., 1970)
and rabbit caseins (Testud and Ribadeau Dumas, 1973%) are all
soluble in the presence of 08012 at low temperature, yet are
easily precipitated at 50—3700. This is indicative of a
temperature dependent polymerization of B-casein, since only
the polymers appear to be sensitive to Ca. Measurements of
intrinsic viscosity, analytical ultracentrifugation or the
effect of temperature on the turbidity of calcium containing
f-caseln solutions indicated caprine f-caseins and probably
ovine g-caseins undergo temperature dependent polymerization
from monomer to polymer as the temperature was increased
from 4°C to 40°C (Chapter 11). The g,-caseins of caprine

and ovine caseins, and human B-casein A and B (i.e. those
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containing more phosphorus) are more sensitive to CaCl2 than
the equivalent g-caseins with less phosphorus (caprine and
ovine 52—caseins, human Bg-caseins C to F). The human g-
caseins also undergo temperature dependent polymerization, as
determined by ultracentrifugation, optical rotatory dispersion
and viscosity measurements (Toyoda and Yamauchi, 1972). The
temperature at which polymer formation becomes evident in
these p-caseins, compared with bovine p-casein appears to be
different, and is likely to be related to the differences in

the primary structures of the human and bovine f-caselns.

The amino acid compositions of the B-caseins from the
various species are presented in Table 12.2. For the
purpose of comparison, the amino acid compositions of buffalo
and canine pR-caseins were recalculated assuming a molecular
weight for these proteins of 24 000, since no molecular
weight data was available.

It is evident from Table 12.2 that these p-caseins
have several features in common, namely, high levels of
glutamic acid and proline. The sum of lysine, histidine
and arginine in caprine, ovine, bovine and buffalo caseins
is constant at 20, with values of 19 for human B-casein, 22
for canine f-casein and 2% for rabbit B-casein. Furthermore,
the sum of the hydrophobic residues, isoleucine, leucine and
valine is 50 for caprine ﬂé—casein, 51 for bovine p~caseln,
52 for both ovine and buffalo g-caseins, and 58 for human,
canine and rabbit PB-caseins. The increased content of these
amino acids is reflected in the increased hydrophobicity
of the human, canine and rabbit p-cascins compared with
those from the ruminants. These observations, along with
the other differences in the amino acid compositions,
particularly the aspartic acid, serine, glycine, alanine,
valine, methionine, isoleucine, tyrosine and arginine
residues supports the suggestion that the caseins from the
closely related ruminant species, including the cow, goat,
sheep and buffalo, have very similar B-caseins, while the
other species have different pB-caseins. However, the
average hydrophobicities of these caseins are comparable and
typical of very hydrophobic proteins (Bigelcocw, 1967).
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Table 12.2

Amino Acid Compositions of g-Caseins from Different Species
(Amino acid residues/mole of protein)

Bovine 5 Caprine Ovine Buffalo B-Casein  Human g-Casein Canine f-Casein Rabbit g-Casein
Bf-Casein A ﬂ2-Case1n 62-Case1n Testud and
Mercier et al. Nagasawa et al. Groves and Gordon Nagasawa et al. Ribadeau lumas
(1972a) Table 9.3 Table 10.1 (1973) (1970) (1972v) (1973)

9 9 8 9 11 13 11
9 - 12 11 8 6 6 10
16 15 14 17 9 11 10
39 43 59 38 39 38 39
35 - B3 37 37 39 e 27-28

5 6 5 ' 6 % - ) 4
5 ) 5 5 7 9 8
19 21 22 18 19 15 14
6 6 5 6 5 6 3
10 9 9 10 13 12 i3
22 20 21 24 26 32 31
4 4 2 4 ) 3 3
9 9 9 9 5 8 11
5 ) 5 5 5 8 3
11 12 12 12 i 9 14
27 - = = = = =
3 3 3 5 6

] 1 1 i 1 - -
5 5 4 5 ©0-5 4 6
209 213 209 212 210 207 207-208
23982 24420 24360 24000 23712-24108 24000 23850

5.58 5.33 5.62 5.67 6.03 5.78 SkEi79

cce



The human fg-caseins appear to be a group of proteins
with the same amino acid compositions, which differ only in
their phosphorus content (Groves and Gordon, 1970). The
possibility that the ovine and caprine [%— and ﬁe—caseins,
which also differ in their phosphorus content (Table 12.2),
are the result of multiple phosphorylation in a similar
manner to that of the human caseins cannot be discounted.

