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Preface to the Fourth Edition

Advanced Dairy Chemistry-1A: Proteins: Basic Aspects is the first volume of
the fourth edition of the series on advanced topics in dairy chemistry, which
started in 1982 with the publication of Developments in Dairy Chemistry.
The second and third editions of this work were published in 1992 and 2003,
respectively. This series of volumes is an authoritative treatise on dairy chem-
istry. Like the earlier series, this work is intended for academics, researchers
at universities and industry and senior students; each chapter is referenced
extensively.

The chemistry and physico-chemical properties of milk proteins are per-
haps the largest and most rapidly evolving area in dairy chemistry, and it has
proved impossible to cover this topic at the desired depth in one volume.
Hence, coverage of dairy proteins in the fourth edition of Advanced Dairy
Chemistry will be split between basic (this volume) and applied aspects
(Volume 1B, forthcoming). All chapters in the third edition on basic aspects
of dairy proteins have been retained but have been revised and expanded. The
chapters on the chemistry of the caseins (Chap. 4), genetic polymorphism
(Chap. 15) and nutritional aspects of milk proteins (Chap. 16) have been
revised by new authors, and new chapters have been included on the evolu-
tion of the mammary gland (Chap. 1) and on minor proteins and growth fac-
tors in milk (Chap. 11).

We wish to thank sincerely the 37 contributors (from 9 countries) of the 16
chapters of this volume, whose co-operation made our task as editors a plea-
sure. We wish to acknowledge the assistance given by our editor at Springer
Science + Business Media, New York, Ms Susan Safren and Ms Rita Beck,
assistant editor at Springer, for help in preparing the manuscript.

Cork, Ireland Paul L.H. McSweeney
Patrick F. Fox
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Preface to the Third Edition

Advanced Dairy Chemistry—I1: Proteins is the first volume of the third
edition of the series on advanced topics in Dairy Chemistry, which started in
1982 with the publication of Developments in Dairy Chemistry. This series of
volumes is intended to be a coordinated and authoritative treatise on Dairy
Chemistry. In the decade since the second edition of this volume was pub-
lished (1992), there have been considerable advances in the study of milk
proteins, which are reflected in changes to this book.

All topics included in the second edition are retained in the current edition,
which has been updated and considerably expanded from 18 to 29 chapters.
Owing to its size, the book is divided into two parts; Part A (Chapters 1-11)
describes the more basic aspects of milk proteins while Part B (Chapters
12-29) reviews the more applied aspects. Chapter 1, a new chapter, presents
an overview of the milk protein system, especially from an historical view-
point. Chapters 2-5, 7-9, 15, and 16 are revisions of chapters in the second
edition and cover analytical aspects, chemical and physiochemical properties,
biosynthesis and genetic polymorphism of the principal milk proteins.
Non-bovine caseins are reviewed in Chapter 6. Biological properties of milk
proteins, which were covered in three chapters in the second edition, are now
expanded to five chapters; a separate chapter, Chapter 10, is devoted to lacto-
ferrin and Chapter 11, on indigenous enzymes in milk, has been restructured
and expanded. Nutritional aspects, allergenicity of milk proteins, and bioac-
tive peptides are discussed in Chapters 12, 13, and 14, respectively. Because
of significant developments in the area in the last decade, Chapter 17 on
genetic engineering of milk proteins has been included. Various aspects of the
stability of milk proteins are covered in Chapter 18 (enzymatic coagulation),
Chapter 19 (heat-induced coagulation), Chapter 20 (age gelation of sterilized
milk), Chapter 21 (ethanol stability), and Chapter 22 (acid coagulation, a
new chapter).

The book includes four chapters on the scientific aspects of protein-rich
dairy products (milk powders, Chapter 23; ice cream, Chapter 24; cheese,
Chapter 25; functional milk proteins, Chapter 26) and three chapters on
technologically important properties of milk proteins (surface properties,

vii



viii Preface to the Third Edition

Chapter 27; thermal denaturation aggregation, Chapter 28; hydration and
viscosity, Chapter 29).

Like its predecessors, this book is intended for academics, researchers at
universities and industry, and senior students; each chapter is referenced
extensively.

We wish to thank sincerely the 60 contributors to the 29 chapters of this
volume, whose cooperation made our task as editors a pleasure. The generous
assistance of Ms. Anne Cahalane is gratefully acknowledged.

Cork, Ireland PF. Fox
Paul L.H. Mcsweeney



Preface to the Second Edition

Considerable progress has been made on various aspects of milk proteins
since Developments in Dairy Chemistry 1—Proteins was published in 1982.
Advanced Dairy Chemistry can be regarded as the second edition of
Development in Dairy Chemistry which has been updated and considerably
expanded. Many of the original chapters have been revised and updated, e.g.
‘Association of Caseins and Casein Micelle Structure’, ‘Biosynthesis of Milk
Proteins’, ‘Enzymatic Coagulation of Milk’, ‘Heat Stability of Milk’, ‘Age
Gelation of Sterilized Milks’ and ‘Nutritional Aspects of Milk Proteins’.
Chapter 1 in Developments, i.e. ‘Chemistry of Milk Proteins’, has been
subdivided and extended to 4 chapters: chemistry and physico-chemical
properties of the caseins, -lactoglobulin, a-lactalbumin and immunoglob-
ulins. New chapters have been added, including ‘Analytical Methods for
Milk Proteins’, ‘Biologically Active Proteins and Peptides’, ‘Indigenous
Enzymes in Milk’, ‘Genetic Polymorphism of Milk Proteins’, ‘Genetic
Engineering of Milk Proteins’, ‘Ethanol Stability of Milk’ and ‘Significance
of Proteins in Milk Powders’. A few subjects have been deleted or abbrevi-
ated; the three chapters on functional milk proteins in Developments have
been abbreviated to one in view of the recently published 4th volume of
Developments in Dairy Chemistry—4— Functional Milk Proteins.

Like its predecessor, the book is intended for lecturers, senior students
and research personnel and each chapter is extensively referenced.

I would like to thank all the authors who contributed to the book and
whose cooperation made my task a pleasure.

Cork, Ireland P.F. Fox






Preface to the First Edition

Because of its commercial and nutritional significance and the ease with
which its principal constituents, proteins, lipids and lactose, can be purified
free of each other, milk and dairy products have been the subject of chemical
investigation for more than a century. Consequently, milk is the best-described
in chemical terms, of the principal food groups. Scientific interest in milk is
further stimulated by the great diversity of milks—there are about 4000
mammalian species, each of which secretes milk with specific characteristics.
The relative ease with which the intact mammary gland can be isolated in an
active state from the body makes milk a very attractive subject for biosyn-
thetic studies. More than any other food commodity, milk is a very versatile
raw material and a very wide range of food products are produced from the
whole or fractionated system.

This text on Proteins is the first volume in an advanced series on selected
topics in Dairy Chemistry. Each chapter is extensively referenced and, it is
hoped, should prove a useful reference source for senior students, lecturers
and research personnel. The selection of topics for ‘Proteins’ has been influ-
enced by a wish to treat the subject in a comprehensive and balanced fashion.
Thus, Chapters 1 and 2 are devoted to an in-depth review of the molecular
and colloidal chemistry of the proteins of bovine milk. Although less exhaus-
tively studied than those of bovine milk, considerable knowledge is available
on the lactoproteins of a few other species and an inter-species comparison
is made in Chapter 3. The biosynthesis of the principal lactoproteins is
reviewed in Chapter 4. Chapters 5 to 8 are devoted to alterations in the
colloidal state of milk proteins arising from chemical, physical or enzymatic
modification during processing or storage, viz. enzymatic coagulation, heat-
induced coagulation, age gelation of sterilized milks and chemical and enzy-
matic changes in cold-stored raw milk. Milk and dairy products provide
20-30% of protein in ‘western’ diets and are important world-wide in
infant nutrition: lactoproteins in particular, are considered in Chapter 9.
The increasing significance of ‘fabricated’ foods has created a demand for
‘functional’ proteins: Chapters 10 to 12 are devoted to the technology, func-
tional properties and food applications of the caseinates and various whey
protein products.

Xi



Xii Preface to the First Edition

Because of space constraints, it was necessary to exclude coverage of the
more traditional protein-rich dairy products: milk powders and cheese. It is
hoped to devote sections of a future volume to these products.

I wish to thank sincerely the 13 other authors who have contributed to this
text and whose cooperation made my task as editor a pleasure.

Cork, Ireland P.F. Fox
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Origin and Evolution of the Major
Constituents of Milk

O.T. Oftedal

1.1 Introduction

Lactation is highly complex and apparently of
ancient evolutionary origin (Oftedal, 2002a). The
complicated signaling cross-talk among epithe-
lial and underlying mesenchyme cells that is
required for the differentiation, ductal branching,
and proliferation of mammary tissue is only now
being unraveled (Watson and Khaled, 2008), and
the functional significance and patterns of expres-
sion of thousands of mammary genes are under
investigation (Lemay et al., 2009). Secreted milk
is extremely varied in composition—from trace
levels of fat in rhinos to more than 60% fat in
some ice-breeding seals (Oftedal and Iverson,
1995)—and contains unique proteins (o -, B-,
and « -caseins, B-lactoglobulin, o-lactalbumin,
whey acidic protein), membrane-enclosed lipid
droplets, and sugars (lactose, milk oligosaccha-
rides) that are not found elsewhere in nature. The
fact that the major milk constituents are found
across the spectrum of mammals, including the
three main groups (monotremes, marsupials, and
eutherians) that diverged in the Jurassic and/or
Cretaceous, indicates that milk secretion was
inherited from a pre-mammalian ancestor.

O.T. Oftedal (<)

Smithsonian Environmental Research Center,
Edgewater, MD 21037, USA

e-mail: oftedalo@si.edu

The mammary gland and its secretion represent
a major evolutionary novelty, without any known
intermediates. In the mid-nineteenth century,
the complexity and interdependence among
mammary glands, milk, and dependent suckling
young posed a challenge to Charles Darwin’s
theory of evolution by natural selection. Darwin
rose to the challenge, devoting most of a chapter
of the 1872 edition of On the Origin of Species to
a discussion of the problems of evolutionary
novelty, such as the origin of the eye and of the
mammary gland. Over the years since, a variety
of authors have speculated on the origin and
evolution of lactation, trying to envision a pro-
cess in which something so complex could have
evolved step by step and be favored by natural
selection (reviewed by Oftedal (2002a)). It is now
clear not only that lactation is of ancient origin
(Oftedal, 2002a; 2002b) but also that detailed
study of milk constituents, and the genetic
pathways by which they have evolved, can reveal
much about the evolution of milk secretion
(Rijnkels, 2002; Kawasaki and Weiss, 2003;
Vorbach et al.,2006; Sharp et al.,2007; McClellan
et al., 2008; Lemay et al., 2009; Lefevre et al.,
2010; Kawasaki et al., 2011; Oftedal, 2012).

It is important to assess the evolution of milk
within a broader evolutionary scope if we are to
understand the functional significance of various
steps along the way. Skin secretions may have
been important to the tetrapods that were ances-
tral to the amniotes (ancestors of ‘“reptiles,’
birds, and mammals), so a discussion of the

P.L.H. McSweeney and P.F. Fox (eds.), Advanced Dairy Chemistry: Volume 1A: Proteins: Basic Aspects, 1
4th Edition, DOI 10.1007/978-1-4614-4714-6_1, © Springer Science+Business Media New York 2013



O.T. Oftedal

Fig. 1.1 Lactation at a very small size. (a) Lactation had
to be far advanced for this small mammaliaform,
Hadrocodium wui, from the early Jurassic (about 195 mil-
lion years ago; Luo et al., 2001) to successfully reproduce.
At a skull length of 1.2 cm and an estimated adult body
mass of 2 g, the mother laid eggs that had to be tiny and the
hatchlings consequently very immature. The hatchlings
were probably reared on a milk rich in protein and high in
energy density, as are contemporary shrews. (b) A living
crocidurine shrew of about 10-12 g. At mid-lactation,

evolution of lactation begins with them. I will
briefly review the paleobiology of the ancestral
forms that predate mammals, including the
sequential radiations of amniotes, synapsids,
therapsids, cynodonts, and mammaliaforms, as
these taxa may have played a role in the evolu-
tion of lactation but are probably unfamiliar to
most milk experts. Ironically, the evolution of
milk is not so much a story about mammalian
evolution, as a story that was largely complete
before mammals appeared on the Earth (Fig. 1.1).
The evolution of the synapsids and their descen-
dents, of mammary glands, and of the eggs
produced by synapsids has been treated more
fully elsewhere (Oftedal, 2002a; b). A more
recent perspective on these topics, and the evolu-
tion of specific milk constituents, is provided by
Oftedal (2012). Substantial portions of the text
of this chapter have been taken with permission
from Oftedal (2012), sometimes with consider-
able elaboration.

In this chapter I follow the phylogenetic con-
vention of applying taxon names to monophyletic
groups, that is, to the ancestral form and all of its
purported descendents. Thus if mammals evolved
from mammaliaforms, they are a subset of mam-
maliaforms, and the synapsids that evolved from

Crocidura russula produces milk containing about 49%
water, 30% fat, 9.4% protein, and 3% sugar (Mover et al.,
1985), but the young are live-born, not hatched from eggs
(Credits: (a) Reproduced from the cover of Science
Vol.292, n0.5521, 25 May 2001. Reconstruction artwork:
Mark A. Klingler, Carnegie Museum of Natural History.
Reprinted with permission from AAAS; (b) Reproduced
from Kingdon (1974), with copyright permission from
Jonathan Kingdon)

amniotes are a subset thereof. However ancestral
forms can be distinguished by reference to time
or geologic period. For ease of understanding, I
use the term “reptiles” in quotation marks to refer
to living lizards, snakes, turtles, and crocodilians,
but excluding birds which are correctly nested
within this group.

1.2 The Paleobiology of Lactation

The first vertebrates to set foot on land in the late
Devonian (ca. 365 million years ago (mya)) were
the tetrapods, a group ancestral to all subsequent
terrestrial vertebrates (Fig. 1.2) (Carroll, 2009).
The earliest forms still had skin that included
bony scutes or dermal scales similar to that of the
bony fish from which they evolved, at least on
ventral surfaces; they may also have retained
aquatic respiration despite skeletal modifications
enabling locomotion on land. After a gap in the
fossil record, a variety of forms appeared in the
middle of the Carboniferous (ca. 345-315 mya),
including smaller, more salamander-like forms
(Carroll, 2009). The progressive reduction in der-
mal protection was presumably accompanied by
the appearance of more rigid, mat-like webs of
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Fig. 1.2 The evolutionary history of terrestrial verte-
brates, illustrating the divergence times of different lin-
eages and their relative diversity (numbers of families, as
indicated by width of lineages). Geologic periods are listed
on left axis with transition dates in millions of years;
approximate number of extant species listed at fop. The
split of the amniotes into synapsids (to the left, leading to
mammals) and sauropsids (to the right, leading to “rep-

tiles” and birds) is indicated by the dashed arrowhead. The
so-called mammal-like reptiles, include sequential radia-
tions of basal synapsids (“pelycosaurs”), therapsids, cyno-
donts, and mammaliaforms (not illustrated), ultimately
leading to mammals (see Fig. 1.5). The archosauromorphs
include dinosaurs and extant crocodilians, as well as birds
(Credit: Reproduced from Carroll (2009), with copyright
permission from Johns Hopkins University Press)
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Fig. 1.3 Examples of maternal care in living amphibians.
(a) Simple maternal egg brooding by an Asiatic caecilian
Ichthyophis glutinosus, the presumed ancestral condition
for terrestrial eggs. Nests of Ichthyophis sp. are usually in
small subsurface chambers near water; females attend
eggs for 3 months (Kupfer et al., 2004). (b) Maternal pro-
visioning of offspring in the caecilian Boulengerula taita-
nus. Maternal epidermal cells swell with vesicles

collagen in the skin for structural support, and the
development of more elaborate skin glands that
included toxic compounds to protect against
infection and predation (Duellman and Trueb,
1994; Frolich, 1997; Oftedal, 2002a). The skin of
tetrapods in the middle to late Carboniferous pre-
sumably resembled modern amphibians, such as
frogs, salamanders, and caecilians, in having a
relatively dense coverage of small multicellular
secretory glands. Amphibian skin glands secrete
primarily mucus (mucous glands) or bioactive
constituents (granular glands) onto the skin sur-
face (Clarke, 1997). In living amphibians, mucous
glands play an important role in keeping the skin
surface moist, facilitating exchange of respira-
tory gases (Lillywhite, 2006), while granular
glands secrete a vast array of antimicrobial com-
pounds: at least 500 antimicrobial peptides have
been isolated from amphibian skin glands to date

containing lipids; hatchlings utilize specialized teeth to
scrape skin, as demonstrated in these photographs by
Alexander Kupfer taken in Kenya, January 2005. Sloughed
skin and/or secretions appear to be consumed as the sole
source of nutrients during early postnatal development in
several caecilian taxa (Credits: (a) Reproduced from
Sarasin and Sarasin (1887-1890); (b) Photographs used
with copyright permission from A. Kupfer)

(Jenssen et al., 2006). Some milk constituents,
such as o-lactalbumin, B-lactoglobulin, whey
acidic protein, and proteins in the mammary fat
globule membrane, may originate from antimi-
crobial components that were expressed in
Carboniferous tetrapod skin secretions as part of
the innate immune system (see below).

Another feature that may have originated with
tetrapods is parental care of terrestrial eggs
(Fig. 1.3a), including the provision of secretions
to keep them moist. The most primitive tetrapods
are thought to have deposited eggs in fresh water
where they were externally fertilized; these
hatched into feeding larvae which, after a period
of growth, underwent metamorphosis to produce
semiterrestrial adults (Duellman and Trueb, 1994;
Carroll, 2009). However, in all three living
amphibian lineages (salamanders, frogs, and cae-
cilians), a terrestrial system of egg development
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has also evolved. In such amphibians, the eggs
are macrolecithal (large-yolked), surrounded by
multiple mucoid layers within capsules of ovidu-
cal origin, and develop directly into hatchlings
without a larval stage. In such species, parental
care is nearly universal (Fig. 1.3a) (Duellman and
Trueb, 1994), and an important component of this
care may be provision of supplemental moisture
to the eggs via transcutaneous water movement on
direct contact or via skin secretions (Taigen et al.,
1984). Among some caecilians, the maternal epi-
dermis even swells with lipid-containing material
after the young hatch from direct developing
eggs, and the hatchlings use specialized “fetal
teeth” to scrape this skin and/or secretions to
obtain nutrients (Fig. 1.3b), comparable to ingestion
of milk (Kupfer et al., 2006). The Carboniferous
tetrapods that subsequently evolved into amniotes
(the lineage leading to mammals) presumably
(1) were small (Carroll, 2009), (2) produced rela-
tively large-yolked eggs with direct development
(Packard and Seymour, 1997), (3) had glandular
skin, and (4) engaged in parental care. If so, the
trait of producing skin secretions to support egg
development may have been inherited by the
amniotes from earlier tetrapods.

The amniotes first appeared in the late
Carboniferous (i.e., mid-Pennsylvanian, about
310 mya; Fig. 1.4). They are so termed because all
of their surviving descendants (“reptiles,” birds,
and mammals) produce so-called amniotic eggs or
did so prior to the evolution (in some lizards and
most mammals) of uterine egg retention, placental
structures, and birth of developed young. The
amniotic egg was a major evolutionary novelty
characterized by a fibrous eggshell (deposited
in the oviduct), and a set of specialized extra-
embryonic membranes that served to partition and
enhance various physiologic functions, such as
respiration, waste storage, and osmotic interac-
tions with the environment (Packard and Seymour,
1997; Stewart, 1997). The net effect was to permit
eggs to become larger (i.e., contain more yolk to
support development) and less dependent on moist
conditions. However, the fibrous or parchment-
like eggshell of the early amniotes lacked a
superficial calcified layer such as later developed
in “reptiles” and birds, and thus was still highly

permeable to water, whether in liquid or gaseous
form (Oftedal, 2002b). Such eggs are termed ecto-
hydric, as they depend on uptake of environmental
moisture for normal development. Thus it is pos-
sible, perhaps even probable, that the first amniote
eggs were dependent on moisture provided by
parents, just as in some terrestrial amphibians
(Taigen et al., 1984; Duellman and Trueb, 1994).

The earliest fossil amniotes include representa-
tives of two lineages that subsequently evolved
down different reproductive paths: the sauropsids
(ancestors of living “reptiles” and birds) and
the synapsids (ancestors of living mammals)
(Fig. 1.5). The sauropsids continued to evolve fea-
tures that allowed even greater independence of
water: (1) the skin developed complicated epider-
mal scales including multiple layers of keratin and
lipid, reducing skin moisture loss, (2) most secre-
tory glands in the skin disappeared, except for spe-
cialized scent-marking glands (and in birds the
preen gland), (3) the eggs developed calcified struc-
tures overlying the fibrous layer that greatly
restricted moisture loss, and (4) in fully terrestrial
species and birds, the primary waste product (uric
acid) can be retained safely in the egg or excreted
after hatching with minimal moisture loss (Packard
and Packard, 1988; Oftedal, 2002a,b; Dhouailly,
2009). Living birds, crocodilians, many turtles, and
some lizards produce endohydric eggs that contain
all the water needed for development, primarily in
an enlarged albumen layer. However, the synapsids
continued to lay parchment-shelled eggs, retained a
glandular skin, and if any evolved uric acid secretion
as the primary nitrogenous waste product they did
not leave surviving descendants (Oftedal, 2002a, b).
A remarkable early Permian fossil of the integu-
ment of the synapsid Estemmosuchus (Therapsida:
Dinocephalidae) includes a dense pattern of concave
lens-like structures; Chudinov (1968) interpreted
these as multicellular, flask-shaped alveolar glands,
similar to the glands of amphibian skin; and argued
that a glandular skin is a primitive synapsid feature
still evident in mammals. Subsequently, different
types of skin glands evolved. In mammals these
now include eccrine, apocrine, and sebaceous
glands, as well as complex scent glands, special-
ized glands providing secretions to eyes and ear
canals, and mammary glands.
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Fig. 1.4 The earliest amniotes from Carboniferous coal
beds in Nova Scotia, Canada about 310 mya. (a)
Reconstruction of skeleton of Paleothyris from Cape
Breton Island. (b) Artist’s conception of Hylonomus (in
center) near stream surrounded by stumps of giant tree-
like lycopods (clubmosses). (¢, d) Schematic demonstrat-
ing presumed means of preservation of early amniotes:
after a lycopod stump rotted out, the amniotes fell in, and
became buried in sediment where they fossilized. As these

The eggs of early synapsids were likely large,
well yolked, enclosed in a parchment-like egg-
shell, ectohydric, and subject to parental care; the
hatchling produced was presumably small and
capable of independent feeding (Oftedal, 2002b).

egg-laying amniotes may also have exhibited parental
care, it is conceivable that they were seeking nesting habi-
tat (Credits: (a) Reproduced from Carroll (1969) with
copyright permission from SEPM (Society for Sedimentary
Geology); (b) Reproduced from Plate 7 (Artist: Tonino
Terenzi) in Carroll (2009) with copyright permission from
The Johns Hopkins University Press; (¢) Reproduced
from Carroll (1970) with copyright permission from Yale
Scientific Magazine)

Moisture was presumably transferred to eggs via
transcutaneous osmotic transfer, from general-
ized skin secretions or from more specialized
glandular regions. It is the latter that presumably
evolved into mammary glands (Oftedal, 2002a).
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Fig. 1.5 Diagrammatic representation of sequential radi-
ations beginning with Amniota (I) and concluding with
Mammalia (VI). Note that each radiation derives from,
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and notable taxa within each radiation are illustrated, but
many are omitted; those followed by stars are illustrated
in Figs. 1.1 and 1.6. This representation does not include

I have argued that lactation originated as a secre-
tion that provided water, and other secretory con-
stituents, to eggs (Oftedal, 2002b). Whether
specialized “proto-lacteal” glands important to
egg care first appeared among early tetrapods, or
subsequently among synapsids, is not known.
Molecular evidence suggesting that some milk
constituents (including a proto-casein, a-lactal-
bumin, and B-lactoglobulin; see below) evolved
before the origin of synapsids may indicate the
former, but more research on gene expression in
other glands and additional taxa is needed for
clarification.

The synapsids subsequently underwent a
series of extensive radiations followed by mas-

fossils described since 2002, including debates about
which fossils represent the earliest eutherians and marsu-
pial mammals (metatheria) (e.g., Wible et al., 2007).
Dates on x-axis are approximate; for more recent and pre-
cise transition dates between geologic ages, see Fig. 1.2
(Credit: Reproduced from Oftedal (2002a), with copyright
permission from Springer Science and Business Media)

sive extinction events in which only a limited
number of taxa survived into succeeding geologic
periods as the basis for future radiations (Figs. 1.5
and 1.6) (Sidor and Hopson, 1998; Oftedal,
2002a; Kemp, 2005). Thus the basal synapsids
(sometimes called “pelycosaurs” or “mammal-
like reptiles”; Fig. 1.6a) radiated in the
Pennsylvanian and early Permian, but most lin-
eages went extinct by the mid-late Permian, when
they were succeeded by a radiation termed ther-
apsids (Fig. 1.6b). Most therapsid taxa disap-
peared during a massive extinction event at the
end of the Permian, but the lineage of cynodonts
survived to radiate in the Triassic (Fig. 1.6c).
Most of these lineages in turn disappeared in the



O.T. Oftedal

Fig. 1.6 Representatives of the sequential radiations of
synapsids during the evolution of lactation. See Fig. 1.5 for
time lines for these taxa. (a) Haptodus, an early synapsid
carnivore in the Sphenacodontidae from the Pennsylvanian
(= late Carboniferous) and early Permian, body length 2 m.
(b) Lycaenops, a therapsid carnivore in the Gorgonopsidae,
from the Permian, body length 1 m. (¢) Thrinaxodon, a
cynodont carnivore in the Thrinaxodontidae, from the early
Triassic, body length 1 m. (d) Morganucodon, a mamma-
liaform carnivore in the Morganucodontidae, from the late

late Triassic, but a subset, the mammaliaforms,
radiated in the late Triassic and Jurassic (Figs. 1.1
and 1.6d). It was from within the mammaliaforms
that true mammals evolved, perhaps in the late
Jurassic, about 160 mya (Fig. 1.5). These repeated
radiations were undoubtedly important in the
development of mammary glands and their secre-
tions, but unfortunately only indirect evidence of
such transitions are evident in the fossil record.
It is well established that the sequential radia-
tions incorporated an increasing number of ana-

Triassic, body length ca. 0.01 m (enlarged for visibility in
dotted box) (Credits: (a) Reproduced from Currie (1977)
with copyright permission from SEPM (Society for
Sedimentary Geology); (b) Reproduced from Colbert
(1948) with copyright permission from The American
Museum of Natural History; (¢) Reproduced from Jenkins
(1984) with copyright permission from the University of
Texas Department of Earth and Planetary Sciences; (d)
Reproduced from Jenkins and Parrington (1976), with
copyright permission from the Royal Society)

tomic traits that now characterize mammals, that
is, they became progressively more mammal-like
(Sidor and Hopson, 1998; Kemp, 2005). Some of
these traits involved changes in locomotion (from
a sprawled lizard-like gait to an upright stance
with improved running ability), in growth pat-
tern (from a periodic pattern of bone mineraliza-
tion to more continuous growth), in respiratory
ability (reduction in ribs and development of
diaphragmatic breathing), in heat exchange
(using respiratory surfaces in the nasal cavity for
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cooling and moisture retention), and in
food-processing ability (rearrangement of skull
and jaw bones for increased jaw musculature,
diversification, and specialization of teeth and
tooth cusps) (Oftedal, 2002a). Some of these
changes can be seen in the sequence of carnivore
skeletons illustrated in Fig. 1.6; however, there
were also radiations of herbivores (not illus-
trated). The picture is one of increasing meta-
bolic expenditure, increased growth rates, and
increased activity—and a presumed upregulation
of basal metabolism and increased refinement of
body temperature regulation (i.e., development
of endothermy or being “warm-blooded”).
During the Triassic and early Jurassic, the
cynodonts and mammaliaforms were not only
developing elevated metabolic rates, they were
also becoming progressively smaller in size
(Kemp, 2005). This miniaturization of body size
(Figs. 1.1 and 1.6d) would have required minia-
turization of eggs as well. Even if eggs were kept
in a pouch to prevent desiccation, once they
hatched, the young would be too small to be
effective homeotherms (Hopson, 1973). In birds,
reduction of egg size in small species is accom-
panied by reduction of incubation time and hatch-
ing of altricial (incompletely developed) young
(Starck and Ricklefs, 1998). Hopson (1973)
argued that the diminutive mammaliaforms (some
no more than a few g as adults; Fig. 1.1) must
have been producing altricial young, as small
eggs could not hold enough yolk to allow devel-
opment of precocial (well developed) hatchlings.
But altricial young would require feeding, indi-
cating that lactation had already evolved.
Development of endothermy also required
that eggs be incubated at or near body tempera-
ture. But unlike bird eggs, that were preadapted
to endothermy by virtue of the extensive
calcification of the shell that retarded moisture
loss, synapsid eggs were highly susceptible to
moisture loss when exposed to vapor pressure
gradients, and thus could not have been incubated
at an elevated temperature without an exogenous
source of moisture (Oftedal, 2002b). This source
was presumably a dilute milk, similar to the
mammary secretions produced by monotremes
(echidnas and the platypus) at the time of egg

incubation; I even speculated that extant
monotremes may still apply mammary secretions
to incubating eggs and that this is one reason for
the absence of nipples (which would interfere
with such transfer) (Oftedal, 2002a, b). There is
evidence in the regional specialization of the
extraembryonic membranes in monotreme eggs
that nutrient absorption could occur at the abem-
bryonic end, that is, that respiratory and nutrient
uptake functions are separated (Luckett, 1977;
Oftedal, 2002b). One would not expect the entire
egg or mammary patch to be wetted (contra
Lefevre et al. (2010)), as this would drown the
eggs. Water and nutrient transfer to incubated
eggs could be demonstrated by isotope-labeling
methods, but this has yet to be attempted.
Unfortunately it is not possible to examine mam-
maliaform eggs, but I consider the coexistence of
egg-laying and incipient endothermy as further
evidence that lactation was well developed in the
late Triassic.

This conclusion is bolstered by the fact that
late cynodonts and the mammaliaforms devel-
oped a reduction in tooth replacement. Early
synapsids, like most sauropsids, had teeth that
were replaced continuously as an animal grew,
allowing smaller teeth to be replaced by larger
teeth as the jaw lengthened with age. Most mam-
mals, by contrast, have only two sets of teeth—an
initial set of deciduous “milk teeth” and the adult
dentition. This developmental strategy, termed
diphyodonty, is possible because tooth eruption
is delayed while the jaw develops in utero and/or
during the lactation period; there is no need for
robust, adult-type teeth in dependent offspring
that do not need to capture or consume an adult-
type diet. Given that advanced placental struc-
tures did not occur until much later (after
divergence of monotremes, marsupials, and
eutherians), the fact that late cynodonts and early
mammaliaforms already had evolved diphyo-
donty indicates that they were already reliant on
milk for a substantial period of development
(Oftedal, 2002a).

Thus a plausible scenario is that there were
sequential stages in the evolution of lactation.
Initially, a “proto-lacteal” secretion provided
moisture, and antimicrobial constituents and
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perhaps a few nutrients (such as calcium) to eggs.
This may have occurred among tetrapods in the
middle Carboniferous, or among early synapsids
in the late Carboniferous and Permian. Both the
secretions and the eggs presumably evolved to
facilitate moisture and nutrient transfer and to
counteract pathogenic attack. At some point,
hatchlings, which were initially small but well
developed, began to ingest the secretions, and the
secretions evolved novel mechanisms for nutrient
transport. As the reliance on mammary secretion
increased, the investment of nutrients in egg yolk
declined. Ultimately vitellogenins (lipoproteins
important in egg yolk synthesis) themselves began
to disappear in the Jurassic about 170 mya
(Brawand et al., 2008). It is likely that the pre-
sumed endothermy, minute adult size, and diphyo-
donty of mammaliaforms in the late Triassic were
only possible because lactation was fully devel-
oped. This is supported by evidence that the major
milk constituents are all pre-mammalian in origin;
mammals first appeared and diversified in the late
Jurassic about 160 mya (Luo and Wible, 2005).
Comparative analyses across monotreme, mar-
supial, and eutherian genomes indicate that milk
and mammary genes are more highly conserved
than other genes, presumably due to their func-
tional importance to successful reproduction
(Lemay et al., 2009). Few new milk constituents
have evolved since the origin of mammals, with
the possible exception of some whey proteins in
marsupials and perhaps the complex array of milk
oligosaccharides observed in some mammals (but
see section on Origin and Evolution of Milk Sugar
Synthesis, below). On the other hand, some milk
constituents appear to have lost ancestral func-
tions as nutritive functions have become para-
mount. Among eutherian mammals the primary
innovation has been the replacement of early lac-
tation by placental nutrient transfer, allowing off-
spring to be born in a more or less advanced state
of development, and perhaps allowing milk com-
position to become more specialized to particular
life history and environmental features. The
replacement of extended lactation by prenatal
nutrient transfer is most extreme in species with
large, highly developed neonates, such as some
rodents (e.g., guinea pigs), small ruminants, seals,
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and cetaceans (Widdowson and McCance, 1955;
Oftedal, 1985; Whitehead and Mann, 2000;
Schulz and Bowen, 2005). At the extreme the
hooded seal is so precocial at birth that lactation
can be completed in just four days; as the milk is
both very high in fat (>60%) and produced in
voluminous amounts, the pup doubles its mass
before weaning (Oftedal et al., 1993). Hooded
seal milk does not change in composition during
lactation, in contrast to the remarkable changes in
milk composition from hatching or birth to wean-
ing in monotremes, marsupials, and eutherian
mammals with altricial young (Oftedal and
Iverson, 1995). Remarkable compositional change
with lactation stage is undoubtedly the ancestral
condition in mammals, as both mammaliaforms
and the earliest mammals were apparently altri-
cial at hatching, as are extant monotremes.

1.3 Origin and Evolution
of Mammary Glands

With the proposed theory of evolution by natural
selection, biologists questioned how such com-
plex organs as mammary glands could have
evolved from some simpler precursor. Darwin
(1872) noted that mammary glands were homol-
ogous to cutaneous glands, and probably derived
from them. Gegenbauer (1886) thought that the
mammary glands of monotreme derived from
“sweat glands,” whereas those of marsupials and
eutherians derived from sebaceous glands. Based
on ontogenetic studies, Bresslau (1920) con-
cluded that mammary glands derived from sweat
glands associated with hair follicles. Blackburn
(1991) expressed the view that multiple gland
types may have contributed to mammary struc-
ture and function, considering the mammary
gland a neomorphic hybrid. However, in a
detailed review of the differences and similarities
among gland types, I concluded that mammary
glands are derived from an ancestral apocrine-
like gland (Oftedal, 2002a).

Apocrine glands and mammary glands both
secrete constituents by exocytosis of secretory
vesicles and by a budding out and pinching off of
cellular contents with loss of cytoplasm (Oftedal,
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2002a). In apocrine glands, the latter process is
considered an apocrine mode of secretion in con-
trast to merocrine secretion employing exocyto-
sis of vesicles, or holocrine secretion in which
cells swell with secretory product that is released
via apoptotic disruption of cellular integrity. In
mammary glands, budding out and pinching off
occurs during secretion of the milk fat globule;
cytoplasmic crescents may be present but are
minimal (Mather and Keenan, 1998; Mather,
2011a). It is likely that milk fat globule secretion
is a highly derived form of apocrine secretion in
which upregulation of milk fat secretion has
required incorporation of novel membrane con-
stituents (see section on Origin and Evolution of
the Milk Fat Globule, below). Unfortunately little
is known about the details of secretion in general-
ized apocrine glands or about the genes expressed
and proteins synthesized (Oftedal, 2002a),
although they apparently do not include milk-
specific proteins, such as B-casein (Gritli-Linde
et al.,2007). From an evolutionary perspective, it
would be very interesting to compare the array of
genes expressed by developing and secreting
apocrine glands to those expressed during mam-
mary gland development, milk secretion, and
mammary involution. For example, nearly 200
milk protein genes and more than 6000 other
genes have been identified as expressed in the
mammary glands in virgin, pregnant, lactating,
involuting, and mastitic cows (Lemay et al.,
2009), but how many of these genes are expressed
in apocrine glands is unknown.

In most mammals, an apocrine gland on the
general skin surface is typically associated with
both a hair follicle and a sebaceous gland in a triad
termed an apo-pilo-sebaceous unit (APSU)
(Fig. 1.7a). The development of the APSU occurs
in coordinated fashion, no doubt due to cross talk
between the differentiating epithelial cells and
underlying mesenchyme, as well as differences in
signaling pathways and receptors of the hair folli-
cle, apocrine gland, and sebaceous gland (Hatsell
and Cowin, 2006; Andrechek et al., 2008; Mayer
et al., 2008). The apocrine gland duct typically
opens into the infundibulum of the hair follicle,
such that secretion contacts the hair shaft
(Fig. 1.7a). A parallel is found in monotremes in

n

which mammary glands, hair follicles, and seba-
ceous glands form what can be termed a mammo-
pilo-sebaceous unit (MPSU) (Oftedal, 2002a).
Each galactophore (lactiferous duct) also opens up
into the infundibulum of an enlarged, specialized
mammary hair (Griffiths, 1978). The mammary
glands in monotremes are organized into a small
oval mammary patch or areola consisting of 100—
200 MPSUs (Griffiths, 1978; Oftedal, 2002a);
there is no nipple. In the area surrounding the
mammary patch APSUs develop. Although the
mature, lobular mammary gland in mid to late lac-
tation is very much larger, more branched, and
contains many more secretory epithelial cells than
an apocrine gland, in earliest lactation, when
monotreme eggs are incubated and hatched, the
mammary gland is still relatively small and tubular
(Griffiths, 1978), and thus has a superficial resem-
blance to an apocrine gland.

In marsupials, such as opossums and kanga-
roos, there is also a developmental association of
mammary glands with hair follicles and seba-
ceous glands. According to early work by
Bresslau (1912, 1920), an oval primary-primor-
dium separates into nipple primordia which
deepen into knobs and bud out into hair follicles
(primary sprout), mammary glands (secondary
sprout), and sebaceous glands (tertiary sprouts)
(Fig. 1.7b). In the opossum, for example, eight
hair follicle sprouts are associated with eight
mammary sprouts and eight sebaceous sprouts,
that is, the nipple primordium develops into eight
MPSUs. The hair follicles penetrate the nipple
epithelium during development but are subse-
quently shed, each leaving a duct (galactophore)
by which the mammary gland communicates to
the surface of the nipple (Fig. 1.7b). As opossums
have a dozen or more nipples, about 100 MPSUs
are involved. In the adult marsupial, the “mam-
mary hairs” are no longer evident, but the galac-
tophores bear testimony to their prior existence.

In eutherian mammals, apocrine glands retain
an association with hair follicles (APSUs), but
the association of mammary glands with hair fol-
licles, the presumed ancestral condition, appears
to have been lost. In 2002 I hypothesized that this
must be due to inhibition of hair follicle develop-
ment in the vicinity of mammary glands, and
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APO-PILO-SEBACEOUS UNIT

Fig.1.7 The relationship among skin gland types in mam-
mals. (a) On the general skin surface, the ducts of apocrine
and sebaceous glands typically open into the infundibulum
of a hair follicle, forming an apo-pilo-sebaceous unit
(APSU), whereas eccrine sweat glands are separate. In the
mammary patch of monotremes, a similar arrangement is
seen, except mammary glands replace apocrine glands,
forming a mammo-pilo-sebaceous unit with a distinctive
mammary hair (see text). (b) Schematic representation of
mammary gland ontogeny in kangaroos, and other marsu-
pials that undergo nipple eversion, according to Bresslau
(1912). In stage a, a nipple primordium forms, which in
stage b elongates and a primary sprout (I) destined to
become a hair follicle, and a secondary sprout (II) destined

suggested that if the presumptive inhibiting
compound(s) could be blocked at the earliest
stages of mammary development, hair follicles
might develop in association with mammary buds
(Oftedal, 2002a). While the actual signaling path-
ways are undoubtedly complex, with both shared
and differing sensitivities to signaling compounds
among different epithelial cell types, it is now
known that bone morphogenetic proteins (BMPs)
inhibit hair follicle formation, and that when
Mayer et al. (2008) reduced BMP signaling in
the mouse by transgenic overexpression of a
BMP antagonist, nipple epithelium was converted

HAIR FOLLICLE

MAMMARY

to become a mammary lobule, develop. In stage ¢, the nip-
ple has hollowed out, producing a pouch-like structure, the
hair follicle penetrates through it, the mammary sprout has
become tubular, and a tertiary sprout (III) destined to
become a sebaceous gland forms. Finally in stage d, the
nipple has everted and the mammary hair has been shed,
leaving a channel (galactophore), the sebaceous gland is
associated with the everted nipple and the tubular mam-
mary gland continues to proliferate (Credits: (a)
Reproduced from Montagna (1962), with copyright per-
mission from Elsevier B.V.; (b) Reproduced from Oftedal
(2002a), with copyright permission from Springer Science
and Business Media)

into pilosebaceous units. They hypothesized that
the BMP pathway had been co-opted during evo-
lution of the nipple to suppress hair follicle for-
mation (Mayer et al., 2008).

It has also been suggested that mammary
secretion first developed as part of an inflammatory
response by mucous secreting cells, on the basis
that elements of the innate immune system (such
as xanthine oxidoreductase) are incorporated into
milk constituents and that certain signaling path-
ways of the innate immune system have a role in
regulating mammary development (Vorbach
et al., 2006; McClellan et al., 2008). Mammary



1 Origin and Evolution of the Major Constituents of Milk

development certainly entails a type of branching
morphogenesis driven by epithelial-mesenchymal
interactions and involving coordinated develop-
ment with stimulatory signaling in part from
hepatocyte growth factor (HGF) and epidermal
growth factor (EGF), balanced by inhibitory
signaling from members of the transforming
growth factor (TGF-B) family, but this type of
morphogenesis is also found in tissues of more
ancient evolutionary origin, such as the pancreas,
lung, kidney prostrate, and salivary glands
(Nelson and Bissell, 2006). The innate immune
system itself is of even more ancient origin, with
components shared among invertebrates and ver-
tebrates (Beck and Habicht, 1996; Hoffmann
et al., 1999; Fujita, 2002). Thus the developmen-
tal pathways of the mammary gland probably
derive from some preexisting tissue, but the incor-
poration of innate immune components into these
pathways may be even more ancient. Extensive
evidence suggests that this ancestral tissue was
apocrine-like, associated with hair follicles and
sebaceous glands, and subsequently co-opted for
a new function, the secretion of a nutritive fluid
for feeding of the young. However the apocrine-
like glands themselves must derive, ultimately,
from the simple glandular skin structures found
in pre-amniote tetrapods (Quagliata et al., 2006),
whether from mucous glands (as suggested by
Vorbach et al., 2006), granular glands (which
produce antimicrobial compounds, including
innate immune constituents), or some currently
unknown gland capable of apocrine lipid secre-
tion. Some frogs secrete lipids as a means of
reducing water loss across the skin (Lillywhite
et al., 1997; Lillywhite, 2006), but the glands
involved have not been studied in detail.
Although the basic pattern of mammary devel-
opment, and its regulation, may derive from a
more ancient model, the extent of glandular pro-
liferation and output, the remarkable repeated
cycles of proliferation and secretion followed by
cellular apoptosis and gland involution, and the
types of secretory products formed represent evo-
lutionary novelties. The evolution of lactation
also involved the development of elaborate hor-
monal controls (Akers, 2002). It is intriguing that
the neurohypophysial peptide hormone mesoto-
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cin, and its derived form (via a single amino acid
substitution) oxytocin, came to play roles both in
uterine contractions at parturition and the milk
ejection response in response to suckling
(Waverley et al., 1988; Acher, 1996; Parry and
Bathgate, 2000). Mesotocin is universally found
among non-mammalian tetrapods (amphibians,
“reptiles,” birds) and may have a role in
egg-laying (Takahashi and Kawashima, 2008);
certainly, exogenous oxytocin is known to be
effective in inducing oviposition in some taxa,
such as turtles (Feldman, 2007), and related neu-
ropeptides have been shown to stimulate oviposi-
tion in invertebrates (Kawada et al., 2004). One
can imagine that a hormone involved in regulat-
ing egg-laying might be co-opted during evolu-
tion into the role of inducing release of a secretion
beneficial to those eggs.

1.4 Origin and Evolution of Caseins

The secretory products of the mammary gland
represent the expression of a large number of
genes that are upregulated during lactation, but
many of these products remain unstudied (except
as genes) or their functionalities are poorly under-
stood (Smolenski et al., 2007; Lemay et al.,
2009). On the other hand, some constituents are
clearly very important to the nutrition of the off-
spring, such as the major milk proteins that pro-
vide essential and nonessential amino acids that
serve as substrates for postnatal metabolism and
are constituents of tissue proteins synthesized
during growth.

Caseins are unique to milk, and as predominant
proteins (along with a variety of whey proteins)
they convey a large proportion of the amino acids
that are required by the offspring. The caseins are
phosphorylated during synthesis, and aggregate
into large micelles containing calcium bound to
phosphorus in calcium phosphate nanoclusters
(Smyth et al., 2004). Multiple caseins (character-
ized as o -, [-, and k-caseins) participate in these
micelles, but k-casein plays a particularly
important role in stabilizing the micelle in secreted
milk. Caseins are thus a primary transport vehicle
for calcium and phosphorus, essential minerals
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needed by offspring for skeletal development,
tissue growth and, especially in the case of phos-
phorus, for most aspects of cellular metabolism
(e.g., as components of ATP and other phosphory-
lated high-energy compounds). Caseins also play
a central role in digestive processes of suckling
young. Once milk is ingested, k-casein is vulner-
able to digestive proteases, such as chymosin, and
the release of a macropeptide from k-casein desta-
bilizes the entire micelle, leading to precipitation
of the caseins as a gastric curd which entraps fat
and is retained in the stomach. Caseins also pre-
cipitate as gastric contents become acidic (pH 4.6
or less, depending on species). Fat so entrapped is
attacked by lipases (including milk, pregastric,
and refluxed pancreatic lipases) while the caseins
themselves are hydrolyzed by proteases. The evo-
lution of a mechanism of converting a liquid
(milk) to a solid (gastric curd) was no doubt
important to the evolution of efficient digestive
processes in suckling young.

All mammalian milks that have been studied
contain the three primary types of caseins: a-, -,
and k-caseins. Thus the caseins have a pre-
mammalian origin and had already diverged
into the three primary types prior to the separa-
tion of monotremes, marsupials, and eutherians
(Rijnkels, 2002, 2003; Lefevre et al., 2009;
Lefevre et al., 2010). Subsequently there has been
proliferation of additional o, - and B-caseins via
gene duplication and exon changes within the
casein locus (Rijnkels, 2002; Lefevre et al., 2009;
Lefevre et al., 2010). Although marsupials (rep-
resented by the opossum Monodelphis domes-
tica genome) have only one a-casein gene
(CSNI) and one B-casein gene (CSN2), mono-
tremes (represented by the platypus genome)
have one o -casein gene (CSN/) and two B-casein
genes (CSN2, CSN2b), while eutherians (e.g.,
mouse, rat, cow, human) have two or three o-
casein genes (CSN1S1, CSN1S2A, CSN1S2B) and
one [-casein gene (CSN2) (Rijnkels, 2002;
Lefevre et al., 2009; 2010). The o, - and B-caseins
are considered calcium-sensitive, as they bind
calcium and are precipitated by high calcium
concentrations, and as such are functionally simi-
lar. These proteins have a loose, unfolded native
configuration, and aside from the conserved signal
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peptide and phosphorylation sites required for
calcium binding, they exhibit a high rate of amino
acid substitution, presumably because inter-
change of amino acids at most sites disrupt nei-
ther structure nor function. By contrast, both the
gene structure and amino acid composition of
K-casein are less variable, perhaps because of its
unique role in stabilizing the micelle. All mam-
mals studied to date have a single k-casein gene
comprised of five exons.

Despite the essential functional role of caseins
in lactation, how they evolved from non-milk
proteins has until recently been a mystery. The
similarities in gene structure and function
between and among o, - and -caseins led Ginger
and Grigor (1999) and Rijnkels (2002) to propose
that they had evolved from one ancestral casein
gene via gene duplication, exon shuffling, and
inversion. However, k-casein seemed distinct.
Similarities in amino acid sequence, location of
cysteine residues, predicted secondary structure,
and cleavage products formed during biological
activity led to the suggestion that k-casein and
the y chain of fibrinogen might have derived from
a common ancestral gene (Jolles er al., 1978;
Ginger and Grigor, 1999), but if so, the transi-
tional steps from one tissue and function to
another were not clear. More recently, Kawasaki
et al. (2011) failed to find much sequence iden-
tity or similarity in exon structure between platy-
pus/opossum k-casein and y-fibrinogen and
concluded that these two proteins are evolution-
arily distinct.

It is now apparent that the caseins are mem-
bers of a much larger family of proteins of
unfolded nature that are secreted from cells, usu-
ally in association with tissue mineralization or
regulation of calcium at target tissues. These pro-
teins, termed secretory calcium-binding phos-
phoproteins (SCPP), are secreted by secretory
epithelial cells or cells derived from underlying
ectomesenchymal cells, and have an ancient his-
tory in the evolution of mineralized vertebrate tis-
sues (Kawasaki and Weiss, 2003; Kawasaki,
2009). The SCPPs include extracellular matrix
proteins secreted by ameloblasts, odontoblasts,
and osteoblasts—that function in the develop-
ment of mineralized structures in enamel, dentin,
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Fig. 1.8 Comparison of chromosomal locations and
hypothetical duplications and inversions in the evolution
of SCPP (including casein) genes from stem tetrapods to
mammals, per Kawasaki et al. (2011). Each pentagon
illustrates a gene and its transcriptional direction. See text
for names of some P/Q-rich SCPPs; others are discussed
in Kawasaki ez al. (2011). P/Q-rich SCPPs with an entirely
untranslated last exon are shown in black with a white tail

and bone, respectively—as well as salivary pro-
teins that bind and transport calcium. As unfolded
proteins, all SCPPs are low in cysteine (and hence
cystine disulfide bridges) and a subclass of the
proteins (P/Q-rich SCPPs), including the caseins,
are particularly rich in proline and glutamine
(Kawasaki and Weiss, 2003; Kawasaki et al.,
2011). It may also have evolutionary significance
that a set of P/Q-rich milk and salivary proteins
are translated from SCPP genes in which the last
exon is entirely untranslated, and most of these
are located within a gene cluster encompassed by
the CSNISI gene at the 5" end and CSN3 gene at
the 3" end (Fig. 1.8).

None of the milk casein genes has been found
in sauropsids, but two members of this gene clus-
ter, ODAM (which codes for odontogenic, amelo-
blast-associated protein) and FDCSP (which
codes for follicular dendritic cell-secreted peptide)

and are presumably related via gene duplication, as in the
hypothesized duplication of SCPPPQI to produce the
ancestral CSN1/2 gene for a-/f-casein synthesis before or
around the time of origin of amniotes. Note that the CSN3
gene for k-casein synthesis is hypothesized to arise from
the FDCSP gene (Credit: Reproduced from Kawasaki
et al. (2011), with copyright permission from Oxford
University Press)

have been found in the genomes of a frog
(Xenopus) and a lizard (Anolis), respectively
(Kawasaki et al., 2011). In addition, another
structurally similar gene SCPPPQI (secretory
calcium-binding phosphoprotein  proline-glu-
tamine-rich-1 gene) that is currently located out-
side this cluster (but that, according to Kawasaki
et al. (2011), was adjacent to ODAM in the stem
amniote) has been found in the lizard genome
(Fig. 1.8). Based on the relative locations and
structures of exons of these P/Q-rich SCPPs, as
well as their phylogenetic distribution, Kawasaki
et al. (2011) propose (Fig. 1.8) that the o - and
B-caseins derive via gene duplication and exon
changes from an ancestral gene (CSN1/2) that
derives from another SCPP gene, either ODAM or
SCPPPQI (which itself derived from ODAM),
while k-casein derives from the SCPP gene
FDCSP (which also derived from ODAM). If this
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scenario is correct, the ODAM gene is ultimately
the grandmother of all caseins, and thus played a
central role in the evolution of synapsid
reproduction.

Identifying the biologically significant events
in such a transformation is speculative and sub-
ject to revision as more information is gained
about the phylogenetic distribution, tissue-
specific expression, and functional roles of the
secreted products of these SCPP genes. Initially
Kawasaki and Weiss (2006) proposed that a pri-
mordial casein expressed by an ancestral casein
gene might have had an antimicrobial role in skin
secretions, perhaps protecting parchment-shelled
eggs from microorganisms. They attributed an
antimicrobial function to extant caseins, but such
antimicrobial activity is by peptides produced
from caseins during their digestion, not by intact
proteins (Clare and Swaisgood, 2000). It is pos-
sible that evolution favored the development of
antimicrobial attributes in products of casein pro-
teolysis as a defense against microbial attack,
whether in the secretory gland, on the skin sur-
face, on an egg surface, or after ingestion by
hatchlings, but this does not explain the original
functional role of intact caseins.

More recently Kawasaki et al. (2011) propose
that it is the calcium binding of an ancestral SCPP
that was critical. Many P/Q-rich SCPPs, includ-
ing the ODAM and SCPPPQI proteins, are
expressed in mammalian ameloblasts and are
involved in mineralization of tooth enamel,;
FDCSP is found in soft connective tissue (peri-
odontal ligament), where it is thought to prevent
spontaneous precipitation of calcium phosphate,
and is also expressed in the mammary gland
(Kawasaki, 2009; Kawasaki et al, 2011).
Kawasaki et al. (2011) suggest that the initial
function of an ancestral SCPP (probably a
K-casein precursor) in a proto-lacteal secretion
may have been to regulate calcium delivery to the
surface of an egg and to prevent precipitation of
calcium phosphate on the eggshell. Kawasaki
et al. (2011) hypothesize that this may have
occurred prior to the divergence of sauropsids
and synapsids, although an ancestral CSN1/2 has
yet to be found in a tetrapod or sauropsid genome
(Fig. 1.8). In this context it might be informative
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to examine SCPP genes and their products in a
broader range of living amphibians, including
live-bearing caecilians in which the young obtain
nutrients from maternal skin secretions and/or by
ingestion of maternal superficial skin layers
(Fig. 1.3) (Kupfer et al., 2006). The substantial
growth of the offspring from birth to indepen-
dence indicates that they obtain calcium from
their mothers, and the fact that the young utilize
specialized fetal teeth to scrape maternal skin
predicts that SCPP proteins may already be of
developmental importance.

A role of skin-secreted calcium in delivering
calcium to eggs is consistent with the view that
early amniotes (predecessors of sauropsids and
synapsids) produced eggs with a fibrous cal-
cium-free eggshell (Packard and Seymour,
1997), that such eggs can utilize environmental
calcium (and other minerals, such as sodium)
(Thompson et al., 2000), and that limited cal-
cium supply in yolk might make this beneficial
(Oftedal, 2002a, b). One of the features of the
small tetrapods that evolved into amniotes was
earlier and more extensive skeletal calcification,
indicating that calcium supply may have become
increasingly important (Carroll, 2009). There is
a substantial literature on the role of different
sources of calcium (eggshell, yolk, and environ-
ment) in different sauropsids (Packard and
Clark, 1996; Stewart and Ecay, 2010). In species
in which parchment-shelled eggs are retained in
the uterus during part or all of development sub-
stantial calcium uptake may occur across the
eggshell (Thompson er al., 2000; Ramirez-
Pinilla, 2006; Stewart and Ecay, 2010). There is
also evidence that extraembryonic membranes
in parchment-shelled eggs utilize calbindin-D,,
to assist in epithelial calcium transport, and that
calbindin-D,,, concentrations are highest in the
chorioallantoic membrane at the abembryonal
end of the egg, suggesting regional specializa-
tion for calcium uptake (Ecay et al., 2004). The
bilaminar omphalopleure membrane at the abe-
mbryonal end of monotreme eggs and in
“retained” marsupial eggs may also have a spe-
cial role in nutrient uptake (Luckett, 1977;
Tyndale-Biscoe and Renfree, 1987; Oftedal,
2002b). Thus a postulated role of casein
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Fig. 1.9 (a) The milk fat globule and its membrane. (A)
Schematic indicating bulging out (D) and pinching off (B)
of lipid droplets (LD) as membrane-bounded milk fat
globules containing cytoplasmic crescents (CR) at the
same time as casein micelles (CM)and other constituents
are being released from secretory vesicles (SV) into the
alveolar lumen by exocytosis (E). Lipid droplets are syn-
thesized as microlipid (MLD) or cytoplasmic lipid drop-
lets (CLD) which increase in size during migration to the
apical plasma membrane (APM). Other cell organelles
include rough endoplasmic reticulum (RER), Golgi appa-
ratus (GA), and basement plasma membrane (BPM). For
more detail and explanation see Mather and Keenan
(1998) and Mather (2011b). (b) Schematic indicating a
model of the protein constituents of the milk fat globule
membrane (MFGM) and their relation to the phospholipid
bilayer (BL) and the enclosed lipid droplet (LD). Proteins
embedded in the BL include mucinl (MUCI1), which
projects into the exoplasmic fluid (exo) and is heavily gly-

precursors in calcium delivery to late tetrapod or
early amniote eggs appears feasible.

Calcium transport and surface regulation by an
ancestral casein would just be the first step towards
the much greater nutrient fluxes that must have
evolved to feed hatchlings. By gene duplication
and exon changes, the types of caseins and the
numbers of genes involved in producing each type

cosylated (open triangles indicate O-linked glycans),
CD-36 which is also largely exoplasmic and glycosylated
(closed triangles indicate N-linked glycans), butyro-
philinlAl (BTN) which includes exoplasmic immuno-
globulin-like domains as well as a cytoplasmic B30.2
domain, and the exoplasmic PAS 6/7 glycoprotein.
Xanthine oxidoreductase (XO) is cytoplasmic, but associ-
ates with the B.30.2 domain of BTN. Adipophilin (ADRP)
is believed to associate with the surface of the lipid drop-
let. (¢) Proposed Mather and Keenan model showing
binding or close association of BTN, XOR (circles) and
adipophilin (solid triangles) thereby minimizing the cyto-
plasmic space between the plasma membrane (PM) and
lipid droplet, which may have been essential to evolution-
ary upregulation of milk lipid secretion without excessive
cytoplasmic loss (see text) (Credits: All illustrations
reproduced from Mather and Keenan (1998), with copy-
right permission from Springer Science and Business
Media)

increased (Rijnkels, 2002; Lefevre et al., 2009;
Lefevre et al., 2010; Kawasaki et al., 2011). The
different caseins became associated, perhaps first
as an amorphous aggregate with sequestered amor-
phous calcium phosphate (Holt and Carver, 2012),
but subsequently by the formation of complex
micelles stabilized by calcium and phosphate
bonds (Smyth et al., 2004). This transformation of
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ancestral SCPP protein(s) into a complex of
micelle-forming proteins was essential in convert-
ing milk from an egg supplement to a major source
of nutrients for suckling young. Given the small
size of mammaliaforms in the late Triassic and
Jurassic (Figs. 1.1 and 1.6d), and hence the small
size of their eggs (Hopson, 1973; Oftedal, 2002a),
the novel nutritive function of these SCPPs must
have developed before this time, for example, dur-
ing the Permian and Triassic.

The predominance of caseins as nutrient trans-
porters to the young is also evident in the progres-
sive loss of the ability to express vitellogenins.
Vitellogenins are large multi-domain lipoproteins
synthesized in sauropsid liver and transported to
the ovaries where they are endocytosed and cleaved
to produce the major egg yolk proteins, such as
lipovitellins, phosvitin (a phosphoprotein), and
B-component (Finn, 2007). The tetrapod ancestor
of amniotes apparently coded for vitellogenins via
two genes, VITI and VIT, , but VIT  duplicated
so that early amniotes had three VIT genes: VITI,
VIT2, and VIT3 (Brawand et al., 2008). During
synapsid evolution, these genes became sequen-
tially inactivated by insertion/deletion (indel)
events, as well as by base substitutions that gener-
ated stop codons. Brawand et al. (2008) were able
to recover an intact VIT gene (identity uncertain)
in monotremes, which is consistent with continued
egg-laying. Based on analysis of indel and stop
codon rates, Brawand et al. (2008) estimated that
in marsupials and eutherians VI73 had been inacti-
vated about 170 mya (95%CI=110-240 mya),
VITI about 140 mya (95% CI=90-200 mya), and
VIT 2 about 70-90 mya (marsupial lineage only;
unfortunately, VIT2 pseudogenes have yet to be
recovered from eutherian genomes). Vitellogenin
genes could only be inactivated once a well-devel-
oped nutrient transport function by the caseins had
made egg yolk proteins dispensible (Brawand
et al., 2008). The estimated inactivation of VIT3 in
the Jurassic indicates a loss or redundancy of the
nutritional transport role of this vitellogenin in
mammaliaforms (Fig. 1.5), which is consistent
with their small size, small eggs, and purported
dependence on milk. As caseins and other milk
constituents continued to be the primary nutrient
sources for the young, VIT I became inactive about
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the end of the Jurassic, while VIT2 became inactive
(in marsupials) in the late Cretaceous. The timing
of these events suggest (but do not prove) that mar-
supials continued to produce yolked eggs well after
diverging from eutherians. This is not surprising
because the developing young of some marsupials,
including brush-tailed possums and koalas, still
develop vestigial egg teeth (Hill, 1949).

1.5 Origin and Evolution of the Milk
Fat Globule

An essential feature of milk is that it supplies
energy-containing substrates in sufficient
amounts to developing offspring that they are
able to sustain metabolic requirements of the
body and its component organs (such as the
brain) while allowing amino acids, phospholip-
ids, neutral lipids, and other energy-containing
constituents to be invested in the development
and proliferation of new tissues. In eggs the
principal energy constituent is yolk, and in par-
ticular the lipids contained in the yolk. Lipids
are energy dense and, because of their hydro-
phobic nature, can be packaged into compact
structures that contain little water. However,
creating a stable emulsion of fat in water that
could be transferred to the young in fluid form
required the evolution of a specific method of
milk lipid secretion. The process of milk lipid
secretion appears to be unique; it is not found in
other organs that have been examined
(McManaman et al., 2006), and appears to be a
key evolutionary novelty of the mammary gland
(or its antecedent secretory glands).

Mammals vary tremendously in the fat con-
tent of their milk (from less than 1% in rhinos and
some lemurs to 60% in some seals (Oftedal and
Iverson, 1995), but in all species studied, milk
lipids are packaged into specialized structures
known as milk fat globules (Fig. 1.9a). Milk fat
globules (MFG) are lipid spheres bounded
sequentially by a phospholipid monolayer,
an inner protein coat, a bilayered phospho-
lipid membrane, and a glycosylated surface
(Mather and Keenan, 1998). Transmembrane
proteins such as mucins, butyrophilin, and CD36
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(Fig. 1.9b) may interact both with proteins of the
inner coat, such as xanthine oxidoreductase, fatty
acid-binding protein and adipophilin, and with
molecules at the milk-facing surface, via the
domains or amino acid sequences that project
inward and outward beyond the bilayered mem-
brane, respectively (Mather, 2011a). The glyco-
sylated surface is primarily due to oligosaccharide
chains attached to outwardly projecting domains
of the mucins and other transmembrane proteins.
The collective term for the multilayered structure
or envelope that encloses the lipid sphere is the
milk fat globule membrane (MFGM), which is a
structure known only from milk.

The secretion of lipid in such unique, highly
organized membrane-bound packets that remain
suspended in fluid is certainly a very different
mechanism than the release of the contents of
secretory vesicles by exocytosis as occurs in many
secretory cells (including mammary secretory
cells, or lactocytes; Fig. 1.9a), or the swelling of
secretory cells with product and their release via
lysis into the gland lumen, as during lipid secre-
tion by sebaceous glands (Oftedal, 2002a).
Although current understanding of the secretion,
structure, and function of MFG constituents
comes primarily from studies of human, ruminant,
and rodent milks (McManaman, 2009; Mather,
2011a), these observations probably apply gener-
ally to milk lipid secretion, given the apparent
similarities in the secretory mechanism and ultra-
structure of MFGs across a wide range of species,
including monotremes, marsupials, and the high-
est milk fat producers, the phocid seals (Griffiths
et al., 1973; Griffiths, 1978; Tedman, 1983).

The synthesis and accumulation of lipids
within lactocytes has been reviewed by
McManaman (2009). Triacylglycerols destined
for secretion in the milk fat globule are initially
synthesized by lipogenic enzymes associated
with the endoplasmic reticulum, and appear as
cytoplasmic lipid droplets (and small microlipid
droplets) in the cytoplasm (Fig. 1.9a). These
droplets are coated with a monolayer of phospho-
lipids to which both structural proteins and
enzymes are bound. As they migrate towards the
apical surface of the cell, they increase in size,
either via fusion of small droplets to produce
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larger droplets or simply by swelling as addi-
tional lipids are acquired from cytosolic transport
proteins and/or via lipogenic activity by enzymes
associated with the droplets (Mather and Keenan,
1998; McManaman, 2009; Mather, 2011b). At
the cell surface, larger cytoplasmic droplets bulge
out through the apical membrane and are then
“pinched off” (Fig. 1.9a). In this process they
become wrapped in MFGM that is believed to
derive primarily from the apical plasma mem-
brane of the secretory cell, but is augmented by
proteins that form an interface between the sur-
face of the lipid spheres and the inner surface of
the bilayered membrane. The bulging out and
pinching off of the mammary fat globule can also
entrap some cytoplasm, which appears as “cyto-
plasmic crescents” in two-dimensional images of
milk fat globules.

The secretion of the milk fat globule and its
associated MFGM envelope is a highly regulated
process that requires the presence and incorpora-
tion of specific components. What is of particular
interest is that the MFGM contains proteins
(Fig. 1.9b) that appear essential to the synthesis
and secretion of milk fat globules. In particular,
two proteins, butyrophilin and xanthine oxi-
doreductase (XOR), play an obligatory structural
role in MFGM synthesis, and if they are reduced
or eliminated from mouse mammary cells via
knockout of the genes that code them, mice fail to
produce normal milk; the triacylglycerols within
the secretory cells fail to be secreted into milk fat
droplets, but rather accumulate in the cytoplasm
or leak into the alveolar lumen as unstructured,
amorphic lipid masses (Vorbach et al., 2002; Ogg
et al., 2004). While the details of protein-protein
interactions during formation of the MFGM are
not fully understood (Mather, 2011a), these two
proteins have apparently been co-opted from
other cellular functions during the evolution of
the mammary gland and thus may be key to
understanding the evolution of mammary fat
secretion.

The butyrophilin in milk is now correctly
specified as butyrophilinl A1, since it is the gene
product of only one of the genes (BTN1A) that
code for the family of proteins known as butyro-
philins (Rhodes et al., 2001). Three distinct
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butyrophilin coding genes (BTNI, BTN2, and
BTN3) have been located in the extended major
histocompatibility complex region of the human
genome, but due to double duplication of a chro-
mosomal block that contained BTN2 and BTN3, 3
gene copies exist for both BTN2 and BTN3
(Rhodes et al., 2001). The butyrophilins are part
of the immunoglobulin superfamily and are simi-
lar in structure to receptor proteins (B7.1 and
B7.2) on antigen-presenting cells involved in the
stimulation of T cell leukocytes. They contain
two folded immunoglobulin domains, a trans-
membrane domain and a C-terminal end that may
include a large B30.2 domain that is structured as
a B-sandwich with presumptive protein binding
sites. In butyrophilinl Al in the MFGM, the Ig
domains project outward from the bilaminar
membrane into the alveolus (or milk), the trans-
membrane region straddles the bilaminar mem-
brane, and the B30.2 domain projects inward into
the underlying protein coat (Fig. 1.9b) where it
binds XOR with high affinity, which may be
important to its role in MFGM synthesis (Jeong
et al., 2009; Mather, 2011a). In addition to its
role in the MFGM, butyrophilinl Al has been
found to be expressed within the thymus; low
levels of transcription may be observed in other
tissues but the degree of protein expression is not
clear. Other butyrophilins are more widely
expressed among tissues (Smith et al., 2010a).
Butyrophilins and related proteins of the immu-
noglobulin superfamily appear to play a role in
regulation of proliferation, cytokine secretion,
and activity of T cells, and butyrophilinl Al
retains this function, at least in vitro (Smith et al.,
2010a). It appears that the ancestral butyrophilin
protein was a transmembrane protein in secretory
cells that had functions in local immune response,
and subsequently evolved a role in synthesis and/
or stabilization of the MFGM.

It is interesting that butyrophilinlAl is the
only butyrophilin that appears to bind XOR via
its B30.2 domain, and it this binding that is
believed to be critical to milk fat globule secre-
tion from lactocytes (Jeong et al., 2009). While
the biochemical sequelae and ultrastructural con-
sequences of butyrophilinl A1-XOR binding are
not certain, it is hypothesized that XOR may
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serve to link to other proteins of the protein coat
and that these interactions pull the apical mem-
brane into close association with the surface of
the lipid sphere (Fig. 1.9¢), allowing the sphere to
migrate (bulge) towards the alveolar lumen and
ultimately (by unknown mechanisms) to be
pinched off (Jeong et al., 2009; Mather, 201 1a).

Xanthine oxidoreductase is an unusual partner
for such a role. XOR is best known for its role in
catalysis of the last two steps in the formation of
uric acid, a nitrogenous waste product, but it has
multiple enzymatic functions and is a member of
the molybo-flavoenzyme (MFE) protein family
(Garattini et al., 2003). The MFE:s are believed to
have evolved as an ancestral XOR in prokaryotes,
perhaps by the linkage of three genes that sepa-
rately coded for what became the three distinc-
tive domains of XOR, the 2Fe/2S, the FAD, and
the MoCo domains (Garattini et al., 2003). In
mammals there are now four or five known MFEs,
all of which share great structural and sequence
similarity, and have apparently derived via tan-
dem gene duplication from the ancestral XOR.
Although the XOR gene is sometimes considered
a housekeeping protein (Vorbach et al., 2002),
this is debatable as XOR is unequally expressed
in cells and has particularly high expression in
epithelial surfaces of the gastrointestinal tract,
liver, kidney, lungs, skin, and mammary glands
(Garattini et al., 2003).

In mammals, XOR as initially synthesized has
the characteristic binding sites and substrates of
the enzyme xanthine dehydrogenase, and it is in
this form that it is found in MFGM (Enroth et al.,
2000). However it can be converted via mild pro-
teolysis or oxidation of sulfhydryls to the enzyme
xanthine oxidase, which is the form typically
recovered from milk (Enroth et al., 2000; Nishino
et al., 2008). Xanthine oxidase generates free
radical and reactive nitrogen species, and is
upregulated during inflammation, leading to the
hypotheses that XOR has important antimicro-
bial activities, perhaps even in milk (Martin et al.,
2004), and that XOR may have had an important
role in the evolution of innate immunity (Vorbach,
2003). Certainly XOR and innate immunity are
both of pre-vertebrate origin, and were important
long before mammary glands evolved. Yet the
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upregulation and apical membrane localization
of XOR in mammary epithelial cells during mam-
mary gland development (McManaman et al.,
2002), the binding of XOR to the B30.2 domain
of butyrophilin (Jeong et al., 2009), and the fail-
ure of milk fat globule formation in heterozygous
XOR knockout mice (Vorbach et al., 2002) all
indicate a novel function for XOR in the MFGM
(Fig. 1.9¢). Given the antiquity of XOR and its
long, conservative evolutionary history, adoption
of this new function during mammary evolution
must be considered a radical departure.
Secretion of milk fat droplets also involves
adipophilin, a protein belonging to the PAT (for
perilipin, adipophilin, and TIP47) family of pro-
teins that play a role in stabilizing lipid droplets
in a wide range of cells, including adipocytes,
hepatocytes, macrophages, and lactocytes. The
PATSs are localized to the surface of lipid droplets
(Fig. 1.9b) and among other functions may serve
as gatekeepers restricting enzyme access to the
lipids within (Brasaemle, 2007). The family is of
ancient origin, being found in both vertebrates
and invertebrates, and its members share an
N-terminal domain (the PAT domain) as well as
hydrophobic regions, a hydrophobic cleft near
the C terminus (missing in perilipin A) and con-
siderable identity among amino acid sequences
(Miura et al., 2002). In the mammary gland, adi-
pophilin is expressed during the development of
mammary epithelial cells in association with
secretory differentiation and the accumulation of
cytoplasmic lipid droplets; subsequently adipo-
philin is found in the budding MFG and in the
MFGM in secreted milk (Russell et al., 2007,
Mather, 2011a). Microarray analysis of lactating
mouse mammary glands indicate that adipophilin
transcripts are among the most abundant tran-
scripts, at a level comparable to caseins; more-
over, adipophilin may play a role in facilitating
lipid transfer from endoplasmic reticulum to
cytoplasmic lipid droplets, in stimulating triglyc-
eride synthesis, and in inhibiting lipolysis of lipid
droplets (McManaman, 2009). Adipophilin
appears to have a pre-mammary association with
cytoplasmic lipid droplets, but its role is enhanced
in the mammary gland, and it may play a role in
formation of the MFGM, although this is not
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fully understood. In one model, adipophilin asso-
ciated with the surface of the lipid sphere binds to
XOR, stabilizing a butyrophilin/XOR/adipophi-
lin complex (Fig. 1.9¢c) whereas in another model
adipophilin via its hydrophilic cleft is directly
bound to the bilayer membrane (Mather and
Keenan, 1998; Mather, 2011b).

Thus at least three disparate proteins—one
(butyrophilin)an apical surface protein appar-
ently involved in immunity, the second (XOR) a
cytosolic enzyme with multiple functions, and
the third (adipophilin) a structural protein associ-
ated with cytoplasmic lipid droplets—appear to
have developed new and/or enhanced functions
in the coordinated secretion of milk fat globules .
When in mammary evolution did this occur?
Milk fat globule secretion presumably evolved
from some prior form of fat secretion, perhaps by
tetrapod or synapsid skin glands. Certainly some
extant frogs secrete lipids as a means of reducing
water loss across the skin (Lillywhite et al., 1997;
Lillywhite, 2006), and secreted lipids applied to
eggs could have had an impact on egg moisture
loss (Oftedal, 2002b). However, much more
research is needed to understand the differences
and similarities of secretory mechanisms among
taxa and gland types.

Mammary glands bear developmental and
structural resemblance to apocrine glands, which
led to the hypothesis that mammary glands are
derived from ancient apocrine-like glands
(Oftedal, 2002a). One can imagine a scenario in
which an ancestral apocrine secretion entailed
the secretion of apical blebs containing cyto-
plasm, secretory vesicles and perhaps cytoplas-
mic lipid droplets, similar to the process described
for some specialized apocrine glands such as
human axillary apocrine glands, glands of Moll,
ceruminous glands in the outer ear canal, and
rodent Harderian glands (Gesase and Satoh,
2003; Stoeckelhuber et al., 2003; Stoeckelhuber
et al., 2006; Stoeckelhuber et al., 2011). It is
known that ceruminous glands secrete lipid mate-
rial by apical blebs. When the blebs disintegrate
in the gland lumen, the various constituents are
apparently released. A similar scenario has also
been proposed for male reproductive tissues such
as the epididymis and prostate gland (including
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the rat anterior prostate or coagulating gland) that
secrete particular proteins of cytoplasmic origin
not via exocytosis of secretory vesicles but via
apical blebbing, and the apical blebs themselves
contain secretory vesicles (termed epididymo-
somes and prostasomes) (Wilhelm et al., 1998;
Aumiller et al., 1999; Dacheux et al., 2005;
Thimon et al., 2008).

If the apocrine-like glands believed to be ances-
tral to mammary glands secreted in this manner, at
least three steps would have been required to gen-
erate milk fat globules. First, increased transfer of
glucose and fatty acids from circulation to the
gland, and upregulation of lipid synthesis by the
glandular cells (and perhaps downregulation of
lipolysis) would be required for an increase in the
density and/or size of adipophilin-coated cytoplas-
mic lipid droplets available for apical secretion.
Second, amino acid substitutions of the cytoplas-
mic B30.2 domain of the transmembrane butyro-
philin would enable the modified butyrophilin1 A1
to bind to XOR, stabilizing the bleb membrane.
Third, changes in structure and function of adipo-
philin and/or other proteins in the protein coat may
have been required to permit closer association of
the apical membranes to the lipid droplets and
thereby exclude the majority of the cytoplasm dur-
ing the blebbing process (Fig. 1.9c). These and
other as yet unidentified transitions in the develop-
ment, regulation, and structures associated with fat
secretion would presumably have occurred step-
wise over time, leading to an increased rate of
secretion of apical blebs with progressively more
lipid and less cytoplasm until ultimately the mam-
malian pattern of MFGs containing little cyto-
plasm (in the form of cytoplasmic crescents) was
attained. In this scenario, fat secretion via MFGs
would gradually replace the nutritional role of lip-
ids provided by yolk, allowing the inactivation of
vitellogenins involved in transport and storage of
lipids in the egg yolk (Brawand et al., 2008). This
would presumably have had to occur prior to the
miniaturization of the mammaliaforms in the late
Triassic and Jurassic.

Further research is required on the detailed
mechanisms involved in both apical bleb and
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milk fat globule secretion to determine if there
are shared structural, developmental, regulatory
and functional elements indicative of a shared
origin, or if the apparent similarities are the result
of convergent evolution among highly special-
ized glands all involved in transport of materials
into a glandular lumen. Other similarities that
have not been discussed herein, such as the con-
gregation of secretory vesicles at the base of the
protruding apical bleb and at the base of the pro-
truding milk fat droplet (Wooding et al., 1970;
Metka and Nada, 1992; Gesase and Satoh, 2003),
also warrant further investigation. It should be
recognized, however, that apocrine secretion dif-
fers among tissues and glands. For example, the
protrusion may be narrow (a bleb) or wide (an
endpiece), and the separation of this bleb/end-
piece may occur via pinching off (narrow blebs),
or condensation and merging of exocytotic vesi-
cles creating a gap (wide endpieces) or even via a
line of demarcation involving new plasma mem-
brane and cytoskeletal elements (tubules), with
subsequent detachment (Gesase and Satoh, 2003).
The latter two types of separation have been
termed decapitation. Next to nothing is known
about secretory mechanisms in the simple apo-
crine glands that secrete onto the skin surface in
most mammals (Montagna and Parakkal, 1974)
and that are thought most likely to resemble the
ancestral apocrine-like glands (Oftedal, 2002a).
Any attempt to compare apocrine secretory
mechanisms to milk fat globule secretion must
also take into account that the magnitude of secre-
tion differs by many orders of magnitude, with
apocrine gland secretions measured in pL while
mammary gland secretions are measured in mL
or L, depending on body size (Oftedal, 1984;
Riek, 2011). Similarities in secretory constituents
between apocrine secretion and mammary secre-
tion such as mucins, lysozyme, lactoferrin, and
defensins  (Stoeckelhuber et al, 2003;
Stoeckelhuber er al., 2006; Vorbach et al., 2006)
need not represent a recently shared evolutionary
origin as these may simply reflect ancestral anti-
microbial functions common to most if not all
epithelial gland secretions.
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1.6 Origin and Evolution of Milk
Sugar Synthesis

All mammalian milks contain at least traces of
sugar (Oftedal and Iverson, 1995); in most euthe-
rians, the predominant sugar is lactose (galactose
(B1-4) glucose), while in monotremes, marsupi-
als and some eutherian carnivores oligosaccha-
rides predominate, most of which contain a
galactose (B1-4) glucose unit at the reducing end
(Urashima et al., 2001b; Messer and Urashima,
2002; Uemura et al., 2009; Senda et al., 2010).
Both lactose and oligosaccharides with lactose at
the reducing end appear to be unique to milk
(e.g., Toba et al., 1991), and required the devel-
opment of a novel synthetic pathway in the evolv-
ing mammary gland orits antecedent apocrine-like
gland. The milks that are devoid of galactose (B1-
4) glucose, such as milks of sea lions and fur
seals (family Otariidae), are also devoid of oligo-
saccharides (Urashima et al., 2001a), indicating
that lactose synthesis is an essential step in milk
oligosaccharide synthesis.

