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Preface

Fundamentals of Dairy Chemistry has always been a reference text
which has attempted to provide a complete treatise on the chemistry
of milk and the relevant research. The third edition carries on in that
format which has proved successful over four previous editions (Fun-
damentals of Dairy Science 1928, 1935 and Fundamentals of Dairy
Chemistry 1965, 1974). Not only is the material brought up-to-date,
indeed several chapters have been completely re-written, but attempts
have been made to streamline this edition. In view of the plethora of
research related to dairy chemistry, authors were asked to reduce the
number of references by eliminating the early, less significant ones. In
addition, two chapters have been replaced with subjects which we felt
deserved attention: “Nutritive Value of Dairy Foods’” and ‘‘Chemistry
of Processing.” Since our society is now more attuned to the quality
of the food it consumes and the processes necessary to preserve that
quality, the addition of these topics seemed justified. This does not
minimize the importance of the information in the deleted chapters,
“Vitamins of Milk’”’ and ‘“Frozen Dairy Products.” Some of the mate-
rial in these previous chapters has been incorporated into the new
chapters; furthermore, the information in these chapters is available in
the second edition, as a reprint from ADSA (Vitamins in Milk and Milk
Products, November 1965) or in the many texts on ice cream manufac-
ture.

Originally, Fundamentals of Dairy Science (1928) was prepared by
members of the Dairy Research Laboratories, USDA. Over the years,
the trend has changed. The present edition draws heavily from the ex-
pertise of the faculty and staff of universities. Ten of the 14 chapters
are written by authors from state universities, three from ARS, USDA,
and one from industry.

It seems fitting that this is so. The bulk of future dairy research, if it
is to be done, appears destined to be accomplished at our universities.
Hopefully the chapter authors have presented appropriate material
and in such a way that it serves best the principal users of this book,
their students. As universities move away from specific product tech-
nology and food technology becomes more sophisticated, a void has

ix



x PREFACE

been created where formerly a dairy curriculum existed. It is hoped
that this edition of Fundamentals of Dairy Chemistry which incorpo-
rates a good deal of technology with basic chemistry can help fill this
void.

Preparation of this volume took considerably longer than antici-
pated. The exigencies of other commitments took its toll. Originally
the literature was supposed to be covered to 1982 but many of the
chapters have more recent references.

I wish to acknowledge with appreciation the contribution made by
the chapter authors and the associate editors. Obviously without their
assistance, publication of this edition would not have been possible.
Dr. Jenness was responsible for Chapters 1, 3, 8, and 9; Dr. Keeney,
Chapters 4, 5, and 10; Dr. Marth, Chapters 2, 13, and 14; and Dr.
Wong, Chapters 6, 7, 11 and 12.
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Composition of Milk

Robert Jenness

Milk is secreted by all species of mammals to supply nutrition and
immunological protection to the young. It performs these functions
with a large array of distinctive compounds. Interspecies differences
in the quantitative composition of milk (Jenness and Sloan 1970) prob-
ably reflect differences in the metabolic processes of the lactating
mother and in the nutritive requirements of the suckling young.

Human beings consume large amounts of milk of a few species be-
sides their own. The principal ones are cows, water buffaloes, goats,
and sheep, which furnish annually about 419, 26, 7.2, and 7.3 million
metric tons of milk, respectively, for human consumption (FAO Pro-
duction Yearbook 1979). This chapter, and indeed this entire volume,
deals primarily with the milk of western cattle—Bos taurus. References
to reviews concerning milk of other important species are: Indian cat-
tle—B. indicus (Basu et al. 1962); water buffalo—Bubalus bubalis (Lax-
minarayan and Dastur 1968); goat—Capra hircus (Parkash and Jen-
ness 1968; Jenness 1980; Ramos and Juarez 1981); sheep—OQuvis aries
(Ramos and Juarez 1981); and humans—Homo sapiens (Macy et al.
1953; Jenness 1979; Blanc 1981; Gaull et al. 1982; Packard 1982).

In the United States, milk is defined for commercial purposes as the
lacteal secretion, practically free from colostrum, obtained by the com-
plete milking of one or more healthy cows, which contains not less than
8.25% of milk-solids-not-fat and not less than 3.25% milk fat. Minimal
standards in the various states may vary from 8.0 to 8.5% for milk-
solids-not-fat and from 3.0 to 3.8% for milk fat (U.S. Dept. Agr. 1980).

CONSTITUENTS OF MILK

Milk consists of water, lipids, carbohydrates, proteins, salts, and a long
list of miscellaneous constituents. It may contain as many as 10° differ-
ent kinds of molecules. Refinement of qualitative and quantitative
techniques continues to add new molecular species to the list. The con-
stituents fall into four categories:
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1. Organ and species specific—most proteins and lipids.

2. Organ but not species specific—lactose.

3. Species but not organ specific—some proteins.

4. Neither organ nor species specific—water, salts, vitamins.

The following sections summarize the constituents of milk and indi-
cate how they are quantitated operationally. Detailed descriptions and
properties of lipids, lactose, and proteins will be found in later chap-
ters.

Water

Milks of most species contain more water than any other constituent.
Certainly this is true of the milks consumed by humans. The other
constituents are dissolved, colloidally dispersed, and emulsified in wa-
ter. The dissolved solutes in bovine milk aggregate about 0.3 M and
depress the freezing point by about 0.54°C (see Chapter 8). The activ-
ity of water in milk, a,, which is the ratio of its vapor pressure to that
of air saturated with water, is about 0.993. A small amount of the wa-
ter of milk is “bound’ so tightly by proteins and by the fat globule
membrane that it does not function as a solvent for small molecules
and ions. Water content is usually determined as loss in weight upon
drying under conditions that minimize decomposition of organic con-
stituents, e.g., 3 hr at 98-100°C (Horwitz 1980).

Lipids

The lipids of milk, often simply called ‘“fat,” consist of materials that
are extractable by defined methods. Simple extraction with a nonpolar
solvent like ether or chloroform is not efficient because the fat is lo-
cated in globules protected by a surface membrane. A widely used
gravimetric method is the Roese-Gottlieb extraction (Walstra and
Mulder 1964) using NH,OH, ethanol, diethyl ether, and petroleum
ether. Volumetric methods such as that of Babcock and Gerber (Ling
1956; Horwitz 1980) use H,SO, to liberate the fat, which is then mea-
sured. Rapid determination of the amount of fat in milk can be done
by measurement of the absorption of infrared radiation at 3.4 or 5.7
pm (Chapter 8; Goulden 1964; Horwitz 1980).

The lipids of milk are composed of about 98% triglycerides, with
much smaller amounts of free fatty acids, mono-and diglycerides, phos-
pholipids, sterols, and hydrocarbons. Chapter 4 deals in detail with the
composition of milk lipids.

The fat in milk is almost entirely in the form of globules, ranging
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from 0.1 to 15 pum in diameter. Size distribution is an inherited charac-
teristic that varies among species and among breeds of cattle. Bovine
milk contains, many very small globules that comprise only a small
fraction of the total fat. The total number is about 15 x 10° globules
per milliliter of which 75% are smaller than 1 yum in diameter. The fat
globules and their protective membrane of phospholipids and proteins
are described in Chapter 10.

Carbohydrates

In bovine milk, and indeed in all milks consumed by humans, the over-
whelming carbohydrate is lactose. This disaccharide, 4-0-8-p-galacto-
pyranosyl-D-glucopyranose, is a distinctive and unique product of the
mammary gland. It has been found in milks of almost all of the species
analyzed to date (Jenness et al. 1964) and nowhere else in nature except
in low concentration in the fruits of some of the Sapotaceae (Reithel
and Venkataraman 1956). Lactose is discussed in detail in Chapter 6.

Lactose in milk can be quantitated by oxidation of the aldehyde of
the glucose moiety (Hinton and Macara 1927; McDowell 1941; Perry
and Doan 1950; Horwitz 1980), by polarimetry of a clarified solution
(Grimbleby 1956; Horwitz 1980), by colorimetry of the product of reac-
tion with phenolic compounds (Marier and Boulet 1959), by infrared
absorption at 9.6 yum (Goulden 1964; Horwitz 1980), by enzymatic as-
say with -galactosidase and galactose dehydrogenase (Kurz and Wal-
lenfels 1974), and by chromatography (Reineccius et al. 1970; Beebe
and Gilpin 1983; Brons and Olieman 1983). Only the last two of these
methods are specific for lactose, but bovine milk contains so little other
material that is oxidizable, that exhibits optical rotation, that reacts
with phenolic compounds, or that absorbs at 9.6 um that the first four
give reasonable estimates of lactose. Older analyses were made by oxi-
dation or polarimetry. Published values for lactose contents obtained
with these methods must be scrutinized carefully because some were
calculated on the basis of lactose monohydrate and are thus 5.26% too
high (360/342).

Carbohydrates other than lactose in milk include monosaccharides,
neutral and acid oligosaccharides, and glycosyl groups bound to pro-
teins and lipids. Glucose and galactose are detectable by thin layer
chromatography (TLC) and gas-liquid chromatography (GLC) of bo-
vine milk. Of course, hydrolysis of lactose is an obvious source of these
two monosaccharides, but with precautions taken to avoid hydrolysis,
concentrations of 100-150 mg/liter of each have been found by GLC
(Reineccius et al. 1970). Specific enzymatic methods, however, have in-
dicated considerably lower concentrations—about 30 mg glucose and
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90 mg galactose per liter (Faulkner et al. 1981). Free myo-inositol has
been found in the milks of several species (in addition to that bound in
phosphatidyl inositols; (see Chapter 4). Bovine milk has only 40-50 mg
of myo-inositol per liter, but milks of some other species contain much
more (Byun and Jenness 1982).

The carbohydrates L(-)fucose (Fuc), N-acetylglucosamine (2-acetami-
do-2-deoxy-D-glucose), N-acetyl galactosamine (2-acetamido-2-deoxy-D-
galactose), and N-acetylneuraminic acid occur in milk almost entirely
in the form of oligosaccharides and glycopeptides. Only small concen-
trations are present in the free state, although there is one report of
112 mg of N-acetylglucosamine per liter of bovine milk (Hoff 19683). The
total (free and combined) content of N-acetylneuraminic acid is 100-
300 mg/liter (de Koning and Wijnand 1965).

Bovine milk contains 1-2 g of oligosaccharides per liter, human milk
10-25 gfliter. Colostrums of both species have higher concentrations.
A recent review (Blanc 1981) lists more than 60 oligosaccharides which
have been detected in human milk. They range from 3 to 20 monosac-
charide units per molecule; not all have been characterized structurally.
Five oligosaccharides have been detected and characterized in bovine
milk or colostrum. All of the oligosaccharides that have been character-
ized in either bovine or human milk have a lactose moiety, p-Gal-8-(1-
4)-p-Glc in the reducing terminal position. (In a few, the terminal resi-
due is an N-acetylglucosamine). The simplest are the trisaccharides
fucosyllactose [L-Fuc a-(1-2)-D-Gal-$-(1-4)-D-Glc] and N-acetylneurami-
nyllactose [NANA-(2-3)-D-Gal-$-(1-4)-D-Glc]. More complex ones have
longer chains with various kinds of branching (Ebner and Schanbacher
1974; Blanc 1981).

Various sugar phosphates occurring in milk are listed later under
miscellaneous constituents. The glycosyl groups of several of the milk
proteins are described in Chapter 3.

Proteins

The proteins of milk fall into several classes of polypeptide chains.
These have been delineated most completely in bovine milk, and a sys-
tem of nonmenclature has been developed for them (Chapter 3; Eigel
et al. 1984). One group, called “caseins,” consists of four kinds of poly-
peptides: aqi-, as2-, and -, and k- with some genetic variants, post transla-
tional modifications, and products of proteolysis. Almost all of the ca-
seins are associated with calcium and phosphate in micelles 20-300
pm in diameter (see Chapter 9). The other milk proteins, called ‘“whey
proteins,” are a diverse group including $-lactoglobulin, o-lactalbumin,
blood serum albumin, and immunoglobulins (Chapter 3). Almost all
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milk proteins of nonbovine species defined to date appear to be evolu-
tionary homologs of those of the bovine and are named accordingly.

Classically, milk protein content has been determined by Kjeldahl
analysis for nitrogen (N) (Horwitz 1980). This has the advantages that
N is a major constituent, comprising about one-sixth of the mass of
the protein, and that the N contents of the individual milk proteins are
nearly the same. Multiplication by 6.38 has been used commonly to
convert the N content to protein. This is based on an old determination
of 15.67% N in milk proteins, but a modern weighted average of the N
contents of individual milk proteins indicates that the factor should be
6.32 (Walstra and Jenness 1984). Thus older results may be nearly 1%
too high. A more serious error is that protein contents have often been
calculated as 6.38 x total N. Such ‘“‘crude protein” values are 4-8%
too high because they include N from nonprotein nitrogenous constitu-
ents.

Various procedures are used to separate milk proteins into fractions
or individual components that can quantitated separately. A classic
method of fractionation is by precipitation at pH 4.6, which separates
the proteins into two groups—caseins in the precipitate and whey pro-
teins in the supernatant. All proteins are precipitated from a second
aliquot with trichloroacetic acid at 12% (w/v) concentration (Rowland
1938), and concentrations of casein and whey proteins are calculated
as follows:

Casein = 6.38 (TN-NCN)
Whey protein = 6.38 (NCN-NPN)

where TN is total nitrogen, NCN is nitrogen in the pH 4.6 filtrate, and
NPN is nitrogen in the trichloroacetic acid filtrate. About 80% of the
proteins of bovine milk fall into the category of caseins, but the propor-
tions differ greatly among species (see Table 1.10).

Numerous other methods have been proposed for routine determina-
tion of protein on large numbers of samples. Several are reviewed by
Booy et al. (1962). They include colorimetric determination of ammo-
nia, colorimetric determination of peptide linkages by the biuret
method, analysis for tyrosyl groups, titration of protons released from
lysyl groups upon reaction with formaldehyde, binding of anionic dyes
to cationic protein groups, turbidimetric procedures (Kuramoto et al.
1959), and absorption of infrared radiation of 6.46 um (Goulden 1964;
Horwitz 1980). Individual milk proteins can be assayed by specific im-
munological tests (Larson and Twarog 1961; Larson and Hageman
1963; Babajimopoulos and Mikolajcik 1977; Guidry and Pearson 1979;
Devery-Pocius and Larson 1983), by ion-exchange chromatography
{Davies and Law 1977), by gel filtration (Davies 1974), by zone electro-
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phoresis (Swaisgood 1975; West and Towers 1976, Bell and Stone
1979), and by high performance liquid chromatography (Diosady et al
1980; Bican and Blanc 1982).

Salts

For the purpose of this discussion, milk salts are considered as ionized
or ionizable substances of molecular weight 300 or less. Ionizable
groups of proteins are not included here, although, of course, they must
be taken into account in a complete description of ionic balance and
equilibria. Trace elements, some of which are ionized or partially so in
milk, are considered in a later section of this chapter. Milk salts include
both inorganic and organic substances; thus they are not equivalent to
either minerals or ash. The principal cations are Na, K, Ca, and Mg,
and the anionic constituents are phosphate, citrate, chloride, carbon-
ate, and sulfate. Small amounts of amino cations and organic acid an-
ions are also present.

General methods for quantitating minerals (especially metals) use
absorption or emission of radiation of specific wavelengths (Wenner
1958; Murthy and Rhea 1967). The former is a measure of absorption
of the energy required to raise electrons to a higher energy-excited
state and the latter is a measure of the energy released when excited
electrons revert to their original state. These methods are particularly
suitable for Na and K, for neither of which are volumetric or gravimet-
ric methods of sufficient sensitivity available. Calcium and magnesium
can also be determined by emission or absorption but often are ana-
lyzed by specific chemical methods. Dry ashing or wet digestion with
H,SO0,-H;0; or HNO;-HCIO, are often used to destroy organic mate-
rial before analysis for minerals, but in some procedures diluted, un-
fractionated samples are injected directly into the flame photometer.
Defatted and deproteinized extracts, usually acid, are used to deter-
mine the content of organic salts such as citrate; they are sometimes
used for analyses of mineral constituents as well.

Classically, calcium was determined by precipitation as calcium oxa-
late, which was then titrated in H,SO, solution with KMnO, but this
has been largely replaced by titration with the chelating agent ethylen-
ediamine tetraacetate (EDTA), using as the indicator a dye (murexide)
which changes color when it binds calcium (White and Davies 1962).
Another more sensitive method for Ca determination is a colorimetric
procedure using glyoxal bis (2-hydroxyanil), whose calcium complex
absorbs strongly at 524 nm (Nickerson et al. 1964). Phosphate inter-
feres with both methods; it can be removed by treatment with an anion
exchanger or by precipitation with potassium meta-stannate. Alterna-
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tively, the calcium can be precipitated as oxalate before titration with
EDTA.

Magnesium, formerly determined by precipitation as magnesium
ammonium phosphate and determining P in the latter, can be analyzed
readily by EDTA titrations. It can be obtained either as the difference
between titrations for (Ca and Mg) and Ca alone or by titrating the
supernatant after Ca is precipitated as oxalate (White and Davies
1962).

Phosphate is determined almost universally by its reaction with mo-
lybdate to form phosphomolybdate. The latter can be reduced to a blue
compound that absorbs at various wavelengths, of which 640 and 820
nm are often used for colorimetric quantitation (Allen 1940; Sumner
1944; Meun and Smith, 1968).

Chloride is analyzed by some form of reaction with silver to form
insoluble silver chloride. Direct titration of milk with silver nitrate
yields erroneously high and variable results, and pre-ashing cannot be
used because chloride is lost by volatilization. Satisfactory procedures
involve adding an excess of standardized AgNO; directly to milk and
back titrating with potassium thiocyanate (KSCN), using a soluble fer-
ric salt as the indicator (Sanders 1939).

Citrate may be oxidized with KMnO, and brominated and decarbox-
ylated to form the relatively insoluble pentabromacetone; certain
methods for detecting citrate in milk, including that of the Association
of Official Analytical Chemists (Horwitz 1980), employ this reaction
for a gravimetric analysis. It is, however, cumbersome, and pentabro-
macetone is somewhat more soluble and volatile than desired in a grav-
imetric analysis. In another method, lead citrate is precipitated from
a sulfuric acid-alcohol filtrate from milk and titrated with ammonium
perchlorato-cerate (Heinemann 1944). A simpler and more sensitive
procedure utilizes the Furth-Herrmann reaction, in which a yellow-
colored condensation product of citrate with pyridine is formed in the
presence of acetic anhydride (White and Davies 1963). Citrate may also
be determined enzymatically by cleavage with a bacterial citrate lyase
to oxaloacetate; decarboxylation of the latter to pyruvate with oxa-
loacetate decarboxylase; and finally, formation of malate and lactate
with specific NAD-coupled dehydrogenases (Dagley 1974). The enzy-
matic method is the most specific method yet employed. About 10%
of the total apparent citrate of milk actually is isocitrate (Faulkner and
Clapperton 1981).

Inorganic sulfate, SO%~, is present in milk in a concentration of about
1mM; it may be determined turbidimetrically after adding barium ion
to a deproteinized filtrate (Koops 1965).

The total carbonate system (mostly HCOj3 in equilibrium with CO,)
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in milk varies with the time after milking and the extent of exposure
to heat and vacuum treatments. It is about 2mM in mixed raw milk in
equilibrium with air. It can be released by acidification, collected by
aspiration into Ba(OH),, and determined titrimetrically (McDowall
1936), or it can be released and measured in manometric apparatus
(Frayer 1940).

Table 1.1 gives the mean salt composition for 12 bulk milk samples
taken from a herd at approximately monthly intervals during a year
(White and Davies 1958). The means and ranges of the constituents
are similar to those observed by other workers. The sum of Na, K, Ca,
Mg, Cl, and total phosphate as PO, from these data plus 0.01 g/100 g
of inorganic sulfate is 0.73 g/100 g, which is a little short of the re-
ported ash content of 0.76 g/100 g. However, the composition of ash
likely differs somewhat from that of the mixture of the components
summed because of loss of chloride, conversion of some of the organic
S to SO% retention of a little organic C as CO3; and formation of me-
tallic oxides during ashing. The extent to which these processes occur
depends on the temperature of incineration. The former practice of re-
porting the composition of ash in terms of oxides of the metals and of
P (as done in previous editions of this volume) should be regarded only

Table 1.1. Salt Composition of Milk.

Concentration
Mean Range SD Mean Percent
Constituent (mg/100 g)  (mg/100 g)  (mg/100 g) (mM)  Diffusible
Cationic
Sodium . 58 47-77 10 25.2
Potassium 140 113-171 14 35.8
Calcium 118 111-120 2.5 29.5 31
Magnesium 12 11-13 0.6 4.9 65
Amines ~1.5
Anionic
Phosphorus® 74 61-79 - 23.9 53
Inorganic (P;) 63 52-70 — 20.4 53
Ester 11 8-13 1.7 3.5
Chloride 104 90-127 114 29.3
Citrate 176 166-192 9 9.2 90
Carbonate ~2.0
Sulfate ~1.0
Organic acids ~2.0

source: White and Davies (1958). Twelve samples of herd bulk milk (except for amines, carbonate,
sulfate, organic acids; see text).
¢Excluding casein P.
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as a mode of expression and not as an indication that these oxides are
actually present in ash.

Not all of the salt constituents are found in the dissolved state in
milk. Calcium, magnesium, phosphate, and citrate are partitioned be-
tween the solution phase and the colloidal casein micelles (see Chapter
9 for the composition and structure of these micelles). For analytical
purposes, partition of the salt constituents can be achieved by equilib-
rium dialysis or by pressure ultrafiltration. In the latter technique,
pressures must be limited to about 1 atmosphere to avoid the so-called
sieving effect (pushing water through the filter faster than the dis-
solved components (Davies and White 1960).

Table 1.1 shows the proportion of the several constituents found in
the dissolved, diffusible state. Actually, phosphate is present in five
classes of compounds: inorganic dissolved, inorganic colloidal, water-
soluble esters, ester-bound in caseins, and lipid. These can be deter-
mined by making the following analyses:

I. Total P in the dry-or wet-ashed sample.
II. Lipid P in digested Roese-Gottlieb extract.
II1. Dissolved P in digested ultrafiltrate.
IV. Inorganic dissolved P in undigested ultrafiltrate.
V. Acid-soluble P in undigested 12.5% trichloroacetic acid filtrate.

Then:

Inorganic dissolved P = IV

Inorganic colloidal P = V — IV
Water soluble ester P = 1IT — IV
Casein P I -(II+V)
Lipid P II

The total inorganic phosphate (Pi) is, of course, V.

The salt constituents in the dissolved state (ultrafilterable or diffusi-
ble) interact with each other to form various complexes. The concentra-
tions of each of these constituents can be calculated (with suitable com-
puter programs) from a knowledge of their several interaction or
association constants. Results of such a calculation (Holt et al. 1981)
for an ultrafiltrate similar to that of Table 1.1 are given in Table 1.2.
Na, K, and C1 are primarily present as free ions but Ca, Mg, phos-
phate, and citrate are distributed throughout many complexes; those
in the highest concentration are CaCit~, Mg Cit~, H,PO,~ HPO% and
CaHPO,. The calculation yields Ca?* and Mg?* concentrations of 2.0
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Table 1.2. Concentrations of lons and Complexes in Typical Milk Diffusate.

Complex with Cation (mmol/liter)

Free Ion
Anion (mmol/liter) Caz* Mg2* Na* K*
H.Cit~ +° + + + +
HCit?~ 0.04 0.01 + + +
Cit3~ 0.26 6.96 2.02 0.03 0.04
H,PO, 7.50 0.07 0.04 0.10 0.18
HPO2~ 2.65 0.59 0.34 0.39 0.52
PO2~ + 0.01 + + +
Gle-1-P2~ 1.59 0.17 0.07 0.10 0.14
H,CO, 0.11 -t - - -
HCO,~ 0.32 0.01 + + +
S0z~ 0.96 0.07 0.03 0.04 0.10
RCOOH 0.02 - - - -
RCOO~ 2.98 0.03 0.02 0.02 0.04
Free ion - 2.00 0.81 20.92 36.29
source: Holt et al. (1981).
a4+ = <0.005.
b— = not determined.

and 0.8 mM respectively. These are close to the values found indepen-
dently by determining the amounts of Ca?* and Mg?* bound by a resin
equilibrated against milk (Holt et al. 1981). [Ca?*] determined by a spe-
cific calcium-ion electrode is slightly higher and that determined by
colorimetry of a dye (murexide) complexing with the calcium ions is
somewhat lower than the calculated values. The calculated ionic
strength of the ultrafiltrate, 1/2 m;z?, based on the ionic distribution
in Table 1.2, is 0.08.

Trace Elements

In addition to the major salt constituents discussed up to this point,
the elements listed in Table 1.3 have been detected in normal bovine
milk by spectroscopic and chemical analyses. They include a large
number of metals, the metalloids As, B, and Si, and the halogens F,
Br, and I. The subject of trace elements in milk has been reviewed com-
prehensively (Archibald 1958; Murthy 1974; Underwood 1977). Their
significance for human nutrition is discussed in Chapter 7.

Reported concentrations of the trace elements exhibit large ranges.
For some of them (e.g., I, Mo, Zn), the concentration in the milk de-
pends markedly on that in the diet consumed by the cow. The concen-
trations of some of them are increased by contamination by utensils
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Table 1.3. Trace Elements in Bovine Milk.

Conc. (uglliter)

Element Range Typical Value
Aluminum (Al) 150-1000 500
Arsenic (As) 30-60
Barium (Ba) Trace
Boron (B) 100-1000 300
Bromine (Br) 500-20,000
Cadmium (Cd) 1-30
Cesium (Cs) Trace
Chromium (Cr) 5-80 15
Cobalt (Co) 0.4-1.0 0.5
Copper (Cu) 10-200 75
Fluorine (F) 70-220
Iodine (I) 10-1000
Iron (Fe) 100-1500 300
Lead (Pb) 20-80 40
Lithium (Li) Trace
Manganese (Mn) 20-100 50
Mercury (Hg) Trace
Molybdenum (Mo) 20-120 70
Nickel (Ni) 0-30
Rubidium (Rb) 100-3400
Selenium (Se) 4-1200 12
Silicon (Si) ~1400
Silver (Ag) 15-50 45
Strontium (Sr) 40-500 170
Tin (Sn) Trace
Titanium (T4) Trace
Vanadium (V) Trace
Zinc (Zn) 2000-5000 3300

source: Compilations and review of Archibald (1958), Murthy (1974), and
Underwood (1977).

and equipment to which milk is exposed in handling and processing.
Some high values for the concentrations of certain trace elements may
have resulted from contamination during laboratory analysis.

The distribution of trace elements among the compounds and phys-
ical phases in milk has not been elucidated completely. Molybdenum
appears to be found exclusively in xanthine oxidase and Co in vitamin
Bi,. Iron is an essential component of xanthine oxidase, lactoperoxi-
dase, and catalase. About half of the total Fe and 10% of the Cu are in
the fat globule membrane. Copper has been studied extensively in rela-
tion to oxidation of milk lipids. The trace metal present in highest con-
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centration in milk is Zn; its concentration of 3.5 mg/liter is about 3% of
that of Mg, the major salt constituent present in lowest concentration.
About 85% of the Zn is associated with casein micelles. Alkaline phos-
phatase, a Zn-containing enzyme, is located primarily in the fat globule
membrane but accounts for only a small fraction of the total Zn. Man-
ganese is required for fermentation of citrate by certain lactic acid bac-
teria, and with some milks the bacterial formation of diacetyl in cul-
tures is inhibited by lack of sufficient Mn. Apparently, iodine is
present in milk solely in the form of iodide ion; its concentration de-
pends markedly on the amount consumed by the cow.