In caprine and ovine milks, caseins other than the Bq- and
ﬁé—caseins were soluble at low temperature (400) (O0'Connor

and Fox, 197%) (Chapter 5.1). O'Connor and Fox (1973)
designated these components as "minor fg-caseins'", since they
were soluble from 4°C to 5700, and were not readily hydrolysed
by rennin.

Gel electrophoresis of these caseins, before and after
rennet treatment, and in the presence of Mg (this study)
could neither discount nor confirm the premise that these
caseins are '"minor pf-caseins'". Consequently, their relation-
ship to the caprine and ovine B-caseins must be determined
after their isolation and characterization.

12.% aS—Caseins

Fractions analogous in their properties to bovine o,
casein have been isolated from caprine and ovine caseins
(this study), buffalo (Nagasawa et al., 1973%), rabbit
(Testud and Ribadeau Dumas 1973%), and canine caseins
(Nagasawa et al., 1972b). Although lialpress and.Seid-
Akhavan (1966) isolated a fraction from human casein which
they designated as o -casein, Nagasawa et al. (1970) later
showed this to be a E-casein fraction.

The proportion of c%—casein in the caseins differ
widely between the various species. Bovine, ovine and
caprine c%-caseins are 50%, 35% and 23%, respectively of the
total casein. In buffalo casein, 467 of the casein was
¢g—casein, as shown by quantitative gel electrophoresis
(Nagasawa et al., 1973). It appears that no major as—casein
fraction exists in human milk (Nagasawa et al., 1970),
although Ponzone and Voglino (1972) have observed polymorphic

protein bands in human casein, which they designated as a 4=

v



caseins, based on their electrophorctic mobilities. The
identification of these protein bands as as—caseins has yet

to be verified. The relationship between the A, B, C and D
gernetic variants of bovine aéq—casein has been previously
discussed (Chapter 6). FPolymorphism has not yet been
observed in the ninor @ 0™ o™y ¥gzTa Ogy" and as5—caseins
from the caseins of %Western cattle (Bos taurus) or “ebu cattle
(Bos indicus) (Aschaffenburg, 1968a; Hoagland et al., 1971).
No genetic polymorphism has been observed in buffalo a -
casein (Aschaffenburg et .al., 1968b). Polymorphism of the

type observed in bovine asq—casein appears to be a rare
occurrence in the as—caseins of caprine and ovine milks
(Chapter 8). Certainly, this is the case for ovine casein
(King, 1966; Arave et al., 1973).

The as-caseins from bovine, caprine and ovine caseins
were all precipitated by low levels of CaCl2 (Chapter 11.4),
yet were all stabilized by any of the x-caseins from the
three species (Chapter 11.5). Woychik and Jondolowski (1969)
have shown porcine tg—casein can be stabilized by porcine or
bovine x-caseins. Little work has been done on the a -
caseins from other species. apart from canine (Nagasawa et
al., 1372b) and rabbit c%_caseins (Testud and Ekibadeau Dumas,
1973 ) where ithey have been shown to be insoluble in low levels
of CaCl,, at 370N
The amino acid compositions of the as—caseins are
presented in Teble 12.3%. For the purposes of comparison,
a molecular weight of 24 000, including the phosphate
residues, was assumed for buffalo and canine as—caseins since
no molecular weight data were available.

There appears to be few similarities between the amino
acid compositions of the c%—caseins of the various species.
The amino acid compositions of bovine asq—casein, buffalo
as—casein and ovine ag o and aSB—caseins appear to be
basically similar, with average hydrophobicities (Table 12.3)
that are typical of hydrophobic proteins. Rabbit as-casein
resembled bovine cgE—casein and caprine ¢%—casein in its
threonine and glycine contents. It does not, however,
contain cysteine or have a high lysine content, unlike the



Table 12.3

Amino Acid Compositions of a_-Caseins from Different Species
(Residues amino acid/mole of protein)

Bovine Bovine Buffalo Caprine Ovine : Ovine Rabbit Canine
asq-Casein B usq-Casein asq-Casein as-Casein asB—Casein ase-Casein us-Casein as-casein
Testud &
Mercier et al. Nagasawa et al. Ribadeau Dumas llagasawa et al.