The advantage of lactose, relative to glucose,
is that it is a larger molecule and thus exerts less
osmotic effect per unit mass, allowing more car-
bohydrate to be included in an isosmotic secre-
tion such as milk. Lactose-based oligosaccharides
continue this trend even further, such that marsu-
pials (which secrete a preponderance of longer
chain oligosaccharides) produce milks that can be
11-14% sugar at mid-lactation (Oftedal and
Iverson, 1995). Milks containing lactose but little
if any oligosaccharide (such as horse and zebra
milks) do not exceed 7% sugar, while primate
milks (which include both lactose and oligosac-
charides) can reach 8-9% sugar (Oftedal and
Iverson, 1995; Tilden and Oftedal, 1997; Urashima
et al., 2009; Goto et al., 2010). Another advan-
tage of lactose, which may have played a role in
its evolution, is that as a novel sugar not found
elsewhere in nature (Toba et al., 1991), lactose is
only available to bacteria that have evolved an
ability to take it up and digest it, as occurs in E.
coli and lactobacilli that upregulate the lac operon,
expressing [-galactoside permease (to facilitate
lactose uptake) and -galactosidase (to hydrolyze
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lactose intracellularly). There is also evidence
that beneficial bifidobacterial populations are able
to utilize oligosaccharides that contain particular
four-sugar sequences (Xiao et al., 2010). Thus
lactose, and lactose-based oligosaccharides, may
have had a role in determining the microbial spe-
cies that could colonize mammary secretion,
whether in the mammary gland, on the surface of
an egg, or in the digestive tracts of neonates.

The evolution of lactose synthesis is a remark-
able example of a protein (or in this case two pro-
teins) adopting a completely new function with
minimal changes in structure. In the mammary
secretory cell, the synthesis of lactose begins with
the synthesis of a unique milk protein, a-lactalbu-
min, in the rough endoplasmic reticulum (Brew,
2003). a-Lactalbumin is then transported to the
Golgi apparatus. A transmembrane protein in the
trans-Golgi, 3-1,4-galactosyltransferase 1 (34Gal-
T1), binds UDP-galactose, producing a conforma-
tional change that allows a-lactalbumin to be
bound (Fig. 1.10) (Ramakrishnan and Qasba,
2001). When o-lactalbumin then binds to B4Gal-
T1, it alters the specificity of f4Gal-T1, allowing
glucose to become the acceptor sugar for galactose
transfer, resulting in the synthesis of lactose. Thus
a-lactalbumin acts as a regulator of B4Gal-T1, and
without a-lactalbumin B4Gal-T1 does not synthe-
size lactose under physiological conditions (Brew,
2003). However 4Gal-T1 does have another func-
tion in the absence of a-lactalbumin, namely, the
transfer of galactose from UDP-galactose to
N-acetyl glucosamine at the terminus of N-linked
oligosaccharide chains (Fig. 1.10a). Thus the
original function of B4Gal-T1—and its current
function in most mammalian cells—is the post-
translational glycosylation of proteins via elonga-
tion of nascent oligosaccharide chains. The
structure of the B4Gal-T1 (Fig. 1.10a) exhibits a
three-dimensional conformation and cleft, and
appropriately located amino acids, to favor the
binding of oligosaccharides (rather than free mono-
saccharides) as sugar acceptors for the enzymatic
transfer of galactose (Ramakrishnan et al., 2002).

B4Gal-T1 is one of a family of 31,4-galactosyl-
transferases (B4Gal-T1 to T7) that serve to add
galactose, from the donor UDP-galactose to various
glycans in B1-4-linkage. For example, 34Gal-T1 is
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Fig. 1.10 Evolution of f4-galactosyltransferase-1 (B4Gal-
T1) and lactose synthase. (a) Schematic structure (side
view) of B4Gal-T1 showing acceptor site at top where bound
UDP-galactose is ready to receive N-acetyl glucosamine,
leading to addition of galactose to a protein-bound oligosac-
charide chain. (b) Interaction of a-lactalbumin (above), but
not c-lysozyme, with f4Gal-T1 (below) alters the sugar
acceptor site so free glucose is preferentially accepted (not
shown), leading to free lactose synthesis. (¢) Hypothetical
Ramakrishnan and Qasba (2007) model of evolution of
B4Gal-T1. Due to amino acid substitution, invertebrate
ortholog that transfers N-acetylgalactosamine is converted

to B4Gal-T1 during early evolution of vertebrates, but the
a-lactalbumin binding site had been previously established
(although apparently nonfunctional). Once c-lysozyme
evolves into a-lactalbumin about 200 million years later,
lactose synthase activity arises, generating lactose (and/or
lactose-based oligosaccharides; see text) (Credits: (a)
Reproduced from Ramakrishnan et al. (2002), with copy-
right permission from Elsevier B.V.; (b) Reproduced from
Ramakrishnan and Qasba (2001), with copyright permis-
sion from Elsevier B.V.; (¢) Reproduced from Ramakrishnan
and Qasba (2007), as corrected by P. Qasba, with copyright
permission from Elsevier B.V.)
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involved in the synthesis of the N-glycan of glyco-
proteins; 4Gal-T6 is involved in the synthesis of
lactosylceramide, a building block for glycolipids;
and 4Gal-T7 adds galactose to O-linked xylose on
proteins during the synthesis of proteoglycans
(Ramakrishnan and Qasba, 2007). These trans-
ferases are widespread in vertebrate tissues, and
obviously predate the origin of mammals (Shaper
et al., 1998). Ramakrishnan and Qasba (2007) point
out that 4Gal-transferases date back 500 mya to
the invertebrate-vertebrate split (Fig. 1.10c), and
apparently derived via amino acid substitution from
[31,4-N-acetylgalactosaminyltransferasel  (B4Gal-
NAc-T1), which is responsible for transfer of
N-acetyl galactosamine rather than galactose.
Remarkably, B4GalNAc-T1 in invertebrates has the
ability to bind o-lactalbumin, indicating that this
binding site long predates the origin of o-lactalbu-
min (Fig. 1.10c) (Ramakrishnan and Qasba, 2007).
No other B4Gal-transferase is currently known
to bind to a regulator protein that modifies its
specificity, and binding to a f4Gal-transferase is
certainly not the original function of the protein
that became a-lactalbumin. It has been apparent
for many years, from amino acid sequence simi-
larity, three-dimensional structure and the struc-
ture of the exons that code for o-lactalbumin, that
a-lactalbumin is mostly closely related to c-type
lysozyme and is derived from it via gene duplica-
tion and base pair substitution (Prager and
Wilson, 1988; Qasba and Kumar, 1997; Brew,
2003). Lysozymes are hydrolytic enzymes that
have the ability to cleave the B (1,4)-glycosidic
bond between N-acetylmuramic acid and
N-acetylglucosamine in peptidoglycan, the major
bacterial cell wall polymer, and thus play a key
role in innate immune defense systems in both
vertebrates and invertebrates (Callewaert and
Michiels, 2010). Amino acid substitutions have
led to the loss of hydrolytic function in a-lactal-
bumin, so that it can no longer be considered a
lysozyme even though this protein is derived
from a lysozyme. The estimated date of origin of
a-lactalbumin from c-lysozyme is ancient, prior
to the time of the split of synapsids from saurop-
sids about 310 mya (Prager and Wilson, 1988).
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Many authors have been puzzled by this date,
as it was assumed that mammary glands did not
arise until the appearance of “early mammals”
(i.e., mammaliaforms) 100 million or more years
later (Hayssen and Blackburn 1985; Prager and
Wilson, 1988; Qasba and Kumar, 1997; Messer
and Urashima, 2002). There has been speculation
about some “intermediate function” that main-
tained the presence of this duplicated “lysozyme”
prior to the evolution of lactose synthesis. One
hypothesis was that the new protein retained
lysozyme activity as it developed a-lactalbumin
activity, as it was initially thought that mono-
treme o-lactalbumin retained some lysozyme
activity. However, this has not been borne out by
subsequent research (Messer and Urashima,
2002). It is worth noting that a-lactalbumin does
not have lysozyme activity while lysozymes do
not bind to f4Gal-T1, due to differences in amino
acid composition at key positions involved in
binding of substrate (in lysozyme) or binding of
B4Gal-T1 (in a-lactalbumin) (Ramakrishnan and
Qasba, 2001; Messer and Urashima, 2002; Brew,
2003; Callewaert and Michiels, 2010), so an
“intermediate” with both functions may not have
been possible.

It is probable that c-lysozyme, as a normal
antimicrobial constituent of epithelial secretions
and egg white (Callewaert and Michiels, 2010),
would have been present in the earliest synapsid
skin secretions, including secretions delivered to
eggs; a c-type lysozyme is present in amphibian
skin secretions (Zhao et al., 2006). While the anti-
microbial function of c-lysozyme would presum-
ably help protect eggs (as it does in egg white),
what advantage would accrue to eggs or hatch-
lings from the conversion of c-lysozyme function
to that of a-lactalbumin, with the resultant syn-
thesis of lactose? One must assume that lactose
would have been indigestible to embryos or hatch-
lings given that the intestinal brush-border enzyme
lactase could not have evolved without a substrate
to digest, and lactose does not occur elsewhere.

Messer and Urashima (2002) argue that the
ancestral function of a-lactalbumin as a f4Gal-
T1 regulator may have been the production of
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lactose-containing oligosaccharides, rather than
free lactose per se. The amount of a-lactalbumin
synthesized in the monotreme mammary gland is
minor, and Messer and Urashima (2002) assume
this to be the ancestral condition. It is intriguing
that in some marsupials, such as the brushtail
possum, lactose is the major sugar in both early
(< 1 mo) and late (5—7 mo) milks, but oligosac-
charides predominate in between (Crisp et al.,
1989a). In secreted brushtail possum milk the
concentration of a.-lactalbumin remains relatively
constant over most of lactation (Grigor et al.,
1991). This implies that the expression and/or
activity of trans-Golgi glycosyl transferases must
change greatly over the course of lactation, being
particularly high in the middle period.

A wide range of glycosyl transferases would
have been present in the trans-Golgi of secretory
cells of early synapsids as these are part of the
normal synthetic machinery for glycosylation of
glycoproteins, glycolipids, and proteoglycans in
vertebrates and are of ancient origin (Fig. 1.10c)
(Varki, 1998; Lowe and Varki, 1999). A low rate
of lactose synthesis, coupled with high activity
of glycosyl transferases that could glycosylate
lactose, may have produced diverse oligosac-
charides rather than free lactose, similar to what
is observed in many extant monotremes and
marsupials. In this scenario, the initial function
of a-lactalbumin was as a step in the synthesis
of free oligosaccharides, rather than the synthe-
sis of free lactose. But why would the secretion
of free oligosaccharides based on lactose be
favored by natural selection? Milk oligosaccha-
rides have antimicrobial or prebiotic effects,
such as by leading pathogens to “mistake” free
oligosaccharides for the oligosaccharide chains
of the glycocaylx on apical cell membranes
(Newburg, 1996) and thus to fail to bind to these
surfaces. Such an effect might benefit the mam-
mary gland, an egg surface, or the digestive
tract of a hatchling even prior to the evolution of
the lactase enzymatic mechanism in the young.
It is intriguing that marsupial young that con-
sume milks containing oligosaccharides but not
lactose do not have intestinal lactase (Crisp
et al., 1989b), but whether this is the ancestral
mammalian condition is not known. It is likely
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that the epithelium of the small intestine in
monotremes and marsupials evolved the ability
to take up milk oligosaccharides by endocytosis,
followed by intracellular hydrolysis, but this has
not been examined. If true, it may be the ances-
tral form of sugar digestion in synapsids and
predate the evolution of lactase.

In eutherians, lactose accumulating in the
Golgi apparatus creates an osmotic gradient
which draws water into the Golgi, and this aque-
ous phase (including lactose, a-lactalbumin,
other whey proteins, caseins, electrolytes) is
packaged into secretory vesicles for transport to
the apical plasma membrane of the secretory cell
(Fig. 8a) (Shennan and Peaker, 2000). This model
of milk secretion entails substantial upregulation
of a-lactalbumin and lactose synthesis, and the
transcription of B4Gal-T1 is also upregulated
above constitutively expressed levels via use of a
second transcriptional start site regulated by a
stronger promoter and via more efficient transla-
tion of the truncated transcript (Shaper et al.,
1998). Although long considered the “standard”
model of milk secretion, this may represent a
derived feature of eutherian lactation that could
only evolve after the young evolved the ability to
digest lactose.

One group of eutherian mammals, the fur seals
and sea lions (Pinnipedia: Otariidae), have sec-
ondarily lost the ability to synthesize o-lactalbu-
min, due to gene mutations and changes in
transcription rates (Sharp et al., 2005; Reich and
Arnould, 2007; Sharp et al., 2008), so the milk is
devoid of lactose or lactose-based oligosaccha-
rides (Oftedal et al., 1987a; Urashima et al.,
2001a; Oftedal, 2011). The hypothesized advan-
tage to these taxa is that the loss of a-lactalbumin
eliminated an apoptotic signal (Sharp et al.,
2008), allowing these taxa to maintain functional
lactocytes despite days or weeks without a suck-
ling stimulus while the mothers are at sea feeding
and the pups remain ashore (Oftedal et al.,
1987a). Lactose and/or a-lactalbumin are also
reported as missing from Stejneger’s beaked
whale and the beluga whale (Ullrey et al., 1984;
Urashima et al., 2002), although no selective
advantage to this has been proposed. Otariids and
cetaceans still manage to produce large volumes
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of high-fat milk (Oftedal et al., 1987b; Arnould
and Boyd, 1995; Arnould er al., 1996; Oftedal,
1997), but the secretory processes by which the
aqueous phase is secreted have not been studied.
In mice, knockout of the gene for a-lactalbumin
results in a very low level of secretion of high-fat
milk and the offspring do not survive (Stinnakre
et al., 1994; Stacey et al., 1995).

As with casein and lipid secretion, if the early
proto-lacteal secretions were minimal in volume,
the constituents that were incorporated may have
been rather different than those in milk as we
know it today, such as a proto-casein rather than
casein micelles, a small amount of fat-containing
apical blebs rather than milk fat globules, and per-
haps trace amounts of free oligosaccharides (as
antimicrobial constituents) rather than large
amounts of lactose in a voluminous aqueous phase.
If early secretions served as sources of moisture
and supplements for parchment-shelled eggs, the
functions of these constituents may have been
quite different from the major nutritional roles
they play among extant mammals. The same may
be true of some of the other major whey proteins.

1.7 Whey Proteins as Sources
of Amino Acids

Milk proteins have been classically divided into
caseins and whey proteins, with the latter remain-
ing in solution when caseins are precipitated by
enzymatic action or acid treatment. The major
milk-specific whey proteins, depending on spe-
cies, are o-lactalbumin, B-lactoglobulin, and
whey acidic protein, but other primary whey pro-
teins have been identified in marsupials, such as
early lactation protein, late lactation protein, and
trichosurin (Nicholas er al., 1987; Piotte and
Grigor, 1996; Demmer et al., 1998; Piotte ef al.,
1998). Whey proteins also include iron-binding
proteins (such as lactoferrin and transferrin),
serum albumin, immunoglobulins, various vita-
min-binding proteins, and enzymes (including
lysozyme) (Lonnerdal and Atkinson, 1995), but
many of these proteins are imported from blood
plasma rather than synthesized by the mammary
gland and thus are notunique tomilk. Investigations
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of the bovine lactation genome indicate that 3,111
genes are expressed in the mammary gland during
lactation, but only a subset of these produce milk
constituents and the functions of many of the
expressed proteins are poorly understood (Lemay
et al., 2009).

Caseins have a loosely folded structure with
few cystine disulfide bonds, and as a consequence
contain a relative deficit of sulfur-containing
amino acids (SAA, i.e., methionine and cysteine)
relative to the requirements of offspring. In cow’s
milk, o -, -, and k-caseins contain about 2.9—
3.7% SAA, by mass, whereas a-lactalbumin and
-lactoglobuin contain about 7-8% SAA (calcu-
lated from data presented in Fox (2003)). Suckling
mammals appear to require that SAA represent
4-6% of total amino acids to attain maximal
growth (Foldager et al., 1977; Burns and Milner,
1981; Fuller et al., 1989; National Research
Council, 1995). Methionine can substitute for
cysteine in most cases (except, perhaps, in pre-
mature human infants) (Fomon et al., 1986;
Thomas et al., 2008), but cysteine can only
replace about half of the methionine requirement
in growing animals (Fuller ef al., 1989). In for-
mulating casein-based diets supplemental
cysteine or methionine are required to compen-
sate for the SAA deficit in caseins (e.g., Reeves
et al., 1993; National Research Council, 1995).
This suggests that other proteins had to coevolve
with caseins if milk was to become a balanced
source of amino acids, rather than just a supple-
ment. The major milk-specific whey proteins,
depending on species, are a-lactalbumin (e.g., in
human milk), B-lactoglobulin (e.g., in cow’s
milk), and whey acidic protein (e.g., in rat milk).

1.8 Origin and Evolution
of B-Lactoglobulin

The major whey protein in most ruminant milks
(including dairy animals such as dairy cattle,
goats, sheep, and water buffalo), B-lactoglobulin,
does have not any indisputable biological role
beyond supplying amino acids to the offspring
(Sawyer, 2003). As B-lactoglobulin occurs in the
milks of monotremes (platypus), several marsupi-
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als (brushtail possum, wallabies, and kangaroos),
and at least 35 species of eutherians, it must have
evolved prior to the divergence of these groups in
the Jurassic or Cretaceous.

The discovery that B-lactoglobulin was simi-
lar in structure to retinol-binding protein (RBP)
led to the hypothesis that B-lactoglobulin might
have a role in the transport of vitamin A, vitamin
D, fatty acids, or some other essential lipophilic
compounds to the young, or play a role in intesti-
nal uptake of these constituents (Pervaiz and
Brew, 1985; Perez and Calvo, 1995; Yang et al.,
2009). However, in ruminants vitamin A is asso-
ciated with the milk fat globule, not with -lacto-
globulin, and in pigs and horses B-lactoglobulin
does not bind either retinol or fatty acids. In
genetically modified mice, B-lactoglobulin may
assist in vitamin D absorption (Yang et al., 2009),
but mouse milk normally lacks B-lactoglobulin
and if pups required it for vitamin D uptake they
would develop vitamin D deficiencies. Thus, if
B-lactoglobulin in some cases plays a role in
transport and/or intestinal uptake of these con-
stituents, it is neither essential nor universal
(Perez and Calvo, 1995). Another problem in
ascribing a functional role is that B-lactoglobulin
is absent in the milks of many mammals, includ-
ing laboratory mice and rats, guinea pigs, domes-
tic rabbits, dromedary camels, llamas, and
humans (Sawyer, 2003). It is often stated that
rodent milks lack B-lactoglobulin but this is based
on only three of more than 2,200 rodent species,
and thus is not certain. Among primates, human
milk lacks B-lactoglobulin, but it is present in the
milks of at least three macaque species and the
hamadryas baboon (Hall et al., 2001).

Both -lactoglobulin and RPB are members of
a large family of small extracellular proteins,
termed lipocalins, that have similar tertiary struc-
ture, specific amino acid sequence motifs and
exon-intron structure of coding genes (Flower,
1996; Akerstrom et al., 2006). This ancient pro-
tein family (or superfamily) apparently derives
from a bacterial protein and is characterized by a
barrel-shaped lipophilic cavern surrounded by a
series of 8 [-strands and open on one end
(Fig. 1.11a) (Ganfornina et al., 2006). Many
lipocalins are known to function via transport
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and/or sequestration of hydrophobic compounds
in this “barrel” and occasionally at secondary
binding sites. Such ligand binding is associated
with a wide diversity of functions (Akerstrom
et al., 2006), including as anticoagulants and
anti-inflammatory agents (e.g., by binding of his-
tamine, serotonin, and other molecules by
lipocalins in tick and spider saliva), as vehicles
for color enhancement and retention (e.g., by
binding of carotenoids, biliverdin, and other pig-
ments by lipocalins in arthropod epidermis), as
components of antimicrobial defense (e.g., by
sequestration of bacterial siderophores or liber-
ated heme groups by lipocalins in vertebrate
fluids), as fat-soluble vitamin transport (e.g., by
binding of retinol by a lipocalin in vertebrate
extracellular fluids), and even as nutrient provi-
sion to offspring (e.g., by proposed binding of
cholesterol by “Milk proteins” in cockroach epi-
dermal secretions) (Williford et al., 2004).
Analysis of the molecular evolution of the
lipocalins provides some information about
the origin of B-lactoglobulin. In chordates
the lipocalins have been classified into 12 clades
(Fig. 1.11b,c), all of which are found in mammals
(Ganfornina et al., 2000; Sanchez et al., 2003;
Sanchez et al., 2006). Clades I and II are apolipo-
proteins D and M which resemble invertebrate
lipocalins and probably originated prior to the
evolution of chordates. Among the chordate
lipocalins the RBPs (clade III) appear to occupy a
basal position (Fig. 1.11c), leading to the hypoth-
esis that most vertebrate lipocalins evolved from
a RBP-like lipocalin (Sanchez et al., 2006). In a
phylogenetic tree of the lipocalin family, the
B-lactoglobulins (clade IV) are the sister group to
clades V-XII, which nest together (Sanchez et al.,
2006). This suggests that RBP diverged first, fol-
lowed by [-lactoglobulin; subsequently clades V
to XII diverged from each other (Fig. 1.11c).
If this is correct, B-lactoglobulin (clade IV) is of
more ancient origin than clades V and VI which
are found in fish and amphibians (Fig. 1.11b).
It appears that the ancestral B-lactoglobulin gene
may have appeared prior to amniotes and perhaps
even prior to tetrapods. Unfortunately, the great
extent of nucleotide and amino acid substitution
that is characteristic of lipocalins (Flower, 1996)
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Fig. 1.11 The evolution of lipocalins including f-lactoglob-
ulins. (a) The structures of lipocalins include a folding motif
that involves an eight-stranded antiparallel B-barrel (broad
arrows) connected by loops (L1-L7) and an a-helix at both
the N-terminal and C-terminal ends (Al and A2, respec-
tively). The barrel is open at one side and encloses a binding
pocket; lipocalins also have an ability to form oligomers,
from dimers to octamers. (b) Taxonomic distribution of
lipocalin clades. p-Lactoglobulins represent clade IV. (c)

Phylogenetic consensus tree of the lipocalin family from pro-
tein sequences, reconstructed by a Bayesian method, and
rooted with bacterial lipocalins. Posterior clade probability
values (>70) are shown at each node. The scale bar repre-
sents the branch length (number of amino acid substitutions/
site) (Credits: (a) Reproduced from Ganfornina et al. (2000),
with copyright permission from Oxford University Press ; (b,
¢). Reproduced from Sanchez et al. (2006), with copyright
permission from Landes Bioscience)
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would probably obscure the genetic remnants of a
B-lactoglobulin pseudogene in the genomes of
non-mammalian vertebrates.

It is likely that the ancestral B-lactoglobulin
had a function similar to that of an ancestral RBP-
like protein, that is, transporting hydrophobic
compounds in extracellular and/or secreted fluids,
long before the appearance of milk as we know it.
Given the wide variety of functions associated
with extant lipocalins, it is possible that an ances-
tral B-lactoglobulin served multiple functions,
which by analogy to other constituents that
evolved into milk proteins, might include anti-
microbial defense in the proto-lacteal gland, on
the skin surface, or on the surface of eggs, and
was later co-opted into the function of amino acid
provision to the young. An intriguing parallel has
been proposed in the case of another type of
lipocalin (the “Milk proteins”) in cockroaches. In
live-bearing cockroaches “Milk proteins” secreted
by surface epithelial cells have been co-opted
from initial ligand transport functions into a
nutritive role for developing offspring in the
brood pouch (Williford et al., 2004).

Although B-lactoglobulin retains a generalized
ability to bind a variety of hydrophobic ligands,
due to the elasticity of the outer parts of the barrel
(Konuma er al., 2007), its role in milk appears to
be primarily a nutritional one as a source of amino
acids (and particularly limiting sulfur amino
acids). In some taxa, such as the domestic dog,
cat, horse and ass, and perhaps the bottlenose dol-
phin, B-lactoglobulins are expressed from two or
three genes (Ganfornina et al, 2000; Sawyer,
2003). In species in which other whey proteins
predominate, [-lactoglobulin can become
superfluous and the ability to synthesize it can be
lost. Thus in rats, mice, and guinea pigs, whey
acidic protein is dominant, while in humans a-lac-
talbumin predominates, both of which are as high
or higher in SAA than p-lactoglobulin. Two -lac-
toglobulin genes have been observed in ruminants,
but one is noncoding and is thus a pseudogene
(Sawyer, 2003). A B-lactoglobulin pseudogene is
also suspected in the human genome, but there
may be confusion with the glycodelin gene
(Kontopidis et al., 2004). Additional lipocalins
(trichosurin, late lactation protein) are expressed
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in marsupial milk (Demmer et al., 1998; Piotte
et al., 1998), but these are only distantly related to
B-lactoglobulin and are apparently of more recent
origin (Ganfornina et al., 2000).

It has recently been suggested (Kontopidis
et al., 2004) that B-lactoglobulin may derive
from another lipocalin, glycodelin (previously
known as human [-lactoglobulin homolog, pla-
cental protein 14, progestogen-dependent endo-
metrial protein, pregnancy-associated endometrial
a2-globulin, and progesterone-associated endo-
metrial protein). Although also found in rats
(Kunert-Keil et al., 2005), glycodelin is best
known in humans, where it is secreted by various
tissues into amniotic, follicular, uterine, and sem-
inal fluids, including the glandular and luminal
surface of the endometrium; it also has limited
expression in bone marrow, non-lactating mam-
mary tissue, and other tissues (Seppdld, 2002;
Seppild et al., 2006, 2007). A major role of gly-
codelin is in protection of reproductive products
(the sperm, zygote, implantation site, and devel-
oping embryo) from maternal immune responses.
Glycodelin has been demonstrated to suppress
lymphocyte proliferation, induce phenotypic
change in dendritic cells, inhibit T and B cell
activity and proliferation, and induce apoptosis in
monocytes (Seppild et al., 2009). Glycodelin
expression into fallopian and uterine secretions is
under hormonal regulation and is upregulated
during time periods suitable for fertilization and
implantation (Seppild et al., 2009). Based on
nucleotide sequence similarity, glycodelin is
nested within the B-lactoglobulins in lipocalin
clade IV (Fig. 1.11c) (Ganfornina et al., 2000).
Given this similarity, (Kontopidis et al., 2004)
proposed that glycodelin may be ancestral to
B-lactoglobulin: “Might it be that the protein gly-
codelin reflects the true, original function of [3-
LG as a protein involved in some aspect of fetal
development in all mammals?” Or as Cavaggioni
et al. (20006) put it: “it is certainly possible that
BLG has arisen as the result of a gene duplication
event from an essential, possibly endometrial,
lipocalin, such as glycodelin, with a probable
transport function crucial for the development of
the endometrium during the early stages of
pregnancy.”
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Fig. 1.12 Whey acidic
protein (WAP) in milk.
Structural model of a
eutherian WAP (from pig
milk) including two WFDC
domains each of which
contains four disulfide
bridges between cysteine
pairs (SS1-SS4). Putative
glycosylation sites (serine,
S36 and S39, and threonine,
T127) and a conserved
tryptophan (W85) are also
illustrated (Credit:
Reproduced from
Ranganathan et al. (1999),
with copyright permission
from Elsevier B.V.)

Domain 2

Domain 1

There are several problems with this hypothe-
sis. First is that lactation—and B-lactoglobulin—
long preceded the origin of the mammalian uterus,
including the uterine role in endometrial secre-
tions, implantation of the blastocyst, and nutrient
transport via a placenta (Finn, 1998; Oftedal,
2002a). For example, 3-lactoglobulin is found in
milk of the platypus, which has a secretory ovi-
duct that is considered a forerunner of the euthe-
rian uterus (Finn, 1998). Second, glycodelin is a
very unusual lipocalin in that it is not only highly
glycosylated, but the isoforms generated by dif-
ferent tissues differ in function according to their
tissue-specific glycosylation patterns (Seppild
et al., 2007). Third, glycodelin does not bind
retinol, fatty acids, or other potential hydrophobic
ligands that have been tested (Seppild et al.,
2006), even though most B-lactoglobulins do.
Thus glycodelin is a highly derived lipocalin that
has acquired structure (N-linked oligosaccha-
rides) and lost function (hydrophobic ligand bind-
ing) in taking on a new and specialized role.
These derived features are not found in B-lacto-
globulin. While it seems impossible that an ances-
tral glycodelin-like protein in endometrium could
have evolved into 3-lactoglobulin, the converse—
that the glycodelin gene derives from an ancestral
B-lactoglobulin gene—is certainly possible.

1.9 Origin and Evolution of Whey
Acidic Protein

Whey acidic protein (WAP) is a whey protein
present in representatives of all three major mam-
malian lineages—monotremes, marsupials, and
eutherians—indicating that WAP is pre-mamma-
lian in origin (Sharp et al., 2007). The key feature
of WAP is the presence of two or three domains of
about 40-50 amino acids, each of which contains
8 cysteine residues involved in four disulfide
bonds (Fig. 1.12); as the domain was first recog-
nized in WAP, it was initially known as the WAP
domain and more recently as the Whey Acidic
Protein Four-Disulphide Core (WFDC) domain.
In this chapter I refer to the milk protein as whey
acidic protein or WAP, and the domain as the
WFDC domain, to avoid confusion between the
two. WAPs are only a subset of the WFDC-
containing proteins. Among whey proteins, WAP
has the highest sulfur amino acid content, about
17-20% by mass, and thus represents an excellent
source of sulfur amino acids for suckling young.
There are at least 33 distinct (non-homolo-
gous) proteins among vertebrates and inverte-
brates that include 1-4 WFDC domains (see
PROSITE, www.expasy.org/cgi-bin/prosite),
including proteins with antibacterial, antiviral,
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and anti-inflammatory functions, as well as sev-
eral proteinase inhibitors. All are secreted pro-
teins including proteins in  respiratory,
reproductive, and other epithelial secretions
(Hagiwara et al., 2003; Bingle et al., 2006). The
structural similarity of WAP to other WFDC-
containing proteins has led to speculation that
WAP may also have antibacterial or proteinase
inhibition functions, but attempts to demonstrate
this have failed (Hajjoubi et al., 2006; Sharp
et al., 2007). Recently Bingle and Vyakarnam
(2008) reviewed the structure and function of 18
human WFDC proteins. The amino acid sequence
of the WFDC1 protein (also termed PI3, coded
on human chromosome 16) is highly conserved
across taxa (from zebra fish to chicken to mouse
to man), suggesting a close relationship between
structure and function that has been maintained
by purifying selection. In contrast, many of the
14 WEDC proteins coded at the WFDC locus on
human chromosome 20 (including WFDC2)
exhibit high levels of amino acid substitution
even among closely related taxa, such as primates
(Hurle et al., 2007; Bingle and Vyakarnam,
2008). In comparing amino acid sequences
among human WFDC proteins, Bingle and
Vyakarnam (2008) conclude that all non-
cysteines are substituted in one WFDC domain or
another, and suggest that the spacing of the
cysteines involved in disulfide bridges may more
important for function than the actual identities
of amino acids in the inter-cysteine regions. The
high rate of amino acid substitution also compli-
cates efforts to determine evolutionary relation-
ships, since amino acids may have been gained
and lost multiple times without leaving a record
of these transitions.

The WFDC domain itself is of ancient origin,
being a component in secreted proteins involved
in the regulation of shell mineralization in mol-
lusks such as abalone (Treccani et al., 2006) and
in antimicrobial response as part of the innate
immunity of crustaceans and perhaps insects (Zou
et al., 2007; Jia et al., 2008; Smith et al., 2010b).
A number of WFDC domain-containing proteins
are also secreted by snake venom glands, where
they have antibacterial function (Nair et al., 2007;
Fry et al., 2008), and by skin glands in frogs where
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they serve as antimicrobial defensive compounds
(Ali et al., 2002; Zhang et al., 2009). While much
more research is required to determine relation-
ships among invertebrate and vertebrate WFDC-
containing proteins, it is likely that an ancestral
WAP present in the glandular skin secretion of an
egg-tending tetrapod or early synapsid served as a
defensive compound against microbes as a com-
ponent of the innate immune system, similar to
existing WFDC proteins in mammalian epididy-
mal, respiratory, and oral mucosal secretions
(Hiemstra, 2002; Hagiwara et al., 2003; Bingle
and Vyakarnam, 2008) and in frog skin secretions
(Ali et al., 2002; Zhang et al., 2009).

There is evidence that WFDC domains
influence cell proliferation and growth in vitro
and in transgenic mice (reviewed by (Topcic
et al., 2009)), but when the WAP gene is deleted
in knockout mice, the mice continue to develop
normal mammary glands. This indicates that
WAP is not essential for mammary cell differen-
tiation or proliferation even though WAP is com-
monly used as a marker of mammary cell
differentiation in mouse cell culture (Triplett
et al., 2005). The primary effect of WAP deletion
in mice appears to be growth retardation of the
young during the second half of lactation. This
appears to be a consequence of maternal factors,
not neonatal genotype, as pup performance was
not influenced by pup genotype (Triplett et al.,
2005). The absence of milk WAP (as assessed by
SDS-polyacrylamide gel electrophoresis) and a
likely reduction in milk yield (as suggested from
mammary histology) in these knockout mice
indicate a reduction in supply of sulfur amino
acids to mouse pups during a period of active
growth of the body and pelage (which is high in
sulfur amino acids). It would be interesting to
know if mouse pups from WAP” mothers show
clinical or biochemical signs of sulfur amino acid
deficiency; Triplett et al. (2005) did not observe
reduced glutathione levels in splenocytes and
thymocytes of growth-retarded pups, but other
indicators were not examined.

An intriguing feature of the WAPs is that pro-
tein size differs among taxa, associated with dif-
fering numbers of WFDC domains. Marsupial
and platypus WAPs have three WFDC domains,
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while eutherian and echidna WAPs have only
two WFDC domains (Sharp et al., 2007). It has
been suggested that the ancestral WAP had three
(Demmer et al., 2001) or four (Sharp et al.,
2007) domains, and that the two domains found
among eutherians are a consequence of loss of
ancestral domains. The different domains have
been assigned to domain groups based on simi-
larity of amino acid sequence. Thus even taxa
with the same numbers of WFDC domains in
WAP may not have the same domains. The two
domains in eutherians were originally named
domains I and II, but the third domain discov-
ered in marsupials (domain IIT) was found at the
N-terminal end, so the domain order in marsupi-
als is domain III-domain I-domain II (Simpson
et al., 2000; Demmer et al., 2001). However,
according to sequence comparisons, neither of
the monotremes has domain I, but rather have
domain III plus one or two copies of domain II
(in the echidna: domain III-domain Ila; in the
platypus: domain III-domain Ila—domain IIb)
(Sharp et al., 2007).

Using cluster analysis, (Sharp et al., 2007)
conclude that the domains II of eutherians and
marsupials are most similar to monotreme
domains IIa and IIb, respectively. It was this
observation of two different types of domain II
that led to the hypothesis that the ancestral
WAP may have had four WFDC domains in the
order DIII-DI-DIIa-DIIb, and that exon loss
may have resulted in loss of different domains
within different mammalian lineages (Sharp
et al., 2007). This hypothesis is tentative, how-
ever, because the high degree of amino acid
substitution and insertion, especially between
the first 3 cysteines at the N-terminal end of the
WFDC domain, may include reversals or mul-
tiple changes, muddying the phylogenetic sig-
nal. Moreover, there is only moderate bootstrap
support for some of the branches in the consen-
sus cluster diagrams of Demmer et al. (2001)
and Sharp et al. (2007), suggesting that addi-
tional data may lead to different consensus
clusters. The purported four-domain structure
of the ancestral WAP protein is also unusual, as
most extant WFDC proteins have only one or
two WFDC domains, and other than monotreme

33

and marsupial WAP, even three domain WFDC
proteins are uncommon (see PROSITE, www.
expasy.org/cgi-bin/prosite).

As with B-lactoglobulin, there is evidence that
WAPs in various milks may have lost function, at
least among eutherian mammals. First, WAP
genes appear to have been lost in some taxa.
Although the genes for WAP synthesis have been
found in sheep, goats, and cattle, they are miss-
ing a nucleotide at the end of the first exon, caus-
ing a frameshift mutation (Hajjoubi et al., 2006).
They are not transcribed and are thus pseudo-
genes. The WAP gene is expressed in both pigs
and camels, which represent lineages that
diverged early from other artiodactyl lineages, so
the ancestral condition in this order was appar-
ently to secrete WAP in milk. There is no current
evidence that WAP is secreted by primates, but
the presence of a putative pseudogene in the
human genome (Hajjoubi et al., 2006) suggests
primate ancestors secreted WAP; a functional
WAP gene may yet be found when the milk and
mammary genes of more primates (including
strepsirrhines) are examined. Second, even
among eutherians that secrete WAP, there is evi-
dence that amino acid substitutions may have
disrupted WFDC domain structure, possibly
altering or interfering with function. In WFDC
proteins that exhibit protease inhibition the three-
dimensional configuration, including an external
loop and antiparallel B-strands linked by cystine
disulfide bridges (Fig. 1.12), appears to be criti-
cal to interactions with the protease (Ranganathan
et al., 1999). Yet in WFDC domains in both
mouse WAP (domain I) and rabbit WAP (domain
II) 1-2 cysteines have been lost, with loss of
disulfide bridging, raising questions about func-
tionality (Sharp et al., 2007). Third, of the two
WFDC domains in WAP in eutherian milks, des-
ignated as DI and DII, only DII retains the char-
acteristic N-terminal motif found in most WFDC
domains (Lys-X-Gly-X-Cys-Pro, where X repre-
sents various amino acids); amino acid substitu-
tions in this and other areas of DI may have
altered the charge distribution, glycosylation
sites, and conformation in such a way that origi-
nal functions are no longer possible (Ranganathan
etal., 1999).
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The apparent degradation of eutherian WAPs
raises the question of whether monotreme and
marsupial milks retain functional WAPs that have
importance because of the extreme immaturity of
their offspring (Sharp et al., 2007). WAP expres-
sion varies with lactation stage in these taxa, sug-
gesting some functional role, but more evidence
is needed (Topcic et al., 2009). An initial specu-
lation that WAP might have protease inhibition
function that could protect milk immunoglobu-
lins from degradation has not been confirmed. As
with B-lactoglobulin, the only certain role of
WAP is as a source of sulfur amino acids for
suckling young.

1.10 Conclusion: Patterns in Milk
Protein Evolution

The fact that lactation is so ancient, stemming
backintimetoearly synapsidsinthe Carboniferous
(or in proto-lacteal form, perhaps even to the
more ancient tetrapods), means that there has
been ample opportunity for evolutionary change
in the structure and functions of secreted proteins.
The caseins diversified via gene duplication and
exon changes long before mammals evolved, and
were transformed from simple SCPPs engaged in
mineral regulation to highly complex micelles
bearing responsibility for amino acid, calcium,
and phosphorus transport to rapidly growing
young. Although this must have been achieved
before the late Triassic, when mammaliaforms
were miniaturized by evolution and the ontogeny
of dentition was delayed (i.e., diphyodonty), the
ongoing need for nutritional investment in the
young has preserved casein genes, in some cases
in multiple copies. Milk fat globule proteins
(butyrophilinl A1, XOR, adipophilin) were co-
opted from roles in innate immunity and cyto-
plasmic fat droplet synthesis into new functions
associated with the MFGM. At or before the
appearance of synapsids, a c-lysozyme was dupli-
cated and subsequently structurally modified in a
way that permitted it to transition from an antimi-
crobial constituent to a new role regulating the
preferred acceptor for a galactosyl transferase,
and thereby became involved in secretion of a

O.T. Oftedal

suite of lactose-based sugars. Two other whey
proteins, B-lactoglobulin and WAP, may also have
had ancestral transport, sequestration, or antimi-
crobial functions in skin secretions, but appear to
have lost these functions and now serve primarily
or solely as supplemental sources of amino acids,
and especially sulfur amino acids.

It appears that there was an early experimen-
tation with secretory constituents that converted
them from roles in biochemical transport and
regulation, and in defense against potential
pathogens, at epithelial and/or egg surfaces to
new functions related to the nutritional needs of
offspring. The early experimentation may have
begun among Carboniferous tetrapods that had a
highly glandular skin, or among early synapsids
in the Carboniferous or Permian, but it must
have been well advanced prior to the progressive
rise of metabolic and growth rates, and miniatur-
ization of adult size, that occurred during the
late Triassic, or the appearance of mammals in
the Jurassic. Note that this represents an
extremely long period of time (Fig. 1.2), nearly
200 million years from the beginning of the
Carboniferous to the appearance of mammals
about 160 mya. Thus milk and the proto-lacteal
secretion that preceded it may have a combined
evolutionary history that is more than twice as
long as that of mammals per se. Lactation was
no doubt one of the many mammal-like traits
repeatedly modified during the sequential radia-
tions of synapsids in the Carboniferous, Permian,
Triassic, and Jurassic.

Today we regard mammary glands and lacta-
tion as unique mammalian accomplishments, but
that is because all of the other pre-mammalian
synapsid lineages went extinct, leaving mammals
as the only surviving synapsids, and thus the sole
surviving milk-dependent group. Given the antiq-
uity of lactation, it is not surprising that some
milk constituents—including -lactoglobulin and
WAP—appear to be relicts of once-functional
proteins that are now important primarily because
of their amino acid composition. However, the
loss of ancestral functions should not be taken to
mean that milk constituents are unimportant: on
the contrary, comparative genomic analysis
reveals that the genes involved in milk synthesis
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are highly conserved across mammals as com-
pared to genes coding for other tissues and func-
tions (Lemay et al., 2009). There may be
tremendous variation across mammalian taxa in
the relative proportions of different milk constit-
uents, correlated to differences in patterns of
maternal care, constraints on maternal physiol-
ogy, physiologic requirements of suckling young,
and other life history phenomena (Oftedal, 1984,
1993; Oftedal and Iverson, 1995; Oftedal, 1997;
Tilden and Oftedal, 1997; Oftedal, 2000, 2011),
but the fundamental pattern of mammary secre-
tion, once acquired over the ages, appears to have
been largely conserved since the late Triassic.
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Neville, lan Mather, Monique Rijnkels, Tadasu Urashima,
and Elsie Widdowson. The Smithsonian Environmental
Research Center and its director, Tuck Hines, have sup-
ported my long forays into lactation research, even
though my current program is focused on nutritional
ecology. I thank the Smithsonian Institution Library and
its staff for assistance in obtaining the wide range of
research publications needed for a review of this type.
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Milk Proteins: Introduction
and Historical Aspects

J.A. O'Mahony and P.F. Fox

2.1 Introduction

Milk is a fluid secreted by the female of all
mammals, of which there are about 4,500
species, primarily to meet the complete nutri-
tional requirements of the neonate. The principal
requirements are for energy (supplied by lipids
and lactose and, when in excess, by proteins),
essential amino acids and amino groups for the
biosynthesis of non-essential amino acids (both
supplied by proteins), essential fatty acids, vitamins,
inorganic elements and other minor nutritional
factors, such as taurine, and for water. Because
the nutritional requirements of the neonate
depend on its maturity at birth, its growth rate
and its energy requirements, which depend
mainly on environmental temperature, the gross
composition of milk shows large interspecies
differences, which reflect these requirements.
The gross composition of the milk of a number
of species is shown in Table 2.1. How well the
milk protein system meets the nutritional require-
ments for protein is discussed in Chap. 17.

Milk also serves a number of other physiolog-
ical functions, most of which are served by
proteins and peptides. The physiologically impor-
tant proteins and peptides include immunoglobu-
lins, enzymes, enzyme inhibitors, growth factors,
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hormones and antibacterial agents. These aspects
are discussed in Chaps. 9, 10, 11 and 12.

In addition to meeting the nutritional and
other requirements of their own neonates, the
milk of certain domesticated animals, and dairy
products produced therefrom, are major compo-
nents of the human diet in many parts of the
world. Domesticated goats, sheep and cattle have
been used for milk production since about 8000
BC. Recorded milk production today is about
589 x 10° tonnes per annum, about 85% of which
is bovine, 11% is buffalo and about 2% each is
ovine and caprine, with small amounts produced
from horses, camels, donkeys, yaks and reindeer.
In many European countries, the USA, Canada,
Australia and New Zealand, about 30% of dietary
protein is supplied by milk and dairy products.

As a dietary item, milk has many attractive
features:

e Nutritionally, it is the most complete single
food available.

e It is free from toxins and anti-nutritional
factors.

e It has a pleasant and attractive flavour and
mouthfeel.

Howeyver, the ease with which milk can be
converted to a wide range (several thousand) of
different and attractive products is probably its
most important feature from an industrial view-
point. The manufacture of many of these prod-
ucts relies on some rather unique properties of
milk proteins, which have, therefore, attracted
considerable research attention. This research is
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Table 2.1 Composition (%) of milk of some species
(Fox, 2003)

Species  Total solids Fat  Protein Lactose Ash
Human 12.2 38 1.0 7.0 0.2
Cow 12.7 45 29 4.1 0.8
Sheep 19.3 74 45 4.8 1.0
Pig 18.8 6.8 48 5.5 -
Horse 11.2 1.9 25 6.2 0.5
Donkey  11.7 14 20 7.4 0.5
Reindeer 33.1 169 115 2.8 -
Domestic  32.8 18.3 119 2.1 1.8
rabbit

Bison 14.6 35 45 5.1 0.8
Indian 31.9 11.6 49 4.7 0.7
elephant

Polar 47.6 33.1 109 0.3 1.4
bear

Grey seal 67.7 53.1 112 0.7 -

facilitated by the ease with which the proteins
can be isolated from milk.

Today, milk proteins are probably the best
characterized of all food proteins. The current
status of knowledge on milk proteins will be
described in the following chapters. The objec-
tive of this chapter is to provide a brief history
and overview of research on milk proteins to help
link later chapters into a more coherent body of
information.

Research on milk proteins dates from 1814,
when the first paper on the subject was published
by J.J. Berzelius (1814). The term casein appears
to have been first used in around 1830 by H.
Braconnot who developed a method for the
preparation of protein from milk by acid precipi-
tation. The term ‘protein’ was coined by J.G.
Mulder in 1838, whose work included studies on
casein. Early researchers were confused as to the
nature of proteins. They believed that there were
three types of protein: albumin (e.g., egg white
and blood serum), fibrin (muscle) and casein
(milk curd), each of which occurred in both
animals and plants (Johnson, 1868). The caseins
were then thought to be those plant or animal
proteins that could be precipitated by acid or by
calcium or magnesium salts.

The acid (isoelectric) precipitation of casein
was refined by O. Hammersten during the period
1883-1885, and, consequently, isoelectric casein
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was for a long time referred to as ‘casein nach
Hammersten’. Initial chemical analysis of casein
showed that it was a unique protein, the proper-
ties of which differed from those of other proteins
known at that time. In around 1880, Danilewsky
and Radenhausen proposed that acid-precipitated
casein is heterogeneous, but this was refuted by
Hammersten who claimed that properly prepared
isoelectric casein is homogeneous. In 1890,
Halliburton proposed that the term caseinogen
should be used for the acid-insoluble protein in
milk which was converted to casein by the action
of rennet (the suffix ‘ogen’ meaning to beget).
About 70 years ago, the term ‘casein’ was univer-
sally adopted as the English word for the protein
precipitated from milk at pH 4.6. Casein is con-
verted by rennet to paracasein (i.e. ‘like casein’;
using the techniques available at that time, it was
not possible to differentiate between casein
before and after rennet action), which is coagu-
lated by Ca®. Based on differential solubility in
ethanolic solutions, evidence began to emerge
from the work of Osborne and Wakeman in 1918
and of Linderstrgm-Lang and collaborators
during the period 1925-1929 that isoelectric
casein is a heterogeneous protein. Heterogeneity
was confirmed by the application of the analytical
ultracentrifuge by Pedersen in 1936 and of free-
boundary electrophoresis by Mellander in 1939
to the study of caseins (see McMeekin, 1970 for
references to early literature). These techniques
resolved casein into three components, namely,
o, B and y in order of decreasing electrophoretic
mobility.

The liquid remaining after isoelectric precipi-
tation of casein from skimmed or whole milk is
called whey. It is a dilute solution of proteins,
referred to as whey or serum proteins, which are
present at a concentration of approximately
~0.7% in bovine milk, lactose, inorganic salts,
vitamins and several other constituents are present
attrace levels. In 1857, Bouchardat and Quevenne
showed that milk contains an albumin (initially
termed ‘lactalbumin’). Using salting-out with
MgSO,, the whey proteins were fractionated by
Seblein in 1885 into soluble (albumin) and insol-
uble (globulin) fractions. In 1899, A. Wichmann
crystallized a protein from the albumin fraction
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Skimmilk (Kjeldahl I)

[

Acidify pH to 4.6, Heat at 100°C x 20 min, Make to 12%
Filter Cool and acidify to pH 4.6, trichloroacetic acid,
. Filter
l Filter
Precipitate: Filtrate: Precipitate: Filtrate: Precipitate: ~ Filtrate:
Casein Non-casein N Casein and Heat-stable All proteins Non-protein N
Includes: heat-labile serum proteins (Kjeldahl IIT)
Serum proteins serum proteins proteose-peptone
Non-protein N and non-protein N
(Kjeldahl IT) (Kjeldahl IV)
Neutralise,
Saturate with
MgSO,
Filter
I |
Precipitate: Filtrate:
Globulin Albumin and
non-protein N
(Kjeldahl V)

Fig.2.1 Classical fractions of milk proteins (Fox, 2003)

of whey by addition of (NH,),SO, and
acidification, a technique which was used at that
time to crystallize blood serum albumin (BSA)
and ovalbumin. Using the techniques available
at the end of the nineteenth century, the whey
proteins were found to be generally similar to the
corresponding fractions of blood proteins and
were considered to have passed directly from
blood to milk; consequently, the whey proteins
attracted little research attention until the 1930s
(see Sect. 2.9).

In addition to the caseins and whey proteins,
milk contains two other groups of proteinaceous
materials: (1) proteose peptones (PPs) and (2)
non-protein nitrogen (NPN). These fractions
were recognized by Rowland (1938) who
observed that when milk was heated at 95°C for
10 min, ~80% of the whey proteins were dena-
tured and co-precipitated with the caseins when
the heated milk was acidified to pH 4.6. He con-
cluded that the heat-denaturable whey proteins
were the lactoglobulins and lactalbumins and
that the remaining 20% represented a different

protein(s), which he designated ‘proteose peptone’.
The PP was precipitated by 12% trichloroacetic
acid (TCA), but some nitrogenous compounds
remained soluble in 12% TCA, which were
designated NPN. Rowland described a scheme
(Fig. 2.1) for the fractionation and quantitation of
the major groups of milk proteins. This scheme,
which was modified by Aschaffenburg and
Drewry (1959), is still used widely to quantify
the principal protein groups in milk to provide
information for protein quality and processing.
The NPN has low or no commercial value, and
the proteose peptones are not recovered in cheese
or casein.

Thus, by 1938, the general complexity of the
milk protein system had been described (i.e.
caseins, lactalbumin, lactoglobulin, PP and NPN)
which represents approximately 78%, 12%, 5%,
2% and 3%, respectively, of the nitrogen in
bovine milk. However, at this stage, knowledge
of the milk protein system was very rudimentary
and vague, as is evident from perusal of such
texts as Richmond’s Dairy Chemistry (Davis
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and MacDonald, 1953), A Textbook of Dairy
Chemistry (Ling, 1944) and Fundamentals of
Dairy Science (Associates of L. A. Rogers, 1935)
or earlier editions of these books.

Knowledge on the chemistry of milk proteins
has advanced steadily during the twentieth century
and can be followed through the progression
of textbooks on Dairy Chemistry (Jenness and
Patton, 1959; Webb and Johnson, 1965;
McKenzie, 1970, 1971a; Webb et al., 1974; Fox,
1982, 1989, 1992; Walstra and Jenness, 1984;
Barth and Schlimme, 1988; Wong et al., 1988;
Jensen, 1995; Cayot and Lorient, 1998; Fox and
McSweeney, 1998; Walstra et al., 1999, 2005).
In addition, there have been numerous mono-
graphs and reviews, of which the following are
particularly useful from a historical viewpoint:
Eilers et al. (1947), McMeekin and Polis (1949),
Pyne (1955), Jenness et al. (1956), Brunner et al.
(1960), Lindqvist (1963), Thompson et al. (1965),
Jolles (1966), McKenzie (1967), Rose et al.
(1970), Lyster (1972), Swaisgood (1973),
Whitney et al. (1976), Brunner (1981), Eigel
et al. (1984), Kinsella (1985), Kinsella and
Whitehead (1989), Holt (1992), Wong et al.
(1996), Farrell et al. (2004) and Fox and
Brodkorb (2008).

2.2 Preparation of Casein
and Whey Proteins

Although isoelectric precipitation is the most
widely used method for separating the casein and
non-casein fractions of milk protein, several other
techniques may be used in certain situations and
are described below. The protein fractions may
be prepared from whole or skimmed milk, but the
latter is almost always used as the fat is occluded
in the protein precipitate produced by many
methods and will interfere with further character-
ization of the proteins. The fat is removed easily
by centrifugation, e.g., 3,000 g for 30 min, and
any remaining fat may be removed by washing
the precipitated protein with ether. In the following,
‘milk’ refers to skimmed milk, unless stated
otherwise.
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2.2.1 Isoelectric Precipitation
of Casein

On reducing the pH of milk to ~4.6, the caseins
aggregate and, if acidified under quiescent condi-
tions, form a coagulum. Aggregation occurs at
all temperatures, but <~6°C, the aggregates are
very fine and remain in suspension but can be
sedimented by low-speed centrifugation. At
higher temperatures (30-35°C), the aggregates
are coarse and precipitate readily from solution.
Above ~45°C, the precipitate tends to be stringy
and difficult to handle.

In the laboratory, HCIl is usually used for
acidification, although lactic or acetic acid may
be used also. Industrially, HCI is also the most
widely used acidulant. Lactic acid produced
in situ by a culture of lactic acid bacteria (LAB)
is used also, especially in New Zealand, the
principal producer of industrial casein. In milk,
the casein occurs as coarse colloidal particles
(micelles; see Chap. 6), which include calcium
phosphate and other salts, collectively referred to
as colloidal calcium phosphate (CCP). When
milk is acidified, the CCP dissolves and is com-
pletely solubilised <pH 4.9. If sufficient time is
allowed for equilibrium to occur, isoelectric
casein is essentially free from calcium phosphate.
Best results are obtained by acidifying the milk
to pH 4.6 at ~4°C, holding for at least 30 min and
then warming to ~35°C. The fine aggregates
formed at 4°C allow time for the CCP to dissolve;
a moderately dilute acid (~1 M) is preferred since
a concentrated acid may cause localized precipi-
tation. After holding at 35°C for ~30 min, the
whey is removed by filtration through cheese-
cloth or other suitable material, and the casein is
washed thoroughly by repeated suspension in
distilled water, followed by filtration; thorough
washing is essential for the removal of lactose
and salts. Some investigators prefer to dilute the
milk with water before acidification in order to
obtain a finer precipitate, with less inclusion of
other compounds. Removal of impurities may
also be effected by washing the casein curd by
dispersing it in water and raising and maintaining
the pH at ~7 by addition of NaOH or other alkali
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and re-precipitation by acid. The casein may be
stored frozen or dried by washing with acetone
or freeze-drying.

Unlike bovine milk, for human and equine
milks, the pH at which casein and whey proteins
are optimally separated by isoelectric precipita-
tion is not pH 4.6. Casein in equine milk displays
minimum solubility at pH 4.2 (Uniacke-Lowe
and Fox, 2011), while caseins and whey proteins
in human milk are typically separated at pH 4.3
(Kunz and Lonnerdal, 1992). Due to the poor
curd-forming properties of human milk
(Lonnerdal and Forsum, 1985), in addition to
acidification, such milk may also be supple-
mented with calcium to enhance curd formation
in the separation of casein from whey proteins.

2.2.2 Ultracentrifugation

The casein micelles are quite large (molecular
weight [MW]~108-10° Da), and, consequently,
most (90-95%) of the casein in milk is sedi-
mented by centrifugation at 100,000x g for 1 h.
Sedimentation is more complete at 35°C than at
0-4°C; as at low temperature, some of the casein
(in particular P-casein) dissociates from the
micelles (Rose, 1968) and is therefore non-
sedimentable by ultracentrifugation. The whey
proteins, which are molecularly dispersed or
present as small oligomers, are not sedimentable
and remain in the supernatant. Casein prepared
by ultracentrifugation contains the original level
of CCP and can be re-dispersed in a suitable
buffer as micelles with properties similar to
those of the original micelles. Casein micelles
prepared in this way are very useful for the study of
their properties in the absence of whey proteins.

2.2.3 Centrifugation After Enrichment
with Calcium

Addition of CaCl, to ~0.2 M causes aggregation
of the casein to such an extent that it can be
sedimented readily by low-speed centrifugation.
If Ca-fortified milk is heated to ~90°C, the
casein aggregates and precipitates without centrif-
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ugation. The whey proteins are denatured on
heating at 90°C and co-precipitate with the
caseins to yield a product known as casein-whey
protein co-precipitate, which is processed in a
manner similar to that used for casein. Casein
co-precipitates are produced on a commercial
scale but have enjoyed only limited commercial
success, with poor solubility being a significant
limitation to their use in many applications. This
method is not useful for the production of casein
for research purposes.

2.2.4 Salting-Out Methods

Casein can be precipitated from solution by any
of several salts. Addition of (NH,),SO, to milk at
a concentration of 260 gL~ causes complete
precipitation of the caseins, together with some
of the whey proteins (immunoglobulins [Igs]).
Saturation of milk with MgSO, or NaCl may be
used also; again, the Igs co-precipitate with the
caseins. Saturated NaCl gives clean fractionation
of the caseins and most of the whey proteins,
provided that they are undenatured, and is used to
separate caseins, Igs and denatured lactalbumins
from undenatured whey proteins for the heat
classification of milk powders. It has been argued
(see McKenzie, 1971b) that salting-out methods
cause less denaturation than isoelectric precipita-
tion, but the latter is almost always used to sepa-
rate caseins from the whey proteins.

2.2.5 Membrane Filtration

All the milk proteins are retained by small-pore,
semi-permeable membranes that may be used to
isolate the total proteins from milk or the whey
proteins from whey; the proteins are in the reten-
tate while lactose, soluble salts and other small
molecules are in the permeate. This process,
referred to as ultrafiltration, is used widely for
the industrial-scale production of whey protein
concentrates (WPCs) and to a lesser extent for
the production of milk protein concentrates
(MPCs). Intermediate pore size (i.e. 0.1-1.0 pm)
microfiltration membranes are used to a limited
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extent industrially to separate casein micelles
from whey proteins. The casein fraction produced
using such technology is referred to as phospho-
casein, native micellar casein or milk casein
concentrate, while the whey fraction is referred
to as native, ideal or virgin whey (Pierre et al.,
1992; Kelly et al., 2000; Rizvi and Brandsma,
2002). These casein- and whey-enriched ingredi-
ents have many interesting and high growth
potential applications in the areas of cheese
milk fortification, infant nutrition, clinical nutri-
tion and premium physico-chemical function-
ality applications (e.g., high gel strength).
Microfiltration membranes with even larger
pores (1-2 pum) are used to remove bacteria,
spores and other particulate matter from milk,
with both casein and whey proteins being present
in the permeate. This technology is used to
remove microorganisms from milk (>99.9%
removal) for the production of extended shelf-
life beverage milk and cheese milk. It is also used
to remove lipoprotein particles from whey in the
production of defatted WPC and whey protein
isolates (WPIs).

2.2.6 Gel Filtration

It is possible to separate the caseins from the
whey proteins by gel permeation chromatography
on Sephadex or other suitable medium, but this
method is not used either on a laboratory or
industrial scale. It is also possible to resolve the
individual whey proteins by gel permeation,
which is used to a limited extent for laboratory-
scale preparation of protein fractions and for
analytical methods involving whey protein
profiling, quantification and assessment of dena-
turation (Wang and Lucey, 2003; Roufik er al.,
2005; Kehoe et al., 2007; Liskova et al., 2010).

2.2.7 Precipitation by Ethanol

The caseins may be precipitated from milk by
~40% ethanol, while the whey proteins remain
soluble; lower concentrations of ethanol may be
used at lower pH values. The caseins appear to
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be precipitated in micellar form and may be
re-dispersed in water or buffer (Hewedi ef al.,
1985). Much of the fundamental information
on ethanol stability of milk was generated by
David Horne and co-workers at the Hannah
Research Institute over 20 years ago (see Horne,
2003), and while precipitation by ethanol does
not appear to be used either on a laboratory or
industrial scale for the preparation of casein,
this work has provided a basis for understanding
and optimizing the stability of cream liqueur
products.

2.2.8 Cryoprecipitation

Caseins, in a mainly micellar form, may be desta-
bilized and precipitated by freezing milk or,
preferably, concentrated milk at about —10°C.
Precipitation is caused by a decrease in pH and
an increase in Ca** concentration arising from the
precipitation of soluble CaHPO, and Ca(H,PO,),
as colloidal Ca,(PO,),, with the release of H*; the
decrease in pH causes an increase in Ca** concen-
tration. Cryoprecipitated casein is reported to
have good solubility and curd-forming proper-
ties, which may be advantageous, compared with
alternative methods for the production of casein
on a laboratory scale; however, it is reported to
have inferior emulsifying properties compared
with sodium and calcium caseinates (Moon
et al., 1988, 1989). To the authors’ knowledge,
cryoprecipitated casein is not being produced
commercially.

2.2.9 Rennet Coagulation

The casein micelles are destabilized by specific,
limited proteolysis and precipitate or coagulate in
the presence of Ca?*. The casein thus precipitated
is altered, and its properties are very different
from those of isoelectric casein (Mulvihill and
Ennis, 2003). Some properties of rennet casein
make it very suitable for certain food applica-
tions (e.g., analogue cheese manufacture) (Ennis
and Mulvihill, 1999; O’Sullivan and Mulvihill,
2001).
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2.2.10 Preparation of Caseinates

Isoelectric casein, and some of the other forms of
casein prepared as described above, is insoluble
in water but may be converted to water-soluble
caseinates by dispersion in water and adjusting
the pH to ~6.7 with alkali, usually NaOH to yield
sodium caseinate. KOH, NH,OH or Ca(OH), can
also be used, giving the corresponding caseinate
(Mulvihill and Ennis, 2003). In the laboratory,
caseinates may be freeze-dried but are usually
spray-dried in industrial-scale production.

2.2.11 Preparation of Whey Proteins
Although the methods described above are
focused on the preparation of casein, the whey
proteins are, obviously, obtained as a second
stream and may be prepared from the whey
obtained in any of the above procedures by salting-
out or by removing the non-protein constituents
by dialysis, crystallization and/or ultrafiltration.
However, some whey proteins are co-precipitated
with the caseins by some of the methods, and
rennet whey contains casein-derived peptides
(e.g., glycomacropeptide) liberated by the rennet.
On laboratory scale, the whey protein-enriched
streams prepared using the above approaches are
typically freeze-dried for further analysis.

2.3 Comparison of Key Properties
of Casein and Whey Proteins

2.3.1 Solubility at pH 4.6

As described above, the caseins are, by definition,
insoluble at pH 4.6, whereas the whey proteins are
soluble under the ionic conditions of milk,
although they are least soluble around pH 4.6, with
isoelectric points ranging from approximately pH
4.2 to 5.4 (Gordon, 1971; McKenzie, 1971d). The
isoelectric precipitation of casein is of major
industrial significance since it permits the produc-
tion of caseins and caseinates, fermented milk
products and acid-coagulated cheeses.
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2.3.2 Coagulability by Limited
Proteolysis

Also, as described above, the caseins are coagu-
lable after specific, limited proteolysis, whereas
the whey proteins are not. This property of the
caseins is exploited in the production of the
rennet-coagulated cheese (~75% of all cheese)
and rennet casein.

2.3.3 Heat Stability

The caseins are very heat-stable. Milk at pH 6.7
may be heated at 100°C for 24 h without coagula-
tion and withstands heating at 140°C for up to
20-25 min; aqueous solutions of sodium caseinate
are even more stable and may be heated at 140°C
for several hours without apparent changes. The
heat stability of the whey proteins is typical of
globular proteins, and they are denatured com-
pletely on heating at 90°C for 10 min. The
remarkably high heat stability of the caseins,
which is probably due to their lack of typical
stable secondary and tertiary structures (see
Chap. 5), permits the production of heat-sterilized
dairy products with relatively small physical
changes. The heat stability of milk (especially in
concentrated systems) is very important in the
manufacture of many commercial milk-based
products and will be discussed in more detail in
Volume 1, Part B.

2.3.4 Amino Acid Composition

The amino acid composition of the individual
milk proteins will be discussed in the appropriate
chapters. Suffice it to state here that the caseins
contain high levels of proline (17% of all residues
in B-casein) which largely explains their lack of
a-helix and B-sheet secondary structures. All the
caseins are phosphorylated, while the principal
whey proteins are not. Whole isoelectric casein
contains ~0.8% phosphorus, but the degree of
phosphorylation varies among the individual
caseins (see Chap. 4). The phosphate moieties
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are attached to the caseins mainly as phospho-
monoesters of the serine side chain:

(0]
I ©

—CH, —0—P—0

OH
The presence of phosphate groups has major

significance for the properties of the caseins, e.g.,:

* Molecular charge and related properties such
as hydration, solubility and possibly heat sta-
bility are affected by the presence of phos-
phate groups.

e Metal binding is strongly affected; most of the
calcium, zinc and inorganic phosphorus in milk
are associated with the caseins and affect their
physico-chemical, functional and nutritional
properties. It has been suggested (Holt, 1994)
that the metal-binding properties of casein
might be regarded as a biological function since
they enable a high concentration of calcium
phosphate to be carried in milk in a soluble form
(to supply the requirements of the neonate);
otherwise, calcium phosphate would precipitate
in and block the ducts of the mammary gland.

* Asaconsequence of metal binding, usually of
Ca®, most of the caseins are precipitated by
polyvalent cations, which may be desirable or
undesirable, depending on the product; it is
essential for the rennet coagulation of milk, as
in cheese manufacture.

e The caseins contain a low level of sulphur
(0.8%), while the whey proteins are relatively
rich (1.7%). Differences in sulphur content are
more apparent when the individual sulphur-
containing amino acids are considered. The
sulphur of casein occurs mainly in methionine,
with little cysteine; in fact, the principal casein
is devoid of this amino acid. The whey proteins
are relatively rich in cysteine, which has major
effects on their properties and on the physico-
chemical properties of milk; these effects will
be discussed in several later chapters.

* The whey protein oa-lactalbumin is relatively
rich in tryptophan, which, due to its role in
synthesis of the neurotransmitter serotonin, is
important for the use of o-lactalbumin-en-
riched whey protein ingredients in infant and
clinical nutritional products.
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2.3.5 Site of Biosynthesis

The caseins are synthesized in the mammary
gland and are unique to this organ. Presumably,
they are synthesized to meet the amino acid
requirements of the neonate and, as indicated
above, as carriers of important elements required
by the neonate. The principal whey proteins are
also synthesized in, and are unique to, the mam-
mary gland, but several minor proteins in milk
are derived from blood, either by selective trans-
port or due to leakage. Most of the whey proteins
have a biological function, which will be dis-
cussed in the appropriate chapters.

2.3.6 Physical State in Milk

The whey proteins exist in milk as monomers or
as small quaternary structures. In contrast, the
caseins exist as large colloidal aggregates, known
as micelles. The micelles in bovine milk range
from ~50 to 500 nm in diameter, with an average
of ~150 nm and an average molecular mass of
~108 Da and contain about 5,000 molecules. The
white colour of milk is due largely to the scatter-
ing of light by the casein micelles. The caseins in
the milk of different species occur as micelles, at
least all are white but the micelles of only ~15
species have been examined (Buchheim ef al.,
1989). They range in size from ~50 nm in human
milk to ~500 nm in equine and asinine milks. The
structure, properties and stability of the casein
micelles are of major significance for the techno-
logical properties of milk and, consequently, have
been the subject of intensive research which is
reviewed later in this chapter and in Chap. 6.

2.4 Heterogeneity and Fractionation
of Casein

Hammersten and subsequent workers for the next
40 years believed that well-prepared isoelectric
casein was a homogeneous protein. However,
during the early years of the twentieth century,
some evidence was presented that it might be het-
erogeneous, which was first demonstrated by
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Osborne and Wakeman and by Linderstrgm-Lang
and collaborators (see McMeekin, 1970). By
treatment of isoelectric casein with ethanol-HCI
mixtures, Linderstrgm-Lang and Kodoma (1929)
obtained three major casein fractions, which dif-
fered considerably in phosphorus content, about
1.0, 0.6 and 0.1%, and several minor fractions.
However, it was suggested that the rather severe
fractionation method used by these workers may
have caused artefacts, and the heterogeneity of
casein was not generally accepted until the appli-
cation of analytical ultracentrifugation by
Pedersen (1936) and free-boundary electrophore-
sis by Mellander (1939) to the study of casein.
Electrophoresis, which was performed under
mild conditions, showed clearly that isoelectric
casein is a mixture of three proteins, which were
named a, B and y in order of decreasing electro-
phoretic mobility; these proteins represented
about 75%, 22% and 3% of whole casein, respec-
tively. Following the demonstration of its hetero-
geneity, several attempts were made to fractionate
casein into its components. The first reasonably
successful method was that of Warner (1944),
who exploited differences in the solubility of a-
and B-caseins at pH 4.4 (the isoelectric point of
a-casein) and 2°C; under these conditions,
B-casein (isoelectric pH ~4.9) is more soluble
than a-casein. Repeated precipitation and resolu-
bilization under these conditions gave reasonably
homogeneous preparations of a- and (-caseins,
but yields were low, and the method was time-
consuming. A much more satisfactory fraction-
ation method was developed by Hipp et al.
(1952). In fact, these workers developed two
methods based on (1) differential solubilities of
a-, B- and y-caseins in urea solutions at pH 4.9
or (2) on differential solubility in ethanol-water
mixtures. The urea method is easier and more
effective and was widely used for many years
until the widespread application of ion-exchange
chromatography. The use of a high concentration
of urea has been criticized because it causes
extensive denaturation of proteins, which is not
particularly serious in the case of caseins, which
are not highly structured. In addition, urea decom-
poses to ammonium carbamate and ammonia,
especially at alkaline pH, and on heating,
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carbamate reacts with the g-group of lysine to
form homocitrulline.

The phosphorus content of the a-, B- and
y-caseins isolated by Hipp et al. (1952) was 1.0%,
0.6% and 0.1%, respectively, i.e. similar to the
values reported by Linderstrgm-Lang and
Kodoma (1929) for their three major fractions.
The a-casein peak which tended to split on free-
boundary electrophoresis (Tobias et al., 1952;
Slatter and van Winkle, 1952) was shown by
Waugh and von Hipple (1956) to consist of two
proteins with very different properties, which
were referred to as o, - and k-caseins. Although it
was well known that caseinates were precipitated
by Ca?, the possibility of using Ca?* to fraction-
ate the caseins was not reported until that time.
Waugh and von Hipple (1956) sedimented the
casein micelles from Ca-enriched (0.6 M) milk
and re-dispersed the pellet (which contained all
the caseins and a little whey protein) in 0.4 M
potassium oxalate which sequestered micellar
calcium (citrate was later usually used for this
purpose). The insoluble calcium oxalate formed
was removed by centrifugation and excess solu-
ble oxalate removed by dialysis. The resulting
protein solution was very similar to Na-caseinate
and was referred to as first cycle casein. It is not
clear why ultracentrifugally prepared micelles
rather than Na-caseinate were used to prepare
first cycle casein. When first cycle casein at 27°C
was made to 0.25 M with CaCl,, part of the pro-
tein precipitated but part remained soluble. The
Ca-insoluble fraction, referred to as second cycle
casein, was shown by free-boundary electropho-
resis to be mainly o- and B-caseins while the
soluble fraction, referred to as fraction S, was
found to contain P-casein and a heretofore
unknown protein, which was called k-casein. The
Ca-insoluble o-casein was called o -casein, ‘s’
signifying Ca-sensitive (Fig. 2.2).

k-Casein, which represents ~15% of total
casein, is soluble in the presence of Ca** and
when mixed with the calcium-sensitive o - and
B-caseins, can stabilize them against Ca?* in milk
with the formation and stabilization of casein
micelles, in which it serves as the protective col-
loid (schutz colloid). k-Casein is hydrolysed by
rennet resulting in the coagulation of milk. It is



52

Skim Milk

J.A.O'Mahony and P.F. Fox

0.06 M CaCl,, 5°C, 45,000 x g

Supernatant
Whey Proteins Calcium caseinate gel
K oxalate (0.4 M)
Dialyze
First cycle soluble casein (o, B, x)
0.25 M CaCl,, 37°C, 900 x g
Supernatant ppt
K oxalate K oxalate
Dialyze Dialyze
\ Y
Fraction S Second cycle
x+f soluble casein
as+p

Fig. 2.2 Fractionation of casein according to Waugh and von Hipple (1956)

also responsible for many other technologically
important properties of the milk protein system.
Numerous chemical methods were soon devel-
oped for the isolation of k-casein, probably the
most widely used of which were those of
Swaisgood and Brunner (1962) and Zittle and
Custer (1963), both of which use very severe
conditions—12% TCA or pH 1.3-5, respectively,
in 6.6 M urea.

Prepared by the method of Waugh and von
Hipple (1956), o -casein was found to be very
heterogeneous when analyzed by gel electropho-
resis. Apart from contamination with - and
K-caseins, it can be resolved into one major, two
medium and several minor bands. These compo-
nents were resolved by Annan and Manson
(1969) and named o, , to o . It is now known that
these proteins are of two distinctly different types,
now named o - and ocbz-caseins, each of which is
heterogeneous. The cause of the heterogeneity is
explained below under Sect. 2.6.

The methods of Hipp et al. (1952) and of Zittle
and Custer (1963) were combined by Fox and

Guiney (1972) to provide a method for the prepa-
rationof o -, & -, -, k- and y-caseins in relatively
large quantities and in fairly homogeneous forms.
However, chemical methods have now been largely
superseded by ion-exchange chromatography,
which gives superior results, although on a smaller
scale. For research and analytical purposes, the
caseins are usually fractionated by anion-exchange
chromatography, usually using a buffer containing
a reducing agent (usually 2-mercaptoethanol) and
a high concentration (5-6 M) of urea to reduce and
dissociate the caseins, respectively (see Strange
et al., 1992; Imafidon et al., 1997). More recently,
chromatographic methodology has also been
developed for simultaneous identification and
quantification of the major casein and whey pro-
teins in milk-based products (Bordin et al., 2001);
samples are treated with guanidine hydrochloride,
dithiothreitol and trisodium citrate before resolu-
tion on a C, reversed phase HPLC column, with
photodiode array detection.

Strategies for fractionation and enrichment of
individual caseins, suitable for scale-up, have
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also been developed at laboratory and pilot scale
(Murphy and Fox, 1991; Huppertz et al., 2006;
O’Mahony et al., 2007). Such approaches pri-
marily exploit the tendency for B-casein to dis-
sociate from casein micelles in milk/aqueous
caseinate dispersions at low temperature with
centrifugal separation or membrane filtration
used to harvest the B-casein-enriched supernatant
or permeate fractions, respectively. B-Casein is
reported to be more easily digested than whole
casein or ocs—casein, which is of particular
significance for infant and clinical nutrition appli-
cations. To the authors’ knowledge, the only
commercially available B-casein-enriched prod-
uct is that manufactured by Kerry Ingredients,
Tralee, Co. Kerry, Ireland (Ultranor Beta™).

2.5 Application of Gel
Electrophoresis to the Study
of Milk Proteins

Zone electrophoresis on solid media was intro-
duced in the 1940s. Initially, filter paper and
later cellulose acetate were used and gave good
results with many protein systems. However,
since the caseins have a very strong tendency to
associate hydrophobically, the resolution obtained
by electrophoresis on paper or cellulose acetate
was little better than that obtained with free-
boundary electrophoresis, although easier to
operate. Electrophoresis on starch gels (SGE)
which was introduced to general protein chemis-
try in 1955 (Smithies, 1955; Poulik, 1957) was
applied to the study of the caseins by Wake and
Baldwin (1961). The resolving power of SGE
was far superior to that of any of its predecessors.
Wake and Baldwin (1961) used a discontinuous
tris-citrate/borate buffer and included 7 M urea in
the gels to dissociate the caseins. The method was
improved (Neelin, 1964) by including the reduc-
ing agent, 2-mercaptoethanol, in the starch gel to
reduce the intermolecular disulfide bonds in o -
and k-caseins; this modification resulted in several
discrete bands for k-casein which otherwise
formed a smear. SGE resolved isoelectric casein
into about 20 bands which were shown to be due
to the microheterogeneity of the principal caseins,
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as described in Sect. 2.5. The high degree of
heterogeneity shown by SGE in casein indicated
the need for a rational nomenclature system; both
Wake and Baldwin (1961) and Neelin (1964) pro-
posed nomenclature systems; the system pro-
posed by the former was widely adopted but has
been extensively modified as the cause of the het-
erogeneity of casein became clear (see Sect. 2.5).