Radionuclides

Potentially hazardous radioactive isotopes of certain elements may
enter the food chain from radioactive fallout arising from the testing of
nuclear weapons or from accidents in nuclear power plants. Hazardous
radionuclides that may be transferred to the human consumer in milk
are those of Sr, I, Cs, and Ba listed in Table 1.4. All are 8- emitters.
Nonradioactive isotopes of these elements occur regularly in milk in
traces, and extremely low levels of the radioactive isotopes undoubt-
edly occur even in the absence of fallout. Radionuclides in milk are
discussed thoroughly by Lengemann et al. (1974). The physical half-
life of isotope (Table 1.4) is the time required for the radioactive emis-
sion to fall to half of its original level. The biological half-life is the time
required for excretion of half of an ingested dose. Actually, since an
element will be distributed among several pools in the body, the values
for biological half-life in Table 1.4 may concern only a small tenaciously
held fraction of the total dose. The radionuclides become physically
distributed in milk in much the same way as with related elements.
Thus 137 Cs, like Na and K, is largely present as ions in solution.'®! I is

Table 1.4. Radionuclides that May Contaminate Milk.

Physical Biological Location

Nuclide Half-Life Half-Life in Milk

& Sr 52 days 1-50 >80% in micelles
years

°0Sr 28 years 1-50 >80% in micelles
years

131] 8 days ~100 days In solution

133] 21 hours ~100 days In solution

137Cs 30 years ~ 30 days In solution

140Ba 13 days <3 years Partly in micelles
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mostly present as iodide ion, a little being bound by proteins and fat
globules. The strontium isotopes and '**Ba behave like Ca in that large
portions are bound in the casein micelles. Actually, the proportion of
Sr in micelles is greater than that of Ca because strontium phosphates
are less soluble than calcium phosphates.

The greatest concern regarding the health hazard of radionuclides in
milk is posed by *Sr and *'I. The long physical half-life of the former
and the fact that it accumulates and persists in bone make it especially
hazardous. ¥ accumulates to high concentrations in the thyroid
gland, where it can produce intensive radiation. It is especially danger-
ous for relatively short periods after heavy fallout.

The cow acts somewhat as a filter and discriminator in the transmis-
sion of radionuclides from feed to milk. Of the daily quantities of I and
Cs ingested, about 1% is secreted in every kilogram of milk produced.
For Ba and Sr the rate of transmission is less. Furthermore the cow
discriminates against some of the radionuclides in favor of related ele-
ments. Thus the Sr/Ca ratio is reduced by a factor of about 10 in the
passage from feed to milk.

Miscellaneous Compounds

Milk contains many components in low concentration (generally less
than 100 mg/liter) which do not fall into any of the categories discussed
in previous sections. Some of these materials are natural and some are
contaminants. Compounds may be considered natural if they are pres-
ent in freshly drawn milk and have been detected in most samples in
which they have been sought. The groups of such compounds consid-
ered here include gases, alcohols, carbonyl compounds, carboxylic
acids, conjugated compounds, nonprotein nitrogenous compounds,
phosphate esters, nucleotides, nucleic acids, sulfur-containing com-
pounds, and hormones. Others that might be included, but are dis-
cussed in other sections of this chapter or in other chapters, are minor
lipids (Chapter 4), enzymes (Chapter 3), vitamins (Chapter 7), and mi-
nor carbohydrates (see the section “Carbohydrates’ in this chapter).

The gases CO,, Nj, and O, are present in anaerobically drawn milk
in concentrations of about 6, 1, and 0.1% by volume (120, 13, and 1.4
mg/liter), respectively (Noll and Supplee 1941). Upon exposure to air,
CO, is lost and N, and O, are gained rapidly. Mixed raw milk contains
about 4.5, 1.3, and 0.5% by volume or 90, 15 and 6 mg/liter of CO,, N,
and O,, respectively (Frayer 1940; Noll and Supplee 1941).

Carbon dioxide is, of course, in equilibrium with bicarbonate ion; al-
most the entire CO,_HCO;_ system can be removed by heat or vacuum
treatment (Smith 1964). The oxygen content of pasteurized bottled
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milk is about 6 mg/liter (Herreid and Francis 1949). Dearation treat-
ments to reduce O, levels to nearly zero preserve ascorbic acid and
prevent the development of oxidized flavors in pasteurized milk
(Guthrie 1946). Removal of oxygen from evaporated milk with glucose
oxidase has been proposed (Tamsma and Tarassuk 1957).

Ethanol and a long list of carbonyl compounds and aliphatic acids
occur in fresh milk (Table 1.5). Some of them have been detected in
only a few of the samples in which they were sought. Techniques for
detecting such compounds include derivatization with 2,4-dinitrophe-
nylhydrazine and various methods of volatilization, extraction, and
chromatography (Harper and Huber 1956; Morr et al. 1957; Harper et
al. 1961; Wong and Patton 1962; Scanlan et al 1968; Marsili et al.
1981). The sum of the concentrations of acids listed in Table 1.5 is only
1-3 mmol/liter, compared to the citrate concentration of 10 mmol/liter.
Oxalate has been reported to occur in milk (Zarembski and Hodgkin-
son 1962) on the basis of a certain colorimetric reaction, but positive
identification has not been made.

Table 1.5. Alcohols, Carbonyls, Acids, and Esters in Milk.

Conc. Conc.
Compound (mg/liter) Ref. Compound (mg/liter) Ref.
Ethanol 3 1 Octanoic acid 12.5-38 1,4
Formaldehyde 0-0.003 2,5 Decanoic acid + 1,7
Acetaldehyde 0-0.016 2,5 Lactic acid 34-104 3
Hexanal + 1 B-Hydroxybutyric acid + 6
Benzaldehyde + 1 g-Decalactone + 1
Acetone 0-1.1 1, 2,5 | o-Dodecalactone + 1
Butanone 0.8 1,5 Glyoxylic acid + 7
Diacetyl + 1 Pyruvic acid 0-25 2,38, 17
2-Pentanone 0.007-0.030 1,5 Acetoacetic acid O-trace 2
2-Hexanone 0.007-0.010 5 a-Ketoglutaric acid 0.1-15 2,8
2-Heptanone + 1,5 Oxalic acid 3-7 9
2-Nonanone + 1 Ozxaloacetic acid O-trace 2
Formic acid 10-85 3,4 Oxalosuccinic acid 0-trace 2
Acetic acid , 3-50 3,4 Citric acid 1750  Table 1.1
Propionic acid 0-3 3,4 Benzoic acid 2.3-40 10
Butyric acid 0-9.5 3,4 Ethyl acetate + 1
Valeric acid 0-3.8 4 Methyl palmitate + 1
Hexanoic acid 4-10 1,4
sourck: References as indicated.
1. Scanlan et al. (1968) 6. Knodt et al. (1942)
2. Harper and Huber (1956) 7. Kreula and Virtanen (1956)
3. Morr et al. (1957) 8. Patton and Potter (1956)
4. Harper et al. (1961) 9. Zarembski and Hodgkinson (1962)

5. Wong and Patton (1962) 10. Vogel and Deshusses (1965)
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Many compounds conjugated with glucuronate or sulfate have been
detected in milk by the technique of absorption of the conjugates on a
neutral resin, elution, hydrolysis with glucuronidase and aryl sulfa-
tase, and GLC. In one such study (Brewington et al. 1974), some 42
such compounds were identified. They include many phenolic com-
pounds, the aromatic aldehyde, vanillin and some of its esters, various
fatty acids and lactones of hydroxy acids, p-hydroxyacetophenone,
benzoic acid, phenylacetic acid, hippuric acid, and indole. A few of
these compounds have also been detected in the free unconjugated
state in milk. The conjugates have not been separated into glucuron-
ate-bound and sulfate-bound groups, and glucuronate itself has not
been detected in milk in either the bound or the free state.

A large number of N-containing compounds of low molecular weight
are not precipitated with proteins by 12% trichloroacetic acid. Some
small peptides are included in this group. These nonprotein nitrogen
(NPN) constituents aggregate about 1 g/liter and account for about
6% of the total N (i.e., 250-350 mg of N per liter). The principal NPN
components are listed in Table 1.6 (Wolfschoon-Pombo and Kloster-
meyer 1981). The wide variations in concentrations that have been re-
ported for these constituents probably arise from the fact that many
of them are metabolites of amino acids and nucleic acids and from the
fact that their concentrations in milk depend on the amounts of those
substances consumed by the cow.

Table 1.6. Principal NPN Compounds in Milk.

Nitrogen (mg/liter milk)

Recent Analysis®

- Range in
Compound Mean SD Literature
Total NPN 296.4 37.7 229-308
Urea-N 142.1 32.6 84-134
Creatine N 25.5 6.4 6-20
Creatinine N 12.1 6.8 2-9
Uric acid N 7.8 3.3 5-8
Orotic acid N 14.6 5.9 12-13
Hippuric acid N 4.4 1.2 4
Peptide N 32.0 14.9 —
Ammonia N 8.8 6.1 3-14
a-Amino acid N 44.3 8.2 39-51

source: Wolfschoon-Pombo and Klostermeyer (1981).
2273 samples, each representing a single milking.
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About half of the NPN of milk is accounted for by urea. Orotic acid is
a particular hallmark of the milks of ruminants; milks of other species
contain little if any of it (Larson and Hegarty 1977). The free amino
acids constituting the a-amino N fraction in Table 1.6 include those
that are also found in proteins, as well as ornithine, citrulline, and o-
amino butyric acid. Quantitative analyses of the mixture of free amino
acids have been published (Deutsch and Samuelsson 1958; Armstrong
and Yates 1963; Rassin et al. 1978).

Table 1.7 lists a number of nitrogenous compounds that have been
detected in milk, in addition to those listed in Table 1.6.

Table 1.7. Some Nitrogeneous Substances in Milk.

Conc.
Compound (mg/liter) Ref.
Amines
1-Propylamine 3-15 Cole et al. (1961)
1-Hexylamine 5-24 Cole et al. (1961)
Ethanolamine 0.5-8.5 Armstrong and Yates (1963),
Rassin et al. (1978)
Choline 43-285° Hartman and Dryden (1974)
cutroscine } 0.003-0.021 Sanguansermsri et al. (1974)
Spermidine' 0.009-0.028 Sanguansermsri et al. (1974)
Spermine 0.006-0.017 Sanguansermsri et al. (1974)
Amino acid derivatives
N-Methylglycine + Schwartz and Pallansch
(1962A)
Histamine 0.03-0.05 Wrenn et al. (1963)
Salicyluric acid 0.016 Booth et al. (1962)
Phenylacetyl glutamine >0.01 Schwartz and Pallansch
(1962B)
Kynurenine 0.023 Parks et al. (1967)
Indoxylsulfuric acid 0.124 Spinelli (1946)
Taurine 1-7 Armstrong and Yates (1963),
Rassin et al. (1978)
Other compounds
Carnitine 10-17 Erfle et al. (1970), Snoswell and
Linzell (1975)
Acetyl carnitine 2-12 Erfle et al. (1970)
Morphine 0.0002-0.0005 Hazum et al. (1981)
N-Acetylneuraminic acid 120-270° de Koning and Wijnand (1965),
(NANA) Kiermeier and Freisfeld
(1965), Morrissey (1973)
N-Acetylglucosamine 11 Hoff (1963)

“Total. About 25 mg/liter is in phospholipids.
*Total. About 30 mg/liter is free dialyzable NANA.
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About one-tenth of the P in milk (i.e.,, about 100 mg/liter) is in the
form of water-soluble organic esters of orthophosphoric acid. A list of
such esters that have been detected in milk is presented in Table 1.8.
Most of them are sugar phosphates and constituents of phospholipids.
Reported concentrations of some of the compounds vary considerably,
and complete quantitation of the group has not been made.

Several nucleotides have been detected in milk (see Table 1.9). The
list includes the common mono-and dinucleotides, 3’, 5’ cyclic AMP,
and adenosine triphosphate (ATP). The ATP is located entirely in
the casein micelles (Richardson et al. 1980). Several nucleotide sugars,
undoubtedly excess intermediates left over from mammary synthesis
of glycoproteins, are present. Both DNA and RNA have been detected
in milk (Swope and Brunner 1965; Swope et al. 1965; Langen 1967);
they are probably found primarily in milk leukocytes.

The total sulfur content of milk is about 360 mg/liter, of which about
300 mg/liter is in the cysteinyl and methionyl residues of milk proteins
and about 35 mg/liter is inorganic sulfate, SO~ (Table 1.1). The remain-
der, amounting to 25 mg of S per liter, is in the form of several organic
compounds in which S is found in various states of oxidation. Thiocya-
nate ion (SCN-) frequently has been reported in milk. The concentra-

Table 1.8. Phosphate Esters in Milk.

Conc.

Compound (mg/liter) Ref.
Phosphopyruvate 0.1 1
O-Phosphoethanolamine 83 3
Phosphoglycerol ethanolamine 46 3
Phosphoserine 0.7 3
Glucose-1-phosphate 1 1,4
Glucose-6-phosphate 12 2
N-Acetylglucosamine-1-phosphate 89 2
Galactose-1-phosphate 45 2
Fructose-6-phosphate 4 2,4
Fructose-1,6-diphosphate 15 4
Lactose-1-phosphate 0.1 1
Lactose-3’-phosphate®
Lactose-6’-phosphate® } 15 5

sourck: References as indicated.

1. McGeown and Malpress (1952)

2. Hoff and Wick (1963)

3. Deutsch and Samuelsson (1959)

4, Ganguli and Iya (1963)

5. Kumar et al. (1965)

23’ and 6’ refer to positions on the galactose moiety.
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Table 1.9. Nucleic Acids and Nucleotides in Milk.

Conc.

Compound (mg/liter) Ref.
Adenosine-5-monophosphate (AMP) 0.7-21 2,3
Adenosine-3’,5"-cyclic monophosphate (cAMP) 0.3-9 1,2,3
Guanosine-5’-monophosphate (GMP) 0.5 3
Cytidine-5"-monophosphate (CMP) 1-20 1
Uridine-5’-monophosphate (UMP) 4.2-60 2
Adenosine-5-diphosphate (ADP) 3-10 2,3
Adenosine-5'-triphosphate (ATP) 0.1 4,5
Guanosine-5'-diphosphate mannose (GDP-Man) 5.4 2
Guanosine-5’-diphosphate fucose (GDP-Fuc) 24-40 3
Cytidine-5'-diphosphate choline (CDP-choline) 3-12 3
Uridine-5’-diphosphate glucose (UDP-Glc) 4.5-200 2,3
Uridine-5"-diphosphate galactose (UDP-Gal) 4.5-180 2,3
Uridine-5'-diphosphate glucosamine (UDP-GlcNAc)

Uridine-5'-diphosphate galactosamine (UDP-GalNAc) 18 2
Uridine-5"-diphosphate glucuronate +? 2
Nicotinamide adenine dinucleotide (NAD) + 2
Deoxyribonucleic acid (DNA) 11-39 6
Ribonucleic acid (RNA) 54-176 7
source: References as indicated

1. Kolbata et al. (1962) 5. Zulak et al. (1976)

2. Johke (1963) 6. Langen (1967)

3. Gil and Sanchez-Mendina (1981) 7. Swope et al. (1965)

4. Richardson et al. (1980)

tion is about 5 mg/liter (Lawrence 1970), although higher values and
seasonal variation have been observed (Han and Boulange 1963).
Indoxylsulfate o
|

—Q0—8—0
|
(o]
N
H

and taurine, NH,CH,CH,SO;H, contain N as well as S and are listed
with the NPN compounds in Table 1.7. Methyl sulfide, (CH;).S, which
is primarily responsible for the ‘“cowy’ flavor of milk, has been found
in concentrations of 10-40 mg/liter (Patton et al. 1956) and dimethyl-
sulfone, (CH;),SO,, in concentrations of 6-8 mg/liter (Williams et al.
1966). Free cysteine and methionine are regularly detected among the
amino acids but are found in extremely low concentrations. Lipoic acid,
H,C -CH, -CH, -(CH,),COOH, has been identified in milk but has not

S S
been quantitated adequately (Bingham et al. 1967).
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Hormones detected in milk include some from the peptide and ster-
oid classes but none of the amino hormones. Prolactin, a protein of 199
amino acid residues, is normally present in a concentration of about 50
uglliter, and the hexapeptide gonadotropin-releasing hormone of the
hypothalmus at about 1.5 ug/liter. Steroid hormones from the adrenal
cortex include the glucocorticoids cortisol and corticosterone, totaling
0.2-0.6 pg/liter. Those from the ovary—progesterone, estrone, and es-
tradiol—have concentrations of 10-30, 30, and 175 ug/liter, respec-
tively. Hormones in milk have been reviewed by Koldovsky (1980) and
Pope and Swinburne (1980). The prolactin in milk is biologically active
(Gala et al. 1980).

Many substances called ‘“‘contaminants’ in milk are present in con-
centrations of only a few micrograms per liter. They include not only
substances foreign to normal milk but also extra amounts of sub-
stances that also occur normally. There are several routes of access
for contaminants, including (1) passage through the cow of ingested,
inhaled, or absorbed substances; (2) introduction of drugs and antibi-
otics into the udder; (3) entrance from air or utensils and equipment;
(4) addition of chemicals required in manufacturing processes or pur-
poseful adulterations; and (5) the action of bacteria.

The types of compounds that are of concern as contaminants are
chlorinated insecticides, organophosphates, herbicides, fungicides, fas-
ciolicides (phenolic compounds administered to cattle to control liver
flukes), antibiotics and sulfonamides, detergents and disinfectants,
and polychlorinated biphenyls (PCBs). Contaminants in milk have
been reviewed by Kroger (1974) and Snelson (1979). In several cases,
allowable levels for specific contaminants in milk have been set by the
World Health Organization. Surveys have seldom revealed levels in
excess of such standards.

GROSS COMPOSITION

Milk composition expressed in terms of the contents of water (or total
solids = 100 — water), fat, protein, lactose, and ash is called “gross
composition.” Protein is often calculated as crude protein by multiply-
ing total N by 6.38, but sometimes it is corrected to true protein 6.38
(TN -NPN); in a few studies, casein and whey protein have been calcu-
lated separately. Lactose should be expressed on an anyhydrous basis,
but as pointed out previously, this has not always been done. For bo-
vine milk the sum of fat, true protein, anhydrous lactose, and ash
would be expected to fall about 0.2-0.3 percentage units short of the
total solids contents because of the materials (citrate, NPN, and mis-
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cellaneous compounds) included in total solids but not in any of the
four categories. In some studies, one of the components (usually lac-
tose) is calculated by determining the difference between the total
solids and the sum of the others. The result is too high for the compo-
nent so calculated.

Interspecies Differences in Composition

Table 1.10 presents the gross composition of the milks of all species
regularly consumed by humans, as well as those of the pig and three
important laboratory species; the rat, the guinea pig, and the rabbit.
These data provide a general picture of species differences, but not all
of them present a true average composition for the milk of the species
because of inadequate sampling. Large differences are apparent in the
contents and ratios of fat, protein, and lactose and in the proportions
of casein and whey proteins. Energy contents range from 40 to 200
kcal/100 g in these milks.

Intraspecies Variation in the Composition
of Bovine Milk

The gross composition of bovine milk has been reviewed many times
(Rook 1961; Laben 1963; Jenness 1974; Johnson 1975; Moore and
Rook 1980). These reviews have delineated thoroughly the extent of
the variation and factors affecting it. One of the reviews is presented
in a previous edition of this volume (Johnson 1975). Consequently, the
present discussion is somewhat abbreviated.

Surveys of the composition of either individual cow samples or of
bulked herd milk samples within a geographic area over periods of a
few months exhibit considerable variation, particularly in fat and pro-
tein contents. Lactose and ash contents vary within narrower limits.
The extent of the variation can be expressed as the standard deviation
o and by the coefficient of variation (CV), which is the standard devia-
tion divided by the mean:

CV=0/X

In early studies, Tocher (1925) analyzed 676 single milking samples
from individual cows in Scotland over 14 months and Overman et al.
(1939) analyzed 2426 3-day composite samples from 147 cows of sev-
eral breeds in the University of Illinois herd over several years. Data
from these two studies (Table 1.11) indicate higher CVs for fat and
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Table 1.11. Variations in the Composition of Milk.

Overman et al.

Tocher (1925) (1939) Herrington et al.

(1972)
676 Individual 2426 3-Day _—

Samples Milkings Composites 868 Bulk Plant
Fat (%) Mean 3.95 4.37 3.53
SD 0.78 0.82 0.28
Cv 0.20 0.19 0.08
Crude Mean 3.24 3.74 3.13
protein SD 0.40 0.52 0.14
(%) Ccv 0.12 0.14 0.05
Lactose (%) Mean 4.64 4.89 4.82
SD 0.37 0.38 0.16
Cv 0.08 0.08 0.03
Ash (%) Mean 0.70 0.72 0.72
SD 0.05 0.05 0.01
Cv 0.07 0.07 0.02
Total solids Mean — 13.73 12.02
(%) SD — 1.23 0.63
Ccv — 0.09 0.05

sources: References indicated.
@ Calculated by difference.

protein and lower ones for lactose and ash. Analyses of nearly 900 sam-
ples (not all analyzed for all constituents) from receiving station bulk
tanks in New York in 1959-1961 (Herrington et al. 1972) are also given
in Table 1.11. As expected, the CVs are less for each constituent than
in the individual cow samples.

The possibility of changes in the composition of milk in a given geo-
graphic area over a period of time has been assessed by compilation
and comparison of data obtained in various surveys. Such surveys for
the first half of the twentieth century for the Netherlands (Janse 1950),
England (Davies 1952; Griffiths and Featherstone 1957), Scotland
(Waite and Patterson 1959), and United States (Armstrong 1959) re-
vealed no great changes except a fall in solids-not-fat in England,
which was probably due to an increase in the proportion of Friesian
cattle. Some other surveys (Gaunt 1980) indicates changes in the fat
content of Friesians of 3.35-3.7% between 1933 and 1960 in the United
States and of 3.10-4.00% between 1900 and 1970 in the Netherlands.

The composition of bovine milk is influenced by a number of factors
and conditions which may be classified as follows:
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1. Inherited
2. Physiological
Stage of lactation
Pregnancy
Age
Nutrition
Season
. Udder infection
3. Milking procedure
a. Within milking
b. Between milkings

o R TP

Inherited Variation. Genetically controlled variation in milk compo-
sition is evident from both interbreed and intrabreed studies. Some
comparative studies of breed differences involve sampling from indi-
vidual cows; others use herd milk comparisons. Surveys with both
kinds of sampling, summarized in Table 1.12, give a reasonably consis-
tent picture of differences among breeds in the gross composition of
milk.

Inherited differences among cows within a breed are comparable in
magnitude to those between breeds. For example, the CVs within indi-
vidual breeds in Overman’s (1939) studies are comparable to the over-
all CVs shown in Table 1.11.

Variability in fat and protein contents among cows within a breed
are shown in Table 1.13. These data represent over 23,000 lactation
records for cows milked twice a day for 305 days in 22 states (Gaunt
1980). The standard deviations included genetic and environmental
variances, and in this particular survey, some variance due to analyti-
cal methods as well. If, however, one selects from the compiled data
only those of cows of a given breed in a single herd calving at a uniform
age and date, the standard deviations are reduced by 12-18% (Touch-
berry 1974). From the total phenotypic variance (¢?) remaining, a frac-
tion may be assigned to heredity by comparing the variances among
half-sibling progeny of a given bull or by comparing daughters with
their dams. For the data on which Table 1.13 was based, the genetic
variance, o7, was calculated to be 58 and 49% of the total phenotypic
variance for fat and protein contents, respectively. Heritability = A2
= ozlo; = 0.58 and 0.49. Several other studies corroborate these data
(Gaunt 1980), and a few give estimates of the heritability of lactose as
well. Mean values for A2 are 0.61, 0.58, and 0.55 for fat, protein, and
lactose, respectively. This evidence for heritability of milk composition
is, of course, statistical. There is little information on actual inheri-
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Table 1.13. Lactation Average Fat and Protein Contents of Milks of Five Breeds.

Fat (g/100 g) Protein (g/100 g)
No.

Breed Records Mean SD Mean SD
Ayrshire 3362 3.99 0.33 3.34 0.29
Brown Swiss 2621 4.16 0.35 3.53 0.26
Guernsey 6956 4.87 0.45 3.62 0.29
Holstein 9102 3.70 0.39 3.11 0.25
Jersey 6354 5.13 0.54 3.80 0.30

source: Gaunt (1980).

tance of differences in specific aspects of the synthetic and secretory
mechanisms. Fat and protein contents of milk are positively correlated.
For the study reported in Table 1.13, the correlations between these
two parameters range from +0.20 to +0.60 in the five breeds. Since
the correlation is far from perfect, there appears to be an opportunity
to increase the protein content without simultaneously increasing the
fat content by using breeding animals that transmit the potential for
higher than average protein/fat ratios.

Changes During Lactation. The changes in milk composition during
the lactation cycle of the cow have been described many times (Rook
1961). Colostrum, the initial mammary secretion after parturition, con-
tains more mineral salts and protein and less ash than later milk. Its
fat content is often, but not always, higher than that of milk. The com-
position of colostrum differs more among individual animals than does
the composition of milk. Of the individual minerals, Ca, Na, Mg, P, and
chloride are higher in colostrum but K is lower (Garrett and Overman
1940). The most remarkable difference between colostrum and milk is
the high concentration of immunoglobulins (Ig’s) in the former. They
accumulate in the gland before parturition and serve to transfer immu-
nity to the newborn suckling. All of the types of Ig’s are found in
higher concentration in colostrum than in milk. The one present in
highest concentration in both is IgGI, at about 50 and 0.6 mg/ml
in colostrum and milk, respectively (Butler 1974). Table 1.14 shows the
extent of change in the concentration of some of the principal constitu-
ents in the first few milkings after parturition (Parrish et al. 1948,
1950). These changes continue, although at reduced rates, for approxi-
mately 5 weeks. Thereafter, the fat and protein contents rise gradually
until, near the end of lactation, they increase more sharply; lactose di-
minishes gradually throughout lactation (Bonnier et al. 1946). Ca, P,
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Table 1.14. Transition from Colostrum to Milk.

Milking
1 2 3 4 546 7+8 15416 27+28
First study
Protein (%) 16.5 10.3 5.9 4.6 4.1 4.0 3.5 3.2
Casein (%) 6.4 4.9 3.8 3.4 3.3 3.2 2.8 2.6
Whey protein (%) 10.1 5.5 2.2 1.2 0.8 0.8 0.7 0.6
Second study
Fat (%) 5.3 5.4 4.4 4.5 4.5 4.8 4.8 4.6
Protein (%) 14.6 9.4 5.5 4.5 4.2 4.1 3.6 3.3
Lactose (%) 2.6 3.5 4.3 4.6 4.8 4.9 4.9 5.1
Ash (%) 1.16 1.03 092 087 085 0.85 0.81 0.78

soURckg: First study: Parrish et al (1948): 10 cows.
Second study: Parrish et al (1950): 111 cows, not all analyzed for all constituents.

and chloride contents follow the pattern of fat and protein (Sharp and
Struble 1935; Ellenberger et al.1950). The increases in fat and protein
contents in the latter part of the lactation period are much smaller or
do not occur at all if the cow is not pregnant (Wilcox et al. 1959; Leg-
ates 1960; Wheelock et al. 1965; Parkhie et al. 1966).

Age. It has been commonly observed that average fat and solids-not-
fat contents of milk for a lactation period decline with successive pe-
riods. The fat decreases by about 0.2% and the solids-not-fat by about
0.4% over five lactations (Legates 1960; Rook 1961). The reasons for
these effects of age have not been elucidated, but Legates (1960) sug-
gested udder deterioration with usage, increasing incidence of mastitis,
and selective culling for high milk production as possible causes.