(1972a) Table 9.4 (1973) Table 9.4 Table 10.3 Table 10.3 (1973) (1972b)
AsDp 15 19 17 17 17 17 15 16
Iar 5 i 7 14 5 4 14 5
Ser 16 16 14 14 18 17 13 9
Glu 39 45 39 45 42 39 63 45
o 19 13 18 18 22 22 18 22
Gly 9 4 11 4 11 9 3 2
Ala 9 9 10 10 12 12 11 13
Cys - 2 - 2 - - - =
Val 1A 14 12 12 11 10 19 10
Fet 5 4 4 4 4 5 3 2
Ile 11 11 12 11 10 11 8 10
Leu 17 14 18 12 18 18 30 25
Tyr (0] 11 10 11 10 10 1B 7
the 8 6 8 8 6 Vi Vi 6
His 5 4 4 5 4 4 3 4
Lys 14 23 15 22 13 14 15 4
NH5 22 - - - - - - -
Arg 6 6 5 6 6 6 17 17
"Trp 2 2 9] 2 2 2 - 2
’ 7 7 N : r2 7
llo. residues 199 217 207 217 211 207 252 199

Bigelow hydrorhobicity
kJ/resicue 4.99 4,56 4,99 4.'70 4,71 4,97 4.72 5.03

riolecular weirht 23615 25940 24300 26010 24623 24353 36800 24000



aé-caseins from the other species (Table 12.3). The
similarity between caprine aS—casein and the minor bovine
cga—casein, and between bovine asq—casein, buffalo as—casein
and the ovine ¢%—caseinS, suggests that caprine milk is the
only milk of these four species that does not contain a
"bovine abq—casein” tyre of protein. It would be interesting
to compare the amino acid sequences of bovine oy 5= and a0
caseins to determine whether there is a close genetic

relationship between them.

12.4 Conclusions

The biological function of milk is to supply the young
suckling manmmal with the nutrients it requires for rapid
growth and development. The casein micelles and the whey
proteins are an excellent source of protein, phosphorus and
calcium. In addition, e-lactalbumin, the B protein of
lactose synthetase, is involved in the biosynthesis of lactose
(Brew, 1970). The caseins from the milks of the other species
that have been isolated all contained a considerable amount of
phosphorus. Some of them, particularly the g-caseins, appear
to have "loose structures" typical of bovine caseins, thereby
allowing easy access for the proteolytic enzymes of the
digestive tract.

Although only a limited number of kx-caseins have been
examined, they appear to be similar in amino acid corposition
and in their properties. They have an important role in
micelle stabilization, which may have limited the number of
successful mutations and therefore changes in protein
structure which these caseins have undergone.

The B-caseins are another similar group of proteins,
with minor differences in their properties. All of the
p-caseins so far examined are sensitive to CaCl2 at 5700,
and are soluble in 20 mM CaCl2 at low temperatures. Genetic
variation in the p-caseins of species other than bovine
appears to be a rare event.

The as-caseins, comprising a large number of major and
minor caseins, appear to be the most heterogeneous group of
caseins, although genetic variation other than for bovine
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asq-caseins also appears to be a fairly rare event. The
results in Tables 12.1, 12.2 and 12.3 suggest that in terms

of protein evolution, the ruminant caseins form a close group,
with the human caseins in particular being much more

distantly related. The relationships are not dissimilar fron
the phylogenetic tree proposed by Dayhoff (1972) from the amino

acid seguences of cytochrome C and the e and B chains of
haemoglobin.

The ability of the mammary gland to secrete milk has
been traced some hundred thousand years to the age of the
Therian and monotreme mammals (Sloan et al., 1961). It
seems likely that the milks of primitive mammals contained a
single protein which was soluble in the presence of Ca, and
which could be coagulated by rennin or a similar proteolytic
enzyme. The characteristics of sucih an ancestral protein,
and the x-, - and as—caseins from the caseins of the present-
day studies, can only be inferred from the characterization
of these latter proteins and a knowledge of their primary
structures.



PART III

MODELS OF BOVINE CASEIN MICELLE STRUCTURE
AND THEIR RELATIONSHIP TC CAFRINE AND
OVINE CASEIN MICELLES.
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CHAFTER 15: DISCUSSION

Several models have been proposed for the structure
of the bovine casein micelle (Waugh and Noble, 1965; Payens,
19663 Morr, 1967a; Rose, 1969; Parry and Carroll, 1969;
Garnier and Ribadeau Dumas, 1970; Waugh et al., 1970;

Waugh, 1971; Fox and Guiney, 197%; Slattery and Evard,
1973).