Electrophoresis on polyacrylamide gels
(PAGE) was applied to the study of the caseins by
Peterson (1963). PAGE and SGE give similar
results, but PAGE is far easier to use and has
become the standard electrophoretic method for
analysis of caseins (and most other protein sys-
tems). Gel electrophoretic methods for the analy-
sis of milk proteins have been reviewed by
Swaisgood (1975), Strange et al. (1992), Van
Hekken and Thompson (1992), O’Donnell et al.
(2004) and Chevalier (2011a, b). The effective-
ness of a number of electrophoretic methods for
the resolution of cheese proteins was compared
by Shalabi and Fox (1987) and IDF (1991). In
our laboratory, the procedure of Andrews (1983)
with a stacking gel is used with very good results;
the gels are stained directly with Coomassie
G250, as described by Blakesley and Boezi
(1977). Figure 2.3 provides an example of the use
of such methodology for evaluating interspecies
differences in milk protein profiles.

Sodium dodecyl sulphate (SDS)-PAGE, which
resolves proteins mainly on the basis of molecu-
lar mass, is very effective for most proteins, but
since the mass of the four caseins is quite similar,
SDS-PAGE is not very effective. 3-Casein, which
has very high surface hydrophobicity, binds a dis-
proportionately high amount of SDS and, conse-
quently, has a higher electrophoretic mobility
than o -casein, although it is a larger molecule
(Creamer and Richardson, 1984). SDS-PAGE is
very effective for the resolution of whey proteins
and is the method of choice. The method used in
our laboratory is based on that of Laemmli (1970).
The more recent advent of advanced proteomic
approaches based on traditional gel electrophore-
sis, such as high-resolution two-dimensional
electrophoresis (possibly with mass spectrometry
identification/quantification), has proven very
effective for protein profiling and for assessing



54

J.A.O'Mahony and P.F. Fox

Fig. 2.3 Urea-PAGE of the milk of various species.
Lanes: / Macaque monkey; 2 Human milk; 3 African
elephant; 4 Rhinocerous; 5 Bovine sodium caseinate; 6
whey protein isolate (Uniacke-Lowe et al., unpublished
results)

the pattern and extent of protein hydrolysis in
more complex milk protein systems (Mann et al.,
2001; Yamada et al., 2002; Manso et al., 2005;
Armaforte et al., 2010; Chevalier, 2011b).
Figure 2.4 illustrates the use of two-dimensional
electrophoresis for detailed analysis of the pro-
tein profile of bovine milk.

2.6 Microheterogeneity
of the Caseins

It will be apparent from the foregoing discussion
that isoelectric casein consists of four principal
proteins, o= O, - and k-, which represent
approximately 38%, 10%, 35% and 15%, respec-
tively, of whole casein. However, SGE or PAGE
indicates much greater heterogeneity, which is
due to relatively small variations in one of the four
principal caseins. These minor variations, referred
to as microheterogeneity, arise from five factors.
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Fig. 2.4 Two-dimensional electrophoretogram of bovine
milk under reducing conditions using isoelectric focusing
in the range pH 4-7 for the first dimension and a 12%

pld-7

acrylamide gel for the second dimension (Uniacke-Lowe
et al., unpublished results)
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2.6.1 Variability in the Degree

of Phosphorylation

All the caseins are phosphorylated but to a differ-
ent extent, with each showing variability in the
degree of phosphorylation:

Number of phosphate residues

Casein per mole

o, 8, occasionally 9

o, 10, 11,12 or 13

B 5, occasionally 4

K 1, occasionally 2 or perhaps 3

The number of phosphate residues is indicated
thus:

o, -CN 8P, -CN 5P, etc.

Before the true relationships of the caseins
were established, ocsl—CN 8P and ocS]—CN 9P were
referred to as o, and o, respectively, and ocsz-CN
13P, abQ-CN 12P, (xsz-CN 11P and (xsz-CN 10P as
a,-, -, o - and o -, respectively.

270 P37

2.6.2 Genetic Polymorphism

Aschaffenburg and Drewry (1955) showed that the
whey protein, 3-lactoglobulin, exists in two forms
(variants, polymorphs) A and B, which differ from
each other by only two amino acids. The variant
found in the milk of any animal is genetically con-
trolled and may be AA, AB or BB, depending on
the genetic profile of the parents. The phenomenon
referred to as genetic polymorphism occurs in all
milk proteins, with at least 25 genetic polymorphs
of bovine milk proteins known. Since PAGE differ-
entiates on the basis of charge, only polymorphs
which differ in charge (i.e. in which a charged residue
is replaced by an uncharged one or vice versa) are
detected; therefore, it is very likely that only a small
proportion of the genetic polymorphs of milk pro-
teins have been detected. The genetic polymorph(s)
present is indicated by a Latin letter as follows:

B-CN A5P,0, - CNB9P,x-CN A 1P, etc.

The genetic polymorphism of milk proteins is
reviewed in Chap. 15.
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2.6.3 Disulfide Bonding

a,- and B-caseins are devoid of cysteine, but both
a - and K-caseins contain two cysteine residues
which are involved in intermolecular disulfide
bonds. o ,-Casein exists as a disulfide-linked
dimer while up to ten k-casein molecules may be
linked by disulfide bonds. As mentioned above,
inclusion of a reducing agent in the gel for SGE
or PAGE is required for good resolution of
K-casein. In the absence of a reducing agent, o -
casein appears as a dimer which was originally
called o ;-casein.

2.6.4 Variationsin the Degree
of Glycosylation

k-Casein is the only member of the casein family
which is glycosylated. It contains galactose,
N-acetylgalactosamine and N-acetylneuraminic
(sialic) acid, which occur as tri- or tetrasaccha-
rides, the number of which varies from O to 4 per
molecule of protein (i.e. a total of nine variants).

2.6.5 Hydrolysis of the Primary
Caseins by Plasmin

Milk contains several indigenous proteinases, the
principal of which is plasmin, a trypsin-like, ser-
ine-type proteinase from blood; it is highly
specific for peptide bonds with a lysine, or to a
lesser extent, arginine, at the N-terminal side of
the scissile bond (Kelly and McSweeney, 2003).
The preferred casein substrates are 3 and o ; o
is also relatively susceptible, but k-casein is quite
resistant. All the caseins contain several lysine
and arginine residues, but only a few bonds are
hydrolysed rapidly. The specificity of plasmin on
the individual caseins is discussed in Chap. 12.
Suffice it to say here that B-casein is hydrolysed
rapidly at the bonds Lys -Lys,, Lys,-His, , and
Lys,-Glu, . The resulting C-terminal peptides
are the y-caseins (y': B-CN £29-209; y* B-CN
f106-209; v* B-CN f108-209), while the
N-terminal peptides are included in the proteose
peptone fraction (Kelly and McSweeney, 2003).


http://dx.doi.org/10.1007/978-1-4614-4714-6_15
http://dx.doi.org/10.1007/978-1-4614-4714-6_12
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The y-caseins represent ~3% of total casein and
are readily apparent on PAGE of whole casein
(Aimutis and Eigel, 1982). The other plasmin-
produced peptides are either too small to be
readily detectable by PAGE, or their concentra-
tions are very low relative to the principal caseins.
As discussed above under Sect. 2.4, the y-caseins
were among the first components recognized, and
it was assumed that they were synthesized as
such. Before their true identity was discovered,
the three y-casein components were referred to as
follows:

v' -CN:y-CN;
Y>-CN:TS-AandS;
¥’ -CN:TS-Band R

Note: TS =temperature sensitive, since these
peptides are soluble at low temperatures but
aggregate on heating; A and B represent genetic
variants.

Although a,,-casein in solution is also quite
susceptible to plasmin (Le Bars and Gripon,
1989; Visser et al., 1989b), peptides derived from
o ,-casein are not evident in milk, probably
because they are present at very low concentra-
tions. Although less susceptible to plasmin than
a - or B-casein, o -casein in solution also is
hydrolysed readily by plasmin (Le Bars and
Gripon, 1993; McSweeney et al., 1993).
El-Negoumy (1973) proposed that a minor casein
fraction, known as A-casein, consisting of about
nine components which could be resolved by
SGE, is produced from o -casein by plasmin.
These peptides migrate ahead of o -casein in
alkaline PAGE gels. O’Flaherty (1997) isolated
and partially identified seven of these peptides as
representing N-terminal fragments of o, -casein,
released by plasmin activity.

2.7 Nomenclature of Milk Proteins

In addition to the genuinely new and unique milk
proteins isolated during the period of greatest
activity on milk protein research (1950-1970),
several other casein (and whey protein) fractions
were prepared that were either similar to proteins
already isolated and named, were heterogeneous,
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or were artefacts of the isolation procedure. In
order to regularize the nomenclature of the milk
proteins, the American Dairy Science Association
(ADSA) established a Committee on the
Nomenclature, Classification and Methodology
of Milk Proteins, which has published seven
reports (Jenness et al., 1956; Brunner et al., 1960;
Thompson et al., 1965; Rose et al., 1970; Whitney
etal., 1976; Eigel et al., 1984; Farrell et al., 2004).
The objective of this committee was to develop a
flexible nomenclature system that allows for the
incorporation of new discoveries arising from the
extensive proteomic work conducted to date (and
still underway). In addition to simplifying and
standardizing the nomenclature of the milk pro-
teins, the characteristics of the various caseins
and whey proteins, along with details of the meth-
odologies used to identify and characterize such
proteins, are summarized in these articles, which
are very valuable references.

The above reports produced by the ADSA
Committee on the Nomenclature, Classification
and Methodology of Milk Proteins are confined
to skim milk proteins, excluding enzymes. Over
the last 10-20 years, significant progress has
been made in elucidating the primary structures
of many of the proteins associated with the fat
globule membrane in milk (~1% of the total pro-
tein in milk). These scientific developments,
along with growing technological and commer-
cial interest in the milk fat globule membrane
(MFGM), led to the establishment of a separate
review being sponsored by the ADSA
Nomenclature Committee on proteins associated
with the MFGM (Mather, 2000).

2.8 Whey Proteins

About 20% of the total protein of bovine milk
remain soluble at pH 4.6 and are generally referred
to as whey (or serum) proteins or non-casein
nitrogen; whey contains some phosphopeptides
derived from the caseins (i.e. the PPs) which
should be classified as derived from the caseins.
The whey proteins as a group are readily prepared
from milk by any of the methods described for the
preparation of casein, i.e. the proteins which are:
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e Soluble at pH 4.6

e Soluble in saturated NaCl

e Soluble after rennet-induced coagulation of
the caseins

e Separated from the casein micelles by gel
filtration or microfiltration

e Are not sedimented by ultracentrifugation,
with or without added Ca?

The composition and properties of products
prepared by these various methods differ slightly.
Acid whey contains the PP fraction, but no glyco-
macropeptide produced from k-casein by rennet
action; immunoglobulins are precipitated along
with the caseins by saturated NaCl; rennet whey
contains the glycomacropeptide from k-casein,
plus small amounts of casein; microfiltration per-
meates may contain casein monomers (particu-
larly B-casein), in addition to whey proteins, if
microfiltration is conducted at <10°C; and small
casein micelles remain in the ultracentrifugal
serum, especially if Ca is not added. The salt
composition of the serum differs very consider-
ably in whey produced by various methods. The
whey prepared by any of the above methods,
except by gel filtration, contains lactose and sol-
uble salts. For research purposes, purified whey
proteins may be prepared from such whey frac-
tions by dialysis or ultrafiltration and freeze-dry-
ing the retentates.

On a commercial scale, whey protein-rich
products are prepared by:

e Ultrafiltration/diafiltration of liquid whey to
remove varying amounts of lactose and other
low molecular weight soluble components
(e.g., salts and NPN), evaporation and spray-
drying to produce WPCs (30-85% protein).

e Jon-exchange chromatography—in which the
proteins are adsorbed on an ion exchanger,
washed free of lactose and salts, and then
eluted with acid or alkali; the protein concen-
tration in the eluates is increased by
ultrafiltration, before evaporation and spray-
drying to yield WPI, containing ~95% protein.

* Integrated ultrafiltration and microfiltration
membrane processing may also be used in
the production of WPIL In such processes,
ultrafiltration is used, as above, to first con-
centrate the proteins in liquid whey. During
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ultrafiltration, any residual fat and phospho-

lipid material from the liquid whey is concen-

trated along with the protein. Microfiltration is
used to remove such fat/phospholipid material
from protein concentrates in the production of

WPIs.
¢ Demineralization of whey by electrodialysis

or ion-exchange chromatography. In industrial

demineralization installations, nanofiltration
is often used for pre-concentration and partial
demineralization of liquid whey.

e Thermal evaporation of water in the produc-
tion of whey concentrates.

e Crystallization of lactose, followed by removal
of lactose crystals (e.g., using a decanter
centrifuge), to concentrate whey proteins in
liquid whey.

e Thermal denaturation, removal of precipitated
protein, filtration/centrifugation and drying, to
yield lactalbumin, which has very low solubil-
ity and poor functionality.

Several other methods are available for the
recovery of whey proteins from whey, but they
are not used commercially. Several methods for
the purification of the major and minor whey pro-
teins on a commercial scale have also been devel-
oped (Mulvihill and Ennis, 2003).

2.9 Fractionation of Whey Proteins

It was recognized early that acid whey contains
two well-defined groups of proteins: (1) lactalbu-
mins, which are soluble in 50% saturated
(NH,),SO, or saturated MgSO,, and (2) lacto-
globulins, which are salted-out under these con-
ditions and comprise mainly of immunoglobulins.
The lactalbumin fraction was considered homo-
geneous until Palmer (1934) isolated and crystal-
lized a protein which behaved as an albumin in
that it was soluble in half-saturated (NH,),SO, or
saturated MgSO,, but had some characteristics of
globulins (i.e. was insoluble in pure water at its
isoelectric point (pH 5.2) but was soluble in dilute
salt solutions). This protein was identified as the
B-peak in free-boundary electrophoretograms of
milk proteins; initially it was called B-lactalbu-
min but later renamed fS-lactoglobulin.
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Sorensen and Sorensen (1939) developed sev-
eral methods for the crystallization of B-lacto-
globulin (B-Lg) and also isolated a number of
minor (red and green) proteins and a ‘crystalline
insoluble substance’ (CIS) from the mother liquor
following crystallization of B-Lg. An improved
method for the preparation of CIS from the
mother liquor from B-Lg crystallization was
developed by Gordon and Semmett (1953). They
also showed that the electrophoretic mobility and
sedimentation coefficient of CIS were essentially
identical to those of the a-peak in electrophoretic
and sedimentation patterns of whey and proposed
that CIS be called o-lactalbumin, although the
protein was only slightly soluble in H,O and,
therefore, is not a true albumin.

Polis et al. (1950) isolated and crystallized a
minor protein from B-Lg mother liquor by frac-
tionation with (NH,),SO, and ethanol; it is a true
albumin and was shown to be identical to bovine
BSA.

A number of metal-containing proteins,
including lactoperoxidase, lactoferrin and serum
transferrin, have also been isolated from whey
and will be discussed in more detail in Chaps. 10
and 11. Lactoferrin is a major protein in human
milk with several biological functionalities.

Several improved procedures for the isolation
of o-La and B-Lg have since been developed.
Early methods were based on salting-out from
whole milk, skim milk, rennet or acid whey, e.g.,
Aschaffenburg and Drewry (1957) and Armstrong
et al. (1967). In each procedure, fat and casein, if
present, are removed in the first step. Fox et al.
(1967) exploited the solubility of B-Lg in ~3%
TCA while all other proteins are insoluble; this is
the easiest of these three methods, and highly
purified B-Lg may be prepared by just one step.
Since the methods of both Fox et al. (1967) and
Aschaffenburg and Drewry (1957) may cause
denaturation, the method of Armstrong et al.
(1967) which is performed close to neutrality is
recommended but is a rather complicated proce-
dure. Both B-Lg and a-La may be purified by
chromatography on Sephadex and/or DEAE-
Sephadex or DEAE-cellulose (see McKenzie,
1971b). Genetic variants of B-Lg have been frac-
tionated on DEAE-Sephadex. Methods for the
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isolation of whey proteins were reviewed by
Imafidon et al. (1997).

There is considerable interest in the produc-
tion of most of the major and minor whey pro-
teins on a commercial scale for nutritional or
functional applications. Several methods, based
on ion-exchange chromatography, membrane
filtration technology and thermal, physical and
chemical treatments, have been proposed and/or
developed for the industrial-scale production of
many of the whey proteins (e.g., Amundson et al.,
1982; Pearce, 1983; Mailliert and Ribadeau-
Dumas, 1988; Stack et al., 1998; Kristiansen
etal., 1998; Cheang and Zydney, 2004; Andersson
and Mattiasson, 2006; Marella et al., 2011).
Many of these approaches used for industrial-
scale production of whey protein-enriched ingre-
dients are discussed in more detail by Mulvihill
and Ennis (2003).

Individual whey protein-enriched/pure ingre-
dients are commercially available from several
dairy ingredient companies. Examples of such
ingredients include Bioferrin® (lactoferrin) from
Glanbia Nutritionals (Evanston, IL, USA),
Hilmar™ 8800 (a-lactalbumin-enriched WPC)
from Hilmar Ingredients (Hilmar, CA, USA) and
LACPRODAN® OPN-10 (osteopontin) ingredient
from Arla Foods Ingredients (Viby, Denmark).

2.10 Some Major Characteristics
of Whey Proteins

2.10.1 B-Lactoglobulin

B-Lactoglobulin is a major protein in bovine
milk, representing ~50% of whey proteins and
12% of the total protein. It was among the first
proteins to be crystallized and, since it could be
crystallized readily in large amounts, was for
long considered to be homogeneous and a typical
globular protein. It has been a favourite subject
for protein biochemists and is, therefore, very
well characterized. The extensive literature has
been reviewed by McKenzie (1971c¢), Swaisgood
(1982), Hambling et al. (1992), Sawyer (2003),
Kontopidis et al. (2004) and Chatterton et al.
(2006) and is also updated in Chap. 7.


http://dx.doi.org/10.1007/978-1-4614-4714-6_10
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B-Lactoglobulin is the principal whey protein
in the milk of the cow, buffalo, sheep and goat,
although there are slight interspecies differences
(see Chap. 13). At one time, it was considered
that B-Lg occurs only in the milk of ruminants,
but it is now known that -Lg occurs in the milk
of the sow, mare, kangaroo, dolphin and manatee.
However, B-Lg does not occur in human, rat,
mouse or guinea pig milk, in which a-La is the
principal whey protein.

Four genetic variants, A, B, C and D, of bovine
B-Lg have been identified. A fifth variant, which
contains carbohydrate, has been identified in the
Australian breed, Droughtmaster (Zappacosta
et al., 1998). Further variants occur in the milk of
yak and Bali cattle (see Chap. 15). Genetic poly-
morphism also occurs in ovine and caprine -Lg.

Bovine B-Lg consists of 162 residues per
monomer, with a MW of ~18.3 kDa; the amino
acid sequence of B-Lg from several species has
been established (see Chap. 7). It is rich in sul-
phur-containing amino acids, which give it a high
biological value of 110. It contains two intramo-
lecular disulfide bonds and 1 mol of cysteine per
monomer of 18 kDa (Sawyer, 2003). The cysteine
is especially important since it reacts, following
heat denaturation, with the intermolecular
disulfide of k-casein and significantly affects ren-
net coagulation and heat stability properties of
milk (O’Connell and Fox, 2003). It is also respon-
sible for the cooked flavour of heated milk. Some
B-Lgs (e.g., porcine) do not contain a free sulphy-
dryl group. The isoelectric point of bovine 3-Lg
is ~pH 5.2.

Equine milk contains two isoforms of $-Lg, I
and II; like bovine B-Lg, equine B-Lg I contains
162 amino acid residues, but 3-Lg IT has 163 resi-
dues. Equine B-Lg I has a molecular mass of
18.5 kDa and an isoelectric point of pH 4.85,
while equine B-Lg II has a molecular mass of
18.3 kDa and an isoelectric point of pH 4.7. In
contrast to bovine 3-Lg, equine 3-Lg contains no
free sulphydryl group. Asinine milk also has two
forms of B-Lg, B-Lg I and B-Lg II.

B-Lg is a highly structured, compact, globular
protein. Optical rotary dispersion and circular
dichroism measurements show that, in the pH
range 2-6, 10-15% of the molecule exists as
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a-helices, 43% as -sheets and 47% as unordered

structures, including B-turns. The -sheets occur

in a B-barrel-type structure; each monomer exists
almost as a sphere, about 3.6 nm in diameter; its

tertiary structure is known (see Chap. 7).

B-Lg shows rather interesting association char-
acteristics (Timasheff and Townend, 1962;
McKenzie, 1967; Swaisgood, 1982; Hambling
etal., 1992; Sawyer, 2003; Kontopidis et al., 2004;
de Wit, 2009; see also Chap. 7). Early work indi-
cated that the monomeric MW of B-Lg was
~36 kDa, but it was soon shown that at <pH 3.5
and >pH 7.5, B-Lg dissociates to monomers of
18 kDa. Between pH 5.5 and 7.5, bovine B-Lg
forms dimers of MW ~36 kDa. Between pH 3.5
and pH 5.2, especially at pH ~4.6, bovine 3-Lg A
forms octamers of MW ~144 kDa. Porcine and
other B-Lgs which lack a free thiol do not form
dimers; however, lack of a thiol group is probably
not directly responsible for the failure to dimerize.

Owing to its high levels of secondary and ter-
tiary structures, B-Lg is very resistant to proteol-
ysis in its native state (Guo et al., 1995), a feature
which suggests that the primary function of B-Lg
is not nutritional. Indeed, its resistance to prote-
olysis is the principle behind a method developed
for its industrial-scale isolation (Kinekawa and
Kitabatake, 1996; Konrad et al., 2000). Since all
the other whey proteins have some biological
function, it has long been felt that B-Lg might
have a biological role. Either or both of two roles
have been suggested:

1. It can bind and may act as a carrier for retinol
(vitamin A); B-Lg can bind retinol in a hydro-
phobic pocket, protect it against oxidation and
transport it through the stomach to the small
intestine where the retinol is transferred to a
retinol-binding protein, which has a similar
structure to B-Lg. Unanswered questions are
how retinol is transferred from the core of the
fat globules, where it occurs in milk, to 3-Lg
and how humans and rodents have evolved
without B-Lg. B-Lg is capable of binding
many hydrophobic molecules and hence its
ability to bind retinol may be incidental. It is a
member of the lipocalin family of proteins
which contains 14 members, all of which bind
hydrophobic molecules (Flower et al., 2000).
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2. Through its ability to bind fatty acids, B-Lg
stimulates lipase activity, which may be its
most important physiological function.

B-Lg is one of the most allergenic proteins in
bovine milk for human infants (El-Agamy, 2007),
perhaps because human milk lacks B-Lg. B-Lac-
toglobulin, due to its relative concentration in
whey and ease of denaturation on heating, is one
of the principal determinants of the physico-
chemical properties (e.g., thermal gelation) of
whey protein ingredients.

2.10.2 Whey Acidic Protein

Whey acidic protein (WAP) was identified first
almost 30 years ago in the milk of the mouse and
the rat (Hennighausen and Sippel, 1982; Campbell
et al., 1984) and has since been found also in the
milk of rat, rabbit, camel, wallaby, possum,
echidna and platypus. Since the milk of all of
these species lacks B-Lg, it was thought that these
proteins were mutually exclusive. However, por-
cine milk, which contains 3-Lg, was later found
to contain WAP also (Simpson et al., 1998). The
MW of WAP is 14-30 kDa (the variation may be
due to differences in glycosylation), and it con-
tains two (in eutherians) or three (in monotremes
and marsupials) four-disulfide domains (Simpson
et al., 2000; Demmer et al., 2001). Since human
milk lacks B-Lg, it might be expected to contain
WAP, but there are no reports to this effect. In
humans and ruminants, the WAP gene has been
lost, i.e. a frameshift mutation has transformed
the gene into a pseudogene (Rival-Gervier ef al.,
2003). The physiological function of the WAP
protein is still unknown; however, studies of
sequence similarity between species (Dandekar
et al., 1982) have suggested that it may have a
role as a proteinase inhibitor. It has also been
hypothesized that WAP is involved in terminal
differentiation in the mammary gland (Ikeda
et al.,2002) and has antibacterial activity (Tomee
etal., 1997; Hagiwara et al., 2003; Yenugu et al.,
2004). For more detailed reviews on WAP, see
Simpson and Nicholas (2002) and Hajjoubi et al.
(2006).
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2.10.3 a-Lactalbumin

a-Lactalbumin (a-La) represents ~20% of the
protein of bovine whey (3.5% of total milk pro-
tein) and is the principal protein in human milk
(2.2 gL™h. Tt is a small (MW ~ 14 kDa), well-
characterized protein; the literature has been
reviewed by Kronman (1989), McKenzie and
White (1991), Brew and Grobler (1992), Brew
(2003), Chatterton et al. (2006) and in Chap. 8.

It contains ~1.9% sulphur, including four
intramolecular disulfide bonds per mole. a-La is
relatively rich in tryptophan (four residues per
mole), thereby giving it a specific absorbance at
280 nm of 20. It contains no cysteine (sulphydryl
groups) or phosphate. Its isoionic point is ~pH
4.8, and it has minimum solubility in 0.5 M NaCl
at ~pH 4.8 (Brew and Grobler, 1992).

The milk of Bos taurus contains only one
genetic variant of a-La, B, but Zebu cattle, both
in India and Africa, contain two variants, A and
B. The B variant contains one arginine residue
which is replaced by glutamic acid in a-La A.
Both variants have been detected in Droughtmaster
cattle.

The primary structure of a-La is homologous
with type C lysozyme; of the 123 residues in o-
La, 54 are identical to corresponding residues in
chicken egg white lysozyme, and 23 more are
structurally similar (e.g., serine for threonine and
aspartic acid for glutamic acid) (McKenzie and
White, 1991). Lysozyme evolved before the
divergence of birds and mammals, and o-La
appears to be the result of duplication of the
lysozyme gene at an early stage of mammalian
evolution—it is present in the milk of mono-
tremes. Through its involvement in lactose syn-
thesis (see below), a-La plays a major role in
controlling the composition of milk.

a-La is a compact globular protein which
exists in solution as a prolate ellipsoid with dimen-
sions of 2.5 nmx3.7 nmx 3.2 nm. About 26% of
the sequence occurs as a-helices, 14% as [3-struc-
tures and 60% unordered structure (Brew, 2003).
It has been difficult to crystallize bovine a-La in a
form suitable for X-ray crystallography, which
has hampered work on its tertiary structure, but
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work on the detailed structure of this protein is at
an advanced stage (see Chap. 8).

a-La has been isolated from the milk of the
cow, sheep, goat, sow, human, buffalo, rat and
guinea pig (see Gordon, 1971; Brew and Grobler,
1992; Brew, 2003; Chap. 8). The milk of some
seals contains very little or no a-La. Some minor
interspecies differences in the composition and
properties have been reported (see Chap. 13).

a-Lais a component of lactose synthetase (EC
2.4.1.22), the enzyme which catalyzes the final
step in the biosynthesis of lactose:

UDP - D - galactose + D - glucose
——————lactose + UDP

lactose synthase

Lactose synthetase consists of two dissimilar
protein subunits, A and B; the latter protein is o-
La, and a-La from many species is effective for
bovine lactose synthetase. In the absence of the B
protein, the A protein is a non-specific galacto-
syltransferase, i.e. it transfers the galactose of
UDP-galactose to a range of acceptors, but in the
presence of a-La, it becomes highly specific (K|,
reduced ~1,000-fold) and transfers galactose
mainly to glucose to form lactose. a-La is, there-
fore, a specifier protein, and its action represents
a unique form of molecular control in biological
reactions. The concentration of lactose in milk is
directly related to the concentration of a-La; milk
of those seals which lack a-La contains no lac-
tose. Since lactose is responsible for ~50% of the
osmotic pressure of milk, its synthesis must be
controlled rigidly, and this is possibly the physi-
ological role of a-La. Perhaps, each molecule of
a-La regulates lactose synthesis for a short period
and is then discarded and replaced. While this is
an expensive and wasteful use of an enzyme
modifier, the rapid turnover affords a fast response
should lactose synthesis need to be altered, as in
mastitic infection, when the osmotic pressure
increases due to an influx of NaCl from blood.

The activity of a-La in the mammary gland
controls the concentration of lactose in milk which
in turn determines the movement of water into the
milk, and hence the concentration of lactose is
inversely related to the concentrations of proteins
and lipids in milk (Jenness and Holt, 1987).
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a-La is synthesized in the mammary gland,
but a very low level is transferred, probably via
leaky mammocyte junctions, into blood serum, in
which the concentration of a-La increases during
pregnancy or following administration of steroid
hormones to male or female animals (AkKers,
2000). The concentration of a-La in blood serum
can be used as a reliable, non-invasive indicator
of mammary gland development and the poten-
tial of an animal for milk production.

Although lactose is the principal carbohydrate
in the milk of most species, all milks also contain
many oligosaccharides (~130 in human milk),
ranging in concentration from trace in bovine
milk to 15 gL' in human milk, and are also pres-
ent at relatively high concentrations in the milks
of monotremes, marsupials and bears (Urashima
et al., 2009). The oligosaccharides have lactose
(i.e., glucose and galactose) at the reducing end,
and many contain fucose and N-acetyl neuraminic
acid. It is believed that oligosaccharides were
produced initially to serve mainly as bactericidal
agents for soft-shelled eggs but some was con-
sumed incidentally (Blackburn et al., 1989; see
also Chap. 1). Glucose was conserved for other
functions, and lactose was not synthesized until
the evolution of a-La.

a-La is a metalloprotein; naturally, it binds one
Ca* strongly in a pocket containing four Asp resi-
dues; these residues are highly conserved in o-La
and in lysozyme, but most c-lysozymes do not bind
calcium; an exception is equine milk lysozyme.
The Ca-containing bovine a-La protein is quite
heat-stable (the most heat-stable of the principal
whey proteins), or more correctly, the protein rena-
tures following heat denaturation. (Denaturation
does occur at a relatively low temperature, as indi-
cated by differential scanning calorimetry.) When
the pH is reduced <5.0, the Asp residues become
protonated and lose their ability to bind Ca?*. The
apoprotein is denatured and aggregates at quite a
low temperature (at ~55°C) and does not renature
on cooling. These characteristics of the protein
have been exploited in the industrial-scale manu-
facture of a-La-enriched WPC (Pearce, 1983).

Recently, an interesting non-native state of
apo-a-La, stabilized by complex formation with
oleic acid, has been found to selectively induce
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apoptosis in tumour cells—this complex is known
as HAMLET (human o-La made lethal to tumour
cells) (Svensson et al., 2000; Pettersson et al.,
2006). The complex can be generated from apo--
a-La by chromatography on an ion-exchange
column, preconditioned with oleic acid. The
complex can be formed from human (i.e.
HAMLET) or bovine (i.e. BAMLET) apo-a-La
(Pettersson et al., 2006), with both forms reported
to have comparable cytotoxic activity against
three different cancer cell lines (Brinkmann et al.,
2011). This complex may offer potential as a pre-
mium functional food ingredient.

2.10.4 Blood Serum Albumin

Normal bovine milk (and probably that of all spe-
cies) contains a low level of BSA (0.1-0.4 gL.7";
0.3-1.0% of total nitrogen), presumably as a result
of leakage from blood. BSA has been studied
extensively; reviews include Peters (1985) and
Carter and Ho (1994). The MW of the bovine pro-
tein is ~66 kDa, and it contains 583 amino acids,
the sequence of which is known. The molecule
contains 17 disulfides and 1 sulphydryl. All the
disulfides link cysteines that are relatively close
together in the polypeptide which, therefore, exists
as a series of relatively short loops. The molecule
is elliptical in shape and is divided into three
domains, each containing two longish loops and
one short loop. In blood, BSA serves various func-
tions (e.g., ligand binding and free radical trap-
ping), but it has no known function in milk and is
probably of little significance although it does
bind metals and fatty acids. The latter characteris-
tic may enable it to stimulate lipase activity (see
Peters, 1985). The physico-chemical functionality
of BSA has been studied extensively as an exam-
ple of a highly structured but flexible protein (see
Mulvihill and Fox, 1989). While BSA has the
ability to form heat-induced intermolecular
disulfide bonds with a-La and -Lg (Havea et al.,
2000) and influences the denaturation, aggrega-
tion and gelation properties of B-Lg (Kehoe et al.,
2007), it probably has little effect on the physico-
chemical properties of milk protein ingredients
due to its relatively low concentration.
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2.10.5 Immunoglobulins

Mature bovine milk contains 0.6-1 gL' Ig (~3%
of total nitrogen), but colostrum contains up to
10% Igs, the level of which decreases rapidly
postpartum. Igs are very complex proteins which
will not be reviewed here (see texts on
Biochemistry or Immunology for reviews and
Chap. 9). Essentially, there are five classes of Ig:
IgA, IgG (with subclasses, e.g., IgG occurs as
IgG, and IgG,), IgD, IgE and IgM. IgA, IgG and
IgM are present in milk (Hurley, 2003). IgG con-
sists of two heavy (large) and two light (small)
polypeptide chains linked by disulfides (see
Chap. 9). IgA consists of two such units (i.e. eight
chains) linked by secretory component (SC) and
a junction component (J), while IgM consists of
five linked four-chain units. The heavy and light
chains are specific to each type of Ig.

The physiological function of Ig is to provide
immunity to the neonate. Some species, includ-
ing humans, transfer Igs in utero, and the young
are born with a full complement of Igs in its blood
(Hurley, 2003). The colostrum of these species
contains mainly IgA which is not absorbed by the
neonates but functions in the gastrointestinal
tract. Ruminants do not transfer Igs in utero, and
the neonate is born lacking serum Igs and is very
susceptible to infection. Ruminant colostrum
contains mainly IgG, which is absorbed in the
gastrointestinal tract of the neonate during the
first few days post-partum and provides passive
immunity. Some species, e.g., dog, rat and mouse,
transfer Ig both in utero and via colostrum (see
Chap. 9). Owing to the low concentration of Igs
in mature milk, they have little effect on the phys-
ico-chemical properties of milk, but the techno-
logical and nutritional properties of colostrum
and early lactation milk differ substantially from
those of mature milk, due partly not only to the
presence of Igs but also to an abnormal pH and
milk salts. Consequently, such milk is excluded
from processing. The modern dairy cow produces
much more colostrum than its calf requires with
the excess typically fed to older calves and pigs
or commercialized (as a liquid or a powder) for
feeding orphaned neonates.
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Hyperimmunization refers to the immuniza-
tion of cows with a mixture of non-viable patho-
gens (i.e. antigens) prior to parturition with the
objective of boosting the concentration of immu-
noglobulins in the milk (particularly colostrum).
Such milk is often referred to as ‘immune milk’
or ‘hyperimmune milk’. Interest in this approach
dates back to the 1950s, when L.M. Spolverini
suggested using bovine colostrum in the diet of
infants to confer protection against shared human
and bovine diseases (Campbell and Petersen,
1959). Milk powder manufactured from ‘immune
milk’ is commercially available in several mar-
kets (e.g., Stolle Milk Biologics Inc., Cincinnati,
OH, USA). Claims normally associated with
such products include increased resistance to
infection, improved immune system and anti-
inflammatory properties. However, a study com-
paring immunoglobulin activity in a colostrum
concentrate from non-immunized cows and a
milk powder made from milk of hyperimmunized
cows showed that both products contained IgG
and IgG1 which bound to all the microbial anti-
gens tested but that neither product had anti-
inflammatory activity (McConnell et al., 2001).
One of the major technological challenges
involved in commercializing such products is the
conservation of structure and biological activity
of the immunoglobulins. Nonthermal processing
technologies, such as high pressure (Carroll et al.,
2006), have shown promise in this regard.

2.10.6 Proteose Peptones

The proteose-peptone (PP) fraction of milk pro-
tein was first recognized by Osborne and
Wakeman in 1918 and defined by Rowland (1938)
as the 12% TCA-insoluble proteins in acid (pH
4.6) whey prepared from milk heated at
90°C %30 min. (The principal whey proteins are
denatured under these conditions and co-precipi-
tate with the caseins on acidification.) PPs nor-
mally represent ~10% of the pH 4.6 soluble
nitrogen, but the value increases in late lactation
or during mastitis. Initially, the PPs were consid-
ered to be indigenous to milk, i.e. not artefacts
produced by enzymatic proteolysis or during iso-
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lation. The fraction was resolved partially by
salting-out methods; the term ‘d-proteose’ was
introduced to describe the components salted-out
by (NH,),SO,. Free-boundary electrophoresis of
the PP fraction showed eight peaks, the principal
peaks being 3, 5 and 8 which are described as

PP3, PP5 and PP8. Gel electrophoresis (SGE or

PAGE) of the PP fraction showed that PP8 con-

tains two peptides which were fractionated and

named PP8 fast and PP8 slow (PP8f and PP8s).

The early literature on the PP is quite confused

and was reviewed by McKenzie (1971b) and

Parquet (1989).

Characterization of the PP fraction com-
menced with the work by Brunner and collabora-
tors in the late 1960s and early 1970s (Kolar and
Brunner, 1969, 1970; Ng et al., 1970). These
authors showed that PP3 is present only in acid
whey whereas PP5, PP8s and PPSf partitioned
between the casein and whey. PP3 was shown to
be a glycoprotein, whereas the other fractions
were not. The PP fraction consists of two groups
of proteins/peptides:

1. Those derived from caseins by proteolysis,
which are now classified with the caseins.

2. A number of minor proteins indigenous to
milk, e.g., osteopontin (Sorensen and Petersen,
1993, 1994) and PP3 (Girardet and Linden,
1996), together with trace amounts of lactosy-
lated a-La or B-Lg (Shida et al., 1994).

The principal casein-derived PPs are the
N-terminal segments of B-casein produced by the
action of plasmin and which complement the
three y-caseins. PP5, PP8s and PPS8f are B-casein
fragments 1-105/107, 29-105/107 and 1-28,
respectively. The PP fraction is much more het-
erogeneous than was thought originally, and it
has been demonstrated to contain as many as 30
peptides. The study on the fractionation and char-
acterization of PPs by O’Flaherty (1997), in addi-
tion to confirming the identity of PP5 and PP&f,
resolved the peptides B-CN (f29-105) and B-CN
(f29-107) and concluded that they do not corre-
spond to PP8s (as claimed by Eigel and Keenan,
1979), but refuted by Andrews and Alichanidis
(1983) and Le Roux et al. (1995), the identity of
which, therefore, remains to be established.
O’Flaherty (1997) also isolated and identified
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three previously unidentified peptides in the PP
fraction: (1) B-CN (f1-38), (2) B-CN (f1-97) and
(3) B-CN (£29-97). Formation of the latter two
peptides would involve cleavage of the bond
Lys,,-Val,, of B-casein, which had not been
shown previously to be a primary plasmin cleav-
age site although cleavage of all lysine- or argin-
ine-containing bonds in [-casein is possible
(Visser et al., 1989a). Formation of B-CN (f1-38)
would require the hydrolysis of the bond Gln,-
Gln,,, which would not be expected to be hydro-
lysed by plasmin, thereby suggesting that another
proteinase may be responsible.

Osteopontin was isolated from the PP fraction
of milk protein by Sorensen and Petersen (1993)
and characterized by Sorensen and Petersen
(1994). This highly phosphorylated, acidic gly-
coprotein, with a molecular mass of ~60 kDa, has
strong calcium-binding properties and is believed
to have several important biological activities
such as assisting in bone calcification and devel-
opment of the immune system in infants. Due to
these interesting biological activities, strategies
have been developed for its enrichment from
bovine milk (Sorensen et al., 2001; Sun et al.,
2010). Osteopontin is commercially available in
a high purity form (LACPRODAN® OPN-10)
from Arla Food ingredients (Viby, Denmark).

Unlike the other PPs, PP3 is not derived from
casein; the literature on PP3 has been reviewed
by Girardet and Linden (1996). The protein was
purified by various forms of chromatography, but
these failed to yield a homogeneous protein.
PAGE showed that most preparations contained
two major glycoproteins of MW ~28,000 and
18,000 Da and one or more minor proteins, one
of which had a MW of ~11,000 Da. These three
proteins were shown to be glycosylation-depen-
dent cell adhesion molecule 1 (GlyCAM-1; 135
amino acid residues; MW ~ 28,000 kDa) and two
peptides produced from it by cleavage of the
bond Arg,-Ser,, by plasmin. PP3 (and
GlyCAM-1) appears to be similar to glycopro-
teins of the MFGM; its carbohydrate moieties are
similar to those of butyrophilin, another MFGM
protein. Although the amino acid composition of
PP3 would indicate that it is not hydrophobic, it
does, in fact, behave as a rather hydrophobic
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protein (as is butyrophilin), possibly owing to the
formation of an amphiphilic a-helix, one face of
which contains hydrophilic residues, the other
face containing hydrophobic ones. It has been
referred to as the hydrophobic fraction of prote-
ose. PP3 has several interesting functional
properties:

e It is heat-stable, aggregates strongly and has
very good surface activity. It forms very stable
foams and emulsions and is in fact, mainly
responsible for the foaming of skim milk. The
emulsifying properties of PPs in dairy products
such as ice cream and recombined dairy cream
have been evaluated recently (Innocente et al.,
1998, 2002, 2011; Vanderghem et al., 2007).

e It inhibits spontaneous rancidity, apparently
because it reduces interfacial tension between
the fat and aqueous phases, and thereby pre-
vents the adsorption of lipase.

e It can insert into cell membranes and play an
immunological role.

e [t stimulates the growth of bifidobacteria; the
best effect is obtained with small peptides
(1,000-5,000 Da) and is not due to the carbo-
hydrate moieties.

Recent research has focused on the role of PP
fractions of milk as precursors of bioactive pro-
teins and peptides—with the activity of several
such fractions having been demonstrated using
in vitro studies (Andrews et al., 2006; Mills et al.,
2011). Quantification of PPs has been shown to
be a promising analytical index in evaluating the
ageing of pasteurized and extended shelf-life
milks (De Noni et al., 2007).

2.10.7 Nonprotein Nitrogen

The NPN fraction of milk contains those nitrog-
enous compounds soluble in 12% TCA. It repre-
sents ~5% of total nitrogen (~300 mg L,
230-420 mg L-'; Harland et al., 1955; Journet
et al., 1975). The principal components are sum-
marized in Table 2.2.

The components of the NPN fraction are avail-
able nutritionally. Human milk contains a high
level of taurine (H,NCH,CH,-SO,H) which can
be converted to cysteine and may be nutritionally
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Table 2.2 Nonprotein nitrogen of cows’ milk (Fox,
2003)

Component N (mg L)
Ammonia 6.7
Urea 83.8
Creatinine 4.9
Creatine 39.3
Uric acid 22.8
o-Amino nitrogen 374
Unaccounted 88.1

important for infants. Consequently, most mod-
ern infant formulae are fortified with taurine. The
amino acids in milk support the growth of micro-
organisms, including LAB used as cultures in the
production of cheese and fermented milks.
However, the concentration of free amino acids in
milk is sufficient to support the growth of LAB to
only ~20% of the number required for fermented
dairy products. Consequently, LAB depend on a
cell envelope-associated proteinase, a complex
transport system for peptides and amino acids
and a battery of intracellular peptidases to obtain
their essential amino acids from casein (Thomas
and Pritchard, 1987). Heating to a high tempera-
ture (>100°C) leads to the formation of some
small peptides from caseins which can support
LAB (White and Davies, 1966; Hindle and
Wheelock, 1970; Gaucheron et al., 1999).

Urea, the principal constituent of NPN (~50%
of NPN), has a very significant effect on the heat
stability of milk (Muir and Sweetsur, 1976). The
concentration of urea in milk varies considerably,
being highest when cows are on fresh pasture,
which is reflected in seasonal variations in the
heat stability of milk.

2.11 Molecular Properties

of the Milk Proteins

The principal milk proteins and many of the
minor proteins have been very well characterized
at the molecular level and are probably the best
characterized of all food protein systems. The
principal properties of the six milk-specific pro-
teins are summarized in Table 2.3. A number of
features warrant comment.
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All six major milk proteins are small mole-
cules, a feature which contributes to their stabil-
ity. The primary structure of the principal
lactoproteins is known and is described in Chaps.
4,5, 7 and 8. Indeed, the amino acid sequence of
the principal proteins, especially -lactoglobulin
and o-lactalbumin, in the milk of several species
is known, as are the substitutions in the principal
variants (see Chaps. 13 and 15).

The whey proteins are highly structured, but
the four caseins lack stable secondary structures;
classical physical measurements indicate that the
caseins are unstructured, but theoretical consider-
ations indicate that rather than being unstruc-
tured, the caseins are very flexible molecules and
have been referred to as rheomorphic (Holt and
Sawyer, 1993). Current views on the conforma-
tion of the caseins are discussed in Chap. 5. The
inability of the caseins to form stable structures is
due mainly to their high content of the structure-
breaking amino acid, proline; B-casein is particu-
larly rich in proline, with 35 of the 209 residues.
All the caseins lack intramolecular disulfide
bonds, which would reduce the flexibility of the
molecules.

The caseins are generally regarded as very
hydrophobic proteins, but, as shown in Table 2.3,
with the exception of [-casein, they are not
exceptionally hydrophobic, rather they have a
high surface hydrophobicity, because due to their
lack of stable secondary and tertiary structures,
most of their hydrophobic residues are exposed.

The open, flexible structure of the caseins ren-
ders them very susceptible to proteolysis, which,
of course, facilitates their natural function, i.e. as
a source of amino acids. Susceptibility to prote-
olysis is also important in cheese ripening and for
the production of protein hydrolysates. In con-
trast, the whey proteins, especially B-Lg, in the
native state are quite resistant to proteolysis, and
at least some are excreted in the faeces of infants.
This feature is important since most of the whey
proteins play a non-nutritional function in the
intestine, and, therefore, resistance to proteolysis
is important. Most of the milk proteins contain
sequences which, when released by proteolysis,
are biologically active. Examples of such bioac-
tivity include opioid agonist, ACE inhibitor,
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2 Milk Proteins: Introduction and Historical Aspects

immunomodulator, mineral binding and antimi-
crobial (FitzGerald and Meisel, 2003; Phelan
et al., 2009; Mills et al., 2011).

Owing to their high hydrophobicity, the milk
proteins, especially the caseins, have a propensity
to yield bitter hydrolysates which is problematic
in the production of dietetic products and cheese,
in which bitterness may be a problem unless pre-
cautions are taken. One of the most notable fea-
tures of the amino acid sequence of the caseins is
that the hydrophobic and hydrophilic residues are
not distributed uniformly, thereby giving the
caseins a distinctly amphiphatic structure. This
feature, coupled with their open flexible structure
and hydrophobicity, gives the caseins good sur-
face activity and good foaming and emulsifying
properties, making casein the functional protein
of choice for many applications.

Also owing to their open structure, the caseins
have a high specific volume and, consequently,
form highly viscous solutions, which is a disad-
vantage in the production of caseinates. The vis-
cosity of sodium caseinate solutions is so high
that it is not possible to spray-dry solutions con-
taining >20% protein, thereby increasing the cost
of drying and resulting in low-bulk density pow-
ders. However, high viscosity is desirable in cer-
tain applications, e.g., emulsion stabilization.

The lack of stable tertiary structures means
that the caseins are not denaturable sensu stricto
and, consequently, are extremely heat-stable;
sodium caseinate, at pH 7, can withstand heating
at 140°C for several hours without visible change,
while unconcentrated milk is stable at 140°C, pH
6.7 for 20 min (Fox, 1981). This very high heat
stability makes it possible to produce heat-steril-
ized dairy products with very little change in
physical appearance; no other major food system
would withstand such severe heating without
undergoing major physical and sensoric changes.

The caseins have a very strong tendency to
associate; even in sodium caseinate, the most sol-
uble form of casein, the molecules are present as
aggregates of 250-500 kDa, i.e. containing 10-20
molecules (Pepper, 1972; Pepper and Farrell,
1982). Association is due mainly to hydrophobic
bonding. One of the undesirable consequences of
this strong association is the difficulty in isolating
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and analyzing the caseins, for which a dissociat-
ing agent, e.g., urea or SDS, is required. On the
other hand, a tendency to associate is important
for some functional applications and in the for-
mation and stabilization of casein micelles (see
Sect. 2.12). In contrast, the whey proteins are
molecularly dispersed in solution.

Owing to their high content of phosphate
groups, which occur in clusters, a -, o - and
B-caseins have a strong tendency to bind metal
ions, which in the case of milk are mainly Ca*.
This property has many major consequences; the
most important from a technological viewpoint is
that these three proteins, which represent ~85%
of total casein, are insoluble at Ca** concentra-
tions >~6 mM at temperatures >20°C. Since
bovine milk contains ~30 mM Ca?*, one would
expect that the caseins would precipitate under
the conditions prevailing in milk. However,
K-casein, which contains only one organic phos-
phate group, binds Ca®* weakly and is soluble at
all Ca concentrations found in dairy products.
Furthermore, when mixed with the Ca-sensitive
caseins, K-casein can stabilize and protect ~10
times its mass of the former by forming large col-
loidal particles referred to as casein micelles,
which are discussed in Sect. 2.12. The micelles
act as carriers of inorganic elements, especially
Ca and P, but also Mg and Zn, and are, therefore,
very important from a nutritional viewpoint.
Through the formation of micelles, it is possible
to solubilise much higher levels of Ca and PO,
than would otherwise be possible. Without casein
to stabilize CCP, much of this salt present in
bovine and other milks would precipitate in the
ducts of the mammary gland, causing blockages
which may result in the death of mammary cells,
the whole organ or even the animal.

The three calcium-sensitive caseins are dis-
tinctly different proteins with a very low level of
homology (Fig. 2.5). Why milk contains three
calcium-sensitive caseins is not obvious—they
are presumably not the result of gene duplication.
The evolution of multiple calcium-sensitive
caseins is quite ancient—monotreme milk con-
tains o - and [B-caseins, but the milk of at least
some marsupials (e.g., tamer wallaby) lacks o, -
casein as do human milk, the milk of other
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Black (o) RPKHPIKHOG LPOEVLNENL LRFFVAPFPE VFGKEKVNEL SKDIGSESTE™ DOAMEDIKQM EAESISSSEE IVPNSVEQKH IQKEDVPSEP YLGYLEQLLR'™™

Red (o) KMNTNEHWYS5S EESIISQETY KOEKNMAINP SKENLCSTFC KE‘:’VRF\'J’\.‘\FE” EYSIGSSSEE SAEVATEEVK ETVDDKHTOK ALNEINOFYQ KFPOYLOYLY '™

Green (-) RELEELNYPG EIVESLSSSE ESITRINKKI EKFQSEEQQQ TEDE LO\DKIHE"0 PFAQTQSLVY PFPGPIPNSL PONIPPLTQT PVVVPPFLOP EVMGVSKVEKE 7

Blue (x-) *EEQNQEQPIR CEKDERFFSD KIAKYIPIOY VLSRYPSYGL NYY{lLlKPV}\L‘D INNQFLPYPY YAKPAAVRSP AQILYNQVLS NTVPAKSEQA QPTTMARHPH -

Black {ous-) LEKYKVPOLE IVPNSAEERL HSMKEGIHAQ QKEPMIGVRO ELAYFYPELF'™ RQFYOLNAYP SGAWYYVPLG TOYTDAPSPS DIPNPIGSEN SEKTTMPLW 1

Red (o) QGPIVLNPWD QVKRNAVPIT PTNNREQLST SEENSKKTVD MESTEVFTKK'™ TKLTEEENNR LNFLKKISQR YOKFALPQYL KTVYQHOKAM KPWIQPKTKV IPYVRYL ™™
Green (f-) AMAPKHKEMP FPKYPVEPFT ESQSLTLTDV ENLHLPLPLL QSWMHQPHQP™ LPPTVMFPPQ SVLSLSQSKY LPVPQKAVPY PORDMPIQAF LLYQEPVLGP VRGPFPIIV™
Blue (k-] PHLSFMAIPP KKNQDKTEIP TINTIASGEP TSTPTIEAVE STVATLLASP™® EVIGSPPEIN TVEVTSTAV '

Fig. 2.5 Amino acid sequences of bovine o -, o ,-, B- and k-casein (Swaisgood, 2003)

primates and that of some goats and sheep. Only
cattle and buffalo produce two distinctly different
o -proteins, although many secrete o -caseins
varying in the level of phosphorylation (e.g.,
horse and donkey).

2.12 Casein Micelle

About 95% of the casein of milk exists as large
aggregate colloids known as micelles. The dry
matter of the micelles is ~94% protein and 6%
low molecular mass species, referred to collec-
tively as CCP, and consisting mainly of calcium
and phosphate with small amounts of magnesium
and citrate and trace amounts of other species.
The micelles are highly hydrated, binding ~2.0—
4.0 g H,0 g™ protein (depending on how hydra-
tion is measured). It has been known since the late
nineteenth century that the caseins exist as large
colloidal particles which are retained by Pasteur-
Chamberland porcelain filters (roughly equivalent
to modern ceramic microfiltration membranes)
(see Kastle and Roberts, 1909). These particles
scatter light and are mainly responsible for the
white colour of milk (the small fat globules also
scatter light weakly); they can be ‘visualized’ by
the ultramicroscope (essentially a device for mea-
suring light scattering). The milk of all species is
white, suggesting that all contain casein micelles.
The white colour is lost if the micelle structure is
disrupted, e.g., by dissolving CCP by addition of
citrate, EDTA or oxalate, by increasing pH or by
adding urea (>5 M) or ethanol (~35% at 70°C).

Table 2.4 Average characteristics of casein micelles
(Fox, 2003)

Characteristic Value
Diameter 130-160 nm
Surface 8% 1071 cm?
Volume 2.1x107"% cm?
Density (hydrated) 1.0632 g/cm?
Mass 22x107% g
Water content 63%
Hydration 3.7 g H,0/g protein
Voluminosity 4.4 cm’/g
Molecular weight (hydrated) 1.3x10° Da
Molecular weight (dehydrated) 5x10* Da

Number of peptide chains (MW:  10*
30,000 Da)

Number of particles per mL milk ~ 10'*-10'®
Whole surface of particle 5% 10* cm*mL milk
Mean free distance 240 nm

Some of the principal properties are summarized
in Table 2.4.

Electron microscopy shows that casein
micelles are generally spherical in shape. The
diameter of bovine casein micelles ranges from
50 to 500 nm (average ~120 nm), and they have a
mass ranging from 10° to 3x10° Da (average
~10% Da). There are very many small micelles,
but these represent only a small proportion of the
mass. The micelles in human milk are quite small
(~60 nm in diameter) while those in equine or
asinine milk are very large (~500 nm), i.e. the
micelles in equine milk are 70 times larger than
bovine casein micelles. Bovine milk contains
10-10" micelles mL™' milk, and they are
roughly two micelle diameters apart, i.e. they are
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quite tightly packed. Since the milk of lagomorphs
contains ~20% protein, the micelles must be very
closely packed (the size of the micelles in lago-
morph milk is unknown).

2.12.1 Stability of Casein Micelles

The micelles are quite stable to the principal pro-

cesses to which milk is normally subjected:

e They are very stable at high temperatures,
coagulating only at 140°C x 15-20 min at the
normal pH of milk. Such coagulation is not
due to protein denaturation sensu stricto but to
changes which cause a decrease in pH due to
the pyrolysis of lactose to various acids,
dephosphorylation of the casein, cleavage of
the carbohydrate-rich moiety of x-casein,
denaturation of the whey proteins and their
precipitation on the casein micelles and pre-
cipitation of soluble calcium phosphate on the
micelles at the higher temperatures.

e They are stable to compaction (e.g., they can
be sedimented by ultracentrifugation and re-
dispersed readily by mild agitation).

e They are stable to conventional, commercial
homogenization. However, casein micelles are
partially disrupted by high-pressure homoge-
nization, as evidenced by decreases in casein
micelle size on single-stage high-pressure
homogenization at 41-350 MPa (Sandra and
Dalgleish, 2005; Roach and Harte, 2008).

* Casein micelles are unstable to high-pressure
processing, particularly at pressures in excess
of 200 MPa. Several studies have shown
changes in casein micelle size (by up to ~50%)
on treatment of raw and reconstituted milk at
250-600 MPa (Desobry-Banon et al., 1994;
Gaucheron et al., 1997; Needs et al., 2000).
Casein micelle instability resulting in decreases
in casein micelle size is thought to be largely
due to high-pressure-induced partial dissolu-
tion of CCP (Huppertz et al., 2002), while
instability resulting in increased micelle size is
thought to be due to the formation of casein
aggregates (Huppertz et al., 2004). The changes
in micelle size and stability which occur during
high-pressure treatment are temperature-de-
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pendent (Gaucheron et al., 1997), due to the
effect of temperature on pressure-induced whey
protein-casein interactions. a-Lactalbumin and
B-lactoglobulin are denatured by high-pressure
treatment, with levels of denaturation of [3-
lactoglobulin reaching 70-80% after treatment
of milk at 400 MPa (Scollard et al., 2000).

On cooling of skim milk to temperatures in
the range 0-5°C, a limited (up to ~20%) pro-
portion of total B-casein (and indeed other
caseins) dissociates from the micelles (Rose,
1968; Downey and Murphy, 1970; Creamer
et al., 1977). The effect of lowering tempera-
ture on the solubilization of B-casein is pre-
sumably due to weakening of the strength of
hydrophobic interactions between [3-casein
molecules or other caseins, which may act as
integral components of the casein micelle
structure (Swaisgood, 2003).

Slow freezing and storage of milk at tempera-
tures in the range —10°C to —20°C can cause
some destabilization (cryodestabilization) due
to an increase in Ca* concentration in the unfro-
zen phase of milk and a decrease in pH, due to
precipitation of Ca,(PO,),. Cryodestabilized
casein can be dispersed in water to give particles
with micelle-like properties, which have not
been fully characterized (Moon et al., 1988).
Concentration of milk by ultrafiltration, evap-
oration and spray-drying can cause destabili-
zation of casein micelles, with the extent of
destabilization generally increasing with
increasing concentration factor. The close
packing of casein micelles, increases in Ca**
concentration and decreases in pH, caused by
precipitation of Ca(H,PO,), and CaHPO, as
Ca,(PO,), (releasing H*), are the main factors
responsible for destabilization of casein
micelles on concentration (Oldfield et al.,
2005; Havea, 2006; Karlsson et al., 2007,
Martin et al., 2007; Fox and Brodkorb, 2008).
Casein micelles are stable to high Ca** con-
centration, at least up to 200 mM at tempera-
tures up to 50°C.

The caseins aggregate and precipitate from
solution when the pH is reduced to the iso-
electric point of casein (pH 4.6). Precipitation
at this pH is temperature-dependent (i.e. does
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not occur at temperatures <5—8°C) and occurs
over a wide pH range, perhaps 3.0-5.5 at
higher temperatures; micelles probably do not
exist <pH 5 owing to the solution CCP and
perhaps other factors.

As the pH of milk is reduced, CCP dissolves
and is fully dissolved <pH 4.9; acidification of
cold (4°C) milk to pH 4.6, followed by dialy-
sis against bulk milk, is a convenient and
widely used technique for changing the CCP
content of milk (Pyne and McGann, 1960). If
undialyzed, acidified cold milk is readjusted
to pH 6.7, the micelles reform provided that
the pH had not been reduced below 5.2. This
property seems to suggest that most of the
CCP can be dissolved (removed) without
destroying the structure of the micelles.

Some proteinases catalyze a very specific
hydrolysis of k-casein, as a result of which the
casein coagulates or gels in the presence of
Ca?* or other divalent ions (Lucey, 2011). This
is the key step in the manufacture of most
cheese varieties.

At room temperature, the micelles are destabi-
lized by ~40% ethanol at pH 6.7 and by lower
concentrations if the pH is reduced (Horne,
2003). However, if the system is heated to
~70°C, the precipitate redissolves, and the sys-
tem becomes translucent. When the system is
recooled, the white appearance of milk is
restored, and a gel is formed if the ethanol-
milk mixture is held at 4°C, especially if a con-
centrated (>2x) milk was used. If the ethanol is
removed by evaporation, very large aggregates
(average diameter ~3,000 nm) are formed
which have very different properties from
those of natural micelles. The aggregates can
be dispersed to particles of average diameter
~500 nm. The dissociating effect of ethanol is
promoted by increasing the pH (35% ethanol
causes dissociation at 20°C at pH 7.3) or add-
ing NaCl. Methanol and acetone have a
dissociating effect similar to ethanol, but pro-
panol causes dissociation at ~25°C. The mecha-
nism by which ethanol and similar compounds
cause the dissociation of casein micelles has
not been established, but it is not due to the
solution of CCP, which is unchanged.
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e The micelles are also dissociated by urea
(5 M), SDS or raising the pH to >9 (McGann
and Fox, 1974; Lefebvre-Cases et al., 1998;
De Kruif and Holt, 2003). Under these condi-
tions, the CCP is not dissolved; in fact, increas-
ing the pH increases the level of CCP. If the
urea is removed by dialysis against a large
excess of bulk milk, micelles are reformed,
but these have not been characterized ade-
quately (McGann and Fox, 1974).

2.12.2 Micelle Structure

The structure of the casein micelles has attracted
the attention of scientists for many years.
Knowledge of micelle structure is important
because reactions undergone by the micelles are
central to many dairy processing operations (e.g.,
cheese manufacture; stability of sterilized, sweet-
ened-condensed and reconstituted milks and fro-
zen products). From the academic viewpoint, the
casein micelle presents an interesting and com-
plex problem in protein quaternary structure.

It was recognized early that the caseins in milk
exist as large colloidal particles, and there was
some speculation on the structure of these parti-
cles and how they were stabilized (Alexander,
1910; Linderstgrm-Lang and Kodama, 1929;
Eilers et al., 1947; McMeekin and Polis, 1949;
Lindqgvist, 1963). No significant progress was
possible until the isolation and characterization
of k-casein (Waugh and von Hipple, 1956). The
first attempt to describe the structure of the casein
micelle was that of Waugh (1958), and since then,
a considerable amount of research effort has been
devoted to elucidating the structure of the casein
micelle. This work is summarized here.

The principal features which must be met by
any micelle model are:

e K-Casein, which represents ~15% of total
casein, must be located so as to be able to sta-
bilize the calcium-sensitive o -, a -, and B-
caseins, which represent ~85% of total casein.

¢ Chymosin and similar proteases, which are
relatively large molecules (~35 kDa), very
rapidly and specifically hydrolyse most of the

K-casein.
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*  When heated in the presence of whey proteins,
as in normal milk, k-casein and -lactoglobu-
lin (MW =36 kDa in milk) interact to form a
complex which modifies the properties of the
micelles, e.g., rennet and heat coagulation.
The arrangement that would best meet these

requirements is a surface layer of k-casein sur-

rounding the Ca-sensitive caseins, somewhat
analogous to a lipid emulsion in which the triglyc-
erides are surrounded by a thin layer of emulsifier.

Removal of CCP results in disintegration of the

micelles into particles of MW ~10° Da, suggest-

ing that CCP is a major integrating factor in the
micelles. The properties of the CCP-free system

are very different from those of normal milk (e.g.,

it is sensitive to and precipitated by relatively low

levels of Ca?, it is more stable to heat-induced
coagulation and it is not coagulable by rennets).

Many of these properties can be restored, at least

partially, by increased concentrations of calcium.

However, CCP is not the only integrating factor,

as indicated by the dissociating effect of tempera-

ture, urea, SDS, ethanol or alkaline pH. As the
temperature is lowered, casein, especially p-ca-

sein, dissociates from the micelles (Rose, 1968);

the amount of B-casein which dissociates varies

from 10 to 50% depending on the method of mea-

surement; it increases to a maximum at ~pH 5.2.
Various models of casein micelle structure

have been proposed over the last 50 years. They

have been refined progressively as more informa-
tion has become available. Progress has been
reviewed regularly, e.g., Rose (1969), Garnier

and Ribadeau-Dumas (1970), Waugh (1971),

Garnier (1973), Farrell (1973), Slattery and Evard

(1973), Farrell and Thompson (1974), Slattery

(1976), Schmidt (1980, 1982), Payens (1979,

1982), Walstra and Jenness (1984), McMahon

and Brown (1984), Ruettimann and Ladisch

(1987), Rollema (1992), Visser (1992), Holt

(1992, 1994), Walstra (1990, 1999), Holt and

Horne (1996), Horne (1998, 2002, 2006, 2011),

McMahon and McManus (1998), de Kruif (1999),

de Kruif and Holt (2003), McMahon and Oommen

(2008) and Dalgleish (2011).

The models fall into three general categories:

1. Core-coat

2. Internal structure
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O Submicelle
A )y Protruding
chain

— Calcium
phosphate

Fig. 2.6 Sub-micelle model of the casein micelle (from
Walstra and Jenness, 1984)

3. Sub-micelles; in many of the models in this
category, it is proposed that the sub-micelles
have a core-coat structure

Many of the earlier models proposed that the
micelle is composed of sub-micelles of
MW ~ 10°Da and 10-15 nm in diameter (Fig. 2.6).
This type of model was first proposed by Morr
(1967). The sub-micelles are believed to be linked
together by CCP, thereby giving the micelle an
open, porous structure. On removal of CCP, (e.g.,
by acidification/dialysis, EDTA, citrate or
oxalate), the micelles disintegrate. Disintegration
may also be achieved by treatment with urea,
SDS, 35% ethanol at 70°C or pH>9. These
reagents do not solubilise CCP, suggesting that
other forces (e.g., hydrophobic and hydrogen
bonds) contribute to micelle structure. The parti-
cles (sub-micelles) produced by these various
agents have not been compared, and the effect of
combinations of these agents has not been
reported; since they function by different mecha-
nisms, their effects should be cooperative.

The structure of the sub-micelle remains a con-
tentious issue. Waugh ef al. (1970) proposed a
rosette-type structure very similar to that of a clas-
sical soap micelle. It was proposed that the polar
regions of o - (a,-, o ,-) and B-caseins are orien-
tated toward the outside of the sub-micelle to
reduce electrostatic repulsion between neighbour-
ing charged groups and that each sub-micelle is
surrounded by a layer (coat) of k-casein which also
provides a k-casein coat for the entire micelle. The
role of CCP was not considered in the development
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of this model, which was a major weakness. Also,
it is difficult to explain by this model how part of
the -casein dissociates on cooling.

Payens (1966) proposed a model in which
B-casein associates to form long thread-like
structures to which o - (o - and o -) casein is
associated hydrophobically to form the core of
the micelle which is surrounded by a layer of
k-casein and CCP.

A variation of this model was proposed by
Rose (1969), who suggested that threads of
polymerized (-casein form the matrix of the sub-
micelles to which o - (a - and a,) caseins are
attached by hydrophobic bonding; each sub-
micelle was considered to be surrounded by a
layer of k-casein, some of which is buried within
the micelle where it is inaccessible to chymosin.
The structure of each sub-micelle was considered
to be stabilized by CCP, which also cements
neighbouring sub-micelles to form an intact
micelle. The dissociation of casein, especially
B-casein, and the important role of k-casein in
micelle structure and function can be explained
readily by this model.

Slattery and Evard (1973) and Slattery (1976)
proposed that the sub-micelles are not covered
completely by a layer of k-casein and that there
are k-casein-rich, hydrophilic regions on the sur-
face of each sub-micelle. The latter aggregate via
the hydrophobic patches such that the entire
micelle assumes a k-casein-rich surface layer; but
some of the other caseins are also on the surface.

This model was elaborated further by Schmidt
(1980, 1982), who suggested that the k-casein
content of sub-micelles varies and that the
k-casein-deficient sub-micelles are located in the
interior of the micelle, with the k-casein-rich sub-
micelles concentrated on the surface, thereby giv-
ing the overall micelle a k-casein-rich surface
layer. This model was refined further by Walstra
and Jenness (1984) and Walstra (1990, 1999),
who proposed that the hydrophilic C-terminal
region of k-casein protrudes from the surface,
forming a layer 5-10 nm thick and giving the
micelles a hairy appearance. This hairy layer is
responsible for micelle stability through major
contributions to zeta potential (=20 mV) and steric
stabilization. The idea of a steric stabilizing layer
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of k-casein traces back to Hill and Wake (1969),
who considered the amphiphilic structure of «-
casein to be an important feature of its micelle-
stabilizing properties. If the hairy layer is removed
(e.g., through specific hydrolysis of k-casein) or
collapsed (e.g., by ethanol), the colloidal stability
of the micelles is destroyed, and they coagulate or
precipitate (see Holt and Horne, 1996).

A further variation of the sub-unit model is
that of Ono and Obata (1989), who proposed two
types of subunits—one consisting of o, - (o - and
a,-) and B-caseins, which are present in the core,
and some of a- (o - and a,-) and x-caseins,
which form a surface layer. An attempt to eluci-
date the internal structure of the sub-micelles was
made by Kimura et al. (1979), who proposed that
the casein polypeptides were folded within the
sub-micelles such that the hydrophilic portions
are at the surface with the hydrophobic sections
in the interior but without preferential distribu-
tion of the casein types.

Although the sub-micelle model of the casein
micelle adequately explains many of the principal
features of, and physico-chemical reactions under-
gone by, the micelles and has been supported
widely, it has never enjoyed unanimous support
and alternative models have been proposed. Visser
(1992) proposed that the micelles are spherical
conglomerates of casein molecules randomly
aggregated and held together partly by salt bridges
in the form of amorphous calcium phosphate and
partly by other forces (e.g., hydrophobic bonds)
with a surface layer of k-casein. Holt (1992, 1994)
depicted the casein micelle as a tangled web of
flexible casein molecules forming a gel-like struc-
ture in which micro-granules of CCP are an inte-
gral feature and from the surface of which the
C-terminal region of k-casein extends, forming a
hairy layer (Fig. 2.7). These two models retain
two of the key features of the sub-micellar model
(i.e. the cementing role of CCP and the predomi-
nantly surface location and micelle-stabilizing
role of k-casein) and differ from it mainly with
respect to the internal structure of the micelle.
Dalgleish (1998) agreed that the micellar surface
is only partially covered with k-casein, which is
distributed non-uniformly on the surface. This
surface coverage provides steric stabilization
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against the approach of large particles, such as
other micelles, but the small-scale heterogeneities
and the gaps between Kk-casein molecules provide
relatively easy access for molecules with dimen-
sions of individual proteins or smaller.

Much of the evidence for a sub-micellar struc-
ture came from electron microscopy studies, such
as that of Knoop et al. (1979), which appeared to
show variations in electron density, which was
interpreted as indicating sub-micelles, i.e. a rasp-
berry-like structure. However, artefacts may arise
in electron microscopy owing to fixation, exchang-
ing water for ethanol, air drying or metal coating.
Using a new cryopreparation electron microscopy
stereo-imaging  technique, McMahon and

Fig. 2.7 Model of the casein micelle (modified from
Holt, 1994)

McManus (1998) found no evidence to support
the sub-micellar model and concluded that if the
micelles do consist of sub-micelles, these must be
smaller than 2 nm or less densely packed than pre-
viously presumed. The TEM micrographs appear
very similar to the model prepared by Holt (1994).
Holt (1998) concluded that none of the sub-mi-
celle models of casein micelle structure explained
the results of gel permeation chromatography of
micelles dissociated by removal of CCP or by
urea. de Kruif (1998) supports the structure of the
casein micelle as depicted by Holt (1992, 1994)
and describes the behaviour and properties of the
micelles in terms of adhesive hard spheres.

At the other extreme of proposed models of
the casein micelle is that of Parry and Carroll
(1969) who suggested that k-casein forms the
core (nucleus) of the micelle, surrounded by o -
(a,- and o) and B-caseins. The model of
Garnier and Ribadeau-Dumas (1970) might be
regarded as a variant of this: k-casein was consid-
ered to form nodes in a three-dimensional net-
work in which the branches were proposed to
consist of copolymers of o, - (o - and a.,-) and
[-caseins.

A more recent model for casein micelle struc-
ture is the ‘dual-binding’ model put forward by
Horne (1998). This model suggests that micelle
structure is governed by a balance of hydrophobic
interactions and CCP-mediated cross-linking of
hydrophilic regions (Fig. 2.8).

B>_K_<=o;?=

Fig. 2.8 Dual-bonding
model of the casein micelle
(from Horne, 1998)
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The study of casein micelle structure continues
to be an active and exciting area of research with
developments in analytical approaches contribut-
ing new information about casein micelle struc-
ture and stability (see Bouchoux et al., 2010).

More detailed information on the structure of
the casein micelle is presented in Chap. 6.

2.13 Interspecies Comparison

of Milk Proteins

This chapter has been concerned mainly the pro-
tein system of bovine milk, which is by far the
most important commercially. However, there are
~4,500 species of mammal, each of which pro-
duces milk, the composition and properties of
which are more or less species-specific.
Unfortunately, the milk of most species has not
been studied at all; some information is available
on the milk of ~180 species. However, the data
on the milk of only about 50 species are consid-
ered to be reliable, in that a sufficient number of
samples was analyzed and that these samples
were reliable, properly taken and covering the
lactation period adequately. Milk from the com-
mercially important species, cow, goat, sheep,
buffalo, yak, horse and pig, is quite well charac-
terized. For medical and nutritional reasons,
human milk is also well characterized, as is that
of experimental laboratory animals, especially
rats and mice. General reviews on non-bovine
milks include Macy et al. (1950), Evans (1959),
Laxminarayana and Dastur (1968), Jenness and
Sloan (1970), Rao et al. (1970), Woodward
(1976), Jenness (1973, 1979, 1982), Addeo et al.
(1977), Farah (1993), Solaroli er al. (1993),
Atkinson and Lonnerdal (1989), Jensen (1995),
Rudloff and Kunz (1997), Kappler et al. (1998),
Verstegen et al. (1998), Martin et al. (2003), Park
et al. (2007), Raynal-Ljutovac et al. (2007),
Silanikove et al. (2010), Uniacke-Lowe et al.
(2010) and Uniacke and Fox (2011).

The milk of the species for which data are
available shows considerable differences in pro-
tein content, i.e. from ~1 to 20%. The protein
content reflects the growth rate of the neonate of
the species, i.e. its requirements for essential
amino acids. The milk of all species for which

J.A.O'Mahony and P.F. Fox

data are available contains two groups of protein,
caseins and whey proteins. Both groups show
genus- and even species-specific characteristics
which presumably reflect some unique nutri-
tional or physiological requirements of the neo-
nate of the species. Interestingly, and perhaps
significantly, of the milks that have been charac-
terized, human and bovine milks are more or less
at opposite ends of the spectrum.

There is considerably more and better infor-
mation available on the interspecies comparison
of individual milk proteins than of overall milk
composition; this is not surprising since only one
sample of milk from one animal is sufficient to
yield a particular protein for characterization in
addition to advances in DNA homology studies.
The two principal milk-specific whey proteins,
a-La and B-Lg, from quite a wide range of spe-
cies have been characterized, and, in general,
show a high degree of homology (see Chaps. 7
and 8). However, the caseins show much greater
interspecies diversity, especially in the o-casein
fraction—all species that have been studied
appear to contain a protein that has an electro-
phoretic mobility similar to that of bovine
B-casein (O’Connor and Fox, 1970), but the
[B-caseins that have been sequenced show a low
level of homology (Holt and Sawyer, 1993).
Human B-casein occurs in multi-phosphorylated
form (0-5 mol P per mol protein; see Atkinson
and Lonnerdal, 1989), as does equine [B-casein
(Ochirkuyag et al., 2000). Considering the criti-
cal role played by k-casein, it would be expected
that all casein systems contain this protein.
Human «x-casein is very highly glycosylated,
containing 40-60% carbohydrate (compared with
approximately 10% for bovine k-casein), which
occurs as oligosaccharides which are much more
diverse and complex than those in bovine milk
(see Atkinson and Lonnerdal, 1989).

The o -casein fraction differs markedly
between species (O’Connor and Fox, 1970;
Martin et al., 2003); human milk probably lacks
an o, -casein while the a-casein fractions in horse
and donkey milk are very heterogeneous. The
caseins of only about ten species have been stud-
ied in some detail. In addition to the references
cited earlier in this section, the literature has been
reviewed by Ginger and Grigor (1999), Martin
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et al. (2003) and in Chap. 13. The bibliography in
Chap. 13 includes numerous references on the
proteins and milk protein genes from several spe-
cies. There are very considerable interspecies dif-
ferences in the minor proteins of milk. The milks
of those species which have been studied in
sufficient depth contain approximately the same
profile of minor proteins, but there are very
marked quantitative differences. Most of the
minor proteins in milk have some biochemical or
physiological function, and the quantitative inter-
species differences presumably reflect the require-
ments of the neonate of the species. Many of the
minor milk proteins are considered in Chaps. 9,
10 and 11. Where information is available, inter-
species comparisons are made in these chapters.
In the milk of all species, the caseins probably
exist as micelles (at least the milks appear white),
but the properties of the micelles in the milk of
only a few species have been studied. The
micelles in caprine milks were studied by Ono
and Creamer (1986). The water buffalo is the sec-
ond most important dairy animal and is particu-
larly important in India. The composition and
many of the physico-chemical properties of buf-
falo milk differ considerably from those of bovine
milk (see Patel and Mistry, 1997, for references).
Other properties of buffalo milk will be men-
tioned for comparative purposes in other chap-
ters. Some properties of the casein micelles in
camel milk have been described by Attia et al.
(2000). Possibly because porcine milk is rela-
tively easily obtained, but also because it has
interesting properties, the physico-chemical
behaviour of porcine milk has been studied fairly
thoroughly and the literature reviewed by
Gallagher et al. (1997). Equine and asinine milks
have also been the subject of some detailed char-
acterization over the last 20 years or so (Oftedal
and Jenness, 1988; Salimei et al., 2004; Uniacke-
Lowe et al., 2010; Uniacke and Fox, 2011).

2.14 Summary and Perspective

Research on milk proteins commenced about 200
years ago, before the word ‘protein’ was coined.
Progress was slow during the first 100 years,
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during which it was recognized that there are three
groups of proteins in milk: caseins, albumins and
globulins, the first being milk-specific but it was
thought that the latter two were derived from
blood. It was also realized that casein exists in
milk as large calcium- and phosphate-rich aggre-
gates/particles, now known as casein micelles, a
term which was introduced in 1920. Facilitated by
the introduction of new analytical techniques in
protein chemistry, there has been a succession of
developments and refinements, of which the fol-
lowing are probably the most important.

Although research in the 1920s suggested that
acid casein was heterogeneous, the development
of free-boundary electrophoresis and analytical
ultracentrifugation in the 1930s showed clearly
that casein and the whey proteins are heteroge-
neous. This led to the development, during the
1950s, of methods to isolate homogeneous pro-
teins. The principal whey proteins were crystal-
lized about this time, but it has been impossible
to crystallize the caseins, due to the lack of
defined secondary and tertiary structures.

The introduction of zone electrophoresis in
starch and especially polyacrylamide gels in the
late 1950s showed that all the principal milk pro-
teins occur in many isoforms, due to minor amino
acid substitutions (genetic polymorphism), varia-
tions in phosphorylation and/or glycosylation
and in some cases, intermolecular disulfide bond-
ing and limited proteolysis. During the 1970s, the
primary structure of all the principal milk pro-
teins and the secondary, tertiary and quaternary
structures of the whey proteins were determined.