Nutrition of the Cow. Both the plane of nutrition and the physical
form of the ration influence the composition of milk. Feeding at a level
less than that required for maintenance and maximum production re-
duces the yield of milk, but since the yield of fat tends to be main-
tained, the percentage of fat may increase. Significant effects of the
plane of nutrition on the solids-not-fat content have been found (Rook
1961; Moore and Rook 1980). Overfeeding by 25-35% above a stan-
dard may increase the solids-not-fat content by about 0.2%, whereas
underfeeding by 25% decreases it by as much as 0.4-0.5%. The effect
is primarily on the protein content; the greatest change is observed in
the percentage of casein. Some small effects on lactose have been noted
(Dawson and Rook 1972). It was demonstrated long ago that the fat
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content of milk can be influenced materially by the physical form of the
ration. Powell (1939, 1941) was the first to demonstrate that feeding a
ration low in roughage decreases the fat content but does not greatly
affect the yield of milk or the solids-not-fat content. This finding has
been confirmed many times (Moore and Rook 1980). The important
feature is the physical state of the ration rather than the composition.
Thus, either finely ground forage or concentrate will depress the fat
content. The degree of depression depends somewhat on the composi-
tion of the ration, but sometimes the fat content is reduced by one-half
or more. This effect is caused by changes in rumen fermentation in the
animal. On low-roughage rations, the production of acetate, from
which the mammary gland ordinarily synthesizes much fatty acid, is
reduced and that of propionate is increased. When these fatty acids
are infused directly into the rumen, acetate increases the percentage
of fat and propionate decreases it (and also increases the protein con-
tent). The decrease in mammary fat synthesis on low-roughage rations
is in part due to alteration of the secretion of insulin, which stimulates
the synthesis of triglycerides in adipose tissue and thus deprives the
mammary gland (Moore and Rook 1980). The ratio of roughage to con-
centrate does not affect the protein content of the milk or the ratio of
individual proteins (Grant and Patel 1980).

The amount of fat in the ration has little effect on the fat content of
milk, but the fatty acid composition of the dietary fat greatly in-
fluences that of milk fat (Chapter 4). Neither the total protein content
of milk nor the proportions of the individual proteins is greatly in-
fluenced by the amount or kind of protein in the diet except at very
greatly reduced intakes. Overfeeding with protein does, however, in-
crease the NPN content of the milk (Thomas 1980). Milk of normal
composition with the normal content and proportions of proteins can
be produced on protein-free diets with urea and ammonium salts as the
only sources of nitrogen (Virtanen 1966).

Seasonal Variation and the Influence of Temperature. In temperate
latitudes, rather characteristic seasonal variations in milk composition
are commonly observed. Both fat and solids-not-fat contents are lower
in summer than in winter. In the survey by Overman (1945) of individ-
ual cows at the University of Illinois, monthly extremes for fat were
4.24 and 3.81% in January and August and for protein were 3.61 and
3.37% in January and July, respectively. Nickerson (1960) found signif-
icant seasonal differences in 18 components of bulk milks from six
areas in California. Seasonal differences in fat and protein contents
were similar to those observed in Illinois. Seasonal variations in milk
composition could conceivably be caused by differences in temper-
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ature, nutrition, and stage of lactation and the interactions among
them. Cobble and Herman (1951), who kept cows in rooms at constant
temperature, found little effect on milk composition between -1° and
21°C, but above 30°C they noted increases in fat and chloride contents
and decreases in milk yield, solids-not-fat, protein, and lactose. At tem-
peratures down to —15°C, fat, solids-not-fat, and protein increased but
chloride and lactose were unaffected. Maximum changes were of the
order of 1% for fat, solids-not-fat, and lactose; the responses of individ-
ual cows varied widely. Wayman ez al. (1962) found no significant dif-
ference in fat or solids-not-fat percentage when cows were alternated
between 18 and 31°C. High environmental temperatures reduce the
milk yield because the cows eat less, but it is not clear that temper-
ature has any effect on the percentage composition of milk. It is likely
that observed seasonal effects on milk composition result from the
composite effect of stage of lactation (tendency for fairly synchronous
spring freshening) and differences in the fibrousness of the ration.

Infection of the Udder. Infection of the mammary gland greatly in-
fluences the composition of milk. A general reference on bovine mas-
titis is Schalm et al. (1971). The concentrations of fat, solids-not-fat,
lactose, casein, $-lactoglobulin, a-lactalbumin, and K are lowered and
those of blood serum albumin, immunoglobulins, Na, and chloride are
increased (Barry and Rowland 1953; Leece and Legates 1959; Bortree
et al. 1962; Carroll et al. 1963). The ability to synthesize lactose and
the specific milk proteins is impaired, the tight junctions between se-
cretory cells become “‘leaky,”” and blood salts and protein pass into the
milk. Mastitis severe enough to be detectable clinically results in milk
of clearly abnormal composition (e.g., casein below 78% of total pro-
tein, chloride above 0.12%). Probably some of the variability reported
for ‘“‘normal” milks may be due to undetected subclinical mastitis
(Rook 1961). Undoubtedly mastitis is largely responsible for reported
differences in composition from separate quarters of the cow’s udder
{Rowland et al. 1959; Waite 1961).

Variations Due to the Milking Procedure. The discussion to this
point has concerned factors affecting the composition of milk as se-
creted. Variations in composition also occur due to peculiarities of the
milking procedures. Wheelock (1980) has reviewed these effects. It has
long been known that the fat content increases continuously during
the milking process, foremilk being very low and strippings rich in fat.
The solids-not-fat content calculated as a percentage of fat-free plasma
does not change during the milking process. The increase in fat content
during milking apparently results from the tendency of the fat globules
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to cluster and be trapped in the alveoli (Whittlestone 1953). The effect
was demonstrated admirably by Johansson et al. (1952) with special
apparatus which made it possible to measure milk flow and sample
continuously during the process of milking; the fat content increased
continuously during milking.

From the above considerations, it follows that for an incomplete
milking the fat content will be lower than normal, but for a subsequent
complete milking the fat content will be higher than normal. Further-
more, when the intervals between milkings are unequal, the milk yield
is greater and the fat content lower following the longer interval
(Wheelock 1980). Since the usual practice is for a longer night than day
interval, the fat content of the morning milk is lower than that of eve-
ning milk. Some tendency has been observed for morning milk to be
lower in fat content even when the intervals are equal, but this finding
does not seem to be entirely substantiated. For intervals longer than
about 15 hr, the rate of milk secretion decreases and the concentrations
of fat, whey proteins, Na, and chloride increase; solids-not-fat, lactose,
and potassium decrease (Wheelock 1980).
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Composition of Milk Products

Richard Bassette and Judith S. Acosta

Raw milk is a unique agricultural commodity. It contains emulsified
globular lipids and colloidally dispersed proteins that may be easily
modified, concentrated, or separated in relatively pure form from lac-
tose and various salts that are in true solution. With these physical-
chemical properties, an array of milk products and dairy-derived func-
tional food ingredients has been developed and manufactured. Some,
like cheese, butter, and certain fermented dairy foods, were developed
in antiquity. Other dairy foods, like nonfat dry milk, ice cream, casein,
and whey derivatives, are relatively recent products of science and
technology. This chapter describes and explains the composition of tra-
ditional milk products, as well as that of some of the more recently
developed or modified milk products designed to be competitive in the
modern food industry.

Although many newly developed dairy products have been reported
from research laboratories around the world, only those currently on
the market are discussed here. For additional information on recent
worldwide developments in the manufacture of new and modified dairy
products, see the proceedings of the Twentieth International Dairy
Congress (1978).

Milk products are manufactured from fluid milk by various methods:
(1) by removing an appreciable amount of water, as in condensed and
evaporated milk or dry milk powder; (2) by removing one or more natu-
ral constituents and concentrating the remaining material, as in butter
and nonfat dry milk; (3) by altering the natural constituents by bacte-
rial or chemical action, as in cheese or fermented foods; in most
cheeses, the casein/fat ratio remains essentially the same in the cheese
as in the milk, while lactose disappears; and (4) by blending milk and
milk products with sugar, flavoring agents, and stabilizers to make ice
cream and ice milk.

Traditional dairy products are fairly common throughout the world,
and their compositions are basically the same from one country to
another. International standards proposed by the International Dairy
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Federation, the Food and Agriculture Organization of the United Na-
tions, and the World Health Organization have done much to standard-
ize dairy products throughout the world. Some dairy foods, such as
certain fermented milks and cheeses, are indigenous to particular coun-
tries or areas of the world. In the United States, the composition of
most dairy products is regulated by federal and state standards
(USDA 1981B). Where there are no federal standards regulating inter-
state commerce for a particular product, state standards prevail. Typi-
cal chemical analyses of dairy foods are given in Tables 2.2 through
2.8.

Table 2.1 lists the approximate percentages of the total milk supply
used for various products in the United States and in nine major milk-
producing countries. In such countries as New Zealand and Ireland,
where per capita production of milk is high, most milk is used in stor-
able manufactured products like butter, cheese, and nonfat dry milk.
Where per capita production is low, as in the United States and the
United Kingdom, greater amounts are used as fluid milk and creams.

FLUID MILKS AND CREAMS

Milk and milk products purchased by the consumer in liquid or semi-
liquid form generally are classified as fluid milk or cream. Fluid milks
include all of the plain milk products, with fat contents varying from
those of whole to skim milk, as well as flavored and fermented milks.
Creams include products varying in fat content from half and half to
heavy whipping cream to fermented sour cream. Products from each
category are described briefly, with information on their composition.

In the United States, the composition of fluid milk products and
cream is regulated primarily by state and federal standards. (See Table
2.2 for these legal standards.) Sanitary quality is regulated by sanitary
codes established by states and local health departments. The basis
for most U.S. codes is the Grade A Pasteurized Milk Ordinances
published by the U.S. Department of Health, Education and Welfare
Public Health Service (1978) and recommended to states and local
health agencies for legal adoption. The recommended ordinance also
regulates grade A milk and milk products in interstate commerce. Ap-
proximately 40% of the milk produced in the United States is con-
sumed as fluid milk and creams (Table 2.1).

Plain Milks

Fresh raw milk that complies with sanitary standards for consumption
as fluid milk or cream is usually clarified, standardized to a certain fat
test, or separated into cream and skim milk.
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Whole Milk. Most fluid milk is consumed in the form of pasteurized,
homogenized, vitamin D-fortified whole milk. After standardization of
the milk fat, which may vary from 3.0 to 3.8% (usually 3.25% in the
United States), the milk is pasteurized, homogenized, packaged, and
stored under refrigeration until sold. Its shelf life, as well as that of
most other fluid milk products, is 10 to 14 days. The milk solids-not-
fat content of 8.25% is required by most states in the United States,
as well as in most other countries.

Lowfat Milks. Per capita consumption of lowfat and skim milk has
increased substantially over the past decade. In the United States it
represented almost 30% of the total fluid milk consumed in 1980. Milk
with the fat content reduced below that of whole milk falls into the
general category of lowfat or skim milk. Most lowfat milks contain a
designated amount of fat between 0.5 and 2.5%; frequently, 1 to 2%
additional milk solids with vitamin D are added. The milk is pasteur-
ized, homogenized, packaged, and refrigerated until sold. In the United
States most states allow lowfat milks with fat contents of 0.5, 1.0, 1.5,
or 2.0% but require that the percentage be shown on the label.

Skim Milk. After all or most of the milk fat is removed from whole
milk by continuous centrifugal separation, the resulting skim milk is
fortified with 2000 International Units (IU) of vitamin A per quart
and often with additional milk solids and vitamins, then pasteurized,
packaged, and refrigerated until sold. The addition of vitamin D is op-
tional but, when added, it must be not less than 400 IU/quart, and this
must be shown on the label.

Low-Sodium Milk (Hargrove and Alford 1974). Low-Sodium milk is
available in some areas as a specialty product for consumers who re-
quire low-sodium foods. It is produced by passing normal milk over an
ion-exchange resin which replaces the sodium of the milk with potas-
sium. The normal sodium content of milk is reduced from 50 mg/100
ml to approximately 3 mg/100 ml; other components of the milk remain
essentially the same.

Ultra-High-Temperature (UHT) Sterile Milk. Rapid increases in the
production and sales of sterile, fluid milk in Europe and its entry into
new markets around the world merit its consideration in this chapter.
Although the gross composition of UHT sterile, aseptically packaged
milk is essentially the same as that of its pasteurized counterpart, dif-
ferences in its properties and minor constituents should be mentioned.
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UHT milk differs from pasteurized milk mainly in the heat treat-
ment employed for sterilization. Usually UHT milk is heated at 130°
to 150°C for 2 to 8 seconds and is then aseptically packaged. In the
final heating stage, steam is injected directly into the milk, or the milk
is infused into a steam chamber, followed by flash evaporation to re-
move added water (steam). An alternative procedure, the indirect
method, involves heating milk across a stainless steel barrier, using
high-pressure steam as the heating medium (Mehta 1980).

Probably the most important difference between UHT and pasteur-
ized milk is flavor. UHT milk has an intensely cooked flavor immedi-
ately after processing that dissipates in about 1 week; a stale flavor
develops 3 to 4 weeks after the milk is processed and becomes progres-
sively worse. Not all researchers agree on the intensity and signifi-
cance of the flavor of UHT milk (Anon. 1981B) and the many factors
that influence it (Mehta 1980).

The other difference that has been observed is some alteration in
minor chemical and biochemical components. Burton (1969) reported
that, in general, vitamins are more stable under UHT processing than
with pasteurization; however, UHT milk loses significant amounts of
riboflavin and ascorbic acid during prolonged storage (Mehta 1980).
Although free calcium is reduced, the availability of calcium does not
change in UHT milk processed by the indirect method (Mehta 1980).
According to Hansen and Melo (1977), cysteine and cystine (as cysteic
acid) and methionine concentrations were reduced by about 34% by
UHT processing (Aboshana and Hansen 1977). There is a decrease
(<10%) in the chemically available lysine in whey protein and an insig-
nificant difference in available lysine in casein protein subjected to
UHT processing (Douglas et al. 1981). However, a study in Holland
reported that 200 infants drinking UHT milk gained 7 g more per day
than 200 infants drinking pasteurized milk. Also, the normal weight
loss immediately after birth was regained sooner by the UHT-fed in-
fants (Anon. 1979). For additional information on the chemical and bio-
chemical changes associated with UHT sterile milk or the processing
procedures, the reviews by Burton (1969, 1977) and Mehta (1980) are
recommended.

A ruling by the U.S. Food and Drug Administration to approve the
use of hydrogen peroxide and heat as sterilizing agents for aseptic
packaging has encouraged some U.S. dairy companies to enter the
UHT market (Anon. 1981A). Resistance to this investment among
other dairy industry leaders stems from concerns about flavor stabil-
ity, economics, and package size (liter-size containers) of UHT milk.
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FLAVORED FLUID MILK PRODUCTS

Fluid milk and fluid milk products may be flavored with such ingredi-
ents as chocolate, vanilla, eggnog, and fruit juices. In the United
States, all of the previously described fluid milk products (milk, lowfat
milk, and skim milk) may be flavored. Characteristic flavoring ingredi-
ents such as fruit and fruit juices, natural and artificial food flavorings
with or without coloring, nutritive sweeteners, emulsifiers, and stabi-
lizers may be added as optional ingredients (FDA 1981A).

The most popular flavored milk or milk drink in the United States
is chocolate milk or chocolate lowfat milk. Typically, chocolate milk
contains about 1% cocoa, 6% sucrose, and 0.2% stabilizer such as vege-
table gum, vanilla, and salt, all added to whole milk. Particular atten-
tion must be given to stabilizing the chocolate flavoring ingredients
against sedimentation.

Eggnog is a flavored dairy drink with seasonally maximum sales in
November and December in the United States. It must contain 6%
milk fat and 1% egg yolk, with up to 0.5% stabilizer and about 7%
sugar. Flavorings include nutmeg, cinnamon, vanilla, and rum concen-
trate.

FERMENTED AND ACIDIFIED MILKS

Fermented milks are cultured dairy products manufactured from
whole, partly skimmed, skim, or slightly concentrated milk. Specific
lactic acid bacteria or food-grade acids are required to develop the char-
acteristic flavor and texture of these beverages. Fermented milks are
either fluid or semifluid in consistency, with various proportions of lac-
tic acid. Fermented products are regulated by federal standards in the
United States, as stated in Table 2.2. Other fermented milks without
established federal standards are regulated by state standards. Com-
positional standards for fermented milks have been proposed by the
International Dairy Federation (Hargrove and Alford 1974). Typical
analyses of various fermented milks, as well as of their condensed and
dried counterparts, are given in Table 2.4.

U.S. federal standards have recently been established for several
acidified fluid milk products that simulate such cultured products as
acidified milk, acidified lowfat milk, and acidified skim milk (FDA
1981A).

Acidified milks are made by souring the product with one or more
acidifying ingredients, with or without the addition of characterizing
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microorganisms. Specified acidulants are food-grade citric acid, fu-
maric acid, glucono-delta-lactone, hydrochloric acid, lactic acid, malic
acid, phosphoric acid, succinic acid, and tartaric acid.

Buttermilk

Cultured buttermilk is manufactured by fermenting whole milk, recon-
stituted nonfat dry milk, partly skimmed milk, or skim milk with lactic
acid bacteria. Most commercial cultured buttermilk is made from skim
milk. Mixed strains of lactic streptococci are used to produce lactic
acid and leuconostocs for development of the characteristic dia-
cetyl flavor and aroma. Buttermilk is similar to skim milk in composi-
tion, except that it contains about 0.9% total acid expressed as lactic
acid. The percentage of lactose normally found in skim milk is reduced
in proportion to the percentage of lactic acid in the buttermilk. Accord-
ing to White (1978), the fat content of buttermilk usually varies from 1
to 1.8%, sometimes in the form of small flakes or granules to simulate
churned buttermilk, the by-product of butter churning. Usually 0.1%
salt is added.

A few U.S. states require buttermilk to be labeled as cultured whole-
milk buttermilk with a minimum of 3.5% milk fat or as cultured lowfat
milk with a minimum of 0.5% and a maximum of 2.0% milk fat, or as
cultured skim milk with a maximum of 0.5% milkfat. When buttermilk
is made with low-heat powder, higher solids (10%) usually are used to
give a firmer body with less shrinkage and less whey separation during
storage (White 1978).

A product similar to cultured buttermilk may be prepared by direct
acidification. Food-grade acids and acid anhydrides are added to unfer-
mented milk to obtain a product with uniform acidity and smooth
body. Flavoring materials are used to improve the flavor and aroma.

Bulgarian buttermilk is similar to cultured buttermilk, except that
the whole or partly skimmed milk is fermented by Lactobacillus bulg-
aricus. With a titratable acidity of 1.2 to 1.5% expressed as lactic acid,
it is more acidic than cultured buttermilk.

Sour Cream

Sour cream is cream that has been soured by lactic acid bacteria or by
directly adding food-grade acids. According to U.S. federal standards,
both sour cream and acidified sour cream must contain not less than
18% milk fat with a titratable acidity of not less than 0.5% expressed
as lactic acid (FDA 1981A). Optional ingredients are used to improve
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texture, prevent syneresis, and extend shelf life. Sour cream may con-
tain not more than 0.1% sodium citrate, salt, rennet, nutritive sweet-
eners, flavoring, or coloring.

Sour cream is prepared by mixing milk fat and skim milk, nonfat
solids, and other ingredients. The mix is then pasteurized, homoge-
nized, and cooled to the setting temperature; starter and enzymes are
then added, and the cream is allowed to ripen. After ripening, it is
cooled for 24 hr before packaging.

In direct acidification, the cream is pasteurized, homogenized, and
cooled to setting temperature, and the food-grade acid is added. Then
cream is packaged and the characteristic body is formed as the product
cools in the container (Schanback 1977).

Acidophilus Milk

Acidophilus milk is a sharp, harsh, acidic cultured milk produced by
fermenting whole or skim milk with active cultures of Lactobacillus
acidophilus. Honey, glucose, and tomato juice may be added as nu-
trients to stimulate bacterial growth and contribute flavor. Plain aci-
dophilus milk has the same composition as whole milk or skim milk,
except that part of its lactose is converted to 0.6 to 1% lactic acid by
the culture organisms. Speck (1976), who proposed the addition of L.
acidophilus to pasteurized milk (sweet acidophilus milk), described the
beneficial effects of implanting the organisms in the human intestines.

Sweet acidophilus milk differs from conventional acidophilus milk in
that a high concentration of viable L. acidophilus organisms is added
to cold pasteurized milk and kept cold. At the low storage temperature
(4.4°C) these organisms do not multiply, so the flavor and other proper-
ties of sweet acidophilus are identical to fresh fluid milk. The inocu-
lated milk is promoted largely because it contains several million via-
ble L. acidophilus cells per milliliter.

One of the acidophilus products, called ‘‘Di-gest,” is a pasteurized,
homogenized, lowfat milk with added L. acidophilus and fortified with
vitamins A and D. In the United States an ‘‘acidophilus yogurt” fla-
vored in the conventional manner is also manufactured. Denmark has
a cultured product consisting of 90% normal yogurt and 10% acidophi-
lus, and the Soviet Union produces “Biolact,” a product particularly
suitable for children. According to Lang and Lang (1978), it is made
with selected cultures of L. acidophilus with high proteolytic activity
and ‘‘antibiotic properties.”

A thick, milky, white-to-creamy coagulum with a pleasant lactic acid
odor and a refreshing, clean, aromatic taste is produced in northern
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Bohemia. This product, after ripening, has organoleptic qualities simi-
lar to those of kefir. It is produced with two different cultures, and the
incubation temperatures with these coagula are subsequently blended;
one culture of L. acidophilus ferments milk to produce a thick, typi-
cally sharp, acid-tasting coagulum with an acidity of 1.9 to 2.3% lactic
acid; the other culture, identified as ‘‘strains of cream cultures,” yields
a thick, aromatic coagulum with a lactic-acid flavor and an acidity of
0.8 t0 0.9% lactic acid from a culture cream. The two coagulated prod-
ucts are mixed in the following proportions: one part of the thick cream
culture to nine parts of the acidic L. acidophilus culture. The similarity
to kefir probably occurs because the ratio of streptococci to lactobacilli
is similar to that of kefir; however, the ripening process is simpler
(Lang and Lang 1978).

Yogurt

Yogurt is a fermented milk product made by culturing whole or partly
defatted milk to which either nonfat dry milk solids or a skim milk
concentrate has been added. Its texture may vary from a rennet-like
custard to a creamy, highly viscous liquid, depending on the milk
solids and fat content. A mixed culture of Streptococcus thermophilus
and L. bulgaricus growing together symbiotically produces its approxi-
mately 0.9% lactic acid and the characteristic yogurt flavor.

Keogh (1970) reported that yogurt-type products (yaaurt, jugurt,
yeart, yaoert, yogurt, yahourt, and yourt) have been made for centu-
ries, originating in countries on the eastern Mediterranean. Similar
products, such as leben of Egypt, madzoon of Armenia, and dahi of
India, all are fermented by L. bulgaricus and S. thermophilus. Turkish
yogurt differs only in that a lactose-fermenting yeast is included in the
culture. Interest in yogurt in the United States is recent. According to
the Milk Industry Foundation, Milk Facts (1981), from 1969 to 1979
per capita sales of yogurt in the United States increased by 211%, and
yogurt now represents about 1% of fluid milk sales.

A wide variety of yogurt-type products have found their way to
supermarket shelves. In addition to plain or natural yogurt, the follow-
ing products are marketed in the United States (Tamine and Deeth
1980):

Fruit yogurts—both Swiss-style, with fruit, flavoring, and color uni-
formly distributed, and sundae-style, with fruit in the bottom of
the cup and yogurt on the top.

Pasteurized/UHT yogurt—heat treated after incubation for longer
shelf life.
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Concentrated (frozen) yogurt—resembles either soft or hard ice
cream.

Dried yogurt—produced by sun-, spray-, or freeze-drying yogurt.

Low-calorie yogurt—contains 9% solids-not-fat, 0.1% fat, and 0.5-
1% stabilizer.

Low-lactose yogurt—made with 3-D-galactosidase, with lactose hy-
drolyzed for a sweeter product with no added sugar:

Kefir Cultured Milk

Kefir is a self-carbonated beverage popular in the Soviet Union, Po-
land, Germany, and other European countries in plain and flavored
forms (Kosikowski 1978B). Made with whole, part skim, or skim milk,
it contains about 1% lactic acid and 1% alcohol. Kefir exists in various
forms: whole milk-, cream-, skim milk-, whey-, acidophilus-, pepsin-,
grape-sugar-, and fruit-flavored kefir. Kefir buttermilk is a kefir-like
product that contains less CO; and alcohol than normal kefir.

Basically, kefir is made with the fermenting agent called ‘‘kefir
grains,” which consists of casein and gelatinous colonies of microorga-
nisms growing together symbiotically. The dominant microflora of
kefir consist of Saccharomyces kefir, Torula kefir, Lactobacillus caucas-
icus, Leuconostoc species, and lactic streptococci. The microbial popu-
lation is 5 to 10% yeast. Often the surface of kefir grains is covered
with the white mold, Geotrichum candidum, which apparently does not
detract much from its quality (Kosikowski, 1978A). Kefir milk differs
in composition from the original milk as some of the lactose is con-
verted to lactic acid, alcohol, and carbon dioxide. It has a definite
yeasty aroma with limited proteolysis in the milk. The taste of kefir
differs markedly from that of yogurt (Kosikowski. 1978B). The produc-
tion of lactic acid, which is accompanied by the production of alcohol
and CO,, may be regulated by the incubation temperature.

Kumiss

Kumiss (koumiss, kymys) is an effervescent lactic acid-alcoholic fer-
mented milk similar to kefir. It originated in the asiatic steppes and is
traditionally made from mare’s milk. Due to a shortage of mare’s milk
in the Soviet Union, large quantities of kumiss are made from cow’s
milk, so it differs little from kefir. According to Keogh (1970), it is en-
joying a reputation comparable to that of yogurt at the time of Metch-
nikoff. Starter organisms used for its manufacture are L. bulgaricus,
L. acidophilus, and Saccharomyces lactis, a lactose-fermenting yeast.
Puhan and Gallman (1980) reported that a modified kumiss can be
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made with cow’s milk diluted 20 to 25% with whey or water to adjust
the protein concentration to approximately that of mare’s milk; 2-3%
glucose or sucrose is added, and the mixture is pasteurized at 90-96°C
and cooled to 45°C. This modified milk is fermented at 37°C with 3-
5% added culture. Four to 8 hr later, 0.5% acid is developed; the milk
is then cooled and stirred at 30°C while 2.5 g of yeast per liter is added.
The product is incubated for 4 to 16 hr depending on the alcohol con-
centration desired. Traditional kumiss from mare’s milk contains
about 2.5% alcohol and approximately 1% lactic acid. Any movement
of the protein particles in milk produces an unstable product because
CO; escapes during the fermentation. An unsatisfactory fermentation
can be improved by hydrolyzing lactose with a 3-galactosidase.

CONCENTRATED FERMENTED MILKS

Danish Ymer and Swedish Lactofil are very soft, white, fermented milk
products, smooth and light, with a mild aromatic and acidic flavor.
They are made from whole or skim milk and are used for desserts
topped with fruits and in salads and dips. Ymer and Lactofil are made
by fermenting the milk with lactic acid cultures, including Strepto-
coccos lactis subspecies diacetilactis and Leuconostoc species, to form
a curd. After coagulation, the curd is cooked moderately until 55% of
the whey is removed. Then cream is added and the mass is homoge-
nized to a smooth, creamy consistency before cooling. The products
contain 3% fat, 7% protein, and 12% solids-not-fat (Lang and Lang
1978).

FLUID CREAM

Several types of fluid creams are manufactured and sold directly to
consumers. The most significant difference in the creams is the level
of milk fat they contain: from as little as 10% in half and half to 40% in
whipping cream. All commercial creams are produced by centrifugally
separating the less dense, higher-fat products from the residual skim
milk. Most often, cream with 40% fat is separated and then standard-
ized with skim milk to give creams with the desired fat contents. In
some instances, creams with desired fat contents are collected directly
from the separator; in others, as in *“‘plastic cream’ (made for manufac-
turing purposes), a 40% cream is pasteurized and reseparated while
hot to yield a product with 80% fat.

Fluid creams for consumer markets throughout the world fall into
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certain classes, depending upon their fat content: 10 to 12%, 18 to
20%, 25 to 30%, 34 to 36%, and 48%, although not all countries mar-
ket all types. Their names are not always the same; for example, a
product with 20 to 30% fat is designated ‘““medium cream’ in the
United States but “reduced cream’ in Australia. The term ‘‘cream”
officially varies from the 18% Food and Agriculture Organization
(FAO) standard to 40% (New Zealand) in its content of milk fat.

Half and Half

The composition and properties of particular types of creams depend
upon their intended use. Half and half, with 10 to 12% fat, is used as
a coffee whitener and cereal cream. It may have additional milk solids
and a stabilizer added. Usually half and half is homogenized and either
pasteurized or ultrapasteurized for longer shelf life. In some countries
it is sterilized. Most states in the United States require it to contain a
minimum of 10.5% and a maximum of 18% milk fat.