Before considering some of the various models of
caseln micelle structure, and their relevance to caprine and
ovine caseinmicelles, it is as well to consider some of the
characteristics of bovine casein micelles.

There are a number of recent reviews on the models of
casein micelle structure that have been proposed (Rose, 1969;
Waugh, 1971; Lyster, 1972; Swaisgood, 197%; Thompson and
Farrell, 197%; Garnier, 1973).

1% .1 Hydrophobic, Ilectrostatic and Hydrogen Bonding

Hydrophobic, electrostatic and hydrogen bonding are
the forces largely responsible for the maintenance of protein
structure. The nature of these interactions has been
discussed by Mahler and Cordes (19¢6%7).

The driving force for formation of hydrophobic tonds
is largely the positive entrcpy change, resulting from the
liberation of solvent molecules organized about the apolar
(hydrophobic) residues, that accompanies the transfer of
these residues from an aqueous to a nonaqueous environment.
Consequently, a more stable system may result if hydrophobic
residues are in the interior of the molecule, and not in
contact with the water. Hydrophobic interactions are highly
temperuature dependent, being minimal below SOC and maximal
at higher temperatures. Klotz (1970) pointed out that for
proteins whose crystallographic structure is known, many
apolar side chains do exist, fully or partially exposed to
the solvent, and therefore these proteins have regions which
are available for interaction with other proteins.
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The primary structures of ~-, g- and aéq—caseins
(Figs.6.2, 6.3 and 6.4) have a number of clusters of hydro-
phobic residues, and rank among the most hydrophobic of the
proteins tabulated by Bigelow (11967). - Dissociation of
the p- and k-caseilns, and to some extent the cgq-casein from
the bovine casein micelle at low temperatures, can be
explained in terms of deccreased hydrophobic bonding, con-
sistent with the known properties of g-casein. The sugges-
tion by Thompson and I'arrell (1973) that the casein micelle
may be partially stabilized by hydrophobic interactions seems
likely.

In essence, the ionic side chains in the proteins,
whose crystallographic structure is known, are exposed to
the solvent (Klotz, 1970). The role of inter- and intra-
molecular ionic bonds among ) f- and k~-caseins in the
stabilization of micelle structure is difficult to assess,
although they may be important in the stabilization of a4~
casein with x-casein (Pepper et al., 1970; Hill, 1970).

The role of phophoserine residues in calcium binding
has been demonstrated by Ho and Waugh (1965), Dickson and
Ferkins (1971) and by Bingham et al. (1972). Although
dephosphorylated cgq-casein was still precipitated with
calcium, there was decreased stabilization with x-casein, and
electron microscopy revealed larger, but fewer micelle-type
structures were present (Bingham et al., 1972). Hence, the
formation of micelle-type structures is not entirely dependent
on the formation of calcium phosphate bonds between the
caseins (Thompson and Farrell, 1973).

IMany globular proteins are stabilized by a high degree
of a-helical, or @g-pleated sheet structure, through hydrogen
bonds (Mahler and Cordes, 1967). The caseins appear to
possess little of these structures, although the pcssibility
of other types of secondary structure being present cannot be
overlooked (Herskovits, 1966; Garnier, 1966; Evans et al.,
1971a; Irons et al., 1973).
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13.2 Role of Disulphide Bonds

Disulphide bonds between cysteine residues serve to
stabilize the peptide chains in a preformed conformation
(Blow and steitz, 1970). Woychik et al. (1966) demonstrated
that reduced and alkylated «-casein stabilized asq—casein
against calcium precipitation as well as native &-caseiln.
Toma and Nakai (1973%) found that the disulphide linked dimer,
¢%5—casein was not as readily stabilized by k-casein, as was

a ,—-casein.
s

Thompson and Farrell (1973) cuggested that while the
disulphide bridges of the casein may contribute to the
stability of the micelles, they are not the central feature
of micelle formation.

15,65 Colloidal Calcium lthosphate

The total calcium content of bovine milk is about
30 mM (Table 4.2), while the Ca ion activity quotient is
1.635 mM. The importance of colloidal calcium phogphate in
micelle structure is well documented (licGann and Yyne, 1960;
tyne and lMcGann, 1960; Downey and Murphy, 1970; lorr et al.,
1971) . Colloidal calcium phosphate appears to resemble
tricalcium phosphate with a calcium:phosphate ratio of 1:5
(White and Davies, 1958), although this value is somewhat
uncertain (See Thompson and Farrell, 1973).