The isolation of k-casein in 1956 initiated
research on the structure of the casein micelle, a
process that continues with a series of refinements,
made possible mainly through developments in
electron microscopy and X-ray scattering. The sta-
bility of casein micelles is critical in most dairy
products and processes, and aspects of stability and
factors affecting it have been studied for more than
a century, e.g., rennet-induced coagulation and sta-
bility to heat, concentration, dehydration, ethanol,
homogenization or high pressure, the significance
of which has varied over time and location.

The physico-chemical and biological proper-
ties of the milk proteins have been investigated
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over a long period but especially since 1960. The
caseins serve mainly as sources of amino acids
and as carriers of calcium and inorganic phos-
phate, but all of the principal, and many of the
minor, whey proteins have biological functions
as well as serving as sources of amino acids.
Since the 1960s, so-called ‘functional’ proteins
have become increasingly important dairy prod-
ucts, and their physico-chemical properties, such
as hydration, solubility, viscosity of their solu-
tions, surface activity and gelation properties,
have been characterized and modified by new
technological processes. The introduction of
membrane technology in the 1960s greatly facili-
tated the development of whey protein-based
products which are now valuable dairy products
and have converted whey from being a waste
stream into a valuable dairy product.

Among the minor proteins of milk are about
70 enzymes, which originate mainly from the
cytoplasm of the mammocytes, the MFGM, the
animal’s blood, through leaky junctions or leuco-
cytes. The first paper on a milk enzyme (lactoper-
oxidase) was published in 1881, and since then
there has been a continuous flow of research
reports. The principal indigenous enzymes have
been isolated and characterized, but many of the
less important enzymes have been recognized
only through their activity (for further informa-
tion, see Chap. 12). The indigenous enzymes in
milk are important for one or more of the following
reasons: protective agents for the mammary gland
or the neonate, in digestion, stability or spoilage
of milk or dairy products, as indicators of milk
quality, e.g., of mastitis, and especially as indica-
tors/markers of milk treatment, especially heat
treatment.

During the past 20 years, there has been con-
siderable interest in the genetics and evolution-
ary aspects of milk proteins, especially of the
caseins, and considerable progress has been
made, including the structure of the milk protein
gene cluster and elucidation of the synthesis and
evolution of milk proteins. The caseins are
members of a family of secretory Ca-binding
phosphoproteins (SCPPs), which are believed to
have evolved by gene duplication; other mem-
bers are enamel matrix proteins and some sali-
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vary proteins. SCPPs are necessary for the
mineralization of tissues which is considered to
be a critical innovation for vertebrate evolution,
forming the basis for various adaptations,
including body armour for protection, teeth for
predation and endoskeleton for locomotion. All
SCPPs have many features in common and are
believed to have evolved from a common ances-
tor (Kawasaki and Weiss, 2003; Kawasaki et al.,
2004, 2011). The evolution of casein is consid-
ered to have been critical in the evolution of lac-
tation and hence mammals (see Chap. 1). For
more detailed information on this exciting aspect
of dairy chemistry research, please see the fol-
lowing articles: Chanat et al. (1999), Peaker
(2002), Rijnkels (2002), Lefevre et al. (2009)
and Le Parc ef al. (2010). It is very likely that
research on the molecular biology of milk pro-
teins will continue, and probably accelerate, in
the immediate future and should be of great
value to dairy chemistry.

Lactation is a characterizing feature of mam-
mals, of which there are about 4,500 species.
However, the milk proteins of only a few species
(human, cow, sheep, goat, buffalo, pig, horse,
donkey, camel, yak and mouse) have been char-
acterized, even superficially. There has been
interest in the interspecies comparison of the milk
proteins for many years and has increased
recently; it seems likely that comparative inter-
species work on milk proteins will increase in the
immediate future (for further information, see
Chap. 13). Although the proteins of milk, espe-
cially of bovine milk, are now well characterized,
there is still ample opportunity for research across
the fundamental-applied spectrum on this impor-
tant and interesting subject.
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NMR Nuclear magnetic resonance
NOE The nuclear Overhauser effect
NPN Non-protein nitrogen

PAGE Polyacrylamide gel electrophoresis
PLG Plasminogen

PLM Plasmin

PLS Partial least squares

PSD Post-source decay

PTH Phenylthiohydantoin

R Reproducibility

R? Correlation coefficient
RP-HPLC Reversed-phase HPLC

SD Standard deviation

SDS Sodium dodecylsulphate

SEC Standard error calibration
SEP Standard error prediction

Ser Serine

SRID Single radial immunodiffusion
TCA Trichloroacetic acid

TFA Trifluoroacetic acid

Thr Threonine

TN Total nitrogen

TOCSY Total correlation spectroscopy
TOF Time-of-flight

TP True protein

UHT Ultrahigh temperature

uv Ultraviolet

WPC Whey protein concentrate
WPs Whey proteins

a-La o-Lactalbumin

B-Lg B-Lactoglobulin

A Wavelength

3.1 Introduction

Compared with other food products, milk is a
fairly simple fluid which has been studied thor-
oughly since the beginning of the nineteenth cen-
tury. Its composition and the main characteristics
of its various constituents are now well known.
This is especially true for the amino acid sequences
of its proteins. No other food product today has its
proteins so well characterised. This makes protein
analysis in raw milk fairly straightforward.
Protein analysis is certainly an important
issue. In fact, the present basis for milk payment
shows that proteins are now the most valuable
constituent of milk, so the precision of their

D. Dupont et al.

determination is critical. However, as soon as
technological treatments have been applied, any
quantitative measurement, except for nitrogen
determination, becomes far more difficult. This
is particularly true for protein denaturation,
which is not a one-step phenomenon. In fact, for
a given protein, denaturation leads to products
that may differ according to the treatment, often
with an ultimate transformation into insoluble
aggregates. Furthermore, a number of chemical
reactions may occur during the processing of
milk, dairy products and non-dairy products that
can lead to covalent modifications of proteins.
This is important because with the use of mem-
brane technology, which allows concentration
of various milk protein fractions, milk protein
can then be used extensively as an ingredient in
a number of food products. Furthermore, the
new area of development in functional foods
and nutraceuticals has shown that some protein
fractions and/or peptides are beneficial to the
health of humans. This has led a great number
of research laboratories to investigate methods
for extracting specific peptides. Milk proteins
have been hydrolysed intentionally to peptides
and amino acids by proteinases and peptidases.
Theoretically, the origin of any peptide with
more than five amino acid residues, provided it
can be isolated, can be established if it is derived
from any milk protein. However, although the
full characterisation of a milk protein hydro-
lysate is a difficult and time-consuming task, it
is now performed routinely by a number of lab-
oratories. The procedures that allow the deter-
mination of total or individual milk proteins in
milk and dairy products will be reviewed as well
as those used in non-dairy products. Finally,
some applications of milk protein analysis in
dairy and non-dairy products will be presented.

3.2 Definitions of Protein and
Analytical Performance

Now, in almost every country with a highly devel-
oped dairy industry, protein content is the major
constituent in milk quality payment schemes and
breeding programmes. Natural variations in the
concentration of milk proteins are large. Variation
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depends on many factors, including breed, feed,
country and regional factors, stage of lactation,
condition of individual cows and seasonal
changes. Thus, while the average normal concen-
tration of protein in milk is said to range between
35 and 40 gL', it may vary much more widely
from one cow to the next (Marshall, 1995). It is
normally accepted that proteins represent 95% of
the nitrogen content in milk, the remaining 5%
being non-protein nitrogen (NPN; urea, creatine,
uric and orotic acids, peptides, ammonia, etc.)
(Walstra, 1999). It is also recognised that~80%
of the nitrogen of milk is attributable to the
caseins and 20% to whey proteins and NPN.

3.2.1 Nitrogen Fractions in Milk

In milk, five fractions are currently analysed:

e Total nitrogen (TN)

* Non-casein nitrogen (NCN)=nitrogen content
of soluble proteins and NPN obtained by an
acid precipitation at pH 4.6

e Non-protein nitrogen (NPN)=non-protein
nitrogen soluble in 12% TCA

e True protein (TP)=TN-NPN

e Casein protein (CP)=TN-NCN
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3.2.2 Conversion Factors

The various milk proteins have specific amino
acid sequences which are known for the major
proteins. To estimate the amount of protein in
milk and milk products, it is necessary to convert
nitrogen into protein by multiplying the nitrogen
content by a factor, called the Kjeldahl conversion
factor. A value of 6.38 for this factor, originally
proposed a century ago by Hammarsten and
Sebelien, on the basis of the nitrogen content of
15.67% for purified acid-precipitated casein, is
generally accepted and was confirmed in the lat-
est IDF standard (IDF, 1993). However, this
method for calculating the protein content raises
two important questions. Firstly, the terminology
“protein content” is not fully correct, since the
proportion of NPN, within and between dairy
products, varies from 3% to 8% in milk and up to
25-30% in whey. To avoid confusion, the term
“crude protein” should be used to express the
nitrogenous matter in milk. Its quantitative expres-
sion is represented by the amount of total nitro-
gen multiplied by 6.38 and is expressed as g per
100 g (or per kg or L) of milk or milk product.
Secondly, the conversion factor is not constant
but is highly dependent on the amino acid

Table 3.1 Protein content of milk and Kjeldahl factor for milk (Karman and Van Boekel, 1986)

Without carbohydrate With carbohydrate
Protein Concentration (g/litre) N% Kjeldahl factor N% Kjeldahl factor
o, -Casein 10.0 15.77 6.34
o ,-Casein 2.6 15.83 6.30
-Casein 9.3 15.76 6.34
k-Casein 33 16.26 6.15 15.67 6.38
y-Casein 0.8 15.87 6.30
f-Lactoglobulin 32 15.68 6.38
o-Lactalbumin 1.2 16.29 6.14
BSA 0.4 16.46 6.07
Ig 0.8 16.66 6.00 16.14 6.20
PP, 8 F, 8S 0.5 15.30 6.54
PP3 0.3 16.97 5.89 15.27 6.55
Lactoferrin 0.1 17.48 5.72 16.29 6.14
Transferrin 0.1 17.00 5.88 16.10 6.21
MFGM 0.4 15.15 6.60 14.13 7.08
Milk 33.0 15.87 6.30 15.76 6.34

MFGM Milk fat globule membrane
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Table 3.2 Experimental Kjeldahl factors for isolated milk protein (Karman and Van Boekel, 1986)

D. Dupont et al.

Experimental Theoretical
Protein % Non-protein ash* Corrected % N° Kjeldahl factor Kjeldahl factor
o -Casein 2.16 15.55 6.43 6.33
-Casein 3.78 16.41 6.10 6.34
k-Casein 2.11 14.84 6.74 6.38
Total casein 1.40 15.62 6.40 6.34
f-Lactoglobulin 12.60 14.97 6.68 6.38

“The difference between the ash content and the sum of PO, and SO, contents taken as non-protein ash (for 3-lactoglob-

ulin only the SO, content was taken)
*Corrected for fat and water content and non-protein ash

composition of the protein fraction. Using the
primary structure of milk proteins, Karman and
van Boekel (1986) showed that for bovine milk,
the conversion factor should be 6.34 instead of
6.38, and different factors should be used for
casein (6.34), para-casein (6.29), proteins of ren-
net whey (6.45), acid whey proteins (6.30) and
NPN (3.60). For individual proteins, the variabil-
ity of the factor is even greater (Table 3.1). In
their study, they demonstrated that experimental
determination of the Kjeldahl factor on (pure)
protein fractions leads to substantial discrepan-
cies from the theoretical values calculated from
amino acid sequences (Table 3.2), mainly because
it is difficult to obtain pure fractions and to mea-
sure the ash content accurately.

3.3 Reference and Routine Methods

Nitrogen is the element that essentially character-
ises proteins in milk, as well as in other food-
stuffs. The determination of nitrogen has always
been used as a reference for estimating the pro-
tein content of foods.

3.3.1 Kjeldahl Method (Nitrogen

Determination)

One of the most widely used methods for protein
determination in foods is the Kjeldahl method. It is
used to measure the nitrogen content of foods,
which is converted to protein content by a conver-
sion factor (see Sec. 3.2.2, “Conversion Factors”).
This method is now internationally recognised as
the reference method for measuring the protein con-

tent of milk products (IDF, 1993; AOAC, 1995) and
is listed as such in the Codex Alimentarius.

Principle. In the Kjeldahl method, the organic
compounds are digested in concentrated H,SO, in
the presence of a catalyst and perhaps an oxidising
agent. The total organic nitrogen is converted
quantitatively to (NH,),SO,, neutralised with
NaOH, the NH, distilled off and estimated by titra-
tion with a standard acid. The result is multiplied
by a conversion factor to give the crude protein
content of the sample (Chang Sam, 1998). Detailed
information regarding all the reactions involved in
this procedure is given by Bradstreet (1965).

The total mineralisation time given in a standard
method must be considered as a minimum time.
The heating time should not be reduced if the clear-
ing time (when the digest becomes clear) is short,
as, for instance, with low-fat milk samples. On the
other hand, for samples with a high fat or protein
content, the amount of H,SO, must be increased
because organic material consumes H, SO, and the
total mineralisation time should be extended if the
clearing time is longer than that given in the stan-
dard method. The latest version of the International
Dairy Federation standard for Kjeldahl determina-
tion of milk proteins (total nitrogen and true protein
content) is based on the results of two inter-labora-
tory studies, which involved ten laboratories
(Barbano et al., 1990; Barbano and Lynch, 1991).

3.3.1.1 Analysis

Nitrogen (Total) in Milk (TN). The sample is
digested without preparation. The amount of
nitrogen is the total organic nitrogen (crude
protein), which corresponds to the protein and
non-protein nitrogen (IDF, 1993).
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Non-protein Nitrogen (NPN). For a long time,
TCA has been used to precipitate proteins in milk
(Rowland, 1938). A solution of 15% TCA is
added to milk to get a final concentration of 12%.
This mixture is filtered; the filtrate contains the
NPN compounds (urea, creatinine, creatine,
amino acids and other minor nitrogen-containing
compounds). True protein content is calculated
from TN-NPN (Rowland, 1938). This procedure
has been the subject of a collaborative study by
Barbano and Lynch (1991) and is now a standard
method (IDF, 1993).

True Protein (TP). The proteins are precipitated
with 12% TCA, as for NPN, described above.
The coagulum is collected on a filter and analy-
sed directly for nitrogen content. This is one-step
procedure, is faster and costs less than the two-
step procedure (Barbano et al., 1990).

Non-casein Nitrogen (NCN). Milk caseins are
defined as proteins that precipitate at pH 4.6
(Rowland, 1938). Lynch ez al. (1998) conducted
a collaborative study to modify and improve the
current IDF procedure (IDF, 1964) for the deter-
mination of casein by the Kjeldahl method. The
casein is precipitated at pH 4.6, using acetic acid
and sodium acetate (Lynch ef al., 1998). The
NCN in the filtrate is measured by the Kjeldahl
method (IDF, 1993). Casein content is calculated
as the difference between total nitrogen and non-
casein nitrogen.

Casein Nitrogen. The direct determination of
casein is made by directly precipitating the casein
at pH 4.6 in a Kjeldahl flask (Lynch et al., 1998),
instead in an Erlenmeyer flask. This is done using
10% acetic acid and a sodium acetate solution
(1 N). The casein precipitated is measured by
Kjeldahl analysis (IDF, 1993). This method is also
part of the revised IDF Standard 29 (IDF, 1999).

3.3.2 Infrared Methods

3.3.2.1 Basic Principle of IR Measurements
The IR Spectrum. Infrared radiation is electro-
magnetic energy longer than visible light and
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shorter than microwaves. Three regions charac-
terise the IR spectrum according to the wave-
length or wave number of the radiation: the
near-IR region (NIR) from 0.7 to 2.5 um (14,285—
4,000 cm™), the mid-IR region (MIR), from 2.5
to 25 pm (4,000-400 cm™) and the far IR region
from 25 up to 100 pm (400-100 cm™). The near
and mid-infrared regions are the most useful for
quantitative and qualitative analysis of foods.
When a molecule is subjected to IR radiation,
energy will be absorbed only if the frequency of
the radiation corresponds to the frequency of one
of the fundamental vibrations of the molecule
(stretching vibrations at high frequencies and
bending deformations at low frequencies).

The vibration energy which characterises a
chemical group (e.g., C-H, O-H, C=0) is depen-
dent on both the bond strength and the mass of the
two atoms which form the group. Fundamental
vibrations of molecules occur mainly in the MIR
region and absorption in the NIR occurs at wave-
lengths which correspond to either harmonic fre-
quencies or combination frequencies of the
fundamental vibrations. These NIR absorption
bands are generally quite broad, allowing the use of
rather large spectral pass bands for measurements.
Their intensities are weak, compared to the signals
obtained in the MIR region from fundamental vibra-
tions of the molecules, but they are sufficiently
important to allow quantitative analysis. Both tech-
niques have been used for the analysis of milk and
milk products; MIR is used essentially for the anal-
ysis of milk or other liquid dairy products by trans-
mission and NIR for the analysis of either liquid or
solid dairy products by diffuse reflectance or trans-
mittance. Rudzik (1985) compared the two tech-
niques and concluded that they are complementary
for the analysis of dairy products.

Quantitative Analysis. The IR energy absorbed
by a sample can be measured either in the trans-
mission mode, if the product is in solution or is
sufficiently transparent to IR radiation, or in the
reflection mode for opaque or solid samples.
Most of the MIR instruments designed for liquid
samples measure the transmitted light directly,
while NIR instruments are usually built to mea-
sure the IR light which is either diffusely reflected
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from the surface for solid samples or from the
surface of liquids in a sample holder for liquids,
or transmitted through a cuvette for liquids.

For a single-component solution, the amount
of IR energy absorbed by the sample (absor-
bance) is exponentially proportional to the con-
centration of component and follows the
Beer-Lambert law. If 1 is the intensity of the inci-
dent beam and [ is the intensity of the transmitted
or reflected beam, the absorbance is
A, =logl,/1=E,,Cl, where the ratio I, rep-
resents either the transmittance or the reflectance,
E the extinction coefficient of the component, C
the concentration, A the measurement wavelength
and [ the path length of the cell, for transmittance
measurement.

The absorbance of n absorbing components is
then expressed by the equation:

A =(E,,-.C,+E,,C,+---+E, -C,)l

where C,,..., C, are the concentrations of the n
components, and E,.E,... E, are the extinc-
tion coefficients of the n components at the wave-
lengths 4, 4,...., 4 .

In conventional MIR instruments, to correct for
any variations in the response of the system (source
brightness, temperature of sample, soil on the
cuvette, etc.) and to reduce, as much as possible, the
influence of interfering components, like water, the
measurements are made with reference to the
amount of IR energy absorbed, either by water at
the same wavelength as the assay wavelength, or by
the sample at a nearby wavelength at which there is

only a slight absorption by the component being
measured. For NIR instruments using reflectance,
the reference is usually obtained by the intensity of
the incident beam reflected by a ceramic disk.

Analysis of Proteins by Mid-IR Spectroscopy.
Today, almost all the milk payment, herd improve-
ment testing and routine quality control are done
using mid-IR analysers. Mid-IR analysis of pro-
teins is now a standard method, referred to as IDF
Standard 141B (IDF, 1996) and AOAC method
972.16 (AOAC, 1995). In the IDF monograph on
indirect methods for milk analysis, Biggs et al.
(1987) reviewed the available information regard-
ing this technique. Most instruments are Fourier
transform infrared (FTIR) spectrometers.
Information on FTIR can be found in Van de
Voort et al. (1992), Luinge et al. (1993) and in
the reviews of Lefier (1998) and Agnet (1998).

Principle. There is a strong absorption band in
MIR, called “amide II,” at~6.46 um (1,550 cm™)
by a peptide bond. This absorption originates from
the C—N stretching vibration (40%), and from the
N-H bending deformation (60%) (Fig. 3.1). The
peptide bond also shows other absorption bands
near 1,650 cm™ (6.1 pm, “amide I,” due mainly to
C=0 stretching vibration) and at 3,300 cm™
(3.0 um, N-H stretching vibration). As illustrated
in Fig. 3.2, the determination of protein concentra-
tion in milk is based on the “specific” absorption
of the peptide linkages at 6.46 um. Although pro-
teins are the major absorbing compounds at this
wavelength, the absorbance is influenced by the
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Fig. 3.2 The infrared transmission spectrum (wavelength in um) of milk versus water (courtesy of Multispec Ltd;

IDF, 1987)

other major compounds in milk (fat and lactose)
and by minor soluble constituents. An automatic
correction is achieved by setting internal intercor-
rection factors for each component at each wave-
length. Intercorrection factors can be determined
either with specifically prepared samples to char-
acterise each of the intercorrection factors or by
multiple regression of uncorrected instrument sig-
nal versus chemical data on a large number of milk
samples (Barbano and Clark, 1989). The poor res-
olution of the spectra has been enhanced by the
data treatment algorithms to reduce the strong
absorption band of water.

Analysis. A warmed sample (40°C), thoroughly
mixed, and if necessary, blended and/or diluted, is
pumped through a 1-, 2- or 3-stage valve homoge-
niser. Before analysis, the instrument must be cali-
brated using a reference method. Natural milks and
reconstituted milk (from raw milk, cream, skim milk,
retentate and ultrafiltrate) are the only two types of
calibration accepted according to IDF (1996).

Instrumentation. FTIR instruments are equipped
with a single cell. They also include a source of
polychromatic beam emission and a Michelson
interferometer to split the polychromatic beam.
The interferometer uses a beam splitter to divide
the incident polychromatic radiation (source)
into two parts, each reflected to a fixed and a
moving mirror, respectively. The divided beams
are recombined at the beam splitter by reflecting

them back with mirrors. Because of the moving
mirror, the two beams undergo constructive and
destructive interference as they recombine at the
beam splitter. Intensity fluctuations produced by
the interference are measured by the detector,
digitised in real time and referred to an interfero-
gram. A mathematical treatment, called the
Fourier transform, is used to convert the resulting
interferogram into a typical IR spectrum. FTIR
instruments offer significant advantages over dis-
persive spectrometers: While providing a great
improvement of the signal-to-noise ratio, FTIR
instruments also detect all the wavelengths simul-
taneously and therefore acquire spectra more
rapidly. Figure 3.3 illustrates an FTIR instrument.

3.3.2.2 Factors That Affect the Accuracy

of Mid-IR Protein Determination

in Milk
Physicochemical Factors. Aside from the influence
of instrumental factors (for complete information,
see IDF, 1996), like temperature, linearity (Smith
et al., 1993a), water vapour in the optical console,
homogenisation (Smith ef al., 1993b; Smith et al.,
1995), etc., and assuming that the instrument is
correctly calibrated (including the correction for
fat and lactose), the accuracy of milk protein test-
ing is influenced mainly by variations in the pro-
portion of NPN and by the presence of carboxylic
acids. The relationship between IR absorption at
6.46 um and true protein concentration, measured
by Kjeldahl, is relatively independent of the amino
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Fig. 3.3 Schematic representation of the principle of Fourier transform (FTIR) spectrometer based on a Michelson
interferometer. From Lanher (Lanher, 1996), J. Assoc. off. Anal. Chem. Int., Vol. 79 (6). S: source, D: detector

acid composition of the protein, since the ratio, N
content/number of peptide bonds, is relatively
constant. On the other hand, because the NPN
fraction is not measured by IR, any variation in
the proportion of NPN will influence the accuracy
of an instrument calibrated to measure crude pro-
tein (total Nx6.38).

Ionised carboxyl groups, COO-, absorb at the
protein absorption wavelength. The main indige-
nous source of such groups in milk is citrate.
Sjaunja and Anderson (1985) have shown that
natural variations in the citrate content of indi-
vidual milks explain 40-60% of the difference
between the IR and the Kjeldahl true protein
results and an increase of 0.01 g/100 g of milk in
the concentration of citric acid increases the pro-
tein reading by 0.075 g/100 g.

The formation of carboxylic acids on fermen-
tation of lactose may also cause interference
absorption at the protein wavelength (Goulden,
1964). Grappin and Jeunet (1979) clearly demon-
strated that, in fact, most of the interfering com-
pounds are present in the soluble phase of milk
(Fig. 3.4).

Biological Factors. Any biological factor (e.g.,
stage of lactation, mastitis, breed, species, feeding,
season) known to influence one of the physico-
chemical characteristics mentioned above will, in
turn, cause systematic errors in protein measure-
ments by IR methods. According to Biggs et al.
(1987), the influence of only a few factors has been
demonstrated clearly. Goats’ milk, which has a
lower citrate concentration than bovine milk,
requires a different calibration for true protein
analysis than those for cows’” milk (Grappin et al.,
1979). Season/feeding, as well as species (goat vs
cow) or breed (Jersey vs others), which influences
the proportion of NPN in milk, will have a
significant influence on the accuracy of the method
when the apparatus is calibrated for crude protein
(Grappin and Jeunet, 1979). Whenever possible,
adjustments of the instrument calibration will,
therefore, have to be made.

Casein Determination. Sjauna and Schaar (1984),
Karman et al. (1987) and Barbano and Dellavalle
(1987) performed a two-step determination of
casein (milk and filtrate containing whey or
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Fig. 3.4 Relationship between MilkoScan protein readings-true protein Kjeldahl values, for 81 individual goat milk
samples (x) and the corresponding whey samples (y) (Grappin and Jeunet, 1979). Coefficient of correlation, r=0.65

non-casein protein) and, by subtraction and usu-
ally after the application of correction factors,
obtained the casein content. Using an FTIR anal-
yser, Hewavitharana and Brakel (1997) deter-
mined the casein concentration in raw milk
directly. They obtained a mean difference from
the reference method of 0.4% and a correlation
coefficient of 0.976. Casein determination by
mid-IR is not an official standard, but with
modern FTIR instruments, it is now used routinely
for analysis of milk.

Application to Dairy Products. To analyse viscous
or semi-solid products with a high protein content,
dilution and vigorous blending of a weighed sam-
ple is necessary before analysis using the commer-
cial instruments. Because of the interference by
other compounds and the influence of the techno-
logical process, specific instrument calibration is
necessary for each product. Moreover, better
results will be obtained before any hydrolysis of
the proteins occurs. Although MilkoScan or
Multispec milk analysers are commonly used by
the dairy industry for quality control of their prod-
ucts, little information is available on the analyti-
cal performance of the method.

Analysis of Proteins by NIR Spectroscopy. In
1985, NIR calibrations were developed for the
principal constituents of dairy products, and it

was recognised that the NIR technology fulfilled
nearly all the current official analytical perfor-
mance requirements. The next few years were
characterised by developments in software, hard-
ware, grating monochromators and by improve-
ments in optical and electronic components. In
the same way, the development of chemometry
led to new complex NIR applications in both
transmittance and reflectance modes. The dairy
industry is now increasingly using NIR methods
to monitor the quality of dairy products, for
example, moisture content of milk powder and
moisture, protein and fat content of milk, curd
and yogurt. Despite all those applications, NIR
spectroscopy is still not an official method of
analysis in the dairy industry. For detailed infor-
mation concerning theoretical aspects, instru-
mentation, calibration and application of NIR
spectroscopy in food analysis, the textbook of
Osborne et al. (1993) should be consulted. For
more specific information on the dairy industry,
Rodriguez-Otero et al. (1997a) and Laporte and
Paquin (1998a) published reviews on the use of
near-infrared spectroscopy for the analysis of
dairy products.

Principle. The NIR region of the electromagnetic
spectrum (700-2,500 nm) includes molecular
absorptions of overtone (700-1,800 nm) and com-
bination bands (1,800-2,500 nm). Wavelength (L)
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units (nm) are often used in the NIR region of the
electromagnetic spectrum but can also be expressed
as wave numbers (cm™), which equal 10,000/A (A
in pm) or 10’/A (A in nm). Covalent bonds involving
hydrogen (C-H; N-H and O-H) are dominant in
the NIR region. NIR band intensity is weaker (by a
factor 10—100) than their corresponding MIR bands.
Spectra can be collected either in reflectance or
transmittance (usually preferred with liquids)
modes. Because of the strength of the overtones
(1,450 nm) and combination (1,940 nm) water
bands in the NIR region, milk has an NIR spectrum
very similar to that of water. Spectral bands related
to the other milk components are difficult to isolate
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Fig. 3.5 Near-infrared spectrum of milk: (a) raw spec-
trum (b) second derivative. Courtesy of T.M.P. Cattaneo
(CRA-IAA, Milan) and S. Barzaghi, (CRA-FLC, Lodi);
CRA - Consiglio per la ricerca e sperimentazione in
Agricoltura — Italy

from the raw (unprocessed) spectrum. Furthermore,
milk spectra result from the sum of each milk com-
ponent and their specific interactions. Determination
of wavebands that are specific to milk proteins can
be achieved only by mathematical processing of a
collection of milk spectra. However, the derivative
mathematical treatment is an alternative approach
to the problem of overlapping peaks (Hruschka,
1987). In the second derivative of average milk
spectra, the characteristic absorption peaks are more
clearly separated (Fig. 3.5a, b). The lipid C—H com-
bination and second overtone can be seen at 2,320
and 2,350 nm (Giangiacomo and Nzabonimpa,
1994). The absorption of N-H structures related to
protein are located at approximately 2,060 and
2,170 nm (Diaz Carillo et al., 1993). Table 3.3 gives
an example of the wavelengths that have been
assigned by different authors for NIR protein
analysis.

The NIR analyser must be calibrated prior to
any protein measurement. Calibration equations
quantify the relationship between the NIR absorp-
tion information and the laboratory reference
method. The accuracy of this relationship is mea-
sured with the standard error of calibration (SEC)
and the standard error of prediction (SEP).

Sample preparation varies according to the
nature of the product. For milk analysis, after
homogenisation to limit the light scattering
effect of fat globules, the sample is usually
placed into a temperature-controlled (40 £0.1°C)
holder with a quartz window. Powder samples

Table 3.3 Waveband assignments (nm) for NIR protein analysis of dairy products

Casein and Cheddar
Dried milk Liquid milk Dried milk  dried cheeses Liquid milk  Liquid milk cheese curd
Goulden (1957) Jeunet and Grappin Baer efal.  Frank and Robert e al.  Kamishikiryo-  Lee et al.
(1985) (1983) Birth (1982)  (1987) Yamashita e al.  (1997)
(1994)
1,180 1,170
1,290
1,450-1,600 1,450 1,500
1,730 1,730 1,700
1,820 1,820 1,820
1,930 1,980
2,100 2,050
3,050 2,180 2,190 2,180 2,170 2,138
2,280 2,287
2,320 2,310
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Table 3.4 Principal suppliers of mid-IR and near-IR instruments for analysis of milk and dairy products
Mid-infrared Near-infrared
Wavelength
selection Wavelength
Manufacturer Instrument system Manufacturer Instruments  selection system
Foss Electric A/S MilkoScan FT 120 FTIR ABB Bomem Inc. 585 Networkir FTIR
69, Slangerupgade  MilkoScan FT1 FTIR Blvd Charest suite 300, Formulatir
DK-3400 MilkoScan FT+ FTIR Quebec (Qc), Canada, Butter and
Hillerroed, MilkoScan Minor  Filters GIK 9 H4 Margarine
Denmark analyser
Bentley Bentley FTS FTIR Brucker Optics Inc. MPA FTNIR
Instruments Inc. DairySpec FT FTIR 19, Fortune Drive,
4004, Peavey Bentley 150 Filters Billerica,
Road, Bentley 2000 Filters MA, 01821-3991, USA
Chuska, MN, LactoScope FTIR FTIR
53318, USA LacoScope Filters  Filters
Deltalnstruments
B.V.
Kelvinlaan 3
9207 JB Drachten,
the Netherlands
Bran + Luebbe Inc. InfraAlyzer Filters
1025, Busch Parkway, series
Bufflo Grove, IL,
60089-4516, USA
Dickey-john Corp. Instalab Filters
52000 Dickey-john Road, and GAC
Auburn, IL, 62 615, USA  1II
Leco Corp. Quick- Filters
3000 Lakeview Av, Chek series
St. Joseph, MI,
48085-2396, USA
LT Industries Inc. Quantum Grating
6110 Executive series
Bvld # 200, Rockville,
MD, 20852, USA
FossNIRSystems NIR series  Grating
12101, Tech. Road,
Silver Spring, MD,
20904, USA
Perkin-Elmer Corp. Spectrum FTIR
761 Main Avenue, one

Norwalk, CT, 06859,
USA

are simply placed in a sample holder and pressed
against a quartz window. Solid or pasty prod-
ucts, like cheese, should have a uniform surface
and are placed in open holders or other plastic
devices. To obtain reliable results, sample prep-
aration is extremely important. For protein
measurement, de Vilder and Bossuyt (1983)
pointed out that the granular structure of milk
powder affects the results.

Analysis and Instrumentation. All NIR instruments
have five basic parts: a radiation source (a tungsten-
halogen lamp in most NIR instruments), a wave-
length dispersion device, a detector (usually, lead
sulphide or silicon) and finally many electronics
components and a computer. As for the selection
wavelength device, essentially three types of instru-
mentation are available on the market for food
analysis (Table 3.4): filter (tilting or fixed),



98

monochromator, which consists of a grating device
that scatters the incident polychromatic beam in a
series of diverging monochromatic beams, and
Fourier transform instruments. Contemporary NIR
spectrophotometers are of the two last types.

Analytical Attributes and Factors That Affect the
Accuracy of Protein Testing in Milk. With the
exception of instrumental and sample factors,
compared to MIR techniques, little work has been
done to assess the performance of the NIR instru-
ments for the analysis of milk and to evaluate
thoroughly the physicochemical and biological
factors that may influence the response of NIR
analysis. On individual samples of cows’ and
goats’ milks, Jeunet and Grappin (1985) found
that lipolysis did not interfere and that only the
species of animal had a significant effect on pro-
tein results. Conversely to MIR, the accuracy SD
is slightly lower (0.021 vs 0.025 g/100 g) when
the instrument is calibrated for crude instead of
true protein. Similarly, a better estimate was
obtained by Baer et al. (1983) on non-fat dry milk
when the Kjeldahl method was used as a refer-
ence rather than the dye-binding method.

Casein Determination. Sato et al. (1987) first
investigated the feasibility of casein determination
by MLR (SEC=0.0951 and R*=0.854) using NIR
reflectance. Kamishikiryo-Yamashita et al. (1994)
added more theoretical work on the subject. Diaz-
Carillo et al. (1993) presented calibrations for goat
milk casein and casein fractions. The sample was
dried on glass fibre filters and the SEP=was 0.35
for total casein. Finally, Laporte and Paquin (1999)
performed casein calibrations (SEP=0.06) with
NIR transmittance spectroscopy on cows’ milk.

Application to Dairy Products. NIR spectroscopy
is widely used for fat, protein, lactose and dry
matter determination in milk and cream. NIR
techniques have also been evaluated for the anal-
ysis of moisture, fat and protein in various milk
powders (Baer et al., 1983; de Vilder and Bossuyt,
1983; Egli and Meyback, 1984; Frankhuizen, and
van der Veen, 1985), cheese (Frank and Birth,
1982; Frankhuizen and van der Veen, 1985;
Wehling and Pierce, 1994; Rodriguez Otero
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et al., 1995; Lee et al., 1997), and fermented
milks (Rodriguez Otero and Hermida, 1996;
Rodriguez Otero et al., 1997b). Finally, NIR
spectroscopy was used successfully for monitor-
ing the rennet coagulation of milk (Payne et al.,
1993; Saputra et al., 1994; Laporte and Paquin,
1998b) and whey protein denaturation (Pouliot
etal., 1997).

3.4 Separate Determination and
Characterisation of Individual
Proteins in Milk and Dairy
Products

Each protein has specific physicochemical prop-
erties that determine the overall characteristics
(technological, nutritional and sensory proper-
ties) of the food products they are involved in.
Analytical methods that provide quantitative and
qualitative information on proteins (e.g., protein
content, genetic variants, degradation products of
proteins, etc.) and interaction between proteins in
a mixture (raw milk, dairy products) are of para-
mount importance to evaluate their behaviour
during processing and digestion. These analytical
methods are also used for the detection of adul-
teration and to evaluate protein modifications at
molecular or supramolecular levels occurring
during storage.

The main techniques that have been used to
quantify the main proteins in milk and other dairy
products are electrophoresis, column liquid chro-
matography and immunochemical methods.
Using electrophoresis and column liquid chroma-
tography, proteins are separated from a mixture
prior to quantification while immunochemical
methods give direct quantification. Structural
information on proteins is provided using spec-
troscopic methods: Circular dichroism (CD) and
infrared (IR) spectroscopy are the main methods
used to acquire information on the secondary
structures of proteins. NMR spectroscopy and
X-ray crystallography are used for the determina-
tion of the three-dimensional structure of the pro-
teins. Mass spectrometry (MS) permits the
identification and quantification of proteins and
degradation products of proteins even in trace
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amount. MS has led to substantial progress in the
characterisation of milk proteins, with major
emphasis on the determination of new genetic
variants, on post-translational and chemical
modifications. Matrix-assisted laser desorption/
ionisation (MALDI) and electrospray ionisation
(ESI) are currently the dominant methods for ion-
isation of biomacromolecules, such as proteins.

3.4.1 Electrophoresis

(a) Native Electrophoresis
This technique has been widely used for pheno-
typing individual cows and for determining the
main proteins in raw milk. The term “native”
electrophoresis refers to the analysis of the pro-
tein under native-like conditions, compared to
other forms of electrophoresis, where denatur-
ing (SDS or urea) or reducing agents (mercap-
toethanol or dithiothreitol [DTT]) are used, see
later sections. Electrophoresis is performed
mainly using polyacrylamide gels as the sepa-
rating matrix. However, starch or polyacrylam-
ide-agarose mixtures have also been used
successfully for separating caseins (Wake and
Baldwin, 1961). Most gels are run in a discon-
tinuous buffer system, in which proteins migrate
as discrete bands, due to the use of discontinu-
ous buffers and a gel system involving a stack-
ing gel as a layer above the separation gel
(Andrews, 1986). Further improvements in gel
electrophoresis have been obtained through the
use of thin mini-gels (5 x4 cm, 0.4—1 mm thick-
ness) and silver staining, which have increased
both resolution and the sensitivity of the tech-
nique and reduced the time of analysis consid-
erably. In addition, the commercial availability
of precast mini-gels and semiautomated elec-
trophoresis equipment makes it possible to
resolve, stain and destain proteins in a few
hours (van Hekken and Thompson, 1992). The
development of the gel electrophoresis tech-
nique, its evolution and application to protein
analysis in milk or dairy products have been
extensively reviewed by Shalabi and Fox
(1987), Creamer (1991) and McSweeney and
Fox (1997). The technique has been performed
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on milks for genetic purposes but also for mon-
itoring and assessing protein breakdown during
the storage or processing of milk or for detect-
ing adulteration, as reported by Strange et al.
(1992). The techniques are identical to those
mentioned above, and densitometric scanning
is required. Separate electrophoresis at alkaline
pH values is performed on casein precipitate
obtained at pH 4.6 (which are then dissolved
with urea and a reducing agent) and whey.
When vertical slab gels are used, para-x-CN,
which can often be found in milk at small con-
centrations, cannot be determined since it
migrates upwards at alkaline pH. Amido Black
10B or Coomassie Blue G250 is used to stain
proteins. To determine the absolute amount of
proteins following scanning densitometry,
which gives areas proportional to the amounts,
it is necessary to know their dye-binding capac-
ities. On electrophoresis, o -, a,- and k-CN
Indices bands give 2, 4 and 1 major and several
minor bands, respectively. The several k-CN
bands are transformed by chymosin into one
(or two) para-x-CN band(s). When k-CN is
determined directly on vertical gels (without
chymosin treatment), only the major band is
considered.

(b) SDS Electrophoresis

SDS binds strongly to proteins, mainly through
hydrophobic interactions. The amount of SDS
bound is approximately proportional to the
weight of the protein:~1.4 g SDS/g protein
(Reynolds and Tanford, 1970). Thus, any pro-
tein molecule will bind a large number of SDS
molecules, each of which carries a negative
charge of the sulphate group of SDS. The
indigenous net charge on the protein at any pH
is thus made negligible. Therefore, all proteins
should, in the presence of SDS, migrate at the
same velocity towards the anode in free-flow
electrophoresis. However, in zone electropho-
resis, particularly in acrylamide gels, the larger
the protein, the lower its electrophoretic mobility,
because of the sieving action of the gel.

This technique is used widely to deter-
mine the molecular weight, MW, of proteins
(Shapiro et al., 1967) with the possibility
of covering a wider range of MW values by
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Table 3.5 Isoelectric point of milk proteins determined by isoelectric focusing

Seibert et al. (1985)

Protein Interval at probability level of 5%
Erhardt (1993)

o,-CN A - 4.16-4.40
B - 4.23-4.47
C - 4.27-4.49
a,-CN A - 7.83-5.13
D 4.68-4.96 -

B-CN Al - 4.68-4.96
A2 - 4.60-4.84
A3 - 4.50-4.74
B - 4.78-5.10
C - 4.97-5.29
k-CN A - 5.43-5.81
B - 5.54-6.12
C 5.83-5.62 -

a-LaB - 4.66-4.90
B-Lg A - 4.64-4.90
B - 4.72-4.98
C - 4717
y1-CN - -

y2-CN - -

y3-CN - -

Trieu-Cout and Gripon (1981)

4.44-4.76

4.83-5.07

5.45-5.77

5.55-5.87
6.38-6.72
6.01-6.29

*Correlation for pH shift due to urea was made by subtracting the pH difference between an ampholyte solution and the
same solution plus urea, ampholytes and urea being at the same concentration as in the gel

varying the pore size and by using an acryl-
amide concentration gradient (Rodbard
et al., 1971). The most widely used method
for SDS-PAGE gels of both casein and whey
proteins is that of Laemmli (1970) under
both reducing and non-reducing conditions
(presence or absence of mercaptoethanol or
DTT). The four bovine caseins can be sepa-
rated by SDS-PAGE in the presence of a
reducing agent (Creamer and Richardson,
1984), giving four distinct bands corre-
sponding, in the order of increasing mobil-
ity, to - o, - and k-CNs. It was noted
that o - and B-CNs behave atypically, giv-
ing higher MW values (Creamer and
Richardson, 1984). Furthermore, the fol-
lowing proteins, each having a mobility
higher than those of the caseins, can also be
distinguished by SDS-PAGE of milk: y -CN,
B-Lg, a-La+para-k-CN, y,-+7,-CNs, in the
order of increasing mobility. This method
could give, by scanning densitometry of a

single gel, the absolute amounts of the main
proteins present in individual or bulk milks.

(¢) Isoelectric Focusing (IEF)

Trieu-Cuot and Gripon (1981) clearly
identified the different proteins in whole casein
by using IEF. The separation was performed
in 1 mm-thick polyacrylamide gels containing
ampholytes, 7 M urea and 0.1% 2-mercapto-
ethanol. The following components were
identified, in order of decreasing isoelectric
pH value: y-CNs (the 3 known components),
K-CN (2 components), o ,-CN (the 4 known
components), 3-CN and o, -CN (several com-
ponents, including a ). IEF was used for phe-
notyping, in a single run, all milk proteins in
ultrathin-layer polyacrylamide gels. The fol-
lowing variants were detected: a -CN A, B,
C:a,-CNA,D; B-CN A', A%, A%, B, C; k-CN
A, B, C;a-LaB; -Lg A, B, C. Table 3.5 gives
the isoelectric pH values that have been mea-
sured (Trieu Cuot and Gripon, 1981; Erhardt,
1993). Rapid identification of the genetic
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variants of milk proteins using the PhastSystem
(Pharmacia) was reported by Vegarud et al.
(1989) who analysed the caseins (10%
Servalytes, pH 4.0-6.0, 4.5-5.0, 5.0-7.0,
1/1/1, v/v/v; 8 M urea, 2.5% Triton X-100,
and 2-mercaptoethanol +urea in the samples)
and whey proteins (Phastgel IEF, pH 3-9
without urea) separately in 350 individual cow
milk samples. All the variants mentioned
above were detected. Another widely used
procedure, developed by Bovenhuis and
Verstege (1989), permits separation of all the
milk proteins on a single gel (16% ampho-
lytes, pH 4.2-4.9, 4.5-5.4, 3.5-5.0, 1/1/1,
v/viv; 8 M urea/0.8% Triton X-100/ 2-mer-
captoethanol +urea in the samples of whole
milk). The genetic variants mentioned above
produced sharp distinct bands except for a-La
B and B-Lg A, which co-migrated. This
method can be used routinely for milk
phenotyping.
(d) Two-Dimensional Electrophoresis
This technique is especially useful in the qual-
itative analysis of complex mixtures of pro-
teins by taking advantage of two different
criteria simultaneously; the isoelectric pH (or
electrophoretic mobility) and the MW. Trieu-
Cuot and Gripon (1981) separated caseins
using IEF (pH 4-9) in the first dimension and
PAGE (from 1 to 28% acrylamide) in the pres-
ence of 0.1% SDS and 4.9 M urea in the sec-
ond dimension. Miranda (1983) separated the
caseins, para-x-CN, B-Lg and o-La in the
12% TCA (insoluble fraction of UHT milks).
Significant progress has been made on the
reproducibility of separation by using com-
mercial strips with ampholytes immobilised
in an acrylamide gel (Immobiline technique)
(Gorg et al., 1995).
(e) Capillary Electrophoresis (CE)

Most forms of classical electrophoresis,
including zone electrophoresis, isoelectric
focusing and gel electrophoresis, have now
been performed in the capillary format. CE
offers significant advantages over traditional
electrophoresis, including on-line detection
by coupling with spectroscopic detectors to
enhance sensitivity and to obtain quantitative
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data. The method gives high resolution with a
number of theoretical plates as high as 106,
with low solvent consumption and small sam-
ple requirements. It can be automated for
large-scale routine application. For an over-
view of CE technique and application of dairy
proteins, the reader is referred to reviews by
Lindeberg (1996), Dong (1999) and Recio
etal. (1997a,b, c).

(f) Microfluidic “Lab-on-a-Chip” Techniques
The past decade has seen a rapid development
in microfluidic techniques, including those for
electrophoresis. While the technique has been
widely adapted for DNA analysis, progress has
been somewhat slower for protein separation.
Anema (2009) directly compared the method
with SDS-PAGE: as-la, B-lg, as-CNs, B-CN
and k-CN were readily separated in a milk sys-
tem. However, the Ig’s, Lf and BSA could not
be resolved from the background in the
microfluidic chip technique, but were easily
resolved by SDS-PAGE. In the study, up to ten
samples at once were analysed within 30 min,
which is a major advantage of the techniques,
though the relative standard error has been
reported to be as high as 15%, indicating that
this method is not yet sufficiently reproducible
for routine quantitative protein analysis.

3.4.2 Column Chromatography

In the analytical field, high-performance chroma-
tography has essentially replaced conventional
liquid chromatography. Most of this section will
focus on HPLC methods. Now, progress on meth-
odologies is observed primarily in the improve-
ment of stationary phases (chemical nature, pore
size, stability, bead size, pore/shell structure...),
enhancing the resolving power of the columns
and reducing the time of analysis. Extensive
reviews describing the analysis of most dairy
products by HPLC and FPLC have been pub-
lished by Gonzalez-Llano et al. (1990) and
Strange et al. (1992).
(a) Gel Filtration

Although several attempts have been made to

improve separation on high-performance gel
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Fig. 3.6 FPLC separation of
whey proteins by gel filtration
on a Superose 12 column
(Andrews et al., 1985). Fifty
microlitres of fresh acid whey
injected; flow rate 0.5 ml/
min; eluent 0.1 M Tris—HCI
buffer pH 7.0 containing

0.5 M NaCl and 10 mM
NaN.. 7 Ig’s, 3 B-Lgs, 4
a-La, 5 orotic acid

Fig.3.7 FPLC separation of
whole casein by anion
exchange on a DEAE-TSK-
5PW column (AoKki et al.,
1987). Conditions are given
in the text. Column size:
7.5%x75 mm

Abs. at 280 nm
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filtration columns (Dimenna and Segall, 1981;
Shimazaki and Sukegawa, 1982; Gupta,
1983), this method has not until now been
suitable for analysing skim milk or whole
casein. In contrast, whey proteins are sepa-
rated quite well by this method, which permits
their quantitation (Dimenna and Segall, 1981;
Shimazaki and Sukegawa, 1982; Gupta, 1983;
Humphrey, 1984; Andrews et al., 1985).
Andrews et al. (1985), using a Superose 12
column (GE Healthcare), obtained separation
suitable for the quantitative analysis of the
main whey proteins (Fig. 3.6).

(b) Ion Exchange

No satisfactory result has been obtained on
directly fractionating total milk proteins using
ion exchange. However, both whole casein

X B asy; as
r- 1 /1 T 1
1 | L
20 40 60 80
Time, min

and whey proteins can be separated under
conditions suitable for quantitative analyses.
Numerous studies report the separation of
reduced non-alkylated whole casein by HPLC
on anion exchangers (Humphrey and
Newsome, 1984; Visser et al., 1986; Guillou
et al., 1987). Excellent separation of previ-
ously reduced whole casein was obtained by
Aoki et al. (1987) using a DEAE-TSK-5PW
column with a 0.02 M imidazole buffer (pH
8.0) containing 3.3 M urea and 80 mM NaCl
(Fig. 3.7). Based on the peak area and the
extinction coefficients of each protein, the fol-
lowing proportions (means of two determina-
tions), expressed as percent of whole casein,
were obtained: ocsl—CN: 38.2; ocsz—CN: 11.0; B-
CN: 39.5; x-CN: 11.3. Figure 3.8 shows the
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Fig. 3.8 FPLC separation of
individual whole casein (i«
A/B, B C/A!, a, A, o, B) by
anion exchange on a Mono Q
column (Guillou et al., 1987).
Casein sample in 5x 10° M
Tris—HCI~, 4.5 M urea buffer
pH 8.0, -8x10* M
dithiothreitol; flow rate:

1 mL/min; 40°C; elution with
the same solution as above
with a 0-0.32 M NaCl
gradient. / Ko-caseins, B, 2
K,-caseins A, 3 B-caseins C, 4
B-caseins A', 5 o -, o -,
a,-caseins. Overloading
allows clear visualisation of
the k-caseins reactions, but
decreases resolution between
a,- (left part of the main
peak) o ;- (main peak), o -
(right part of main peak)

Absorbance at 280 nm
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Fig.3.9 FPLC separation of acid whey by anion exchange
on a Mono Q column (Humphrey and Newsome, 1984).
Acid whey sample; flow rate: 0.5 mL/min; elution in
0.02 M piperazine buffer, pH 6.0, with a 0-0.4 M NaCl
gradient. / Orotic acid, 2 a-lactalbumin , 3 -lactoglobu-

lin B, 4 B-lactoglobulin A

separation of an individual casein sample on a
Mono Q column in the presence of both urea
and a reducing agent. In this case, some
genetic variants were separated. Guillou et al.
(1987) separated k-CN A and B, and B-CN
A', B and C by using a Mono Q column. Using
the same ion exchanger, Dalgleish et al.
(1985) resolved k-CN A and B. Although the
cation exchanger gave poorer resolution than
the anion exchanger, it was used by Hollar
et al. (1991) to separate the genetic variants
A!, A% and B of B-CN. Analyses were per-
formed with 20 mM acetate buffer containing
6 M urea at pH 5. This method was used by
Law (1993) to identify and measure the rela-
tive amounts of k- and B-CN variants in milk
samples from Friesian cows.

As illustrated in Fig. 3.9 (Humphrey and
Newsome, 1984), anion exchange chromatog-
raphy is a good method for separating the
main whey proteins (Humphrey and Newsome,
1984; Andrews et al., 1985; Manji et al., 1985)
with a resolution suitable for quantitative
determinations
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Improved chromatographic matrices with
larger bead sizes, made the use of raw milk as
a feed (at 37°C) possible for chromatographic
separation or capture of dairy proteins. Fee
and Chand (2006) purified Lf and lactoperoxi-
dase in one step using cationic exchange SP
Sepharose Big Beads™ (GE Healthcare).

(c) Hydrophobic Interaction (HI) and Reversed-
Phase (RP)-HPLC
Although both techniques rely on hydropho-
bic interactions between a stationary phase
and the solutes to be fractionated, their appli-
cations are quite different. With HI-HPLC, the
solute is fixed in an aqueous solution at high
ionic strength, and elution is achieved by low-
ering the ionic strength of the mobile phase. In
RP-HPLC, fixation occurs in an aqueous solu-
tion of low ionic strength, and elution is
obtained by increasing the hydrophobicity of
the mobile phase. In HI-chromatography, the
stationary phase is made of a polar material
onto which non-polar groups (such as phenyl)
are attached covalently, while the phases used
in RP-HPLC are made of silica with non-polar
group (such as C,, C, or C , alkyl chains) simi-
larly attached. Unsubstituted residual silanol
groups are subsequently “end-capped” by
groups such as trimethylsilyl: Therefore, in
theory, the stationary phases used in RP-HPLC
can interact only with solutes through hydro-
phobic interactions.

RP-HPLC is now by far the most common
type of chromatographic analysis used for the
separation of whole casein on C,, C8 or CIg
columns (Carles, 1986; Visser et al., 1986;
Visser et al., 1991; Strange et al., 1991; Parris
and Baginski, 1991) and whey proteins
(Pearce, 1983; Humphrey, 1984; Parris and
Baginski, 1991). This technique is well docu-
mented. Figure 3.10 shows the fractionation
of the proteins in cheese whey on a C, column
(Pearce, 1983). Improvements have been made
subsequently in the direct analysis of skim
milk by RP-HPLC (Visser et al., 1991; Bobe
et al., 1998a; Bobe et al., 1998b). Urea, a
reducing agent, and the addition of other com-
ponents in the buffer, such as citrate (Visser
et al., 1991), were required for the resolution
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Fig. 3.10 RP-HPLC separation of defatted cheese whey
on a Spherisorb C6 column (Pearce, 1983). Sample of
whole, defatted cheese whey adjusted to pH 2.1; flow rate:
1 mL/min; solvent A: 0.15 M NaCI/HCI pH 2.1; solvent
C: acetonitrile. Elution by multistage linear gradient from
0to48% B. 1 BSA, 2 a-La, 3B-LgB,4B-Lg A

of caseins and whey proteins. However, the
presence of urea affects the separation of a-La
and B-Lg (Visser et al., 1991) and reduces the
B-CN peak relative to the peak areas of whey
proteins, when the time interval between sam-
ple preparation and injection is increased
(Groen et al., 1994). In addition, the co-elu-
tion of a-La with either a, -CN on a C, col-
umn (Parris and Purcell, 1990) or with B-CN
B on a C,; column (Visser et al., 1991) limits
the quantitative analysis of the major milk
proteins. Bobe et al. 1998a, b) resolved these
problems by using 6 M guanidine hydrochlo-
ride (GdnHCI), 0.37 mM sodium citrate and
19.5 mM DTT in the sample preparation
(Bobe et al., (1998b). This method provides
high resolution of the six major proteins in
bovine milk, including their genetic variants,
and makes quantitative analysis possible
(Bobe et al., 1998a).

Quantification of native whey proteins, o.-
La and B-Lg in particular, is possible by using
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Fig.3.11 Chromatofocusing 2
separation of acid whey pH
(Pearce and Shanley, 1981). 3
Sample of milk serum 6.0 < £
concentrated and dialysed 4 c
against starting buffer; 3
Polybuffer 74 (diluted 1:10 in 5.5 1 %
water and adjusted to pH 4.2) 8
was run on the column before 5.0 - S
the sample was loaded. Elution -g
with Polybuffer/HCI. Flow 2
rate: 0.32 mL/min. / BSA, 2 4.5 - e <
B-LgB,3B-LgA,40-La B
Rabt
4.0 T T T T T
10 20 30 40 50

C, or C, columns in acidic conditions, for
example, 0.1% (w/w) trifluoroacetic acid. It was
first noted by Beyer and Kessler (1989) that
native and denatured/aggregated whey protein
elutes differently under acidic conditions.
The method has since been widely used for
kinetic studies of whey protein denaturation
(Croguennec et al., 2004; Kehoe et al., 2007a;
Tolkach et al., 2005).
(d) Other Chromatographic Techniques

Due to its ability to separate proteins accord-
ing to their phosphate content, chromatogra-
phy on hydroxyapatite (HA) has been applied
successfully to the separation of caseins
(Kawasaki et al., 1986; Visser et al., 1986).
However, the short viability of HA-HPLC col-
umns and poor mechanical properties of the
matrix used limit the development of such a
technique. In spite of its high resolving power,
chromatofocusing has seldom been applied to
separate milk proteins (Pearce and Shanley,
1981; Fig. 3.11).

3.4.3 Mass Spectrometry

The mass spectrometer uses the difference in
mass-to-charge (m/z) ratio of charged molecules
(proteins, peptides) to separate them from each
other in a mass analyser. It enables an exact deter-
mination of the molecular mass of a protein or
peptide with very high sensitivity and resolution.

Fraction number

The m/z measurements are made on molecular
species in the gas phase. Protein and peptide
analysis gained on the development of “soft”
ionisation sources that allow the transfer of high
molecular mass proteins or peptides from the
condensed phase into the gas phase without
destroying the molecules. A mass spectrometer is
composed of three parts: an ionisation source that
can transform proteins or peptides into ionised
species in gas phase (ESI and MALDI), a mass
analyser for the separation of the charged species
according to m/z ratio (quadrupole (Q), time-of-
flight (TOF), ion trap, ion cyclotron resonance
and orbitrap mass analysers) and a detector that is
usually an electrode onto which the ions falls
(conversion of ion current to electrical current).
Mass spectrometers are either one-stage instru-
ments (MS) or complex multistage instruments
(combinations of analysers in tandem (Q-g-Q,
TOF-TOF) or hybrid (Q-TOF) configurations,
MS/MS or MS") in order to combine the different
capabilities of the mass analysers. Tandem and
hybrid mass spectrometers are used to perform
two or more sequential separations of ions by
coupling two or more mass analysers and give the
possibly of product ion scanning, precursor ion
scanning or neutral loss scanning. MS/MS is rou-
tinely employed for primary amino acid sequenc-
ing and to determine the site and nature of a
modification (e.g., post-translational, chemical).
The mass spectrometer configuration determines
the instrument performance (resolution, sensitivity,
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mass accuracy, throughput, etc.), but no instru-
ment offers all capabilities simultaneously. Each
application needs a specific strategy for a mass
spectrometer that is best suited for the analysis.
Further details on the basics of mass spectrome-
try are available in El-Aneed ef al. (2009). In this
section, the ionisation sources (ES and MALDI)
will be discussed in greater detail; the mass anal-
ysers coupled with the ionisation source will be
only mentioned; the different types of detector
will not be described. Several reviews on mass
spectrometry applied to biological molecules
(Arnott et al., 1993; Burlingame et al., 1998;
Léonil et al., 2000; Domon and Aebersold, 2006;
Mamone et al., 2009) and on milk proteins analy-
sis (O’Donnell et al., 2004; Gagnaire et al., 2009)
have been published. Emphasis here will be
placed on the major contributions and the impor-
tant analytical points of MS analysis applied to
milk proteins.

(a) Mass Spectrometric Analysis

Matrix-assisted laser desorption/fionisation mass
spectrometry (MALDI-MS) MALDI is a laser
desorption mass spectrometry technique intro-
duced by Karas and Hillenkamp (1988). Briefly,
the sample is first mixed in solution with a large
excess of a UV-absorbing matrix, typically a non-
volatile low molecular weight aromatic acid
(in case of a positive ionisation mode). Sinapinic
acid (trans-3,5-dimethoxy-4-cinnamic acid),
cinnamic acid and benzoic acid derivatives have
often been chosen as matrices for milk proteins
(Beavis and Chait, 1989). The mixture is placed on
a MALDI plate and air-dried, resulting in a sample-
matrix co-crystallisation, which is subsequently
introduced on a target into the mass spectrometer
source. With a short pulse (1-100 ns width) of a
nitrogen laser beam, usually operating at 337 nm,
the sample is energy-desorbed from the matrix
into the gas phase and simultaneously ionised
through a proton transfer from the matrix leading
to vaporised ions. The amount of sample is usually
in the low picomole range and a sample/matrix
volume of about 1-2 pL. with a large excess (about
100-50,000-fold molar excess) of matrix so that
the laser beam will not hit the sample directly.
Contrary to electrospray ionisation, this ionisation
technique has the advantage of being tolerant to
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the presence of salts in the buffer and to other
additives such as detergents (e.g., SDS). However,
excessive amounts of salts can affect the signal.
Because of the pulsed nature of MALDI, this tech-
nique is conveniently coupled to a time-of-flight
(TOF) mass spectrometer, generally abbreviated
as MALDI-TOF. The sample ions are accelerated
in an electric field giving all ions the same kinetic
energy and its mass-to-charge ratio is deduced
from its flight time through a field-free drift of
specified length and under vacuum; ions with
higher m/z ratio move at lower velocity in the drift
than ions with lower m/z ratio, then exhibit longer
time of flight. MALDI usually produces singly
charged ions, but higher charge states may also be
observed. These latter may not be differentiated in
the detection process but analysis of neighbouring
peaks resulting from isotopic contribution may
reveal the exact mass of the ionised molecules.
Proteins with a molecular mass up to 300 kDa can
be desorbed/ionised by MALDI. The time to accu-
mulate a spectrum for a protein is based on the
summation of the laser pulses (typically 10-100).
Hence, the measurement of mass is made in a few
seconds. The typical mass resolution (m/Am) of
MALDI-TOF improved considerably in recent
years due to the development of a delayed extrac-
tion (Spengler and Cotter, 1990; Chaurand e al.,
1999) and applying a reflectron before detection.
Delay extraction narrows the initial kinetic energy
distribution of ions with the same m/z ratio. The
reflectron is an ion optic device that changes
the path of the ions into the drift. Therefore, the
time of flight of ions is increased, and ions with
the same m/z but with different initial speed (due
to slightly different kinetic energy) are focalised in
the reflectron leading to a better resolution as well
as more accurate mass measurements (El-Aneed
et al., 2009). A drawback results in the loss of
some ions in the reflectron reducing the sensitivity
of the apparatus. Presently, the typical mass reso-
lution of MALDI-TOF is in the range of 10,000—
40,000 Da with an accuracy of 0.01% for linear
TOF instruments.

Electrospray Ionisation Mass Spectrometry
(ESI-MS). Electrospray ionisation is a process
which involves passing a solution containing the
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analyte molecules through a charged needle and
then spraying it across a high potential difference
(£3-5 kV). At the end of the needle, the solution
disperses into a mist of small, highly charged
droplets which contain the molecules (i.e., nebu-
lisation). The charged droplets are desolvated
either by gas flowing in the opposite direction to
the spray (countercurrent gas, usually nitrogen)
or by passing through a heated capillary. Solvent
evaporation induces a large increase of the cou-
lombic forces on the surface of the shrinking
droplet. When these forces exceed the surface
tension of the solvent, a coulomb explosion
occurs resulting in the release of ionised mole-
cules into the gas phase.

In the electrospray ionisation process, mole-
cules have to be soluble in a preferably polar
solvent. A key feature of the electrospray process
is the formation of multicharged molecular
species from analytes that are related to the
charged sites carried by this molecule. Milk pro-
teins usually give intense signals both in the
negative-ion and positive-ion modes due to their
high content in acidic (aspartic and glutamic
acids, phosphoric acid groups) and basic (lysine,
arginine, histidine) amino acid residues. Hence,
milk proteins are usually detected with a relatively
low m/z ratio. Proteins are positively or nega-
tively charged depending on the pH of the diluting
solvent. By the electrospraying process, proteins
generate a series of peaks at (MW +nxm,)/n,
MW being the relative molecular mass of the pro-
tein, m,, the molecular mass of a proton and n the
number of charges. Consequently, the electro-
spray mass spectrum of a protein exhibits a
coherent series of mass-to-charge peaks from
which the molecular mass of the protein may be
calculated very accurately using a computer algo-
rithm for deconvoluting the ion series. Because
this type of ionisation occurs at atmospheric pres-
sure, this source has been coupled successfully
with quadrupole and time-of-flight mass spectrom-
eters. Typical resolution by quadrupole analyser
is 1,000 (measured as m/Am). A mass accuracy
of 0.005% is obtained at the picomole level.

In the mass spectrometer, the sample is either
infused directly into the source by infusion pump-
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ing or loaded onto a high-performance liquid col-
umn. Because electrospray ionisation requires a
constant delivery of liquid, one of its major
advantages is that it can be coupled easily to a
liquid-based separation system such as HPLC or
capillary zone electrophoresis (CZE). These
configurations involving the coupling of a sepa-
ration system and mass spectrometry are typi-
cally called LC-MS and CZE-MS, respectively.
The coupling of chromatography to ESI-MS has
the added advantage of purifying and concentrat-
ing the sample, allowing the analysis of protein
mixtures. The development of nanospray tech-
nology, which operates at flow rate in the order of
few nL/min, opens ESI-MS to the analysis of
limited biological samples.

(b) Use of ESI-MS and MALDI-MS in the
Analysis of Milk Proteins and Dairy Products.
Milk is characterised by a great heterogeneity in
its protein composition with few high-abundance
proteins having numerous post-translational
modifications (e.g., phosphorylation, glycosyla-
tion) and many low-abundance proteins and pep-
tides. Beyond variations in composition, the milk
is subjected to modifications during processing
(e.g., enzymatic, chemical reactions) and storage,
affecting further its nutritional, technological and
sensory properties. In addition, buffalo, ovine or
caprine milks are sometimes subjected to adul-
teration by bovine milk or by milk from different
geographical origin in the case of production of
products with protected designations of origin,
because of limited amount available in some
periods of the year or for economic reasons.
Because of its ability to deliver high sensitivity
characterisation of milk and dairy products, MS
and MS/MS techniques gained a leading role for
tracking low-abundance proteins, post-transla-
tional and process-induced modifications as well
as fraudulent practice in dairy industry.

The determination of the molecular mass of
proteins in milk using MS started in the 1990s
(Marsilio et al., 1995; Léonil et al., 1995).
Molecular mass values for the major proteins and
several minor forms from skim milk using on-
line LC-ESI-MS are presented in Table 3.6. The
accuracy of the mass was in the 0.01% range, and



108

Table3.6 Molecular mass
determination of major pro-
teins from skim milk by
one-line LC-ESI-MS (from
Léonil et al., 1995)

Proteins

K-CN A-1P
%-CN A-2P
k-CN B-1P
#%-CN A-2P
o,-CN A-11P

“0,,-CN A-13P

o,,-CN A-12P

%0,-CN A-10P

o ,-CN B-8P
“o, -CN B-7P
‘a, -CN B-9P
43-CN B-5P
B-CN Al-5P
B-CN A2-5P
p-Lg B

B-Lg A

aMinor forms
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Molecular mass

Calculated® Observed Swaisgood (1992)
19,037.3 19,038 +3 19,038
19,120+5 -
19,005.5 19,006 +2 19,006
19,087¢ -
25,228.4 25,2302 25,238
25,391° 25,400
25,311¢ 25,319
25,151¢ 25,157
23,614.8 23,618+2 23,623
23,518 -
23,698 -
24,092.4 24,093+3 24,097
24,023.3 24,0242 24,028
23,983.3 23,985+3 23,988
18,278.3 18,278 +2 -
18,363.4 18,365+2 -

°Calculated according to the values of average mass of amino acid residues
reported by Feng et al. (1991)
‘MW was measured from reconstructed spectrum, and standard cannot be

calculated

the values measured are in close agreement with
the theoretical values calculated from the pub-
lished amino acid sequences.

Differences found between the measured MW
of intact proteins and those calculated from the
sequence may reveal the presence of either a
mutation or a post-translational process. ESI-MS
or MALDI-MS analyses allowed the detection of
numerous genetic variants, particularly “silent”
variants resulting from alternative splicing; they
are responsible of the complexity of milk pro-
teins, especially ovine and caprine o, -CN. These
variants include B-CN F (Visser et al., 1995), -
CN G (Dong and Ng Kwai Hang, 1998) and
ovine a -CN (Ferranti et al., 1995; Mamone
et al., 2003), B-CN (Chianese et al., 1995),
caprine o, -CN (Roncada et al., 2002) and B-CN
(Neveu et al., 2002).

Another application for MS analysis has been
the location of an amino acid mutation in the
primary sequence of the protein and on the
identification of site and nature of post-transla-
tional modifications, such as phosphory-
lation and glycosylation. Location of these

modifications is possible through protein
sequencing. To do so, the isolated protein is
subjected to a proteolytic digestion with specific
enzymes such as trypsin, chymotrypsin, lysyl
endopeptidase or Staphylococcus aureus V8
protease, to form a set of peptides which can be
sequenced by mass spectrometry.

Protein sequencing by mass spectrometry is
currently performed using tandem mass spec-
trometry (ESI-MS/MS or MALDI-MS/MS) or
post-source decay (PSD)-MALDI-MS. Tandem
mass spectrometry involves two consecutive
stages of molecular mass analysis. The first stage
selects the precursor ion of the target molecule
(typically a peptide) subsequently fragmented by
a process known as collision-induced dissocia-
tion (CID), in order to form fragment ions. The
latter are transmitted into the second mass analy-
ser where they are separated and detected. By this
procedure (product ion scanning), a product ion
spectrum is obtained along with the identification
of the peptide’s sequence (for reviews, see Smith
et al., 1990; Dongré et al., 1997). (PSD)-
MALDI-MS demonstrated also high potential for
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protein sequencing (Spengler, 1997). Although
the MALDI technique is considered a “soft” ioni-
sation mode, metastable decomposition (random
cleavage of peptide bonds, neutral molecule
losses such as water or ammonia) occurs in the
field-free drift of the TOF resulting in fragment
ions. As the fragmentation occurs outside the
acceleration field of the ion source, precursors
and fragment ions move with the same velocity.
They are separated according to m/z value in the
reflectron. Protein sequencing by mass spectrom-
etry allows the discrimination of all amino acids
except Leu and Ile.

This approach was used by Visser et al. (1995)
to identify the B-CN F 5P, which differs from [3-
CN A' by a replacement of a Pro residue by Leu
at position 152; by Dong and Ng Kwai Hang,
(1998) to identify B-CN G 5P by the same substi-
tution at position 137 and by Neveu et al. (2002)
to identify caprine B-CN C that differs in one
substitution of residue Ala at position 177 by Val,
from variant A. A similar approach was used for
the identification and localisation of the carbohy-
drate chains and phosphorylated residues of
caseins (Mollé and Léonil, 1995; Mamone et al.,
2003; Holland et al., 2004). The different phos-
phorylated forms for the same family of mole-
cules were easily identified by MS/MS by
tracking a mass of 79 Da (PO,) on the second
MS analyser (precursor ion scanning) (Léonil
et al., 2000).

The primary structure of the six most abun-
dant bovine milk proteins was resolved in the
early 1970s (see Eigel et al., 1984). For the other
less abundant proteins and peptides, which prin-
cipally come from somatic cells, leakage from
the blood or mammary epithelia, the continuous
developments in methodologies and instrument
capabilities allowed the identification of new pro-
teins and peptides (Fong et al., 2007; Smolenski
et al., 2007; Fong et al., 2008; Reinhardt and
Lippolis, 2008), some of which are located in the
milk fat globule membrane and in different frac-
tions of mature milk or colostrum (O’Donnell
et al., 2004; Gagnaire et al., 2009).

Mass spectrometry may be used to determine
the structural modifications of milk proteins dur-
ing technological processing. A rapid evaluation
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of the effects of heat treatment on milk products
is possible by performing a “fingerprinting” of
the different proteins contained in the milk sam-
ples (Catinella ef al., 1996a). A mass increment
of 324 Da, referring to lactosylation, is readily
detected by mass spectrometry analysis (Léonil
et al., 1997). The extent of protein and peptide
lactosylation depends on the thermal procedures
used during industrial milk processing (Marvin
et al., 2002; Meltretter et al., 2009; Arena et al.,
2010). Arena et al. (2010) identified up to 271
non-redundant modification sites in 33 milk pro-
teins for different milk samples (pasteurised,
UHT and powdered milk for infant nutrition). A
significant amount of lactosylated B-Lg was also
quantified in commercial whey proteins products
(Holt et al., 1999). Protein lactosylation (B-Lg
and o-La) continues during the storage of UHT-
treated milk (Holland et al., 2011). The applica-
tion of ESI-MS and MALDI-MS to characterise
the nature and extent of glycation of milk pro-
teins has been reviewed by Oliver (2011). Heat
treatments also induce whey protein denaturation
and aggregation into mainly disulphide-linked
aggregates. Several strategies were developed for
the identification of disulphide bond reshuffling
during heat treatment. One approach consists of
an enzymatic hydrolysis of the heat-treated sam-
ple followed by the analysis of the mixture of
peptides by LC-MS before and after reduction of
the sample (Surroca et al., 2002; Livney et al.,
2003). Another possibility results on the separa-
tion of the disulphide-linked peptides by diago-
nal electrophoresis prior to MS analysis. Diagonal
electrophoresis means the separation of a mixture
of peptides on a 2D electrophoresis using identi-
cal conditions for both dimensions. After migra-
tion in the first dimension, the peptides are
exposed to performic acid in order to oxidise all
cysteine residues into cysteic acid. After the sec-
ond dimension, all the peptides except cysteine-
containing peptides are located on the diagonal
of the electrophoresis gel, because their migra-
tion is similar in both directions. The main draw-
back of the approach results on disulphide
reshuffling during sample treatments (Visschers
and de Jongh, 2005). However, reshuffling can be
minimised if hydrolysis is conducted under low
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pH condition (Swaisgood, 2005) or if the free
thiol groups are previously blocked by a thiol-
blocking agent (Kehoe efr al., 2007b). From a
tryptic digest, LC-MS(/MS) reveals that the first
thiol/disulphide exchange reaction occurring dur-
ing heat-induced unfolding of B-lg involves the
free thiol group of Cys, , residue and the disul-
phide-bonded residues (Cys, -Cys, ,) leading to
non-native monomers characterised by an
exposed cysteine residue at position 119 and a
non-native  disulphide bond (Cys -Cys,,)
(Croguennec et al., 2003). Similar work was car-
ried out on commercial caseinates, which enabled
the identification of two dephosphorylated forms
of B-CN formed during processing procedures
(Ward and Bastian, 1998). Holland et al. (2011)
identified non-disulphide bond cross-linking
between o -CN and B-CN, as well as the deami-
nation of Asn residue at position 129 of o -CN
during the storage of UHT-treated milks.
Lysinoalanine cross-links were identified by
LC-ESI-MS in calcium caseinate and milk pow-
der, as well as dairy products fortified with such
ingredients (Calabrese et al., 2009).

As far as milk products are concerned, the
ability of mass spectrometry to identify peptides
resulting from proteolysis has been demonstrated
in numerous works (Ferranti et al., 1997,
McSweeney and Fox, 1997; Alli et al., 1998;
Gagnaire et al., 1999). Proteolysis occurs during
either the ripening of cheese or the storage of
milk products. For the former, mass spectrometry
analysis allows great advances in the understand-
ing of the ripening process and was used for the
identification of bioactive peptides (Quiros et al.,
2006; Quiros et al., 2007; Hayes et al., 2007) or
antimicrobial peptides (Lopez-Exposito et al.,
2006; Losito et al., 2007) released by milk coag-
ulant, endogenous and microbial enzymes in such
complex matrix. For the latter, Meltretter et al.
(2008) identify using MALDI-MS the release of
a peptide from the N-terminus of o ,-CN in UHT-
treated milk stored at room temperature.

Finally, as mass spectrometry analysis allows
high sensitivity mapping of milks from several
breeds of cow (Catinella et al., 1996b) and differ-
ent species, it is considered a powerful tool to
identify fraudulent practices in dairy industry
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(Liland et al., 2009; Mamone et al., 2009;
Czerwenka et al., 2010; Nicolaou et al., 2011),
for example, for the detection of the adulteration
of buffalo milk and mozzarella by cows’ milk
using ESI-MS. Nicolaou et al. (2011) demon-
strated by acombination of the whole MALDI-MS
mass spectra and multivariate analysis the possi-
bility to achieve accurate prediction of the level
of milk species adulteration.

3.4.4 Secondary and Tertiary
Structures

The secondary structure of proteins gives rise to a
certain number of periodic structures such as
a-helices, B-sheets and B-turns, as well as loops
and random coils. These structures can be evalu-
ated using spectroscopic methods such as circu-
lar dichroism (CD) and infrared (IR) spectroscopy.
The higher levels of molecular organisation into
tertiary and quaternary structures are studied
using methods such as X-ray crystallography and
nuclear magnetic resonance (NMR). As opposed
to IR and CD, both methods provide sequence-
specific information. The relationships between
protein structure and function (biological and
techno-functional) are of fundamental impor-
tance for understanding the way in which the
molecule interacts with its surroundings. Given
that each level of organisation is stabilised by dif-
ferent types of interactions, ionic bonds and
hydrogen bonds, van der Waals and hydrophobic
interactions, all of which are influenced by the
physicochemical conditions, it is necessary to
have techniques, such as FTIR, CD and NMR, to
follow the conformational changes.

The detailed physical principle of these tech-
niques has been described extensively in the lit-
erature. Thus, only a short description will be
given in this section where emphasis will be
placed on the recent methodological advances
and their references.

(a) Infrared Spectroscopy

FTIR has been applied extensively to structural
studies on milk proteins in order to establish the
relationship between the structure and function-
ality of these proteins. A major advantage of
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FTIR is that the samples can be examined readily
in various forms: aqueous solutions, hydrated
films, homogeneous dispersions or solids.
Subirade er al. (1998) studied the effect of
dynamic high pressure on the secondary confor-
mation of thermally treated 3-Lg. Changes in the
microenvironment of amide C=0O and N-H
groups produced by perturbations such as dena-
turation may also be probed by FTIR spectros-
copy. Parris and Purcell (1990) examined the
thermal denaturation of whey proteins in milk by
FTIR. Kumosinski and Farrell (1993) described a
rapid quantitative procedure for determination of
the global secondary structure of B-Lg by using
H,0 rather than D,0. This procedure provides a
way to analyse both the amide I and II bands,
which contrasts with H,O where the amide II
band is eliminated. Under these conditions, it was
shown that the global structure of B-Lg was in
good agreement with results obtained through
X-ray diffraction analyses. Lefévre and Subirade
(1999) used FTIR to show the mode of interac-
tion in $-Lg monomer-dimer equilibrium at pH 7
via intermolecular 3-sheets, which corresponded
well to X-ray results. Curley et al. (1998) used
the same method to study the effect of calcium
and temperature on the secondary structure of
bovine casein. FTIR spectroscopy has been
shown to detect and distinguish two different
types of a-helical conformation in a-La, which
constitutes a great advantage over CD spectrom-
etry (Prestrelski et al., 1991). Improvements in
the design of FTIR accessories have made it pos-
sible routinely to measure protein spectra in
water. This was achieved by proper insulation
and thermal control of transmission or ATR
(attenuated total reflectance) cells, whereby the
dominating and overlapping absorption band of
water can be accurately subtracted from the pro-
tein spectra.