Table Creams

Table or coffee creams are those of intermediate fat content. In the
United States they are classified as “light” (18% fat) and “medium”
(830% fat), whereas in the United Kingdom they are designated
“cream’’ (20% fat) and ‘‘sterilized cream’ (23% fat). Other than steri-
lized creams, the table creams are standardized to the desired fat test,
pasteurized, and packaged. To extend their shelf life, sterilized creams,
as well as some table creams that are ultrapasteurized, are aseptically
packaged.

Whipping Cream

Whipping cream varies in fat content from 30% for light whipping
cream to 36% for heavy whipping cream. It is usually processed to
increase its viscosity and thickness and to enhance its whipping abil-
ity. Increasing the fat content, aging the cream, and adding nonfat dry
milk solids will improve its whipping ability.

Standards for creams in the United States are presented in Table 2.2
and typical compositions of these products in Table 2.3.

CONCENTRATED MILK PRODUCTS

Whole milk, skim milk, and buttermilk are concentrated by removal of
water and may be preserved by heat, addition of sugar, or refrigera-
tion. Typical analyses of these products are given in Table 2.4.
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Evaporated Milk

This product is made by evaporation of water from whole milk under
vacuum. Low percentages of sodium phosphate, sodium citrate, cal-
cium chloride, and/or carageenan may be added to improve its stabil-
ity. The concentrate is homogenized, canned, and then sterilized under
pressure at 117°C for 15 min or at 126°C for 2 min. Ultra-high temper-
atures (130 to 150°C for a few seconds), followed by aseptic packaging,
have been used with some success but have found limited commercial
application.

U.S. standards of identity require that evaporated milk contain not
less than 7.5% milk fat and 25% total milk solids. In addition, it must
contain 25 IU of vitamin D per fluid ounce. Addition of vitamin A is
optional; if added, it must be present in a concentration of 125 IU per
fluid ounce (FDA 1981A). U.S. of standards identity for evaporated
and condensed milks are essentially the same as those published by
FAO/WHO, Codex Alimentarius (FAQ 1973), and similar organizations
throughout the world.

Plain Condensed Milk

Plain condensed milk or concentrated milk has the same standard of
identity in the United States as evaporated milk, except that it is not
given additional heat processing after concentration. This product is
shipped in bulk containers and is perishable. Technology is available
to produce it in a sterile or almost sterile manner, and its extended
shelf life gives it a potential, but as yet undeveloped, market as a
source of beverage milk. Whole milk can be successfully concentrated
up to 45% total solids, and these higher concentrations have found
some use in the bulk product market.

Sweetened Condensed Milk

Sweetened condensed milk is made by the addition of approximately
18% sugar to whole milk, followed by concentration under vacuum to
approximately one-half its volume. The product is canned without ster-
ilizing, for the sugar acts as a preservative.

Federal standards of identity require 8.5% fat, 28.0% total milk
solids, and sufficient sugar to prevent spoilage. State standards range
from 7.5 to 8.5% fat and 25.0 to 28% total milk solids (USDA 1981B).

Condensed Skim Milk

Plain condensed skim milk is usually sold in bulk in the United States
for increasing milk solids in ice cream, bakery goods, and many other
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foods. It is usually less expensive, though more perishable, than nonfat
dry milk. There are no federal standards, but states require 18 to 20%
total solids-not-fat.

Sweetened condensed skim milk is prep..ed from skim milk in a
process similar to that used for whole milk. The final product contains
at least 60% sugar and 72 to 74% solids. U.S. federal standards require
not less than 0.5% milk fat and 24% total milk solids. It must have
sufficient sweetner to prevent spoilage (USDA 1981B).

Condensed skim milk, acid, is a product manufactured primarily for
animal feed. It is made from skim milk by developing about 2% acidity
with a Lactobacillus culture and a yeast and then concentrating the
milk to about one-third of its weight.

Condensed Buttermilk

Condensed semisolid buttermilk is a creamery buttermilk (usually
from sweet cream) which is allowed to ripen to an acidity of 1.6% or
more and then condensed. It has found limited use in the baking indus-
try. There are no federal standards, but a typical product contains
about 28% total solids (Hargrove and Alford 1974).

DRIED MILK PRODUCTS

Typical analyses of dried milk products are given in Table 2.4.

Nonfat Dry Milk

Nonfat dry milk (NDM) is an important commodity of the dairy indus-
try. According to the American Dry Milk Institute (1982), the 1.2 bil-
lion 1b manufactured in the United States in 1980 accounts for nearly
10% of the total milk supply. In several other leading milk-producing
countries, 20% or more of the milk supply is used to produce NDM
(Table 2.1). It provides a convenient way for countries with fluid milk
surpluses to market their milk.

Nonfat dry milk is produced from skim milk by condensing it with
conventional equipment followed by spray or drum drying. The drum-
dried product is relatively insoluble and is used principally for animal
feeds. Over 95% of nonfat dry milk in the United States is used for
human foods (American Dry Milk Institute 1982) and is produced by
spray drying. Most instant NDM is made by rewetting the convention-
ally spray-dried product, allowing the particles to agglomerate, and
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then reducing the moisture content with added heat. Foam spray dry-
ing by spray drying a pressurized concentrated milk also gives a very
acceptable product.

Nonfat dry milk has only its fat and water removed. Federal stan-
dards of identity in the United States and FAO/WHO allow a maxi-
mum of 5% moisture and not more than 1.5% milk fat (FDA 1981A;
FAO 1973).

Dried Whole Milk

Dried whole milk is prepared by conventional spray or roller drying,
with some modifications of the preheat treatment of the milk. The
product is usually stored under nitrogen to delay lipid oxidation and
off-flavor development. In spite of the processing changes, flavor de-
fects and short storage life have limited the markets for dried whole
milk; most of it is used in the confectionery and baking industries. Fed-
eral and FAO standards require a minimum of 20% but less than 40%
milk fat and a maximum of 5% moisture.

Dry Buttermilk

Most dry buttermilk is prepared from sweet cream buttermilk, and
is produced in a manner similar to that of nonfat dry milk. Dry butter-
milk has a higher phospholipid content than other dry milk products
and therefore is a natural emulsifier for use in the dairy and baking
industries and for dry mixes and other foods. A dry, high-acid butter-
milk can be produced from milk fermented by L. bulgaricus. It is diffi-
cult to dry, however, and has found only limited use in the baking in-
dustry. There are no United States and FAO standards for this
product, although typically the moisture content is less than 5%.

Dry Cream

Dry cream may be produced by spray drying or foam drying a good-
quality, standardized cream. Higher heat treatments and gas packag-
ing to reduce the oxygen in the head space to 0.75% or less make the
product more resistant to oxidation. U.S. standards require a mini-
mum of 40% but less than 75% milk fat and a maximum of 5% mois-
ture (FDA 1981A). FAO standards require a minimum of 65% milk fat
(FAO 1973). The solids-not-fat content is usually higher than that of
normal market creams. A foam spray-dried sour cream has also been
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manufactured. A cream tablet has been produced containing added lac-
tose to aid tableting, but the commercial acceptance of this product is
negligible.

Malted Milk Powder

Malted milk powder is made by concentrating a mixture of milk and
an extract from a mash of ground barley malt and wheat flour to obtain
a solid which is ground to powder. It usually contains less than 7.5%
milk fat and not more than 3.5% moisture. One pound is considered
equivalent to 2.65 lb of fluid milk on the basis of fat content. This
difference in equivalents results from the use of milk containing ap-
proximately 2.0% fat in making malted milk (Hargrove and Alford,
1974).

BUTTER, BUTTER OIL, SPREADS

Butter

Most creamery butter is produced by churning sweet cream so that
the fat globules coalesce into a soft mass. The federal standard for but-
ter (USDA 1981B) requires not less than 80% milk fat. FAO/WHO
standards specify 80% milk fat, as well as no more than 16% water
and a maximum of 2.0% nonfat milk solids (FAO 1973). The required
fat level is universal. A typical analysis of butter is given in Table 2.3.
Whey butter has a similar composition but is derived from the milk
fat recovered from cheese whey.

Butter Oil

Butter oil or anhydrous milk fat is a refined product prepared by cen-
trifuging melted butter or by separating the milk fat from high-fat
cream. There are no federal standards in the United States, but the
FAOQ has published, in the Codex Alimentarius, standards of 99.3% fat
and 0.5% moisture for butter oil and 99.8% fat and 0.1% moisture for
anhydrous butter oil (FAO 1973).

Ghee

Ghee is a nearly anhydrous milk fat used in many parts of India and
Egypt. It is usually made from buffalo milk, and much of the typical
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flavor comes from the burned nonfat solids remaining in the product.
Ghee is made in the United States from butter, and recently a proce-
dure has been developed for its production from cheese (Hargrove and
Alford 1974).

Miscellaneous Spreads

Several dairy spreads and products simulating butter have emerged in
the past decade. Butterine, developed in Wisconsin in 1967, is com-
posed of at least 40% milk fat, 38 to 40% margarine, 1% milk solids,
salt, and added vitamins A and D. The spreadability of this product is
improved over that of butter and its flavor is improved over that of
margarine. It is legal only in Wisconsin, where state standards require
that it contain a minimum of 40% butterfat. South Dakota requires
that “Dairy Spread” or ‘“Dari Spread’’ contain not less than 38% or
more than 44% milk fat and not less than 30% milk solids-not-fat, with
optional ingredients of salt, artificial flavoring, coloring, and thicken-
ing agents (USDA 1981B). A lowfat spread that is allowed under Ohio
state standards is required to contain at least 30% milk fat, but the
word ‘‘butter’” must not be used on the label.

Other low-calorie spreads containing about 50% moisture and 40%
milk fat have been developed in the United States, Canada, Ireland,
and Sweden.

A product was developed at the University of South Dakota that
contains 44% moisture, 40% milk fat, 14 to 16% nonfat dry milk, syn-
thetic butter flavor, high-acid starter distillate, salt, butter coloring,
and a combination of gelatin and sodium carboxymethylcellulose as a
stabilizer.

A spread-type product, ‘‘Bregott,” in which 15% of the total fat is
soybean oil, is marketed in Sweden. The oil is added to cream and then
churned, with minor adjustments in temperature and time. Although
it is not competitive with the best margarines in price, it is a well-
accepted spread (Hargrove and Alford 1974).

CHEESE

Cheese is a concentrated dairy food produced from milk curds that are
separated from whey. The curds may be partially degraded by natural
milk or microbial enzymes during ripening, as in cured cheeses, or they
may be consumed fresh, as in uncured cheeses like cottage cheese.
Most commonly, a bacterial culture with the aid of a coagulating en-
zyme like rennin is responsible for producing the initial curd. The
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starter culture also provides important proteolytic and lipolytic en-
zymes to produce the characteristic texture and flavor during ripening.

Although cow’s milk (whole, lowfat, skim, whey, cream, nonfat dry
milk, or buttermilk) generally is used for manufacturing cheese in the
United States, a small quantity of ewe’s and goat’s milk is also used
(USDA 1978). Certain other countries use milk from camels, asses,
mares, buffaloes, and reindeer, in addition to ewes and goats, to make
cheese.

Casein, the major protein in milk and cheese, is coagulated by acid
that is produced by selected microorganisms and/or by coagulating en-
zymes to form curds. Acidification by food-grade acidulants is also
used for the manufacture of some types of cheese, like cottage cheese.
Lactalbumin and lactoglobulin are water-soluble proteins comprising
one-fifth of the total protein in milk. These two proteins do not coagu-
late with the acidity and temperatures used in the manufacture of most
cheese. The amount of whey retained in the cheese curd will determine
the amount of residual water-soluble nutrients such as water-soluble
protein and lactose in the cheese.

Minerals found in milk which are insoluble remain in water in the
curd and are more concentrated in the cheese than in milk. About two-
thirds of the calcium and one-half of the phosphorus of milk remains
in cheese. A major portion of the milk calcium is retained in the curd
of cheese made with coagulating enzymes. Acid coagulation alone re-
sults in the loss of portions of both calcium and phosphorus salts in
the acid whey, since these minerals are more soluble in the acidic me-
dium. Most milk fat and fat-soluble vitamins are retained in the curd,
but a considerable amount of water-soluble vitamins is lost during
cheese manufacture. Retention of part of some B-complex vitamins in
curd is due to their extended association with casein in the original
milk.

A Cheddar-type cheese retains 48% of total solids of milk, 96% ca-
sein, 4% soluble proteins, 94% fat, 6% lactose, 6% H,0, 62% calcium,
94% vitamin A, 15% thiamin, 26% riboflavin, and 6% vitamin C {(Na-
tional Dairy Council 1979). The lactose content varies in freshly pre-
pared cheeses and decreases rapidly during ripening, completely disap-
pearing in four to six weeks. The enzymes and ripening agents
responsible for the rate and extent of fat and protein breakdown are
fully discussed in Chapter 12, and vitamin variation is discussed in
Chapter 7.

Classification

More than 400 cheeses are known throughout the world. They are usu-
ally named after the town or community of manufacture. Successful
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classification is difficult, if not impossible. There are probably 18 types
or kinds of natural cheeses that differ distinctively in their method of
manufacture, including setting of milk and cutting, stirring, heating,
draining, and pressing of curd, which results in the characteristic qual-
ities of each cheese. Examples are brick, Camembert, Cheddar, cottage,
cream, Edam, Gouda, Hand, Limburger, Neufchatel, Parmesan, Provo-
lone, Romano, Roquefort, Sapsago, Swiss, Trappist, and whey cheeses
(Mysost and Ricotta) (USDA 1978).

The classification presented here is based upon consistency brought
about by differences in moisture content (soft, semisoft, hard, very
hard), the manner of ripening (bacteria, mold, yeast, surface or interior
microorganisms, combinations or unripened), the method by which the
curd is produced (acid or coagulating enzymes, or by acid and high
heat, or combinations), and the type of milk employed (National Dairy
Council 1979).

The most significant and distinguishing characteristic is used for the
classification. Typical analyses of two or three representative cheeses
that are classified on the basis of moisture content and manner of
ripening are presented in Table 2.5. Federal standards of identity are
given in Table 2.6 for some selected cheeses. For an in-depth study of
cheeses, Kosikowski’s (1978A) book, Cheese and Fermented Milk
Foods, should be consulted.

Cottage Cheese

Cottage cheese is a soft, unripened, acid cheese made primarily in the
United States, Canada, and England with the coagulated curd from
various combinations of skim milk, partially condensed skim milk,
and/or reconstituted low-heat, nonfat dry milk. In some countries like
Japan, cottage cheese is made principally from reconstituted nonfat
dry milk. The curd is formed by the action on milk of either a combina-
tion of lactic acid from lactic acid-producing bacteria and an enzyme
coagulator like rennin or by adding edible food-grade acids and a coag-
ulator. Finished cottage cheese consists of approximately two parts of
dry curd and one part of cream dressing. The dressing usually contains
salt, flavoring, and stabilizers, in addition to the cream. Commercial
cottage cheese is either small or large curd, depending upon the size of
the curd particles cut before cooking.

A relatively new procedure for making cottage cheese, the direct-
acid-set method, currently accounts for about one-fifth of all cottage
cheese made in the United States. Using food-grade acids to effect co-
agulation eliminates problems associated with bacterial cultures and
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Table 2.6. Federal Standards of Identity for Cheese

Moisture Milk Fat® Milk Fat®
(Maximum) (Minimum in Solids) (Minimum in Cheese)

Cheese Type (%) (%) (%)
Cottage curd 80 - <.5
Lowfat cottage 82.5 — 5-2
Creamed cottage 80 — (20) 4
Cream 55 —(73.3) 33
Limburger 50 50 — (25)
Camembert — 50° —
Feta — 50 —
Brick 44 50 — (28)
Blue 46 50 —(27)
Cheddar 39 50 — (30.5)
Swiss 41 43 — (25.4)
Parmesan 32 32 — (21.8)
Provalone 45 45 — (24.8)
Ricotta (pasteurized) 80 11 11
Process Cheddar 40 50 — (30.5)
Process Swiss 42 43 — (25.4)
Process cheese food 44 — (42.6) 23
Process cheese spread 60 (44 minimum) — (50) 20

source: FDA (1981A).

aFederal standards set for milk fat in solids. Figures in parentheses calculated from standard of minimum milk
fat in cheese.

5Federal standards set for milk fat in finished cheese. Figures in parentheses calculated from standard of min-
imum in solids.

<Federal standards for cheese class only.

reduces manufacturing time. Sharma et al. (1980) reported a 5% in-
crease in yield with the direct acidification method.

The United States federal standard requires that cottage cheese con-
tain not less than 4% butterfat and not more than 80% moisture. The
standard does not specify how much of the solids and fat must come
from the dressing and the curd.

Cream Cheese

Cream cheese is a soft, unripened, high-fat, lactic-type cheese prepared
from a homogenized milk and cream mixture containing about 16%
milk fat. A lactic acid-producing bacterial culture, with or without ren-
net, is added to the mixture, which is held until coagulation. The coagu-
lated mass is drained from whey by centrifugal separators or by muslin
bags. Federal standards require a minimum of 33% milk fat and a max-
imum of 55% moisture (FDA 1981A). Addition of 0.5% stabilizer to
prevent whey leakage is allowed.
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Limburger Cheese

Limburger is a semisoft, surface-ripened cheese usually made from
cow’s milk. It originated in the provide of Luttich, Belgium, and is
named after the town of Limburg, where originally much of the cheese
was marketed. According to some authorities, surface organisms are
responsible for its characteristic flavor and aroma, which develop after
two months of ripening. Yeast predominates at first and reduces the
acidity of the cheese; this is followed by growth of Brevibacterium
linens, with the production of a characteristic reddish-yellow pigment
(USDA 1978). During ripening there is extensive protein decomposi-
tion accompanied by a strong odor and flavor.

Feta Cheese

Feta cheese is a white, soft, brine-ripened (‘‘pickled”’) variety, usually
made from ewe’s and goat’s milk. Although it originated in Greece, a
Bulgarian-type feta, Egyptian domiati, and a feta cheese made in the
United States with cow’s milk have similar compositions and proper-
ties. Lactic acid bacteria and rennet are used to produce the feta curd.
After the curd is cut, drained, matted, milled, and heavily salted, it is
molded and ripened in brine for about one month before being eaten.
Lloyd and Ramshaw (1979) described ripened feta as soft, short, but
not crumbly, with few fermentation holes and a fresh acid and clean
salty flavor. Karlikanova et al. (1978) studied seven salt-resistant
strains of streptococci in an attempt to increase and improve the flavor
of feta cheese. Denkov and Kr’’stev (1970) stated that farmakhim, a
dried rennin/pepsin mixture from Bulgaria, could be used in place of
rennin to increase the yield by increasing the moisture 0.2%.

Camembert Cheese

Camembert cheese is a soft cheese ripened by surface molds. It was
first made by Marie Fontaine of Camembert and named by Napoleon.
Its interior has a distinctive, characteristically yellow, waxy, creamy,
or almost fluid consistency, depending upon the degree of ripening. Its
exterior is a thin, gel-like layer of gray mold and dry cheese inter-
spersed with patches of reddish yellow (USDA 1978). Ripening results
from growth of the mold Penicillium camemberti, P. candidum, or P
caseiocolum, yeast, and Brevibacterium linens, which also grow in as-
sociation with the mold for secondary fermentation and provide the
color change. Hydrolysis of casein and an increase in water-soluble pro-
teins accompany softening of the cheese. The body texture and flavor
characteristics are evident in four to five weeks.
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Brick Cheese

Brick cheese is a semisoft cheese ripened with surface growth and is
one of the few cheeses of American origin. It is known for its semisoft,
sweet-curd, and mild but rather pungent, sweet flavor. The flavor is
intermediate between those of Cheddar and Limburger, not as sharp
as Cheddar or as strong as Limburger. The body is soft and firm
enough to slice without crumbling. It has an open structure with sev-
eral round, irregular holes. The name might have been derived from its
brick shape or perhaps from the bricks used to press the curds (USDA
1978). The surface growth of yeast and B. linens is responsible for its
flavor. The ripening process takes two to three months and involves
relatively little proteolysis.

Blue-Veined Cheese

Blue-veined cheese is a semisoft, mold-ripened cheese made from cow’s
milk in the United States. Throughout the world it is known by various
names, such as French Bleu and Roquefort, Italian Gorgonzola, Ameri-
can Blue, Danish Blue, and English Stilton (Kosikowski 1978A). Each
differs slightly in characteristics as well as in manufacturing process,
but basically all are internally mold-ripened cheeses. Ripening blue-
vein cheese by the mold Penicillium roqueforti is a highly complex
process that usually requires 16 to 18 weeks. Use of the name “Roque-
fort” is officially limited to the original blue-veined cheese manufac-
tured from sheep’s milk in a small area near Roquefort in southeastern
France. Growth of the mold P. roqueforti and its subsequent metabolic
activity are mainly responsible for the ripening and characteristic fla-
vor development in blue-veined cheeses.

A water suspension of mold spores is added to the milk before set-
ting or the spores are dusted onto the curds. The inoculated curd is
incubated for four weeks; then the surface slime is scrubbed off. Sur-
face slime organisms are proteolytic and may contribute to flavor pro-
duction. Curing continues after the cheese is punctured with slender
needles to allow the escape of carbon dioxide and to make air available
for mold growth for about 16 to 18 weeks. During curing the lipolytic
activity of P. roqueforti breaks down milk fat to provide free fatty acids
and methyl ketones, which are largely responsible for the aroma and
flavor of blue-veined cheese. The organism is also the main contributor
to the proteolytic breakdown for development of a soft, smooth,
full-flavored cheese (Kinsella and Hwang 1976). Coghill (1979) reported
that homogenizing milk for blue-veined cheese manufacture increases
the rate of flavor development, produces a lighter-colored product, ac-
celerates fat hydrolysis, and speeds ripening.
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Cheddar Cheese

Cheddar cheese originated in a little village in Cheddar, England. It
was initially made as a stirred curd product without matting (Kosikow-
ski 1978A).

Cheddar is a hard, close-textured, bacteria-ripened cheese that re-
quires several months of curing at about 10°C to develop its character-
istic flavor. Rennet and a lactic culture are used with whole milk to
form curds that are warmed and pressed. Cheddaring is an important
step in the manufacturing process. It involves piling and repiling of
the warm curds to increase lactic acid production, which contributes
to the destruction of coliform bacteria. The milk for Cheddar is often
standardized to a definite fat-to-casein ratio. The starter organisms are
primarily responsible for the ripening and the characteristic mild fla-
vor. During ripening, part of the casein is converted to water-soluble
proteoses, peptones, and amino acids. The firm structure becomes
more integrated, softer, and smoother as the flavor develops. Good-
quality Cheddar cheese is ripened at 2 to 16°C at 85% relative humid-
ity. Most Cheddar cheese is ripened at 4°C for 4 to 12 months. In Can-
ada, the curing time may be extended to 24 months (Kosikowski
1978A). Storage at 3°C effectively prolongs the usable mature life of
good-quality Cheddar cheese after an initial high (10°C) curing temper-
ature. Gripon et al. (1977) concluded that adding microbial enzymes to
cheese curds improves their quality and hastens ripening. But the
types and optimum amounts of enzymes to be added to produce the
fine flavor are still in question.

Swiss Cheese

The manufacturing process for Swiss cheese was developed in Emmen-
thal, Switzerland, hence the name “Emmentaler cheese’”’ (known as
“Swiss cheese” in the United States). It is hard, pressed-curd
cheese with an elastic body and a mild, nut-like, sweetish flavor. Swiss
cheese is best known for the large holes or eyes that develop in the curd
as the cheese ripens. S. thermophilus and L. bulgaricus or Lactobacillus
helveticus are used for acid production, which aids in expelling whey
from the curd, whereas Propionibacterium shermanii is largely respon-
sible for the characteristic sweet flavor and eye formation.

To increase curd elasticity and improve eye formation, the milk used
to produce Swiss cheese must be clarified. Standardization of the fat
content of the milk after clarification ensures uniform composition.
Rennet and lactic acid from the bacteria cause casein coagulation.
Swiss cheeses made in the United States are cured for three to four
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months (2 months minimum). Cheeses made in Switzerland, however,
are cured for up to 10 months and have a more pronounced flavor
(USDA 1978) than does U.S. Swiss cheese.

Mozzarella Cheese

Mozzarella is an Italian cheese which was traditionally made from
highfat milk of the water buffalo. In southern Italy the water buffalo
still supplies milk for this type of cheese. In the United States, how-
ever, the cheese is produced from whole or partly skimmed milk. Small
amounts of starter or organic acids followed by rennet extract are
added. The curd thus formed is not cooked but simply cut, and the
whey is drained. The matted curds are formed into blocks, drained, and
at warm temperatures undergo mild acid ripening at pH 5.2 to 5.4. At
a critical pH or acidity the curd is heated in water, stretched or molded,
placed in proper forms, and slightly salted. Artificial flavor and flavor-
producing enzymes normally are not added to Mozzarella cheese (Kosi-
kowski 1978A). Mozzarella accounted for 17.3% of the total cheese pro-
duction in the United States in 1980 (USDA 1981A).

Provolone Cheese

Provolone is an Italian, plastic curd cheese that originated in southern
Italy. It is light in color, mellow, and smooth, with a hard, compact,
flaky, thread-like texture; it slices without crumbling and has a mild,
agreeable flavor. Stringy textured cheeses are made by cooking the
curds at a relatively high temperature and, while hot, molding them
into various shapes. Provolone represents the group of acid-bacterial-
ripened cheeses that are cooked at a relatively high temperature. The
curds are kneaded and stretched until they are shiny, smooth, and elas-
tic before being molded into various shapes. The curds are then chilled,
salted in brine, smoked, waxed, and ripened like Cheddar. The typical
flavor stems from lipolysis of milk fat brought about by added special
mammalian lipases.

Parmesan Cheese

Parmesan or “Grana,” as it is known in Italy, is a group of very hard
bacteria-ripened, granular-textured cheeses made from partially
skimmed cow’s milk. They originated in Parma, near Emilia, Italy,
hence the name. Special lipolytic enzymes derived from animals are
used, in addition to rennet, to produce the characteristic rancid flavor.
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Starter cultures of heat-resistant lactobacilli and S. thermophilus are
added, along with rennet, to form the curds. Manufacture and salting
of the cheeses take about 20 days, with 12-15 days for brining. They
are then stored in cool, ventilated rooms to ripen in one or two years.
A fully cured Parmesan keeps indefinitely, is very hard and thus grates
easily, and is used for seasoning. Low moisture and low fat contents
contribute to its hardness. Parmesan cheese made in the United States
is cured for at least ten months.

Skim Milk or Lowfat Cheeses

Sapsago is manufactured chiefly in Switzerland and made from
slightly soured skim milk. It is a small, very dry and hard, cone-shaped
cheese. Powdered clover leaves are added to the curds to give a sharp,
pungent flavor, a pleasing aroma, and a light green or sage green color.
Fully cured Sapsago dry cheese is used for grating. In contrast, Euda
cheese, developed by the U.S. Department of Agriculture, is a ripened,
lowfat, semisoft, skim milk cheese. It has a mild flavor and a soft body,
resembling Colby cheese in appearance. Lactic acid bacteria are re-
sponsible for its ripening. Predevelopment of lipolysis in the small
amount of milk fat used contributes much to the flavor of this cheese.

Ricotta Cheese

After most types of cheese are manufactured, about 50% of the milk
solids (most of the lactose and lactalbumin) remain in the whey.
Cheese-like products can be made from these residual solids. One of
the two methods commonly used to make these whey cheeses consists
of contentrating the whey through evaporation with heat to obtain a
mass with a firm, sugary consistency that, when cooled, forms a cheese
(Primost and Ghetost). The other method is employed in the manufac-
ture of Ricotta cheese.