Fyne and McGann (1960) prepared CPF-milk (colloidal
phosphate free milk) by lowering the pH of a sample of skim
milk to 4.9 and dialysing it at SOC against the original
milk. CPF-milk is translucent compared with normal milk,
and has a greatly increased viscosity. vhereas CPF-milks
are precipitated with 25 mM CaClg, addition of CaCl2 up to
1M at BOOC, has little effect on normal milk. Jenness
et al. (1966) and Lin et al. (1972) found a marked increase
in serum or nonmicellar casein as.the colloidal calcium
phosphate contents of milks or centrifugally fractionated
micelles were reduced by the addition of EDTA. Using gel
chromatcgraphy Downey and Murphy (1970) found that the major
peak in CPF-milk was eluted at a volume consistent with a
molecular weight of 2x106, whereas normal milk micelles had
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molecular Qeights in excess of 108. Morr et al. (1971)

showed by electron microscopy that sub-micellar casein com-
plexes in CPF-milk were heterogencous and irrepularly shaped,
and ranged i1n size from 30-50 nm. Removal of colloidal
calcium phosphate and protein bound Ca from bovine casein
micelles, by chromatography on Sepharose 4B, resulted in
dissociation of the casein micelles to sub-micellar casein
aggregates which are thought to be in equilibrium with their
component caseins (Creamer and Berry, 1975). Lhe importance
of calcium phosphate in .the stabilization of micelles appears
evident, but the mechanism of stabilization is unknown.

Proposed lModels for Bovine Casein HMicelle Structure

Models of micelle structure can be classified into
three groups, the coat-core models, internal structure
models, and sub-unit models.

1% .4 Coat-Core Models

The model proposed by Waugh and Noble (1965) and
Waugh et al. (1970) and reviewed by Waugh (19741) is primarily
based on studies of the calcium solubilities of the caseins.
The model describes the formation of low weight ratio
complexes o1 ogq- and p-casein in the absence of calcium.
Upon addition of calcium ions, the agq = OT f-caseins begin
to aggregate to a limiting size (the caseinate core). In
the presence of unit or low welight ratio asqix—complexes,
precipitation of the asq-casein is prevented by the formation
of a monolayer of these low weight ratio asq:x—complexes which
envelopes the core aggregates.

Parry and Carroll (1969) were unsuccessful in
locating this outer layer of x-caseln using ferritin labelled
antibodies and electron microscopy, and concluded that
k—casein may act as a point of nucleation, about which the
calcium insoluble caseins might cluster and be stabilized by
calcium phosphate. However, Ashoor et al. (1971)
demonstrated that papain, which had been crosslinked by
glutaraldehyde into a large insoluble polymer, caused
proteolysis of all three major components of casein. This
would rule out any preferential localization of #casein.
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155 Internal Structure lModels

The second class of models are based on the known
properties of the isolated casein components, which in turn
cause or direct the formation of the internal structure of
the casein micelles.

Garnier and Ribadeau Dumas (1970) proposed a model
which places considerable emphasis on kx-casein. Trimers of
x-casein were linked to three chains of L and ﬁ—gaseins
which radiated from the x-casein node (Y-like structure).
These chains of &g and B-caseins may be connected with
other «x-nodes to form a loosely packed network. This model,
based on experiments with carboxypeptidase A (molec. wt
34 500) and myoglobin (molec. wt 17 000), favours an open
porous structure for casein micelles (Ribadeau Dumas and
Garnier, 1970).

However, this model imposes considerable restriction
on x-casein, and aggregates of k-casein larger than trimer
have been shown to exist (Talbot and Waugh, 1970). The
model assigns no definite role to casein interaction and
ignores colloidal calcium phosphate, known to be involved in
the stabilization of casein micelles.

Rose (1969) used the known endothermic polymerization
of p-casein as the basis of his micelle model. In this model,
B-casein monomers self associate into chain-like polymers to
which cgq—casein monomers are attached,and x-casein interacts
with the asq—casein monomers. 4is the micelle forms,
colloidal calcium phosphate is incorporated into the network
as a stabilizing agent.

1%3.6 Sub-unit Models

Shimmin and Hill (1964) proposed a sub-unit model
based on electron microscopy and predicted a diameter of
10 nm for the sub-units of the casein micelle.