(b) Circular Dichroism Spectroscopy

Circular dichroism (CD) measures the difference
in absorption between the two rotations (right
and left) of circularly polarised light by an asym-
metric molecule. This technique is non-destruc-
tive and is applied to molecules in solution.
However, the CD signal is 10°-10" times the
normal absorbance. A CD signal arises only

m

where absorption of radiations by a molecule
occurs, and thus spectral bands are readily
assigned to specific structural feature of the mol-
ecules. Because of the presence of asymmetry in
protein structure, proteins unequally absorb left-
and right-circularly polarised light. The polarisa-
tion of the light leaving the optically active
sample is elliptical. Ellipticity is the CD unit and
is defined as the tangent of the ratio of the minor
to the major elliptical axis. Ellipticity can be
positive or negative, depending on whether the
absorption coefficient for the left-circularly
polarised component has values that are higher or
lower than those for the right-circularly polarised
component. CD spectroscopy measures the wave-
length dependence of ellipticity along the absor-
bance spectrum of a molecule. CD signals from
proteins arise principally from peptide bonds and
aromatic residues in the far-UV (in the 170-240 nm
range) and near-UV (in the 260-320 nm range)
regions, respectively.

The peptide bonds of proteins and peptides give
strong CD spectra for which two electronic transi-
tions have been characterised: The n m* transition
that occurs as a positive band around 190 nm and
a negative band around 210 nm and the n * tran-
sition registered as a negative band around 220 nm.
The n r* transition of peptide bonds is sensitive to
hydrogen bond formation and the secondary struc-
tures of protein in which are the peptide bonds.
Hence, peptide bonds in o-helix, B-sheets or
B-turns give very characteristic CD spectra in the
far UV (Adler et al., 1973). The determination of
protein secondary structures is computationally
assisted using algorithms fitting the spectrum of
the protein with the combination of the character-
istic absorption of a-helix, B-sheets and B-turns
structures. The different methods for sample prep-
aration for CD measurements, as well as the meth-
ods for extracting the protein conformation from
CD data, have been reviewed (Greenfield, 1996;
Kelly et al., 2005). CD spectroscopy was reported
to be more reliable for the quantification of helical
motifs than for 3-sheet, as well as unordered struc-
tures. It is important to note that estimation of the
secondary structure in proteins requires spectral
standard data established from CD spectra of ref-
erence proteins containing known amounts of
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secondary structure (often determined by X-ray
crystallography) (for references, see Greenfield,
1996; Kelly et al., 2005).

The contribution of aromatic residue to the
near-UV spectra of the proteins constitutes a sen-
sitive probe to identify change in protein confor-
mation or ligand binding. Although aromatic side
chains may be symmetric groups they are often
thrust into an asymmetric environment leading to
strong optical activity in CD analysis. CD analy-
sis in the near-UV region gives evidence of the
existence of “molten globule” structure in a pro-
tein characterised by a very weak near-UV CD
spectra, reflecting the high mobility of aromatic
side chains (Kelly er al., 2005).

Application to Milk Proteins. CD spectroscopy
has been applied extensively to the structural
characterisation of - (Andrews et al., 1979), k-
(Loucheux Lefebvre et al., 1978; Raap et al.,
1983), o - (Hagaer al., 1983) and o - (Hoagland
et al., 2001) caseins. A predominant percentage
of B-sheet conformation was found in all caseins.
CD analysis of B-CN indicates the presence of
approximately 32% of -sheet, 28% turns, 21%
unordered and 20% helix (Farrell Jr et al., 2001).
Although these CD data are appropriate for glob-
ular proteins, such as B-Lg and a-La, the assign-
ment of a secondary structure can be misleading
when applied to proteins having an open confor-
mation, such as caseins (Sawyer and Holt, 1993).
CD analysis is often used to identify change in
the conformation of whey proteins due to techno-
logical processing.

(¢) X-Ray Crystallography

Principle. X-ray crystallography remains the
technique of choice for determining the precise
three-dimensional atomic structure of proteins.
For X-ray analysis, the crystal structure is neces-
sary. Accordingly, only proteins that can be crys-
tallised are amenable to X-ray crystallography.
Based on observations of the crystal structure
obtained at high resolution, it is now known that
10% or more of polypeptide chain residues adopt
multiple conformations (Smith ez al., 1986).
Consequently, it appears that the conformation
determined by X-ray crystallography is less
“static” than inferred so far.
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The wavelength range of X-rays corresponds
to the size of the diffracting structure (atomic
radii and lattice constant). When an X-ray beam
bombards a crystal, the electrons surrounding
the nucleus of each atom either bend or diffract
it to give a specific pattern known as X-ray
diffraction. This X-ray diffraction pattern is
related to the 3-dimensional electron density
distribution within the molecule. Although all
the electrons in the molecule participate in each
diffracted beam, their contribution varies accord-
ing to phase considerations. The accurate deter-
mination of phases (known as the phase problem)
requires that a suitable heavy-atom derivative be
incorporated without distorting the crystal.
From this, the electron density map may be
obtained from the diffraction pattern from which
a three-dimensional structure model is built,
aided by computers for mathematically inter-
preting this pattern. An important step is the
validation of the final model (i.e., the fitting of
the model to the experimental data). Significant
advances in crystallisation methods in conjunc-
tion with new methods for determining phase,
such as multiple anomalous dispersions (MAD),
and the advent of bright synchrotron radiation
sources make it possible to obtain results routinely
that are accurate to 0.1 and 0.2 A (with a resolu-
tion in the 1.5-2 A range) (Carter and Jr. and
Sweet, R.M, 1997).

Applications to Milk Proteins. X-ray crystallo-
graphic methods have been used successfully to
determine the three-dimensional structure of
bovine B-Lg with a 1.8 A resolution (Brownlow
et al., 1997) and a-La with a 1.8 A resolution
(Warme et al., 1974). Caseins cannot be crystal-
lised. The three-dimensional models have been
proposed based on energy-minimised algorithms.
(d) Nuclear Magnetic Resonance (NMR)

Principle. NMR is increasingly becoming an
important tool for full structural determination of
proteins due to the development of multidimen-
sional NMR. As often underlined in the literature,
it is a technique that is both theoretically and
technically complex. The physical principles will
be described briefly here and excellent descrip-
tions can be found in specialised reviews. This
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section highlights recent advances in NMR for
which references will be cited therein.

NMR can determine the structure of proteins
in the 15-30 kDa range, with a resolution com-
parable to 2.5 A resolution crystal structures
(Garrett et al., 1997). A great advantage of NMR
over X-ray crystallography is that the structure
determination is performed in an aqueous solu-
tion as opposed to in a crystal lattice. Accordingly,
NMR is appropriate to study the dynamic struc-
ture of molecules such as it occurs in a solution
(Wiithrich, 1989). The main limitation of this
technique is the necessity to have a high protein
concentration in a highly purified form, typically
about 1 mM for a sample volume in the 0.3-0.5
mL range. The four most abundant elements (H,
C, N and O) in proteins have an overall spin prop-
erty (non-zero spin) due to the occurrence of
natural isotopes with non-zero spin, making
them observable in a NMR experiment. The pre-
cession of such nuclei generates a magnetic
moment that may be oriented either with or
against an external magnetic field. This orienta-
tion may be reversed if a quantum of the correct
energy is absorbed. The resulting nucleus imme-
diately relaxes back to its ground state by emit-
ting aquantum. The rate (frequency) of precession
for each isotope is dependent of the strength of
the external field and is unique for each isotope.
The Fourier transformation of the signal yields
the conventional one-dimensional NMR spec-
trum in which the intensity of the emitted energy
is given as a function of the frequency of the
quanta. Such spectra provide information on the
environment of the atoms. Further structural
information arises from the introduction of
2D-NMR which allows the collection of data on
magnetisation transfer between pairs of protons
both through bond (J coupling) and through space
(the nuclear Overhauser effect, NOE). In other
words, J coupling between pairs of protons sepa-
rated by three or fewer covalent bonds can be
measured, as well as NOE arising from dipole-
dipole coupling between two protons through
space usually separated by a distance less than
5 A. Thus, the NOE constitutes a sensitive probe
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for the close proximity in space, and this tech-
nique is called NOESY.

A 2D-NMR spectrum as a diagonal and cross-
peaks symmetrically placed on either side of the
diagonal indicate the existence of an interaction
between two spins. Several 2D-NMR techniques
can be used, depending on the investigated interac-
tions. In a correlation COSY (COSY, homonuclear
shift correlation spectrometry) experiment, the
cross-peaks are due to through-bond scalar correla-
tion, while in a NOESY experiment, they arise from
through-space correlation (Clore and Gronenborn,
1998). It was shown that the secondary structure of
a protein can be determined by NMR from the
knowledge of the chemical shifts of the amide and
a-CH proton (Wishart et al., 1992). However, the
complete assignment of individual resonance for a
protein needs the combination of COSY and
NOESY spectra. Once the backbone is assigned,
the assignment of the side-chain proton is per-
formed by another 2D spectroscopic technique,
total correlation spectroscopy (TOCSY) in addition
to COSY. In TOCSY, the cross-peaks arise from all
of the connectivity within the spin system and are
not limited to those arising from three bonds.

The general strategies used to resolve the
2D-NMR spectra have been described by
Wiithrich (1989) and comprehensive reviews on
2D and higher-dimensional NMR developments
have been published by Oschkinat et al. (1988)
and Clore and Gronenborn (1991, 1998).

Diffusion NMR has also been used for analysing
proteins in solution. In principle, an increasing
magnetic pulse-field gradient is applied to the
sample and monitoring the rate of decay as a func-
tion of magnetic field strength can be used to
determine the diffusion coefficient of the protein.
Diffusion is related to particle size and through
manipulation of the Stokes-Einstein equation it is
possible to determine the diffusion coefficient,
that is, the rate of decay of the molecule in solu-
tion, of a protein. This can then be used to calcu-
late accurately the hydrodynamic radius (RH) of
the protein using an internal standard of 1, 4-diox-
ane as a reference. The diffusion coefficient is a
reliable guide to the apparent molecular weight
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and tertiary structure of a protein, for example, the
RH of the protein increases when the protein
unfolds. The diffusion coefficient is determined
from the slope of the integrated the peak area of
the aromatic region (6.5-8.5 ppm) versus the
pulse-field intensity (Jones et al., 1997).

Application to Milk Proteins. NMR has been
applied to all major milk proteins. ID-NMR on
isolated or whole caseins previously gave unre-
solved spectra which were difficult to interpret.
Investigations have been performed on B-Lg and
a-La. 2D-NMR has been used to characterise
denatured and unfolded states of B-Lg (Ragona
etal., 1997). NMR analysis was performed under
acidic conditions to prevent molecular aggrega-
tion that hampered the spectrum (Molinari ef al.,
1996). Alexandrescu et al. (1993) studied the
binding of Ca by a-La using NMR techniques.
NMR was used to probe the perpetually mol-
ten globule form of a-La (named All-Ala, where
the cysteines have been replaced by alanine) and
compared to the structure of the molten globule
form induced by pH reduction (Redfield er al.,
1999). NMR was also used to determine the
structure of the molten globule form of a-La at
pH 7, both with urea-denaturation and the use of
All-Ala-a-La (Rosner and Redfield, 2009).

3.5 Immunochemical Methods

3.5.1 Introduction

Over the last decades, the quality of dairy prod-
ucts has improved significantly. Producers have
been encouraged to produce milk of high hygienic
and compositional quality. Thus, the dairy indus-
try has a constant need to develop and use rapid
and reliable analytical tests to identify the raw
materials and technologies applicable to dairy
products.

Immunochemistry has often been used to
detect admixtures (in the case of fraud), contami-
nants (like melamine), pathogens, antibiotics,
viruses, etc. This chapter will only focus on the
immunoassays developed for quantifying pro-
teins (caseins, whey proteins, enzymes...) in milk
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and dairy products. Proteins have conformations
that vary according to their amino acid sequence,
the number of disulphide bridges and the bio-
physical environment. Thus, when a given pro-
tein (antigen) is injected into an animal, the host
recognises it as a foreign substance and develops
an immune response towards it. This response is
characterised by the production of antigen-
specific molecules, called antibodies. When
placed together, antigens and their corresponding
antibodies bind specifically, even in a mixture.
The serum obtained after immunising an
animal with an antigen is called an antiserum. It is
a serum that contains antibodies of different
specificity and therefore is also called “polyclonal
antibody.” The latter have the ability to bind with
antigens via different sites, called epitopes or anti-
genic determinants. Kohler and Milstein (1975)
developed a procedure to raise a unique popula-
tion of antibodies directed against one epitope.
These “monoclonal antibodies” have since been
used widely in the development of immunoassays
because they are extremely specific reagents.

3.5.2 General Characteristics of the
Immunochemical Techniques

One of the most important characteristics of
immunochemical techniques 1is their high
specificity. These techniques allow for the detec-
tion and/or quantification of a single molecule,
even in a complex protein mixture. Furthermore,
by using very specific antibodies, it is possible to
discriminate different forms of the same mole-
cule; thus, it has been demonstrated that an anti-
body can be specific for the heat-denatured form
of a protein, but not for its native form (Negroni
et al., 1998; Jeanson et al., 1999).

Sensitivity is also a major characteristic of
immunochemical techniques. In milk, they can
quantify molecules at very low concentrations,
such as a few ng/mL. It is even possible to
increase immunoassay sensitivity by using
fluorescence or luminescence for the revelation
of the reaction.

Finally, immunochemical techniques can pro-
vide results rapidly, if optimised. For instance,
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quantification of a protein using a biosensor can
be completed within a few minutes.

3.5.3 Description of the
Immunochemical Techniques
Applied to Dairy Products

(a) Enzyme-Linked Immunosorbent
(ELISA)

ELISA was first described by Engvall and
Perlmann (1971). At that time, ELISAs were per-

Assay

Table 3.7 Advantages of enzyme immunoassays (from
Tijssen, 1988)

Very high sensitivity, detectability and specificity are
possible

Equipment required is relatively cheap

Assays may be very rapid and simple

Reproducibility is high and evaluation is objective
Feasible under field conditions

No radiation hazards

Reagents are relatively cheap and generally of long
shelf-life

Versatility of assays may be increased significantly by
the great variety and specific properties of enzymes

Full advantage of the properties of monoclonal antibodies
may be achieved with ELISAs

- & S

Direct Indirect
or
indirect
Competitive
. = Antigen

Fig. 3.12 The different types of ELISA

A: Antibody
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formed in test tubes. Later, Scherrer and Bernard
(1977) performed this technique in a microplate.

An ELISA consists of a two-pronged strategy:
(1) the reaction between the immunoreactants
(antibody with the corresponding antigen) and
(2) the detection of that reaction using an enzyme,
bound to the reactants, as an indicator. This tech-
nique is based on the fact that, at alkaline or neu-
tral pH, a protein can be immobilised by
non-covalent binding onto a solid phase, such as
the polystyrene of a microplate. This technique
offers several advantages, which are listed in
Table 3.7.

The different types of ELISAs are represented
in Fig. 3.12. Direct and indirect ELISAs are non-
competitive methods which consist of coating the
antigen onto the microplate. This step may induce
conformational changes in the antigen, resulting
in the modification of antibody binding.
Therefore, direct and indirect ELISAs are often
used for qualitative tests. Another non-competi-
tive method is the sandwich ELISA. Here, the
antibodies are immobilised to trap antigens from
crude extracts. This technique requires that the
antigens have at least two epitopes.

Competitive methods include competitive and
inhibition ELISAs. Competitive ELISAs are
based on the competition of enzyme-labelled
antigen with the antigen present in the test sample

Inhibition Competitive Single Double

Sandwich

iz Conjugate
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for the antibody on the solid phase. Inhibition
(also called competitive-indirect) ELISAs are
based on the inhibition of the reaction between
the enzyme-labelled antibodies and the immobil-
ised antigen by free antigen present in the test or
calibration sample. The amount of enzyme immo-
bilised on the solid phase is inversely propor-
tional to the amount of free antigen present in the
incubation mixture.

Quantitative assays are mostly inhibition,
competitive or sandwich ELISAs, where the anti-
gen-antibody immune complex is made in solu-
tion and keeps the antigen in its native form.

There has been some misunderstanding on the
definition of ELISA sensitivity. The limit of
detection or detectability of an ELISA corre-
sponds to the lowest concentration which gives a
signal that is significantly different from that of
the background values (= ability to detect). In
contrast, sensitivity is defined by the dose—
response curve: It corresponds to the change in
response (dR) per unit amount of reactant (dC)
and equals dR/dC, the slope of the titration curve.
Thus, an ELISA can have a high detection limit
and, at the same time, be extremely sensitive.

In the same way, there is sometimes confusion
between the terms “accuracy” and “precision.”
Accuracy is the conformity of a result to an
accepted standard value or true value. Precision,
however, is defined as the degree of agreement
between replicate measurements of the same
quantity and may be of very low accuracy.

(b) Precipitation in Gel

These techniques are based on the diffusion of an
antigen and/or an antibody in a gel. A precipitate
forms as the antigen and the antibody interact.
Some of these techniques are quantitative. Radial
immunodiffusion (Mancini et al., 1965) has been
the most widely used quantitative technique. This
technique involves the diffusion of an antigen
(antibody) through an agarose gel which contains
the corresponding specific antibody (antigen).
This leads to the formation of circles, propor-
tional to the antigen concentration. Radial immu-
nodiffusion is simple, easy and rapid to perform
even if 1 day is needed to obtain results. The most
important drawbacks, however, are its lack of
sensitivity (limit of detection of few pg/mL) and
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the need to precipitate antigens and antibodies
when complexed.
(¢) Immunoblotting
Immunoblotting involves the separation of the
different constituents of a mixture by electropho-
resis, their transfer onto a membrane and their
visualisation using an antibody. It can be a sensi-
tive technique, especially when luminescence is
used for protein visualisation (10 pg of a protein
can be detected in this case). However, this tech-
nique can hardly be quantitative and can take a
day to complete.
(d)  Microparticle-Enhanced — Nephelometric
Immunoassay
The microparticle-enhanced  nephelometric
immunoassay is based on the ability of antigen-
coated microspheres to agglutinate in the pres-
ence of corresponding antibodies. The
agglutination builds large microsphere clusters
and induces turbidity, scattering the light of an
incident monochromatic beam. The scattered
light is measured with a specifically designed
nephelometer.

This technique is extremely simple to perform
and has been proven reliable. However, it has
shown several disadvantages:

* An underestimation of the results in excess of
antigen

¢ A lack of sensitivity (limit of detection, around
1 ng/mL)

* The use of clear media in order to avoid inter-
ference of medium turbidity with the forma-
tion of immune complexes

e The use of “plurivalent” antigens for the con-
stitution of the antigen-antibody network.

(e) Biosensors

A biosensor can be defined as a device that com-

bines a biological recognition mechanism with a

transducer, which generates a measurable signal in

response to changes in the concentration of a given
biomolecule. One component of the interaction to
be studied is covalently immobilised to the matrix,
and other interactants are passed over the sensor in
solution. The mass change at the sensor surface,
reflecting the progress of the interaction studied, is
monitored in real time. The technique, which does
not require molecular labels for detection, can mea-
sure mass changes down to 10 pg/mm?. Biosensor
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technology has been used in food analysis since the
mid-1990s. During recent years, SPR-based biosen-
sors have been applied to milk proteins for quantify-
ing caseins in milk (Muller-Renaud et al., 2003,
2004, 2005), following casein-casein (Marchesseau
et al., 2002; Thompson et al., 2010) or casein-
polysaccharide interactions (Thompson ef al.,
2010). More recently, Dupont et al. (2011) exam-
ined the potential of SPR-based immunosensors
used as probes for exploring the surface of the
casein micelle.

(f) Antibody Arrays

An antibody microarray is a specific form of pro-
tein microarray. A collection of capture antibodies
is spotted and fixed on a solid surface, such as
glass, plastic or silicon chip, for the purpose of
detecting antigens. An antibody microarray is
often used for detecting protein expressions from
cell lysates in general research and special bio-
markers from serum or urine for diagnosis appli-
cations. The great advantage of this technology is
to allow a high-throughput simultaneous analysis
of thousands of antigen-antibody interactions.
Applications related to milk and dairy products are
limited and involve the diagnosis of milk-related
pathologies like allergy (Gaudin et al., 2008) or
the detection of minor constituents of major bio-
logical interest such as cytokines in colostrum
(Kverka et al., 2007). More recently, antibody
arrays have also been applied to monitor the hydro-
lysis of caseins during dairy product digestion
using collection of monoclonal antibodies of
known specificity (Dupont et al., 2010a).

3.5.4 Application of the
Immunochemical Techniques
to Dairy Product Analysis

(a) Quantitative Determination of Proteins in
Milk and Milk Products

Caseins. Few quantitative techniques have been devel-
oped in recent years for estimating the concentrations
of the different caseins in dairy products. This is prob-
ably because in most dairy products, caseins are sus-
ceptible to hydrolysis over time (during cheese ripening
or milk storage). Thus, immunoassays based on the
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production of an antibody directed against a specific
CN will also bind to the peptides originating from the
parent CN and will thus be biased.

Several microparticle-enhanced nephelomet-
ric immunoassays have been developed for the
quantification of o - and k- (Collard Bovy et al.,
1991; Humbert et al., 1991; Montagne et al.,
1995) and B-CNs in milk (Montagne et al., 1995).
Montagne et al. (1995) measured the a-, - and
K-CNs in 1300 milk samples collected from 50
herds over a period of 13 months. Their results
confirmed the well-established relations between
composition parameters; evolution and variabil-
ity of the CNs; influence of breed, season, calving
and feeding; and consequences for cheesemaking
properties. More recently, Muller-Renaud et al.
(2003, 2004, 2005) proposed a strategy in order
to quantify only intact caseins in milk and not
their degradation products. This idea was to
develop sandwich immunoassays with antibodies
specific to the N- or C-terminal extremities of the
casein. An immunosensor was developed allowing
the simultaneous quantification of a -, B- and
k-casein in raw and heat-treated milk (Dupont
and Muller-Renaud, 2006).

Finally, a SPR-based biosensor was used to study
the topography of the casein micelle. Forty-four
monoclonal antibodies specific from different
epitopes of the four caseins (Johansson ez al., 2009)
were captured onto the sensor surface through a
covalently immobilised anti-mouse IgG. Then, casein
micelles or EDTA-solubilised micelles were injected
and the interactions with the monoclonal antibodies
were monitored in real time. Epitopes accessible at
the periphery of the micelle were identified and cor-
responded to the C-terminal extremity of the k-casein
but also to hydrophobic domains of a -, a,- and
[B-caseins (Dupont et al., 2011).

Whey Proteins. Whey proteins have been studied
widely using immunochemical techniques
because they:

» Havedifferentsensitivities toheat-denaturation
and they can be used as markers of heat-
treatment

e Are involved in allergies to dairy products

e Can constitute a model for globular conforma-
tion, as is the case for B-Lg
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Furthermore, many techniques have been devel-
oped for their quantification in dairy products.

B-Lactoglobulin. An ELISA has been developed
for B-Lg evaluation in dairy products (Haque and
Pruett, 1993). However, this test can differentiate
between the genetic variants A and B. In human
milk, bovine B-Lg has also been quantified by
ELISA (Makinen Kiljunen and Palosuo, 1992;
Fukushima et al., 1997) and by radioimmunoas-
say (Kilshaw and Cant, 1984). The presence of
bovine -Lg at low concentrations (645 pg/L vs
3—4 ¢/L in bovine milk) in human milk is proba-
bly due to its diffusion into the milk of lactating
woman who have consumed bovine milk.
Therefore, -Lg can cause an allergic response
even in breast-fed infants.

o-Lactalbumin. Duranti et al. (1991) and Jeanson
et al. (1999) developed ELISAs to quantify o-La in
raw and heat-treated commercial milks. Marchal
et al. (1991) determined o-La concentration in milk
using a microparticle-enhanced nephelometric
immunoassay. More recently, Dupont ez al. (2004)
developed an immunosensor for quantifying simulta-
neously the native and heat-denatured forms of o-La.
This technique allowed a sharp characterisation of
the intensity of the heat treatment to which it had
been subjected without disposing of the original raw
milk (Feinberg et al., 2006). Finally, Indyk (2009)
used the same technology to develop a rapid assay for
quantifying a.-La in consumer milk, colostrum, whey
protein concentrates and infant formulae, the tempo-
ral change during early bovine lactation and a pre-
liminary study of thermal denaturation.

Immunoglobulins. Clinical studies have shown
the important potential role of using milk Ig’s to
prevent mortality in infants exposed to infectious
diseases (Narayanan ef al., 1983). Oral adminis-
tration of hyperimmune milk derived from cows
immunised with non-viable pathogens has been
shown to protect against intestinal bacterial infec-
tions (Kobayashi et al., 1991). Other studies have
shown the effectiveness of bovine milk IgGs from
non-immunised cows in preventing gastrointesti-
nal diseases in infants (Ballabriga, 1982). Thus,
the use of milk from either immunised or non-
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immunised cows as a source of IgGs requires
sensitive, simple, time-efficient and relatively
inexpensive methods for routine screening of
milk IgGs. Immunological methods developed
for the detection of Ig in milk include single
radial immunodiffusion (Levieux, 1991), immu-
noelectrophoresis (Al Mashikhi and Nakai,
1987), immuno-nephelometry (Montagne et al.,
1991) and ELISA (Kummer et al., 1992).The
influence of standards and antibodies in immuno-
assays to quantify Ig’s in milk has been shown by
Li Chan and Kummer (1997). Losso et al. (1993)
developed a solid-phase particle concentration
fluorescence immunoassay based on the aggluti-
nation of antibody, covalently bound to carboxyl-
polystyrene particles, with the antigen, which is
in turn detected by a fluorescent-labelled anti-
body by epifluorometry. This assay is simple to
perform, sensitive (5 ng/mL), accurate, repeat-
able and rapid (less than 1 h). Finally, a SPR-
based biosensor assay was developed for the
determination of IgG in bovine colostrum and
milk (Indyk and Filonzi, 2003).

Bovine Serum Albumin. Levieux and Ollier
(1999), using SRID, studied the changes in
concentrations of the IgG, B-Lg, a-La and
BSA in milk throughout the first 16 milkings
postpartum. The concentrations decreased
abruptly (IgG, B-Lg, BSA) or slowly (a-La)
from the first milking to the last. These results
were tabulated to calculate the excess whey
proteins that would be obtained if colostrum
or early milk was added illegally to the milk
supply. BSA in milk has also been determined
by ELISAs to establish the effect of milking
frequency on its concentration (Stelwagen and
Lacy Hulbert, 1996). It was observed that
once-daily milking increased the level of BSA.
However, during subsequent twice-daily milk-
ing, BSA level remained high.

Lactoferrin. Competitive ELISAs have been
developed to quantity lactoferrin in bovine milk
using rabbit polyclonal antibodies (Le Magnen
et al., 1989) and specific monoclonal antibodies
(Shinmoto et al., 1997). A sensitive sandwich
ELISA allowed the quantification of lactoferrin
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in cheese. It showed that the concentration of this
protein depended on the cheese variety with quite
large amounts in Swiss-type cheese (Dupont
et al.,2006). The same assay was also applied for
the quantification of lactoferrin in goat milk
(Lefier et al., 2010). Finally, Campanella et al.
(2009) developed immunosensors for the
quantification of lactoferrin and IgG in milk from
different species (cow, goat, buffalo).

Enzymes. More than 60 different enzymes are
reported in milk. From a technological viewpoint,
proteases are probably the most important. Three
major types of proteases, each of different ori-
gins, can be distinguished in dairy products:

e Indigenous enzymes, such as plasmin and
cathepsin D, which are naturally present in
milk. Plasmin has been shown to play a major
role during the ripening of hard cheese
(Grappin et al., 1985), whereas the role of
cathepsin D has not been determined fully.

e Milk-clotting enzymes (chymosin, pepsin,
microbial or plant proteinases), which are used
to coagulate milk, are also essential for the ripen-
ing of cheeses, particularly low-cook cheeses.

e Bacterial proteinases and peptidases, for
example, from starter and non-starter microor-
ganisms, or from Pseudomonas.

Because of their specificity (in secondary pro-
teolysis in cheese, quantification of an enzyme in
a protein-rich medium, possibility to distinguish
an enzyme from its inactive precursor) and their
sensitivity (enzymes are usually present at very
low concentrations in milk or cheese), immuno-
assays are suitable tools for the study of enzymes
in dairy products.

Plasmin. Dupont et al. (1997) developed an ELISA
for differential titration of plasmin (PLM) and its
precursor plasminogen (PLG) in milk using two
monoclonal antibodies, one PLG specific and the
other cross-reacting equally with PLM and PLG.
Using this test, they observed a dramatic increase
in the concentrations of PLM and PLG in milk at
the end of lactation (Dupont et al., 1998). Then,
these authors applied the ELISA to cheese and
observed high concentrations of PLM in hard
cheeses due to the activation of PLG to PLM dur-
ing cooking (Dupont and Grappin, 1998). A
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microparticle-enhanced nephelometric assay was
also developed for bovine PLG in milk using a
polyclonal rabbit antiserum directed against both
PLG and PLM (Marchal ef al., 1995).

Cathepsin D. Cathepsin D in milk was demon-
strated using immunoblotting by Larsen and
Petersen (1995). According to Larsen et al.
(1996), cathepsin D is present mainly in the whey
where its concentration, evaluated by competi-
tive ELISA, is around 0.3 pg/mL.

Coagulant Enzymes. ELISAs have also been
developed to quantify residual chymosin in dairy
products (Andersson et al., 1989; Boudjellab
et al., 1994). In high-cooked hard cheese, chy-
mosin is partially denatured by the cooking tem-
perature used during cheesemaking, limiting its
role in proteolysis in this type of cheese. Sensitive
ELISAs have also been proposed for the
quantification of Rhizomucor miehei proteinase
(Rauch et al., 1989) and porcine pepsin
(Boudjellab et al., 1998) in cheese.

Bacterial Peptidases. ELISAs for the detection
and the quantification of Lactococcus peptidases
in cheese have been developed (Chapot Chartier
et al., 1994; Laan et al., 1996), as well as an
immunoblotting technique to visualise the release
of peptidases from Lactobacillus on lysis (Valence
etal., 1999).

Proteases of Psychrotrophic Bacteria. Although
ultrahigh temperature treatment applied to bever-
age milk destroys contaminating microorganisms,
proteases from psychrotrophic bacteria and partic-
ularly from Pseudomonas fluorescens are resistant
to this treatment and may cause proteolysis and
destabilisation of the milk. Thus, ELISAs were
developed to detect proteases from Pseudomonas
fluorescens in milk (Clements et al., 1990).
However, this approach has some limitations
because the protease produced can vary immuno-
logically from one psychrotrophic strain to the next
(Birkeland et al., 1985). Another way for assessing
this type of proteolytic activity is to quantify the
products released by these heat-resistant enzymes
from the caseins. Finally, a third strategy was fol-
lowed by Dupont e al. (2007) who designed a



120

monoclonal antibody specific for the peptide bond
Phe -Met, , of k-casein, the major cleavage site
of Pseudomonas fluorescens proteases, by immu-
nising mice with a synthetic peptide covering this
part of the sequence. This antibody interacted with
the cleavage site as long as it was intact but did not
when the peptide bond hydrolysed. The inhibition
caused by the monoclonal antibody specific for
Phe, -Met, , permitted detection of UHT milks in
the process of being destabilised. However, the
major drawback of this approach is that when
destabilisation is evidenced, there is nothing to do
besides removing the products from the market.
(b) Structural and Conformational Modifications
of Milk Proteins

Chemical or physical treatments, such as enzy-
matic proteolysis or heat denaturation, may lead to
changes in the structure and/or conformation of
milk proteins. These modifications can be studied
easily using immunochemical techniques. In fact,
when an epitope is hydrolysed by an enzyme, it
will not be recognised by a specific antibody. In
the same way, protein denaturation may induce
conformational modifications, degradation or even
aggregation of proteins that will result in changes
in their recognition by specific antibodies. Thus,
antibodies can be efficient probes for characteris-
ing conformational structures involved in the biol-
ogy of dairy proteins (e.g., interaction with ligands,
hypersensitivity reactions) and for studying con-
formational changes that occur upon physical
treatment (e.g., denaturation).

Denaturation of Milk Proteins. Several studies
have been performed to determine the heat treat-
ment undergone by milk using immunochemical
techniques. Duranti ef al. (1991) developed an
ELISA for quantification of a-La in milk. Using
this technique, they showed that the “immunode-
tectable” o-La in heat-treated milk samples
decreased with the severity of the heat treatment.
Jeanson et al. (1999) developed two inhibition
ELISAs for quantification of the native and heat-
denatured forms of a-La in milk using specific
monoclonal antibodies. Combination of these
two techniques, together with expression of the
result as a percentage of denatured a-La, allowed
the assessment of the degree of heat treatment
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undergone by a milk without the need to analyse
its original raw milk. However, due to the resis-
tance of o-La to heat denaturation, this technique
was more suitable for the study of high-pasteur-
ised, UHT and sterilised milk than minimum pas-
teurised or thermised milk. Comparable work has
been done by Negroni et al. (1998) on B-Lg.
Levieux (1980) used radial immunodiffusion to
study the denaturation of a-La and B-Lg in milk
and whey. This author observed that both mole-
cules were more resistant to heat denaturation in
whey. Indeed, denaturation in serum leads to con-
formational modifications of the proteins that are
reversible on cooling. In milk, however, denatur-
ation of these two proteins by heat treatment
causes the aggregation between a-La and B-Lg
and the binding of the complex onto k-CN
(Elfagm and Wheelock, 1978). This aggregation
prevents “renaturation” of the protein.

Proteolysis in Milk. One approach to study the
hydrolysis of milk proteins is to detect and quantify
the enzymes responsible for this phenomenon. The
other way is to study directly the products produced
by an enzyme. For instance, to study the release of
the caseino-macropeptide (CMP) from k-CN by
proteinases of Pseudomonas, Picard et al. (1994)
and Prin et al. (1996) developed a quantitative
ELISA and a microparticle-enhanced nephelomet-
ric assay, respectively. However, both used a rabbit
polyclonal anti-k-CN antiserum. Thus, CMP and
Kk-CN had to be separated by ultrafiltration. Using
this technique, Prin et al. (1996) observed that
the concentration of CMP measured in milk
ultrafiltrates was underestimated by about 25%.
Other authors studied the microorganism respon-
sible for this proteolysis. Immunoassays to
directly detect Pseudomonas fluorescens strains
and related psychrotrophic bacteria in milk were
developed (Gonzalez et al., 1993, 1994, 1997).
Unfortunately, the antibodies raised against a pro-
tein from the cell envelope of Ps. fluorescens were
strain specific and bound more weakly the other
strains of Ps. fluorescens (Gonzalez et al., 1993).
Using polyclonal (Gonzalez et al., 1994) or mono-
clonal (Gutierrez et al., 1997) antibodies raised
against live cells, these authors slightly improved
the sensitivity of the technique.
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In Cheese. Proteolysis in cheese has been studied
by immunoblotting using antibodies specific for
the different caseins and for different fragments
of the caseins released by enzymatic activity.
Addeo et al. (1995a) used polyclonal antibodies
specific for B- and o -CNs to study proteolysis
during ripening of six European hard cheeses.
Pizzano et al. (1997) raised polyclonal antibodies
specific for o -CN by immunising rabbits with
bovine a -CN (f141-148) and o, -CN (f139-
149). They used the polyclonal anti- o, -CN
(f139-149) to determine proteolysis of o -CN in
Parmigiano Reggiano cheese samples throughout
180 days of ripening (Pizzano et al., 1998).

In the Human Gut. After ingestion, milk and dairy
products will be extensively hydrolysed in the gut
during digestion. This proteolytic process is cur-
rently being studied extensively in order to deter-
mine the nature of the bioactive peptides released
during the gastrointestinal tract and evaluate their
potential action on human health, but also see if
processing conditions were modifying the pattern
of peptides released. It has been shown that heat
treatment tended to increase casein resistance to
digestion by causing the formation of thermally
induced casein-whey protein aggregates (Dupont
et al., 2010a, b). This could partly explain why
caseins, known as being very sensitive to hydroly-
sis due to their flexible structure, could partly resist
digestion and generate allergic reactions in the
newborn.

(¢) Adulteration of Dairy Products
Immunoassays have been used widely to detect
adulteration of milk and dairy products (see
reviews by Moatsou and Anifantakis, 2003;
Pizzano et al., 2011). One of the major adultera-
tions of dairy products involves fraudulent substi-
tution of ewes’ milk by less-expensive cows’ milk.
This substitution can become a serious problem in
cheese manufacture as the origin of the milk
influences the sensory characteristics of the final
product. Thus, for economic as well as for ethical
reasons, there has been a need for analytical proce-
dures that can detect the addition of cows’ milk to
ewes’ or goats’ milk to protect ovine and caprine
milk products from adulteration and to assure the
consumers of product quality.
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It is possible to produce a species-specific
antibody that will detect only a cow marker in
ewes’ milk. Three different strategies can be used
to obtain species-specific antibodies:

* A polyclonal antibody can be raised against a
protein and adsorbed against the protein of the
other species. The protocol for rendering a poly-
clonal serum specific for an antigen has been
described by Avrameas and Ternynck (1969).

*  When the sequence of the protein from differ-
ent species is known, it is possible to select a
species-specific peptide, to synthesise it and to
use it to immunise rabbits. The resulting poly-
clonal serum will recognise only the targeted
marker. All the procedures for animal immu-
nisation with synthetic peptides have been
described by Tam (1994).

* Monoclonal antibodies raised against a pro-
tein can be directed against species-specific
sequences and thus prove valuable in detect-
ing adulterations of dairy products.

Cow/Ewe and Cow/Goat. Numerous immunological
techniques have been developed during the last
decade for the detection of fraudulent addition of
cows’ milk to ewes’” milk. Bitri e al. (1993) raised a
polyclonal serum against a k-CN peptide, that is,
k-CN (f139-152), and developed a competitive
ELISA for the detection of 0.25% of cows’ milk into
ewes’ milk. The antibody produced was directed
against the heat-resistant CMP. Therefore, detection
of heat-treated bovine milk was possible. A lower
limit of detection (0.01%) was obtained by Levieux
and Venien (1994), who used a bovine-specific
monoclonal antibody against B-Lg. B-CN (Anguita
et al., 1995, 1996, 1997) and v,-CN (Richter et al.,
1997) have also been used as bovine-specific anti-
gens to detect addition of cows’ milk to ewes’ milk.
It has been emphasised that the use of antibodies
against casein allows the detection of added heat-
treated milk, whereas antibodies directed against
heat-labile WPs do not.

When milk proteins have undergone hydroly-
sis, for example, during cheese ripening, other
immunological techniques should be applied.
Addeo et al. (1995b), using polyclonal antibodies
against bovine y, or B-CNs, and an immunoblot-
ting procedure, were able to detect the adulteration
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of ewes’ milk cheese with bovine milk constitu-
ents at a level of 5% and 0.5%, respectively. Beer
et al. (1996), using a bovine-specific polyclonal
serum against B-Lg and an indirect competitive
ELISA, and Molina et al. (1996), using a mono-
clonal antibody against 3-Lg and an immunoblotting
procedure, detected the adulteration of ewes’
cheese by cows’ milk. More recently, Anguita
et al. (1997) and Richter et al. (1997) used bovine-
specific B-CN monoclonal antibodies and bovine-
specific v,-CN polyclonal serum, respectively, as a
tool to detect adulteration (by ELISAs).

Most of the techniques used to detect cows’
milk in ewes’ products milk were also applied
successfully to detect cows’ milk in goats’ milk
dairy products (Table 3.8).

Goat/Ewe. ELISA techniques have also been
developed for the detection of goats’ milk in
ewes’ milk (Haza er al., 1996) and for ewes’ milk
in goats’ milk (Haza et al., 1997) using monoclo-
nal antibodies against o -CN.

Soy Proteins/Milk Proteins. Another type of
adulteration of dairy products involves the addi-
tion of soy milk into bovine milk. Thus, Hewedy
and Smith (1990) have developed an ELISA that
allowed the detection of soy proteins in bovine
milk, whereas Hiesberger and Brandl (1997)
used a commercially available ELISA, devel-
oped for the detection of soy protein in meat
products, to detect soy proteins in bovine milk
and cheese.

3.5.5 Significance and Possible
Developments in
Immunochemical Methods

Although most of the immunoassays used by the
dairy industry have been developed to ensure the
safety of dairy products (detection of pathogens,
quantification of toxins, drug residues, pesti-
cides, etc.), immunochemical techniques have also
been used widely in milk protein analysis. They
provide a major analytical tool for estimating con-
stituents that otherwise would be impossible to
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detect using the traditional methods of chemical
analysis. Indeed, because of their high sensitivity,
they are more useful for the detection and
quantification of molecules present at low concen-
trations but that are nonetheless of significant tech-
nological or physiological importance. They can
also be performed very quickly and with a mini-
mum amount of sample preparation. Because of
their high specificity, immunochemical techniques
are particularly well adapted for monitoring con-
formational modifications of proteins due to dena-
turation or proteolysis and for detecting sequence
differences in related proteins. In the near future,
more and more specific probes, such as monoclo-
nal antibodies, will be needed. Novel forms of
detection, such as chemiluminescence and cascade-
amplified systems, will improve significantly the
already high sensitivity of the immunoassays. It is
also possible that the strong need for “on-farm”
control will result in the development of end user-
friendly immunoassays. It is likely that the trend
willbetowardsdifferent solid-phase configurations,
such as “dipsticks” or latex bead assays. Also, bio-
sensors based on immunological principles that
have the advantage of providing continuous “on-
line” measurements and are therefore better suited
to process control than current immunoassays will
undergo a strong development.
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Chemistry of the Caseins

T. Huppertz

4.1 Introduction

Milk protein constitutes an important part of the
human diet. For the neonate, milk or infant
formula is the only type of food consumed; how-
ever, whereas milk does not constitute a major
part of the diet after the neonatal stage of most
other mammals, the human diet in many parts of
the world continues to include high levels of dairy
products. The popularity of milk proteins in the
human diet is undoubtedly a result of the combi-
nation of their excellent nutritional value and
high level of functionality. The relative ease of
isolation of proteins from milk has led not only to
the creation of a wide variety of functional and
nutritional milk protein ingredients, but also to
milk proteins being the best characterized of all
food proteins. The primary structures of all milk
proteins have been determined and for all the
major whey proteins, three-dimensional struc-
tures have been elucidated. Because of the fact
that attempts to crystallize caseins have thus far
remained unsuccessful, the full secondary and
tertiary structure of the caseins remains to be
elucidated. Although caseins have higher flexibi-
lity than typical globular proteins, e.g. whey
proteins, the previous classification of caseins as
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random coil or natively denatured proteins
appears inaccurate as a definite degree secondary
and tertiary structure has been identified for
the caseins.

The aim of this chapter is to provide the
current state-of-the-art with respect to the chem-
istry of caseins. As with previous reviews on this
topic by Swaisgood (1982, 1992, 2003), casein
composition and nomenclature, chemical compo-
sition and primary structure of the caseins, post-
translational modification, secondary structures
as well as physicochemical properties of caseins,
such as self-association and the interactions with
calcium, will be covered. For studies on the isola-
tion of casein, the reader is referred to Swaisgood
(2003). Higher order structures of caseins and the
structure and stability of the association colloids
in which caseins naturally exist, i.e. casein
micelles, are outside the scope of this chapter and
are covered in Chaps. 5 and 6, respectively. The
focus in this chapter will be on the caseins in
bovine milk; interspecies variability in casein
composition is covered in Chap. 13.

4.2 Casein Composition

and Nomenclature

The American Dairy Science Association
Committee on the Nomenclature, Classification
and Methodology of Milk Proteins originally
defined the bovine caseins as those phosphop-
roteins that precipitate from raw milk by
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Table 4.1 Current and former nomenclature of caseins
and major peptides derived therefrom. Reference proteins
are printed in italics

Current Former
a,-CN

a,,-CN A-8P o,,-CN A
o,,-CN B-8P ao,,-CN B
a,,-CN B-9P o, -CN
a,,;-CN C-8P a,-CN C
o,,-CN D-9P o,,-CN D
o,,-CN E-8P a,-CNE
a,-CN

a,-CN A-10P a,,CN A
a,,-CN A-11P o, -CN A
a,,-CN A-12P a,;-CN A
a,,-CN A-13P o,,-CN A
B-CN

B-CN A'-5P B-CN A!
B-CN A%-5P B-CN A?
B-CN A3-5P B-CN A3
B-CN C-4P B-CN C
3-CN D-4P B-CN D
B-CN E-5P B-CN E
K-CN

K-CN A-1P K-CN A
k-CN B-1P k-CN B

acidification to pH 4.6 at 20°C (Jenness et al.,
1956). Subsequent reports by the committee
recommended that the caseins could be differen-
tiated according to their relative electrophoretic
mobility in alkaline polyacrylamide or starch gels
containing urea, with or without -mercaptoetha-
nol (Whitney et al., 1976) or, more recently,
according to their primary amino acid sequences
(Eigel et al., 1984; Farrell Jr et al., 2004).
Accordingly, four gene products can be
identified: o, -casein (o, -CN), a -casein (o ,-
CN), P-casein (B-CN) and k-casein (k-CN).
Typical concentrations of o -CN, a -CN, B-CN
and k-CN in bovine milk are 12-15, 3-4, 9-11
and 24 gL', respectively, and the caseins
account for ~75-80% of total milk protein. For
all caseins, various genetic variants have been
identified. In addition, all caseins show consider-
able micro-heterogeneity, arising from post-
translational modification; all caseins are
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phosphorylated, whereas glycosylation has been
shown only for k-CN. As discussed in further
detail later, a,-CN, a,-CN and B-CN are
classified as the calcium-sensitive caseins,
whereas k-CN is calcium insensitive. In addition
to the aforementioned gene products, y-caseins
and A-caseins have been identified, which arise
from the hydrolysis of B-CN and o -CN, respec-
tively, by the indigenous milk proteinase, plasmin.
Enzymatic hydrolysis of milk proteins by plasmin
is outside the scope of this chapter and is dealt
with in detail in Chap. 12.

Current nomenclature of caseins and some
casein fractions, as well as former classifications
by which they were known, is shown in Table 4.1.
In such nomenclature, a Latin letter indicates
the generic variant of the proteins, whereas
differences in the degree of post-translational
modification are indicated by an Arabic number,
followed by the letter P to indicate that the post-
translational variation arises from phosphoryla-
tion. For example, o -CN B-8P refers to genetic
variant B of o -CN containing eight phosphory-
lated amino acid residues. For each of the caseins,
one of the variants outlined in Table 4.1 is consid-
ered to be the reference protein; these reference
proteins are a ,-CN B-8P, a,-CN A-11P, B-CN
A2-5P and k-CN A-1P.

43 o -Casein

4.3.1 Primary Structure of o -Casein

The o -CN family represents ~40% of total
casein in bovine milk. The reference protein for
the o, -CN family is o -CN B-8P, with ExPASy
entry name and file number of CAS1_Bovin and
P02662, respectively. The amino acid sequence
of a ,-CN B-8P, which predominates in the milk
of Bos taurus and was first established by Mercier
et al. (1971) and Grosclaude et al. (1973), is
shown in Fig. 4.1. The protein consists of 199
amino acid residues, with 8 of the 16 Ser residues
in the protein being phosphorylated, i.e. Ser,,
Ser,,, Ser,,, Ser,, Ser., Ser,, Ser  and Ser,
(Mercier et al., 1971). In a -CN B-9P, previously
denoted o -CN, Ser, is also phosphorylated
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101
121
His- Ser-Met- Lys- Glu- Gly- Ile-
141

161

181
|Asp- Ile- Pro- Asn- Pro- Ile-

1 10
|Arg-Pro- Lys- His- Pro- Ile- Lys- His- Gln-Gly-Leu-Pro-Gln-Glu- Val- Leu-Asn-Glu-Ans-Leu-
21 30
Leu-Arg-Phe- Phe- Val- Ala- Pro- Phe- Pro-Glu- Val-Phe-Gly-Lys- Glu- Lys- Val- Asn-Glu-Leu-|
41 50
Ser- Lys-Asp- Ile- Gly-SerP- Glu- SerP-Thr-Glu-Asp-Gln-Ala-Met- Glu- Asp- Ile- Lys- Gln-Met-
61 70
Glu- Ala- Glu-SerP- Ile- SerP-SerP-SerP-Glu-Glu- Ile- Val-Pro-Asn-SerP-Val- Glu- Gln-Lys- His-
81 90
Ile- Gln-Lys- Glu- Asp- Val- Pro- Ser- Glu-Arg- Tyr-Leu-Gly-Tyr- Leu- Glu-Gln-Leu-Leu-Arg-
110
Leu-Lys-Lys- Tyr- Lys- Val- Pro- Gln- Leu-Glu- Ile- Val-Pro-Asn-SerP-Ala- Glu- Glu- Arg-Leu-
130

His- Ala-Gln-GlIn-Lys-Glu-Pro- Met- Ile- Gly- Val- Asn-Gln-
150
Glu-Leu-Ala- Tyr- Phe- Tyr- Pro- Glu- Leu-Phe- Arg-Gln-Phe-Tyr- Gln- Leu-Asp-Ala- Tyr- Pro-
170
Ser-Gly-Ala- Trp- Tyr- Tyr- Val- Pro- Leu-Gly- Thr-Gln-Tyr-Thr- Asp- Ala- Pro- Ser- Phe- Ser-

190
Gly- Ser- Glu-Asn- Ser- Glu-Lys-Thr- Thr- Met- Pro-Leu- Trp

20

40

60

80

100

120

140

160

180

200

Fig. 4.1 Amino acid sequence of bovine . ,-CN B-8P

(Manson et al., 1977). De Kruif and Holt (2003)
identified two centres of phosphorylation in o, -
CN, i.e. f41-51, containing Ser,, (only in the 9P
variant), Ser,  and Ser,, and f61-70, containing
residues Ser,,, Ser,, Ser, and Ser,. These
centres of phosphorylation are crucial in the stabi-
lization of the calcium phosphate nanoclusters in
the casein micelles (De Kruif and Holt, 2003).
The amino acid composition and properties of
o ,-CN B-8P are shown in Table 4.2. Based on
amino acid composition, the molecular mass of
the protein prior to post-translational modification
is estimated at ~23.0 kDa, which increases to
~23.6 kDa as a result of the phosphorylation of
eight Serresidues. Based on the primary sequence,
a pl of ~4.9 would be expected for o -CN, but
this decreases by ~0.5 pH units through the phos-
phorylation of the eight Ser residues. Such values
are in line with reported pl of o -CN varying
from 4.4 to 4.8 (Trieu-Cuot and Gripon, 1981;
Eigel et al., 1984). The aliphatic index, grand
average hydropathicity (GRAVY) and hydropho-

bicity all suggest a moderately hydrophobic
protein. a -CN B-8P contains 25 amino acid
residues capable of carrying a positive charge and
40 capable of carrying a negative charge. A distri-
bution of the charge over the polypeptide chain is
shown in Fig. 4.2, which clearly highlights a
positively charged N-terminus and a high con-
centration of negative charges, including the
two clusters of phosphorylation, between resi-
dues 30 and 80. A moderate and even distribu-
tion of positive and negative charges is found
between residues 81 and 150, whereas the
remainder of the protein, with the exception
of the 10 amino acid C-terminus, is largely
unchanged. Distribution of hydrophobicity,
according to the scale of Tanford (1962), of o -
CN B is also shown in Fig. 4.2. In this scale, posi-
tive values represent a hydrophobic character
whereas negative values represent a hydrophilic
character. Some distinct patches of significant
hydrophobicity can be observed, i.e. residues
20-35 and 160-175.
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Table 4.2 Amino acid composition and properties of o, ,-CN B-8P

Amino acid o ,-CN B-8P

Ala 9 Total residues 199

Arg 6 Positively charged residues (Lys/Arg/His) 25

Asn 8 Negatively charged residues (Glu/Asp/SerP) 40

Asp 7 Aromatic residues (Tyr/Phe/Thr) 20

Cys 0

Gln 14 Molecular mass

Glu 25 Based on primary structure 22,975 Da

Gly 9 Including phosphorylation 23,599 Da

His 5

Ile 11 pl

Leu 17 Based on primary structure 491

Lys 14 Including phosphorylation 4.42

Met 5

Phe 8 Extinction coefficient at 280 nm* 25900 M cm!

Pro 17

Ser 16 Absorbance at 1 gL' at 280 nm? 1.127

Thr 5

Trp 2 Aliphatic index® 75.43

Tyr 10

Val 11 Grand average of hydropathicity (GRAVY)* -0.704
H®,,, (kl/residue)? 4.89

“Values are based on the primary structures of the protein and do not take into account post-translational

modification of the structures

1,5 4+ t t H—+—+—+—1
> 1.0
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Fig. 4.2 Distribution of hydrophobicity (top) and charged
residues (bottom) along the amino acid chain of o, -CN B-8P.
Hydrophobicity was calculated using the scale of Tanford
(1962) with values representing the average on a 7 amino acid
window with the relative weight of each amino acid in the
window being 1.0 for the centre amino acid and 0.75, 0.50 and

0.25 for the amino acids located 1, 2 or 3 positions from the
centre of the window. Hydrophobicity was calculated based on
the primary amino acid sequence in the absence of post-trans-
lational modification. Charged amino acid residues include
Lys (+1), Arg (+1), His (+0.5), Glu (-1), Asp (-1), SerP (-2), the
N-terminus (+1) and the C-terminus (-1)
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4.3.2 Genetic Variation of ¢ -Casein

In addition to the B-variant of o -CN, a number
of other genetic variants have been identified, an
overview of which is shown in Table 4.3. In o -
CN A, the amino acid residues 14-26 are missing
as a result of exon skipping (Grosclaude et al.,
1970); this variant has been found in Holstein
Friesians, Red Holsteins and German Red cattle
(Ng-Kwai-Hang et al., 1984; Grosclaude, 1988;
Erhardt, 1993). Variant o -CN C predominates
in the milk of Bos indicus and Bos grunniens
(Eigel et al., 1984) and contains Gly instead of
Glu at position 192 (Grosclaude et al., 1969).
In o -CN D, which has been found in various
breeds in France (Grosclaude, 1988) and Italy
(Mariani and Russo, 1975) as well as in Jerseys
in the Netherlands (Corradini, 1969), the Ala
residue at position 53 is replaced by a phospho-
rylated Thr residue (Grosclaude et al., 1972).
A replacement at position 59 of Gln by Lys and at
position 192 of Glu by Gly yields a, -CN E,
which is found in Bos grunniens (Grosclaude
et al., 1976), whereas o -CN F contains Leu
instead of SerP at position 66 and is found in
German Black and White cattle (Erhardt, 1993).
Finally, o -CN G was discovered in Italian
Brown cows (Mariani et al., 1995), but no amino
acid sequence has been reported for this variant
to date, whereas ocsl-CN H arises from an eight
amino acid deletion at positions 51-58 (Mahe
et al., 1999).

Table 4.3 Differences in the amino acid sequence of
genetic variants of as1-casein compared to o ,-CN B-8P

Position
Variant 14-26  51-58 53 59 66 192
A Deleted
B Ala  Giln SerP Glu
C Gly
D ThrP
E Lys Gly
F Leu
G
H Deleted
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4.3.3 Secondary Structure of o_-
Casein

The secondary structure of a -CN has been
studied using a number of different approaches.
While Fourier transform infrared (FTIR) spec-
troscopy studies by Byler and Susi (1986) found
no secondary structure in ocsl-CN, other studies
have reported varying degrees of secondary struc-
ture elements in o -CN. The percentage of
o-helix in o -CN has been estimated as 5-15%
(Herskovits, 1966), 8—13% (Byler et al., 1988),
20% (Creamer et al., 1981) or 13-15% (Malin
et al., 2005). For -sheet, values of 17-20% were
reported (Byler et al., 1988; Creamer et al.,
1981), whereas Malin et al. (2005) reported
34-46% extended B-sheet-like structures in o -
CN. In addition, 29-35% [-turn structures have
been reported for o -CN (Byler et al., 1988). In
addition, the presence of polyproline II structures
in o -CN is evident from Raman optical activity
spectra (Smyth et al., 2001). Higher order struc-
tures of caseins are described in further detail
in Chap. 5.

4.3.4 Self Association of ¢ -Casein

Self-association of o -CN is characterized by
progressive strongly pH- and ionic strength-
dependent consecutive self-association to
dimers, tetramers, hexamers, etc. (Ho and Waugh,
1965; Payens and Schmidt, 1965, 1966; Schmidt
and van Markwijk, 1968; Swaisgood and
Timasheff, 1968; Schmidt, 1970a, b). At pH 6.6
and ionic strength >0.003, the monomers exist in
a rapidly equilibrating equilibrium with oligomers;
increasing ionic strength results in increasing
association constants and the appearance of larger
oligomers (Ho and Waugh, 1965; Schmidt and
van Markwijk, 1968; Schmidt, 1970b). The free
energy for formation of the various oligomers is
comparable; hence, all species exist at apprecia-
ble concentrations, but they occur to different
extents. At an ionic strength of 0.003, only mono-
mers are present, whereas at an ionic strength of
0.01, a monomer—dimer equilibrium exists; at an
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ionic strength of 0.2, dimers and tetramers are
favoured, while the formation of larger oligomers
becomes progressively less favourable (Ho and
Waugh, 1965; Schmidt, 1970b). Likewise, as
the pH is increased above 6.6, the electrostatic
repulsive free energy increases, resulting in
smaller association constants yielding a lowered
degree of association (Swaisgood and Timasheff,
1968). The larger association constants, and
resulting much stronger association, of o -CN C
compared to o -CN B can be explained by the
change in electrostatic free energy (Schmidt,
1970a) due to its smaller net charge. However,
a,-CN D behaves identically to o -CN B
(Schmidt, 1970a) although its net charge is
greater than that of o, -CN B. It should be noted
that the o -CN B to a -CN D substitution, at
position 53 (Table 4.3) occurs in the polar domain,
whereas the o, -CN B to o, -CN C substitution,
at position 192 (Table 4.3), occurs in the hydro-
phobic domain which is more likely to be in the
association contact surface. Enzymatic deimina-
tion of five of the six Arg residues of o -CN
reduces the susceptibility of the protein to self-
association (Azuma et al., 1991).

4.3.5 Interactions of ocs1-Casein with

Calcium

When considering the interactions of a_-CN, or
any of the other caseins, with calcium, or other
cations, two aspects should be considered, i.e. the
binding of calcium by the protein and the calcium-
induced precipitation of the protein by calcium.
ocsl-CN is one of the calcium-sensitive caseins;
precipitation of a -CN occurs in the range of
3-8 mM CaCl2 (Schmidt, 1969; Bingham et al.,
1972; Toma and Nakai, 1973; Dalgleish and
Parker, 1980; Aoki et al., 1985; Farrell Jr et al.,
1988) and occurs more readily for o, -CN B than
for o, -CN A (Farrell Jr et al., 1988). When CaCl,
concentration exceeds ~0.1 mM, the solubility
of o -CN increases again, due to the salting-in
effect (Farrell Jr et al., 1988). Calcium-induced
precipitates of o, -CN are readily solubilized in
4 M urea, suggesting that no calcium-induced
cross-linkage of proteins occurred and that the
driving forces behind the calcium-induced
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association are driven by hydrogen bonding and
hydrophobic interactions in the absence of elec-
trostatic repulsion (Aoki et al., 1985).

An extensive investigation into the calcium-
binding and calcium-induced precipitation of
a ,-CN by Dalgleish and Parker (1980) high-
lighted that the binding of calcium by the protein
decreases considerably with increasing ionic
strength. In addition, the concentration of calcium
required to induce precipitation of o -CN also
increases with increasing ionic strength, but not
proportionally to calcium binding, i.e. the degree
of calcium binding which is required to induce
precipitation of o ,-CN decreases with increasing
ionic strength (Dalgleish and Parker, 1980).
Calcium binding by a -CN decreases when pH
decreases below 7.0, but decreasing pH increases
the concentration of calcium required to induce
precipitation of o -CN (Dalgleish and Parker,
1980). Calcium-induced aggregation of a -CN
was described as a monomer—octamer equilib-
rium, followed by Smoluchowski aggregation in
which only the octamers participate (Dalgleish
et al., 1981). Dephosphorylation reduces the
number of calcium-binding sites on the protein
and also reduces the stability of o ,-CN to calcium-
induced precipitation (Yamuachi et al., 1967,
Bingham er al., 1972; Aoki et al, 1985).
Deimination of Arg residues in o -CN enhances
calcium binding, as well as the stability of the
protein to calcium-induced precipitation (Azuma
etal., 1991).

Detailed analyses of the effects of calcium
binding on a -CN have indicated several equi-
libria. The addition of up to 1 mM CaCl, to a -
CN induces an exothermic process, possibly
hydrogen-bond formation (Holt et al., 1975),
binding of calcium only to phosphorylated Ser
residues (Ono et al., 1976) and the transfer of Tyr
and Trp residues from an aqueous to an apolar
environment (Ono et al., 1976). As the concen-
tration of CaCl, is increased from 1 to 3 mM, the
aforementioned exothermic phase is followed by
an increasingly endothermic reaction, possibly
hydrophobic interactions (Holt et al., 1975); the
burying of the aromatic chromophores is abated
(Ono et al., 1976), whereas calcium binding by
both phosphorylated Ser and carboxylate-
containing residues occurs (Ono et al., 1976);
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turbidity increases slightly to a plateau level
(Holt et al., 1975) and increasing numbers of
bent-chain polymers are observed (Dosaka et al.,
1980). Finally, between 3 and 5 mM calcium
chloride, the reaction becomes very endothermic
(Holt et al., 1975); binding of calcium, primarily
to carboxylate-containing residues, continues
(Ono et al., 1976); the turbidity increases dramati-
cally (Holt et al., 1975) and precipitation even-
tually occurs. These results suggest that binding
of Ca?* to high-affinity phosphoseryl clusters in
the polar domain alters its interaction with the
hydrophobic domain, bringing about a conforma-
tional change in that domain which allows some
association to occur. Further binding to carboxyl
residues throughout the structure reduces the
electrostatic repulsion and, consequently, inter-
action of the hydrophobic domains leads to the
formation of large aggregates.
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exhibits varying levels of phosphorylation
(Swaisgood, 1992; Farrell Jr et al., 2009) and
intermolecular disulfide bonding (Rasmussen
et al., 1992, 1994). The reference protein for this
family is o, ,-CN A-11P, a single-chain polypep-
tide with an internal disulfide bond with ExPASy
entry name and file number CAS2_Bovin and
P02663, respectively. The primary structure of
a,-CN A-11P (Fig. 4.3), reported by Brignon
et al. (1977), has been changed to Gln rather
than Glu at position 87, as indicated by cDNA
sequencing (Stewart et al., 1987) and DNA
sequencing (Groenen et al., 1993). In addition to
the aforementioned 11P variant of a,-CN A, 10P,
12P and 13P forms of this protein have also been
observed (Brignon et al., 1976). Three centres of
phosphorylation have been identified, i.e. {816,
which contains the phosphorylated residues Ser8,
Ser9, Serl10 and Serl6; f56-63, which contains
the phosphorylated residues Ser56, Ser57, Ser58
and Ser61; and f126-133, which contains the

4.4 ocsz-Casein phosphorylated residues Ser129 and Ser131 (De
Kruif and Holt, 2003).
4.4.1 Primary Structure of o, -casein The primary sequence of o, -CN A-11P, as

The a,,-CN family constitutes up to 10% of the
total casein fraction in bovine milk and consists
of two major and several minor components, and

outlined in Fig. 4.3, contains two Cys residues,
i.e. Cys36 and Cys40, which occur in intra- and
intermolecular disulphide bonds. In a -CN
isolated from bovine milk, >85% of the protein is

1 10

20

Lys- Asn-Thr-Met-Glu- His- Val-SerP-SerP-SerP- Glu- Glu- Ser- Ile- Ile- SerP- Gln- Glu- Thr-Tyr-
21 30 40
Lys- Gln-Glu-Lys-Asn-Met-Ala- Ile- Asn- Pro- Ser- Lys-Glu-Asn-Leu- Cys- Ser- Thr- Phe-Cys-|
41 50 60
Lys- Glu- Val- Val- Arg-Asn- Ala- Asn- Glu- Glu- Glu- Tyr- Ser- Ile- Gly-SerP-SerP-SerP-Glu-Glu-|
61 70 80
SerP- Ala- Glu- Val- Ala- Thr- Glu- Glu- Val- Lys- Ile- Thr-Val-Asp-Asp- Lys- His- Tyr- Gln-Lys-
81 90 100
Ala- Leu-Asn-Glu- Ile- Asn-Gln- Phe- Tyr- Gln- Lys- Phe-Pro- Gln-Tyr- Leu- Gln- Tyr- Leu-Tyr-
101 110 120
Gln- Gly-Pro- Ile- Val-Leu-Asn- Pro- Trp- Asn- Gln- Val-Lys-Arg-Asn- Ala- Val- Pro- Ile- Thr-
121 130 140
Pro- Thr-Leu-Asn-Arg-Glu- Gln- Leu- SerP- Thr- SerP-Glu-Glu-Asn- Ser- Lys- Lys- Thr- Val- Asp-
141 150 160
Met- Glu- Ser- Thr-Glu- Val-Phe- Thr- Lys- Lys- Thr- Lys-Leu-Thr-Glu- Glu- Glu- Lys- Asn-Arg-
161 170 180
Leu- Asn-Phe-Leu-Lys-Lys- Ile- Ser- Gln- Arg- Tyr- GIn-Lys-Phe- Ala- Leu- Pro- Gln- Tyr-Leu-|
181 190 200
Lys- Thr- Val- Tyr- Gln- His- Gln- Lys- Ala- Met- Lys- Pro-Trp- Ile- Gln- Pro- Lys- Thr- Lys- Val-
201 210

Ile- Pro- Tyr- Val- Arg-Tyr-Leu

Fig. 4.3 Amino acid sequence of o -CN A-11P
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Fig.4.4 Distribution of hydrophobicity (top) and charged
residues (bottom) along the amino acid chain of o ,-CN
A-11P. Hydrophobicity was calculated using the scale of
Tanford (1962) with values representing the average on a
7 amino acid window with the relative weight of each
amino acid in the window being 1.0 for the centre amino
acid and 0.75, 0.50 and 0.25 for the amino acids located 1,

in monomeric form containing the intramolecular
disulphide bond, with the remaining fraction of
ocsz-CN consisting of dimers, which can be
oriented parallel or antiparallel (Rasmussen
et al., 1992, 1994). Brignon et al. (1977) pointed
out that two very large segments of o -CN, of
~80 residues, show very high sequence homology
with each other and may arise from gene duplica-
tion. Sequence alignment by Farrell Jr et al.
(2009) showed that the best homologous align-
ment was for residues 42-122 and 124-207.
According to Farrell Jr et al., (2009), the o -CN
molecule can be divided into five distinct regions.
Residues 1-41 and 42-80 form typical casein
phosphopeptide regions with high charge and
low hydrophobicity, whereas residues 81-125
form a slightly positively charged region of high
hydrophobicity and residues 126-170 form the
so-called phosphopeptide analogue, with high
negative charge but low phosphate content;
finally, residues 171-207 have high positive
charge and high hydrophobicity (Farrell Jr et al.,
2009). Similar trends are available from the hydro-
phobicity and charge distribution in Fig. 4.4.

100 120 140 160 180 200

2 or 3 positions from the centre of the window.
Hydrophobicity was calculated based on the primary
amino acid sequence in the absence of post-translational
modification. Charged amino acid residues include Lys
(+1), Arg (+1), His (+0.5), Glu (-1), Asp (-1), SerP (-2),
the N-terminus (+1) and the C-terminus (-1)

Some properties of a -CN are given in
Table 4.4. The 207 amino acids yield a molecular
mass of ~24.3 kDa, which further increases to
25.2 kDa as a result of the phosphorylation of 11
Ser residues. For the non-phosphorylated poly-
peptide chain of a ,-CN, a pl of ~8.3 is predicted,
but the aforementioned phosphorylation of 11
Ser residues decreases pl considerably to ~4.9.
Because of the high level of charged residues, i.e.
33 residues able to carry a positive charge and 39
capable of carrying a negative charge, o -CN is
generally regarded as the most hydrophilic of the
caseins.

4.4.2 Genetic Polymorphism of o_,-
Casein

The A variant of a,-CN is most frequently
observed in Western breeds. The B variant was
observed with low frequencies in Zebu cattle in
South Africa, but a specific site of mutation for
a,-CN B has not been identified to date. Variant
a,-CN C was observed in yaks in the Nepalese
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Table 4.4 Amino acid composition and properties of o ,-CN A-11P

Amino acid a,-CN A-11P

Ala 8 Total residues 207

Arg Positively charged residues (Lys/Arg/His) 33

Asn 14 Negatively charged residues (Glu/Asp/SerP) 39

Asp Aromatic residues (Tyr/Phe/Thr) 20

Cys 2

Gln 16 Molecular mass

Glu 24 Based on primary structure 24,348 Da

Gly 2 Including phosphorylation 25,206 Da

His 3

Ile 11 pl

Leu 13 Based on primary structure 8.34

Lys 24 Including phosphorylation 4.95

Met 4

Phe 6 Extinction coefficient at 280 nm?* 29,005 M cm!

Pro 10

Ser 17 Absorbance at 1 gL' at 280 nm*? 1.191

Thr 15

Trp 2 Aliphatic index® 68.7

Tyr 12

Val 14 Grand average of hydropathicity (GRAVY)* -0.918
H®  (kJ/residue)* 4.64

ave

"Values are based on the primary structures of the protein and do not take into account

post-translational modification of the structures

Table 4.5 Differences in the amino acid sequence of
genetic variants of o ,-casein compared to o, ,-CN A-11P

Position
Variant 33 47 51-59 130
A Glu Ala Thr
B
C Gly Thr Tle
D Deleted

valley and the Republic of Mongolia (Grosclaude
et al., 1976, 1982). As shown in Table 4.5, the C
variant differs from the A variant at positions 33,
47 and 130, where Gly, Thr and Ile replace Glu,
Ala and Thr, respectively (Mahe and Grosclaude,
1982). Variant o ,-CN D was observed in
Vosgienne and Montbeliarde breeds (Grosclaude
et al., 1978) and in three Spanish breeds (Osta
etal., 1995). The D variant differs from o, ,-CN A
by the deletion of nine amino acid residues from
positions 51-59 (Grosclaude et al., 1978), which
is caused by the skipping of exon VIII, a 27-nucle-

otide sequence that encodes amino acid residues
51-59 (Bouniol et al., 1993).

4.4.3 Secondary Structure
of a_-Casein

Estimates of the secondary structure of o, ,-CN
have been obtained using a variety of techniques
and show considerable differences. Garnier et al.
(1978) suggested 54% a-helix, 15% [-sheet,
19% turns and 13% unspecified structure, whereas
Hoagland et al. (2001) suggested 24-32%
a-helix, 27-37% B-sheet, 24-31% turns and
9-22% unspecified structure. Furthermore,
Tauzin et al. (2003) suggested 45% o-helix, 6%
B-sheet and 49% unspecified structure, whereas
15% polyproline II structure was suggested by
Adzhubei and Sernberg (1993). Most recently,
Farrell et al. (2009) suggested 46% a-helix, 9%
B-sheet, 12% turns, 7% polyproline II, 19% non-
continuous a-helix or 3-sheet and 7% unspecified
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secondary structure. Higher order structures of
caseins are described in further detail in Chap. 5.

4.4.4 Association Properties
of a,_-Casein

Given the aforementioned amphipathic and
highly charged structure of a -CN, it is not
surprising that its self-association properties
strongly depend on ionic strength (Snoeren ef al.,
1980). a,,-CN associates less extensively than
asl-CN, but it does exhibit consecutive self-
associations, the extent of which at 20°C reaches
a maximum at an ionic strength of 0.2-0.3, but
decreases at higher ionic strength (Snoeren et al.,
1980). This perhaps unexpected decrease in asso-
ciation at higher ionic strengths may be due to
ionic suppression of electrostatic interactions
between the N-terminal and the C-terminal
domains (Snoeren et al., 1980). Snoeren et al.
(1980) assumed that o, ,-CN particles under such
conditions are spherical, which is indeed apparent
from the electron micrographs reported by
Thorn et al. (2008). However, when o ,-CN is
incubated at higher temperatures, e.g. 37 or 50°C,
ribbon-like fibrils with a diameter of ~12 nm
and length >1 um, which occasionally form loop
structures, are observed (Thorn et al., 2008). The
formation of such fibrillar structures is optimal at
pH 6.5-6.7 and more extensive at higher temper-
ature. The presence of a -CN inhibits fibril
formation by a -CN, whereas the presence of
B-CN has little effect on o ,-CN fibril formation.
Fibril formation is also reduced when the intra-
and intermolecular disulphide bonds in a,,-CN
are disrupted by the reducing agent, dithiothreitol
(Thorn et al., 2008).

4.4.5 Interactions of o_-Casein

with Calcium

Of the caseins, a,-casein has the highest number
of phosphorylated residues and is also the
most sensitive to calcium-induced precipitation.
Calcium-induced precipitation of a,,-CN occurs
at calcium concentrations less than 2 mM (Toma

T. Huppertz

and Nakai, 1973; Aoki et al., 1985). As for o -CN
precipitates, calcium-induced precipitates of
ocsz—CN are readily solubilized in 4 M urea,
suggesting that no calcium-induced cross-linkage
of proteins occurs and that the driving forces
behind the calcium-induced interaction are driven
by hydrogen bonding and hydrophobic interac-
tions in the absence of electrostatic repulsion
(AoKi et al., 1985). This is further substantiated
by the fact that dephosphorylation of a -CN
renders the protein insoluble at neutral pH, prob-
ably due to the low net charge on the protein at
these conditions (Aoki et al., 1985; Table 4.4).

4,5 B-Casein

4.5.1 Primary Structure of -Casein

The B-CN family constitutes up to 35% of the
casein of bovine milk. The reference protein for
this family, B-CN A2-5P, contains 209 residues
and its ExPASy entry name and file number are
CASB_Bovin and P02666, respectively. The
protein was chemically sequenced by Ribadeau-
Dumas et al. (1972), sequenced from its cDNA
by Jimenez-Flores et al. (1987) and Stewart et al.
(1987) and from its gene by Bonsing et al. (1988).
The sequence for B-CN A2-5P is shown in
Fig. 4.5. This sequence was corrected from the
original sequences by Yan and Wold (1984) and
Carles et al. (1988) and differs from the original
sequences at four positions: Glu for Gln at posi-
tions 117, 175 and 195 and reversal of Pro137
and Leul38. The changes at residues 117 and
175 were confirmed by both groups and by gene
sequencing, whereas the reversal of residues
137 and 138 is not in agreement with cDNA-
sequencing data (Jimenez-Flores et al., 1987),
which is in accordance with the original data.
However, the Leu-Pro substitution is a one-base
change, and mutations could occur and not be
observed by HPLC-mass spectroscopy (MS) of
peptides or by electrophoresis of the proteins.
Preference is, however, given to the two afore-
mentioned independent  protein-sequencing
reports. In a similar fashion, the change at posi-
tion 195 is not in agreement with the cDNA
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1 10 20
IArg-Glu-Leu-Glu-Glu-Leu-Asn-Val- Pro- Gly-Glu- Ile- Val-Glu-SerP-Leu-SerP-SerP-SerP-Glu-
21 30 40
IGlu- Ser- Ile- Thr- Arg- Ile- Asn-Lys- Lys- Ile- Glu-Lys- Phe-Gln-SerP-Glu- Glu- Gln- Gln- Gln-
41 50 60
Thr-Glu-Asp-Glu-Leu-Gln-Asp-Lys- Ile- His- Pro-Phe- Ala-Gln- Thr- Gln- Ser- Leu- Val- Tyr-|
61 70 80
Pro- Phe- Pro- Gly- Pro- Ile- Pro- Asn- Ser- Leu-Pro-GIn-Asn-Ile- Pro- Pro- Leu- Thr- Gln- Thr-
81 90 100
Pro- Val- Val- Val- Pro- Pro- Phe-Leu- GIn- Pro-Glu- Val-Met-Gly- Val- Ser- Lys- Val- Lys- Glu-|
101 110 120
Ala-Met- Ala- Pro- Lys- His- Lys- Glu-Met- Pro-Phe- Pro- Lys-Tyr- Pro- Val- Glu- Pro- Phe- Thr-|
121 130 140
(Glu- Ser- Gln- Ser- Leu- Thr-Leu- Thr- Asp- Val-Glu-Asn-Leu-His- Leu- Pro- Leu- Pro- Leu- Leu-
141 150 160
IGIn- Ser- Trp-Met-His- Gln- Pro- His- GIn- Pro-Leu- Pro- Pro- Thr- Val- Met- Phe- Pro- Pro- Gln-|
161 170 180
Ser- Val-Leu- Ser- Leu- Ser- Gln- Ser- Lys- Val-Leu- Pro- Val- Pro- Gln- Lys- Ala- Val- Pro- Tyr-
181 190 200
Pro- Gln- Arg-Asp-Met-Pro- Ile- Gln- Ala-Phe-Leu-Leu- Tyr-Gln- Glu- Pro- Val- Leu- Gly- Pro-
201
Val- Arg-Gly- Pro- Phe- Pro- Ile- Ile- Val
Fig. 4.5 Amino acid sequence of B-CN A>-5P
results, but, in this case, three other lines of phosphorylated Ser residues, i.e. Ser,, Ser,

evidence support the occurrence of only Glu at
residue 195, i.e. the two protein-sequencing
corrections noted previously, the invariance on
electrophoresis of B-CN (f108-209) from the A',
A? and A?® genetic variants (Groves, 1969); and
the purification from cheese of a bitter peptide
B-CN (£193-209), the sequence of which is iden-
tical to the chemically corrected sequences
(Gouldsworthy et al., 1996).

Some features of B-CN A2-5P are shown in
Table 4.6, whereas the distribution of charge and
hydrophobicity over the molecule is shown in
Fig. 4.6. This 209 amino acid protein has a
molecular mass which is increased from 23.6 kDa
for the primary structure to 24.0 kDa following
phosphorylation of the aforementioned five Ser
residues. The pl of the non-phosphorylated amino
acid is estimated at 5.1, which decreases to ~4.7
as a result of phosphorylation, which is some-
what lower than experimental values of 4.8-5.0
observed by Trieu-Cuot and Gripon (1981). Some
of the unique properties of 3-CN are derived from
the fact that it is strongly amphipathic. The
N-terminus of B-CN, residues 1-40, contains
essentially all the net charge of the molecule and
has a low hydrophobicity and contains only two
Pro residues. This section also contains the five

Serlg, Ser , and Ser35, of which the first four form
a centre of phosphorylation (De Kruif and Holt,
2003). The middle section of B-CN, i.e. residues
41-135, contains little charge and moderate
hydrophobicity, whereas the C-terminal, section
136-209, contains many of the apolar residues
and is characterized by little charge and high
hydrophobicity.