Ricotta is made from coagulable constituents (principally albumin)
in the whey from cheese like Cheddar, Swiss, and Provolone; hence, it
also is known as “whey cheese’’ or “albumin cheese.” Ricotta is a soft,
bland, semisweet cheese that originated in Italy. All of the fat of the
milk is usually left in the whey in its manufacture. Also, about 5 to
10% whole or skim milk is added to the whey when making Ricotta in
the United States. Whole milk is added to make fresh Ricotta, while
skim milk is used to produce dry Ricotta, which is usually used for
grating. Incorporating fat with coagulable albumin improves the body,
flavor, and food value of the cheese. The milk and whey proteins are
coagulated by acid (lactic or acetic) and high heat (80 to 100°C). Fresh
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Ricotta has a bland flavor and a body resembling cottage cheese in
consistency. No U.S. federal standards exist for Ricotta cheese; how-
ever, some states require that it be made from whole milk and have a
minimum of 11% fat and a maximum of 80% moisture.

Processed Cheese, Cheese Foods, and Spreads

The first soft processed cheese was patented in 1899. In 1916, Kraft
was issued a patent for heating natural Cheddar cheese and emulsify-
ing it with alkaline salts, which was the beginning of the processed
cheese industry in the United States (Kosikowski 1978A).

Pasteurized processed cheese is made by changing the physical state
of one or more varieties of cheese by comminuting and blending them
with the aid of heat and a suitable emulsifying agent into a homoge-
neous plastic mass. Heating the cheese above the pasteurization tem-
perature stops ripening and destroys most bacteria. The high temper-
ature and a slow cooling period aid in producing a nearly sterile
product. Processed cheese which contains only Cheddar cheese is called
“pasteurized processed Cheddar cheese.” Of the various process
cheeses available, some are fabricated from a single variety of cheese,
while others may be blends of two or more. As a general rule, the milk
fat content in processed cheese is the same as that of the type of cheese
in one-variety cheese or an average of the milk fat contents of the
cheeses used in multivariety cheese. The moisture concentration of
processed cheese is usually not more than 1% above that of the
“parent’’ cheese or 1% above the average moisture level when more
than one cheese is used. The formulation of a typical cheese spread is
presented by Kosikowski (1978A). Legal requirements for the various
processed cheeses, cheese foods, and cheese spreads are given in the
Code of Federal Regulations (FDA 1981A), and since there are a num-
ber of exceptions to the general rules for the composition of milk fat
and moisture described above, those interested in legal requirements
are advised to refer to this code.

Pasteurized processed cheese foods are softer and may contain op-
tional ingredients not permitted in processed cheese, including skim
milk, cream, cheese whey, lactalbumin, and albumin from cheese whey.
Emulsifiers, acidifying agents, water, salt, coloring agents, fruits, veg-
etables, spices, and flavorings may also be added. Salts act as a taste
modifier but also as an inhibitor of microbial growth in processed
cheese. If whey is added to processed cheese, it is generally in dried
form.

Pasteurized processed cheese spread may contain the same optional
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ingredients as cheese foods, but may have additional moisture and
stabilizing agents such as gums, gelatin, and algin.

A cheese-like spread, which is similar to processed cheese spread, is
prepared by combining hydrolyzed Swiss-or Cheddar-whey protein and
cultured cream. The whey protein is precipitated by heat and acid. The
granular, chalky precipitate then acquires a smooth texture by enzy-
matic hydrolysis with Rhozyme P-11 at 39.5 to 40.5°C for 30 min. The
product is heated to 85°C for 15 min to inactivate the enzymes; then
it is homogenized and blended with an equal quantity of 45° cream
culture containing Lactobacillus casei (Webb and Whittier 1970).

FROZEN DESSERTS

Frozen desserts containing milk products include ice cream and frozen
custard, ice milk, sherbet and mellorine. A brief description of each of
these products is presented here. An entire chapter in the previous edi-
tion of this text is devoted to frozen desserts and their properties, com-
position, and technology (Keeney and Kroger 1974). Additional com-
ments on these products appear in the last chapter of this book.

Ice Cream

The most popular of all frozen desserts in the United States is ice
cream. In a survey of selected supermarket products in 1979, more
than 86% of the households involved reported using ice cream or ice
milk during a 30-day period. The per capita production in the United
States was 14.6 quarts in 1980, as well as 5.15 quarts of ice milk, 0.8
quart of sherbet, and 0.2 quart of mellorine. Several countries, includ-
ing New Zealand, Australia, and Canada, have per capita production
values comparable to those in the United States (International Associ-
ation of Ice Cream Manufacturers 1981).

By definition, ice cream is a frozen food product made from a mix-
ture of dairy ingredients such as milk, cream, and nonfat milk that are
blended with sugar, flavoring, fruit, and nuts. It contains a minimum
of 10% milk fat and weighs not less than 4.5 Ib/gal.

Table 2.7 gives the principal U.S. standards for ice cream and other
frozen dessert containing milk products.

Ice Milk

Ice milk is a frozen dessert similar to ice cream, except that it contains
2 to 7% milk fat and about 20% fewer calories. There was a substantial
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increase in the use of ice milk in the United States between 1955 and
1970, when the per capita production increased from 2.2 to 5.6 quarts,
but after 1970 there was little change and in fact a slight decrease to
5.15 quarts per capita in 1980. Only a few of the 56 countries surveyed
by the International Association of Ice Cream Manufacturers (1981)
reported appreciable per capita production of ice milk.

United States federal standards for plain and bulky flavored ice milk
are shown in Table 2.7.

Sherbets

Frozen desserts made from sugar, water, fruit acid, color, fruit or fruit
flavoring, and stabilizer, and containing a small amount of milk solids
added in the form of skim milk, whole milk, condensed milk, or ice
cream mix, are known as “sherbets.”” Federal standards for these prod-
ucts are included in Table 2.7.

Mellorine

This food is similar to ice milk in that the milk fat content is between
1 and 2%, the vegetable fat content is at least 6%, and the product
weighs not less than 6 lb/gal. As a filled dairy product, it is illegal in
those states which still have filled milk laws. Its use declined from
about a quart per capita in 1970 to 0.2 quart in 1980. Table 2.7 presents
federal standards for mellorine.

CASEIN

Commercial casein is usually manufactured from skim milk by precipi-
tating the casein through acidification or rennet coagulation. Casein
exists in milk as a calcium caseinate-calcium phosphate complex.
When acid is added, the complex is dissociated, and at pH 4.6, the
isoelectric point of casein, maximum precipitation occurs. Relatively
little commercial casein is produced in the United States, but imports
amounted to well over 150 million 1b in 1981 (USDA 1981C). Casein is
widely used in food products as a protein supplement. Industrial uses
include paper coatings, glues, plastics and artificial fibers. Casein is
typed according to the process used to precipitate it from milk, such
as hydrochloric acid casein, sulfuric acid casein, lactic acid casein, co-
precipitated casein, rennet casein, and low-viscosity casein. Differences
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in the composition of casein result mostly from differences in the man-
ufacturing process and the care taken in precipitation and washing of
the product.

The U.S. standards for grades of edible dry casein (acid) are pre-
sented in Title 7, Part 28, of the Code of Federal Regulation (FDA
1981B) with the following specifications: Grades are determined on the
basis of flavor and odor, physical appearance, bacterial estimates [stan-
dard plate count (SPC) and coliform count], protein content, moisture

content, milk fat content, extraneous material, and free acid.

Characteristic

Extra Grade

Standard Grade

Moisture (not more than)
Milk fat (not more than)
Protein (not less than)
Ash (not more than)
Free acid (not more than)
Bacterial estimates
SPC (not more than)
Coliform
Flavor and odor

10 %
1.5%
95%
2.2%
0.20 ml of 0.1 N NaOH/g

30,000/g

neg./0.1g

Bland, natural flavor and
odor and free from offen-
sive flavors and odors

12 %
2%
90%
2.2%
0.27 ml of 0.1 N NaOH/g

100,000/g

2/0.1g

Not more than slight un-
natural flavors and
odors, free from offensive

flavors and odors
White to cream colored; if pulverized, free from lumps
that do not break up under slight pressure (extra
grade); moderate pressure (standard grade)

Physical appearance

Dry casein (acid) that fails to meet the requirements of U.S. standard
grade, or contains Salmonella or coagulase-positive staphylococci, is
considered unsuitable for human food and is not assigned a U.S. grade.

Australian standards have been established for both acid and rennet
caseins. The standards for acid casein are much the same as those for
U.S. casein. Rennet casein usually has between 7.0 and 8.3% ash com-
pared with 2.2% for acid casein. The fact that rennet casein is essen-
tially a calcium caseinate accounts for this comparatively large ash
value.

Sodium Caseinate

Sodium caseinate, edible grade, is made from isoelectric casein which
has been prepared to meet the sanitary standards for edible casein.
Casein is solubilized with food-grade caustic soda, and the resulting
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soluble product (20 to 25% solids) is spray-dried. Spray-drying proce-
dures are adjusted to obtain a product with 5% or less moisture con-
tent. Dry sodium caseinate usually contains about 90 to 94% protein,
3 to 5% moisture, 6 to 7% ash, and 0.7 to 1% fat. The best flavor in
dried sodium caseinate is obtained when the product is made directly
from fresh wet curd. The calcium and lactose contents and moisture in
fresh curd should be as low as possible, since all three adversely affect
the resulting dried product. Isoelectric casein usually has better keep-
ing qualities than sodium caseinate. The uses for sodium caseinate are
much the same as those of commercial casein. Increasing quantities of
sodium caseinate are being used as a protein supplement in dietetic
and bakery products, as well as in stews, soups, and imitation milk.

LACTOSE

Lactose is the characteristic carbohydrate of milk, averaging about
4.9% for fluid whole cow’s milk and 4.8% for sheep and goat’s milk.
The commercial source of lactose today is almost exclusively sweet
whey, a by-product of cheese making. Details of its production are
given in Chapter 6.

Standards for anhydrous lactose are presented in Recommended In-
ternational Standards for Lactose by the Food and Agriculture Organi-
zation, Codex Alimentarius, 1969.

Lactose anhydrous 99% min. (on dry basis)
Sulfated ash 0.3% max. (on dry basis)
Loss on drying (16 hr at 120°C) 6% max.

pH, 10% solution 4.5-7.0

Arsenic 1 mg/kg max.

Lead 1 mg/kg max.

Copper 2 mg/kg max.

WHEY

With the increase in the production of cheese, not only in the United
States but throughout the world (USDA 1981C), and more stringent
controls on disposal of waste materials, the use of surplus cheese whey
is one of the most critical problems facing the dairy industry. Whey,
the liquid that remains after casein and fat are separated as curds in
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the cheese-making process, contains most of the salts, lactose, and
water-soluble proteins of the milk. It varies in composition with the
type of cheese from which it comes, heat treatment, handling, and
other factors. The predominant type is ‘““sweet whey,”’ which is derived
from the manufacture of ripened cheeses (Cheddar, Swiss, Provolone,
etc.), so named because its pH is only slightly less than that of fresh
milk. ‘“Acid whey,” on the other hand, has a pH of approximately 4.7;
it is similar in composition to sweet whey, except that up to 20% of
the lactose is converted to lactic acid by lactose-fermenting bacteria in
the manufacture of products like cottage cheese. The reduced pH may
also be achieved by the addition of food-grade acids to replace the lac-
tic cultures, as in directly acidified cottage cheese. Although only
about 10% of the whey produced in the United States in 1980 was
of the acid type (Whey Products Institute 1981), it presents a serious
disposal problem. Acid whey that results from the manufacture of cot-
tage cheese is not of sufficient volume to make its further processing
(concentrating or drying) economical. On the other hand, since the fluid
milk plants that manufacture cottage cheese are usually located in cit-
ies, it must be disposed of in already overloaded municipal sewers. An
additional complication in disposing of acid whey comes from its high
acidity; this interferes with its subsequent processing. Sweet whey
from hard cheese manufacture is not hampered by these constraints.

Even though liquid whey has been successfully commercialized in
the form of alcoholic and nonalcoholic beverages, these are still a rarity
in most countries. Most whey is converted to whey solids as ingredi-
ents for human food or animal feeds by traditional processes such as
spray drying, roller drying, concentration to semisolid feed blocks, or
production of sweetened condensed whey. Jelen (1979) reported other
traditionally established processes including lactose crystallization
from untreated or modified whey, production of heat-denatured whey
protein concentrate, or recovery of milk fat from whey cheese in “whey
butter.”

Nearly 60% of the whey and whey products produced in the United
States in 1980 were used in human food products, over 80% as dry
whey. More than 65% of the whey used for animal feed was a dried
whey product. Principal users of whey products for human foods are
dairies and bakeries. Lactose, which is derived primarily from whey,
is used mainly in infant foods and pharmaceuticals (Whey Products
Institute 1980).

Some limitations in the functional properties of dried whey for hu-
man foods, including high salt and lactose concentrations, have led to
its fractionation and blending into a variety of new products. Recent
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Table 2.8. Chemical Composition of Selected Commercial Whey-Based
Food Ingredients.

Typical Analysis
Product % Protein % Lactose % Ash Source®
Products manufactured
from whey only
Dried sweet whey 12 74 8.5 1,2,3,45,6
Partially demineralized 13 75 5.5 1
whey
Demineralized whey 14 82 0.8 1
Demineralized/delactosed 36 56 2.4 1
whey
Whey protein concen- 53 36 4.0 2,3,4,5
trate®
Whey protein concen- 85 4 1.2 4
trate®
Traditional (heated) 80 5 2.5 4
lactalbumin
Blends of whey with other
materials
Whey, skim milk 22 54 10.0 2,6
(and/or buttermilk)
Whey, caseinates 34 52 8.0 2,6
Whey, soy (and/or corn) 28 60 8.0 2,6
solids
Whey, soy protein isolate 35 52 8.0 2,6,7

sourck: Jelen (1979). Reprinted with permission from the American Chemical Society (1982).

2Technical literature on which this table is based. There are other suppliers of similar products whose
literature was not available: (1) Foremost Foods Co., California; (2) Dairyland Products, Minnesota;
(3) Stauffer Chemical Co., Connecticut; (4) New Zealand Dairy Board, Wellington, and/or N.Z. DRI,
Palmerston North; (5) Purity Cheese Co., Wisconsin; (6) Land-O-Lakes Co., Minnesota; (7) Ralston-
Purina, Missouri.

®Total carbohydrates.

developments in molecular separation techniques such as ultrafiltra-
tion, reverse osmosis, gel filtration, electrodialysis, and ion exchange
have made possible the fractionation, modification, or reconstruction
and blending of a variety of whey products. Table 2.8 illustrates the
type and composition of whey products currently available (Jelen
1979).

Craig (1979) has summarized the functional and nutritional proper-
ties of most of these whey-based food ingredients. A comprehensive
symposium (Clark 1979A) and several excellent reviews on whey and
whey utilization are recommended for further studies (Clark 1979B).
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Proteins of Milk

Robert McL. Whitney

The proteins of milk are of great importance in human nutrition and
influence the behavior and properties of the dairy products containing
them. They have been studied more extensively than any other pro-
teins except possibly those of blood. Since milk contains a number of
different proteins, they must be fractionated and the proteins of inter-
est isolated before definitive work can be done on their composition,
structure, and chemical and physical properties.

This chapter considers the classification, nomenclature, primary
structure, and chemical and physical properties of the individual pro-
tein as they occur in the milk from the genus Bos. While some studies
have been done of the proteins of the milk of other mammals, bovine
milk, due to its commercial importance, has been most extensively in-
vestigated. A more comprehensive treatment of the subject is in the
two-volume treatise on the chemistry and molecular biology of the milk
proteins edited by McKenzie (1970, 1971A). Other reviews are Whit-
ney (1977), Brunner (1981), and Swaisgood (1982).

CLASSIFICATION, NOMENCLATURE, AND
PRIMARY STRUCTURE OF MILK PROTEINS

During the nineteenth and early twentieth centuries, separation of the
proteins was limited to casein and the classical lactalbumin and lacto-
globulin fractions of the whey proteins. Subsequent work has resulted
in the identification and characterization of numerous proteins from
each of these fractions. A classification system of the known proteins
in milk developed by the American Dairy Science Association’s
(ADSA) Committee on Milk Protein Nomenclature, Classification, and
Methodology (Eigel et al. 1984) is summarized and enlarged to include
the minor proteins and enzymes in Table 3.1.

Except for bovine serum albumin, immunoglobulins, and fat globule
membrane proteins, the nomenclature employed in this classification
consists of the use of a Greek letter, with or without a numerical sub-
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Table 3.1. Classification and Distribution of the Milk Proteins—
Genus Bos (30-35 GlLiter).

I. Caseins (24-28 g/liter)

IL

IIL

A

C.

D.

a,,-Caseins (12-15 g/liter)

1. a,-Casein X*—8P (genetic variants—A, B, C, D-9P, and E)

2. a,-Casein X*—9P (genetic variants—A, B, C, D-10P, and E)

3. a,,-Casein fragments®

a,,-Caseins (3-4 g/liter)

1. a,,-Casein X*—10P (genetic variants—A, B, C-9P, and D-7P)

2. a,,-Casein X*—11P (genetic variants—A, B, C-10P, and D-8P)

3. a,-Casein X°—12P (genetic variants—A, B, C-11P, and D-9P)

4. a,-Casein X*—13P (genetic variants—A, B, C-12P, and D-10P)
B-Caseins (9-11 g/liter)

. B-Casein X*—5P (genetic variants—A?, Az, A3, B, C-4P, D-4P, and E)
. B-Casein X=—1P (f 29-209) (genetic variants—A*, A2, A3, and B)
. B-Casein X*—(f 106-209) (genetic variants—A?Z, A%, and B)

. B-Casein X*—(f 108-209) (genetic variants—A and B)

. B-Casein X*—4P (f 1-28)*

. B-Casein X=—5P (f 1-105)®

. B-Casein X—5P (f 1-107)®

. B-Casein X=—1P (f 29-105)°

. B-Casein X>—1P (f 29-107)®

x-Caseins (2-4 g/liter)

1. «-Casein X°—1P (genetic variants—A and B)

2. Minor «-caseins X*—1, —2, —3, etc. (genetic variants—A and B)

W00 =0 U W

Whey proteins (5-7 g/liter)

B.

joNe!

A. g-Lactoglobulins (2-4 g/liter)

1. B-Lactoglobulins X* (genetic variants—A, B, C, D, Dr, E, F, and G)
o-Lactalbumins (0.6-1.7 g/liter)

1. a-Lactalbumin X< (genetic variants—A and B)

2. Minor a-Lactalbumins

. Bovine serum albumin (0.2-0.4 g/liter)
. Immunoglobulins (0.5-1.8 g/liter)

1. IgG immunoglobulins
a. IgG, immunoglobulins
b. IgG, immunoglobulins
c. IgG fragments

2. IgM immunoglobulins

3. IgA immunoglobulins
a. IgA immunoglobulins
b. Secretory IgA immunoglobulins

4. IgE immunoglobulins

5. J-chain or component

6. Free secretory component

Milk fat globule membrane (MFGM) proteins

A.
B.

C.

D.

Zone A (MFGM) proteins
Zone B (MFGM) proteins
Zone C (MFGM) proteins
Zone D (MFGM) proteins

IV. Minor proteins

A.

Serum transferrin
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. Lactoferrin
B.-Microglobulin
. M,-glycoproteins
. M,-glycoproteins
a,-Acid glycoprotein or orosomucoid
. Ceruloplasmin
. Trypsin inhibitor
Kininogen
Folate-binding protein (FBP)
K Vitamin B,,-binding protein
V. Enzymes
(See Table 3.2)

“rToOTEEHOOW

2X represents the genetic variant.
5Genetic variants of these fragments have not been specifically identified.
°Nomenclature has not been established for these fragments.

script preceding the class name when necessary, to identify the family
of proteins. The genetic variant of the protein is indicated by an upper-
case arabic letter, with or without a numerical superscript, immedi-
ately following the class name. Posttranslational modifications are
added in sequence. For example, 8-casein B-5P (f 1-105) indicates that
the protein belongs to the B-family of caseins, is the B genetic variant,
contains five posttranslational phosphorylations, and is the fragment
of the entire 3-casein B amino acid sequence from the N-terminal amino
acid (residue 1) through residue 105.

Caseins

Originally, the caseins were defined as those phosphoproteins which
precipitate from raw skim milk upon acidification to pH 4.6 at 20°C,
and the individual families were identified by alkaline urea gel electro-
phoresis (Whitney ez al. 1976). With the resolution of their primary
structure, it became possible to classify them according to their chemi-
cal structure, rather than on the basis of an operational definition.
When one does this, it is apparent that not all of the caseins contain
phosphorus (Table 3.1); some are also found in the acid whey after re-
moval of the precipitated caseins.

ag-Caseins. The ag-caseins, along with the ag-caseins, make up the
previously designated calcium-sensitive os-casein fraction originally
precipitated by Waugh et al. (1962) with 0.4 M CaCl, at pH 7 and 4°C
from the old «-casein fraction of Warner. They consist of one major
and one minor component previously identified as aq-casein and
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ag-casein, respectively, and some fragments of o, -casein that are still
not clearly defined. The primary sequence of the amino acid residues
in the major component was established (Mercier et al. 1971, Gros-
claude et al. 1973), and the minor component possesses the same pri-
mary sequence but has one more phosphorylated serine residue (Man-
son et al. 1977).

At the present time, five genetic variants of o, -caseins are known:
A, D, B, C, and E, in the order of their decreasing mobility in gel elec-
trophoresis in alkaline urea media (Thompson 1970, 1971; Grosclaude
et al. 1976A). The E variant has been definitely observed only in the
milk from some yaks (B. grunniens). However, recently, an o, -variant
has been observed in Bali cattle (B. javanicus) which possesses a mobil-
ity less than that of the C variant in an alkaline urea-starch gel system
(Bell et al. 1981A). Possibly it is also the E variant, but more informa-
tion is needed before this can be definitely established. The poly-
morphs are breed specific, with the B variant predominant in B. taurus
and the C variant predominant in B. indicus and B. grunniens (Thomp-
son 1971; Grosclaude et al. 1974A).

The primary structure of ag-casein B-8P, the major component of
this variant, is shown in Figure 3.1. The additional phosphorylated ser-
ine residue in the minor component, o, -casein B-9P, occurs at position
41 (Manson et al. 1976, 1977). The B-variant consists of 199 amino acid

10 14 20
H.Arg - Pro - Lys - His - Pro - Ile - Lys - His - G1n - Gly - Leu ~ Pro - GAn -[Glu - Val - Leu - Asn - Glu - Asn ~ “Leu-
Absent in variant A

30 40
Leu - Arg - Phe - Phe - Val'~ Al - Pro - Phe - Pro - Gln - Val - Phe - Gly - Lys - Glu - Lys - Val -~ Asn - Glu ~ Leu -

53 5 60
er Lys Asp-Ile-Gly - ger Glu - ier ~ Thr - Glu - Asp - Gln -|Alal- Met - Glu - Asp - Ile - Lys -@— Met -
-Cn B(9P)) ThrP (variant D) Lys (variant E)
70 80
Glu - Ala - Glu - §er - Ile - §er—ier— yer - Glu-Glu- Ile~Val - Pro - Asn - §er - Val - Glu - Gln - Lys ~ His -
P P P P

90 100
Ile - Gln - Lys - Glu - Asp - Val - Pro - Ser - Glu - Arg - Tyr - Leu - Gly - Tyr - Leu - Glu - G1n - Leu - Leu - Arg -

110 120
Leu - Lys - Lys - Tyr - Lys - Val - Pro - G1n - Leu ~ Glu - Ile - Val - Pro - Asn - §er - Ala - Glu ~ Glu - Arg - Leu -
P

130 140
His - Ser - Met - Lys - Glu - Gly - Ile - His ~ Ala - Gln - Gln - Lys - Glu - Pro - Met - Ile ~ Gly - Val - Asn ~ Gln -

150 160
Glu - Leu - Ala - Tyr - Phe - Tyr - Pro - Glu ~ Leu - Phe - Arg - Gln = Phe - Tyr - Gln ~ Leu - Asp - Ala - Tyr ~ Pro ~

170 180
Ser - Gly - Ala - Trp - Tyr - Tyr - Val - Pro - Leu - Gly = Thr - G1n - Tyr - Thr - Asp - Ala ~ Pro - Ser - Phe ~ Ser -

Asp - Ile - Pro - Asn - Pro - Ile - Gly - Ser ~ Glu - i::- Ser - Lys = Thr - Thr — Met ~ Pro — Leu —%‘23.0}{
Gly (variants C & E)
Figure 3.1. Primary Structure of Bos asi-casein B-8P. (From Mercier ef al.
1971; Grosclaude et al. 1973; Eigel et al. 1984. Reprinted with permission
of the American Dairy Science Association.)
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residues with a calculated molecular weight of 23,614 (Mercier et al.
1971; Grosclaude et al. 1973), and the other genetic variants differ from
B as indicated in Figure 3.1. One should note that, for the D variant,
the major component is named «,-casein D-9P and the minor compo-
nents og-casein D-10P due to the additional phosphorylation in this
variant.

Peptides extracted from casein with N, N-dimethyl formamide have
complex electrophoretic patterns identical to those of the fraction first
prepared by Long and co-workers and called A-casein (El-Negoumy
1973). These peptides are identical electrophoretically to those released
by the action of plasmin, which is present in fresh raw milk, upon ag;-
casein (Aimutis and Eigel 1982). Two of these peptides have tryptic
peptide maps and molecular weights identical to those of a pair of the
peptides produced by plasmin degradation of a-casein. These pep-
tides appear to be fragments of a;;-casein which are present in milk as
the result of plasmin proteolysis. More definitive information on their
primary structure is needed before nomenclature for these fragments
can be established.

as-Caseins. Currently there appear to be five components in the o;,-
casein family which have relative mobilities between those of the «y-
caseins and B-casein in alkaline urea gel electrophoresis. Previously
these were called o2-, ts3-, Qtes-y @5, and agg-casein in order of decreasing
mobility (Annan and Manson 1969; Whitney et al. 1976), but new evi-
dence indicates that they all have the same primary amino acid se-
quence with different degrees of posttranslational phosphorylation
(Brignon et al. 1976, 1977). The exact location and perhaps even the
number of phosphate groups in the various components still remain to
be established. On the basis of this evidence, they have been tenta-
tively renamed as follows: ase-casein to ass-casein X-13P; ags-casein to
age-casein X-12P; ag-casein to ag-casein X-11P; and ag-casein to o,
casein X-10P (Eigel et al. 1984). From its amino acid composition and
the effect of mercaptoethanol upon its electrophoretic properties, os’-
casein has been tentatively identified as a dimer of the 11P and 12P
components linked together by a disulfide bond (Hoagland et al. 1971).

Four genetic variants of the og;-caseins are known: A, B, C, and D.
As with the a;-components, the genetic variants of all a,-caseins in a
specific milk from a homozygote cow are identical. The electrophoretic
mobilities of the various D-variant bands are slower than those of the
corresponding bands in the A variant at pH 8.6 but are faster at pH 3.0
(Grosclaude et al. 1978, 1979). Variants A and D have been observed in
European breeds (B. taurus), with D in the Vosgienne and Montbeli-
arde breeds (Grosclaude et al. 1978). In addition to variant A, variant
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B is found in B. taurus and B. indicus in a high Nepalese valley, and
variant C is observed specifically in yaks (B. grunniens) in the same
region (Grosclaude et al. 1976B). Variant C has also been found in yaks
from the Republic of Mongolia and variant B in zebu from the Republic
of South Africa (Grosclaude et al. 1979).

The primary structure of a,;-casein A-11P is shown in Figure 3.2. It
consists of 207 amino acid residues with a calculated molecular weight
of 25,230 (Brignon et al. 1977). The differences between the primary
sequences of the polypeptide chains of the genetic variants still remain
to be established. As a result of a comparison of the amino acid and
phosphate contents of the C variant with those of a,;-casein A-10P, a
possible substitution of a glycine residue for a phosphoserine has been
proposed (Grosclaude et al. 1976B). Variant D, like o;;-casein A, has a
peptide of nine residues deleted from the sequence (Grosclaude et al.
1978, 1979), but the exact peptide has not been established because
three peptides are similar, as indicated in Figure 3.2. Since these pep-
tides contain three phosphoserine residues, the D-variant correspond-
ing to asr-casein A-11P is named a.-casein D-8P, and corresponding
changes have been made in the nomenclature of the other members of
the family for this variant.