Based on studies of the disruption of casein micelles
with oxalate and urea, IMorr (1967a) postulated that casein
micelles are composed of numerous, "loosely" packed, calcium-



caseilnate cdmplex units, joined 1in association by a combina-
tion of hydrophobic bonding, calcium and colloidal calcium
phosphate linkages, between casein phosphoserine and carboxyl
groups. Morr (1967a) sugpested each of these sub-units is
composed of an inner core of « - and fi-caseins, surrounded by
an outer layer of predominantly agq~ and k-caseins, according
to the suggestion of Waugh and Notle (1965) and Waugh et al.
(1Szom.

Schmidt and $uchheim (1970) found dialysis or compres-
sion of bovine casein micelles caused them to dissociate into
sub-units with a diameter of 10-15 nm, as shown from electron
micrographs. They suggested that bovine casein micelles
were composed of sub-units which were linked by Ca bridges
between the phosphate and carboxyl groups to form casein
micelles.

Slattery and Lvard (1973) have recently proposed a sub-
unit model based on their sedimentation and viscosity measure-
nents of mixtures of «x-, g™ and p-caseins. They proposed
that sub-units, containing 25-30 monomers each, and with a
diameter of about 20 nm, are formed in all systems. These
polymers are micelle sub-units in which the ncapolar portion
of each monomer is orientated radially inwards, while the
charged acidic peptides of the Ca sensitive caseins and the
hydrophilic, carbohydrate-containing portion of kx-casein are
near the surface. Asymmetric distribution of x-casein in a
micelle sub-unit results in hydrophilic and hydrophobic areas
on the sub-unit surface. 4ggregation through hydrophobic
interactions forms a porous micelle, growth of which 1is
limited by the eventual concentration, at the micelle surface,
of sub-units rich in x-casein. The model of Slattery and
Bvard (197%) accounts for the destabilization of the micelle
by dephosphorylation of Ca sensitive caseins, or by high
concentrations of NaCl or CaCl2 and for the events associated
with clotting by rennirn action.

Since the recent electron micrographic studies (Schmidt
and Buchheim, 1970; Knoop et al., 1973; Schmidt et al., 1973;
Richardson et al., 1974) have shown bovine casein micelles to



be composed of sub-units, only those models consistent with
the sub-unit concept will be considered. This discounts the
early Waugh model (Waugh and Noble, 196%) and the models of
Payens (1966), Rose (1969) and Garnier and Hibadeau Dumas

(1970).

4507 Caprine and Cvine Casein [Micelles and their

Relationship to.-the lModels of povine Casein

Micelle Structure

Caprine, ovine and bovine milks have most of their
casein present in the form of casein micelles which also

contain Ca, Mg and phosphorus.

Although the mineral levels in the caprine, ovine and
bovine milks varied (Table 4.2), there were no significant
differences in the cation activities, or the Ca:phosphate
ratios in either the casein pellets (sedimented by ultra-
centrifugation) or the sera (Table 4.4). The apparent dif-
ferences in the Ca:phosphates ratios of the milks (Table 4.4)
were an indication of the differing quantities of casein, as
the micelle pellets had Ca:phosphate ratios of about 2.0 and
the sera had ratios of about 1.2 (Table 4.4).

Bovine, caprine and ovine casein micelles are highly
solvated, with about 2.0 g water per g protein, irrespective
of whether micelle solvations were determiined by viscometry
or ultracentrifugation (Table 5.4). The voluminosities
(specific volumes) of caprine, ovine and bovine casein micelles
obtained from viscosity measurements (Chapter 5.2), were
similar at about 2.8 ml/g and did not change significantly as
the temperature was reduced from BOOC to 400, despite the 12%
decrease in the level of micellar casein. Ultracentrifugation
of caprine, ovine and bovine milks at low temperature showed
that the caseins which dissociated from the casein micelles
were predominantly pB-caseins.

These results are consistent with the concept of
caprine, ovine and bovine caseln micelles as belng highly
solvated, porous structures which have similar specific
volumes, and which readily allow caseins, or sub-uvnits to
dissociate at low temperatures.