4.5.2 Genetic Polymorphism
of B-Casein

In addition to the aforementioned A? variant of
B-CN, a number of other genetic variants have
been observed. The amino acid substitutions
giving rise to all variants of B-CN are given in
Table 4.7. In addition, Chung et al. (1995)
identified variant A* in native Korean cattle using
electrophoresis only; its substitutions compared
to the A? reference protein are thus far unknown.
The A! variant of -CN differs from the A? variant
only by the substitution at position 67 of His for
Pro (Bonsing et al., 1988), whereas the A3 variant
contains GlIn instead of His at position 106
(Ribadeau-Dumas et al., 1970). In addition, [-
CN B contains the aforementioned mutation for
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Table 4.6 Amino acid composition and properties of B-CN A>-5p

Amino acid B-CN A2-5P

Ala 5 Total residues 209

Arg 4 Positively charged residues (Lys/Arg/His) 20

Asn 5 Negatively charged residues (Glu/Asp/SerP) 28

Asp 4 Aromatic residues (Tyr/Phe/Thr) 14

Cys 0

Gln 20 Molecular mass

Glu 19 Based on primary sequence 23,583 Da

Gly 5 Including phosphorylation 23,973 Da

His 5

Ile 10 pl

Leu 22 Based on primary sequence 5.13

Lys 11 Including phosphorylation 4.65

Met 6

Phe 9 Extinction coefficient at 280 nm?* 11,460 M cm!

Pro 35

Ser 16 Absorbance at 1 gL' at 280 nm? 0.486

Thr 9

Trp 1 Aliphatic index® 88.5

Tyr 4

Val 19 Grand average of hydropathicity (GRAVY)* —-0.355
H®  (kJ/residue)? 5.58

ave

*Values are based on the primary structures of the protein and do not take into account post-translational

modification of the structures
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Fig. 4.6 Distribution of hydrophobicity (top) and
charged residues (bottom) along the amino acid chain
of B-CN AZ%-5P. Hydrophobicity was calculated using
the scale of Tanford (1962) with values representing
the average on a 7 amino acid window with the relative
weight of each amino acid in the window being 1.0 for
the centre amino acid and 0.75, 0.50 and 0.25 for the

O 20 40 60 80

100 120 140 160 180 200

amino acids located 1, 2 or 3 positions from the centre
of the window. Hydrophobicity was calculated based
on the primary amino acid sequence in the absence of
post-translational modification. Charged amino acid
residues include Lys (+1), Arg (+1), His (+0.5), Glu
(-1), Asp (-1), SerP (-2), the N-terminus (+1) and the
C-terminus (-1)
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Table 4.7 Differences in the amino acid sequence of genetic variants of B-casein compared to B-CN A%-5P
Position

Variant 18 25 35 36 37 67 72 88 93 106 122 137/138 152 ?

Al His

A? SerP  Arg  SerP Glu Glu Pro Gln Leu Met His Ser  Leu/Pro Pro Gin

A3 Gln

B His Arg

C Ser Lys His

D Lys

E Lys

F His Leu

G His Leu

H' Cys Ile

H? Glu Leu Glu

1 Leu

the A! variant, as well as Arg for Ser at position
122 (Grosclaude et al., 1974a). Likewise, f-CN
C is also a variant of B-CN A!, which is not phos-
phorylated at Ser,; and contains Lys instead of
Glu at position 37. B-CN D differs from 3-CN A?
only at position 18, whereas it contains Lys
instead of a phosphorylated Ser residue, whereas
B-CN E contains Lys instead of Glu at position
36 (Grosclaude et al., 1974b). Visser et al. (1995)
identified B-CN F, which contains the A! substi-
tution in addition to Leu for Pro at residue 152.
Dong and Ng-Kwai-Hang (1998) identified (-
CN G-5P, which is similar to B-CN A' and F but
contains a Leu in place of Pro at either position
137 or 138, depending on the sequence assigned,
as the Pro-Leu reversal, as outlined above, is con-
troversial. Han et al. (2000) showed that 3-CN H!
represents two substitutions relative to the cor-
rected reference B-CN A?, i.e. Arg to Cys at posi-
tion 25 and Leu to Ile at position 88. A genetic
variant, discovered by Senocq et al. (2002), was
termed B-CN H2, which differs from the A? vari-
ant at two known positions, i.e. Leu instead of
Met at position 93 and Glu instead of Gln at posi-
tion 72; in addition, a substitution of Gln to Glu
occurs somewhere between residues 114 and 169
but was not located (Senocq et al., 2002). Finally,
the I variant of B-CN was described by Jann et al.

(2002) and contains only the Leu for Met substi-
tution of the H? variant at position 93.

4.5.3 Secondary Structure of f-Casein

Originally, B-CN was predicted to have little or
no secondary structure and, with the exception of
10% o-helix, was predicted to occur as a random
coil (Herskovits, 1966; Noelken and Reibstein,
1968), which was further supported by the results
of Caessens et al. (1999). The presence of a-helix
structure in B-CN was further shown by Creamer
et al. (1981), Graham et al. (1984), Farrell Jr
et al. (2001) and Qi et al. (2004, 2005), with
values ranging from 7 to 25%. However, 15-33%
[B-sheet structure was also reported to be present
in B-CN, as well as 20-30% turns (Creamer ef al.,
1981; Graham et al., 1984; Farrell Jr et al., 2001;
Qi et al., 2004, 2005). Using optical rotary
dispersion analysis, Garnier (1966) suggests that
polyproline II could be an important feature in
B-casein structure. Subsequent studies have
indeed confirmed the presence of 20-25% poly-
proline II structure in B-CN (Farrell Jr et al.,
2001; Syme et al., 2002; Qi et al., 2004). Higher
order structures of caseins are dealt with in detail
in Chap. 5.
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4.5.4 Association Properties
of -Casein

The presence of distinct polar and hydrophobic
domains in B-CN clearly manifests itself in the
extremely temperature-dependent self-association
behaviour of B-CN. At 0—4°C, primarily mono-
mers of B-CN are observed (Payens and Van
Markwijk, 1963), but even under these conditions,
polymeric structure is not entirely absent (Farrell
Jr et al., 2001). The hydrodynamic behaviour of
-CN under these conditions approaches that of a
random coil, with the Stokes radius of 3.7 nm,
determined by gel chromatography (Schmidt and
Payens, 1972), agreeing well with values obtained
by sedimentation and viscosity, and is also consis-
tent with the 4-5-nm size of spherical particles
observed by electron microscopy (Andrews et al.,
1979). Small angle X-ray scattering indicates a
radius of gyration of 4.6 nm (Schmidt and Payens,
1972, Andrews et al., 1979).

As the temperature is increased above 4-5°C,
B-CN undergoes a highly cooperative, reversible,
rapidly equilibrating discrete self-association,
yielding large polymers with a narrow size distri-
bution (Payens and Van Markwijk, 1963; Payens
and Heremans, 1969; Payens et al., 1969; Schmidt
and Payens, 1972; Niki et al., 1977; Andrews
et al., 1979; Arima et al., 1979; Buchheim and
Schmidt, 1979; Evans and Phillips, 1979; Takase
et al., 1980; Schmidt, 1982; Thurn et al., 1987,
Kajiwara et al., 1988; Leclerc and Calmettes,
1997a, b, 1998; Farrell Jr et al., 2001; De Kruif
and Grinberg, 2002; O’Connell et al., 2003; Qi
et al., 2004, 2005; Gagnard et al., 2007). The
properties for this monomer—polymer equilib-
rium can be treated using a shell model for the
polymer micelle with a continuous distribution of
intermediates between the monomer and largest
polymer micelle (Tai and Kegeles, 1984; De Kuif
and Grinberg, 2002; O’Connell et al., 2003;
Mikheeva et al., 2003). There appears to be a
critical concentration above which micelles are
formed, ranging from less than 0.5 mg/mL to
about 2 mg/mL (Schmidt and Payens, 1972; Niki
et al., 1977; Evans et al., 1979), which depends
on the temperature, ionic strength and pH. The
size of the polymer micelle has been characterized
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by the number of monomers in the polymer,
estimates of which have been shown to vary
from 15 to 60 (Schmidt and Payens, 1972;
Buchheim and Schmidt, 1979; Takase et al.,
1980; Thurn et al., 1987; Kajiwara et al., 1988;
Farrell Jr et al., 2001); the radius of gyration,
with varying estimates of 7.3—13.5 nm (Andrews
et al., 1979; Thurn et al., 1987; Kajiwara et al.,
1988); the Stokes radius of ~15 nm (Niki et al.,
1977; Thurn et al., 1987) and the radius observed
by electron microscopy of 8-17 nm (Arima
et al., 1979; Buchheim and Schmidt, 1979).
Increasing ionic strength shifts the equilibrium
towards the polymer micelle but affects the
number of monomers in the micelle only slightly
(Schmidt and Payens, 1972; Takase et al., 1980),
whereas increasing the temperature shifts the
equilibrium position and increases the number of
monomers in the micelle (Takase et al., 1980). In
the theoretical ratio, radius of gyration/Stokes
radius is 0.775 for a hard sphere (Thurn et al.,
1987; Kajiwara et al., 1988), while that observed
for the B-CN polymer micelle is less than 0.6,
suggesting the immobilization of water in a soft
outer layer surrounding a more dense core
(Kajiwara et al., 1988).

Removal of the C-terminal three hydrophobic
residues, Ile-Ile-Val, greatly reduces the associa-
tion (Thompson et al., 1967; Evans and Phillips,
1979), as does removal of the C-terminal 17
amino acids (Qi et al., 2005). Removal of these
17 amino acids (Qi et al., 2005) or the 20
C-terminal amino acids (Berry and Creamer,
1975) renders B-CN virtually incapable of binding
the hydrophobic surface probe ANS. The impor-
tance of hydrophobic interactions in the micelli-
zation of B-CN is further exemplified by the
enhanced micellization when H,O is replaced by
D,O (Evans and Phillips, 1979) or when ethanol
is added (Mikheeva et al., 2003) and by the
reduced micellization of B-CN in the presence of
urea (Mikheeva et al., 2003). The importance of
charges on the N-terminus on the micellization of
B-CN is strongly impaired by the absence of post-
translational phosphorylation but this loss of
micellization is partially restored by duplication
of the 6 N-terminal amino acids of B-CN in
expression (Gagnard et al., 2007).
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4.5.5 Interactions of B-Casein
with Calcium and Other Cations

Compared to o ,-CN and o -CN, B-CN is less
sensitive to calcium-induced precipitation. At
37°C, B-CN precipitates in the range of 8—15 mM
Ca* at 37°C (Schmidt, 1969; Parker and
Dalgleish, 1981; Farrell Jr ez al., 1988). However,
at 1°C, B-CN remains in solution at concentra-
tions up to 400 mM CaCl, (Farrell Jr et al., 1988).
Under physiological conditions, -CN is capable
of binding approximately seven calcium ions per
molecule (Parker and Dalgleish, 1981; Baumy
and Brule, 1988). Binding of calcium by B-CN
increases with increasing temperature, whereas
an increase in ionic strength reduces the binding
of calcium by B-CN (Parker and Dalgleish, 1981;
Baumy and Brule, 1988). In addition, the bind-
ing of calcium by B-CN decreases with decreas-
ing pH (Baumy and Brule, 1988). The binding of
other di- and trivalent cations has also been stud-
ied; binding of magnesium, zinc and manganese
shows comparable dependence on pH and ionic
strength to the binding of calcium, whereas the
binding of iron and copper by B-CN is virtually
independent of pH and ionic strength (Baumy
and Brule, 1988). The amount of calcium required
to induce precipitation of [B-CN decreases
strongly with increasing temperature, whereas
decreases in the amount of calcium bound by
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B-CN at the point of precipitation are also
observed (Parker and Dalgleish, 1981). Both
dephosphorylation and glycation of B-casein have
been shown to improve the stability of B-casein
to calcium-induced precipitation (Darewicz
etal., 1999).

4.6 Kk-Casein

4.6.1 Primary Structure of x-Casein

Within the caseins, k-CN displays some rather
unique features. It is the smallest of the caseins,
is has a low level of phosphorylation, has a low
sensitivity to calcium and is the only one of the
caseins to occur in glycosylated form. The pri-
mary sequence of the 169 amino acid k-CN A
1P, which is the parent protein of the x-CN
family and has the ExPASy entry name CASK_
Bovin and file accession number P02668, is
shown in Fig. 4.7. Like for the other caseins,
variable degrees of phosphorylation have also
been found for k-CN. The monophosphorylated
form of x-CN appears to be phosphorylated
exclusively at Ser,,,, whereas the diphosphory-
lated form of x-CN is phosphorylated at Ser,
and Ser, (Mercier, 1981; Minkiewicz et al.,
1996; Talbo et al., 2001; Holland et al., 2006).
For the triphosphorylated form of «-CN,

1 10
21 30
41 S0
61 70
81 90
101 110
121 130
141 150

161
Thr- Val-Gln- Val-Thr- Ser- Thr- Ala-Val

Gln-Glu-Gln-Asn-Gln-Glu-Gln-Pro- Ile- Arg-Cys-Glu-Lys-Asp-Glu-Arg-Phe-Phe-Ser- Asp-
Lys- Ile- Ala-Lys-Tyr- Ile- Pro- Ile- Gln- Tyr- Val-Leu- Ser- Arg-Tyr- Pro- Ser- Tyr-Gly-Leu-|
IAsn-Tyr-Tyr-Gln-Gln-Lys-Pro- Val- Ala- Leu Ile- Asn-Asn-Gln-Phe-Leu-Pro-Tyr-Pro- Tyr-|
Tyr- Ala-Lys- Pro- Ala- Ala-Val-Arg- Ser- Pro Ala-Gln- Ile- Leu-Gln-Trp-Gln-Val-Leu- Ser-
IAsn-Thr-Val- Pro- Ala-Lys- Ser- Cys- Gln- Ala Gln- Pro- Thr- Thr-Met-Ala- Arg-His- Pro- His-
Pro- His- Leu- Ser- Phe-Met-Ala- Ile- Pro- Pro Lys-Lys-Asn-Gln-Asp-Lys-Thr-Glu- Ile- Pro-
Thr- Ile- Asn-Thr- Ile- Ala- Ser-Gly- Glu- Pro Thr- Ser- Thr- Pro- Thr- Thr-Glu-Ala- Val-Glu-

Ser- Thr- Val- Ala- Thr-Leu-Glu-Asp-SerP- Pro Glu-Val- Ile- Glu- Ser- Pro- Pro-Glu- Ile- Asn-
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Fig. 4.7 Primary amino acid sequence of k-CN A-1P
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Table 4.8 Amino acid composition and properties of k-CN A-1P

Amino acid k-CN A-1P

Ala 14 Total residues 169

Arg Positively charged residues (Lys/Arg/His) 17

Asn Negatively charged residues (Glu/Asp/SerP) 28

Asp Aromatic residues (Tyr/Phe/Thr) 14

Cys

Gln 15 Molecular mass

Glu 12 Based in primary sequence 18,974 Da

Gly 2 Including phosphorylation 19,052 Da

His 3

Ile 12 pl

Leu 8 Based on primary sequence 5.93

Lys 9 Including phosphorylation 5.60

Met 2

Phe 4 Extinction coefficient at 280 nm* 19035 M cm’!

Pro 20

Ser 13 Absorbance at 1 gL' at 280 nm? 1.003

Thr 15

Trp 1 Aliphatic index® 73.3

Tyr 9

Val 11 Grand average of hydropathicity* —-0.557
H®_ (kJ/residue)® 5.12

ave

*Values are based on the primary structures of the protein and do not take into account post-

translational modification of the structures

Holland et al. (2006) recently reported that the
additional amino acid residue to be phosphory-
lated is not a Ser residue, but Thr145.

Some features of k-CN A-1P are shown in
Table 4.8, whereas the distribution of hydropho-
bicity and charge over the protein chain are
shown in Fig. 4.8. Based on the amino acid
sequence, it can be deduced that of the 169 amino
acids, 17 can be positively charged, whereas 28
can be negatively charged and there are a further
14 aromatic residues. Both hydrophobicity and
charge are distributed unevenly throughout the
protein (Fig. 4.8). Negative charges are found
only in the N-terminal fragment 1-20 and the
C-terminal fragment 115-169; the intermittent
fragment 21-114 is devoid of negatively charged
residues. Additional negative charges arising
from phosphorylation are also in the C-terminal
segment 115-169, as would be negative charges
arising from glycosylation, which, as discussed
later, can occur on six Thr residues in this segment.
Positive charges can be found in the N-terminal

segment 1-116, but not in the C-terminal segment
117-169. Hydrophobicity distributions high-
light, as for charges, an uneven distribution of
hydrophobicity throughout k-CN. Segment 1-20
shows predominantly hydrophilic behaviour,
whereas segment 21—-110 contains some strongly
hydrophobic patches, which is in agreement with
the absence of negatively charged and a low
number of positively charged residues in this
segment. Segment 110-120 is strongly hydro-
philic, whereas the remainder, i.e. segment 121—
169 shows some hydrophilic and hydrophobic
areas. It should be noted that post-translational
phosphorylation and glycosylation occurring in
this part of the protein will reduce hydropho-
bicity considerably.

Not taking into account post-translational
modification, the molecular mass of k-CN A was
reported as 19.0 kDa. Increases in mass arise
from post-translational phosphorylation and
glycosylation. Based on the amino acid sequence,
aplfor k-CN A of ~5.9 can be expected. However,
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Fig. 4.8 Distribution of hydrophobicity (fop) and
charged residues (bottom) along the amino acid chain of
k-CN A-1P. Hydrophobicity was calculated using the
scale of Tanford (1962) with values representing the
average on a 7 amino acid window with the relative
weight of each amino acid in the window being 1.0 for the
centre amino acid and 0.75, 0.50 and 0.25 for the amino

experimental observations have shown consider-
ably lower values for the isoelectric point of k-CN,
as low as pH 3.5 (Holland et al., 2006), which is
due to increased negative charges on the protein
arising from post-translational phosphorylation
and glycosylation. For the non-glycosylated
monophosphorylated variants of k-CN A and B,
pl values of 5.56 and 5.81 were found by two-
dimensional electrophoresis, with consistent
reductions in pl apparent with increasing degree
of phosphorylation and glycosylation (Holland
et al.,2004).

4.6.2 Genetic Variation of k-Casein

k-CN A predominates in Western breeds, with
the exception of Jerseys (Thompson and Farrell
Jr, 1974; Bech and Kristiansen, 1990; Ng-Kwai-
Hang and Grosclaude, 2003). In addition, a number
of other variants of k-CN have also been
identified (Table 4.9). The major other variant of
k-CN is k-CN B, which differs from k-CN A by

80 100 120 140 160

acids located 1, 2 or 3 positions from the centre of the
window. Hydrophobicity was calculated based on the
primary amino acid sequence in the absence of post-
translational modification. Charged amino acid residues
include Lys (+1), Arg (+1), His (+0.5), Glu (-1), Asp (-1),
SerP (-2), the N-terminus (+1) and the C-terminus (-1)

substitution at position 136 of Ile for Thr and at
position 148 of Ala for Asp (Mercier et al., 1973).
The C variant of k-CN differs from «-CN A by
substitution of His for Arg at position 97 (Miranda
et al., 1993). The E variant of k-CN arises from a
substitution at position 155, i.e. Gly for Ser
(Miranda et al., 1993). k-CN F! was discovered
in both Zebu and Black and White hybrid cattle
and contains Val instead of Asp at position 148
(Sulimova et al., 1992). k-CN F? was reported to
be a variant of K-CN B, containing His instead of
Arg at position ten (Prinzenberg et al., 1996).
Erhardt et al. (1996) reported the occurrence of
k-CN G' in alpine breeds, which, in addition to
the substitutions occurring for k-CN B, also
contains Cys instead of Arg at position 97. k-CN
G? was shown to occur in the milk of Bos grun-
niens and was shown to contain Ala instead of
Asp at position 148. In Pinzgauer -cattle,
Prinzenberg et al. (1999) identified x-CN H,
which differed from x-CN A by an Ile for Thr
substitution at position 135. In another study,
Prinzenberg et al. (1999) described k-CN 1,
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Table 4.9 Differences in the amino acid sequence of
genetic variants of k-casein compared to k-CN A-1P

Position
Variant 10 97 104 135 136 148 155
A Arg Arg Ser Thr Thr Asp Ser
B Ile Ala
C His
E Gly
F! Val
F? His Ile Ala
G' Cys Ile Ala
G? Ala
H Ile
1 Ala
J Ile Ala Arg

which differs from k-CN A by Ala for Ser substi-
tution at position 104. Finally, Mahe e? al. (1999)
described the occurrence of k-CN J, which seems
to have arisen from an Arg for Ser mutation at
position 155 in Bos taurus cattle on the Ivory
Coast. As outlined previously, however, k-CN A
and B predominate strongly in Western breeds
of cattle.

From a technological perspective, the Phe105-
Met106 bond in k-CN is extremely important, as
it is the hydrolysis of this bond by chymosin, or
proteinases with comparable specificity, that
initiates the gelation of milk, which will ulti-
mately be processed into a cheese curd and a
ripened or unripened cheese. The N-terminal
segment 1-105 arising from the chymosin-
induced hydrolysis of k-CN is called para-k-CN,
whereas the C-terminal fragment 106-169 is
called the caseinomacropeptide (CMP); when
CMP is glycosylated, it is often referred to as
glycomacropeptide (GMP). From Table 4.9, it is
apparent that this sequence is conserved in all
genetic variants of k-CN. However, for k-CN I,
the adjoining Ser104 residue is replaced by the
considerably more hydrophobic Ala residue. It is
also worthwhile noticing that, as outlined further
in later stages, all post-translational modifi-
cations of k-CN occur in the CMP segment of
the molecule.
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4.6.3 Glycosylation of k-Casein

Of the caseins, k-CN is the only one for which
post-translational glycosylation has been shown
to occur. Vreeman et al. (1986) observed that
~40% of k-CN is non-glycosylated, whereas the
remainder can contain up to six glycans.
Glycosylation sites in K-CN were found to be the
Thr residues at positions 121, 131, 133, 142, 145
and 165 (Pisano et al., 1994; Molle and Leonil,
1995; Minkiewicz et al., 1996). Holland et al.
(2004, 2005, 2006) showed that the different
glycoforms of k-CN can be separated readily by
2D electrophoresis on the basis of isoelectric
point and molecular mass, yielding up to 16
different spots for k-CN with isoelectric points
down to ~3.5. Such separations have laid the
basis for the recent elucidation of the glycosyla-
tion pattern of k-CN. Using tandem MS sequenc-
ing of chemically tagged peptides, it was observed
that the mono-glycoform of k-CN was glycosy-
lated exclusively at Thr131, the di-glycoform
exclusively at Thr131 and Thr142 and the tri-
glycoform at Thrl131, Thr133 and Thrl142
(Holland et al., 2005). The tetra-glycoform of «-
CN B was shown to be glycosylated at Thr145,
in addition to the three already-mentioned gly-
cosylation sites, Thr131, Thr133 and Thr142
(Holland et al., 2006). The remaining two glyco-
sylation sites of K-CN were not confirmed by
Holland et al. (2006) but are most likely, as pro-
posed by Pisano et al. (1994) and Minkewicz
etal. (1996), to be Thr121 and Thr165. In general,
k-CN B appears to be more heavily glycosylated
than «-CN A, also displaying a more complex
and variable glycosylation pattern (Coolbear
etal., 1996).

A variety of glycans have been shown to be
attached to k-CN, all of which have been shown
to be attached to Thr residues. These glycans
consist of galactose (Gal), N-acetylglucosamine
(GalNAc) and N-acetyl neuraminic acid
(NANA). The monosaccharide GalNac, the disa-
ccharide GalB(1-3)GalNac, the trisaccharides
NANAca(2-3)GalB(1-3)GalNAc and GalP(1-3)
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[NANAca(2—-6)]GalNac and the tetrasaccharide
NANAca(2-3)GalB(1-3)[NANAca(2-6)]
GalNac have been identified attached to k-CN.
Saito and Itoh (1992) estimated the presence of
56.0% tetrasaccharide, 18.5% branched trisac-
charide, 18.4% linear trisaccharide, 6.3% disac-
charide and 0.8% monosaccharide.

4.6.4 Disulphide-Bonding Patterns
of k-Casein

The presence of the two Cys residues in k-CN,
i.e. Cysll and Cys88, creates a complex disul-
phide-bonding pattern between k-CN molecules
in bovine milk. Swaisgood et al. (1964) showed
that k-CN obtained without reduction was appar-
ently randomly cross-linked by intermolecular
disulphide bonds, to give oligomers, with the
smallest detectable oligomer having a mass of
~60 kDa, corresponding to a trimer. The exis-
tence of disulphide-cross-linked oligomers has
since been substantiated (Talbot and Waugh,
1970; Farrell Jr et al., 1988; Groves et al., 1992),
with the further suggestion that, during biosyn-
thesis, reduced monomers first interact with the
calcium-sensitive caseins to form micelles, fol-
lowed by random cross-linking by oxidation
(Pepper and Farrell Jr, 1982). In k-CN isolated
from bovine milk, only ~10% of total k-CN
appears to be in the monomeric form (Farrell Jr
etal., 1996).

Both disulphide-cross-linked oligomers and
reduced k-CN are capable of forming polymer
micelles and stabilizing calcium-sensitive
caseins (Talbot and Waugh, 1970; Vreeman,
1979). In the monomeric form of k-CN, Cysl1
and Cys88 form an intramolecular disulphide
bond. However, x-CN complexes arising to
octamers and larger have also been found in
bovine milk. These complexes contain an
apparently random distribution of disulphides,
i.e. Cysll to Cys88, Cysll to Cysl1, Cys88 to
Cysll and Cys88 to Cys88. Whether these
patterns remain after isolation of the k-CN from
milk is strongly dependent on the physicochemical
conditions of isolation. Particularly the presence
of reducing agents such as [-mercaptoethanol
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and dithiothreitol will significantly impact the
oligomeric distributions of k-CN. As outlined in
Table 4.9, k-CN G' even contains a third Cys
residue, i.e. Cys97. The impact hereof on the
disulphide-bonding pattern has, however, not
been studied to date.

4.6.5 Secondary Structure of x-Casein

The secondary structure of k-CN has been stud-
ied using a number of methods. NMR studies by
Rollema et al. (1988) suggest a high degree of
flexibility, particularly in the macropeptide part
of k-CN. Some structure, however, has been
detected for k-CN using spectroscopic methods
such as FTIR and CD. Estimates suggest that k-
CN may contain 10-20% o-helix, 20-30%
B-structure and 15-25% turns (Byler and Susi,
1986; Griffin et al., 1986; Ono et al., 1987,
Kumosinski et al., 1991, 1993; Sawyer and Holt,
1993; Farrell Jr et al., 1996, 2003). The degree
of estimated o-helical structure in K-CN
increases with increasing temperature (10—
70°C), while the proportion of -structure and
turns decreases with temperature (Farrell et al.,
2003). In addition, analysis in the presence of
alcohols also results in a higher degree of a-helix
in k-CN. Several structural motifs have also
been suggested, including possible antiparallel
and parallel B-sheets or Baf structure in the
hydrophobic domain (Raap et al., 1983) and a
B-turn-B-strand-B-turn motif centred on the chy-
mosin-sensitive Phe .-Met,  region (Creamer
et al., 1998). The latter motif appears to be con-
served in k-CN from various species, as would
be expected for specific sensitivity to aspartyl
proteinases (Holt and Sawyer, 1988). Using a
Raman optical activity study, Syme et al. (2002)
identified the presence of polyproline II helical
confirmation in k-CN. Some of the predicted
structure occurs in the polar macropeptide
domain but the stability of ordered structure in a
region of such high net charge and apparent
hydration would seem questionable and contra-
dicts the great deals of flexibility; this part of the
molecule was found to exhibit in the NMR stud-
ies by Rollema et al. (1988).
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4.6.6 Association Behavior of k-Casein

When isolated from milk, k-CN occurs in the
form of multimeric complexes. Analysis by
analytical ultracentrifugation suggests that the
weight average molecular weight of these com-
plexes is ~1,180 kDa at 25°C and ~1,550 kDa at
37°C (Groves et al., 1998). Electron micros-
copy studies have shown a radius of 5.0-7.5 nm,
9-10 nm (Parry and Carroll, 1969) or 8.9 nm
(Farrell Jr et al., 1996). Similar values have
been observed by gel permeation chromatogra-
phy (9.4 nm; Pepper and Farrell Jr, 1982),
dynamic light scattering (9.6 nm; Farrell Jr
et al., 1996) and small angle neutron scattering
(SANS), for which values for values of a radius
of 7.4 nm (Thurn et al., 1987) and 8 nm (De
Kruif et al., 2002) have been reported. Micelle
size, structure and interaction radius were found
to be independent of protein concentration (De
Kruif et al., 2002). Both calcium and iron have
been found to be present in isolated k-CN, and
their chelation by EDTA has been reported to
result in disruption of the k-CN particle, with
subsequent aggregation into particles with a
considerably broader size distribution (Farrell
Jretal., 1996).

Reduction of the disulphide bridges in afore-
mentioned k-CN particles leads to amphipathic
monomers which can, like B-CN, associate into
micellar structures; unlike the micellization of j3-
CN, micellization of reduced k-CN shows no
strong temperature dependence (Swaisgood
et al., 1964; Vreeman et al., 1981). This suggests
that micellization of reduced x-CN is less domi-
nated by hydrophobic interactions than micelli-
zation of B-CN. For the monomer—polymer
micelle equilibrium of reduced k-CN, the critical
micelle concentration varies from 0.53 at an ionic
strength of 0.1-0.24 mg/mL at an ionic strength
of 1.0 (Vreeman, 1979; Vreeman et al., 1977,
1981). The degree of polymerization has been
estimated at ~30 k-CN molecules per micelle,
yielding a molecular mass of ~570-600 kDa
(Vreeman, 1979; Vreeman et al., 1981, 1986)
and an estimated diameter of 23 nm (Vreeman
et al., 1981). Such results are in agreement with
values derived from SANS measurements on
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reduced k-CN micelles; such measurements led
De Kruif and May (1991) to conclude that
reduced k-CN micelles are spherical and consist
of a dense core of ~6—7 nm, surrounded by a
more open outer layer, protruding up to 14.7 nm
from the centre of the core. The interactions
between micelles of reduced k-CN can be
described as that of the so-called hard spheres
(De Kruif and May, 1991).

When reduced and carboxymethylated x-CN
was incubated at 37°C, it was observed in addi-
tion to spherical particles, there was also a high
proportion of fibrillar structures present (Farrell
Jr et al., 2003). The formation of such fibrillar
structures, with a diameter of 10—-12 nm and
lengths up to 600 nm, was subsequently shown to
occur for native, reduced and carboxymethylated
k-CN (Thorn et al., 2005; Ecroyd et al., 2008,
2010; Leonil et al., 2008). When native k-CN is
used, it is the dissociated form that is involved
in fibril formation (Ecroyd et al., 2010). Fibril
formation, which has been shown to result in an
increased proportion of [-sheet structure
(Ecroyd et al., 2008; Leonil et al., 2008), is more
extensive at higher temperature (Thorn et al.,
2005) and is more extensive for non-glycosylated
k-CN than for its glycosylated counterpart
(Leonil et al., 2008). The presence of a -CNs or
B-CN inhibits fibril formation (Thorn et al.,
2005; Leonil et al., 2008), whereas BSA does not
inhibit fibril formation (Thorn et al., 2005).
Segment Tyr25-Lys86 of x-CN appears to be
incorporated into the protease-resistant core of
the fibrils (Ecroyd et al., 2008) whereas fragment
106-169, i.e., the macropeptide, in either glyco-
sylated or non-glycosylated form, does not form
fibrils under comparable circumstances (Leonil
et al., 2008).

Interactions of k-Casein
with Calcium

4.6.7

Compared to the other caseins, interactions of
calcium with k-CN have studied far less. This is
probably due to the fact that k-CN is, unlike o, -
CN, o ,-CN and B-CN, the so-called calcium
insensitive, i.e., it is not precipitated in the pres-
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ence of excess calcium. Ono et al. (1980), studying
the binding of calcium to k-CN, observed that
binding of calcium to phosphorylated Ser resi-
dues reached a plateau at 1| mM CaClQ, whereas
binding of calcium by carboxyl groups increased
linearly up to 3 mM CaCl, and more slowly at
higher concentrations. Spectra obtained from
circular dichroism and UV analysis indicate that
the binding of calcium to k-CN does not induce
changes in the secondary structure of the protein
(Ono et al., 1980). Given the aforementioned
potential role of calcium in stabilizing k-CN
particles isolated from milk (Farrell et al., 1996),
further study on the interactions of calcium with
K-casein appears warranted.
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Higher Order Structures
of the Caseins: A Paradox?

H.M. Farrell Jr, E.IM. Brown, and E.L. Malin

Introduction and Historic
Views of Casein Structure

5.1

One of the fundamental theorems of modern
protein chemistry, the Anfinsen hypothesis, is
that the vast majority of protein architecture in
biological systems arises from the primary
sequences of the proteins (Anfinsen, 1973). While
the most recent discoveries of the action of chap-
eronins have indicated a role for these proteins in
the kinetics of protein folding, the fundamental
theorem still applies. A major corollary to this
theorem also appears to be time tested: biological
function arises from protein or nucleic acid
structure.

From all of the concepts regarding casein
structure-function which have been set forth over
the years, two fundamental functions of casein
can be envisioned:

1. The effective transport of calcium
2. The self-associations which lead to the colloi-
dal state (Farrell et al., 2002a, 2006a)

This review will concentrate on the latter func-
tion. Although casein has been studied for many
years, the molecular structural basis for its func-
tion in self-association reactions in milk has been
elusive. Historically, optical rotatory dispersion
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data from our laboratory demonstrated a lack of
o-helix in the caseins, and since that was all that
could be measured at the time, caseins were con-
sidered to be the model for random-coil proteins
(Farrell, 1988). However, as sequences became
available and circular dichroism (CD) was
employed as a tool for protein analysis (Creamer
et al., 1981), the possibility of periodic structure
was considered. Swaisgood (1982) was perhaps
the first to suggest that the caseins were neither
globular nor random-coil proteins and that they
could be composed of rather distinct functional
domains. The next important step on the road to
the understanding of casein structure may be the
concept of Holt and Sawyer (1993) who sug-
gested that caseins are theomorphic in nature. In
this instance, the “formed under flow” hypothesis
suggests that casein structure is not fixed at all in
the absence of calcium. In its extreme, this
hypothesis may be considered as the “spaghetti
plate” hypothesis, in that no regular structures
occur until aggregates are formed in response to
calcium-phosphate  binding. Supporting this
hypothesis was the observation of Paulsson and
Dejmek (1990) that pure caseins, when studied
by differential scanning calorimetry (DSC),
showed flat endotherms on heating. The coopera-
tive unfolding of native globular proteins always
yields a rather characteristic Gaussian pattern
when studied by this methodology. However,
Paulsson and Dejmek (1990) suggested an alter-
native view, i.e., caseins exhibit no peak because
they contain heat-stable structures.

P.L.H. McSweeney and P.F. Fox (eds.), Advanced Dairy Chemistry: Volume 1A: Proteins: Basic Aspects, 161
4th Edition, DOI 10.1007/978-1-4614-4714-6_5, © Springer Science+Business Media New York 2013



162

The concept that caseins have little or no fixed
structure seemed quite appealing, but data which
we had collected in collaboration with the late
Heino Susi appeared to be at odds with this con-
cept (Byler et al., 1988). We had applied Susi’s
Raman methodologies, which he had developed
for globular proteins, to purified caseins in the
absence of calcium. Inspection of the data
revealed that all of the caseins had intricate amide
I profiles, similar to those obtained for globular
proteins, with a moderate distribution of various
periodic secondary structures; FTIR analyses of
the caseins are in agreement with these data. The
patterns of all purified caseins and their mixtures
showed bands characteristic of reasonable
amounts of B-turns and P-sheet and a modest
amount of a-helix. It has, therefore, been difficult
to reconcile the concept of fixed structure giving
rise to function with either the random-coil or the
rheomorphic hypotheses.

Starting about 1990, we began to conduct a
series of three-dimensional (3D) molecular mod-
eling experiments on caseins. In these studies, we
attempted to derive structures for caseins from
the basic Anfinsen hypothesis. Because an infinite
number of potential structures are available in
conformational space to proteins the size of the
caseins (200 residues), we attempted to arrive at
working models by constraining the computer
experiments to predicted secondary structures
derived from primary sequence data (Garnier
et al., 1978). We further constrained the global
structure by requiring that it conform to Raman
and FTIR limits. Thus, for example, the limit for
a-helix was no more than 10% and the limit on
extended structure 30%. Finally, the number of
turns was increased from algorithm predictions
to correlate the spectroscopic data with the rela-
tively high abundance of proline in the caseins.
This was done because proline, while a structure-
breaking residue for helix and sheet, can be
instrumental in the formation of turns in peptides
and proteins (Ananthanarayanan et al., 1984;
Cohen et al., 1986). Using these principles in
conjunction with force field calculations, we
arrived at refined energy-minimized working
models for -, B-, and oy, -caseins which are
shown in Fig. 5.1 (Kumosinski et al., 1993a, b,
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1994a). At a later time, it was discovered that Olg,"
casein was structurally similar to the chloride
channel (CLIC) proteins which have known crys-
tal structures (Farrell et al., 2009). This discovery
allowed us to produce a 3D structure for o,-
casein by homologous modeling techniques
(Farrell et al., 2009), and it is also shown in
Fig. 5.1.

5.2  New Views of Protein Structure
Historically, proteins were thought to fold or
unfold in a concerted fashion as shown in Eq. 5.1.
The idea that a protein may unfold or fold through
a multistep process has in turn led to the “New
View” of protein folding. Interestingly, much of
the early data which led to this theory were from
the milk protein, a-lactalbumin (Xie et al., 1991;
Farrell et al., 2002b).

Native —— Intermediate —— Unfolded (5.1)

According to the “New View,” during folding,
a protein chain may “sample” a significant
amount of conformational space before settling
into a selective energy minimum. Indeed, several
false minima may lie quite close or even some-
what remotely removed from the true global
minimum (Farrell et al., 2006b). Such an inter-
mediate area has been postulated to be the mol-
ten globule state as shown in Fig. 5.2 for the
theoretical energy landscape of a “minimally
frustrated” heteropolymer, as folding is viewed
from top to bottom. The parameter, Q, is the
global order parameter and represents a value of
1.0 for all interactions in the native state, and 0.0
for the completely unfolded protein. Reflection
of the interactions between Q, E, and S results in
a three-dimensional funnel. In the “New View”
then the intermediate state of Eq. 5.1 is now
defined as a multiplicity of states which includes
not only the molten globule as defined in Fig. 5.2,
but also a number of confomationally defined
states which reside above the molten globule
(MG) region (Uversky, 2002). These new states,
working upward from the molten globule state
of Fig. 5.2, have been previously defined as
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Fig. 5.1 Three-dimensional molecular models of the
caseins obtained from sequence-based secondary structural
predictions and aligned with spectroscopic data. Top: left
o, -casein, right o ,-casein; bottom: left 3-casein and right
k-casein. The models display a pseudo-charged surface

pre-molten globule (PMG) and natively unfolded
(NU) based upon their physical and chemical
properties (for a review, see Farrell et al., 2006b).
A different classification by means of biological
function has also been attempted (Tompa, 2002;
Tompa and Kalmar, 2010) and under the general
heading of intrinsically unstructured protein
(IUP), five functional definitions of these new
states have been suggested. The question now
arises, how can this “New View” be applied to
casein structure?

The major hallmark of the IUP or NU proteins
is that while they contain significant amounts of
defined secondary structures, they do not fold
and remain trapped in conformational energy
states above that of the MG state depicted in
Fig. 5.2, whereas native molten globules (which
represent a subset of intrinsically disordered pro-
teins) are trapped in the MG-like conformational

potential with red being negative, light being neutral and/or
hydrophobic, and blue positive. These models represent a
working view of casein structure and are subject to change
as future experimentation progresses (Kumosinski et al.,
1993a, b, 1994a; Farrell et al., 2009)

energy states (see Fig. 5.2). This results from

three general properties of these proteins:

1. They contain high contents of proline and glu-
tamine leading to segments of polyproline II
conformation (PPII), which produce extended
structures with high hydration

2. They have a high net charge which prevents
close approach of segments of the protein
molecules

3. They usually have a low hydrophobicity which
does not allow for hydrophobic collapse into a
highly folded structure
With regard to the classification of the caseins

in this scheme, they do have high amounts of pro-

line and glutamine and have been shown to con-
tain significant amounts of PPII (Farrell ef al.,

2001; Syme et al., 2002), they have high levels of

hydration (Kumosinski er al., 1988), and they

have high net negative charges, resulting in part
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Fig.5.2 A schematic representation for the energy land-
scape for a minimally frustrated heteropolymer during
protein folding. E _ is the minimum potential energy for
the native state. From Onuchic ef al. (2000); reprinted
courtesy of Academic Press, San Diego, CA

from their phosphoserine residues (Farrell et al.,
2004). However, in contrast to many other I[UP or
NU proteins, they are highly hydrophobic, and it
is this latter property which undoubtedly leads to
their aforementioned propensity for self-associa-
tion. Using these three criteria alone, it is some-
what difficult to assign the caseins to their place
within this “New View” as shown in Fig. 5.2.
However, Farrell et al. (2006¢) have examined in
detail each casein and its relationship to a variety
of criteria developed by Uversky (2002) for
classifications within these states. The overall
results of these analyses are given in Table 5.1.
The hydropathy plots and PONDR® analyses
are sequence-based binary predictors of disorder
in proteins. These programs were used by Farrell
et al. (2006¢) to analyze 11 o -CNs, 9 a,-CNs,
13 B-CNs, and 20 x-CNs with known sequences.
Using these methods, the O~ and ocsz-caseins are
set apart from the - and x-caseins, primarily
because of their high net negative charges. The
- and k-caseins are predicted to be more com-

H.M. Farrell Jr et al.

pact but still well within the MG levels and all are
clearly not ordered proteins.

For the NU, PMG, and MG states, the experi-
mentally determined volume of a monomeric
form of the protein is always much greater than
the volume of a compact globular protein of the
same chain length. Uversky (2002) has developed
a series of equations to classify proteins by this
method. Using these equations, k-casein (with a
reducing agent added) appears to be the most
unfolded while the other three appear to be in the
PMG state (Table 5.1). An additional volume-
based calculation can be made for B- and
K-caseins. Because their polymeric states have
been well described in terms of molecular weight
and size, it is possible to calculate the volume of
the B- and k-casein monomers within their
respective polymers and compare these using the
Uversky (2002) equations. This analysis places
both the - and k-casein monomers solidly within
the MG state.

The 3D models as shown in Fig. 5.1 can be
analyzed in terms of their size and shape as well,
and the radius of gyration can be calculated from
the monomer molecular volume. Applying the
size/volume calculations to the 3D models yields
a prediction for their states within Fig. 5.2 as
shown in Table 5.1. Here, o -casein is the most
extended and predicted to be in the NU state,
while a.,-casein is more compact in the PMG
state. However, the 3D models predict the MG
state for the - and k-caseins, but these predic-
tions most likely again represent the characteris-
tics of the monomers within their respective
polymers rather than an independent monomer
state. Indeed, this was a prediction made during
the original modeling of B-casein (Kumosinski
et al., 1993a).

Overall, then it may be concluded that o, -
casein may occur in the NU state, asz-casein is
more compact and falls into the PMG state, while
both B- and k-caseins as monomers within their
polymers reside in the MG state. It is important
to remember that none of these states is random
coils and as noted above contain significant
amounts of defined secondary structures, but do
not, for various reasons, fold into compact globu-
lar proteins. Moreover, all of these predictions
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Table 5.1 Comparison of classification “New View” schemes for O~ O

Classification methodology

Monomer size

Casein Hydropathy plots* by GPC®
a,- NU PMG
O, NU PMG

B- MG PMG

K- MG NU
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- B-, and K-caseins.

Monomer size

from polymer data® 3D model size!

NU

PMG
MG MG
MG MG

NU natively folded, PMG pre-molten globule, GPC gel permeation chromatography
“Farrell et al. (2006¢) for hydropathy and PONDR® analyses

Pepper and Farrell (1982)

‘Dynamic light scattering and sedimentation equilibrium (Farrell et al., 2006¢)

dKumosinski et al. (1994a, 1993a, b) for o

s17°

are for the caseins in the absence of added cal-
cium or phosphate. The caseins, then, are solidly
in the realm of these new protein classes and are
a part of the rapidly emerging study area termed
“unfoldomics” by Dunker et al. (2008). For the
caseins, these open and more hydrophobic states
lead to their intrinsic property of self-association.
It could be said, then, that the native states of the
Olg,=> O, -, and K-caseins are the states in which
they exist when fully either immersed in the
casein micelle or self-associated with themselves
or other caseins where the hydrophobic regions
of the caseins are intermingled. In the next sec-
tion we will examine several examples of how
predicted secondary structures for the casein
monomers lead to their unique polymeric states.

5.3  Molecular Modeling of o, .-
Casein: Interactions and
Support from Experimental

Data

To exemplify how persistent secondary structures
in the caseins may lead to aggregation and self-
association, we will first focus on the primary
calcium-binding protein of milk: ag -casein
(Farrell et al., 2004). The molecular model, pre-
sented for aSI-casein in Fig. 5.1, shows two
potential sites for self-association. The first is the
C-terminal portion (residues 130-199) which may
be responsible for pronounced salt-accelerated

B-, and k-CN; Farrell ez al. (2009) for a,,-CN

self-association (Schmidt and Payens, 1976); this
region encompassing residues 140-190 is
extremely hydrophobic in nature and is found
between 10 and 7 o’clock in the 3D model of o, -
casein (Fig. 5.1). A second site for aggregation
may occur in the region 14-25, as the deletion of
this region in the o -casein A genetic variant
leads to altered forms of self-association
(Kumosinski and Farrell, 1991, 1994); this region
also contains a chymosin-sensitive bond, cleav-
age of which leads to changes during cheese mat-
uration (Tunick et al., 1997). In contrast to the
molecule as a whole, the N-terminal region (1-26
and 4 o’clock in the 3D model) is positively
charged. Finally, Horne (1998) has suggested that
these two segments represent surface-active
regions of a,-casein.

5.3.1 Hydrophobic Dimers and

Oligomers of o, -Casein

Schmidt and Payens (1976) and Schmidt (1982)
summarized light scattering studies on variants
of o, -casein under a variety of environmental
conditions from which a stoichiometry of the a. -
casein self-association is obtained at selected
ionic strengths and at 20°C. From these results, it
can be concluded that o -casein undergoes a
concentration-dependent, reversible, hydropho-
bically controlled association from monomer to
dimer and then to tetramer, hexamer, and octamer,
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Table 5.2 Weight-average molecular weights of selected caseins and mixtures by analytical ultracentrifugation

at 37°C?

Casein or mixture Wt.-Avg. molecular weight
a,,-Casein 56,000

-Casein 1,250,000

RCM k-casein 3,040,000

1.5 ag,-:1 RCM k- 316,000

4 o -:1 RCM k- 92,400

4B-:1 RCM «- 1,010,000

1B-:log,- 213,000

Average polymeric size Rotor speed

Dimer 12,000
52-mer 3,000
160-mer 3,000
15-mer 3,000
Tetramer 6,000
43-mer 3,000
Nonamer 3,000

*All data were obtained at 37°C, pH 6.75 in 25 mM disodium piperazine-N,N’-bis(2-ethane sulfonic acid) with 80 mM
KCI to mimic milk salt conditions in the mammary gland in the absence of calcium; the rotor speeds were appropriate
to the weight-average MW as previously described. RCM reduced and carboxymethylated. Modified from Farrell ez al.

(20062)

and even higher levels if the ionic strength is
increased to 0.6 M (Thurn et al., 1987). These
extended polymers are thought to be rodlike and
may involve head-to-head (1-25) and tail-to-tail
(140-190) condensations of the molecule shown
in Fig. 5.1. Studies of the whole o -casein mol-
ecule and its derivative, produced by carboxy-
peptidase activity (f1-197), which lacks Trp199,
appeared to confirm these two areas as the pri-
mary interaction sites (Alaimo et al., 1999a).
However, recent work (Malin et al., 2005) has
shown that at 37°C and at physiological salt con-
centrations, the higher order polymers are broken
down and that o -casein is essentially a dimer
under physiological conditions (Table 5.2). It has
also been shown (Malin et al., 2005) that this
dimerization involves residues 136—158 of each
monomer (10 o’clock in the og-model of
Fig. 5.1). These experiments demonstrate that for
aSI-casein, preformed structural elements sur-
rounding Pro,,, participate in the formation of
dimers at conditions simulating physiological
temperature, pH, and ionic strength, and neither
the 1-25 region nor tryptophan 199 is involved.
To mimic this hydrophobic dimerization,
Kumosinski ef al. (1994a) constructed an energy-
minimized dimer from the large-stranded [3-sheets
which occur at residues 136—158. The side chains
are predominately hydrophobic, and limited
hydrogen bonding of the sheet structure lends

rigidity to this site. A dimer can be formed easily
if two of these sheets are docked in an antiparallel
fashion (Fig. 5.3), and this structure, following
energy minimization, displays a stabilizing
energy of =520 kcal mol™! residue™' (Kumosinski
et al., 1994a).

5.3.2 Hydrophobic Dimers
and Oligomers of o -Casein
Fragment f136-196

All of the above data appear to suggest that for
o, -casein, preformed structural elements sur-
rounding Pro, . participate in the formation of
dimers. A better understanding of these interac-
tions was brought about by investigating the
hydrophobic portion of the protein, namely, the
oy, -casein (f136-196) peptide. Isolation of this
sizable portion of the C-terminal half of the pro-
tein was achieved by cyanogen bromide cleavage
and purification as described by Alaimo ef al.
(1999a, b). The global secondary structure of o, -
casein (f136-196), as estimated by far-UV CD, is
given in Table 5.3. At 27°C and pH 6.75 in a low
ionic strength buffer, the results for o -casein
(f136-196) are consistent with the putative 3D
structure in which all six proline residues are
involved in turns. Here the peptide may be
expected to be a dimer in equilibrium with its
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Fig. 5.3 Double ribbon structure of o -casein dimer
constructed by docking two large hydrophobic sheets in
an antiparallel fashion interaction; sites are noted (/, 2
indicate molecules 1 and 2). Hb hydrophobic site of inter-

action, W199 C-terminal tryptophan, R/ N-terminal argi-
nine, P147 proline 147, P168 proline 168 (Kumosinski
et al., 1994a)

Table 5.3 Comparison of secondary structural estimates for the peptide o.,-casein (f136-196) by three methods

Method Temperature (°C) B-Sheet (%)
FTIR? 25 49+3°
CDs 10 64+2
27 58+1
50 49+2
70 49+2
3D model in vacuo 57

Turns (%) Unspecified (%) a-Helix (%)
22+1 23+1 5+2

28+ 1 5+1 3+1

311 8x1 3x1

281 18+1 5+1

29+1 18+1 3+1

284 15 0

2Average of three determinations in PIPES-KCI aqueous at pH 6.75 ionic strength 124 uM (Alaimo et al., 1999b)
"For FTIR—includes 3 ,-helix, bent strand, and extended [3-sheet (Alaimo et al., 1999b)

‘For CD-average fits, one determination (six accumulations at each temperature) ionic strength 4 uM

9For molecular models—includes I-P-N-P-I loop at residues 182-186

component monomer and tyrosines 144, 146, and
154 served as reporter groups for this interaction.
Global secondary structure was also estimated
from the FTIR spectra of a 1.5% aqueous solu-
tion of o -casein (f136-196) and at higher con-
centrations and ionic strengths where higher
order aggregates occur at 25°C. The results of

this analysis were in good agreement with the CD
data (Table 5.3). However, as the peptide is
heated, there is an increase in the calculated
amount of unspecified (random-coil) structure
and loss of B-sheet (Table 5.3). Malin et al. (2005)
showed that in computer-generated molecular
dynamics simulations of this peptide, the
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sheet-turn-sheet motif directed by Pro,,, was sta-
ble in an aqueous environment while others were
not. For the peptide (f136-196) we propose that
the turn region about Pro ,, is the initial site of
hydrophobic self-association (dimerization) at
physiological conditions. Moreover, interactions
centering on Pro ., involving Trp,, as a reporter
group, indicate that this region is involved in the
higher order polymers found for the peptide
(f136-196) at higher ionic strengths and at 25°C
(Alaimo et al., 1999a, b; Malin et al., 2005). By
extension, the regions seen at the top in Fig. 5.3
would represent sites for the formation of the
higher order polymers found for the whole o -
casein molecule at high ionic strengths (Thurn
et al., 1987). Thus, the sheet-turn-sheet second-
ary structure motif is most likely the basis for the
self-association behavior of this casein and as
will be seen below for its vital interactions with
other caseins.

5.4  Molecular Modeling of -Casein:
Interactions and Support from

Experimental Data

-Casein is the most hydrophobic casein and has
the largest regions of high hydrophobicity (55-90
and 130-209) with a very acidic N-terminal
region of 24 amino acids. The acidic N-terminal
region is at the right top of the model in Fig. 5.1.
There are two regions where plasmin readily
cleaves the protein (at bonds 28-29 and 105-
106/107-108, respectively; 3 and 4 o’clock in the
B-casein model of Fig. 5.1). Cleavage at these
sites by plasmin yields the fragments previously
known as y - and y,-caseins, respectively (Farrell
et al., 2004).

The self-association of this protein is (deter-
gent) micelle-like (Qi et al., 2005), and both ionic
strength and temperature increase the quantity of
polymer present (i.e., increased association con-
stant) and the degree of association (n):

np—-CN < B —-CN, (5.2)

The number of monomer proteins in these

nearly spherical polymers ranges from about 15

H.M. Farrell Jr et al.

Fig.5.4 Schematic representation of monomer and poly-
mer models for o, - or B-caseins; (a) monomer, (b)
tetramer, and (c¢) planar representation of a rosette-shaped
spherical polymer. Waugh (1970), reprinted courtesy of
Academic Press, San Diego, CA

at 0.1 M ionic strength, pH 7, and 20°C to about
52 at 0.110 M ionic strength, pH 6.7, and 37°C
(Table 5.2). Perhaps the best representation of
this process was given by Waugh (1970) origi-
nally for o, -casein, but by extension to B-casein.
As shown in Fig. 5.4, the phosphopeptide is rep-
resented as a ring and the remainder of the mol-
ecule as a torpedo-like structure. Overall, the
geometry of the [-casein polymers as given in
Fig. 5.4 is still in accord with data elucidated over
the past 40 years. However, as noted above, the
intrinsic volume of an individual B-casein within
the polymer is significantly lower than the mono-
mer, so Waugh’s monomer still represents the
monomer within the polymer in a molten glob-
ule-like state exemplified by the 3D model for
B-casein (Fig. 5.1). B-Casein has one site which
is particularly sensitive to chymosin (189—
190/192-193) found at about 7 o’clock in the
-model of Fig. 5.1. As shown by Qi et al. (2005)
loss of the C-terminal peptide (193-209) by chy-
mosin cleavage substantially reduces but does
not eliminate the association-dissociation equi-
librium. At pH 6.75, 37°C, and ionic strength
50 mM, the weight-average MW drops from
495,000 to 90,222 Da (Table 5.4). The latter rep-
resents a tetramer as the monomer molecular
weight for f1-192 of B-casein is 22160 Da (Qi
et al., 2005). Thus, the peptide f193-209 is a req-
uisite for the normal self-association of -casein.
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Table 5.4 Weight-average molecular weights, apparent association constants of selected caseins and mixtures by
analytical ultracentrifugation at 37°C

Analytical ultracentrifuge

MW* Protomer MW¢ k(@Lgh) n, Rotor speed (rpm)
o,,-Casein 56,000 56,000 1.09%x 10! 4 12,000
B-Casein’ 495,000 24,000 4.38x10" 29 6,000
-Casein' (f 1-192) 90,200 22,000 4.68x1073 18 10,000
RCM «-casein 4,140,000 505,000 1.35%x 10" 16 3,000
4 o -:1 RCM - 92,400 69,800 nd® nd® 6,000
4f3-:1 RCM k- 1,010,000 711,000 5.82x107° 4 3,000
1 B-:1a,- 213,000 100,000 7.36x 1073 4 6,000

*All data except where noted were obtained at 37°C, pH 6.75 in 25 mM disodium piperazine-N,N’-bis(2-ethane sulfonic
acid) with 80 mM KCI to mimic milk salt conditions in the mammary gland in the absence of calcium; the rotor speeds
were appropriate to the weight-average MW as previously described. RCM reduced and carboxymethylated. Modified

from Farrell et al. (2006a)
"Weight-average MW in Da, three determinations +5%

“The protomer is the lowest molecular weight found at the top of the cell at equilibrium; it represents the kinetically
active species which participates in association reactions as described in Equation (5.2)

dka and n_ as described in Equation (5.2)
°These quantities were not determined

"These B-casein experiments were conducted at a lower salt concentration (/=50 mM) to accentuate the differences

between the intact molecule and f1-192 (Qi et al., 2005)

The question now as stated above is, does this
segment contain any persistent periodic second-
ary structures which contribute to this self-
association?

CD and FTIR spectral analysis indicates that
at 6°C, B-casein has a relatively low level of
a-helix (~15%), an intermediate level of turn-
like structure (~29%), and a similar level of
extended or B-sheet (~30%) in dilute, low ionic
strength, neutral solutions. However, there are
significant increases in (CD) ellipticity at 220 nm
when the solution temperature is increased from
6 to 37°C. B-Casein is predicted to contain a
significant amount (30%) of polyproline II struc-
ture, but these structures have been shown to
occur at about 20% in -casein by Raman spec-
troscopy, FTIR and CD (Farrell er al., 2001;
Syme et al., 2002). Thus, it is possible that
increases in both B-strand and polyproline II
structure are responsible for this temperature-
dependent structural change.

It has been suggested for a growing number of
proteins (Qi et al., 2005) that reactions at their
C-terminal regions are important for their bio-

logical function. A notable example is tailspike
protein produced by phage 22 which infects
Salmonella spp. The tailspike protein through its
C-terminal region binds to the surface of the bac-
terial cells. As seen in its crystal structure (pro-
tein data bank # 1 TYW, Steinbacher et al., 1994),
this region contains a section of the sheet-turn-
sheet motif (residues 632-666) as shown in
Fig. 5.5 (top). Interestingly, residues 636—655 of
the tailspike protein have a 64% homology with
£193-209 of B-casein. Using the crystal structure
coordinates of this segment of the tailspike pro-
tein, it is possible to construct a homologous
molecular model for 193-209 of B-casein. To do
this the peptides were aligned as described by Qi
et al. (2005); four residues found in the center of
a B-sheet in tailspike protein but not in -casein
were deleted as were seven residues at the
C-terminal end. The selection was then submitted
to the ExPASy web site for the production of a
homologous model, as described by Farrell et al.
(2009) for a,-casein. A representation of the
homologous structure is shown in Fig. 5.5 (bot-
tom) and it retains the sheet-turn-sheet motif of
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Fig. 5.5 On the top is the
C-terminal portion of the
tailspike protein (phage22)
residues 657-688 with its
C-terminal at the top and the
arrowheads represent the
direction of travel of the
chain from N- to C-terminal
with a stable sheet-turn-sheet
motif (protein data bank #
ITYW, Steinbacher et al.,
1994). On the bottom is the
homologous model for the
C-terminal peptide of
f-casein £193-209 as
generated from the tailspike
peptide. This may also
represent a model for
casecidins 15 and 17
(Birkemo et al., 2009)

the original model, but with weaker hydrogen
bonding. This model may be of use in that the
sequence corresponds to casecidins 15 and 17
(Birkemo et al., 2009). These two peptides have
antimicrobial activity toward E. coli and repre-
sent £192-209 and f192-207 of B-casein. It is
interesting to speculate that the antimicrobial
action of the peptides is mechanistically and
structurally related to the action of the phage22
protein on Salmonella.

Next, the coordinates obtained for the B-casein
peptide £192-209 were transferred to the whole
B-casein model of Fig. 5.1 and following the regi-
men of Farrell er al. (2009), this leads to the
extension in space of the original C-terminal sec-
tion of the molecule as now given for 3-casein in
Fig. 5.6. Here the extended C-terminal region
would be free to interact with other 3-caseins and
to self-associate into the large polymers shown in
Fig. 5.4 for Waugh’s model. In the sleek repre-
sentation in Fig. 5.4, no such tails are shown and
a void is depicted at the center of the cross sec-
tion. When Kumosinski et al. (1993a) constructed
polymers of B-casein from the 3D model of
Fig. 5.1, similar voids occurred. The void in
Fig. 5.4 can be calculated to be about 22,000 A3,

H.M. Farrell Jr et al.

Measuring the volume of the extended tail as
588 A3, about 37 tails could be placed into this
cavity area. It should be remembered that chy-
mosin cleavage of this sheet-turn-sheet area
dramatically reduces [B-casein self-association.
So as noted above, these residues may well
coalesce to anchor the -casein monomers to their
spherical polymer. This provides another example
of how a sheet-turn-sheet motif in a casein may
lead to its characteristic mode of self-association.

5.5 Molecular Modeling of k-Casein:
Interactions and Support from

Experimental Data

k-Casein, which constitutes 10—-12% of whole
casein, plays a crucial role in stabilizing the
casein micelles in milk and, after enzymatic
cleavage, destabilizing the colloidal casein sys-
tem (Farrell et al., 2004). The enzymatic cleav-
age that brings about this transformation is
important for the nutrition of the suckling young
and for the production of many cheese varieties.
This is achieved by the molecule having two dis-
tinctly different domains. As seen at the bottom
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Fig. 5.6 The original model of B-casein as shown in
Fig. 5.1 is rotated 90° toward the viewer and has had its
psi, phi, and omega angles of residues 192-209 changed to
conform to those of the peptide of Fig. 5.5. The red color
represents the N-terminal phosphopeptide region, the pink
a region of lower net charge containing the first plasmin

portion of the k-model in Fig. 5.1, the N-terminal
domain (residues 1-95) carries a net positive
charge, is very hydrophobic, and interacts
strongly with the other casein molecules. The
C-terminal domain (residues 113-169) carries a
net negative charge and contains a preponderance
of polar residues (top portion of the k-model in
Fig. 5.1). These two domains are joined by a pep-
tide (residues 96—112, 10 o’clock in the k-casein
model of Fig. 5.1) that carries a net positive
charge, is predicted to be a B-strand, and is gener-
ally well conserved in most species (Palmer et al.,
2010). This region contains a motif that is readily
recognized by chymosin and is rapidly and
specifically cleaved to give the two domains
noted above. The peptide f106-169 is called
caseinomacropeptide (CMP) or glycomacropep-
tide (GMP) because about half of the k-casein
molecules are posttranslationally glycosylated
and phosphorylated (Farrell et al., 2004).
Additionally, all of these sites are surface orien-
tated in the k-casein model (Fig. 5.1).

The original model of k-casein (Fig. 5.1) con-
tained a segment of alpha helix for the chymosin

cleavage site (residues 28-29), the blue region indicates
the second plasmin cleavage site (residues 105-107), the
white colored portion represents the bulk of the hydropho-
bic body, and the yellow represents the C-terminal section
(f193-209) modeled after the tailspike peptide and
extended in space for potential polymerization reactions

site; most recent work has clearly demonstrated
that a B-sheet structure is required for the chy-
mosin active site (Palmer et al., 2010).
Accordingly, the k-casein wire model shown in
Fig. 5.7 has a seven-residue segment of 3-sheet in
this region, and Phe, , and Met,  are clearly vis-
ible. In the altered model the proline residues that
precede and follow this segment of B-sheet put a
significant strain on the region, and hydrolysis
results in increased disorder (entropy) in silico.
As purified from milk, k-casein occurs as a
series of intermolecular disulfide-bonded aggre-
gates (Groves et al., 1992). Farrell et al. (1996)
produced a 3D model of a k-casein octamer com-
posed of two disulfide-bonded tetramers to
explain the overall properties of k-casein as
purified from milk. This octamer is shown in
Fig. 5.8 (left) and displayed with the same
pseudocharges of Fig. 5.1; it is deep red (nega-
tive). It is generally accepted that the “hairy”
GMP (Horne, 1998, 2006) provides steric hin-
drance and prevents casein micelles from coalesc-
ing in normal milk. When the GMP is removed
by chymosin, it is thought to bring about
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Fig. 5.7 The original monomer model of k-casein as
shown in Fig. 5.1 is modified here to show a segment of
B-sheet for the chymosin cleavage site at 10 o’clock (left)
and the phenylalanine-methionine residues are in the center
of the B-sheet. In this model the sulfhydryl groups are

Fig. 5.8 Molecular model for a k-casein octamer com-
posed of two disulfide-bonded tetramers. This model can be
thought of as a representation of a poly K-casein area on the
surface of a micelle. The model on the /eft represents intact

aggregation of the casein micelles in milk because
of loss of this hindrance. However, as seen in the
3D model for an octamer of k-casein, when the
negatively charged GMP is removed in silico,
there is a complete charge reversal in Fig. 5.8
(right) where blue represents positive charge.
Thus, the creation of surface positive charge may
enhance the aggregation of casein micelles fol-
lowing chymosin action through charge—charge
interactions with the abundance of surface nega-
tive charges on other caseins.

blocked. The molecular model thus allows for the forma-
tion of dimers (center) and tetramers (right). The further
propagation of the polymeric structures from the reduced
monomer is responsible for the formation of the high
molecular weight amyloid structures (Farrell ez al., 2003b)

K-casein octamer and is colored red representing a high
negative electrostatic potential. When the negatively charged
GMP is removed in silico, there is a complete charge rever-
sal (right) where blue represents positive charge

Circular dichroism (CD) and FTIR spectral
analysis indicates that for k-casein there is a rela-
tively low level of a-helix (15%), an intermediate
level of turn-like structure (~25%), and a higher
level of extended or B-sheet (~30%). The above
molecular models for k-casein are in accord with
these measurements. In addition, all of these
structures appear to be thermostable, as shown in
Table 5.5 (Farrell et al., 2003b).

As noted above, k-casein exists as a series of
intermolecular disulfide-bonded aggregates, and
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Table 5.5 Comparison of secondary structural estimates for k-casein by three methods

Method Temperature (°C) B-sheet (%)
FTIR® 25 35+30
CD¢ 25 40«1
10 362
50 362
70 362
3D model in vacuo 30

Turns (%) Unspecified (%) a-helix (%)
25+2 23+4 17+2

26+ 1 24+1 9+1

28+1 24+1 12+1
27+1 24+ 1 14+1
241 201 19+1

32 30 10

*Average of three determinations in PIPES-KCI aqueous at pH 6.75 (Farrell et al., 1996)
"For FTIR—includes 3 ,-helix, bent strand, and extended B-sheet (Farrell ez al., 1996)
‘For CD-average fits, one determination (six accumulations at each temperature) (Farrell et al.,2003b)

these disulfide bonds may be formed after the
casein micelles have been assembled in the epi-
thelial cells (Farrell et al., 2006a). These disulfide
aggregates range from dimers to octamers and
above (Groves et al., 1992). However, about 5%
of the cysteine residues in total are not disulfide-
bonded and may react with other proteins or par-
ticipate in oxidation reduction reactions, e.g.,
K-casein aggregation with heat (Groves et al.,
1998) or formation of complexes with B-lacto-
globulin in heated products (Haque et al., 1987;
Douglas et al., 1981). As a reduced isolated pro-
tein, at 20°C k-casein self-associates in a similar
manner to -casein to a 600,000 Da molecular
weight polymer. However, the reduced car-
boxymethylated (RCM) protein at 37°C forms
amyloid bodies which were first discovered in
this casein (Farrell et al., 2003b). These amy-
loids have a soluble molecular weight of over
3x 10° Da (Table 5.2). The B-sheet structures at
6 o’clock of k-casein monomer in Figs. 5.1 and
5.7 are thought to promote amyloid formation.
In both CD and FTIR studies there is little change
in the overall content of secondary structure dur-
ing fibril formation. This type of sheet-turn-sheet
interaction was predicted for the model as shown
in Fig. 5.7 (Farrell et al., 2003b). In subsequent
studies, X-ray diffraction data were found to be
in accord with the model presented in Fig. 5.7
(Thorn et al., 2005).

Thus for x-casein, like B- and o -caseins, a
defined sheet-turn-sheet secondary structure
leads to protein—protein interactions. Here, how-

ever, instead of self-association this polymeriza-
tion is more properly classified as an aggregation.
Another example in k-casein is the 3-sheet struc-
ture which is surrounded by proline turns and
which contains the chymosin-sensitive bond. The
accurate hydrolysis of this bond initiates the first
step in the digestive process and again represents
how the defined persistent secondary structure of
a casein leads to ultimate biological function.

5.6  Molecular Modeling of o ,-
Casein: Interactions and Support

from Experimental Data

a,-Casein is the least hydrophobic and the most
highly and variably phosphorylated of the caseins.
There are three phosphopeptide regions (5-18,
49-68, and 126-145) in the casein sequence (left
side of the model of a,-casein in Fig. 5.1) and a
large central hydrophobic region (90-120) with
very little charge (region of a.,- protruding from
the center of the model to 6 o’clock in Fig. 5.1).
There is a second large hydrophobic region (160-
207), but it has a number of positively charged
residues, which represent the highest positively
charged area for any casein (Fig. 5.1). In milk,
the majority (~90%) of the protein occurs with an
internal disulfide bond between cysteine residues
36 and 40 forming a small loop in the structure.
In addition a small proportion of this protein
exists as a disulfide-bonded dimer as well as
polymers with k-casein (Farrell et al., 2009).
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Circular dichroism (CD) and FTIR spectral
analysis indicates that for o,-casein there is a
relatively high level of a-helix (30-40%), an
intermediate level of turn-like structure (~20%),
and a similar level of extended or [3-sheet
(~20%). Prediction methods indicate that likely
positions for helix formation are near both the
acidic N-terminal and the basic C-terminal
regions (Hoagland ez al., 2001). This protein is
readily hydrolyzed by plasmin and trypsin at a
number of sites primarily in the afore noted
C-terminal region, so that at neutral pH these
positively charged residues are primarily at the
surface and could actively participate in the
binding of inorganic phosphate. In addition, on
proteolysis, this area gives rise to a number of
biologically active peptides with defined struc-
tures (Farrell et al., 2009).

Association studies at 20°C show that mono-
meric o, -casein behaves in a very similar way to
0., -casein except that there is a maximum asso-
ciation at salt concentrations above 0.2 M
(Snoeren et al., 1980). However, at 37°C this pro-
tein has been found to form elongated amyloid
structures similar to those formed by k-casein
(Thorn et al., 2008). These interactions are
thought to occur through associations of the cen-
tral hydrophobic core (residues 90-120) noted
above. This section of a.,-casein has a strong
homology with the portion of k-casein responsi-
ble for amyloid production. Again, for this pro-
tein, amyloid formation occurs through
sheet-turn-sheet structural motifs. This represents
another example of aggregations driven by
defined structural states.

5.7  Molecular Modeling of Casein-
Casein: Interactions and Support

from Experimental Data

In contrast to the number of excellent studies on
the interactions of individual casein species in
solution, there have been only a few studies of
mixed associations involving primarily binary
mixtures. Historically, such studies have shown
that, in the absence of polyvalent cations and at
37°C, a,- and k-caseins associate most strongly
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(Waugh, 1970; Farrell et al., 2006a). A summary
of changes in weight-average MW for selected
casein—casein interactions is given in Table 5.2.

Mixed Associations
of the Caseins

5.7.1

More in-depth analyses of the above interactions
were attempted and the results are given in
Table 5.4. With regard to Table 5.4, it is impor-
tant to understand the meaning of the term “pro-
tomer.”” In the independent self-association
reactions of a -casein at low ionic strength and
for B-caseins (Alaimo et al., 1999a; Farrell et al.,
2001; Qi et al., 2005), the protomer is the lowest
molecular weight species found near the top of
the equilibrium cell and usually represents the
species which then goes on to yield polymers.
For B-casein (Eq. 5.2) and its chymosin fragment,
the protomers are the monomers which is also
true for o, -casein at low ionic strength and at
25°C (Alaimo et al., 1999a). However, as seen in
Table 5.4, a -casein at 37°C and physiological
ionic strength is essentially a dimer and there is
little self-association beyond this (k,=107"), so
that the protomer approximates the weight-aver-
age MW (Malin ef al., 2005); no monomer is
apparent. For RCM «k-casein at 37°C, the pro-
tomer leading to amyloids is 505,000 Da; again
this is the smallest species present in the experi-
ment. In the case of the -casein-RCM k-casein
mixtures, the protomer and weight-average MW
appear to be large and similar, but considerably
smaller than k-casein alone; also the association
constants are substantially reduced from >10"! to
1075. It should be noted that bovine RCM k- and
human f-caseins form similar complexes and go
on to form casein micelles, in vitro, with added
calcium and phosphate (Sood et al., 2006).

For 1:1 a,, —B-casein mixtures, the high molec-
ular weight polymers of B-casein are reduced in
size; the association constant for [(-casein is
reduced from 10" to 107 at 6,000 rpm in
Table 5.4. The equations predict a protomer of
100,000 Da, with a weight-average MW of
213,000 Da. These latter values are considerably
smaller than those found at 3,000 rpm; studies at
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9,000 and 12,000 rpm gave still smaller numbers.
Such behavior indicates a case of pressure-depen-
dent aggregation which can be a hallmark of
highly hydrophobically driven interactions
(Hummer et al., 1998; Farrell et al., 2002c);
extrapolation to atmospheric pressure yields a
value of 247,000 for the weight-average particle
of the o, —B-casein mixture, possibly a decamer.
Here o, -casein acts as a molecular detergent to
reduce greatly the size of the B-casein polymers
reducing the weight-average MW from over one
million to the extrapolated value of 247,000 Da
(see Table 5.2 for comparable ionic strengths).
Using the latter molecular weight and a Stokes
radius from Pepper and Farrell (1982), the molec-
ular volume reflects a mixture of the NU volume
of o -casein and the MG volume of B-casein.
This represents a departure from the model of
Waugh (1970) who believed that in the mixed
polymers of o,- and B-casein shown in Fig. 5.4,
the individual o - and B-caseins were nearly
identical in shape and interchangeable without an
effect on particle size.

Early studies on the weight ratios for the
formation of o, -k~ particles gave estimates
from 1:1 to 10:1; later values centered on 4:1
(Waugh, 1970; Kumosinski et al., 1994b). These
earlier experiments were conducted with whole
K-casein which we now know represents a mix-
ture of disulfide-bonded aggregates. The clearest
example of this problem was demonstrated by
Pepper (1972) using gel chromatography. In the
latter experiments, o -casein clearly reduced
the size of the k-casein aggregates, but the inter-
action peaks demonstrated large polydispersity.
The weight-average MW of RCM «- is reduced
by aSl-casein at a 1.5:1 ratio to 316,000 Da
(Table 5.2). Thorn et al. (2005) showed that
amyloid formation was not repressed at this ratio
and required a weight ratio of nearly 4:1 for
nearly complete repression. The inability of o,-
casein at low weight ratios to depress fibril for-
mation argues against these 1:1 complexes as a
driving force for micelle formation as previously
suggested (Waugh, 1970). For an o ,-:k- ratio of
4:1, where amyloid production is repressed
(Thorn et al., 2005), the molecular weight is
reduced (Table 5.2). The particle does not appear
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to act as a single species, while a protomer
molecular weight of 69,800 Da (possibly repre-
senting two o, -+ one K-) was found, fitting to the
progressive association equations yielded poor
results with n and k not determined accurately
(Table 5.4); however, a small amount of high
molecular weight amyloid could skew the data.
As was the case for ag,-B-casein interaction,
increasing the speed of the rotor greatly reduced
the weight-average MW indicating pressure-de-
pendent hydrophobic interactions. Extrapolation
to atmospheric pressure yielded a weight-average
MW of 117,000 Da, which approximates a 4:1
ratio. So, using amyloid repression and the above
data as a guideline, overall the 4:1 ratio appears
best but perhaps not unique. Interestingly, once
B-casein is added to these mixtures and the
concentrations are increased to those found in
milk, more uniform complexes occur, as a result
of up to 6-8 association reactions, and sodium
caseinate-like particles are found (Slattery and
Evard, 1973; Schmidt and Payens, 1976).

In the “New View” of protein structure noted
above, ocs]—casein can be considered to be a
natively unfolded (NU) “assembler” in that it is
able to break down aggregates of 3- and k-casein
and lead to successful transit through the mam-
mary secretory system prior to the addition of
calcium in the Golgi apparatus. Indeed, its
absence in the caprine homozygous null o -
allele (Chanat et al., 1999) leads to the accumu-
lation of large protein particles in the
endoplasmic reticulum resulting in reduced
secretion. Although, as noted above [-casein
canrepress K-casein amyloid formation, -casein
knockout genes in rats do not appreciably alter
secretion. B-Casein appears to be phosphory-
lated and to enter into the Golgi secretory
granules at a later time than o, -casein. This
makes a strong case for o -casein as the pri-
mary force in casein micelle secretion (Chanat
et al., 1999; Le Parc et al., 2010). Recently, it
has been shown that the amyloid bodies formed
by a,,-casein can be disassembled by o -casein
but not by B-casein (Thorn et al., 2008). It is
also interesting that in vitro caseins can aid in
enzyme folding acting in a limited way as chap-
erones (Farrell et al., 2006a).
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5.7.2 Sodium Caseinate

Sodium caseinate (whole casein in the absence of
divalent cations) is an excellent ingredient and
finds many applications in food processing. This
product can have somewhat varying properties
depending on its method of preparation (Douglas
et al., 1981). Heating sodium caseinate at 140°C
brings about a conversion to larger aggregates,
due only partly to the free sulthydryl groups of
k-casein (Chu et al., 1995). Properties, such as
viscosity, of casein solutions are concentration-
dependent and a 15-20% casein solution is very
viscous because of the associations of the mole-
cules with one another. A number of emulsion and
foaming studies have been done using either
various commercial whole proteins, e.g., total milk
protein (TMP) or milk protein concentrate (MPC)
or whole casein materials. However, it must be
stressed that at the core of the predictable func-
tionality of the caseins lies the strong, rather selec-
tive, protein—protein interactions discussed above.

Laboratory preparations of sodium caseinate
through mixed associations of the individual
caseins discussed above bring about the forma-
tion of a rather stable polymer with an average
diameter of 18 nm and a MW of about 280,000 Da
at room temperature. As viewed by electron
microscopy, these particles appear to be rather
uniform in shape and size (Kumosinski et al.,
1996). However, at 37°C, these polymers can dis-
sociate into monomers and smaller polymers at
concentrations below 1% (Pepper and Farrell,
1982). An apparent dissociation constant can be
calculated to be 6.2 mg/mL from Pepper and
Farrell (1982). Thus, for the casein found in the
endoplasmic reticulum, prior to any addition of
calcium and phosphate (Chanat et al., 1999), in
Golgi apparatus during phosphorylation (Farrell
et al., 2006a) and in milk (about 27 mg/mL),
strong casein-casein associations are favored, as
the concentrations are threefold greater than the
dissociation constant. In all studies of lactating
mammary tissue, sodium casein-like particles
(putative submicelles) are abundant in electron
micrographs of the mammary secretory process
(Farrell et al., 2006a; Chanat et al., 1999;
Schmidt, 1982).

H.M. Farrell Jr et al.