10 20
H,Lys—Asn-Thr—Met-Glu-His-Val-$er-$er~$er—Glu—Glu-Set-Ile—Ila—ger—Gln—Glu—Thr—Tyr-
P P P

30 40
Lys - Gln - Glu - Lys - Asn - Met - Ala - Ile - Asn - Pro - Ser - Lys - Glu - Asn - Leu - Cys - Ser - Thr - Phe - Cys -

50 _51 .52 58 5 [3

. Lys-Glu-Val-Val - Arg - Asn - Ala - Asn - Glu -Elu -Glu -nyt - Ser - Ile-Gly - §er - ger - $ef‘— Glg— Glu

(absent in variant D) P P
70 80

gex-Ala—-Glu—Val-Al,a— Thr - Glu - Glu - Val - Lys - I1le ~ Thr - Val - Asp - Asp - Lys - His -~ Tyr - Gln - Lys ~

90 100
Ala - Leu - Asn -~ Glu - Ile - Asn - Glu - Phe - Tyr - Gln - Lys - Phe - Pro - Gln - Tyr - Leu - Gln - Tyr - Leu - Tyr -

110 120
Gln - Gly -~ Pro - Ile - Val - Leu - Asn - Pro - Trp - Agp - Gl - Val - Lys - Arg - Asn - Ala - Val - Pro - Ile - Thr -

130 140
Pro - Thr ~ Leu - Asn - Arg - Glu - G1n - Leu - §er - Thr - $er ~ Glu - Glu - Asn - Ser - Lys - Lys - Thr - Val - Asp -
P P

150 160
Met - Glu ~ $er - Thr - Glu - Val - Phe - Thr - Lys - Lys - Thr ~ Lys - Leu - Thr - Glu - Glu - Glu - Lys - Asn - Arg ~
P

170 180
Leu - Asn ~ Phe - Leu - Lys - Lys - Ile - Ser ~ Gln - Arg - Tyr ~ Gln - Lys - Phe - Ala - Leu - Pro - Gln - Tyr - Leu ~

190 200
Lys - Thr ~ Val - Tyr - G1n - His - Gln - Lys - Ala - Met - Lys ~ Pro - Trp - Ile - Gln - Pro - Lys - Thr - Lys - Val -

Ile - Pro ~ Tyr - Val - Arg - Tyr - Leu.OH

Figure 3.2. Primary structure of Bos as;-casein A-11P. (From Brignon et al.
1977, Eigel et al. 1984. Reprinted with permission of the American Dairy
Science Association.)
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B-Caseins. The B-casein family consists of one major component with
at least seven genetic variants and eight minor components which are
proteolytic fragments of the major component. The relative mobility
of the major §-casein in alkaline urea gel electrophoresis is less than
that of the as-caseins.

In alkaline urea gel electrophoresis, variants A!, A2 and A® migrate
with the same relative mobility but more rapidly than the other vari-
ants, which migrate in the following order: B > D, E> C (Thompson
1970; Voglino 1972). The mobilities of the D and E variants have not
been compared with each other in this medium. To differentiate the A
variants, their mobilities must be determined by acid urea gel electro-
phoresis (Thompson 1970; Kiddy 1975). In this medium, the genetic
variants move in the following order: C > B =D > A' = E > A? >
A3, Another possible variant 8-casein, B,, has been observed in Indian
and African zebu cattle (B. indicus). It has the same electrophoretic
behavior as the B variant but appears, from its chymotryptic digests,
to have different peptide maps (Aschaffenburg et al. 1968). More re-
cently, in a study of Choa zebu cattle, it was observed that the A! vari-
ant substitution was the same for B. indicus and B. taurus and that
the B variant in zebu cattle differed from the A! variant by the same
amino acid substitution that is observed in B. taurus (Grosclaude et al.
1974A). More work is needed before the existence of the B, variant can
be confirmed. Recently, another 3-casein has been observed in the milk
of a couple of Bali cattle (B. javanicus) which appears to have a slightly
lower mobility in acid urea starch-gel electrophoresis than the A? vari-
ant (Bell et al. 1981 A). While this variant has been designated 8-casein
A* by these authors, more information is needed before it can be estab-
lished unequivocally. The A variants are the predominant polymorphs
in all species and strains of Bos investigated (Thompson 1971).

The complete sequence of amino acid residues in 3-casein A%-5P (Fig-
ure 3.3) indicates a single polypeptide chain of 209 residues with a cal-
culated molecular weight of 23,983 (Ribadeau-Dumas et al. 1972; Gros-
claude et al. 1973). The differences between the primary structures of
the other genetic variants are also indicated in Figure 3.3. The failure
of the serine residue at position 35 in variant C to be phosphorylated
is unusual and may be attributed to the substitution of lysine for glu-
tamic acid at position 37. The positive charge at this position in the C
variant is thought to hinder the phosphorylation of the serine, while
the negative charge at position 37 in all other genetic variants may
facilitate it. The C and D variants have one less phosphate group than
the others, and this should be indicated in their nomenclature: 3-casein
C-4P and B-casein D-4P.

Based on the primary structure of the major $-casein component,
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10 18 20
H.Arg - Glu - Leu - Glu - Glu - Leu - Asn - Val - Pro - Gly - Glu - Ile - Val - Glu - ger -Leu - §Jer - ger -Glu -
P R P

Lys (variant D)
28] 29 30 35 36 37 40
Glu- Ser - Ile~ Thr - Arg - Ile - Asn - Lys - Lys - Ile - Glu - Lys - Phe - Gln - Jer --- Gln-Gln~-Gln~
(absent in variant C) P Lys Lys (Variant C)
50 (variant E) 60
Thr - Glu - Asp - Glu - Leu - Gln - Asp - Lys - Ile - His - Pro - Phe - Ala - Gln - Thr - G1n - Ser - Leu - Val -~ Tyr -

67 70 80
Pro - Phe - Pro - Gly - Pro - Ile —@- Asn - Ser - Leu - Pro - Gln - Asn - Ile - Pro - Pro - Leu ~ Thr - G1n - Thr ~
(variants C, Al, and B) His
90 100
Pro - Val - Val - Val -~ Pro - Pro - Phe - Leu - G1n - Pro - Glu - Val - Met - Gly - Val ~ Ser -~ Lys - Val - Lys - Glu ~

105] 106 107 108 110 120
Ala - Met - Ala - Pro ~ Lys ~[His|- Lys ¥ Glu - Met ~ Pro - Phe - Pro - Lys - Tyr - Pro - Val - Gln - Pro - Phe - Thr ~
GIn (variant A3)

122 130 140
Glu —- Gln - Ser ~ Leu - Thr - Leu ~ Thr - Asp - Val - GLlu - Asn - Leu - His - Leu - Pro - Pro - Leu - Leu - Leu ~
Arg (variant B)
150 160

Gln - Ser - Trp - Met ~ His - G1n - Pro - His - Gln - Pro - Leu - Pro - Pro - Thr - Val - Met - Phe - Pro - Pro - Gln -

170 180
Ser - Val - Leu - Ser - Leu - Ser - G1n - Ser - Lys - Val - Leu - Pro - Val - Pro - Glu - Lys - Ala - Val - Pro - Tyr ~

190 200
Pro - Gln - Arg - Asp ~ Met - Pro'~ Ile - G1n - Ala ~ Phe - Leu - Leu - Tyr - G1n - Gln - Pro ~ Val - Leu - Gly - Pro -

209
Val - Arg - Gly - Pro ~ Phe - Pro - Ile - Ile - Val.OH
Figure 3.3. Primary structure of Box 3-casein A%-5P. (From Grosclaude et
al. 1973; Ribadeau-Dumas, et al. 1972; Eigel et al. 1984. Reprinted with per-
mission of the American Dairy Science Association.)

Gordon et al. (1972) and Groves et al. (1972, 1973) established that the
electrophoretically slower-moving proteins in alkaline urea gel electro-
phoresis which were designated v:-, vys-, and ys-casein in the 1976
ADSA Protein Nomenclature Committee Report (Whitney et al. 1976)
are fragments of 3-casein. These fragments are now classified in the g-
casein family on the basis of their primary structure, with y;-casein
designated as B-casein X-1P (f 29-209), v.-casein as S-casein X (f 106-
209), and vys-casein as $-casein X (f 108-209) (Eigel et al. 1984). These
fragments are formed by the action of the plasmin in milk (Kamino-
gawa et al. 1972; Eigel 1977; Eigel et al. 1979). The N-terminal frag-
ments resulting from the plasmin proteolysis of 3-casein have also been
identified in milk. They occur in the proteose-peptone fraction and have
been detected in both casein and whey. The proteose-peptone compo-
nent called ‘“‘8-fast,” which moves in alkaline urea gel electrophoresis
with a mobility approaching that of the dye front, is the fragment cur-
rently called G-casein X-4P (f 1-28) Andrews (1978B). The proteose-
peptone component called ‘“‘8-slow,”” which moves as a multizonal band
somewhat more slowly than ““8-fast” in alkaline urea gels, consists of
two fragments: 8-casein X-1P (f 29-105) and S-casein X-1P (f 29-107)
(Eigel and Keenan 1979). The remaining fragments, 3-casein X-5P (f 1-
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105) and B-casein X-5P (f 1-107), have been identified with the pro-
teose-peptone component ‘“5,” which moves electrophoretically as a
doublet in front of the ag-caseins in alkaline urea gels (Andrews
1978A; Eigel 1981). While it is known that plasmin is present in the
lumen, the exact point at which these fragments are first formed has
not been definitely established. Under suitable conditions they will
continue to be formed after milk is drawn, since plasmin can remain
active unless inhibitors are present or unless it has been inactivated
by heating at 80°C for 10 min.

The genetic variants of these proteins are correlated with those of
the major 8-casein component from which they were formed. At pres-
ent, the fragments (f 29-209), (f 106-209), and (f 108-209) have been
identified in milks containing the 8-casein variants A!, A% A3 and B
(Gordon et al. 1972; Groves et al. 1972, 1973). Fragments (f 106-209)
for the A! and A? variants are identical, and the Protein Nomenclature
Committee called this fragment from both variants 3-casein A? (f 106-
209). Similarly, the (f 108-209) fragments of the A!, A% and A’ variants
are identical, and all are designated (§-casein A (f 108-209). Examina-
tion of milks containing the C variant of the major $-casein indicates
that B-casein C-1P (f 29-209) is missing (Groves et al. 1972). It has
been suggested that the charge reversal in this variant at residue 37
may be related to this phenomenon (Groves et al. 1975). While similar
fragments would be expected in the D variant and possibly the E vari-
ant, they have not been reported. Also, the specific genetic variants of
the other 8-casein fragments—(f 1-105), (f 1-107), (f 29-105), and (f 29-
107)—have not yet been identified, but it is expected that their genetic
nomenclature will be comparable to that of the above fragments.

k-Caseins. The «k-casein family comprises that portion of the a-casein
fraction of Warner that is soluble in 0.4 M CaCl; at pH 7.0 and 4°C
and occurs as a mixture of polymers held together by disulfide bonds.
An equilibrium is established between the polymers and monomers in
a few hours (Vreeman et al. 1977).

When the «-caseins are converted completely to monomers by reduc-
tion of the disulfide bond with mercaptoethanol or another suitable
disulfide reducing agent, they possess considerable heterogeneity, con-
sisting of a major carbohydrate-free component and at least six minor
components (Vreeman et al. 1977; Doi et al. 1979A,B). This heterogene-
ity arises from several different sources: genetic differences, variation
in carbohydrate content and/or phosphate content, and a possible vari-
ation in the para-«x-portion of the molecule. In addition, some para-«-
casein has been observed in purified «-casein preparations. This
undoubtedly is due to a chymosin-like proteolysis subsequent to trans-
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lation, but more work must be done before it can be concluded that the
para-x-casein observed is a natural constituent of milk or an artifact.

Two genetic variants of the k-caseins are known: A and B (Thompson
1970; Mackinlay and Wake 1971). In alkaline urea gel electrophoresis
in the presence of mercaptoethanol, both variants show multiple
bands, with the corresponding A-variant bands possessing greater mo-
bility (Swaisgood 1975B). The A variant tends to be the predominant
variant in most breeds (Aschaffenburg 1968A).

The primary structures of the genetic variants of the reduced form
of the carbohydrate-free component are illustrated in Figure 3.4. (Jollés
et al. 1972A, B; Mercier et al. 1973). x-Casein B-1P consists of 169
amino acid residues with a calculated molecular weight of 19,007.
There is still some question about the presence of the N-terminal pyro-
glutamy! residue in the native protein, since cyclization may occur dur-
ing isolation (Swaisgood 1975A).

The bond that is sensitive to rennin (chymosin) hydrolysis has been
definitely identified as the bond between the phenylalanine residue at
position 105 and the following methionine residue (MacDonald and
Thomas 1970; Polzhofer 1972). The hydrolytic products are para-«-

10 20
PyroGlu - Glu - Gln - Asn - Gln ~ Glu - G1n - Pro ~ Ile - Arg - Cys ~ Glu - Lys - Asp - Glu - Arg - Phe - Phe ~ Ser - Asp -

30 40
Lys - Ile - Ala - Lys - Tyr - Ile - Pro - Ile -~ Gln - Tyxr - Val - Leu - Ser - Arg - Tyr - Pro - Ser - Tyr - Gly - Leu ~

50 60
Asn - Tyr - Tyr - Gln - Gln - Lys - Pro - Val - Ala - Leu - Ile - Asn ~ Asn - G1ln - Phe - Leu ~ Pro - Tyr - Pro - Tyr -

70 80
Tyr - Ala - Lys - Pro - Ala - Ala - Val - Arg - Ser - Pro - Ala - Gln - Ile - Leu - Gln - Trp ~ Gln - Val - Leu - Ser -

90 100
Asp ~ Thr - Val - Pro - Ala - Lys - Ser - Cys - G1n - Ala - G1n - Pro - Thr - Thr - Met - Ala - Arg - His - Pro - His -

105} 106 110 120

Pro - His - Leu - Ser - Phe -~ Met - Ala - Ile - Pro - Pro - Lys - Lys - Asn - G1n - Asp - Lys - Thr - Glu - Ile - Pro -
130 136 140

Thr - Ile - Asn - Thr - Ile - Ala - Ser -~ Gly - Glu -~ Pro - Thr - Ser—'l.'hr—Pro-Thr—@—Glu-Ala—Valoclu-

Thr (variant A)

148 150 160

Ser - Thr - Val - Ala - Thr - Leu - Glu -[ATa]- §er ~ Pro - Glu - Val - Ile - Glu - Ser - Pro - Pro-Glu-Ile - Asn-~

(variant A) Asp P

169
Thr - Val - Gln - Val - Thr - Ser - Thr - Ala - Val.OH

Figure 3.4. Primary structure of Bos «-casein B-1P. As indicated, the A va-
riant has a threonine residue at position 136 and an asparic acid residue
at position 148. The arrow indicates the point of attack of rennin (MacDo-
nald and Thomas 1970; Polzhofer 1972). Reprinted with permission of the
American Dairy Science Association. (From Mercier et al. 1973; Eigel et al.
1984. Reprinted with permission of the American Dairy Science Associa-
tion.)
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casein (residues 1-105) and a macro- or glycomacropeptide (residues
106-169).

The structures of the minor «-casein components are still uncertain,
and considerable disagreement exists between the results of various
investigators. It is generally believed that they differ from the major
component in that while they have the same primary amino acid se-
quence, they contain various amounts and types of carbohydrate moie-
ties attached to the polypeptide chain by posttranslational glycosyla-
tion (Vreeman et al. 1977; Doi et al. 1979A, B). Other investigators
have concentrated on the structure and point of attachment of the car-
bohydrate moieties (Tran and Baker 1970; Wheelock and Sinkerson
1970, 1973; Fiat et al. 1972; Jollés et al. 1972A, 1973, 1978; Fournet et
al. 1975, 1979; Jollés and Fiat 1979). Wheelock and Sinkerson (1970,
1973) observed the following carbohydrates in «-casein from which the
free sugars had been removed: D-glucose, b-mannose, p-galactose, N-
acetyl-p-galactosamine, and N-acetylneuraminic acid. They separated
the para-k-casein and the glycomacropeptides after rennin action and
observed that while the N-acetylneuraminic acid was almost com-
pletely associated with the glycomacropeptide, the p-mannose was pri-
marily attached to the para-x-casein and p-galactose and N-acetyl-D-
galactosamine were present in both. Fournet et al. (1979) isolated three
oligosaccharides from «-casein and established the following structures
for two of them and their point of attachment to the «-casein polypep-
tide chain:

2,3 81,3 g1
(1) NeuNAc Gal GalNAc ——— Thr(133)
o 2,3 81,3 81
(1) NeuNAc Gal GalNAc —— Thr(133)
I a 2,6
NeuNAc

The ADSA Protein Nomenclature Committee (Eigel et al. 1984) rec-
ommends that these minor «-caseins be identified temporarily accord-
ing to their genetic variant and numbered consecutively in their order
of increasing relative electrophoretic mobility in alkaline urea gels in
the presence of mercaptoethanol (Yaguchi et al. 1968) as «-casein A-1
or k-casein B-1, etc.

Whey Proteins

Traditionally, the term ‘““whey proteins’’ has described those milk pro-
teins remaining in the serum or whey after precipitation of the caseins
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at pH 4.6 and 20°C. The major families of proteins included in this
class were originally the §-lactoglobulins, a-lactalbumins, serum al-
bumins, immunoglobulins, and proteose-peptones. However, the pro-
teose-peptone components 5, 8-slow, and 8-fast, are currently assigned
to the B-casein family, since they are fragments of -casein (Andrews
1978A, B; Eigel and Keenan 1979). The proteose-peptone component
3 is a possible breakdown product of the milk fat globule membrane
protein (Kanno and Yamauchi 1979). Therefore, the term ‘“whey pro-
teins” should either be employed only as an operational definition or
should refer to the major protein families present in whey other than
the classical proteose-peptones. The classification of the 8-lactoglobu-
lins, a-lactalbumins, and serum albumin should be based on the pri-
mary sequence of the amino acids in their polypeptide chains, although
gel electrophoresis can still be used to characterize and identify the
individual member of each family (Swaisgood 1975B). The immuno-
globulins, due to their microheterogeneity, are characterized by their
antigenic determinants in accordance with the World Health Organiza-
tion Nomenclature Report as revised (Nezlin 1972).

B-Lactoglobulins. Aschaffenburg and Drewry (1957A) demonstrated
electrophoretically the existence of 8-lactoglobulins A and B in western
cattle. Since that time, the C variant has been observed in Australian
Jersey cattle (Bell 1962) and the D variant in Montbeliarde cattle in
France (Grosclaude et al. 1966). These genetic variants differ in their
electrophoretic mobilities in alkaline starch or polyacrylamide gels in
the following order. A > B > C > D (Thompson 1970). In a study
of the milk of yaks (B. grunniens) in Nepal, Grosclaude et al. (1976A)
observed an additional variant which they called g-lactoglobulin D,,.
While it appears to have the same electrophoretic mobility in alkaline
gels as B-lactoglobulin D, it differs in primary structure; therefore, the
ADSA Committee on Protein Nomenclature has recommended that it
be designated B-lactoglobulin E (Eigel et al. 1984). The same variant
appears to occur, along with two additional variants, F and G, in the
milks of some Balinese cattle (B. javanicus) in the Northern Territory
of Australia (Bell et al. 1981B). The proposed G variant has the same
electrophoretic mobility as the E variant on starch gels at pH 8.5,
while the proposed F variant moves more slowly. Bell et al. (1970) in
Australia observed a 8-lactoglobulin in the milk of some Droughtmas-
ter cattle in combination with equal amounts of the A or B variant. Its
electrophoretic mobility on starch gels at pH 8.5 is slower than that of
B-lactoglobulin C. The authors named it 8-lactoglobulin Dr (3-lg Dr).
Originally they believed that 8-lg Dr differed from 3-lg A only in con-
taining covalently bound carbohydrates. More recent evidence sug-
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gests that the g-lg Dr differs from g-lg A in primary amino acid se-
quence as well (Bell and McKenzie 1976; Bell ez al. 1981B).

The primary amino acid sequence of B-lactoglobulin B (Figure 3.5)
consists of 162 amino acid residues with a calculated molecular weight
of 18,277 (Braunitzer and Chen 1972; Braunitzer et al. 1972, 1973;
Grosclaude et al. 1976A; Préaux et al. 1979). It has been proposed that
residue 11 is asparagine rather than aspartic acid (Grosclaude et al.
1976A), but this was not confirmed by others (Préaux et al. 1979; Bell
et al. 1981B). The amino acid substitutions as they occur in the other
genetic variants are indicated in Figure 3.5. The carbohydrate moiety
in B-lactoglobulin Dr has been shown to consist of N-acetylneuraminic
acid, glucosamine, galactosamine, mannose, and galactose in the ratio
of 1.0:3.4:0.9:1.9:0.8 (Bell et al. 1970).

a-Lactalbumins. This family of proteins consists of a major compo-
nent and possibly several minor components. Three genetic variants of

10 20
H.Leu-Ile-Val-Thr-Gln-Thr-Met-Lys-Gly-Leu-Asp-Ile-Gln-Lys-Val-Ala-Gly-Thr-Trp-Tyr-

. 30 40
Ser-Leu-Ala-Met-Ala-Ala-Ser{AsptIle-Ser-Leu-Leu-Asp-Ala-Gln-Ser-Ala-Pro-Leu-Arg~

(Variant Dr) Asn-Carbohydrate

50 60
Val-Tyr-Val-Glu Leu—Lys—Pro—ThrGlu-Gly—Asp—Leu—Glu-Ile—Leu—LeuLys—
(Variant D) Gln (variant F)Ser (Variant C) His
[ 70 80
Trp-Glu~Asnf Gly] Glu-Cys—Ala—Gln-Lys—Lys—Ile-Ile—Ala—Glu—Lys—Thr—LysPro—Ala—
Asp (Variant A & Dr) (Variant G) Met
90 100

Val-Phe-Lys-Ile-Asp-Ala-Leu-Asn-Glu-Asn-Lys-Val-Leu-Val-Leu-Asp-Thr-Asp-Tyr-Lys-
e e e o e m e e e
) 110 'SH: 120
Lys-Tyr-Leu-Leu-Phe-Cys-Met~Glu-Asn-Ser-Ala-Glu-Pro-Glu-Gln-Ser-LeutAlaCys-Gln-
' (Variant A &Dr)Val

Fm————— e —

iSH} v . 130, 140
Cys—Leu-Val-Arg-Thr-Pro-Glu—Val—'A_sg—_A_s'p_rGlu—Ala-Leu—Glu—Lys—Phe-Asp-Lys— Ala-Leu-
(Variant Tyr

150 160
Lye-Ala-Leu-Pro-Met-His-Ile-Arg-Leu-Ser-Phe~Asn-Pro-Thr-Gln-Leu-Glu Gln-Cys~-
(Variants E,F&G) Gly

162
His-Ile.OH

Figure 3.5. Primary Structure of Bos g-Lactoglobulin B. The SH group is
postulated to be equally distributed between positions 119 and 121, with
the -S-S-bridge location depending upon the position of the SH-group (Mc-
Kenzie et al. 1972). (From Eigel et al. 1984. Reprinted with permission of the
American Dairy Science Association.)
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a-lactalbumin have been identified. The B variant, which is the slower-
moving variant in alkaline zonal electrophoresis, is the only one ob-
served in the milk of Western cattle and yaks. Both the A and B vari-
ants have been noted in African Fulani and Zebu cattle. Recently, Bell
et al. (1981A) have observed an o-lactalbumin in the milk of Balinese
cattle with an electrophoretic mobility in alkaline gels slower than that
of the B variant. They have proposed that it be designated as the C
variant and suggest that it possesses one more amide residue, which
would explain the slower mobility.

Several minor components have been observed in recrystallized prep-
arations of o-lactalbumin from bovine milk. Aschaffenburg and
Drewry (1957B) observed a faster-moving band in paper electrophore-
sis at pH 8.6 and isolated the protein. It was found to have the same
amino acid composition as the major component but contained one
hexosamine residue per molecule (Gordon 1971). These investigators
tentatively called this protein ‘‘satellite’” o-lactalbumin. Other re-
searchers have observed three minor components in their o-lactal-
bumin preparations on starch-gel electrophoresis at pH 7.7 (Hopper
and McKenzie 1973A,B). One of these components moves faster than
the major component and has the same amino acid composition, except
for possibly one less amide group. The other two move more slowly
than the major component and have the same amino acid composition
but contain carbohydrates. The faster of these components contains
N-acetylneuraminic acid in the carbohydrate moiety, while in the
slower component, this acid is absent. These authors identified these
proteins as o-lactalbumin (F) for the fast component and o-lactal-
bumin (S1) and (S2) for the slow components in order of decreasing
mobility. Barman (1970) isolated a glycosylated form of a-lactalbumin
which contained mannose, galactose, fucose, N-acetylglucosamine,
N-acetylgalactosamine, and N-acetylneuraminic acid in the ratio of
4.0:1.4:1.0:3.1:1.1:0.64. Later he isolated another protein which he des-
ignated o-lactalbumin IIT (Barman 1973). It differed from «-lactal-
bumin B in amino acid composition and had only three disulfide
bridges instead of four. Considerably more work needs to be done on
these minor components, even to the extent of determining their num-
ber, before a satisfactory nomenclature can be established.

The complete primary structure of the major a-lactalbumin is shown
in Figure 3.6 (Brew and Hill 1970; Brew et al. 1970; Vanaman et al.
1970). The B variant consists of 123 amino acid residues with a calcu-
lated molecular weight of 14,174, and the A variant differs from it only
by having Gln instead of Arg at position 10.

a-Lactalbumin is necessary for the synthesis of lactose by its interac-
tion with galactosyltransferase, an enzyme which catalyzes the trans-
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10 20

H.Glu-Gln-Leu-Thr-Lys-Cys-Glu-Val-Phe Glu-Leu-Lys-Asp-Leu-Lys-Gly-Tyr-Gly-Gly-
(variant A)Gin

30 40

Val-Ser-Leu-Pro-Glu-Trp-Val-Cys-Thr-Thr-Phe-His-Thr-Ser-Gly-Tyr-Asp-Thr-Glu-Ala-

50 60

Ile-Val-Glu-Asn-Asn-Gln-Ser-Thr-Asp-Tyr-Gly-Leu-Phe-Gln-Ile-Asn-Asn-Lys-Ile-Trp-

| 70 i 80
Cys-Lys-Asn~Asp-Gln-Asp-Pro-His-Ser-Ser-Asn-Ile-Cys-Asn-Ile-Ser-Cys-Asp-Lys-Phe-

90 100
Leu-Asn-Asn-Asp-Leu-Thr-Asn-Asn-1le~Met-Cys-Val-Lys~-Lys-Ile-Leu-Asp-Lys-Val-Gly-

110 | 120
Ile-Asn-Tyr-Trp-Leu-Ala-His-Lys—Ala-Leu-Cys-Ser-Glu-Lys-Leu-Asp~GIn-Trp-Leu-Cys-
123 !

Glu-Lys-Leu.OH

Figure 3.6. Primary structure of Bos a-Lactalbumin B. According to
Schewale et al. (1984), the structure of o-lactalbumin should be corrected
as follows: residue number 43 to Glin, 46 to Asp, 49 to Glu and 82, 83, 87,
and 88 to Asp. (From Brew et al. 1970; Vanaman et al. 1970; Eigel et al.
1984. Reprinted with permission of the American Dairy Science Associa-
tion.)

fer of galactose from uridine diphosphate galactose to N-acetylglucose
either as a monomer or as the terminal residue in an oligosaccharide
or glycoprotein (Ebner 1971; Ebner and Schanbacher 1974; Brew and
Hill 1975; Hill and Brew 1975; Jones 1977). Without «-lactalbumin,
glucose is an extremely poor substrate for galactosyltransferase.

Bovine Serum Albumin. Since Polis et al. (1950) crystallized bovine
serum albumin from whey and demonstrated that it was identical in
all properties investigated to blood serum albumin, except in its elec-
trophoretic behavior at pH 4.0, very little work has been done on this
protein as isolated from milk. However, much work has been done on
the protein isolated from bovine blood plasma. There is considerable
evidence that serum albumin is heterogeneous. For example, Spencer
and King (1971) have demonstrated several protein bands by electro-
phoretic focusing, with two major isoelectric components differing by
one unit of charge. The chemical nature of this difference is not known.