A pofous sponge-like structure was preoposed to account
for the structure of bovine casein micelles by Ribadeau Dumas
and Garnier (1970) who found that carboxypeptidase A (molec.
wt 35 700) and myoglobin (molec. wt 17 200) were able to
penetrate to the interior of the micelle. Furthermore, Lin
et al. (1972) found that lowering the Ca ion activity of
fractionated bovine casein micelles resulted in the release
of soluble caseins from the micelles, without altering their
hydrodynamic radii, as measured by inelastic light scattering,
until the Ca activity reached a critical level when the
micelles abruptly dissociated. They suggested that the
removal of Ca 1nitially caused dissociation of weakly bound
caseins from the micelle, while a size-determining micellar
framework remained intact.

Llectron micrographs of caprine, ovine and bovine
casein micelles indicated they were roughly spherical in shape
with diameters ranging from about 35 nm to 350 nm (Chapter 4.4).
Gel electrophoresis of fractions containing small and large
caprine and ovine micelles revealed that the small casein
nicelles contained more k-casein than the large micelles,
similar to raesults obtained with fraction of large and small
bovine casein micelles (Rcse et al., 1969; \Vaugh, 1971;
Creamer et al., 197%).

Electron micrographs of freeze-etch replicas showed
that caprine, ovine and bovine caseln micelles are composed
of sub-units, about 12 nm in diameter (Chapter 4.4). Sub-
unit structure of casein micelles was previously shown from
electron micrographs of bovine casein micelles (Shimmin and
Hill, 1964; Shimmnin and Hill, 1965; Calapaj, 1968; Schmidt
and Buchheim, 1970; KXnoop et al., 197%; Schmidt et al.,
1973), electron micrographs of lactating rat mammary glands
(Carroll et al., 1971; Buchheim and Yelsch, 1973) and
electron micrographs of human casein micelles (Calapaj, 1968).
klectron micrographs have shown that the casein micelles of
all the species so far examined are composed of sub-units which
vary in size from 10-20 nm.

Removal of colloidal calcium thosphate from caprine

and ovine casein micelles caused dissociation to sub-micellar



casein aggregates, similar to those obtained with bovine
casein micelles by Creamer and Berry (1975). The casein
aggregates from caprine, ovine and bovine micelles were
eluted from a column of Sepharose 485 at 5700 at the same
position, suggesting that the stable casein aggregates were
sipilar in hydrodynamic size (Chapter 5.3). Dissociation

of casein micelles to casSein aggregates by gel chromatography
further indicates the importance of calcium phosphate in
maintaining micelle structure. It should be noted that under
these conditions most of the protein bound Ca is also removed
from the casein aggregates.

Gel chromatography and ultracentrifugmation of purified
bovine casecins showed that at 50—5700 stable caseln aggregates
with a diameter of 10-20 nm were formed (waugh et al., 1970;
Pepper, 1972; ©slattery and ivard, 19Y7%; Creamer and Berry,

1975). This lends support to the sub-unit concept of
micelle structure.

Quantitative column chromatogranhy and gel electro-
phoresis of whole caprine, ovine and bovine caseins showed
that there were considerable differences between them with
respeclt to their content of o - eand p-caseins, and net charge
on the caseins. Ovine milk has nearly twice the concentra-
tion of casein (4.6 g per 100 ml milk) as caprine or bovine
milks (2.% and 2.8 g per 100 ml milk, respectively). The
caseins differ quite markedly in their composition, since
bovine casein contains 15% x-, 30% B- and 505 as—casein,
conpared with 107 x—, 607% B- and 25% as—casein in caprine
casein and 10% k-, 45% B- and 35% aé—casein in ovine casein.
The major c%—casein in caprine casein was shown to be similar
in its properties to the minor bovine asa—casein (Chapter 9),
which as yet, has not been assigned an important role in
bovine casein micelle structure. Two of the ovine as—caseins
that have been investigated, Q. o~ and ¢%5-caseins, were shown
to be similar to each other, and to bovine oéq—casein
(Chapter 10).

The proportion of B-caseins in the caprine, ovine and
bovine caseins varies considerably. The pB-caseins have
similar chemical properties (Chapters 9 and 10), although they

< i
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differ in their temperature dependent assocation-dissociation
behaviour (Chapter 11). The caprine, ovine and bovine k-
caselns are also similar in their chemical properties, in
particular, their ability to stabilize the a - and p-caseins
in the presence of CaClg.

Despite the differences between the individual caseins
from caprine, ovine and bovine milks, they all associate to
form sub-units with a similar size, as shown by electron
micrographs, and form casein aggregates which have a similar
size, as shown by gel chromatography. Thus, the differences
between the caprine, ovine and bovine caseins must be self

compensating.