5.7.3 3D Models for Sodium Caseinate
(Particles in Solution)

Interpretations of all of the physical chemical
data collected on sodium caseinate lead to a poin-
tillistic or smeared view of the particles. To
develop further a molecular basis for structure-
function relationships of the sodium caseinate
system, an energy-minimized 3D structure of a
putative casein submicelle (sodium caseinate
particle) was constructed consisting of one
K-casein, four ocSl—casein, and four B-casein mol-
ecules (Kumosinski et al., 1994b). The models
for the individual caseins were from the 3D struc-
tures depicted in Fig. 5.1 and the primary interac-
tions used were those given above: two
hydrophobically driven dimers of o, -casein
interact with the B-sheet “legs” of k-casein, thus
preventing amyloid formation (a 4:1 ratio); sec-
ondarily, two dimers of B-casein, held together
by their C-terminal peptides, interact at a later
time with the k- and o- complexes. The con-
struction of the model was described in detail in
the previous version of this chapter (Farrell et al.,
2003a) and will not be repeated here. This mod-
eling yielded two energy-minimized 3D struc-
tures for the putative casein submicelle and the
more favored one is shown in Fig. 5.9. This
refined k-casein-based submicellar structure was
tested by generating theoretical small-angle
X-ray scattering (SAXS) curves and comparing
them with experimental data (Kumosinski et al.,
1994c). Excellent agreement between experi-
mental and theoretical curves was found. The
global shapes and sizes of these putative submi-
cellar structures were further tested by compari-
son of their computer-generated van der Waals
dot structures with actual transmission electron
micrographs (EM) of reduced and carboxymeth-
ylated whole casein (Kumosinski et al., 1996).
These comparisons, as shown in Fig. 5.10, dem-
onstrate quite good agreement between the mod-
els and the EM. In actuality then the precise
molecular coordinates of the 3D models can yield
back the pointillistic views from which we
started; the work has gone full cycle.

Very little data are available concerning the
role of ay,-casein in sodium caseinate structure
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Fig. 5.9 Energy-minimized casein asymmetric submi-
celle structure, i.e., one k-casein, two o, -casein dimers,
and two B-casein symmetric dimers. Space-filled back-

and formation. However, the cxsz—casein molecule
has several similarities with k-casein that are
worth noting. First, residues 77—118 have a strong
homology with residues 42—-84 of k-casein and
both proteins form amyloid tangles on heating;
the K-casein amyloid centers on residues 2685,
while amyloid fragments of a.,-casein found in
mammary gland begin with residue 81 (Niewold
et al., 1999). Secondly, in their monomer states
(Fig. 5.1) both have central hydrophobic cores
apparently available for hydrophobic interactions
which contain the latter noted regions.
Additionally, o.-casein inhibits amyloid forma-
tion at a ratio of 4:1 for k-casein, and a ratio of
2:1 for a,-casein. Hoagland et al. (2001), prior
to the model for OLSQ-casein, speculated that on the
basis of structural similarity, perhaps o,-casein
could compete with K-casein as a primary inter-
actant in the sodium caseinate particle. The new
a,,-casein model can do precisely that as demon-
strated in Fig. 5.11 for the asymmetric submicelle
model; note the area of positive charge on the
surface of this model. This model has not been
rigorously tested in the same fashion as the
K-casein-based submicelle model (Farrell et al.,
2003a) and serves only to suggest that a,.,-casein
could play a more important role in casein struc-

bones without side chains; k-casein B in green, o -casein
in white, B-casein A? in red, and bound water in yellow
(Kumosinski et al., 1994b)

ture than previously thought. More research is
necessary to prove this speculation but almost all
data now point to k-casein as occurring as
disulfide-bonded polymers and so some particles
in the rather uniform fields seen for sodium
caseinate may be k-casein-rich while others may
contain no k-casein. Such a theoretical particle is
shown in Fig. 5.11. That sodium caseinate might
contain particles of different composition was
suggested by Slattery and Evard (1973) based
upon mixed associations of the caseins in sedi-
mentation velocity studies at elevated ionic
strengths. Interestingly, the above model offers a
reply to the critical question (Horne, 2006) as to
how to account for submicelles of varying
composition.

If all of the caseins contain persistent struc-
tures, such as those seen above, then can they
also be open and flexible, as their physical data
suggest?

5.7.4 FTIR Studies of Sodium
Caseinate (Casein Submicelles)

Curley et al. (1998) studied the effects of Ca*
and Na* or K* on the FTIR spectra of sodium
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Fig.5.10 Comparison of matched shape and dimensions
of the asymmetric submicelle 3D model with photograph-
ically enlarged image enhanced representations of submi-
celles (TEM bar=10 nm, molecular model=5 nm). (a)
Backbone structure for asymmetric model, (b) van der

caseinate. They concluded that electrostatic bind-
ing of Ca?* to casein resulted in a redistribution of
the protein components of the infrared spectra.
Addition of Ca®* in salt solutions of K* and Na*

Waals dot surface model, (¢) enlargement of image-
enhanced micrograph, (d) van der Waals of (a) rotated 90°
about y-axis, and (e) enlargement of image-enhanced
representation of the submicelle particle (Kumosinski
et al., 1996)

led to apparent decreases in large loop or helical
structures at 37°C with concomitant increases in
the percentage of structures having greater bond
energy, such as turns and extended helical
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Fig. 5.11 Energy-minimized casein asymmetric submi-
celle structure; here the one k-casein is replaced by one
o,-casein. The model shows backbone atoms only in

structures. The effects of Ca?* on global protein
structure with micelle formation have been sug-
gested by several physical chemical studies. In
particular, studies using SAXS (Kumosinski
et al., 1988) predicted a swelling of the outer
shell of casein submicelles as they are incorpo-
rated into reformed micelles. This swelling repre-
sented a 30% increase in hydration (with a
concomitant decrease in the electron density of
proteins). Holt and Sawyer (1993) suggested that
a recurrent motif in ruminant caseins is helix-
loop-helix in which the loop region is typically
phosphorylated. Studies of the molecular dynam-
ics of the o, -casein phosphopeptide also sug-
gested that the swelling of these loop structures
accommodated the increased hydration that
accompanied Ca** binding (Kumosinski and
Farrell, 1994). Thus, presumably the Ca** bind-
ing and the incorporation of Ca caseinates into
micelles could deform a-helical elements and
extend loop elements because they are spatially
adjacent. Hence, the changes in the 1,655+5 cm™
region of the FTIR spectra upon Ca?* addition
could be due to loop-helix alterations with move-
ment of the resonances to higher wave numbers
and with the higher bond energies needed to but-
tress the swelling and extension of the polypep-
tide chains.

brown for two o, -casein dimers and purple for two
f3-casein dimers. The o.,-casein is in red except for the
basic C-terminal which is in blue

All of the above data point to the loop-helix-
loop motif as being flexible and subject to con-
formational change on ligand binding and
conversion to aggregate structures. This is in con-
trast to the apparent rigidity of the hydrophobic
peptides studied in Sections 5.3, 5.4, and 5.5.
How then can we reconcile these divergent views
of different portions of the same molecule and
in the overall framework structure of sodium
caseinate aggregates (submicelles) and micelles?

5.8 The Tensegrity Hypothesis

and Resolution

The architectural world has often borrowed struc-
tural forms from biological shapes. Now it
appears that an architectural contrivance may
help us to understand biological forms. Tensegrity
structures were originally constructed by Snelson
and popularized by Buckminster Fuller as the
geodesic dome (Ingber, 1998). In architectural
parlance, the forces of compression and tension
balance, so that rigid struts bear compression
while more flexible elements stretch. Tensegrity
structures offer the maximum space (openness)
for a minimal amount of building material. A
simple toy shown in Fig. 5.12 best illustrates the
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Fig.5.12 Typical tensegrity
structure illustrating the
principles of rigidity and
flexibility, published by
permission of Manhattan Toy,
Minneapolis, MN, 55401

concepts of tensegrity structures which are of
interest to us. Donald Ingber has pioneered the
application of tensegrity concepts to biological
structures ranging from the cytoskeleton of cells
to microtubules, to viral envelopes, and to pollen
grains (Ingber, 1998). We propose, here, that a
type of tensegrity structure may account for the
overall properties of sodium caseinate aggregates
(submicelles) and casein micelles.

In the putative submicelle framework shown
in Fig. 5.9, the protein—protein interactions which
lead to this structure occur primarily via sheet-
turn-sheet interactions. In computer experiments,
a good deal of structural integrity was gained
through these interactions (Kumosinski et al.,
1994c). As we have seen, these structures, which
follow the sheet-turn-sheet motif, occur in O,
casein monomers and dimers and are quite ther-
mally stable in solution (Alaimo et al., 1999b)
and under molecular dynamic simulations (Malin
et al., 2005). For contrast, consider the high
degree of flexibility which occurs for the helix-
loop-helix motif relative to the sheet-turn-sheet
motif, once the og-dimer has been formed.
k-Casein also contains this same rigid motif
(Fig. 5.7) between residues 14 and 64; this sheet-

turn-sheet motif also appears quite heat stable in
k-casein as well (Table 5.5) and in isolation it
gives rise to amyloid structures. Note also that
Graham er al. (1984) and Farrell er al. (2001)
demonstrated a good deal of heat stability for
sheet and turns in B-casein by similar CD studies.
In addition, the tailspike peptide is another exam-
ple of sheet-turn-sheet interactions translated into
B-casein. In the tensegrity structural analogy we
propose that these heat-stable sheet-turn-sheet
motifs of o, -, -, and k-caseins interact as shown
in Sects. 5.3, 5.4, and 5.5 and represent the solid
struts or pre-compressed modules (Fig. 5.12).
These structures then provide the framework for
casein—casein interactions. For B-casein, these
interactions are more hydrophobic and in the pre-
vious 3D models (Kumosinski ez al., 1994b, ¢),
the B-casein was fitted into the framework of o,-
/x-casein. This also accommodates the ability of
B-casein to dissociate from aggregates and
micelles at 5°C (Downey and Murphy, 1970).
On the other hand, the helix-loop-helix por-
tions of the oy - and B-caseins represent more
flexible structures and are analogous to the
cables of tensegrity structures. Here, changes in
structure with the degree of phosphorylation, or
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Fig. 5.13 Backbone asymmetric structure of a casein
submicelle with water molecules from droplet algorithm,
i.e., 2,823 water molecules: k-casein in blue, o -casein in

with calcium or proton binding, may yield con-
formational changes (Huq et al., 1995; Curley
et al., 1998) or increased conformational
flexibility (Kumosinski and Farrell, 1994).
Halfmann and Lindquist (2010) have pioneered
the concept that binding to and modification of
flexible proteins (prions) may lead to significant
changes in biological function. The tensegrity
analogy easily accounts for the swelling of sub-
micellar structures through flexible elements as
they are incorporated into reformed micelles
(Kumosinski et al., 1988). Once again, the prin-
ciple of maximum space with minimum build-
ing material is a tensegrity concept.

For casein, then, persistent secondary struc-
tures, such as the sheet-turn-sheet motifs, define
their self-association reactions, but because the
tension and flexibility compromise, no hydro-
phobic compression occurs and the proteins

red, B-casein in magenta, oxygen from droplet waters in
cyan (Kumosinski ef al., 1994c)

remain open. In contrast the highly flexible
regions such as the loop-helix-loop regions define
their ability to bind and effectively transport cal-
cium as casein micelles.

Finally, a remembrance of an old casein struc-
ture idiom: all good models hold water (M.P.
Thompson). The openness of the tensegrity struc-
tures and the 3D models can readily accommo-
date extremely high water content in the interior
space. The water content of micelles and submi-
celles varies from 1 to 8 g H/O g™ protein
(Kumosinski et al., 1988). In a series of studies
on casein—water interactions, Mora-Gutierrez
etal. (1997) used 70O NMR to probe and enumer-
ate sources of bound, trapped, and preferentially
absorbed water molecules. These cavities and
voids have been correlated with the 3D model of
Kumosinski et al. (1994c) as shown, partially
hydrated, in Fig. 5.13. Thus, the tensegrity
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hypothesis can account for the physical and
chemical properties of caseins, while explaining
how the molecules can be both rigid and flexible
at the same time and exhibit highly hydrated
backbones.
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Casein Micelle Structure, Functions,
and Interactions

D.J. McMahon and B.S. Oommen

6.1 Introduction

Casein micelles are particles of colloidal size that
can be described as supramolecules or a system
consisting of multiple molecular entities held
together and organized by means of non-covalent
intermolecular binding interactions. The exis-
tence of such a colloidal particle consisting of a
mixture of calcium phosphate stabilized by cal-
cium-insoluble proteins has long been recognized
(Linderstrgm Lang 1929). These supramolecules
serve as the prime nutritional source of calcium,
phosphate, and amino acids to meet the growth
and energy requirements of mammalian neonates
and have the biological function of transporting
calcium phosphate without calcification through
the mammary milk system (Horne 2002a, b; de
Kruif and Holt 2003). Numerous models have
been proposed to explain the supramolecular
structure of casein micelles and these have been
reviewed repeatedly (e.g., Bloomfield and Morr
1973; Farrell 1973; Garnier 1973; Swaisgood and
Brunner 1973; Thompson and Farrell 1973;
Slattery 1976; Schmidt 1980; McMahon and
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Brown 1984; Rollema 1992; Holt 1992; Holt and
Horne 1996; Walstra 1999; de Kruif and Holt
2003). Recent insightful evaluations of the vari-
ous models of casein micelle structure and the
process by which this supramolecule is assem-
bled can be found in Farrell et al. (2006a), Horne
(2006) and Dalgleish (2011). In this chapter, we
aim to discuss the supramolecular structure of
casein micelles on the basis of investigations
using electron microscopy (McMahon and
McManus 1998; Oommen 2004; McMahon and
Oommen 2008), interpreted in terms of their
known physical and chemical attributes. The term
“casein micelle” has been used in a generic sense
for the calcium-phosphate-protein colloidal par-
ticles in milk for many years, but it is now very
apparent that the supramolecular structure of
these colloidal particles varies depending on pH,
cooling, heating, and addition of other ingredi-
ents to milk. We have reserved use of casein
micelle as a descriptor for these supramolecules
as they are synthesized and secreted from the
mammary gland, i.e., native casein micelles in
non-cooled raw milk. The model structure
described in McMahon and Oommen (2008) was
based on observations of casein micelles from
bovine milk although it appears that casein
micelles from milk of other species are similar.
In bovine milk, the caseins consist of four
major proteins, o -casein, o -casein, B-casein,
and k-casein that are secreted in their numerous
genetic and posttranslational variations (Chaps. 4

and 15). The calcium-sensitive caseins (. -, o, ,-,
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and P-caseins) are members of a single-gene
family as seen from the homologous gene
sequences of different species while the k-casein
gene is homologous to y-fibrinogen (Swaisgood
1992). Caseins undergo posttranslational phos-
phorylation to varying degrees at seryl residues
(see Chap. 4).

The secondary structure of the caseins has
often been referred to as random coil, although
this is misleading and caseins as a group of pro-
teins can be expected to be as highly adapted to
their biological function as any other structural
protein (de Kruif and Holt 2003). A better
description is to consider the caseins as being
intrinsically unstructured proteins (Farrell et al.,
2006b; Chap. 5) similar to other secretory
Ca-binding proteins (Smith et al., 2004). Their
physiological function in the mammary gland
results from their different partially folded con-
formations and from structural transitions
between them. Other terms used to describe the
considerable conformational flexibility of the
caseins include molten globule structure (Malin
et al., 2005) and rheomorphic structure (Holt and
Sawyer 1993).

Farrell et al. (2006b) predicted that o, - and
o ,-caseins are natively unfolded proteins with
extended coil-like (or pre-molten globule-like)
conformations, whereas - and k-caseins would
possess molten globule-like properties. Proteins
in a molten globule state have a compact struc-
ture with a high degree of hydration and side
chain flexibility; they possess native secondary
structures with little tertiary folds. Because of
their lack of a fixed three-dimensional tertiary
conformation, caseins can react very rapidly to
environmental changes. This ability to exist in
various conformations was described by Holt and
Sawyer (1993) as the caseins being rheomorphic.
In the mammary cells, caseins function by seques-
tering small clusters of calcium phosphate, thus
preventing precipitation and calcification of the
mammary milk synthesis and transport system
(Horne 2002a; de Kruif and Holt 2003). This
conformational flexibility further allows them to
interact with multiple target molecules, and in
that sense, caseins can be considered as part of
the scavenger class of unfolded proteins (Smith
et al., 2004). Such conformational flexibility is

D.J. McMahon and B.S. Oommen

biologically important in binding to surfaces and
the formation of macroscopic networks.
Maintaining such flexibility helps explain (de
Kruif and Holt 2003) the slightly nutritionally
suboptimal amino acid composition of the
Ca-sensitive caseins since their evolutionary
imperative is preventing pathological precipita-
tion of calcium phosphate in the mammary gland.
This structural flexibility of the casein molecules
is then inherently passed on to the supramolecule
level and can be observed in the response of
casein micelles to different environments.
Whether considered as being rheomorphic or
having a molten globule structure, conforma-
tional flexibility of the caseins seems critical for
the casein supramolecule to maintain its struc-
ture. Various structures for the casein micelle are
possible based on how they are synthesized and
chemical treatments to which they are subjected.
Structural information presented in this chapter
will primarily be focused on the supramolecular
organization of native casein micelles.

6.2 Modeling the Casein Micelle

It is interesting to look at the evolution of models
of casein micelles as our understanding and abil-
ity to analyze casein systems has increased. The
core-coat model proposed by Waugh and Noble
(1965) consisted of spherical particles of o, - and
B-caseins with k-casein as the coat. The model
put forward by Payens (1966) showed a consider-
able portion of k-casein located on the periphery
of the casein micelle and compactly folded o -
caseins attached to loose B-caseins as the core,
with calcium ions interacting with phosphate or
carboxylic acid groups of the proteins. Bloomfield
and Morr (1973) postulated the existence of a
size-determining supramolecule framework pre-
dominantly made of o -casein with B- and
K-caseins attached to the framework and filling its
interstices through Ca bridges. This was based on
partial calcium depletion in which - and k-ca-
seins dissociate leaving a framework having the
same frictional resistance as the original supra-
molecule. Rose (1969) proposed a model in which
end-to-end P-casein association initiated supra-
molecule formation to which a - and «-casein
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molecules were in turn bound to form a protein
aggregate. In the presence of calcium, these were
cross-linked by calcium phosphate to form the
supramolecule. Garnier and Ribadeau-Dumas
(1970) proposed a model based on the aggrega-
tion behavior of the different caseins with trimers
of k-casein acting as the branching nodes and o, -
and B-caseins as the branches to form a porous
supramolecule.

At about the same time, and on the basis of
sedimentation behavior of urea- and oxalate-
treated casein micelles, Morr (1967) put forth the
subunit model in which the subunit core was
made of a B-a. -casein complex surrounded by an
o -k-casein complex with the subunits held
together by calcium and colloidal calcium phos-
phate linkages. Schmidt and Payens (1976)
modified this model by proposing subunits with a
hydrophobic core surrounded by a hydrophilic
coat of carboxylic and phosphate groups. As pro-
posed by Morr (1967), this model also included
calcium, magnesium, and colloidal calcium phos-
phate groups as the linkage between the subunits.
Slattery and Evard (1973) proposed that k-casein
was localized on particular regions of the submi-
cellar surface, thus forming two distinct regions
which are hydrophilic and hydrophobic.
Aggregation of the subunits occurred by hydro-
phobic bonding until the whole supramolecule
surface was covered with k-casein. However, this
model did not include any function of colloidal
calcium phosphate in the stability of the casein
supramolecule.

Schmidt (1980) and later Walstra (1990)
improved on this model by postulating that those
surface regions of the submicelles not covered
with K-casein consisted of polar moieties of other
caseins, e.g., their phosphoserine residues. The
subunits aggregated together via the colloidal
calcium phosphate attached to a -, o -, and
B-caseins. As in the model suggested by Slattery
and Evard (1973), casein supramolecular growth
terminated when the colloidal particle surface
was covered with k-casein. Walstra (1999)
modified the submicellar model of casein micelles
to include calcium phosphate packages to be
placed not only on the surface of submicelles as
the bridging between them but also inside the
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Fig. 6.1 Transmission electron micrograph of a casein
micelle obtained from bovine milk that was been treated
with glutaraldehyde followed by poly-L-lysine immobili-
zation onto a parlodion-coated copper grid, then stained
with uranyl oxalate, rapidly frozen and freeze-dried.
Reprinted from J. Dairy Sci. 91:1709-1721 with permis-
sion from American Dairy Science Association

subunits. However, none of these models could
explain the dissociation behavior of casein supra-
molecules on treatment with excess k-casein or
urea (Holt 1998).

Support for a supramolecular structure of
casein micelles consisting of subunits had come
from chemical and physical measurements of
casein micelles and their dissociation into smaller
particles, by analysis of particles (~20-nm diam-
eter) made from sodium caseinate, and their sub-
sequent growth into larger supramolecules
(~100- to 20-nm diameter) upon addition of cal-
cium. Early electron micrographs generally
showed a corpuscular and globular appearance of
casein micelles but more recent work has shown
that the supramolecular structure of the casein
micelle is quite sensitive to its environment such
that artifacts are easily introduced during sample
preparation (McMahon and McManus 1998).
When viewed using a transmission electron
microscope, casein micelles that have been
glutaraldehyde-fixed appear quite electron dense,
compact, with an internal quaternary structure
that could not be distinguished (Fig. 6.1). This is
even more problematic when using an electron
microscopy method that involves metal coating.
The additive nature of glutaraldehyde fixation has
the potential to fill interstices between proteins
with polymerized glutaraldehyde. Such material
would appear transparent using transmission
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electron microscopy (TEM) compared to proteins
(or calcium phosphate) that have been stained
with heavy metals. In comparison, any metal
coating used in scanning electron microscopy or
replica formation would cover both proteins and
cross-linked glutaraldehyde. The ion beam etch-
ing observations of Hojou et al. (1977) that
strongly supported the submicelle model can then
be explained as the ion bombardment etching
away the accumulated glutaraldehyde and allow-
ing a metal coating to be applied directly to pro-
tein chains.

A polyelectrolyte brush model of casein
micelles in which the caseins randomly associate
to form an entangled structure within which nano-
clusters of calcium phosphate are held has also
been proposed (Holt 1992; Holt and Horne 1996).
The binding of caseins to pre-crystalline calcium
phosphate nanoclusters prevents their nucleation
and growth and thus blocks calcification of the
mammary tissue. In this model, the binding of
caseins to calcium phosphate initiates the forma-
tion of the casein supramolecule (de Kruif and
Holt 2003). However, as described by Horne
(2006) these two processes of protein polymer-
ization and calcium binding of casein molecules
would occur simultaneously.

Farrell et al. (2006a) proposed that the forma-
tion of small casein aggregates during casein
supramolecule synthesis within Golgi vesicles
occurs prior to formation of calcium phosphate
nanoclusters. This was based on the sequence of
events occurring during bioassembly of casein
micelles in the mammary gland. In this scenario,
the caseins are synthesized on ribosomes of the
rough endoplasmic reticulum and then undergo
folding and association (both self and mixed asso-
ciation are possible) that helps them escape deg-
radation. Transportation via vesicles at the Golgi
apparatus then occurs in which Farrell et al.
(2006a) propose that the sequence of events is (1)
an increase in calcium concentration in the vesi-
cles, (2) phosphorylation of the caseins when the
calcium concentration is sufficiently high (kinase
K, ~20 mM), and (3) further secretion of calcium
phosphate into the vesicles. The protein aggre-
gates were reported to be spherical complexes of
about 10 nm diameter that were present in the
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vesicles as branched and linear chains (Farrell
et al., 2006a). This, however, is only slightly
larger than the presumed size of monomeric
casein (i.e., Stokes radius ~4 nm) and smaller than
their polymeric forms (e.g., native K-casein poly-
mers with Stokes radius of ~10 nm) (Swaisgood
2003). In similar studies of lactating mammary
glands, Helminen and Ericsson (1968) observed
that branching fibrils of protein (8-9 nm thick)
initially formed in the Golgi vacuoles, then accu-
mulated to form, what they termed, the mosaic
pattern of the casein micelles, and were excreted
into the lumen. Such fibril formation provides
greater support for a framework rather than sub-
unit model of the casein micelle supramolecule.

While the subunit model was widely accepted
in which clustering of casein molecules into small
subunits which then further clustered to form the
secreted colloidal particle (McMahon and Brown
1984; Rollema 1992), such a particulate internal
structure of casein micelles has not been observed
(McMahon and McManus 1998; Holt et al., 2003;
Dalgleish et al., 2004). Rather, observations dur-
ing dissociation experiments and scattering data
of simulated casein micelles provide the most
support for presence of submicelles. Such experi-
ments do not usually include microstructural
observations in addition to measurement of phys-
icochemical parameters. From small-angle X-ray
scattering, Kumosinski et al. (1988) studied the
supramolecular structure of casein micelles syn-
thesized by adding calcium to sodium caseinate
and deduced that the submicelles consisted of a
spherical hydrophobic core with a loose hydro-
philic shell with the submicelles being held
together through calcium phosphate linkages
with overlap of hydrophilic regions of the pro-
teins in adjacent submicelles.

McMahon and McManus (1998) argued that
previous electron microscopic images of casein
micelles do not represent the native casein micelle
supramolecule as the sample preparation needed
in most electron microscopy introduces artifacts
into the imaged structure. A more representative
image of casein micelles was that they comprise
strands of electron-dense regions, no more than
8-10 nm in length. Variations in scattering inten-
sities from X-ray and neutron scattering would
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then not imply an internal repeating substructure
but rather a heterogeneous internal structure.
Pignon et al. (2004) concluded that X-ray scatter-
ing by casein micelles could be attributed to glob-
ular supramolecules (with radius of gyration of
102 nm) and the open conformational structure
of the supramolecules’ constituent proteins (with
radius of gyration of 5-6 nm) rather than from
any globular submicelles. Dalgleish (2011) con-
cluded that the various X-ray and small-angle
neutron scattering data could be best interpreted
as being a result of calcium phosphate nanoclus-
ters rather than varying density of protein.
A polycondensation model proposed by Horne
(1998) envisaged cross-linking of individual
caseins through hydrophobic regions of the
caseins and bridging involving clusters of cal-
cium phosphate for the assembly of the casein
supramolecule. This was later described as a
dual-binding model (Horne 2002a) in which
growth of hydrophobically bonded proteins is
inhibited by electrostatic repulsive interactions,
whereby total interaction energy can be consid-
ered to be the sum of electrostatic repulsion and
hydrophobic interaction. According to this model,
k-casein is linked into the casein supramolecule
by hydrophobic bonding of its N-terminal region
and, therefore, further growth beyond the k-casein
is not possible as it does not possess either a
phosphoserine cluster for linkage via colloidal
calcium phosphate or another hydrophobic
anchor point to extend the chain.

6.3 Physical Properties

Casein micelles are highly hydrated and sponge-
like colloidal particles. Of the approximately 4 g
water/g protein contained within the supramole-
cule, only about 15% is bound to the protein, the
remainder being simply occluded within the
particle (de Kruif and Holt 2003; Farrell et al.,
2003). Supramolecule size distribution had been
reported as extending from 20 to 600 nm diame-
ter with a median size between 100 and 200 nm
(Schmidt et al., 1974; Bloomfield and Mead
1975; de Kruif 1998), depending on whether the
method used to measure particle size generates a
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Fig. 6.2 Low magnification transmission electron micro-
graph of field of view of casein micelles obtained from
bovine milk by poly-L-lysine immobilization onto a parlo-
dion-coated copper grid that was then stained with uranyl
oxalate, rapidly frozen, and freeze-dried. Reprinted from J.
Dairy Sci. 91:1709-1721 with permission from American
Dairy Science Association

number or weight average diameter (Udabage
et al., 2003). Using a number distribution yields
amedian diameter of 1.1 x 10?> nm while a weight
distribution yields a median diameter of
2.2x10*> nm. The presence of some casein
micelles being up to 7x10?> nm in diameter
underlies the broad size distribution (de Kruif
1998) typically observed (Fig. 6.2) for casein
micelles. Although when considered on a num-
ber basis, the particle-size distribution can be
represented by a log-normal distribution
(Udabage et al., 2003).

Early measurements of casein micelle size
(Schmidt et al., 1973) had also reported particles
less than 20 nm in diameter accounting for 80%
of particles by number (but only 3% by volume).
More recent measurements (de Kruif 1998;
Udabage et al., 2003) infer that ~50 nm diameter
is the lower end of particle-size distribution, and
large numbers of very small casein micelles have
not been observed in electron microscopic images
of milk (McMahon et al., 2009). Such polydis-
persity is common in colloidal systems although
biological systems tend to be more homodisperse
(Bloomfield 1979) and is indicative that the
physiological function of casein micelles is inde-
pendent of particle size. The number of protein



190

molecules that constitute the casein supramole-
cule is about 10* for a colloidal particle of
~150 nm diameter (Kirchmeuer 1973). Given
their range in diameter from 50 to 700 nm, the
structure of casein micelles is such that it allows
for synthesis in the mammary gland of supramo-
lecules containing 10* to 10° casein molecules.

6.4 Thermodynamic Forces

A variety of forces that derive from the chemistry
of the caseins (Chap. 4) come into play in pre-
serving the structural integrity of casein supra-
molecules. These include hydrophobic-related
interactions, ionic and electrostatic interactions,
hydrogen bonds, disulfide bonds, and steric stabi-
lization. At low temperatures, the contribution of
entropy to free-energy change becomes less
important, allowing proteins that are primarily
linked via hydrophobic interactions to migrate
from the supramolecule. -Casein and k-casein
diffuse out of the micelles at low temperatures
more so than a - and o,-caseins, suggesting a
greater proportion of the - and k-casein mole-
cules are held into the lattice structure of the
casein supramolecule solely by hydrophobic
interactions. Similar involvement of hydrophobic
regions of the proteins has long been recognized
in casein polymerization with o /i-casein copo-
lymers being formed by hydrophobic rather than
electrostatic interactions (Dosako et al., 1980). A
consequence of interaction of the highly phos-
phorylated caseins (o - and o, ,-caseins, and to
some extent B-casein) with calcium phosphate
nanoclusters is that it would segregate these
caseins from the singly phosphorylated k-casein
during synthesis and dissociation.

Many sites for ionic bonding exist within the
different caseins that can play a role in casein
supramolecule stabilization. In addition to the
phosphoserine side chains of the calcium-sensitive
caseins, there can also be electrostatic interactions
between carboxylate residues and calcium (and
any other divalent metal ions present in milk).
These can help impart structural stability to the
casein supramolecule by providing calcium cross-
linking between proteins in addition to their inter-
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actions with the calcium phosphate nanoclusters.
Destabilization of casein micelles near their iso-
electric pH shows that ionic interactions are impor-
tant for supramolecule stabilization. As milk is
acidified there is a decrease in magnitude of net
negative charge on individual protein molecules
and the overall net charge of casein supramole-
cules (Heertje et al., 1985). Solubilization of cal-
cium phosphate also causes calcium phosphate
inside the casein supramolecule to be gradually
depleted. Any protein molecules (such as some
O~ Oy and B-caseins) that are bound into the
supramolecule structure only by the sequestering
action of their phosphoserine groups toward the
calcium phosphate can dissociate especially if
milk is cold and hydrophobic interactions are
minimized.

For casein micelles, steric stabilization is
provided by having an increased proportion of
k-casein on the periphery of the colloidal supra-
molecule. The highly hydrophilic glycomacro-
peptide portion of k-casein (residues 106—169)
provides stability against aggregation (McMahon
and Brown 1984). When these peripheral protein
segments on separate particles interpenetrate, or
compress each other upon close approach, there is
a loss of entropy due to restriction in their
configurational freedom and a positive free-energy
change from the increased protein segment con-
centration. Such steric repulsion is a short-range
force and depends on magnitude of solvation
forces around the protein, and for native casein
micelles, it is sufficiently strong to overcome the
dispersion force of attraction (Horne 1986; Walstra
1990; Holt 1992; Holt and Horne 1996).

6.5 Casein Polymerization

The polymerization (aggregation) behavior of
caseins is based on the possibility of calcium-
mediated interactions via clusters of phosphoser-
ine groups (Dalgleish and Parker 1979),
interactions via hydrophobic regions, interactions
with water via their hydrophilic regions
(Yoshikawa et al., 1981), as well as hydrogen
bonding and the various electrostatic interactions
(such as calcium bridging between negatively
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charged sites and ion pairing) that are common to
all proteins. Because of the varied ways in which
the caseins can interact with themselves (homopo-
lymers and aggregates), with each other (het-
eropolymers and aggregates), and with minerals
(e.g., ionic Ca and calcium phosphate nanoclus-
ters), there is arange of functionalities over which
they can interact depending on their surrounding
environment. 3-Casein and k-casein form soap-
like micelles with a degree of association of 23
and 30, respectively (Payens and Vreeman 1982);
in the absence of calcium (Swaisgood 2003), o -
casein forms tetramers and subsequent linear
polymers (Payens 1966), while -casein can form
linear polymers of indefinite size (Payens and
Markwijk 1963). Both a - and B-casein form
mixed complexes with k-casein (Garnier et al.,
1964; Payens 1968; Garnier 1973), and they can
interact and polymerize to different degrees under
various conditions of pH, ionic strength, and
temperature.

In the absence of calcium, Thurn et al. (1987)
reported that at high ionic strength, o -casein
forms polymer-like chains with its hydrophobic
regions joined end-to-end. Malin et al. (2005)
found predominately dimers for all three genetic
variants of this protein at 37°C and at physiologi-
cal ionic strength. All of the caseins can form
some type of self-association structure when in
solution, but their association in a mixed system
containing calcium phosphate is more complex,
as this increases their functionality (f) or number
of possible simultaneous polymer interactions
that can occur.

Dalgleish and Parker (1979) assigned an aver-
age f=2 for calcium-induced aggregation of o -
casein based on four to ten calcium ions being
bound per protein molecule. Horne et al. (1988)
assigned chain-terminating (f=1), bifunctional
(f=2), and trifunctional (f=3) roles to k-, B-, and
o, -caseins, respectively, although it may be more
appropriate to assign o -casein as f=2 and o, ,-
casein as f=3. Within casein micelles there are
opportunities for both specific phosphoserine-
mediated interactions with calcium phosphate
nanoclusters and hydrophobic and ionic interac-
tions with other proteins. These interactions can
also be viewed as the caseins being block copoly-
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mers consisting of blocks with high levels of
hydrophobic or high levels of hydrophilic amino
acid residues (Horne 2002a; Euston and Horne
2005).

As described by Horne (2002b), B-casein can
act as a duo-block polymer that can interact with
other proteins via calcium bridging because of its
cluster of phosphoserine residues as well through
its hydrophobic region. a -Casein could interact
as a tri-block polymer through predominantly
hydrophobic regions at its C- and N-terminals, as
well as a hydrophilic-rich region that contains its
phosphoserine clusters. o, ,-Casein can be con-
sidered a hybrid of o -casein and B-casein
because, starting from its N-terminal, it can inter-
act through two sets of alternating hydrophobic-
rich and hydrophilic-rich regions and thus has the
possibility of acting as a tetra-block polymer.
k-Casein would act primarily as a monoblock
unit because it lacks a cluster of phosphoserine resi-
dues and the glycosylation of its hydrophilic
C-terminal prevents any strong electrostatic interac-
tions with other proteins except via its N-terminal
hydrophobic region. It is known to be present in
milk as disulfide-linked oligomers with other
k-casein molecules (Rasmussen et al., 1999) and
either alone or as an aggregate it can be consid-
ered as a polymerization terminator. Dalgleish
(2011) described the role of k-casein in casein
micelle synthesis as being similar to a surfactant-
limited polymerization reaction in that since
K-casein is not involved in calcium phosphate
nanocluster stabilization, it is available to limit
the overall process and accumulates on the supra-
molecule periphery.

Colloidal size aggregates similar in size to
casein micelles can be synthesized using o -,
O, -, and k-caseins, along with calcium, phos-
phate, and citrate as components (Schmidt et al.,
1974, 1977; Slattery 1979). Though they may
seem to be similar to native casein micelles
(Knoop et al., 1979), their structure may vary
depending on the degree of casein hydration, pH,
salt balance, and the forces contributing to its
integrity. When a sodium caseinate solution was
examined according to McMahon and Oommen
(2008), the proteins adsorbed onto the parlodion-
coated grids were observed at low magnification
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Fig. 6.3 Low (fop) and high (bottom) magnification of
protein aggregates obtained after hydrating skim milk
powder (left), calcium caseinate powder (middle), and
sodium caseinate powder (right) using a shear rate ~735 s™!
for 10 min followed by 60 min at 40°C, then processed as
described in Fig. 6.2. Reprinted from Oommen (2004)

to be present as a gel-like structure with the
proteins forming a mesh across the grid surface
and no evidence of spherical colloidal structure
(Fig. 6.3). In the absence of calcium, the proteins
remained as strands or small agglomerates of
proteins. Interestingly, these are reminiscent of
the protein chains observed in Golgi vesicles by
Farrell et al. (2006a) and Helminen and Ericsson
(1968). This is as expected given the polymeriza-
tion characteristics of the caseins and the translu-
cent (non-milky) appearance of sodium casein
solutions. Farrer and Lips (1999) predicted that
self-assembly of caseins in sodium caseinate
solutions would produce linear polymeric rods
and weakly branched chains. For the same solids
concentration, calcium caseinate has a lower vis-
cosity than sodium caseinate solutions and
appears opaque and white, as does milk.
Calcium caseinate solutions contain both large
colloidal particles (approximately 300 nm diam-
eter) and smaller particles of 10 to 20 nm diam-
eter as observed using TEM (Fig. 6.3). They have
a spherical appearance similar to native casein
micelles in milk but when stained with heavy
metals (e.g., 0sO,) they appear much more elec-
tron dense and blacker. This increased electron
density could result from a combination of higher
concentration of protein in the particles or a high
level of calcium binding to the caseins. As there

isno phosphate present to form calcium phosphate
nanoclusters, the calcium would be expected to
be distributed throughout the casein supramolec-
ular structure and attached to all of the phospho-
serine side chains of the calcium-sensitive
proteins. These phosphoserine sites of calcium
bridging between proteins and other negatively
charged sites on the proteins not involved in
bridging would then be readily available for
exchange during heavy metal staining.

Given the open conformation and structure
of the caseins, their flexibility and rheomorphic
response to their chemical environment, it can
be expected that the internal structure of casein
supramolecules is dependent on the sequence
of their synthesis. Both sodium caseinate and
calcium caseinate have acid-precipitated casein
as a starting material, either as a wet slurry or a
dried acid casein powder. As discussed in more
depth below, acidification of milk solubilizes
calcium phosphate nanoclusters present in
native casein micelles and reduces their
C-potential such that there is a release followed
by reaggregation of proteins into the colloidal
particle that then undergoes coagulation
through hydrophobic interactions to form the
acid casein gel (McMahon et al., 2009). The
supramolecular structure of such spherical par-
ticles formed during acid coagulation of milk is
not expected to be the same as native casein
micelles.

In manufacture of calcium and sodium casein-
ate, neutralization of the acid gel restores the net
negative charge on the colloidal particle surface,
causing the gel to disintegrate as the colloidal
particles repel each other. In the absence of cal-
cium, the proteins continue to disassemble until a
stable state is reached in which short chains are
all that remain (see Fig. 6.3). Calcium caseinate
can be formed directly by neutralizing the acid
curd with calcium hydroxide or by first neutral-
izing the acid curd with ammonia (or sodium
hydroxide) and then adding calcium (Bylund
et al., 2003). This would be similar to adding cal-
cium to a sodium caseinate solution. When cal-
cium chlorideis added to EDTA-calcium-depleted
casein micelles, the calcium binding to phospho-
serine in such synthetic casein supramolecules is
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different to that which occurs in native casein
micelles (Gebhardt et al., 2011).

Neutralization with calcium hydroxide occurs
more slowly than with sodium hydroxide (Bylund
et al., 2003). Simultaneously to increasing the net
negative charge, calcium bridging would occur
between individual proteins within the colloidal
particles, keeping them intact and preventing fur-
ther disintegration of the supramolecular struc-
ture. Simulated casein micelles formed in this
manner would then be expected to be a mass of
entangled protein chains (similar to that described
by Holt and Horne 1996) that are cross-linked
through numerous calcium bridges predomi-
nantly occurring via phosphoserine residues of
-, o, and [B-caseins. However, if the acid
casein is first neutralized with ammonia or sodium
hydroxide and then calcium added, it would be
the casein polymer chains and small particles that
become the building blocks for making the simu-
lated casein micelles. These could then be
expected to have subunit attributes as shown by
Pessen et al. (1989).

Interactions with Calcium
Phosphate

6.6

Approximately 32 mM of calcium is present in
milk in different forms that are bound (22 mM) or
not bound (10 mM) to the casein supramolecule
(Bloomfield and Mead 1975). Of the unbound
calcium, only 3 mM are in free ionic form
(Bloomfield and Morr 1973). As discussed above,
calcium contained within casein supramolecules
may be bound directly to phosphate ester and car-
boxyl groups of caseins or as part of the calcium
phosphate nanoclusters that in turn are bound to
phosphate esters of casein molecules. Calcium
phosphate nanoclusters are considered to be an
acidic calcium phosphate salt that also contains
magnesium and citrate (de Kruif and Holt 2003)
and probably zinc (Meyer and Angino 1977),
with at least three phosphoserine phosphates also
participating in the nanocluster structure (Aoki
et al., 1992; de Kruif and Holt 2003).

There is a slow exchange of ions between the
serum and protein-bound calcium and phosphate.

193

In artificial casein micelles, about 50% of cal-
cium is exchanged within 1 min and an additional
20% in 24 h (Pierre and Brule 1981; Pierre et al.,
1983). The remainder is difficult to exchange
(Zhang et al., 1996), and the nanoclusters are vir-
tually bound into the casein supramolecule at the
normal pH of milk (de Kruif and Holt 2003). Holt
et al. (1998) proposed a core-shell model of cal-
cium phosphate nanoclusters based on stabiliza-
tion by bovine B-casein (f1-25) peptides. The
nanoclusters comprise a spherical core of radius
~2.4 nm, consisting of ~355 CaHPO,.2H,0 units
and surrounded by ~49 peptide chains forming a
tightly packed shell with an outer radius of
~4.0 nm. Given the greater bulk of intact caseins
(~4.5-nm radius) and their multiple phosphate
clusters, it could be considered that calcium
phosphate nanoclusters could be stabilized by
binding three to five molecules of a -, a,-, or
B-casein. Calcium phosphate nanoclusters have
thus been considered as having polymerization
f>4 (Holt et al., 1996).

For o -casein, its two phosphate centers (at
amino acids 41-51 and 61-70) could act as poten-
tial regions of association with different nano-
clusters (de Kruif and Holt 2003) although, as
discussed by Horne (2006), these two phosphate
centers on o -casein are most likely to attach to
adjacent facets of the same nanocluster. Rapid
binding of caseins to calcium phosphate nano-
clusters was proposed by Holt et al. (2003) as
being the structure-forming points for mammary
gland synthesis of the casein micelle. This would
produce a calcium phosphate-protein aggregate
in the size range of 7—13 nm which fits the disin-
tegration observations by Hojou et al. (1977) and
also particles observed in mammary gland Golgi
vesicles during casein micelle synthesis.
Although, Farrell et al. (2006a) argued that initial
calcium phosphate concentrations in the Golgi
vesicles are too low to allow the formation of
nanoclusters prior to casein aggregation.

With phosphoserine clusters of attached a. -,
a.,-, or B-caseins oriented toward and participat-
ing in the calcium phosphate nanocluster, their
hydrophobic domains would be oriented so they
can interact with other casein molecules. Lateral
hydrophobic binding to other caseins that are



194

attached to the same calcium phosphate nano-
cluster would be analogous to protein orientation
and monolayer in situ polymerization that occurs
when proteins are absorbed onto an oil-water
interface (Dickinson and Matsumura 1991). If
the hydrophobic regions are oriented in a plane
away from the calcium phosphate nanocluster,
hydrophobic interactions and binding could occur
with other casein entities (including monomeric
casein, casein homo/heteropolymers and aggre-
gates, and caseins that are part of other calcium
phosphate-phosphocasein complexes) such as
described by the dual-binding approach to casein
supramolecule synthesis of Horne (2002b). The
interaction of caseins with the calcium phosphate
nanoclusters immobilizes their flexible domains
and induces rigidity in the supramolecule
(Rollema and Brinkhuis 1989). If a calcium phos-
phate nanocluster is dissolved, the surrounding
protein organization would remain intact unless
the hydrophobic and electrostatic interactions
between them were also disrupted.

6.7 Microstructural Imaging

The non-crystallizing nature of the individual
caseins, and their aggregates, limits the use of
techniques such as X-ray crystallography and
multidimensional proton NMR to study their
structure. Electron microscopy has thus been an
important tool in deciphering the supramolecular
arrangement of the caseins. The challenge has
been how to prepare and view casein micelles so
that the resultant electron micrographs exhibit
minimal variation of the casein micelle supramo-
lecule from its native form (McMahon and
McManus 1998).

Surface images can be obtained using scanning
electron microscopy without metal coating
(Dalgleish et al., 2004) and cross sections of the
internal structure can be seen using TEM of freeze-
fractured cryo-protected casein micelle suspen-
sions (Heertje et al., 1985; Karlsson et al., 2007).
Total (surface and internal) images can be obtained
by TEM of freeze-dried surface-immobilized
casein micelles without resin embedding and sec-
tioning (McMahon and McManus 1998; McMahon
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and Oommen 2008), by cryo-TEM of thin vitrified
films of casein micelles suspension (Marchin et al.,
2007), and by using cryo-transmission electron
tomography (Trejo et al., 2011). When preparing
casein micelles for examination by electron
microscopy, it is important to realize that the integ-
rity of these supramolecules depends on a combi-
nation of factors including strong electrostatic
linkages of caseins to calcium phosphate as well as
protein—protein interactions such as H-bonding,
salt bridging (via calcium ions), ion pairing, and
hydrophobic interactions (McMahon and Brown
1984). Furthermore, the casein molecule confor-
mational flexibility that facilitates their rapid and
accurate response to environmental change—the
basis for their functioning so well to sequester and
transport calcium phosphate in the mammary
gland (Horne 2002a)—can easily lead to structural
rearrangements during the chemical treatments
used during sample preparation for electron
microscopy.

Such structural changes are known to occur
during the fixation, alcohol dehydration, and crit-
ical point drying steps of sample preparation for
scanning electron microscopy. This makes inter-
pretation of extracellular structures of biological
specimens viewed at very high magnification
rather limited because of uncertainties regarding
artifact formation resulting from sample prepara-
tion (e.g., structural changes), surrounding mate-
rials (e.g., coatings, surface tension, ice), or
image capture (e.g., contrast settings). In
McMahon and Oommen (2008), a copper grid
covered in nitrocellulose with a poly-L-lysine
coating was used to attach a monolayer of immo-
bilized casein micelles stained with uranyl
oxalate, then immersed in liquid Nz-cooled Freon
to freeze the sample without causing ice crystal
formation, following by sublimation to remove
the water molecules, and then viewed by TEM
using a goniometer stage.

It is typical when using TEM to observe a
three-dimensional spherical object such as a
casein micelle that the central region of the image
is darker than the periphery (Fig. 6.4). This is not
indicative of a change in electron density but rep-
resents more scattering opportunities being pres-
ent when the thickness of the sample traversed by
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Fig. 6.4 Casein micelle from bovine milk imaged as described in Fig. 6.2. Reprinted from J. Dairy Sci. 91:1709-1721

with permission from American Dairy Science Association
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Fig. 6.5 Stereo image of a casein micelle imaged as described in Fig. 6.2 and photographed 8° apart. Reprinted from
J. Dairy Sci. 91:1709-1721 with permission from American Dairy Science Association

the electron beam is greater. When viewed using
stereo pairs of images (Fig. 6.5), this dimensional
compression artifact can be eliminated and the
supramolecular structure is observed to be uni-
form throughout the casein micelle. Another
advantage of using stereo pairs is that because
multiple images of the same casein micelle are
obtained at different angles, then only objects
recorded at both angles will converge giving

greater confidence that what is being observed in
the micrograph represents a real electron-dense
entity and not an artifact related to imaging at a
very high magnification. With recent advances in
instrumentation and software, it is now possible
to obtain internal structural images of casein
supramolecules at various angles using a 140°
stage rotation and then to reconstruct a three-
dimensional image (Trejo et al., 2011).
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It must still be recognized that there will be
parts of the supramolecule that are more electron
dense than others, such as the calcium phosphate
nanoclusters, and where there is binding of heavy
metal ions used to increase contrast. On the pro-
teins, this occurs where they carry negative
charges (carboxylate and serine phosphate sites)
rather than in hydrophobic regions and where it
can exchange for calcium in the nanoclusters.
The contrast settings used during image capture
and during image manipulation will also influence
differentiation of image pixels relating to elec-
tron-denseregions and the background (McMahon
and McManus 1998). It must therefore be remem-
bered that only a selective portion of the casein
molecules are imaged whether this is achieved by
subjective visual adjustment or by the use of
computer software. At low contrast (such as in
Fig. 6.4), the extension of protein strands outward
on the casein micelle periphery is retained. When
viewed using stereo pairs (Fig. 6.5), the predomi-
nant appearance of casein micelles was that of
electron-dense locations present as interlocked
chains. Open spaces between the electron-dense
locations would represent regions devoid of mat-
ter (i.e., occupied by aqueous serum in the native
casein micelle) as well as portions of the proteins
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that have a very low electron density and cannot
be distinguished from the background.

6.8 Interlocking Lattice

Supramolecule

Taking into account a slight underestimation of
the volume being occupied by the proteins, a
model structure of the casein supramolecule was
developed. When viewing an entire casein micelle
(see Figs. 6.4 or 6.5), the large number of indi-
vidual components being visualized (10° to 10°
depending on casein micelle size) makes it
difficult to view the central region of the supra-
molecule. There are too many overlapping planes
of electron-dense locations visually to isolate
individual planes. Even so, it was evident that
there were no major differences among structural
arrangements between the central portions of
casein micelles and their peripheral regions. In
McMahon and Oommen (2008) a region on the
supramolecule periphery (Fig. 6.6) was selected
for close examination of electron-dense entities
and a digitally magnified image of this region
was then visually examined stereoscopically.
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Fig. 6.6 A peripheral section of a casein micelle (leff)
imaged as described in Fig. 6.2 digitally magnified as a
stereo pair and a single plane of electron-dense spots visu-
ally isolated (middle) with intersecting locations desig-
nated as calcium phosphate of 4.8 nm diameter, while the

remainder of the electron-dense spots were considered to
be casein molecules and represented as light grey circles
of 8-nm diameter (right). Reprinted from J. Dairy Sci.
91:1709-1721 with permission from American Dairy
Science Association
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When observing a single plane of electron-
dense locations, they consisted of short linear and
branched polymer chains that were interlocked
together on a regular basis (Fig. 6.6). At these
interlocking sites there was a grouping of
electron-dense locations with many near neigh-
bors and the polymer chains appeared to radiate
outward until they encountered another interlock-
ing site. Once the skeletal structure of the supra-
molecule had been determined it was then
necessary to make assignments to various loca-
tions based on known size and functionalities of
components that make up the casein micelle. The
most likely candidate for the entities forming the
interlocking sites was calcium phosphate nano-
clusters because of their ability to bind multiple
phosphoproteins (i.e., o, -, a,,-, and B-casein) and
these were designated as spheres of 4.8-nm diam-
eter as proposed by Holt and Sawyer (1993). Since
it is not possible to differentiate between proteins
solely on electron microscopic images, the remain-
der of the electron-dense locations were simply
assigned as being protein with an average diame-
ter of 8 nm. This gave the appearance of the elec-
tron-dense material forming into a lattice-type
structure consisting of interlocked orbs with
chains of material that encompassed areas devoid
of any electron-dense material (Fig. 6.7). The
presence of such channels and pools of serum
throughout the interior of casein micelles has been
shown recently by Trejo et al. (2011).

With this lattice supramolecule structure
(Fig. 6.7), it is very apparent that casein micelles
have a very open, porous structure expected for a
colloidal particle with a high voluminosity in
which proteins account for only 10-20% of the
supramolecule volume. It is also apparent that the
amount of water occluded by casein micelles is
very dependent on where the surface of the col-
loidal supramolecule is placed and the extent of
draining that occurs in these peripheral regions.
As described above, the polymerization behavior
of the various caseins depends on the possibility
of calcium-mediated interactions via clusters of
phosphoserine groups, the gain in entropy obtained
by grouping of hydrophobic regions so as to remove
them from the aqueous environment, interactions
of hydrophilic regions with water, hydrogen bond-

Fig. 6.7 Schematic cross-sectional diagram of the
interlocking lattice model of the casein micelle with
casein-calcium phosphate aggregates throughout the
entire supramolecule, branched and linear chains of pro-
tein extending between them, and numerous serum pock-
ets and channels. Calcium phosphate nanoclusters are
shown with a diameter of 4.8 nm and about 18 nm apart,
and caseins shown with hydrodynamic diameter of 8 nm.
Reprinted from J. Dairy Sci. 91:1709-1721 with permis-
sion from American Dairy Science Association

ing, and the various electrostatic interactions
(such as calcium bridging between negatively
charged sites and ion pairing) that are common to
all proteins. The observed redundancy in func-
tionality of caseins in bovine milk suggests that
the range of functionalities is more important than
which casein actually performs a particular func-
tion. Also, a molecule such as o ,-casein with its
four potential interaction regions may not always
associate with other components to its maximum
functionality because of steric hindrance between
binding partners. Rapid binding of many caseins
to calcium phosphate nanoclusters would then act
as structure-forming points during casein micelle
synthesis as proposed by Holt et al. (2003).
Further casein molecules can bind to struc-
ture-forming aggregates either as monomers, oligo-
mers, or even as aggregates bound to a different
calcium phosphate nanocluster. Interactions can
occur via hydrophobic regions or calcium bridg-
ing through their carboxylate or phosphoserine
side chains that are not part of the phosphoserine
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clusters bound to the calcium phosphate nano-
clusters (Swaisgood 2003). In the volume
assigned to each protein molecule, multiple elec-
tron-dense locations were often observed, so this
assignment is based on what we considered a
representative arrangement. It should also be
realized that the conformational shape of the pro-
teins is not spherical and would to some extent
depend upon interactions with their neighbors
and can be in the form of compact clusters.
Various structural arrangements, such as long lin-
ear chains, double-stranded chains and short
branches on chains, were observed throughout
casein micelles. This was expected because
Kk-casein, which acts as a chain terminator, is
present throughout the entire casein micelle and
not just on its surface.

The casein micelle supramolecule can thus be
considered as an interlocked lattice (Fig. 6.7) in
which the casein molecules both surround the
calcium phosphate nanoclusters and extend as
short chains between the interlocking points and
outward at the particle periphery. The supramo-
lecular structure is irregular and allows for a large
diversity of linkages between the proteins includ-
ing chain extenders (B-casein or o -casein),
chain branch points (o -casein or o ,-casein),
chain terminators (k-casein), and interlocking
points (calcium phosphate nanoclusters). On the
periphery of the casein micelle, there can be some
chains of proteins extending outward, placing
K-casein (either individually or as disulfide-linked
polymers) well out from the bulk of the casein
micelle. The number of these protuberances is
less than postulated in early depictions of the
casein micelle surface as a hairy layer (or poly-
electrolyte brush) on a hard sphere (Holt and
Horne 1996) but extend further into the surround-
ing serum. There is no distinct hairy layer as later
recognized (de Kruif and Holt 2003) and some
protuberances were observed (McMahon and
Oommen 2008) to be up to about 30 nm in length,
which is similar in length to that observed by
Dalgleish et al. (2004).

Overall, this supramolecular structure would
produce a very stable colloidal particle com-
prising many thousands of protein molecules
and hundreds of calcium phosphate nanoclus-
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ters. The distance between interlocking sites
appeared similar to the 18 nm interval predicted
by de Kruif and Holt (2003) for calcium phos-
phate nanoclusters. Some were further apart
while others were closer together such that
there could be from two to six protein mole-
cules between the interlocking sites. According
to Smith et al. (2004), calcium phosphate
accounts for about 7% of dry mass of casein
micelles, and casein micelles of 200 nm diam-
eter and 10° Da contain approximately 800 cal-
cium phosphate nanoclusters. This equates to a
ratio of about 60 protein molecules per calcium
phosphate nanocluster, which is more than what
was observed in our electron micrographs if it
is assumed that each interlocking point in the
lattice structure is a calcium phosphate nano-
cluster. Some of the interlocking points may
also result from branches in the protein chain,
possibly by a,-casein.

6.9 Modifying the Supramolecule

Modification of the native physicochemical envi-
ronment of milk, such as acidification, heating,
blending with other fluid foods, and hydrolysis,
is an integral part of manufacture of various dairy
products. Understanding their influence on the
supramolecular structure of casein micelles is
vital in tailoring the characteristics and quality of
dairy products.

6.9.1 Cooling of Milk

In TEM examination of thin sections of agar-
embedded milk at different temperatures
(McMabhon et al., 2009), there appeared to be
very few casein supramolecules at 40°C that were
<80 nm diameter (Fig. 6.8). At lower tempera-
tures (20 and 30°C) there appeared to be more
electron-dense material that was only loosely
attached to the supramolecules although no
extensive dissociation of the supramolecules
was observed. At 30°C, the supramolecules were
spherical in shape but many of them had surface
protuberances, and in some cases the surface
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Fig. 6.8 Transmission electron micrographs of thin sec-
tions of skim milk that had been glutaraldehyde-fixed and
agar-solidified at 40°C (left) and 10°C (right). Reprinted

material seemed only loosely attached to the rest
of the colloidal particle. At 20°C, the supramol-
ecule surface had a more tendrillar appearance
with electron-dense areas protruding from the
particle surface.

At 10°C, the supramolecules had a ragged
appearance, and there was a greater proportion of
smaller particles, including some that were no
longer spherical (Fig. 6.8). Also, there were some
particles that had an absence of material in their
core. Compared to casein micelles at 40°C, the
supramolecules at 10°C were less electron dense
(i.e., there was less heavy metal staining), their
peripheral edges were less distinct with a rela-
tively open structure, and there was more protein
material dispersed as loose aggregates among the
colloidal supramolecules. When milk was cooled
to 5°C and centrifuged (27,500x g for 2 h), the
supernatant predominantly contained small pro-
tein aggregates about 10-20 nm in size and
numerous linear and branched chains of proteins
(Fig. 6.9).

6.9.2 Acidification of Milk

Upon acidification of milk, it is known that casein
supramolecules undergo changes based on charge
neutralization (Davies et al., 1977; Kalab et al.,
1976) and other factors (Heertje et al., 1985; Holt
and Horne 1996; Lucey 2002) that ultimately
result in their aggregating into a network of

from J. Dairy Sci. 92:5854-5867 with permission from
American Dairy Science Association

Fig. 6.9 Serum proteins obtained from the supernatant
after centrifuging cold raw milk at 27,000 g for 2 h and
imaged as described in Fig. 6.2. Reprinted from Oommen
(2004)

chains and clusters, thus forming a gel. The phys-
ical properties of such a gel are influenced by
temperature, and when cold (~4°C), the milk can
be acidified without gelation occurring. Calcium
removal from native casein supramolecule ini-
tially dissociates weakly bound - and k-caseins
without any apparent change in supramolecule
size (Bloomfield and Morr 1973; Lin et al., 1972).
Acidification releases o -, f-, and k-caseins from
the supramolecule in varying proportions depend-
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Fig.6.10 Transmission electron micrographs of thin sec-
tions of skim milk acidified to pH 5.2 at 40°C (left) and
10°C (right) using glucono-d-lactone then glutaraldehyde-

ing on the experiment being conducted. B-Casein
has been reported to be preferentially solubilized
(Sngeren et al., 1984; van Hooydonk et al., 1986)
while others (Roefs et al., 1985; Dalgleish and
Law 1988; Singh et al., 1996a) reported equal
dissociation of 3- and k-caseins and a lower per-
centage of o -caseins. The proteins with higher
levels of phosphorylation dissociate less readily
from the casein supramolecule when calcium
phosphate is solubilized (Aoki et al., 1988).

Dalgleish and Law (1988) observed that at
30°C, dissociation of casein upon acidification of
milk to pH 5.5 had a constant proportion of o -,
B-, and K-casein, suggesting that these proteins
may have dissociated as an intact complex. The
smallness of these particles also agrees with them
being enriched in k-casein, and having less a,-
casein than the original casein supramolecules.
This would be expected as k-casein is needed to
stabilize the particles because neither B-casein
nor o -caseins can exist as monomers under these
conditions (van Hooydonk et al., 1986).

At low temperature there is more dissociation
of proteins from the casein supramolecules dur-
ing acidification than at higher temperatures.
Dalgleish and Law (1988) reported 30% and 55%
being dissociated at 20°C and 4°C, respectively.
Singh et al. (1996b) reported only 7% and 22%
dissociation at 22°C and 5°C, respectively, but
they used higher centrifugal force that would

fixed and agar-solidified. Reprinted from J. Dairy Sci.
92:5854-5867 with permission from American Dairy
Science Association

sediment smaller casein supramolecules and
large aggregates. McMahon et al. (2009) pro-
posed that the first phase of acid gelation of milk
involves a temperature-dependent dissociation of
proteins from the casein supramolecules with
less protein being released when the milk is warm
(Fig. 6.10). At cold temperatures (e.g., 10°C) dis-
sociated proteins were also present as loosely
entangled aggregates. At 40°C, there appears to
be sufficient hydrophobic interactions to main-
tain the proteins as (small) spherical colloidal
particles (many with diameters <50 nm). The for-
mation of such small spherical particles would
require rearrangement and consolidation of the
supramolecule interior structure with a predomi-
nance of k-casein expected to remain on the
periphery. As calcium phosphate nanoclusters
that interlock the protein strands within the casein
supramolecule are solubilized, the structural
integrity of the casein supramolecule is weak-
ened, promoting rearrangements inside the supra-
molecule as well as dissociation. It can thus be
expected that the casein supramolecules would
undergo a transition to compensate for the loss of
interactions with calcium phosphate nanoclus-
ters. New calcium bridging and other electrostat-
ics protein-protein interactions would occur and
hydrophobic interactions at higher temperatures.

When milk was acidified at 40°C and casein
micelles captured using the method of McMahon
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pH 5.9

Fig. 6.11 Casein supramolecules from pasteurized skim
milk (pH 6.7) and from the same milk acidified with glu-
cono-d-lactone and sampled at pH 5.9, 5.4, and 5.1 and

and Oommen (2008), increased amounts of elec-
tron-dense particles were observed around their
periphery; there was a loss of supramolecule
integrity and shape, and large tendril appendages
originated from the supramolecule and extended
into the surrounding area (Fig. 6.11). By pH 5.9
the number of surface tendrils increased suggest-
ing a progressive breakup of the supramolecule’s
lattice structure from its periphery into the center.
There were also more smaller electron-dense
nonspherical objects (ranging in size from 10 to
100 nm) in the background that correspond to the
loosely entangled protein aggregates observed by
McMahon et al. (2009) that had adsorbed to the
grid in addition to the casein supramolecules.

As the pH was lowered, some loosely entan-
gled nonspherical aggregates were observed
(McMahon et al., 2009) to be as large as the native
casein supramolecules. Casein micelle particle
size has been reported (Singh et al., 1996a;
Dalgleish et al., 2004) to remain relatively con-

prepared and imaged as described in Fig. 6.2. Reprinted
from Oommen (2004)

stant during the initial acidification of milk, but
McMahon et al. (2009) observed an apparent
decrease in size of the casein supramolecules
with many more small casein supramolecules
being present at pH 5.7. This corresponds to the
pH at which Dalgleish and Law (1988) observed
maximum dissociation of casein from the supra-
molecules at 30°C. However, the measurement of
dissociated casein is actually a measure of
nonsedimentable protein and this is dependent on
the centrifugal force applied and whether the pro-
teins that are released from the casein micelle
remain in monomeric form or polymerize into
aggregates. When large aggregates, such as the
loosely entangled proteins observed by McMahon
etal. (2009) are formed, they could be sedimented
and incorrectly presumed to still be part of the
casein supramolecules.

McMabhon et al. (2009) observed considerable
loosely entangled protein aggregates present in
milk at 30°C that was acidified to pH 5.7 as well
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as many supramolecules in the 50 to 100 nm
range. At 40°C and the same pH, the loosely
entangled protein aggregates were not evident
but there were many small supramolecules in the
30 to 50 nm range. Oommen (2004) also observed
no dissociated material observed around the casein
supramolecules at pH 5.4 (Fig. 6.11). At low
magnification, the supramolecules were well dis-
persed and in various sizes while at high
magnification, small clumps of electron-dense
material (10 to 20 nm diameter) were observed
throughout their interior. Between pH 6.7 and pH
5.4, the dominant influences of milk acidification
on protein dissociation and colloidal particle for-
mation are a balance of temperature-dependent
hydrophobic effects, calcium phosphate solubili-
zation (which is both pH and temperature depen-
dent), and charge neutralization. At higher
temperature, the hydrophobic effect is sufficient
to favor polymerization into spherical colloidal
particles rather than remaining as loosely entan-
gled aggregates.

Around pH 5.4, soluble B-casein, along with
other dissociated proteins, may precipitate at
their combined isoelectric point (Heertje et al.,
1985) resulting in the formation of the compact
aggregates of proteins observed within the casein
supramolecules. As pH drops further, B-casein
(theoretical pI of 5.26 at 20°C) present in such
clusters would become positively charged and
provide an attraction with other casein molecules
in the supramolecules that are still net negatively
charged. This would alter peripheral regions of
the supramolecules, and as pH is lowered further
all the protein polymers and aggregates would re-
associate into the compact particles observed at
pH 5.1 (Fig. 6.11). It may be construed that the
structure of casein supramolecules at the gelation
pH results from the combined influence of elec-
trostatic interactions, hydrophobic interactions,
and calcium bridging among the various caseins.
This differs from native casein micelles in which
the interactions between the caseins and calcium
phosphate nanoclusters are a predominant con-
tributor to its internal structure.

At 40°C, the start of milk gelation was
observed at pH 5.05 (Oommen 2004) which was
similar to previous reports that coagulation of
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pasteurized skim milk acidified at 35-50°C starts
at pH 5.1-5.2 (Kim and Kinsella 1989). When
milk was sampled at pH 5.1, clusters of casein
supramolecules were observed (Fig. 6.11) even
though the milk was still fluid. This was because
these clusters can adsorb onto the grid using the
method of McMahon and McManus (1998) rather
than being restricted to a single plane observed
using freeze etching or thin sectioning. In such
cases, chains of particles or gel networks are
observed only if they reside within the plane of
the section (or the fracture surface). Chains of
particles that cross the imaged plane may be
observed as a single supramolecule or as a short
chain depending on the angle at which they cross
the plane and the thickness of the section (Kalab
et al., 1976). The casein supramolecules at pH
5.1 (Fig. 6.11) were compact and sufficiently
electron dense that internal structure could not be
determined, suggesting they are more like the
supramolecules in calcium caseinate and have a
different structure to casein micelles as they exist
in milk at pH 6.7 and 40°C.

The compact nature of the particles observed
at pH 5.1 suggests that the re-association of
caseins with the residual calcium-depleted casein
results in a colloidal particle that not only has a
C-potential approaching zero but whose surface
lacks tendrils of protein that extend into the sol-
vent water. Such supramolecules would lack the
steric repulsion of native casein supramolecules
(Tuiner and de Kruif 2002) generated by such
peripheral tendrils. This combined with posi-
tively charged proteins on parts of the supramol-
ecule periphery would allow van der Waal’s
attraction to overwhelm repulsive forces during
colloidal particle collisions leading to aggrega-
tion and subsequent gelation.

6.9.3 Calcium Sequestration

Sequestering of calcium and dissolution of the
calcium phosphate nanoclusters by agents such as
EDTA can result in disintegration of the native
casein supramolecules (Lin et al., 1972; Aoki
et al., 1986; Holt et al., 1986). If calcium is
depleted by dialyzing milk against simulated milk



6 Casein Micelle Structure, Functions, and Interactions

203

Fig. 6.12 Calcium-depleted casein supramolecules
obtained after adding 43 m mol/L. EDTA to bovine milk at
40°C (left) and 4°C (middle and right) imaged as described

ultrafiltrate containing EDTA, the hydrodynamic
radius of those particles remains constant up to a
criticallevel of ionic calciumreduction (Bloomfield
and Morr 1973). Direct addition of EDTA into
milk causes some casein micelles to dissociate
completely while the rest of them still remain
intact apparently depending on the extent of cal-
cium dissociation. When calcium in milk was che-
lated using EDTA, the casein micelles were
observed to dissociate partially and clusters of
thin tentacles and strands of proteins were formed
(Fig. 6.12). At 40°C there were many small
filamentous aggregates that appeared to contain
three to six filigreed rings of protein. In cold milk
(5°C) there were clusters of particles (15-50 nm
in size) and linear strands of protein that were
approximately 1-2 nm in width and up to 30 nm
long. These chains appeared to contain branching
points or overlapped other chains. The remaining
casein micelles lacked regularity in shape or size
and were of low electron density. Disintegration
of the casein supramolecule into smaller particles
was considered as strong supporting evidence for
the submicelle model. However, caseins form a
dynamic system and, therefore, can rearrange
themselves after disintegration. They do not exist
as monomers under physiological conditions
(Swaisgood 1992) so it would be expected they
would remain as small aggregates.

Dialysis of casein micelles against a phos-
phate-free buffer also causes supramolecule dis-
sociation and releasing predominantly - and
K-caseins (Holt et al., 1986) with less o - and
o ,-caseins. When the dialysis buffer was satu-
rated in colloidal calcium phosphate but with

in Fig. 6.2. Reprinted from Oommen (2004) and from J.
Dairy Sci. 91:1709-1721 with permission from American
Dairy Science Association

ionic calcium <2 m mol/L, protein dissociation
occurred while the calcium phosphate nanoclus-
ters remained intact within the casein micelle,
and Holt et al. (1986) concluded that the
retention of proteins within the calcium-reduced
casein supramolecule was related to their phos-
phoserine content, i.e., o ,-> o -> [B->x«-casein.

Adding ionic calcium via dialysis causes
transfer of soluble casein into the supramolecule
without any apparent change in size of the casein
micelles (Bloomfield and Morr 1973). Thus, the
supramolecule structure appears sufficiently
dynamic that it retains its overall structure even
when some proportion of proteins are added or
removed. When casein micelles are dissociated
by calcium removal, the resultant particles more
closely resembled sodium caseinate than small
synthetic casein micelles (Rollema and Brinkhuis
1989). It appears that this is the common struc-
ture of non-colloidal caseins, such as those
obtained upon cooling of milk (Fig. 6.9), in the
absence of calcium and manufacture of sodium
caseinate (Fig. 6.3) or after chelation of calcium
by EDTA (Fig. 6.12).

6.9.4 Heating of Milk

Relatively severe milk temperature changes are
involved in the manufacture of many dairy prod-
ucts. Heat treatment of milk above 70°C results in
denaturation of B-lactoglobulin and its subse-
quent interaction with other denatured whey pro-
teins and with caseins via disulfide, hydrophobic,
and ionic interactions. Factors such as pH, salt
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Fig. 6.13 Casein supramolecules and other proteins in milk adjusted to pH 6.4 (left), pH 6.7 (middle), and pH 7.0
(right) then heated to 90°C for 30 min and imaged as in Fig. 6.2. Reprinted from Oommen (2004)

system, and ionic strength and the presence of
solvents and other solutes can affect such interac-
tions with the casein supramolecules during heat-
ing. Understanding the mechanism and the influence
of these treatments on structural changes of casein
is vital in tailoring the characteristics and quality
of dairy products. Concomitantly with heat-in-
duced protein interactions, the pH of milk
decreases as calcium and phosphate becomes less
soluble and further associate with the casein
supramolecules releasing H*.

Associations of B-lactoglobulin with k-casein
through disulfide linkages is also pH dependent
(Heertje et al., 1985; Corredig and Dalgleish
1996; Anema and Klostermeyer 1997). Anema
and Li (2003) reported an increase in casein
supramolecule size by 25-30 nm at pH 6.5 when
heated at 90°C for 30 min compared to an increase
of 5-10 nm at pH 6.7. Electron microscopic
investigation of this heat-induced complex forma-
tion by Heertje et al. (1985) showed that at higher
pH (pH>7.0), large aggregates formed that were
not attached to the casein supramolecules, while
at lower pH (pH<6.7) the aggregates were
attached around their periphery. At pH 6.7 after
heat treatment to 90°C, Oommen (2004) observed
casein supramolecules as dark electron-dense
particles with numerous appendages around their
periphery (Fig. 6.13). These appendages were of
various sizes and shapes and had the appearance
of large, but less electron-dense, protein aggre-
gates attached to proteins on the casein supramo-
lecules similar to Heertje et al. (1985). Heating
milk that had been acidified to pH 6.4 produced
clumps of casein supramolecules attached to a
virtual web of aggregated material. Their electron
density was less than that observed at pH 6.7 sug-

gesting that some dissociation had occurred and
there were compact and electron-dense regions as
well as numerous tendrils of attached protein
chains and clusters of lower electron density.

When pH was increased to 7.0 and the milk
then heated to 90°C for 30 min, there were large
(100 to 500 nm diameter) spherical electron-
dense particles (casein supramolecules) with
large nonspherical aggregates of lower electron
density either attached to the casein supramole-
cules or occupying the surrounding areas. The
distinct internal filigreed ring-like lattice struc-
ture of the casein supramolecule observed in
native casein micelles was still apparent.

6.9.5 Addition of Ethanol

In the presence of ethanol, the milk protein sys-
tem undergoes destabilization (Horne 1992). This
had been considered a function of alcohol reduc-
ing the dielectric constant causing a collapse of
the brush-like C-terminal region of k-casein on
the casein supramolecule periphery. With the
open interlocked lattice structure proposed by
McMahon and Oommen (2008), this change in
dielectric constant would be experienced by all
proteins in the supramolecule. This would initiate
a global contraction and rearrangement causing a
collapse and partial dissociation of the casein
supramolecules (Fig. 6.14). Horne and Davidson
(1987) reported that the dissociated particles in a
1:1 trifluoroethanol/milk mixture were approxi-
mately the same hydrodynamic size as in native
milk, but were dissimilar in molecular weight
and sedimentation properties. Contrary to this
explanation, O’Connell et al. (2001a), using confo-
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Fig.6.14 Casein supramolecules and other proteins after mixing milk at 20°C 1:1 with ethanol (lef) and after heating
the mixture to 70°C (right) and imaged as in Fig. 6.2. Reprinted from Oommen (2004)

cal laser-scattering microscopy, observed that
ethanol-modified casein supramolecules were
smaller than native casein micelles. The presence of
interconnected particles or fewer large aggregates
that are in the process of dissociation might
account for these differences. As seen in Fig. 6.14,
the dissociated casein supramolecules appear to
remain interconnected and have a large amount
of void volume that can contribute to greater
hydrodynamic radius while maintaining low
molecular weight and consequently low
sedimentation.

If a milk-ethanol mixture is heated, the casein
supramolecules further dissociate (Zadow 1993;
O’Connell et al.,, 2001a) into smaller compact
particles and form aggregates (Fig. 6.14). Unlike
independent particles, they were interconnected
and could be considered as part of a larger aggre-
gate. The nuclear magnetic spectra of both urea
(6 mol/L)-treated milk and milk heated to 70°C
in the presence of ethanol have been shown to be
similar (O’Connell et al., 2001b). Urea dissoci-
ates casein supramolecules by enhancing protein
solubility and by inhibiting hydrophobic bond-
ing, and presumably ethanol has a similar effect.
The increase in repulsive forces between caseins
and solvent quality may result in dissociation of
casein supramolecules when heated in presence
of ethanol. Horne and Davidson (1987) attributed
this dissociation of casein supramolecules to high
helix development in caseins in presence of alco-

hols. The loss of internal structure and compact-
ness of the small aggregates imply rearrangement
of individual monomeric caseins from their ini-
tial-interlocked structure within the casein.

6.10 Conclusion

The supramolecular structure of casein micelles
can be modeled as an interlocked lattice in which
both casein-calcium phosphate aggregates and
casein polymer chains act together to maintain
casein micelle integrity. This model suggests that
stabilization of calcium phosphate nanoclusters
by phosphoserine domains of a -, a -, and/or
B-casein would orient their hydrophobic domains
outward allowing interaction and binding to other
casein molecules. Other interactions between the
caseins, such as calcium bridging, could also
occur and further stabilize the supramolecule.
The combination of having an interlocked lattice
structure and multiple interactions results in an
open sponge-like colloidal supramolecule that is
resistant to spatial changes and disintegration
unless the chemical environment is changed. The
occluded spaces within the supramolecule matrix
structure would be occupied by the serum phase
of milk comprising water along with dissolved
lactose, ions, and other soluble substances.
Having open channels throughout the supramol-
ecule means that virtually every casein molecule
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is exposed to water molecules and their confor-
mational shape will be influenced by the com-
bined interactions with other protein, with
calcium phosphate, with the water, and with
related entropy considerations. A distinguishing
feature of this interlocked lattice model is that
any change in temperature or chemical environ-
ment will exert a global change throughout the
supramolecule. For example, the observed
decrease in particle size observed when alcohol is
added to milk can be better explained by a global
contraction of the supramolecule lattice structure
rather than just collapse of a surface hairy layer.
In this sense, the casein micelle itself can be con-
sidered rheomorphic as well as the individual
casein molecules.

Hydrophobic interactions between caseins
surrounding a calcium phosphate nanocluster
would prevent complete dissociation of casein
micelles when the calcium phosphate nanoclus-
ters are solubilized. Likewise, calcium bridging
and other electrostatic interactions between
caseins would prevent dissociation of the casein
micelles into casein-calcium phosphate nano-
cluster aggregates when milk is cooled, or urea is
added to milk, and hydrophobic interactions are
reduced. The appearance of both polymer chains
and small aggregate particles during milk synthe-
sis would also be expected based on this inter-
locked lattice model of casein micelles.
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B-Lactoglobulin

L. Sawyer

7.1 Introduction

The lipocalin family to which B-lactoglobulin,
B-Lg, belongs has been expanding rapidly over
the past couple of decades and now comprises at
least 40 examples, widely spread throughout the
biosphere (Akerstrém et al., 2006; Grzyb et al.,
2006), probably indicative of a bacterial origin
(Sanchez et al, 2006). The family has low
sequence identity, generally less than 25%, but
have a well-conserved tertiary structure comprising
an antiparallel B-barrel or calyx. Mostly, members
have a subunit molecular weight of 18-20 kDa,
but several domains of larger proteins have also
been found to adopt the lipocalin fold, some have
enzymic activity and several, like insecticyanin
and crustacyanin, bind chromophores (Table 7.1).
However, the functions of quite a number are
still, at best, ill-defined. Many seem to bind and
transport a hydrophobic or labile small molecule,
and some members appear to have been identified
principally as allergens, including Bos d 2 which,
although a bovine lipocalin, is quite distinct from
B-Lg (Rouvinen et al., 1999).