In spite of this heterogeneity, a number of investigators have stud-
ied the amino acid composition and the primary sequence of serum al-
bumin (King and Spencer 1970, 1972; Brown et al. 1971; Spencer 1974;
Brown 1975, 1977; Peters and Feldhoff 1975; Reed et al. 1980). The
total primary amino acid sequence is illustrated in Figure 3.7 and con-
sists of 582 residues with a calculated molecular weight of 66,267
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10 20
H.Asp-Thr-His-Lys-Ser-Glu-Ile-Ala-His-Arg-Phe-Lys-Asp-Leu-Gly-Glu-Glu-His-Phe-Lys-

30 40
Gly-Leu-Val-Leu-Ile-Ala-Phe-Ser-Gln-Tyr-Leu-Gln-Gln-Cys-Pro-Phe-Asp-Glu-His-Val-

50 60
Lys-Leu-Val-Asn-Glu-Leu-Thr-Glu-Phe-Ala-Lys~-Thr-Cys-Val-Ala-Asp-Glu-Ser-His-Ala-

70 80
Gly-Cys-Glu-Lys-Ser-Leu-His-Thr-Leu-~Phe-Gly-Asp-Glu-Leu-Cys-Lys-Val-Ala-Ser-Leu-

90 100
Arg~Glu-Thr-Tyr-Gly-Asp-Met-Ala-Asp-Cys-Cys-Glu-Lys-Glu-Gln-Pro-Glu-Arg-Asn-Glu-
|

110 120
Cys~Phe-Leu~Ser-His~Lys~Asp~Asp-Ser~Pro-Asp~Leu-Pro-Lys-Leu-Lys-Pro~Asp-Pro-Asn-

.130 140
Thr~Leu-Cys-Asp-Glu~Phe-Lys-Ala-Asp~Glu-Lys-Lys~Phe~Trp-Gly-Lys-Tyr-Leu-Tyr-Glu-

150 160
TIle-Ala-Arg-Arg-His-Pro-Tyr-Phe-Tyr-Ala-Pro-Glu-Leu~Leu-Tyr-Ala-Asn-Lys-Tyr~Asn-

170 180
Gly—Val-Phe—Gln-Glu-Cys-Cys-Gln-Ala—Glu—Asp-Lys—Gly—Ala-Cﬁs—Leu—Leu—Pro-Lys—Ile—
1

190 200
Glu-Thr-Met-Arg-Glu-Lys-Val-Leu-Thr-Ser-Ser-Ala-Arg-Gln-Arg-Leu-Arg-Cys-Ala-Ser-

210 220
Ile-Gln-Lys-Phe-Gly-Glu-Arg-Ala-Leu-Lys-Ala-Trp-Ser-Val-Ala-Arg-Leu-Ser-Gln-Lys-

230 240
Phe-Pro-Lys-Ala-Glu-Phe-Val-Glu-Val-Thr-Lys-Leu-Val-Thr-Asp-Leu-Thr-Lys-Val-His-

250 260
Lys—Glu-Cys—Cys-His-Gly—Asp-Leu—Leu-Glu—CTs-Ala—Asp-Asp—Arg-Ala-Asp-Leu—Ala-Lys—

270 280
Tyr-I1le-Cys-Asx-Asx-Glx-Asx-Thr-Ile-Ser-Ser-Lys-Leu-Lys-Glu-Cys-Lys—-Asp-Pro-

290 300
Leu-Leu—Glu—Lys—Ser—His-Cﬁs—Ile—Ala—Glu—Va]—Glu-Lys-Asp-Ala-Ile-Pro-Glu—Asp-Leu-

310 320
Prn—Pro—Leu—Thr—Ala—Asp-Phe—Ala-Glu—Asp—Lys—Asp—Val-Cis—Lys—Asn—Tyr—Gln—Clu—Ala—

330 340
Lys-Asp-Ala-Phe-Leu-Gly-Ser-Phe-Leu-Tyr-Glu-Tyr-Ser-Arg-Arg-His-Pro-Glu-Tyr-Ala-

350 360
Val-Ser—Val-Leu—Leu—Arg—Leu—Ala-Lys—Glu—Tyr-Glu—Ala-Thr—Leu-Glu—Clu—C%s—C%f-Ala—

370 380
Lys-Asp-Asp-Pro-His-Ala-Cys-Tyr-Thr-Ser-Val-Phe-Asp-Lys-Leu-Lys-His-Leu-Val-Asp-

39 400
Glu-Pro-Gln-Asn-Leu-Ile-Lys-Gln-Asn-Cys-Asp-Gln-Phe-Glu-Lys-Leu-Gly-Glu-Tyr-Glv-

410 420
Phe-Gln-Asn-Ala-Leu-Ile-Val-Arg-Tyr-Thr-Arg-Lys-Val-Pro-Gln-Val-Ser-Thr-Pro-Thr-

430 440
Leu—Val—Glu—Val-Ser—Arg—Ser—Leu—Gly—Lys—Val-Gly—Thr-Arg—Cis—Cﬁs—Thr—Lys-Pro—Glu—

f 450 460
Ser—Clu—Arg—Met—Pro—Cys-Thr—Glu—Asp—Tyr-Leu—Ser-Leu-Ile-Leu—Asn-Arg—Leu—C{S-Val—

470 480
Leu—His-Glu-Lys-Thr-Pro—Val-Ser—Glu-Lys-Va1—Thr-Lys:st—Cis—Thr-Glu—Ser—Leu-Val-

! 490 500
Asn-Arg-Arg-Pro-Cys-Phe-Ser-Ala~Leu-Thr-Pro-Asp-Glu-Thr~Tyr-Val-Pro-Lys~Ala-Phe-

510 L 520
Asp-Glu-Lys-Leu-Phe-Thr-Phe-His-Ala-Asp-1le-Cys~Thr-Leu~Pro-Asp-Thr-Glu~Lys-Gln-

530 540
Ile-Lys-Lys-Gln-Thr-Ala-Leu-Val-Glu-Leu-Leu-Lys-His-Lys-Pro-Lys~Ala-Thr-Glu-Glu~

550 560
Gln-Leu-Lys-Thr-Val-Met-Glu-Asn-Phe-Val-Ala-Phe-Val-Asp-Lys-Cys-Cys-Ala-Ala-Asp~
|

570 580
Asp-Lys-Glu-Ala-Cys-Phe-Ala-Val-Glu-Gly-Pro-Lys-Leu-Val-Val-Ser-Thr-Gln-Thr-Ala-

Leu-Ala.OH
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(Brown 1975, 1977; Reed et al. 1980). There is still some uncertainty
as to the form of the three Asx and one Glx residues. Reed et al. (1980)
suggest that they are equally divided between the carboxyl and amide
forms.

Immunoglobulins. While blood sera of the various species have been
used in much of the work done on the immunoglobulins, the basic infor-
mation concerning them can be translated to the immunoglobulins in
milk, since there is considerable evidence that these proteins are identi-
cal in the serum and lacteal secretions of a given species. The immuno-
globulins in both systems are complex mixtures of proteins with anti-
body activity and closely related structures. However, due to their
individual heterogeneity, the usual physical-chemical parameters used
to characterize and identify the other milk proteins are of little value
for these proteins. Their nomenclature must be based on their immuno-
logical cross-reactivity with reference proteins primarily of human ori-
gin. The system of nomenclature proposed for the bovine immunoglob-
ulins is based on that proposed by the World Health Organization as
revised (Aaland et al. 1971; Butler et al. 1971; Nezlin 1972).

All of the immunoglobulins appear to be glycoproteins that are mo-
nomers or polymers of a four-chain molecule consisting of two light
polypeptide chains (~ 20,000 MW) and two heavy chains (50,000-
70,000 MW) linked together by disulfide bonds (Figure 3.8) (Gally
1973; Butler 1974; Lascelles 1977). In each molecule of a class or sub-
class of immunoglobulins, the two heavy chains are identical and have
a constant region of 310 to 500 amino acid residues and a variable
region of 107 to 115 residues. The light chains in the molecule also are
identical and consist of constant and variable regions of equal length,
107 to 115 amino acid residues each. As indicated, the variable N-ter-
minal region of both types of chains are associated with antigen bind-
ing, while complement fixation, membrane transport, and species-spe-
cific and class-specific antigenic determinants are related to the
constant C-terminal region of the heavy chains (Butler 1974; Lascelles
1977). Each class of immunoglobulin has a distinctive heavy chain: v
for IgG, u for IgM, and o for IgA. Other structural differences among
the classes and subclasses reside in the constant region and include
variations in covalently bound carbohydrate, heavy chain molecular
weight, half-cystine content, and the binding of other polypeptides

Figure 3.7. Primary structure of Bovine Serum Albumin. (From Brown
1975, 1977; Reed et al. 1980; Eigel et al 1984. Reprinted with permission of
the American Dairy Science Association.)
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Figure 3.8. Basic Four—polypeptide chain structural unit of an immuno-
globulin. <—}->represents the antibody-combining sites.(From Butler 1969.
Reprinted with permission of the American Dairy Science Association.)

such as the J-chain or secretory component. Differences also exist
which are associated with the light chain constant regions which char-
acterize light chain types. Two such types (x and \) are found in bovine
immunoglobulins.

Bovine IgG; and IgG., as individually characterized by immunoelec-
trophoresis, are normally monomers of the four-chain unit containing
2 to 4% carbohydrate. IgG; is the principal immunoglobulin in lacteal
secretions (Guidry et al. 1980). Elevated levels of IgG, may occur in
milk during inflammation of the udder (Butler et al. 1972; Watson
1976; McGuire et al. 1979). Ion-exchange chromatographic patterns
obtained during the preparation and fractionation of these immuno-
globulins indicate considerable charge heterogeneity (Butler and Max-
well 1972). Characterizations of the IgG subclasses based only on such
patterns, without proof of antigenic homogeneity, are subject to ques-
tion. Ion-exchange patterns typically show three IgG components,
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which are currently identified as 1gG, IgG2., and IgGg,, but there is
no definitive evidence that IgG,, is actually a true subclass. Lacteal
secretions contain low molecular weight fragments of bovine IgG,
some of which are similar in immunoelectrophoretic behavior and mo-
lecular size to the fragments of IgG produced by pepsin and papain
proteolysis (Goodger 1971; Beh 1973; Butler 1973). Currently, no defin-
itive nomenclature has been assigned to these fragments.

Bovine IgM as identified by immunoelectrophoresis is a pentamer
of four-chain units linked together by disulfide bonds between the con-
stant C-terminal regions of the heavy chains of the monomers and has
a carbohydrate content of 12.3% (Kumar and Mikalajcik 1973). Each
mole of the pentamer contains one mole of covalently bound J-chain
and a maximum of 1.2 moles of noncovalently bound J-chain. The
J-chain has a molecular weight of 16,500 and contains 9.7 sulfhydryl
groups per mole (Komar and Mukkur 1974). The IgM output in bovine
milk in mid-lactation is approximately 1 g/day (Guidry et al. 1980).

Bovine IgA in lacteal secretions appears to exist primarily as a
dimer of the four-chain unit linked together by disulfide bonds, al-
though some aggregates and degradation products are also present
(Porter and Noakes 1970; Duncan et al. 1972; Butler and Maxwell
1972; Butler et al. 1980). It has a carbohydrate content of 8-9%. Dur-
ing Sephadex G-200 chromatography of whey, it is eluted between IgM
and IgG. IgA is capable of binding a glycoprotein known as ‘““secretory
component’’ to form a complex called ““secretory IgA (SIgA)” (Mach
1970; Radl et al. 1971). This component, when first isolated from milk,
was called ‘‘glycoprotein a”’ (Groves and Gordon 1967) but was soon
shown to be the free secretory component (FSC), with a molecular
weight of 79,000 (Labib et al. 1976). In SDS polyacrylamide gel electro-
phoresis, some heterogeneity is observed in FSC, probably due to dif-
ferences in glycosylation. Like IgM, IgA contains covalently bound
J-chains (Goodger 1971; Kobayaski et al. 1973).

A protein which possesses reaginic activity but does not appear to
belong to the other classes of immunoglobulin is transmitted to
suckled calves through colostrum (Hammer et al. 1971; Benton et al.
1976). It has been tentatively accepted as IgE, since it cross-reacts
with human IgE (Nielson 1977). In molecular size it lies between IgG
and IgM (Hammer et al. 1971; Wells and Eyre, 1971). This immuno-
globulin needs to be further investigated and characterized.

While some of the immunoglobulins have been subjected to amino
acid and carbohydrate analysis (Kumar and Mikalajcik 1973) and the
amino acid sequence of certain portions of the heavy chains of IgG,
and IgG, have been investigated, the heterogeneity observed within
each class of immunoglobulins makes the use of this knowledge in the
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explanation of their physical behavior difficult (Josephson et al. 1972);
results of these analyses have been omitted.

Milk Fat Globule Membrane (MFGM) Proteins

A thin membrane surrounds the fat globules in milk (King 1955). It
contains a complex mixture of proteins and lipids. Some of its proteins
are enzymes and are classified, along with the other enzymes present
in milk, according to the nomenclature proposed by the International
Commission of Enzymes set up by the Union of Biochemistry and
adopted by the ADSA Committee on Enzyme Nomenclature (Shahani
et al. 1973).

The ADSA Committee on Milk Protein Nomenclature (Eigel et al.
1984) presented a tentative nomenclature for the new enzyme mem-
brane proteins. While the primary structures of these proteins have
not been established, sufficient information exists to obtain an opera-
tional definition. The total protein complement of the membrane as
observed is dependent upon the past history of the membrane from its
formation to its analysis. Both the temperature and the time of storage
before analysis can alter the membrane composition and physical state
(Wooding 1971). In addition, plasmin has been shown to be associated
with preparations of the membrane, and proteolytic products of the
membrane protein have been observed in milk (Hoffman et al. 1979;
Kanno and Yamauchi 1979). Therefore, one should use fresh warm raw
milk for the study of the native MFGM protein.

Singer (1974) suggested that membrane proteins can be considered
as falling into two classes, either integral or peripheral, depending
upon the strength of their association with the membrane. Most, if not
all, of the proteins in the aqueous phase of milk can be adsorbed on the
surface of the fat globule and, according to Singer’s definition, can be
considered peripheral membrane proteins. Therefore, the term ‘“milk
fat globule membrane proteins’’ should be limited to Singer’s integral
membrane proteins. Most workers subject the milk fat globules to a
separation and washing procedure before investigating the membrane
protein components (Anderson and Cheeseman 1971; Kobylka and
Carraway 1972; Mather and Keenan 1975; Kanno et al. 1975; Basch et
al. 1976; Nielson and Bjerrum 1977; Snow et al. 1977; Mather et al.
1977; Freudenstein et al. 1979). The various washing procedures em-
ployed may alter the quantitative results obtained, but they appear to
be qualitatively similar (Figure 3.9) (Eigel et al. 1984).

After the cream has been washed sufficiently to be essentially free
of peripheral proteins and contains only integral membrane proteins,
the emulsion is broken by freeze thawing or churning by mechanical
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Figure 3.9. SDS gel electrophoresis of MFGM proteins prepared by differ-
ent washing procedures. S reference proteins: phosphorylase B, bovine
serum albumin, ovaibumin, carbonic anhydrase, trypsin inhibitor, a-lactal-
bumin. (Courtesy of J. Basch and H. M. Farrell, Jr.)

1.

2.

o oA

0.1 M imidazole, pH 7, 2 mM MgCl,, and 0.25 M sucrose (Kobylka and
Carraway 1973).

0.15 M phosphate, pH 7, 0.15 M NaCl, and 0.25 M sucrose (Anderson
and Cheesman 1971).

10 mM Tris, pH 7.5, 1 mM MgCl,, and 0.28 M sucrose (Mather and Kee-
nan 1975).

50 mM phosphate, pH 6.8, and 0.15 M NaCl (Nielsen and Bjerrum 1977).
Deionized water (Herald and Brunner 1957).

10 mM Tris, pH 7.4, 2 mM MgCl,, and 0.15 M NaCl (Jarasch ef al. 1977).
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means at 10°C (Anderson and Cheeseman 1971; Kobylka and Carra-
way 1972, 1973; Mather and Keenan 1975; Mangino and Brunner
1975; Basch et al. 1976; Snow et al. 1977). The fat is then separated
from the buttermilk by warming the mixture to 37°-40°C, followed by
centrifugation to remove the milk fat as an oil. The MFGM proteins
are removed from the aqueous phase by centrifugation at 100,000 X
g for 1 hr or by salting out with 2.2 M (NH,),SO, (Anderson and Chees-
man 1971; Kobylka and Carraway 1973; Kanno et al. 1975; Basch ez
al. 1976). Because the operational definition of the individual MFGM
proteins is based upon their SDS gel electrophoresis in the presence of
2-mercaptoethanol, any proteins which survive the above extraction
procedures will not be observed as MFGM proteins unless they are
dispersible in 1% SDS (1.4 g SDS per gram of protein) and 10%
2-mercaptoethanol and detected by staining with either Coomassie
blue and/or periodate acid-Schiff reagent (Eigel et al. 1984). Such a
complex operational definition has the definite possibility of excluding
some proteins which, by their primary structure, would be closely re-
lated to the proteins included in this definition.

While a number of investigators have used various SDS gel electro-
phoretic procedures to characterize their MFGM protein preparation
(Mangino and Brunner 1975; Mather and Keenan 1975; Basch et al.
1976; Kitchen 1977; Shimizu et al. 1978), the ADSA Committee (Eigel
et al. 1984) recommends the use of the procedure of Laemmli (1970) as
modified by Wyckoff et al. (1977). By comparing the mobilities of the
MFGM protein with molecular weight standards containing «-lactal-
bumin, ovalbumin, and phosphorylase b, four distinct zones can be de-
fined (Figure 3.9). Zone A falls between the stacking gel-separating gel
interface and phosphorylase b; zone B, between phosphorylase b and
ovalbumin; zone C, between ovalbumin and o-lactalbumin; and zone D
contains all of the lower molecular weight proteins. The resolution of
zone A may require gels of lower acrylamide content. At different gel
concentrations, the bands may cross over and yield anomalous results
(Anderson et al. 1974). Thus the first differentiation to be made in the
classification of the MFGM proteins is on the basis of zone and gel
strength. For example, a band occurring in zone A in a 15% gel would
be designated MFGM-A;;. The members of this group of proteins
would be designated by their apparent molecular weight in kilodaltons
as interpolated from standard gels containing molecular weight
markers other than those employed to establish the zones. After elec-
trophoretic separation on the gel, the staining ability of the protein
with Coomassie blue (C) and/or periodate acid-Schiff reagent (S) should
be indicated. An individual protein band would be designated as MF-
GM-A5-127, C, S, if it had an apparent molecular weight of 127,000
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and was capable of being stained by both Coomassie blue and perio-
date acid Schiff reagent (Eigel et al. 1984).

Minor Proteins

In addition to the major protein fractions indicated above, some minor
proteins have been isolated or identified in milk.

A small amount of the iron-binding protein transferrin, which ap-
pears to be electrophoretically and immunologically identical to blood
serum transferrin, has been demonstrated in milk (Groves 1971). Disc-
gel electrophoresis of transferrin isolated from either blood serum or
whey indicates the presence of multiple bands and the existence of
polymorphism. The genetic basis of this polymorphism has been inves-
tigated in Danish, Banteng, African Watusi, and Ukrainian cattle
(Gazia and Agergoard 1980; Steklenev and Marinchuk 1981). This pro-
tein contains a covalently bound carbohydrate moiety consisting of
N-acetylglucosamine, mannose, galactose, and N-acetylneuraminic
acid (Putnam 1975). There appear to be two moles of Fe** bound per
mole of transferrin (Jenness 1982). Molecular weights reported by dif-
ferent investigators differ somewhat but probably are in the range
75,000 to 77,000 (Putnam 1975; Leger et al. 1977).

Another iron-binding protein in milk, lactoferrin, was first isolated
as a red protein by Sorensen and Sorensen (1939). It appears to be
distributed between the casein, whey, and probably the fat globule
membrane 'fraction of the milk, and can be isolated by a number of
different procedures either from the acid-precipitated casein or from
the whey (Groves 1971). Like transferrin, lactoferrin shows a number
of bands on gel electrophoresis which can be partially resolved on di-
ethylaminoethyl (DE AE)-cellulose columns. The fractions show similar
absorption spectra and some evidence of polymorphism but differ in
their sedimentation behavior. Lactoferrin exists in both a colorless, ir-
on-free and a red, iron-containing form. In the red form, its iron content
is 0.12%, indicating a molecular weight of 93,000 based on 2 moles
of iron per mole of protein. This value is in good agreement with the
sedimentation-diffusion data found by some investigators (Groves
1971; Weiner and Szuchel 1975). However, other investigators report
a molecular weight of 77,000 (Leger et al. 1977). The amino acid and
carbohydrate contents of both this protein and bovine serum transfer-
rin have been compared and found to be significantly different (Gordon
et al. 1963). They also differ immunologically (Groves 1971). Consider-
able interspecies cross-reaction among lactoferrins has been observed,
but insufficient data have been obtained to establish the degree of ho-
mology (Jenness 1982). The lactoferrin content of cow’s milk appears
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to be greatest immediately after parturition, decreasing to a minimum
at approximately 60 days and then gradually increasing (Senft and
Klobasa 1973).

B-Microglobulin, which is homologous to the constant regions of the
light and heavy polypeptide chains of immunoglobulin IgG (Peterson
et al. 1972), was first isolated in very small amounts by DEAE-
cellulose chromatography of the red protein fraction obtained from
acid-precipitated casein (Groves 1971). Initially it was called “lactol-
lin,” but more recently this crystalline protein was demonstrated to be
a stable tetramer of bovine B;-microglobulin (Groves and Greenberg
1977). The same workers subsequently established the primary se-
quence (Figure 3.10) and compared it with those of 3,-microglobulins
isolated from guinea pig, rabbit, mouse, and human (Groves and
Greenberg 1982). The molecule consists of 98 amino acid residues with
a calculated molecular weight of 11,636. At very low concentration it
is present as a monomer, but at higher concentrations it undergoes
a concentration-dependent monomer to tetramer-reversible association
(Kumosinski et al. 1981). Preliminary crystallographic studies have
also been presented (Becker et al. 1977).

A family of M-1 glycoproteins that are negatively charged at pH 4.5
have been isolated from milk and colostrum by Bezkorovainy (1965,
1967). Upon zonal electrophoresis they yield multiple bands and have
an average molecular weight of 10,000. Further fractionation of the
M-1 glycoproteins from colostrum (Bezkorovainy and Grohlich 1969)
resulted in the isolation of one fraction with a molecular weight of 7200
containing 28.4% carbohydrate and another fraction with a molecular
weight of 12,000 containing 39.0% carbohydrate. These proteins con-
tain phosphate and have large amounts of glutamic acid, proline, and

10 20
H.Ile-Gln-Arg-Pro-Pro-Lys-Ile-Gln-Val-Tyr-Ser-Arg-His-Pro-Pro~Glu-Asn-Gly-Lys-Pro-

30 40
Asn-Tyr-Leu-Asn-Cys-Tyr-Val-Tyr-Gly-Phe-His-Pro-Pro-Gln-Ile-Glu- Ile-Asp-Leu-Leu-

50 60
Lys-Asn-Gly-Glu-Lys-Ile-Lys-Ser-Glu-Gln-Ser-Asp-Leu-Ser-Phe-Ser-Lys-Asp-Trp-Ser-

70 80
Phe-Tyr-Leu-Leu-Ser-His-Ala-Glu-Phe-Thr-Pro-Asp-Ser-Lys-Asp-Glu-Tyr-Ser-Cys-Arg-

90 98
Val-Lys-His-Val-Thr-Leu-Glu-Gln-Pro-Arg-Ile-Val-Lys-Trp-Asp-Arg-Asp-Leu.OH

Figure 3.10. Primary structure of Bos 8,-Microglobulin. (From Groves and
Greenberg 1982; Eigel et al. 1984. Reprinted with permission of the Ameri-
can Dairy Science Association.)
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threonine, but no tryptophan or cysteine. Histidine, tyrosine, and ar-
ginine are absent from the larger protein. The carbohydrate moiety
in the M-1 glycoproteins apparently contains galactose, glucosamine,
galactosamine, and sialic acid. In addition to the M-1 glycoproteins,
M-2 glycoproteins have been observed in bovine colostrum, as well as
another acid glycoprotein called “«;-acid glycoprotein” or ‘‘orosomu-
coid” (Jenness 1982). The latter protein consists of a polypeptide chain
of 181 residues with five heteropolysaccharide groups linked to aspara-
gine residues (Schmid 1975).

A copper-binding protein, ceruloplasmin, which is a blood serum pro-
tein, has been demonstrated in milk by immunodiffusion techniques
(Hanson et al. 1967; Poulik and Weiss 1975). It may be the enzyme
ferroxidase (EC 1.16.3.1).

Laskowski and Laskowski (1950, 1951) found a trypsin inhibitor in
colostrum in relatively large amounts on the first day after parturition
and in decreasing amounts thereafter. They crystallized both the in-
hibitor and the trypsin-inhibitor complex, which consists of a trimer
containing three molecules of trypsin and three molecules of the inhibi-
tor (Laskowski et al. 1952).

A kininogen, which when incubated with trypsin or snake venom
releases a material with a kinin-like ability to cause the contraction of
smooth muscle, has been found in whey and concentrated by DEAE-
cellulose chromatography (Leach et al. 1967).

A folate-binding protein (FBP) has been isolated from cow’s milk by
affinity chromatography on sepharose to which folate has been at-
tached (Salter et al. 1972). Cow’s milk contains ~8 mg FBP per liter.
The protein has a molecular weight of ~35,000. Cow’s milk has also
been shown to bind vitamin B,;, but the protein responsible has not
been isolated from this source, although it has been obtained from the
milks of other species (Burger and Allen 1974).

The Enzymes

To complete the picture of the protein complement of milk, one should
include the numerous enzymes that have been demonstrated to be
present in milk (Table 3.2). Only those enzymes normally present in
milk are listed, including those that are constituents of the leukocytes
and those that are transferred from the blood of the animal to its milk.
Those that result from microbial contamination or other foreign
sources are not listed. Some additional enzymes have been detected in
milk, but insufficient work has been done to demonstrate conclusively
their presence in milk as it comes from the cow. The distribution of the
various enzymes in the milk system is rather specific for the particular
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enzyme. Some enzymes are associated with the casein micelles, fat
globules, or leukocytes, while others are dispersed in the serum. The
report of the ADSA Committee on Enzyme Nomenclature (Shahani et
al. 1973) and the text by Walstra and Jenness (1984) present more de-
tailed discussions of individual milk enzymes.

STRUCTURE AND CONFORMATION
OF MILK PROTEINS

The size, shape, and configuration of the protein molecule are deter-
mined not only by its primary structure and composition but also by
stearic effects and secondary binding forces such as electrostatic, hy-
drogen, and hydrophobic bonding. These forces are influenced by the
environment of the protein molecule, including such factors as the tem-
perature, pH, and composition of the dispersing medium.

as-Caseins

From the primary structure of the «g-caseins, it can be noted that
there are a large number of proline residues (8.5%) which are relatively
uniformly distributed throughout the molecule and, therefore, would
minimize the formation of such secondary structure as the a-helix.
Swaisgood (1982) suggests the possible presence of some 8-conforma-
tion and a significant number of B-turns. In addition, there is a suffi-
ciently large number of hydrophobic residues, such as proline, valine,
leucine, isoleucine, phenylalanine, and tryptophan to yield a Bigelow
parameter of hydrophobicity of 1170. These two factors result in a
thermodynamically unstable number of nonpolar groups exposed at
the surface which, due to hydrophobic bonding, encourage association
or polymer formation (Creamer et al. 1982; Dosaka et al. 1980A; Kato
and Nakai 1980; Keshavarz and Nakai 1979). This phenomenon is very
complex and is dependent upon temperature, pH, ionic strength, com-
position of the medium, and the particular genetic variant involved.
Monomeric dispersions of ag-casein are obtained by employing
strongly dissociating media such as 6 M urea at pH 7.3 (McKenzie and
Wake 1959), 3 M guanidine-HCI at pH 7.0 (Noelken 1967), anhydrous
formic acid, and 26% aqueous methanol with 0.05 N sodium trichlora-
cetate (Swaisgood and Timasheff 1968). However, if sufficiently low
ionic strengths or high pH values are employed so that the electro-
static forces can overcome the hydrophobic attraction, monomers can
also be obtained (Swaisgood 1982), but at greater ionic strengths, more
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alkaline pH values are necessary (Dreizen et al. 1962; Schmidt et al.
1967).