Gel chromatography of sub-micellar casein aggregates
(Chapter 5.3) showed the k-caseins of caprine, ovine and
bovine milks were eluted at the leading edge of the casein
aggregate peak, whereas a - and f-caseln were evenly dis-
tributed across the peak. As a result of their studies on
bovine casein aggregates, Creamer and Berry (1975) suggested
that a1 and x-caseln polymers were larger than agq~ and
B-casein polymers, consistent with the ultracentrifugation
results obtained for bovine e, B- and sx-caselin mixtures by
Slattery and kvard (1973). In light of the results obtained
for caprine and ovine casein aggregates, it would appear that
their «#- and c%-casein polymers may also be larger than a -
and f-caseln polymers and that the caseln aggregates are
probably in rapid equilibrium with their constituent caseins;
a situation similar to that proposed for bovine casein
aggregates (Creamer and Berry, 19795.

The temperature dependent effects observed for the
caseins 1n caprine, ovine and bovine milks are unlikely to
be very significant in casein micelle structure since milk,
in fulfilling its natural role is kept at a temperature of
abeut 57OC. here are moderate differences between the
caprine, ovine and bovine B-caseins, but they'all show
temperature dependent behaviour either by themselves as
shown from ultracentrifugation, viscosity measurements and
Ca solubility measurements (Chapter 11), or with other

proteins as shown by gel chromatography of sub-micellar



aggregates (Chapter 5.%), or ultracentrifugation of casein
micelles at low temperature (Chapter 5.1).

O'Connor snd Fox (1973) cxamined the temperature
dependent dissociation characteristics of casein micelles
from bovine, caprine, ovine, canine, porcine, eguine (mares)
and ass's milk, as measured by rennin proteolysis, ultra-
centrifugaticn and gel filtration. They fcund that if the
canine milk was omitted, the other six species fell into two
groups: bovine, caprine and ovine milks in group 1 and ass,
equine and porcine milks in group 2. Although the members
of group 1 differed qualitatively, all exhibited considerable
temperature dependent dissociation of micellar B-casein (as
also shown in this study), while those of group 2 showed very
low levels of soluble g-casein at any temperature. This
suggests thas the most studied, yet "closely related" ruminant
milk pg-caseins may show atypical behaviour and that
"B-caseins" do not normally show a temperature dependence in
thelr association-dissociation behaviour. Clearly this
concept can only be exanined by further investigation of the

p-caseins in the milks from non-ruminant species.

B-Casein most probably assumes an important role in
the structure of caprine casein micelles, since it consti-
tutes about 60w of the total casein. Yresumably the major
caprinc as—casein, which accourts for about 15% of the total
casein and which has markedly different properties from
bovine aéq—casein, although it can be stabilized by the
k-caseins from the three species, probably fulfils a similar
role to that of bovine aga—casein with the p-casein partly
fulfilling the role of asq—casein. The ovine and bovine

casein micelles seem to be simiiar in most respects.

As a consequence, it seems likely that in the models
which have been proposed for bovine casein micelle structure,
not enough emphasis has been assigned to B-casein, although
Fox and Guiney (1973) and Downey (1973) suggest some of the
R-casein is important in micelle structure. Since the
predominant components of human casein are «x- and f-caseins,
with aéq—casein having yet to be positively identified
(Nagasawa et al., 1970), it is likely that B-casein has an
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important role in the structure of human casein micelles.
'he investigations by C'Connor and IFox (19732) of the micelle
systems of other species led them to consider that pg-casein
had a role in micelle structure.

The characteristvics which have been described for
caprine and ovine caseln micelles are most consistent with
the sub-unit model of bovine casein micelle structure proposed
by Morr (1967a), and in particular, that proposed by Slattery
and pBvard (1973), with some modifications regarding -the role
of the constituent caseins.

As implied by wWaugh et al. (1970), an alternative
explanation may be that neither the a - or B-cacselins have a
particularly specific role in micelle structure, unlike that
of &k-casein, and are interchangable in their roles, dependins
on the nature of the caseins constituting whole casein. After
all, the role of casein micelles is tc provide a source of
nutrients for the young mammal, which can be readily digested
by proteolytic enzymes. The specific structural requirenents
of secondary and tertiary structure, normally necessary for
an enzyme to be active, are not required for casein micellegs.
Consequently, the micelle may be formed from the non-specific
interaction of caseins, with a definite role being assumed
for x-casein alone.
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