A protein sequence signature for the lipocalins
is provided in the PRINTS database (Attwood
et al., 2003) and is an improvement on earlier
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versions (Pervaiz and Brew, 1985; Sawyer, 1987,
North, 1991; Flower, 1996). The structurally
conserved regions are highlighted in the lacto-
globulin sequence comparison shown in a later
section. North (1989, 1991) noticed that the con-
served sequences are grouped at the base of the
calyx furthest from its entrance such that a recep-
tor recognition function is implied—a transporter
needs to recognise its destination and might also
need to signal whether it is carrying a ligand. The
relatedness of the lipocalins is further supported
by the similarity in gene sequences (Ali and
Clark, 1988; Salier, 2000; Simpson and Nicholas,
2002; Sanchez et al., 2006). The function of -Lg
in relationship to its being a lipocalin will be dis-
cussed after considering its molecular properties.
In the B-Lg chapter in the third edition of
Advanced Protein Chemistry (Sawyer, 2003), the
review covered the literature to the end of 2000. In
the decade that has followed, there has been a
significant body of work on the protein, further
defining its structure, properties and increasingly,
its applications in the general area of food and
nutrition. Roughly one paper a day has been added
covering both pure (i.e. properties and behaviour
of B-Lg in its own right) and applied aspects, and
it is the aim of this chapter to deal mainly with the
molecular properties of the protein. The more
applied aspects are covered elsewhere (e.g.
Thompson et al., 2009; see also Volume 1B).
B-Lg is the major whey protein secreted in the
milk of ruminants like the cow or sheep. It is also
found in the milk of monogastrics like the pig,
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7 B-Lactoglobulin

horse, dog, cat and in marsupials, but it is absent
from the milk of humans, lagomorphs and
rodents. Bovine -Lg can be isolated readily, and
since its isolation from milk by Palmer (1934), it
has been, and still is, used extensively as a conve-
nient small protein on which to try out new tech-
niques, both experimental and theoretical. As
well as Sawyer (2003), a number of specific
reviews on the properties of -Lg have been pub-
lished over the years (e.g. Tilley, 1960; Townend
et al., 1969; McKenzie, 1971; Hambling et al.,
1992; Qin et al., 1998b; Kontopidis et al., 2004),
together with several others on milk proteins in
general, which contain substantial sections on the
properties of the protein (e.g. McKenzie, 1967;
Lyster, 1972; Thompson and Farrell, 1974;
Jenness, 1979, 1985; Swaisgood, 1982; Kinsella
and Whitehead, 1989; Fox, 1995; Farrell et al.,
2004; Edwards et al., 2009).

Binding studies carried out on the bovine pro-
tein in vitro have shown that it can bind a variety
of ligands, most of which are small, hydrophobic
molecules like fatty acids or retinol. -Lg under-
goes several conformational changes between pH
2 and pH 9, possibly the most important of which,
the N« R, or Tanford, transition, occurs in the
physiological pH range. The ruminant protein is
a dimer under physiological conditions, whereas
the B-Lg from other species appears to be mono-
meric. However, now that the crystal structures of
B-Lg at several pH values have become available,
a detailed molecular explanation of most of the
solution properties is available (Qin et al., 1998a;
Sakurai et al., 2009).

This chapter will expand upon the above out-
line to discuss the structure, molecular properties
and possible function of the protein in some
detail, covering the salient literature from the past
eight decades. Inevitably, it can provide only an
overview, coloured by the individual prejudices
of the author.

7.2 Biosynthesis and Secretion

Major lactoproteins, including B-Lg, are biosyn-
thesised within the secretory epithelial cells of
the mammary gland under endocrine control
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Cow MKCLLLALAL--TCGAQA-
Buffalo MKCLLLALGLALACAAQA-
Sheep MKCLLLALGLALACGVQA-
Pig MRCLLLTLGLALLCGVQA-
Horse I MKCLLLALGLALMCGIQA-
Baboon MQOCLLLTLGVALICGVWA-
Wallaby MKFLLLTVGLALIGAIQA-
Platypus MKVLLLSIGLALVCAIQA-

* Kk Kk Kk e e khkKk « e K

Fig. 7.1 The signal peptides of several 3-lactoglobulins
(B-Lg) showing the high degree of conservation across the
widely diverse species. Identities are shown as asterisks,
near similarity as colon and more distant similarity as
period

from about mid-pregnancy (Simpson and
Nicholas, 2002; see Chap. 14). The B-Lg gene
comprises seven exons, the last of which is not
translated in the mature protein. mRNA coding
for B-Lg which is specific to the mammary tis-
sue is translated to yield a 180 amino acid pre-
B-Lg, whose signal peptides, some of which are
shown in Fig. 7.1, contain highly conserved,
largely hydrophobic amino acids (The Uniprot
Consortium, 2008).

After removal of the signal peptide (Fig. 7.1),
the mature protein undergoes disulphide bridge
formation, within the rough endoplasmic reticu-
lum. Transport to the Golgi and incorporation
into secretory vesicles precede secretion into the
lumen, where B-Lg accumulates in the milk
before removal by suckling.

The promoter region of the B-Lg gene not only
directs expression specifically to the mammary
gland but also promotes high levels of expres-
sion. Consequently, transgenic mice have
expressed in their milk native (Simons et al.,
1987) or modified (McClenaghan et al., 1999) -
Lg from sheep, goat (Ibanez et al., 1997) and cow
(Bawden et al., 1994; Hyttinen et al., 1998).
Further, studies on the promoter region have
identified the minimum necessary for expression
(Whitelaw et al., 1992) as well as binding sites
for, and the differing effects of, various promot-
ers (e.g. Rosen et al., 1999; Pena and Whitelaw,
2005; Braunschweig, 2007; Kotresh et al., 2009;
Fraser et al., 2009).
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Developments in mammary cell lines (German
and Barash, 2002), PCR-RFLP (e.g. Caroli et al.,
2009), microarray technology (Chessa et al.,
2007) and of course genome sequences (Hubbard
et al., 2009; Lemay et al., 2009; Elsik et al.,
2009) have led to more detailed studies of milk
biosynthesis in general and that of B-Lg in par-
ticular, not only in bovine, ovine and caprine spe-
cies but also in horse (Uniacke-Lowe et al.,
2010), donkey (Guo et al., 2007) and the less
economically important marsupial (Joss et al.,
2009) and fur seal (Cane et al., 2005) milks. For
example, Reichenstein et al. (2005) investigated
a novel regulatory element in the ovine 3-Lg pro-
moter using a [(-Lg-luciferase construct. The
ability to detect polymorphisms efficiently has
revolutionised the study of milk production trait
loci (e.g. Caroli et al., 2009) and the comparative
biology of milk proteins (Simpson and Nicholas,
2002; Lemay et al., 2009; Elsik et al., 2009).
Such studies have highlighted a number of non-
coding mutations within the B-Lg gene that
appear to be responsible for varying levels of pro-
tein expression (Ganai et al., 2009) which in turn
affect the commercial aspects of the milk
production.

Although bovine and ovine -Lgs were over-
expressed in Escherichia coli, Lactobacillus
casei, Saccharomyces and
Kluyveromyces lactis as the near-native protein
(Batt et al., 1990; Rocha et al., 1996; Hazebrouck
et al., 2007) or as a fusion protein (Ariyaratne
et al., 2002), over-expression at levels in excess
of 100 mg B-Lg/L of culture supernatant was
achieved only in Pichia pastoris (Kim et al.,
1997). Recently, however, Invernizzi et al. (2008)
have achieved expression levels around 100 mg/L
of soluble, secreted B-Lg in E. coli, but mutation
of Cys,,, led to insolubility. Ponniah et al. (2010),
on the other hand, have reported overproduction
of soluble bovine B-Lgs A and B in E. coli using
a coding sequence optimised for the bacterium
and co-expressing a disulphide isomerase. This
system seems capable of producing mutated
forms of the protein in quantities around 10 mg/L,
labelledifrequired for NMR studies. Heterologous
expression of both porcine (Invernizzi et al.,
2004) and equine (Kobayashi et al., 2000) B-Lgs

cerevisiae

L. Sawyer

has also been reported. Site-directed mutagenesis
of recombinant protein provides a powerful
method for modifying the properties, which, for
milk proteins, is providing a route to improved
functionalities (Batt et al., 1994; Whitelaw, 1999;
see Chap. 16).

7.3 Distribution

The composition of milk varies with time since
parturition, with species and also with season, the
last presumably related to dietary habit.
Qualitative and quantitative methods for the sep-
aration of whey proteins, useful for detecting the
presence of (-Lg, have been reported by, inter
alia, Davies (1974), Strange et al. (1992) and
Otte et al. (1994). However, neither electropho-
retic mobility nor polyclonal antibody cross-reac-
tivity alone should be taken as proof of the
presence of B-Lg (Bertino et al., 1996; Conti
et al.,2000). During the past two decades, restric-
tion fragment length polymorphism (Lien et al.,
1990), and the polymerase chain reaction (PCR)
have been used to investigate the distribution of
B-Lg (e.g. Jadot et al., 1992; Prinzenberg and
Erhardt, 1999). Isoelectric focussing, 2D and
capillary electrophoresis have also been used suc-
cessfully (Paterson et al., 1995; Veledo et al.,
2005), more recently supplemented by mass
spectrometry and microarray technologies
(Chessa et al., 2007).

Since the initial preparation of B-Lg from
bovine (Bos taurus) milk (Palmer, 1934), dimeric
B-Lg has been isolated from the milk of a number
of other ruminants, and monomeric B-Lg has
been purified from the milk of several nonrumi-
nant livestock species (Table 7.2). B-Lg has also
been detected in milk of other species, but the
state of its association in these cases is uncertain.
For instance, although McKenzie et al. (1983)
suggest that kangaroo -Lg has a monomeric
structure, later electrophoretic evidence implies
that wallaby B-Lg exists as monomers, dimers
and tetramers (Woodlee et al., 1993).

While the milk of ruminants contains the B-Lg
from a single gene, which may exist in distinct
allelic forms, the milk from dog, dolphin, cat,
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Table 7.2 Distribution of B-lactoglobulin in the milk of various species

A

Cow (Bos taurus, B. javanicus, B. grunniens, B. indicus)
Buffalo (Bubalus arnee, B. bubalis)

Bison (Bison bison)

Musk ox (Ovibos moschatus)

Eland (Taurotragus oryx)

Goat (Capra hircus)

Sheep (Ovis aries, O. ammon musimon)

Red deer (Cervus elaphus L.)

European elk (Alces alces L.)

Reindeer (Rangifer tarandus L.)
White-tailed deer (Odocoileus virginianus)
Fallow deer (Dama dama)

Caribou (Rangifer arcticus)

Giraffe (Giraffa camelopardalis)

Okapi (Okapia johnstoni)

Pronghorn antelope (Antilocapra americana)
Giant panda (Ailuropoda melanoleuca)

Bears (Ursus americanus, U. maritimus, U. arctos horribilis, U.
arctos yesoensis, U. arctos middendorffi, U. malayanus)

Peccary (Pecari tajacu)

Pig (Sus scrofa domestica)

Horses (Equus caballus, E. quagga, E. asinus)
Rhinoceros (Diceros bicornis)

Rhinoceros (Rhinoceros unicornis)

Fur seals (Callorhinus ursinus, Arctocephalus gazella, A. pusillus
doriferus, A. tropicalis)

Dolphin (Tursiops truncatus)

Manatee (Trichechus manatus latirostris)

Dog (beagle) (Canis familiaris)

Cat (Felis catus)

Grey kangaroo (Macropus giganteus, M. rufus, M. eugenii)
Echidna (Tachyglossus aculeatus)

Brush tail possum (7richosurus vulpecula)

Platypus (Ornithorhynchus anatinus)

Yellow baboon (Papio hamadryas)

Macaque (Macaca fascicularis)

Human (Homo sapiens)

Rabbit (Oryctolagus cuniculus)

Camel (Camelus dromedarius)

Llama (Lama glama L.)

Mouse (Mus musculus)

Rat (Rattus norvegicus)

Guinea pig (Cavia porcellus)

Column A Species

Column B Presence of B-lactoglobulin

B
vV
vV
vv
v
v
vV
vV
v

SR
<

NN N NN ENENEN

vV
Vv

Vv

vV
vV
vV
Vv
vV
vV
vV
vV
Vv
vV

v/, Cross-reactivity or other information

v'¥/, Some sequence information available

D

Dib¢
7Di
Di"
i
i
7Di
Did.c
Di"
i

Di

Di"
i
Di"
i
i
Di”
?Monof
Mono#"

Mono
Mono
Mono*
Mono*
Mono™
Mono™

Mono®
Mono"
Mono®
?Mono”
Mono™
Mono!
Mono
Mono*
?Mono
?Mono
None™
None
7None
None"
None"
None*
None¥

1.8-5.0

1.4
2.8
2.8-3.0

0.6

2.3

16.2
14.1
10.1

<0.1118

(]

(continued)
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Table 7.2 (continued)
Column C

L. Sawyer

Cross-reaction to anti-bovine antisera

+, BLG detected by anti-bovine BLG antisera

—, BLG not detected by anti-bovine BLG antisera

+, BLG detected by anti-bovine BLG antisera, but only at higher titres
N cross-reactivity to anti-bovine BLG antisera not measured

Column D State of association

Di dimeric BLG detected

Mono monomeric BLG detected

?Mono, ?Di BLG present, but its state of association unknown

None no BLG present
?None probably absent

*Cross-reactivity to anti-bovine BLG antisera is assumed to indicate a dimeric form of
the protein. In the case of human, the cross reactivity is an artefact

Column E Quantity (mg/mL)

aLyster et al. (1966); *Bull and Currie (1946); “Bell ez al. (1981a, c); ‘Bell and McKenzie (1967b); *‘Godovac-Zimmer-
mann et al. (1987); 'Hudson er al. (1984); ¢Ando et al. (1979); "Jenness et al. (1972); ‘Liberatori et al. (1979a); Bell
et al. (1981c¢); *Godovac-Zimmermann et al. (1988); 'Nath et al. (1993); ™Cane et al. (2005); "Pervaiz and Brew (1986);
°Halliday et al. (1991); PMcKenzie et al. (1983); 9Teahan et al. (1991); "Warren et al. (2008); *Liberatori et al. (1979b);
‘Bell and McKenzie (1964); “Liberatori et al. (1979¢); YFernandez and Oliver (1988); “Simons et al. (1987); *Hen-

nighausen and Sippel (1982); YBrew and Campbell (1967)

horse and marsupials contains the product of two,
or in some cases three, distinct genes (Collet and
Joseph, 1995; Piotte et al., 1998). While dogs,
horses and donkeys, and cats express two or
three distinct forms of B-Lg, marsupials produce
a B-Lg and a late lactation protein more closely
related to odorant-binding protein (Flower, 1996).
Possum also produces a third lipocalin that is
most like the major urinary proteins from rat and
mouse (Piotte et al., 1998; Watson et al., 2007).
B-Lg II of the cat, horse and donkey appears to be
most closely related to the B-Lg pseudogenes
(Piotte et al., 1998; Pena et al., 1999) identified
in cow (Passey and MacKinlay, 1995) and goat
(Folch et al., 1996).

B-Lg is absent from the milk of the Camelidae
(Kappeler et al., 2003; Zhang et al., 2005). B-Lg
is also absent from rodent and lagomorph milks.
The lack of hybridisation between cDNA from a
rat mammary library and cDNA from sheep 3-Lg
(Simons et al., 1987) preceded the whole genome
studies of rat and mouse that confirmed the obser-
vation (Hubbard et al., 2009). Similarly, B-Lg is
absent from human and chimpanzee milk.
Perhaps surprisingly, however, some primates do
produce -Lg: the macaque (Macaca fascicularis

and Macaca mulatta—Azuma and Yamauchi,
1991; Kunz and Lonnerdal, 1994) and the yellow
baboon (Papio hamadryas, Hall et al., 2001), in
which three alleles have been identified. As more
complete mammalian genomes become avail-
able, a more detailed distribution will emerge,
perhaps allowing a clear functional assignment to
the protein. Of particular interest in this regard is
that of the orangutan (Pongo spp.) whose rela-
tionship to humans is between that of the chim-
panzee and the baboon (Hubbard et al., 2009),
but in which at this stage, only the lipocalin
glycodelin appears to have been identified.

7.4 Isolation
The isolation of B-Lg from milk is a simple pro-
cedure, involving just four stages: removal of fat,
removal of the caseins, fractionation of the whey
proteins and the final purification of B-Lg. Since
each stage can be carried out in a number of
ways, various protocols are available and others
continue to be published.

The original isolation by Palmer (1934) was
superseded by that of Aschaffenburg and Drewry
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(1957) and scaled up by Mailliart and Ribadeau-
Dumas (1988). Armstrong et al. (1967) replaced
the potentially harsh pH treatment by precipita-
tion at pH 3.5, and Monaco ef al. (1987) used
DEAE-cellulose chromatography to keep the pH
around 6.5 throughout. More recent methods,
ideally suited for bulk separations, rely on gel
filtration, membrane filtration and ultrafiltration
(e.g. Brans et al., 2004; Saufi and Fee, 2009), ion
exchange and hydrophobic interaction chroma-
tography (e.g. Kristiansen ef al., 1998; Lozano
et al., 2008). Affinity chromatography and
exploiting B-Lg complexes of retinol (Heddleson
et al., 1997) or retinal (Vyas et al., 2002) have
been described also, the latter finding that a
fluidised bed produced the best results.
Presumably because other methods work well,
little work on ethanol fractionation of 3-Lg has
been reported since that of Bain and Deutsch
(1948) on cow and goat milk which suggested the
protein had denatured. Dimethyl sulphoxide can
also be used although there appears to be little
advantage (Arakawa et al., 2007).

Other dimeric B-Lgs can be obtained by these
or similar methods. Thus, first reports exist for
the isolation of B-Lg from yak (Grosclaude et al.,
1976; Ochirkhuyag et al, 1998), red deer
(McDougall and Stewart, 1976), reindeer (Heikura
et al., 2005), water buffalo (Kolde et al., 1981),
sheep (Maubois et al., 1965) and goat (Kalan and
Basch, 1969). Both goat (Préaux et al., 1979) and
sheep (Godovac-Zimmermann et al., 1987) B-Lgs
have also been isolated by gel filtration (cf,,
Davies, 1974; Strange et al., 1992).

Nonruminant B-Lg can be isolated with equal
ease using procedures similar to those already
described. Pig B-Lg has been purified by Jones and
Kalan (1971), Ugolini et al. (2001) and Kessler and
Brew (1970), the latter method being adapted for
the monomeric 3-Lgs from dolphin, manatee, beagle
(Pervaiz and Brew, 1986) and horse (Godovac-
Zimmermann et al., 1985; Ikeguchi et al., 1997).

Heterologous expression and purification of
B-Lg from several species has also been described
both from bacteria (Ariyaratne et al., 2002;
Ponniah et al., 2010) and yeast (Kim et al., 1997,
Denton et al., 1998; Invernizzi et al., 2004). The
methods used are generally ion exchange followed
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by gel filtration, simplified in some cases by
expression of a fusion protein followed by affinity
chromatograph (e.g. Ariyaratne et al., 2002).

The amount of B-Lg obtained by the various
methods depends upon both the procedure used and
the quantity of B-Lg in the initial milk, which is
known to vary with species, season and time since
parturition. The quantity of B-Lg isolated from the
milk of a few species is given in Table 7.2.

7.5 Genetic Variants and Primary
Structure

Over the past two decades, there has been
significant interest in the genetic variability of
milk proteins with respect to production and pro-
cessing properties, including the effect of the
principal B-Lg variants (Hill et al., 1996). The
effects are more thoroughly reviewed elsewhere
(e.g. Caroli et al., 2009; Ganai et al., 2009).

Although Li (1946) and Polis et al. (1950) sepa-
rated two components of B-Lg, it was Aschaffenburg
and Drewry (1955, 1957) who showed that the two
components in bovine milk were genetically deter-
mined. Genetic variants of B-Lg also exist in other
ruminant species, while distinct genes appear in
other mammals (Piotte et al., 1998; Pena et al.,
1999). Ion exchange was used to separate the two
most common bovine genetic variants, A and B
(Piez et al., 1961), but many other genetic variants
of bovine B-Lg have now been identified (Farrell
et al., 2004). Other convenient phenotyping meth-
ods include gel electrophoresis of whole milk
(Davies, 1974; Lowe et al., 1995), capillary
electrophoresis (Paterson et al., 1995; de Frutos
et al., 1997; Schopen et al., 2009), isoelectric
focussing (Godovac-Zimmermann et al., 1990;
Fernandez-Espla et al., 1993; Dorji et al., 2010),
HPLC (Presnell et al., 1990; Miranda et al., 2004),
molecular biological techniques (Jadot ef al., 1992,
Schlee et al., 1993; Feligini et al., 1998; Rachagani
et al., 2006; Caroli et al., 2009) and mass spec-
trometry (Criscione et al., 2009).

The first correct amino acid sequence of
bovine B-Lg was reported by Braunitzer et al.
(1972), and the position of one disulphide,
66-160, was identified unambiguously (Préaux
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Fig. 7.2 Amino acid sequence variation within ruminant
f-lactoglobulins relative to bovine genetic variant B. The
sequence is represented in single-letter notation with resi-
dues in larger font indicating positions of genetic variation.
Those variations referring to the domestic cow only have
the variant letter: N in Dr refers to the Droughtmaster breed
in which residue Asp,, is changed to Asn. Other species are

and Lontie, 1972). The other disulphide, 106—
119, with a free cysteine at position 121, remained
uncertain until the crystal structure emerged
(McKenzie and Shaw, 1972; Papiz et al., 1986;
Sawyer, 2003), the uncertainty eventually
explained as urea-mediated disulphide inter-
change (Phelan and Malthouse, 1994).

Figure 7.2 presents the differences relative to
B-Lg B of the ruminant species that are synthe-
sised under the control of codominant alleles.
B-Lg from a subset of Droughtmaster cattle, gly-
cosylated at Asn,, (Bell et al., 1981b) as it is in
the related glycodelin, and minor truncated com-
ponents found only in the milk of Romagnola
cattle (Zappacosta et al., 1998) are the only atypi-
cal phenotypes, although the truncation may not

in reindeer

referred to explicitly: / in yak refers to Leuy, in cow becom-
ing Ile in the yak. The two disulphide bridges between resi-
dues 66-160 and 106—119 are shown with black hatching.
Yellow indicates regions of 3, helix, blue shows B-strands
and brown depicts a-helix. The figure is adapted from the
one kindly provided by the Fonterra Research Centre,
Palmerston North, New Zealand, with permission

be of genetic origin. Interestingly, although poly-
morphisms have been detected in the coding
regions of the goat gene, none leads to an amino
acid change (Ballester et al., 2005).

Many nonruminant B-Lgs have now been
sequenced, and their sequences diverge considerably
from that of bovine -Lg B and from one another.
Many of the substitutions observed cannot have
arisen from single point mutations. As noted already,
the milk of dolphin, dog, cat, donkey, horse and pig
contains B-Lg from more than a single gene, and
indeed ruminant pseudogenes have been identified
that appear to reflect these other genes (see above).
The complete sequences of the available mono-
meric B-Lgs, together with a representative rumi-
nant sequence, are shown in Table 7.3. The data are
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Table 7.3 Amino acid sequences of f-lactoglobulin for the nonruminant species relative to that of bovine 3-lactoglob-

ulin B

Wallaby
Kangaroo
Possum
Cow B
Dolphin
Pig

Ass I
Horse I
Dog

Dog III
Cat I
Cat III
Ass II
Horse II
Cat II
Seal
Baboon
Macaque
Mac_Gly
Glycodelin

Pseudo
Goat pseudo

Platypus

Wallaby
Kangaroo
Possum
Cow_B
Dolphin
Pig

Ass I
Horse I
Dog

Dog III
Cat I

Cat III
Ass II
Horse II
Cat II
Seal
Baboon
Macaque
Mac_Glycod
Glycodelin

Pseudo
Goat pseudo

Platypus

3
VENIRSKNDL
VENIRSKNDL
IENIHSKEEL
LIVTQTMKGL
VSVIRTMEDL
VEVTPIMTEL
TNIPQTMQDL
TNIPQTMQDL
IVVPRTMEDL
IVIPRTMEDL
ATVPLTMDGL
ATVPLTMDGL
TDIPQTMQDL
TDIPQTMQDL
ATLPPTMEDL
IVVPRTMEDL
INSPQTMQDV
IDSPQTMQDV
TDMPQTKQNL
MDIPQTKQDL

AYIPQMAGDL
AHIPQTVEDL

—-VADVSDKPI

WSQKQSPFRD
WSQKQSPFRE

33333 AARAA
GVEKFVGSWY
GVEKFVGSWY
VVEKLIGPWY
DIQKVAGTWY
DIQRVAGTWH
DTQKVAGTWH
DLQEVAGKWH
DLQEVAGKWH
DLOQKVAGTWH
DLQKVAGTWH
DLQKVAGMWH
DLOQKVAGTWH
DLQEVAGRWH
DLQEVAGRWH
DIRQVAGTWH
DLQKVAGTWH
ELPKLAGTWH
ELPKLAGTWH
ELPKLAGTWH
ELPKLAGTWH

: R
DIRKVAGMWH
DIRKVARTRH

SFEKLAGPWH

DDDDDDDD
ADRCVEKKLL
TDRCVEKKLL
TDSCVEKKFL
NGECAQKKII
KNGCVKEKII
NDKCAQEVLL
NKGCAEKKIF
NKGCAEKKIF
DGRCAEQKVL
DNRCVEKKVF
DNRCVEKKVL
QKRCVQKKIL
NHVCVERNIV
NHACVERNIV
NHACIEGNIM
NSACVEGNIV
SNQCIEEKITI
SNQCIEEKITI
NNSCVEKKVL
NNSCVEKKVL

* ..
NHECVEKTLM
NHECVEKTLM

* .

NHECTEYNLV
*

AAAAA 333
LREAAKT---
LREAAKT---
RVEEAKA---
SLAMAASDIS
SVAMAASDIS
TVAMAVSDVS
SVAMAASDIS
SVAMAASDIS
SMAMAASDIS
SMAMAASDIS
SMAMAASDIS
SMAMAASDIS
SVAMVASDIS
SVAMVASDIS
SMAMAASDIS
SMAMAASDIS
SMAMAASDF'S
SMAMAASDF'S
SMAMATNNVS
SMAMATNNIS

. %
TVAMAASNML
PVAMAASNVL

TILLATNDKE

DDD EE
LKKTQKPTEF
LKKTKKPTEF
LKKTEKPAEF
AEKTKIPAVF
A-KTEIPAVF
AKKTDIPAVF
AEKTESPAEF
AEKTESPAEF
AEKTEVPAEF
AEKTELAAXF
AEKTECAAKF
AQKTELPAEF
AQKTEDPAVF
AQKTEDPAVF
AQRTEDPAVF
AQKTEDPAVF
AEKTENPIEF
AEKTENPIEF
GEKTENPKKF
GEKTENPKKF
LRl *
AQKTEDPAVF
AQKTEDPTVF
LRl *
IKQTEEPNKF
:*_ . *

3

-MEFSIPLFD
-MEFSIPLFD
-MEFSIPLFD
LLDAQSAPLR
LLDTESAPLR
LLDAKSSPLK
LLDSEEAPLR
LLDSESAPLR
LLDSETAPLR
LLDSETAPLR
LLDSETAPLR
LLDSEYAPLR
LLDSESAPLR
LLDSESVPLR
LLDSETAPLR
LLDAKTAPLR
LLETKEAPLR
LLETKEAPLR
LMVMVKSALR
LMATLKAPL
* HH
LLDAESGPLR
LLDTES----

* .

MIK-EDEKMK

EEEE FF

EIYISSESAS
EIYISSES-S
EIYIPSESAS
KIDALNEN--
KINFLNEN--
KINALDEN--
KINYLDED--
KINYLDED--
KINYVEEN--
SINYVEEN--
NINYLDEN--
KISYLDEN--
TVNYQGER--
TVNYQGER--
MVDYQGEK--
TVDYQGQR--
KINYLDEN--
KINYLDEN--
KINYMGAN--
KINYTVAN--

TVNYHGER--
TVDYHGER--

RPVLSTDNEK

BBBBBBBB
MDIKEVNLTP
MDIKEVNLTP
MNIKEVNRTP
VYVEELKPTP
VNVEELRPTP
AYVEGLKPTP
VYIEKLRPTP
VYIEKLRPTP
VYIQELRPTP
VYIQELRPTP
VYVQELRPTP
VYVQELRPTP
VYVEELRPTP
VYVEELRPTP
VYVQELRPTP
VYVQELRPTP
IYISSLQPTP
IYISSLOPTP
VHVTSLWPTP
VHITSLLPTP
. H * *
VYVEDLKPTP
VYVEELKPTP

* *

LLFKTVTPQON

FFFFFEFF
YTEFSVMETDY
YTFCVMETDY
YTLSVMETDY
-KVLVLDTDY
-KIFVLDSDY
-QLFLLDTDY
-TVFALDSDY
-TVFALDTDY
-QIFLLDTDY
-QIFLLDTDY
-ELIVLDTDY
-ELIVLDTDY
-KISVLDTDY
-KISVLDTDY
-KISVLDTDY
-KISVLDTDY
-RIYLEFNTDG
-RIYLEFNTDG
-EAMLLDTDY
-EATLLDTDY

. Hil
-KISVRDTDY
-KISVLDTDY

.k

DITIIFVDSDY
.k

ccccececce
EGNLELVLLE
EGNLELVLLE
EGNLELIVLE
EGDLEILLQK
QGDLEIFLQK
EGDLEILLQK
EDNLEIILRE
EDNLEIILRE
ODNLEIVLRK
QODNLEIVLRK
RDNLEIILRK
RDNLEITILRK
EGNLEIILRE
EGNLEIILRE
RDNLEITILRK
EGNLEIVLRK
EGNLEIVLRR
EGNLEIALRR
EDHLEIVLHR
EDNLEIVLHR
SR
EGDLEILLQK
EGDLEILLQK
SR
TKELIITMLK
* . . .

GGGGGGGG
DSYFLFCLYN
DSYFLFCLYN
DNYILGCLEN
KKYLLFCMEN
TNYLLFCMEN
DSHLLLCMEN
KNYLFLCMKN
KNYLFLCMKN
DNYLFFCEMN
DNYLFFCMEN
ENYLFFCLEN
ENYLFFCLEN
AHYMFFCVGP
AHYMFFCVGP
THYMFFCMEA
THYLFFCMEA
SKYLFLCLES
SKYLFLCLES
DNFLFLCLTD
DNFLFLCLQD

HE RN
SSYTIFCMEG
SSYMTFCKEG

.k

LNYFLVVEQN

107
106
107
109
108
109
109
109
109
109
109
109
109
109
109
109
117
117
109
109

109
105

110

(continued)
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Table 7.3 (continued)

HHHHH A, LY IT TIII
Wallaby ——-ISDREKM ACAHYVRRIE -ENKGMNEFK KILRTLAMPY TVIEVRTR-- DMCHV----- 156
Kangaroo ——--ISDREKM ACAHYVRRIE -ENKGMNEFK KILRTLAMPY TVIEVRTR-- DMCHV----- 155
Possum —-—--VNYREKM ACAHYERRIE -ENKGMEEFK KIVRTLTIPY TMIEAQTR-- EMCRV----- 156
Cow B ——-SAEPEQSL ACQCLVRTPE VDDEALEKFD KALKALPMHI RLSFNPTQLE EQCHI----- 162
Dolphin —--TADPERSL TCQYLARTLQ VDDGVMEKFN KAIKPLPMHI RLSFSPTQLE EQCRV----- 161
Pig --SASPEHSL VCQSLARTLE VDDQIREKFE DALKTLSVPM RI--LPAQLE EQCRV----- 160
Ass I -—-AATPGQSL VCQYLARTQM VDEEIMEKFR RALQPLPGRV QIVPDLTRMA ERCRI----- 162
Horse I --AATPGQSL VCQYLARTQM VDEEIMEKFR RALQPLPGRV QIVPDLTRMA ERCRI----- 162
Dog --ADAPQQSL MCQCLARTLE VDNEVMEKFN RALKTLPVHM QLLN-PTQAE EQCLI----- le6l
Dog III —-—ANAPQQSL MCQCLARTLE VNNEVIGKFN RALKTLPVHM QLLN-PTQVE EQCLV----- le6l
Cat I --ADAPDQNL VCQCLTRTLK ADNEVMEKFD RALQTLPVHV RLFFDPTQVA EQCRI----- 162
Cat III —-—-ADAPGQNL VCQCLTRTLK ADNEVMEKFD RALQTLPVDV RLFFDPTQVA EQCRI----- 162
Ass II C-LPSAEHGM VCQYLARTQK VDEEVMEKFS RALQPLPGHV QIIQDPSGGQ ERCGEF----- 163
Horse II P-LPSAEHGM VCQYLARTQK VDEEVMEKFS RALQPLPGRV QIVQDPSGGQ ERCGF----- 163
Cat II P-APGTENGM MCQYLARTLK ADNEVMEKFD RALQTLPVHI RIILDLTQGK EQCRV----- 163
Seal P-VPTAESGM MCQYLARTLK VNNEVMGKFN RALETLPVHM QIIPDLTQGK EQCHVV---- 164
Baboon --TRR--QNL ACQYLARTLE VDDKVMAEFI SFLKTLPVHM QIFLDMTQAE EQCRV----- 168
Macaque --TPR--QNL ACQYLARTLE VDDKVMAEFI SFLKTLPVHM QIFLDMTQAE EQCRV----- 168
Mac Gly --TTTRIQCL MCQYLARVLV EDDEIMKGFI RAFRPLHKRL WYLLDLRKTE EPCHF----- 162
Glycodelin -—-TTTPIQSM MCQYLARVLV EDDEIMQGFI RAFRPLPRHL WYLLDLKQME EPCRF----- 162
. * . * . * * . *
Pseudo D-AHR-EGSV MCQCLARTPE MDDEAMEKFA RALASLLEHV QMVLDLRQGA EQCHI----- 162
Goat pseudo P-THTDEGSV MCQCLARTPE VDDEAMEKFA RALAFLSEDV QMVLDLRRGA GQCHV----- 159
. * . * * * *
Platypus* YNEELDREDT VVQCLSRTFD LTTEAEEKFN KVLKDYNISE ENVINLNNEK DKGGWLGAGK 170

*

*

The sequences of B-Lg from nonruminant species; the bovine B variant is included as representative of the ruminant
proteins. Bovine and caprine pseudogenes, the human and macaque glycodelins (Gcen) are also included. The sequences
are divided every ten residues. The bold regions of the cow sequence represent the lipocalin motifs defined by PRINTS
(Attwood et al., 2003). The secondary structure observed for the lattice X form of bovine B-Lg is shown above the cow
sequence: 3=3 -helix; A,B,C, etc.=-strand A,B,C, etc.; a=oa-helix. Conserved residues are indicated if strictly con-
served (*), similar (:) or broadly similar (.). The Swiss-Prot databank entries are cow—P02754; cow pseudogene (Passey
and Mackinlay, 1995); goat pseudogene—Z47079; the author is indebted to Dr J. M. Folch for help with the translation;

dolphin—B61590 (Pervaiz and Brew, 1987); pig—P04119; dog—P33685; dog III—P33686; cat [—P33687; cat III
P33688; donkey [—P13613; horse I—P02758; donkey II

P19647; horse 1I—P07380; cat II—P21664; baboon—

AF021261; macaque (Hall ef al., 2001); glycodelin—P09466; macaque glycodelin—Q5BMO7; wallaby—Q29614;

kangaroo

P11944; possum—Q29146; platypus—F65x48

mostly retrieved from the Swiss-Prot databases
(The Uniprot Consortium, 2008).

A number of partial and complete cDNA
sequences (Willis er al., 1982; Mercier et al.,
1985; Gaye et al., 1986; Jamieson et al., 1987,
Ivanov et al., 1988) were followed by complete
gene sequences (Ali and Clark, 1988; Alexander
et al., 1989) that revealed the pattern of introns
subsequently found to be consistent among the
wider lipocalin family (Salier, 2000; Sanchez
et al., 2006).

Examination of the primary structures of 3-Lg
reveals no obviously repetitive or unusual
stretches of sequence. There are, however, the

structurally conserved regions indicative of a core
member of the lipocalin family (Flower, 1996).
Although the glycosylated B-Lg, (Bell et al,
1981b) is atypical of ruminant species, Batt and
co-workers have produced a glycosylated bovine
B-Lg by mimicking the glycosylation sites of the
related lipocalin, glycodelin (Kalidas ez al., 2001),
including the Asn,, of B-Lg . The nonruminant
sequences show much lower sequence homology
(typically 30-70% identity), in keeping with their
being the product of separate genes (Sanchez
et al., 2006). In passing, it should be noted that
B-Lg contains all 20 amino acids in relative
amounts that make it valuable nutritionally.
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7.6 Structure

Both macromolecular (X-ray) crystallography
and NMR spectroscopy have been widely applied
to B-Lg, and it is convenient to describe the
molecular structure of B-Lg here as a basis for
understanding the protein’s properties. The need
for suitable crystals for the X-ray technique is
obviously a limitation, although as far as can be
judged, the structures obtained are generally a
fair reflection of the solution state of the protein.
On the other hand, heteronuclear NMR spectros-
copy that produces a structure in solution, gener-
ally requires a suitable over-expression system.
Both techniques therefore have played an impor-
tant role in our understanding of the structure and
properties of 3-Lg.

Although B-Lg was one of the first proteins to
be subjected to X-ray analysis (see Hodgkin and
Riley, 1968), and low-resolution work on salted
out forms, lattices X, Y and Z, was summarised by
Green et al. (1979), the first high-resolution

Table 7.4 Crystal structure data for native 3-lactoglobulins

Resolution (A)  Space group  Lattice code® 2°  pH
2.8 B222 Y 1 7.6
1.7 P1 X 2 65
1.8-2.0 C222, r 1 7.6
2.56 P3,21 Z 1 6.2
2.24 P3,21 V4 1 7.1
2.49 P3,21 Z 1 8.2
22 P321 Z 1 7.1
2.4 P321 z 1 32
2.0 C222, Y 1 7.9
1.95 C222, Y 1 7.9
3.0 P222 U 4 52
2.1 Pl 8 65
2.1 C222, Y 1 7.4
22 P3,21 V4 1 7.5
2.0 P6, 2 170

5

221

structure of the triclinic X form of the cow pro-
tein (Brownlow et al., 1997) corrected the thread-
ing errors in the medium resolution structure
(Papiz et al., 1986) and provided an independent
view of the dimer. Structures of crystal forms
with a monomer in the asymmetric unit require
the molecular twofold rotation axis to be coinci-
dent with a crystallographic one (Bewley et al.,
1997; Qin et al., 1998a, b). Detailed X-ray crys-
tallographic studies on the native/recombinant
protein inter alia have now been carried out on
several crystal forms of bovine -Lg (Table 7.4),
as well as the pig and reindeer proteins, and it is
with reference to these structures that we discuss
the molecular properties of the protein.

In solution, the experimental values for
a-helix, B-sheet and random coil content around
8%, 45% and 47%, respectively, are broadly sim-
ilar to the values predicted from the sequence
(see Sawyer, 2003). These values agree with what
is observed in the crystal and NMR structures.
However, most prediction methods indicate a
significantly greater helical content than is

B-Lg¢ PDB code!  References

A Papiz et al. (1986)

AB 1beb Brownlow et al. (1997)
A,B,C Bewley ef al. (1997)

A 3blg Qin et al. (1998a)

A 1bsy Qin et al. (1998a)

A 2blg Qin et al. (1998a)

B 1bsq Qin et al. (1999)

Pig lexs Hoedemaeker et al. (2002)
A 1qg5 Oliveira et al. (2001)

B 1b8e Oliveira et al. (2001)

A 2akq Adams et al. (2006)
Reindeer  lyup Oksanen et al. (2006)

A 2q2m Vijayalakshmi et al. (2008)
B 3npo Loch et al. (2011)

Gyuba' 3kza Ohtomo et al. (2011)

“The lattice code is that assigned by Aschaffenburg et al. (1965)
"Z is the number of B-Lg monomers per asymmetric unit. Z=1 means that the dimer has a strict crystallographic twofold

rotation axis

“The B-Lg used cow unless otherwise stated. A, B, C refer to the cow -Lg genetic variant

4The PDB code is that given to the atomic coordinates by the Protein Data Bank (http://www2.rcsb.org/pdb/home/home.do)
“This is the conventional setting of B22 2, originally designated as lattice ¥

{Gyuba is a chaemera made from strands of bovine B-Lg and the loops of the equine protein


http://www2.rcsb.org/pdb/home/home.do
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observed (Sawyer and Holt, 1993; Sakurai et al.,
2009) which has significant implications for the
folding of the protein. The structure of the mono-
mer consists of nine strands of antiparallel
B-sheet, eight of which wrap round to create a
flattened, conical barrel or calyx, closed at one
end by Trp,,. Strand A bends through about 90°
around residues 21-22 to allow it to form an anti-
parallel interaction with strand H, thereby com-
pleting the calyx. The calyx is approximately
cylindrical with a volume of 315 A% and a length
of some 15 A and walls that are hydrophobic. It
has been suggested that the calyx is empty unless
occupied by a ligand (Qvist ef al., 2008). A ninth
strand, I, is on the outside, on the opposite side
of strand A to strand H, and so is able to form part
of the dimer interface which buries 570 A? on
each monomer. The interface involves antiparal-
lel interactions of residues 146—150 with those of
the other subunit, together with Asp.,, Ala,, and
Arg, in the large AB loop, the Asp-Arg forming
an essential inter-subunit ion pair (Sakurai and
Goto, 2002). There is a 3-turn a-helix on the
outer surface of the calyx over strand H that is not
in contact with its equivalent in the other subunit.
The polypeptide chain between the [-strands
includes two separate 3, -turns and a y-turn, con-
served in all lipocalins that have the -T, DY~
sequence. The fold of the monomer is shown in
Fig. 7.3, which also shows the bovine dimer.
While the reindeer structure is essentially the
same as that of the cow, the porcine structure
(Fig. 7.4) differs in a number of respects
(Hoedemaeker et al., 2002). Most obviously, the
dimerisation that occurs at low pH (cf. the cow
protein) is quite distinct and involves a domain

L. Sawyer

swap of the N-terminal 12 residues so that, for
example, Glu9 of subunit A binds to Thr1 " of
subunit B. The bulk of the polypeptide chain,
however, follows the typical fold with (-strands
A-Tin a similar relationship to those of the bovine
protein. The major helix, too, is similarly arranged.
The dimer formed by the chaemeric ‘Gyuba’ pro-
tein closely resembles that of the cow and reindeer
proteins since the core B-sheet has been retained,
while the loop regions have been grafted from the
equine protein (Ohtomo et al., 2011; ‘Gyuba’ is
from the Japanese words for cow and horse).

Several analyses show the differences between
the A, B (and C) genetic variants (Bewley ef al.,
1997; Qin et al., 1999; Oliveira et al., 2001). The
A/B sequence changes are Asp64Gly and
Vall18Ala. The effects on the solution behaviour
of these small changes are, however, significant
(Townend et al., 1964; Jakob and Puhan, 1992;
Hill et al., 1996; Manderson et al., 1998, 1999a,
b) and appear to arise largely from the Val/Ala
change at 118 in strand H creating a cavity, and
hence less favourable packing, in the core. The
destabilisation of the B variant relative to the A
has been estimated to be around 5 kJ/mol
(Alexander and Pace, 1971; Qin et al., 1999),
which is expected for the loss of two methyl
groups (Shortle er al., 1990). Interestingly, a
hydrogen—deuterium exchange study suggests
that the A variant is more flexible than the B vari-
ant (Dong et al., 1996). The Asp/Gly change
occurs in the flexible external loop CD, and so its
effect is less marked. In the C variant, the change
GIn59His is at the end of the C strand causing a
redistribution of side-chain interactions that affect
the solution behaviour (Bewley et al., 1997).

»

Fig. 7.3 (continued) rear of the picture is in the open posi-
tion in this structure. The drawing was made using PyMOL
(2008). (b) The dimer of B-Lg showing the interaction
sites in magenta: the antiparallel arrangement of strands I
together with residues in the AB loop, in particular Asp,,
and Arg,,. Also shown is the buried carboxyl from Glu89
on the EF loop in orange red, which is in the closed posi-
tion. Notice that the EF loop in the right-hand, blue sub-
unit has a break where the electron density was poor. The
drawing was made using PyMOL (2008). (¢) The dimer
interface of B-Lg is shown ‘opened out’: If the molecular

twofold axis is perpendicular to the plane of the page, the
left-hand part of the molecule has been rotated about 90°
about a vertical axis, the right hand has been rotated simi-
larly in the opposite direction. The stick representation of
the main chain surrounded by a semitransparent surface is
shown with the area surrounding the AB loop and the I
strand indicating the contact surface which is also shown
on the right-hand part of the figure. Notice that strand I
and the AB loop, in particular the Asp33—Arg40 interac-
tion, are the only points of contact between the monomers.
The drawing was made using PyMOL (2008)
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Cys66-Cys160 §
C terminus

Fig. 7.3 (a) The monomer of B-lactoglobulin A viewed Ala, respectively, in the B variant. The disulphides 66—160
approximately down the molecular twofold axis. The and 106-119 are shown together with the free Cys, .
Asp,, and Val, . residues are those changed to Gly and  Tryptophans 19 and 61 are also shown. The EF loop at the
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N terminus

C terminus

Fig. 7.4 The dimer of porcine B-Lg showing the quite
distinct dimer formation from the ruminant protein. The I
strands have no contacts shorter than 4 A, and the two

Crystallographic analyses can provide some
information about the mobility or flexibility of
the protein main and side chains from the B (or
temperature) factors: the larger the value, the
less well defined, or the more mobile, the atom.
With -Lg, several sections of the polypeptide
chain regularly appear to have high B factors,
and the corresponding electron density is weak
and indistinct. Comparison of the various crystal
forms of the protein shows that some regions
(1-5, 32-38, 60-67, 112-116, 157-162) are less
well, or only poorly, defined; that is, they are
mobile. The EF loop, around 85-90, repositions
itself in response to changes in pH, and compar-
ing the left-hand panel of Fig. 7.5a (pH 6) with
the right-hand one (pH 8) shows this most con-
vincingly. Figure 7.5b also shows the movement
of the EF loop in a comparison of the high-pH
crystallographic structure with the low-pH NMR
structure.

Protein flexibility is better observed in solu-
tion by NMR methods. Using "H NMR, Molinari
and co-workers have painstakingly derived a
structure for the protein that in many features
agrees with the crystal structures (Molinari
etal., 1996; Ragona et al., 1997; Fogolari et al.,
1998). The NMR studies were carried out at pH

N-terminal regions are ‘domain swapped’, the blue resi-
dues interacting with the green subunit and vice versa.
The drawing was made using PyMOL (2008)

2, where the monomer predominates, simplify-
ing the analysis. Similar results have also been
obtained by other groups (Belloque and Smith,
1998; Forge et al., 2000; Uhrinova et al., 2000;
Edwards er al., 2002), the latter two using *C-
and "*N-labelled recombinant B-Lg to refine the
complete structure in solution at pH 2. The core
of the protein is essentially the same as that
described by the crystallographic analyses
(Molinari et al., 1996; Ragona et al., 1997;
Fogolari et al., 1998; Belloque and Smith,
1998; Kuwata et al., 1998; Uhrinova et al.,
2000). However, the external loops and the
position of the helix are modified relative to the
crystal structures at neutral pH (Jameson et al.,
2002). Some ingenious protein engineering that
introduced an additional disulphide bridge
through Ala34Cys allowed NMR work to pro-
ceed at neutral pH, once again confirming the
fold of the polypeptide chain (Sakurai and
Goto, 2006).

No such monomer—dimer complication has
dogged the NMR studies of the monomeric equine
and porcine B-Lgs. Resonances for the native
equine structure have been determined (Kobayashi
et al., 2000, 2002), but a final structure has not
been published although comparisons with bovine
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Fig. 7.5 (a) The structure of bovine B-lactoglobulin
viewed into the central ligand-binding calyx at the bottom
of which is Trp ;. In the left image of the structure at pH 6,
the EF loop is in the closed position with the Gluy, buried
and the side chain of Leu effectively occluding access to
the calyx. Notice that the side chains within the calyx are
hydrophobic with the exception of Gln,. Met, lies
closer to the viewer than Phe ., seen edge on, and these
two side chains move to accommodate the ligand. The
charged residues Lys, Glu,, and Lys j are at the entrance
and can interact with polar head groups of ligands. The

B-Lg show a high degree of consistency. Studies
on the porcine protein have also shown that it is
monomeric at neutral pH (Ugolini et al., 2001;
Ragona et al., 2003). Heterologous expression
has also been reported such that a full NMR

right-hand image is the same view but of the structure at
pH 8 where the EF loop has swung away providing access
to the binding site. The drawing was made using PyMOL
(2008). (b) Showing a superposition of 40 NMR struc-
tures at pH 2.5 with the high-pH (red) and low-pH (yel-
low) X-ray structures of bovine P-lactoglobulin. Most
loops are clearly more mobile than the core sheet struc-
ture, and the pH-dependent movement of the EF loop is
clearly visible (figure adapted from Uhrinova et al., 2000,
with permission. Copyright 2000, American Chemical
Society)

assignment is possible (Invernizzi et al., 2004).
What is revealed so far is that the NMR structure
is consistent with that determined by X-ray crys-
tallography. However, neither horse nor pig B-Lg
NMR coordinate sets have yet been deposited.
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7.7 Amino Acid Environments

Probing the environments of the various amino
acid types was performed originally by protein
chemistry methods which, though specific for
amino acid type, could cause significant protein
perturbation and therefore required careful inter-
pretation (reviewed by Sawyer, 2003). The
advent of site-directed mutagenesis has added
considerably to studies of the stability, reactivity
and environment of individual amino acid resi-
dues. Early work on the environment of specific
amino acid types within bovine B-Lg was sum-
marised by Townend et al. (1969) and found to
be essentially correct when the X-ray structure
emerged (Brownlow et al., 1997; Bewley et al.,
1997; Qin et al., 1998b). Although some studies
have been carried out on the caprine and ovine
proteins, which from the sequence identities are
expected to be very similar to bovine, less was
known about the monomeric (-Lgs, until the
detailed NMR studies of the horse protein were
performed (Fujiwara et al., 1999; Kobayashi
et al., 2000) and the crystal structure and NMR
details of the porcine protein published
(Hoedemaeker et al., 2002; Invernizzi et al.,
2004; D’Alfonso et al., 2005). Some recent
results on the reactivity of various amino acids
are summarised below.

The free cysteine, Cys, ,,, in bovine f-Lg is an
obvious target, and its pH-dependent availability
and effect on dimer stability examined (Sakai
et al., 2000; Chamani, 2006). Cys , is some way
from the interface, but its reaction will interfere
with the helix transmitting an effect that usually
destabilises the dimer. Disulphide interchange
occurs under denaturing conditions leading to
aggregation (Creamer ef al., 2004), an effect that
is affected by the genetic variant (Manderson
et al., 1998, 1999a, b). Mutation of Cys,,, desta-
bilises the structure somewhat but eliminates the
disulphide interchange (Cho et al., 1994b; Yagi
et al., 2003; Jayat et al., 2004). An alternative
cross-linking procedure using tyrosinase, and the
modulator, caffeic acid, produces polymers with
a molecular weight >300 kDa with the maximum
rate occurring between pH 4 and 5 (Thalmann
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and Lotzbeyer, 2002). Another cross-linking
approach has been to use a Ca?*-independent
microbial transglutaminase that does form poly-
mers of B-Lg (Hemung et al., 2009) but requires
either heating or disulphide reduction of B-Lg
(Sharma et al., 2001; Eissa et al., 2006). The
transamination of B-Lg with low molecular
weight amines identifies the residues in an amine-
dependent manner. Thus, Gln 35, 59, 68 and 155
are transaminated with 6-aminohexanoic acid
(Nieuwenhuizen et al., 2004) and Gln 13, 68,
15/20 and 155/159 with 5-biotinamido-pen-
tylamine (Hemung et al., 2009).

The proximity of the potential quenchers cys-
tine 66-160 to Trp, and Arg,,, to Trp , means
that the local environments are sensitive to small
changes in structure and to their accessibility by
quenchers (Busti et al., 1998; Bao et al., 2007,
Harvey et al., 2007; Edwards et al., 2009). This
in turn means that observed fluorescence changes,
generated, for example, by ligand binding, must
be interpreted with caution. Lysine methylation,
acetylation or succinylation has produced mate-
rial, far from native, that has antiviral activity
(Chakraborty et al., 2009; Sitohy et al., 2010),
and Caillard er al. (2011) have discussed the use
of succinylated B-Lg as a suitable vehicle for
oral drug delivery. Antiviral activity has also
been shown for esterified B-Lg (Sitohy et al.,
2007) although at a level significantly lower than
acyclovir.

Specific side-chain reactivity can also be
explored by proteolysis, and the reader is referred
to Volume 1B and Hernandez-Ledesma et al.
(2008) for details of the bioactive peptides that
have been produced from B-Lg by a variety of
enzymes and procedures.

7.8 Solution Studies

Essentially every available technique has been
applied to probe the physicochemical behaviour
of B-Lg in vitro. Almost all of these studies have
used the bovine protein and, unless specifically
mentioned, it is this protein which is being
described. The principal physicochemical param-
eters are given in Table 7.5.
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Table 7.5 Selected molecular properties of bovine B-lactoglobulin

Number of amino acids 162

Total number of atoms (B variant) 2,596

http://www.expasy.ch/cgi-bin/protparam
http://www.expasy.ch/cgi-bin/proparam

Molecular formula (B variant) CoH 516N5060546S0 http://www.expasy.ch/cgi-bin/protparam
Monomeric M, (B genetic variant) (Da) 18,281.2 http://www.expasy.ch/cgi-bin/protparam
M_ (B genetic variant) (Da) 18,278.8 Leonil et al. (1995)
Isoelectric point (B genetic variant, native) (pH)  5.407 Godovac-Zimmermann et al. (1996)
(Reduced and denaturing conditions) 4.968 Godovac-Zimmermann et al. (1996)
Theoretical isoelectric point (B variant) 4.83 http://www.expasy.ch/cgi-bin/protparam
Extinction coefficient: 1 mg/mL at 278 nm 0.961 Townend et al. (1960b)
Calculated extinction coefficient 0.919 http://www.expasy.ch/cgi-bin/protparam
Hydration (g H,O/g protein) 0.46 Pessen et al. (1985)
Monomer hydrodynamic radius (nm) 2.04 Aymard et al. (1996)
Dimer hydrodynamic radius (nm) 3.19 Aymard et al. (1996)
Radius of gyration, dimer (nm) 2.1 Panick et al. (1999)
Radius of gyration, octamer (nm) 3.44 Timasheff and Townend (1964)
Sedimentation coefficient (S°, X 10%/s) 2.83 Cecil and Ogston (1949)
Monomer diffusion coefficient (10" m?%s) 10.5 Aymard et al. (1996)
Dimer diffusion coefficient (10~!! m?%s) 6.7 Aymard et al. (1996)
Intrinsic viscosity (mL/g) 34 Tanford (1961)
Partial specific volume (cm?/g) 0.751 Svedberg and Pedersen (1940)
Axial ratio (dimer) 2:1 Green and Aschaffenburg (1959)
Dimer K (A genetic variant)

pH 3.0, 10 mM NaCl, 293 K 3.07x10° M Sakurai et al. (2001)

pH 6.5, 20 mM NaCl, 293 K 4.93x10°M Sakurai ef al. (2001)

pH 8.2, 130 mM NaCl, 293 K 1.96x10° M Zimmerman et al. (1970)
Octamer dissociation constant pH 4.7, 274 K 4.55x10"2 M3 Gottschalk er al. (2003)
Dipole moment (Debye) 698 (corrected for M)  Ferry and Oncley (1941)
7.8.1 Solubility because of the unique distribution of surface

B-Lg, a globulin, is largely insoluble in distilled
water and so can be precipitated and even crys-
tallised by dialysis (Senti and Warner, 1948;
Green et al., 1956; Adams et al., 2006). Salt
increases the solubility quite dramatically: Polis
et al. (1950) dissolved 1.8 g/L in water at the pl
compared to 16.5 g/L at pH 5.2 in 0.2 M NaCl,
a tenfold increase, and Treece et al. (1964)
showed B-Lg B to be about five times more sol-
uble than B-Lg A, a result that is perhaps coun-
terintuitive on account of the A variant having
an extra charge (Asp for Gly,,). Arakawa and
Timasheff (1987) maintain that because the sol-
ubility is anomalous, much salt binding occurs

charge, and hence dipole, at neutral pH (Ferry
and Oncley, 1941), a view shared by Piazza
et al. (2002) and Bertonati et al. (2007). This
conclusion has been given further weight in a
systematic study of the solution properties (Holt
et al., 1999). Solubility curves for B-Lg around
the pl (Gronwall, 1942) are often shown in
undergraduate biochemistry texts (e.g. Voet and
Voet, 2004). Salting out concentrated protein
solutions, the other extreme, is the standard way
of growing X-ray quality crystals of any B-Lg
(Aschaffenburg et al., 1965; Rocha et al., 1996;
Hoedemaeker et al., 2002; Oksanen et al., 20006),
although dialysis against distilled water is an
alternative (Adams et al., 2006).


http://www.expasy.ch/cgi-bin/protparam
http://www.expasy.ch/cgi-bin/proparam
http://www.expasy.ch/cgi-bin/protparam
http://www.expasy.ch/cgi-bin/protparam
http://www.expasy.ch/cgi-bin/protparam
http://www.expasy.ch/cgi-bin/protparam
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7.8.2 Molecular Size

Early studies of the M, of bovine B-Lg under
various conditions converged to a value of
~36,000 Da although at high dilution or low pH,
a half-size component became significant. The
association/dissociation data for bovine -Lg are
summarised in Table 7.5, and fuller discussions
can be found elsewhere (Verheul et al., 1999;
Sakurai et al., 2001; Gottschalk et al., 2003;
Invernizzi et al., 2006; Bello et al., 2008, 2011;
Mercadente et al., 2012). Ruminant B-Lg at
neutral pH is mostly a dimer of two identical or
near-identical subunits and at pH 2 at low ionic
strength the monomer species predominates, with
the core remaining pretty much in the native
form, although both NMR and fluorescence
studies show subtle changes (Mills and Creamer,
1975; Molinari et al., 1996; Kuwata et al., 1999;
Uhrinova et al., 2000). Low salt concentration at
low B-Lg concentrations enhances dissociation
(Aymard et al., 1996; Renard et al., 1998). For
[B-Lg]<0.3 mM, the K, in 0.2 M NaCl of
1.00x 1075 M rises to 3.55x 10~ M in the absence
of NaCl. Dissociation is also enhanced by thiol
modification (Burova et al., 1998) and increasing
temperature (Aymard et al., 1996; Bello et al.,
2008, 2011). These recent K values are in keeping
with those derived elsewhere, which also show
that the B-Lg genetic variants dissociate in the
order A>B>C (Timasheff and Townend, 1961;
Thresher and Hill, 1997; Bello et al., 2011).
It has also been shown by Hill ez al. (1996) that
AA, BB and AB have K, values of 1.5, 1.8 and
2.1x107°M in simulated milk ultrafiltrate buffer,
pH 6.6 and 20°C. Recent work on the energetics
of hydration involving both experimental and
theoretical studies of dimer formation (Bello
et al., 2008) has shown that subunit association
also involves ‘burying’ some 36 water molecules.
Between pH 3.5 and 6.5, with a maximum at
pH 4.5, the bovine A variant forms octamers (i.e.
four dimers), especially at low temperatures
(Townend and Timasheff, 1960; Timasheff and
Townend, 1961; Pessen et al., 1985; Verheul
et al., 1999; Gottschalk et al., 2003). Since the A
variant has the external Gly64Asp mutation, the
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reason may be some form of carboxyl-carboxy-
late interaction (Sawyer and James, 1982).
Indeed, Armstrong and McKenzie (1967) showed
that carbodiimide modification of the carboxyls
affects only the ability to octamerise. No crystals
capable of full X-ray structure determination of
the A variant at pH 4.6 have been obtained so that
a direct view of the octamer remains elusive.
Tetragonal crystal forms have been reported,
from which it is tempting to speculate that they
may reflect the likely 422 symmetry (Green and
Aschaffenburg, 1959; Timasheff and Townend,
1964; Witz et al., 1964). However, this need not
be the case. Indeed, Mercadente et al. (2012)
have shown very recently that in 0.1M NaCl and
45 microM protein, the dimer is the predominant
form over the pH range 2.5 to 7.5 at 25°C with
no evidence of larger complexes. Interestingly,
although neither determination was at pH 4.6,
the salt-free bovine (Adams er al., 2006) and the
reindeer (Oksanen et al., 2006) structures have
four and eight subunits in the asymmetric unit,
hinting at a larger structure than the dimer.

Over the pH range 8-9.5, slow time-dependent
changes occur in 3-Lg. At pH values above 8.5,
reversible dissociation occurs (Georges and
Guinand, 1960; Invernizzi et al., 2006) and,
above pH 9, the optical rotatory dispersion
(ORD), circular dichroism (CD) and solubility
change with time as the protein denatures irre-
versibly and aggregates (Groves et al., 1951;
Christensen, 1952; Herskovits et al., 1964;
Townend et al., 1967). Addition of a thiol-block-
ing group can inhibit aggregation, implicating
thiol oxidation and/or thiol/disulphide exchange
in the formation of the heavier components (Roels
et al., 1966).

As regards the nonruminant protein, compara-
tive pH studies by mass spectrometry on the pig
and cow B-Lgs (Invernizzi et al., 2006) find that
the pig protein associates to a dimer distinct from
that of the ruminants (Hoedemaeker et al., 2002)
at pH 4.0 but is monomeric at pH 6.0 and above.
The K, is 9 uM which is consistent with the
56 uM obtained by gel permeation at pH 3.0
(Ugolini et al., 2001). Information on the equine
protein indicates that it does not form dimers
between pH 3.3 and 8.7 although incubation at
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pH 1.5 for 2 h or treatment with 3 M urea at pH
8.7 was shown to produce some material with an
apparent MW greater than the monomer (Ikeguchi
et al., 1997; Fujiwara et al., 2001). A chaemeric
form of the protein, retaining the cow core but
with the horse loops, has been shown to form
cow-like dimers (Ohtomo et al., 2011).

7.9 Conformation and Folding

Early work using CD and the related technique of
ORD together with ultracentrifugation and other
techniques (reviewed by Sawyer, 2003) showed
that bovine -Lg underwent three pH-dependent
conformational transitions between pH 2 and 10
which can be summarised as:

Q& Ne-R->S

This pH-dependent conformational variation
has been extended using ultrasonic, densim-
etric and spectroscopic studies (Taulier and
Chalikian, 2001) which suggest that there are
five distinct changes in conformation that lead
to variations in protein hydration, compressibility
and specific volume, the extra transitions over
the above scheme being below pH 2 and above
pH 10.

79.1 Q<N

Bovine B-Lg variants A, B and C undergo the
reversible Q <> N transition between pH 4 and 6
(Timasheff et al., 1966b; McKenzie and Sawyer,
1967). The pH-dependent increase in sedimenta-
tion coefficient correlates with a contraction of
the protein. The titration behaviour is consistent
with a two-proton ionisation for 3-Lg A while 3-
Lg B and B-Lg C follow a single proton transi-
tion. This is in keeping with the extra Asp,, in the
A variant. In B-Lg C, one extra cationic residue
per subunit, presumably His_, is exposed upon
increasing the pH. No aromatic residues are
involved in this transition (Timasheff er al.,
1966a; Townend et al., 1969) which is slightly
surprising since His,,, Trp,, and Asp, are located
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in the same region of the protein, albeit on the
surface. No change is detected in the IR spectrum
(Casal er al., 1988). The changes have also been
identified by NMR (Fogolari et al., 1998, 2000;
Kuwata et al., 1999) and are generally fairly
small. The core remains compact although the
helix moves slightly relative to its position at
neutral pH. Loops AB and CD adopt different
positions, and loop EF is in the ‘closed’ position,
preventing access to the central calyx. Gluy is
buried. Presumed movement of the helix caused
by modification of the free Cys,, also leads to
dissociation of the dimer (Zimmerman et al.,
1970; Iametti et al., 1998; Burova et al., 1998),
but whether dissociation at low pH causes the
movement or results from it is not yet clear.

7.9.2 NoR

Between pH 6.5 and 7.8, the second reversible
conformational change (N« R), often called
the Tanford transition, is observed (Groves
et al., 1951; Tanford et al., 1959). In bovine [3-
Lg, this transition can be detected by a simple
change in optical rotation ([a], is —25° at pH 6,
but —48° at pH 8), by a decrease in the sedimen-
tation coefficient (3.2-2.6 S) or possibly even a
thermal denaturation peak (de Wit and
Klarenbeek, 1981; Qi et al., 1995, 1997). The
change in sedimentation coefficient may result
from protein expansion, shape variation (Tanford
etal., 1959; Timasheff er al., 1966b) or increased
dissociation (Georges et al., 1962; McKenzie
and Sawyer, 1967).

Upon increasing the pH, the buried carboxyl
of the conserved Gluy, becomes exposed and
ionised, with a positive enthalpy (Tanford and
Taggart, 1961), arising from hydrogen bonding to
the carbonyl of Ser, , (Brownlow ef al., 1997,
Qin et al., 1998a). The anomalous carboxyl
(pK,=7.3), which titrates normally in urea- and
alkali-denatured B-Lg (Tanford et al., 1959), has
also been observed in caprine -Lg (Ghose et al.,
1968) and appears to be a conserved feature of
B-Lgs since the residue is conserved in all spe-
cies, except the fur seal in which it is Gln
(Table 7.3; Ragona et al., 2003; Cane et al., 2005;
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Edwards et al., 2009). A Tyr has been shown to
be involved (Townend et al., 1969), and Tyr,,, is
in the vicinity of Glu,, although no significant
movement is observed between N and R states
(Qin et al., 1998a). Cys,, also becomes more
accessible to pCMB (Dunnill and Green, 1965)
and KAu(CN), (Sawyer and Green, 1979) when
the pH is increased from 6 to 8, but it is some way
from Gluy, and the EF loop. That the change
affects access to the calyx has been shown by the
careful binding studies of Ragona et al. (2003)
monitoring the NMR signal from "C-labelled
palmitic acid. The bound fraction is pH depen-
dent with a half-site occupancy at about pH 5.5,
two whole pH units below the H*-mediated
Tanford transition, but corresponding to the cal-
culated pK, of Glu,, in the ‘closed’ N state. The
pH titration behaviour compared to the ligand-
binding behaviour indicates an interesting shift in
the pK, of Glu,, presumably brought about by the
sparingly soluble ligands binding to the small
concentration of open form present at pH below
7. Recall that the calyx is apparently empty (Qvist
et al., 2008). No ligand binding is observed at pH
2 (Ragona et al., 2000). Molecular dynamics
simulation of the protonated and deprotonated
Glu,, is consistent with the above behaviour
(Eberini et al., 2004)

Recently, Goto and his co-workers have pro-
vided a detailed explanation of the Tanford transi-
tion (Sakurai and Goto, 2006, 2007; Sakurai et al.,
2009). Using the Ala34Cys mutant that stabilises
the B-Lg dimer, three distinct phases were
identified by NMR on the nano- to millisecond
timescale. First, chemical shift differences revealed
that a group associated with the G strand has a pK
of 6.9 which they assigned to Glug,. Next, on the
microsecond timescale, consideration of the relax-
ation data allowed significant fluctuations of the
hydrogen bonds of Ile,,, Asn, and Glu,, to be
identified above pH 7.0. These residues are at the
hinge of the EF loop. On still longer a timescale,
differences in signal intensity associated with resi-
dues in the EF and GH loops together with some
on the D strand correlate with the pH change.
Together, these data were interpreted as initially
Glu,, is deprotonated allowing fluctuation of the

hydrogen bonding of residues lle,,, Asn,, and
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Glu, ,, which in turn allows strand D and loops EF
and GH to rearrange, thereby allowing access to
the internal binding site. By varying the humidity
of the crystals, Vijayalakshmi et al. (2008) have
produced a form of B-Lg in which the EF loop in
one subunit is closed but open in the other, from
which it appears that the Tanford transition does
not involve inter-subunit cooperativity.

Ragona et al. (2003) have shown that for por-
cine B-Lg, binding does indeed occur but only at
pH values above 8.6. The pK, of Glu,, was mea-
sured at 9.7, and the calculated value from the
porcine structure is 7.4. In the light of this obser-
vation, it would be interesting to measure the pH
dependency of ligand binding in other B-Lgs
reported not to bind ligands (Pérez et al., 1993).

793 R->S

The third, irreversible, conformational change is
the alkali denaturation of 3-Lg observed by many
(Groves et al., 1951; Townend et al., 1960a;
Timasheff et al., 1966a; Hui Bon Hoa et al., 1973;
Purcell and Susi, 1984; Casal er al., 1988;
Mercadé-Prieto et al., 2008).

7.9.4 Folding

The ‘folding problem’ in biology is one that has
fascinated scientists for many years: given an
amino acid sequence, can one predict its native
3D structure? (Richards, 1991) Because -Lgis a
relatively small B-barrel protein, it is a useful
subject for such studies. Further, the existence of
extra helical segments observed during the refold-
ing makes the reason for the switch from helix to
sheet all the more intriguing. It is worth noting
that essentially all folding studies are performed
by refolding the unfolded protein, usually by
diluting the urea or guanidinium chloride used to
achieve unfolding. Thus, it is important that suit-
able conditions are found which permit refolding
to the native state. With B-Lg such conditions are
readily attainable although a great deal of work
over the years has centred round the irreversible
denaturation that is important commercially.
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Reversible unfolding-refolding of bovine f3-
Lg at ambient temperatures has been examined at
low pH (Tanford and De, 1961; Pace and Tanford,
1968; Alexander and Pace, 1971; Hamada and
Goto, 1997; Ragona et al., 1999) and at neutral
pH (McKenzie et al., 1972; Hattori et al., 1993;
Creamer, 1995; Subramaniam et al., 1996). The
methods used to monitor the process include
spectrophotometry, CD, NMR, fluorescence,
DSC, ligand-binding and antibody recognition.
The problem of disulphide interchange identified
by McKenzie et al. (1972) was addressed further
by Cupo and Pace (1983) who used a thiol-
modification approach to show that the extra,
external disulphide destabilised the structure.
Sakai et al. (2000) showed that a modified Cys ,,
produced a molten globule-like structure at pH
7.5 while at pH 2.0 the protein remained native-
like. Creamer (1995) minimised possible inter-
change by working rapidly at pH 6.7, and his
study showed the stabilising effects of added
ligand. To address the folding problem in more
structural detail, SAXS, fluorescence, NMR, CD
and proton exchange studies have all been used
(Kuwajima et al., 1987; Hattori et al., 1993;
Hamada et al., 1995, 1996; Hamada and Goto,
1997; Arai et al., 1998; Kuwata et al., 1998,
2001; Mendieta et al., 1999; Ragona et al., 1999;
Forge et al., 2000). A refolding scheme has
emerged whereby B-strands F, G and H and the
main a-helix are formed within 2 ms with con-
comitantly, some non-native a-helix around the
N-terminal part of the A strand. Thus, the helix
and sheet E-H form first together with the
C-terminal half of the A strand, before the
N-terminal part of the A strand with strands B-D
completes the folding. Sakurai et al. (2009) sug-
gest that the non-native helix clearly identified in
predictions is a means of preventing unwanted
hydrogen bonding during folding. They sum-
marise the folding of 3-Lg in terms of an unfolded
state passing through intermediate states with
identifiable non-native helix, to produce, eventu-
ally, the N state. It is not clear that the molten
globule state is on the folding pathway, since
most reports of its existence involve variation in
temperature or solution dielectric. Figure 7.6
summarises this proposed scheme. Unfolding
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Fig. 7.6 A scheme showing the stages involved in the
proposed folding/reversible unfolding (bold—a, b, ¢, d)
and irreversible denaturation (e, f, g, h) of bovine -lacto-
globulin. It is probable that the dimer can undergo some
unfolding/denaturation without first becoming a mono-
mer, and certainly non-covalent interactions are present in
the various aggregates and fibrils. The molten globule
state can be isolated by changing the dielectric constant,
but is most probably a transient state in the normal folding
pathway

studies on caprine B-Lg have shown it to be
slightly less stable than either bovine B-Lg A or
B (Alexander and Pace, 1971).

Work with equine B-Lg, a monomer under
physiological conditions, has identified both a
reversible molten globule state and one in which
there is also a greater-than-native content of
a-helix at pH 1.5 (Ikeguchi et al., 1997; Fujiwara
et al., 1999; Kobayashi et al., 2000). Ikeguchi and
colleagues have been able to equate the molten
globule state with the burst phase state found with
bovine 3-Lg, and they observed protection from
hydrogen exchange of residues on strands A, F, G
and H, and on the helix. Their more recent studies
also reveal the presence of non-native helix at
alkaline pH as well as at low temperatures
(Nakagawa et al., 2006, 2007; Matsumura et al.,
2008). They too have relied both upon stabilisa-
tion of intermediates in water—alcohol solvents
(e.g. Matsumura et al., 2008) and site-directed
mutagenesis (Yamada et al., 2006; Nakagawa
et al., 2006, 2007) to study the folding.

Porcine B-Lg has been examined by Molinari
and her co-workers who have also identified an
intermediate state with non-native helix
(D’ Alfonso et al., 2005; Ugolini et al., 2001).
They interpret the unfolding, as with the bovine
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and equine proteins, as a process requiring inter-
mediates, with the porcine protein being less sta-
ble at both pH 2 and pH 6 than bovine -Lg.

7.10 Denaturation

Arguably the largest topic discussed in the bovine
B-Lg literature concerns its denaturation on its
own, but increasingly in the past couple of
decades, in mixtures with other proteins, carbo-
hydrates and lipids. This enormous literature
reflects the commercial importance of the effects
of the various processing techniques on whole
milk, skim milk and whey protein preparations in
which B-Lg is seen to play a crucial role. Indeed,
as recently pointed out by de Wit (2009), a
significant amount of the recent literature merely
repeats studies done before much of the elec-
tronic archive, which often begins only in mid-
1990s. However, cursory literature surveying is
not the only reason for revisiting the measure-
ments, since monitoring techniques have become
significantly more sensitive which has high-
lighted the fact that the behaviour of B-Lg is sen-
sitive to small changes in the conditions,
especially at the protein concentrations that occur
in milk (Qi et al., 1995, 1997; Holt et al., 1998,
1999). In this section, ‘denaturation’ is taken to
mean the generation, often irreversibly, of insolu-
ble material.

Briefly, bovine [-Lg appears to denature
through an initial dissociation from dimer to
monomer followed by a change in the polypep-
tide chain conformation and subsequent aggre-
gation. Because of the free thiol in [-Lg,
disulphide interchange can also occur leading to
oligo-/polymer formation, involving the 66—160
cystine which is generally the more accessible,
although intra-subunit exchange also can occur
(McKenzie and Shaw, 1972; Manderson et al.,
1999b; Creamer et al., 2004). Depending upon
the precise conditions used, particulate or fibrous
material can be formed and recently, amyloid
fibrils have been made to form most efficiently
through low pH heating (Foegeding, 2006;
Hamada et al., 2009). The denaturant can be
alkali (Mercadé-Prieto et al., 2008), heat (e.g. Qi
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et al., 1997; Carrotta et al., 2003; Creamer et al.,
2004; Bhattacharjee et al., 2005; Tolkach and
Kulozik, 2007), cold (Katou et al., 2001;
Davidovic et al., 2009), pressure (e.g. lametti
et al., 1997; Belloque et al., 2000; Considine
etal.,2007), organic compounds (e.g. D’ Alfonso
et al., 2002; Dar et al., 2007), metal ions (e.g.
Stirpe et al., 2008; Gulzar et al., 2009) or metal
surfaces (Changani et al., 1997; Jun and Puri,
2005; Bansal and Chen, 2006). Studies with
combinations of these are also common (e.g.
Aouzelleg et al., 2004). Even various forms of
radiation can be used. For example, Bohr and
Bohr (2000) have examined the effects of micro-
wave radiation by SAXS suggesting that the
effects are nonthermal which is in keeping with
the observation that microwave treatment at a
non-denaturing temperature enhances suscepti-
bility to proteolysis (Izquierdo et al., 2007).
Similarly, the aggregation by y-radiation fol-
lowed by SAXS is significant in solution, though
not in the solid state, and increases with decreas-
ing protein concentration (Oliveira et al., 2006).
It appears that the cross-linking initiated by OH"
radicals is through tyrosine side chains, most of
which are solvent accessible (Townend et al.,
1969; Brownlow et al., 1997).

It is not yet clear in molecular detail how
each of these denaturing agents acts to yield
insoluble aggregates, although it is probable that
the mechanism is agent-dependent and that sev-
eral of the stages may be common (Fox, 1995;
Qi et al., 1997; Manderson et al., 1998, 1999a,
b; Edwards er al., 2009; see also Volume 1B).
The effects are also modulated by the presence
of ligands (e.g. Boye et al., 2004; Considine
etal.,2005; Busti et al., 2005), generally thought
to stabilise the folded protein. What has become
clear is that the mechanism depends on the pH,
the ionic strength and the nature of the ions, the
concentration and purity of the protein, the
dielectric constant and the temperature (Dufour
and Haertlé, 1993; Li et al., 1994; Relkin, 1996;
Renard et al., 1998; Foegeding, 2006; Krebs
et al., 2007). Distinguishable effects also derive
from the genetic variant (Hill et al., 1996;
Manderson et al., 1998, 1999a, b; Holt et al.,
1998). An attempt to illustrate the various stages
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that have been identified both in the unfolding—
refolding and the denaturation processes that
can lead to 3-Lg coming out of solution is shown
in Fig. 7.6. The conformational changes dis-
cussed above are also implied since the denatur-
ation occurs more readily, the more open is the
structure.

The situation is somewhat different with the
monomeric equine and porcine proteins that lack
a free thiol. Indeed, there is little published on the
denaturation of the nonruminant -Lgs, although
there is on their unfolding and refolding. The
equine and porcine proteins are not stable in acid
solution, unlike the bovine protein (Ikeguchi et al.,
1997; Ugolini et al., 2001; Burova et al., 2002;
Invernizzi et al., 2006; Ohtomo et al., 2011).
Yamada et al. (2005) have compared the heat-
denatured state of equine 3-Lg with that obtained
in acid, finding them to be similar but distinct
from the cold-denatured state which, by CD,
SAXS and ultracentrifugation, appeared to be
expanded and chain-like with more a-helix than
the more compact acid-denatured protein, not
unlike the intermediates of the bovine protein.

As one of the consequences of protein dena-
turation is the formation of precipitate, in addi-
tion to food scientists, the process has recently
attracted the attention of th