With regard to the conformation of the monomer, attempts have
been made to calculate the o-helix content of «g-casein A and B
(Bloomfield and Mead 1975). Depending upon the method employed,
values ranging from 8 to 19.6% were predicted for o, -casein B and 6.4
to 19.67% for ag-casein A. Optical rotatory dispersion studies of a-
casein B indicated 4 to 15% o-helix. The degree of helicity is greatly
enhanced in organic solvents such as acidic methanol and 2-chloroetha-
nol. From the hydrodynamic properties of the monomer (Table 3.3) and
its primary structure, Swaisgood (1982) suggests that the native mole-
cule is neither a globular protein nor a random coil but possesses re-
gions which may approach random coil behavior. In contrast, the mo-
nomer in denaturing solvents and at pH 12 behaves as a random coil.

The association of ag-casein B in the neutral range, pH 6.6, appears
to occur in a series of association steps at ionic strengths greater than
0.01 (Figure 3.11) (Schmidt 1970A, 1982). As the ionic strength in-

Table 3.3. Hydrodynamic Properties of the Caseins.

Experimental Values Calculated Values
Random
[n] Re Globular coil
Casein Soow X 10122 ml/g (nm) S,y X 10'**" Re (nm)
a,,-Casein
Native monomer 2.4 10 3.4y, 2.53 4.3
Monomer: pH 12 1.35 19.5 4.2, - 4.3
Monomer: 6 M Gdn * Cl — 19.2 4.2 — 4.3
a,,-Casein
Native monomer — 11.4 3.6 2.70 4.4
B-Casein
Native monomer 1.5 23 4.4, 2.38 4.5
Monomer: 6 M Gdn * Cl - 22.2 4.4 - 4.5
k-Casein
Native polymer 15.6 9.5 9.7, - -
Monomer: pH 12 1.4 15.1 3.6, 2.11 41
Monomer: 5 M Gdn * Cl 1.88 — 2.5 2.11 4.1
Monomer: 67% HAc,
0.15 M NaCl 1.26 - 3.7 2.11 4.1

SOURCE: Swaisgood (1982). Reprinted with permission of Elsevier Applied Science Publishers, Ltd.
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Figure 3.11. The association of ass-casein B at different values of pH and
ionic strength. Molecular weights determined at 20°C using the light-scat-
tering technique. (From Schmidt 1982. Reprinted with permission of Elsev-
ier Applied Science Publishers, Ltd.)

creases, the {~potential of the molecule decreases, allowing the hydro-
phobic attraction to overcome the repulsive forces due to the charge
on the protein. The steps in the reaction are accompanied by the forma-
tion of about 13 hydrophobic and 1-2 hydrogen bonds. The association
of ay-casein C is stronger than that of the B variant. This has been
ascribed to its lower charge resulting from the substitution of a glycine
residue for glutamic acid at position 192 (Schmidt 1970B). However,
the D variant associates only as strongly as the B variant, in spite of
its greater negative charge. This has not yet been adequately explained
(Schmidt 1982). Ultracentrifugal studies of genetic variants B and C
at 2°, 9°, and 14°C indicate a positive linear dependence of the mean
molecular weight upon the concentration over the range studied, with
the slopes increasing with increasing temperature, suggesting the
rapid endothermic association characteristic of hydrophobic bonding.

At pH 2.5 on the positive side of the isoelectric point, strong associa-
tion is observed. At concentrations as low as 5 x 10~° g/ml, the appar-
ent molecular weight did not decrease below that of the dimer (Schmidt
1970C).
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On the alkaline side of the isoelectric point between pH 8.0 and 9.85,
the behavior is complex and is dependent upon the ionic strength and
species of the ions present. In a detailed study of this phenomenon,
Swaisgood and Timasheff (1968) demonstrated that at low ionic
strengths (0.02-0.05) a time-dependent association occurs between the
monomers and dimers and some higher polymers, while at higher ionic
strengths (0.1-0.3) equilibrium is rapidly attained, with the concentra-
tion of polymers present increasing with the increasing concentration
of protein. At an ionic strength of 0.2 and 2°C, the association de-
creases markedly between pH 7.5 and 10.5, with the sedimentation
constant decreasing from ~6 to ~1 Svedberg units. This change has
been attributed to the dissociation of protons from tyrosine and the
e-amino group of lysine, which would greatly increase the negative
charge of the a,;-casein molecule. Viscosity data suggest that each step
in the association is accompanied by a conformational change from a
compact globular dimer to a rigid rod or stiff coiled tetramer to a ran-
dom coiled hexamer.

Changes in the ionic environment also influence the association phe-
nomenon. When sodium trichloroacetate is used in place of NaCl, the
observed sedimentation constant is decreased at pH 8.0 and 10.0. Re-
placement of the NaCl by Tris-Cl at 0.1 ionic strength also lowers the
sedimentation constant, possibly due to the absence of sodium ions,
which have been observed to bind to as-casein (Swaisgood and Timas-
heff 1968). When calcium ions are present, the association of «y;-casein
increases considerably at pH 6.6, and at sufficiently high calcium lev-
els precipitation occurs. From studies of the interaction of calcium
with o, -casein (Holt et al. 1975; Parker and Dalgleish 1977A,B; Dal-
gleish and Parker 1979, 1980; Horne 1979), one can deduce that as the
calcium ions bind to the active sites on the og-casein, the negative
charge is reduced and reactive sites are formed through which associa-
tion may take place. The coagulation may be attributed to a polyfunc-
tional condensation reaction which is dependent upon the functionality
of the complexes and their charge. Dalgleish and Parker (1979) ob-
tained a number-average functionality for the complexes of ~2. This
was confirmed by electron microscopy, which demonstrated that the
aggregation occurs through the formation of bent chains (Dosaka et
al. 1980B). Elevated pressures were observed by Schmidt and Payens
(1972) to reduce the tendency of o, -caseins to associate.

az-Caseins

Studies of the structure and conformation of the og-caseins have been
limited. From their primary structure, one can conclude that they are
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the most hydrophilic of the caseins, with a hydrophobicity comparable
to that of many globular proteins. The hydrodynamic properties (Table
3.3) suggest that the configuration of the native monomer is similar to
that of oy -caseins.

The as-caseins associate in a series of consecutive steps in a manner
similar to that of as;-casein (Snoeren et al. 1980). Ultracentrifugal stud-
ies at 20°C and pH 6.7 suggest that the association increases with
ionic strength to a maximum at 0.2 and then decreases at higher ionic
strengths (Figure 3.12). However, the hydrodynamic volume of the
molecule increases with ionic strength throughout the range investi-
gated, due to the peculiar amino acid sequence of ay;-casein, in which
the C-terminal end has a cluster of 13 positive charges at this pH and
the residual portion has a strong negative charge. At low ionic
strengths the intramolecular attractions between these regions would
be strong, yielding a more compact molecule, while the electrostatic
repulsion due to the residual negative charges would discourage associ-
ation. As the ionic strength increases, the repulsion due to residual
charges is weakened and electrostatic interaction may take place be-
tween the positive C-terminal end of one molecule and the negative

Sapp (S-]) X 10]3
15

i e 3. A I

0 1 2 3 4 5 6
C tg/mh x 10°3

Figure 3.12. The association of as-casein at 20°C and pH 6.7 at different
ionic strengths. (From Schmidt 1982. Reprinted with permission of Elsevier
Applied Science Publishers, Ltd.)
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portion of an adjacent molecule, thus increasing not only the associa-
tion but also the molecular hydrodynamic volume. Any further in-
crease in ionic strength weakens the intermolecular electrostatic inter-
action and association decreases, while the molecular hydrodynamic
volume continues to increase (Snoeren et al. 1980).

B-Caseins

The outstanding physical characteristic of the major component of the
B-casein family is its temperature-dependent association (Swaisgood
1973). From its primary structure, it can be seen to be the most hydro-
phobic of the major caseins. The A? variant has a Bigelow hydropho-
bicity of 1335, and the 21 N-terminal amino acid residues at neutral pH
carry a net negative charge. The balance of the molecule is essentially
neutral, with a large number of hydrophobic residues. In addition,
there is a relatively large number of 5-turns, with the resultant expo-
sure of a considerable number of the nonpolar groups. Therefore, the
tendency for hydrophobic bonding should be great, and an increase in
association with increasing temperature is to be expected.

In dissociating solvents such aa 6.6 M urea and 3 M guanidine-HCl,
the major B-casein exists as a monomer independent of temperature,
pH, or ionic strength. However, when dissociating solvents are absent,
it is very dependent upon temperature and somewhat dependent on
pH and ionic strength (Payens and van Markwijk 1963). From sedi-
mentation and intrinsic viscosity measurements, the monomer appears
to be either highly asymmetric, with an axial ratio of 12.2-15.9, or a
random coil (Evans et al. 1971). Small-angle x-ray scattering data sug-
gest a radius of gyration of 4.6 nm, which corresponds to that of a
16-nm rod (Andrews et al. 1979). This asymmetry is not consistent
with the spherical shapes observed by electron microscopy (Buchheim
and Schmidt 1979). Therefore, the random coil, which is consistent
with the optical rotatory dispersion measurements of Herskovits
(1966) and the viscosity measurements of Noelken and Reibstein
(1968), seems more likely even though the predicted radius of gyration
would be larger than observed, 5.1-5.7 nm (Swaisgood 1982). In dissoc-
iating solvents such as 6 M guanidine-HCl, the viscosity is essentially
unchanged, suggesting little folded structure in the monomer. How-
ever, based on Chou-Fasman analyses of the primary sequence, it has
been calculated that the monomer should contain 10% o-helix, 13% £-
sheet, and 77% unordered structure (Andrews et al. 1979). The o-helix
content was also calculated by Bloomfield and Mead (1975); depending
upon the method used, values ranging from 8.6 to 19.6% were ob-
tained. Optical rotatory disperson studies indicated 3 to 14% o-helix.
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With heating from 5 to 45°C, thermal changes in conformation in
the major B-casein are observed by spectral methods (Garnier 1966).
From measurements of the optical density at 286 nm and of the spe-
cific optical rotation at 436 nm, a rapidly reversible endothermic tran-
sition (AH 30 kcal/mole) with a half-transition temperature of 23-24°C
is observed. The optical rotatory dispersion data suggest a decrease in
the poly-L-proline II structure (12 to 5%) and a slight increase in
a-helix (11 to 16%) with increasing temperature. This transition prob-
ably occurs prior to association, since it is rapid, and the carboxyacyl
derivative of the monomer, which does not polymerize with increasing
temperature, also demonstrates the optical rotatory disperson thermal
transition.

The strong temperature-dependent association of the major 3-casein
has been investigated by combined ultracentrifugal and light-scatter-
ing measurements (Payens ez al. 1969; Payens and Heremans 1969;
Schmidt and Payens 1972; Payens and Vreeman 1982). The rate of
equilibration, in contrast to that of «,-casein, is not rapid compared to
the rate of sedimentation. Also, unlike oy -casein, $-casein does not
form intermediate-sized polymers; instead, a rather narrow-sized distri-
bution of polymers results. This type of association suggests micelle
formation similar to that of ionic detergents, especially since the pri-
mary structure of the monomer, with its highly charged N-terminal end
and the very hydrophobic character of the remainder of the molecule,
resembles an ionic detergent such as sodium dodecyl sulfate (Schmidt
1982). This is further emphasized by the observation that, below a cer-
tain critical micelle concentration, association does not occur (Figure
3.13). Similar to ionic detergents, the critical micelle concentration de-
creases with increasing temperature and/or ionic strength. The effect
of pressure on the association of the major 8-casein is complex, result-
ing in a decrease in polymerization up to 1500 kg/cm? followed by a
rapid increase above that value (Payens and Heremans 1969).

The configuration and association of the minor $-caseins have not
been investigated to any extent, but from their primary structure one
can conclude that 3-casein X-4P-(f 1-28), -(f 1-105), and -(f 1-107) and
B-casein X-1P-(f 29-105) and -(f 29-107) are more hydrophilic than the
main f-casein component and that (-casein X-1P-(f 29-209) and
B-casein-(f 106-209) and -(f 108-209) will be more hydrophobic. The hy-
drophobicities of the last three caseins are the highest of all the ca-
seins, with calculated Bigelow hydrophobicities of 1386 to 1511 (Swais-
good 1973). Therefore, we would expect these to demonstrate a strong
temperature-dependent association; 8-casein B-(f 106-209) and -(108-
209) are insoluble at pH 8.0 and 25 °C but soluble at 3°C, while 3-casein
A-(f 108-209) is soluble at both temperatures. Sedimentation studies
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Figure 3.13. The association of g-casein at low concentrations at differ-
ent values of ionic strength and temperature. From light-scattering mea-
surements at pH 7.0. (From Schmidt and Payens 1972; Schmidt 1982. Re-
printed with permission of Elsevier Applied Science Publishers, Ltd.)

of these proteins indicate that, except for 8-casein B-(f 108-209), which
shows nonideal behavior at pH 8.0, they exist as monomers at alkaline
pH values and low ionic strengths (Groves and Townend 1970). In
the presence of guanidine-HCI, $-casein A%(f 29-209) sediments as a
monomer. The more hydrophilic minor 3-caseins listed above have been
observed as monomers in veronal buffer, pH 7.0 and ionic strength 0.1
(Kolar and Brunner 1970).

k-Caseins

The heterogeneity of k-caseins due to posttranslational glycosylation
and disulfide interchange makes the interpretation of information re-
garding their size, shape, and conformation difficult. Evidence ob-
tained in dissociating solvents such as 5 M guanidine-HCI], pH 5.0, 7
M, urea pH 8.5, and 33% or more acetic acid in 0.15 M NaCl indicates
a heterogeneous mixture of polymers linked together by intermolecular
disulfide bonds with mean molecular weights of 88,000 to 118,000.
In aqueous salt systems, the polymer sizes are larger than predicted
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by disulfide bonds alone and yield sedimentation constants of 13.2 to
19 Svedberg units, depending upon the preparation with molecular
weights of the order of 650,000. The polymer size is not homogeneous,
but the distribution of sizes is not great. The primary structure of the
k-caseins indicates that a monomer unit possesses an amphiphilic char-
acter similar to that of the other caseins (Hill and Wake 1969). The
N-terminal portion (the para-x-casein) is hydrophobic, with a Bigelow
hydrophobicity of 1310, and the C-terminal portion (the macropeptide)
is hydrophilic, with a hydrophobicity of 1083. Thus, in addition to the
disulfide bridges, the molecules can orient themselves in the associa-
tion complexes with their hydrophobic ends in the interior of the poly-
mers and their hydrophilic ends on the surface (Hill and Wake 1969).
The concentration dependency of their reduced viscosity supports this
concept by indicating spherical geometry in the polymers; in the pres-
ence of dissociating solvents, similar data indicate a random chain be-
havior (Swaisgood 1973). Clark and Nakai (1972) obtained additional
evidence of this picture of the «-casein polymers from fluorescence
studies. Increases in temperature enhance the amount of aggregation
(Yoshida 1969).

At pH 12, the disulfide and noncovalent bonds are both broken, and
the monomer with a sedimentation constant of 1.45 Svedberg units is
released. From frictional ratios, the monomer appears to exist as a coil
with a diameter of 16 A and a length of 150 A. Analysis of the pri-
mary structure of «-casein (Loucheux-Lefebvre et al. 1978) suggests
considerable secondary structure in the monomer. 23% o-helix, 31%
B-sheets, and 24% (-turns. In contrast, other investigators, using sev-
eral different approaches, obtained a-helix contents ranging from 0 to
20.8% (Bloomfield and Mead 1975). Circular dichroism spectra on the
monomer indicated 14 and 31% for o-helix and $-sheet, respectively
(Loucheux-Lefebvre et al. 1978). An earlier study of the optical rota-
tory dispersion of the x-casein monomer yielded values for the o-helix
content ranging from 2 to 16% (Herskovits 1966).

Reduction of the disulfide bonds and alkylation of the k-caseins re-
sult in the elimination of any disulfide polymers. These reduced and
alkylated «-caseins sediment as monomers in dissociating agents. Ul-
tracentrifugal analysis of the carbohydrate-free «-casein B-1P in a
disulfide-reducing buffer system indicated an association comparable
to that of g-casein (Vreeman et al. 1977; Vreeman 1979; Payens and
Vreeman 1982). A critical micelle concentration is observed which de-
creases with increasing ionic strength (Figure 3.14). The micelle ap-
pears to consist of 30 monomers and is independent of ionic strength.
The mechanism of micelle formation is probably similar to that indi-
cated for the polymers observed above in the absence of disulfide-
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Figure 3.14. The association of carbohydrate-free sh-«-casein at 20°C and
pH 7.0 at different ionic strengths. Molecular weights determined by ultra-
centrifugation using the approach to equilibrim method. (From Vereman
1979; Schmidt 1982. Reprinted with permission of Cambridge University
Press.)

reducing agents, except that in this case no disulfide bonds are pres-
ent. The electrical forces which should be responsible for limiting micel-
lar growth are small. Therefore, Vreeman suggests the possibility of a
spatial requirement or an entropic repulsion of the hydrophilic macro-
peptide of the molecule.

Bovine Serum Albumin

The configuration of bovine serum albumin isolated from milk has not
been investigated, but extensive investigations of this protein isolated
from bovine blood serum have been made. The protein exhibits at least
three different kinds of heterogeneity: (1) due to polymer formation, (2)
related to the sulfur linkages in the molecule, and (3) microheterogen-
eity. Fractionation of bovine serum albumin on DEAE-Sephadex A-50
resulted in a monomer and two dimer fractions (Janatova et al. 1968),
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one with a relatively high sulfhydryl content which could not be con-
verted to the monomer by thioglycolate reduction and the other free
of sulfhydryl groups which could be partially reduced to the monomer.
Small quantities of higher polymers were observed. The degree of poly-
mer formation depends upon the freshness of the sample and the
method of preparation (Freeman 1970). The monomer exists in at least
four forms: one with a reactive sulfhydryl group called ‘“mercaptal-
bumin”’ and three nonmercaptalbumins (Noel and Hunter 1972; Ha-
genmaier and Foster 1971). Two of the nonmercaptalbumins are mixed
disulfides with cysteine and glutathione and are relatively stable to
splitting by mercaptoethanol, probably due to disulfide pairing such
that the cysteine and glutathione are buried in the molecule. The other
is a relatively easily reduced mixed disulfide of cysteine that may be a
product of the method of preparation or the age of the sample (Foster
1977; Noel and Hunter 1972). This heterogeneity has also been investi-
gated by isoelectric focusing (Salaman and Williamson 1971; Spencer
and King 1971; Ui 1971; Wallevik 1973). The microheterogeneity is
apparent in the conformational transition occurring near pH 4 (Bhar-
gava and Foster 1970; Kaplan and Foster 1971). Foster (1977) postu-
lated that the protein consists of a continuum of molecular species
which, while grossly similar, differ in their inherent stability and in the
pH range in which they undergo the transition from the native form
(N) to the acid form (F). This explanation was further substantiated by
studies of the thermal denaturation of bovine serum albumin and its
solubility behavior. The source of the microheterogeneity has been in-
tensively investigated (Foster 1977), and possible factors such as dif-
ferences in their three-dimensional conformation, the presence of
bound impurities, and variations in the primary sequence have been
tentatively ruled out. He proposed that it is due to posttranslational
modification of amino acid side chains and/or disulfide isomerization.

Due possibly to the above mentioned heterogeneity, there is some
variability with regard to the conclusions reached by various workers
concerning the structure and configuration of bovine serum albumin.
Brown (1977) proposed two possible models based on the primary se-
quence of the protein. He demonstrated that the molecule could pos-
sess a triple domain structure with three very similar domains: resi-
dues 1-190, 191-382, and 383-582. Each domain could then consist of
five helical rods of about equal length arranged either in a parallel or
an antiparallel manner. His second model consisted of the following:
(1) a lone subdomain (1-101); (2) a pair of antiparallel subdomains, with
their hydrophobic faces toward each other (113-287); (3) another pair
of subdomains (314~484); and (4) a lone subdomain (512-582). These
structures are supported by the observed helical content of bovine
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serum albumin (54-68%) (Reed et al. 1975) and by the location of the
proline residues and reactive binding sites (Anderson et al 1971;
Taylor and Vatz 1973; Taylor et al. 1975A,B). Other investigators sug-
gest two to nine domains (Foster 1977).

As the pH of bovine serum albumin is lowered below its isoelectric
point, numerous changes in its physical and chemical properties occur.
The intrinsic viscosity and molecular volumes increase markedly (Raj
and Flygare 1974), the solubility in 3 M KCl decreases drastically and
the ability to bind pentane essentially disappears (Foster 1977),
changes are observed by differential spectrophotometry and perturba-
tion spectroscopy (Sogami 1971; Sogami and Ogura 1973), and fluores-
cent studies indicate a decrease in fluorescence (Noel and Hunter 1972;
Halfman and Nishida 1971; Rudolph et al. 1975; Sogami et al. 1973;
Ivkova et al. 1971). Optical rotatory dispersion studies indicate a de-
crease in a-helix content from ~51% to a plateau of ~44% at pH 3.6-
3.9, followed by a further decrease to ~35% at pH 2.7 (Sogami and
Foster 1968). Titration curves of bovine serum albumin in the carboxyl
region suggest that as many as 40 of the carboxyl groups are masked
in the N-form, possibly due to ion pair formation. A statistical mechan-
ical model has been proposed to account for this phenomenon (Arvids-
son 1972). Based on the observed changes, it has been concluded that,
as the pH is lowered, the domains separate in at least three steps;
N-F’, F'-F, and F-E transitions (Foster 1977). The N-F’ due to the
breakage of ion-pair bonds results in a dumbell-like structure. The F'-F
phase involves the exposure of considerable hydrophobic surface with
decreasing solubility (Wilson and Foster 1971; Zurawski et al. 1976;
Hilak et al. 1974). Finally, the F-E transition occurs, resulting in an
extended thread with knots due to the repulsion of the cationic groups.

In addition to the acid transition, a change has been observed in
the neutral range and has been designated the ‘“N-B transition.”” This
phenomenon has been observed in titration, dye binding, fluorescence,
hydrogen exchange, nuclear magnetic resonance, and optical rotatory
dispersion studies (Harmsen et al. 1971; Foster 1977), and resembles
the N-F transition with less loss of helix content. While the evidence
is inconclusive, other observations of bovine serum albumin suggest
additional transitions (Nikkel and Foster 1971; Stroupe and Foster
1973; White et al. 1973).

-Lactoglobulins

Extensive studies have been made of the structure and conformation
of B-lactoglobulin. In the pH range from 5.2 to 7.5, all genetic variants
of B-lactoglobulin investigated have been shown to exist primarily as
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dimers. Based on small-angle x-ray diffraction, crystallography, and
hydrodynamic properties (Bell et al. 1970; Zimmerman et al. 1970;
McKenzie 1971 A; Gilbert and Gilbert 1973), the dimer has been shown
to consist of two spheres with a radii of 17.9 A and a distance from
center to center of 33.5 A joined so as to possess a dyad axis of sym-
metry. It was originally thought that hybrid dimers could not exist,
but by applying moving boundary theory to free-boundary electropho-
retic results, the existence of a hybrid dimer of 8-lactoglobulins A and
B was clearly established (Gilbert 1970).

On the acid side of the isoionic point, especially below pH 3.5, the
dimer dissociates into monomers, with the extent of dissociation in-
creasing as the pH is lowered. It was concluded that a rapid monomer-
dimer equilibrium existed. The dissociation constants of the reaction
varied with the genetic variant involved and increased with increasing
temperature. Albright and Williams (1968) made a detailed study of
the equilibrium by sedimentation equilibrium measurements (Figure
3.15) which demonstrated not only the effect of pH but also that the
dissociation increased with decreasing concentration and ionic
strength. While the effects of pH and ionic strength suggest that the
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Figure 3.15. The dissociation of g-lactoglobulin B at low pH. Idealized
curves for the weight-average molecular weight as a function of concentra-
tion from sedimentation equilibrium measurements. M = pH 2.58, ionic
strength 0.15; @ = pH 2.20, ionic strength 0.15; A = pH 2.58, ionic strength
0.10. 40.2 fringes - 10 g/liter. (From Albright and Williams 1968. Reprinted
with permission of AVI Publishing Co., Westport, Conn.)
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association is due to hydrophobic bonding, the effect of temperature
does not support this postulate, and other types of noncovalent bonds
such as hydrogen bonds cannot be eliminated. The dissociation no
doubt results from electrostatic repulsive forces due to the increased
positive charge on the monomers at lower pH.

There does not appear to be much change in monomer configuration
during this transition. Little change is observed at pH values of 3.5
and below in the optical rotatory dispersion, circular dichroism, or the
emission maximum of tryptophyl fluorescence (Mills and Creamer
1975). There may be a small change in the perturbation spectrum of
the tryptophan residues, and their fluorescence increases significantly
(Townend et al. 1969; Mills and Creamer 1975). A slight increase in
the radius of the monomer at low pH has been suggested based upon
hydrodynamic and x-ray crystallographic data (Swaisgood 1982).
Some disagreement exists in the literature on the interpretation of op-
tical rotatory dispersion and circular dichroism data with regard to the
detailed secondary and tertiary structure in this pH range. McKenzie
(1967) postulates approximately 33% a-helix, 33% p-configuration,
and 33% disordered chain, while Townend et al. (1967) propose 10%
o-helix, 47% B-conformation, and 43% disordered chain. While the
numbers are somewhat variable, the interpretations proposed by Tow-
nend and co-workers are in general agreement with those predicted
from the primary sequence (Deckmyn and Préaux 1978).

On the alkaline side of the ioionic point, dissociation of the dimer
also occurs, but there is some disagreement as to its extent. McKenzie
(1967) states that it becomes appreciable at pH 7.5 and above and in-
creases with increasing pH. However, Zimmerman et al. (1970) observe
that while it is appreciable in this region, the equilibrium constant is
essentially unchanged in the pH range of 6.9 to 8.8. Marked reversible
conformational changes accompany this dissociation, as indicated by
changes observed in optical rotation and optical rotatory dispersion
(Figure 3.16). The transition apparently is also associated with the ti-
tration of an abnormal carboxyl group per monomer and the increased
exposure of the solvent to the tyrosyl and tryptophyl residues that is
observed. The single sulfhydryl group also appears to have increased
reactivity, with the C variant possessing the slowest rate of reaction.

As the pH is increased to above 8.0, not only does the dissociation
of the dimer continue, but a time-dependent aggregation occurs. Addi-
tion of disodium ethylenediaminetetraacetate (EDTA) tends to slow
this reaction, suggesting that this reagent, by binding copper and
other ions involved in the oxidation of sulfhydryl groups prevents
some of the aggregation by slowing the formation of intermolecular
disulfide bonds. This aggregation is apparently accompanied by a slow
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Figure 3.16. pH-dependent conformational transitions for g-lactoglobul-
ins A, B, and C. (a) Specific rotation at 578 nm at 20°C. (b) Parameter a, in
Moffit Yang equation at 20°C. Symbols for (a) and (b): ® = A variant, A =
B variant, B = C variant. (¢) The effect of temperature on specific rotation
at 578 nm for the A variant near pH 4.5: ¢ = 45°C; A = 30°C; O = 20°C;
[0 = 10°C. The C variant at 20°C (M) is shown for comparison. (From McK-
enzie and Sawyer 1967; McKenzie et al. 1967. Reprinted with permission of
AVI Publishing Co., Westport, Conn.)

time-dependent change in the optical rotatory dispersion after the ini-
tial transition. The rate of change is more rapid at 3°C than at 20°C
and is dependent upon the genetic variant involved, with A > B > C.

In the isoelectric region, octamerization occurs in addition to the
monomer-dimer association (Gilbert and Gilbert 1973). Between pH
3.5 and 5.2, the dimers of both the A and B variants associate to form
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octamers with maximum association at pH 4.6. The association of the
A variant is much stronger than that of the B variant. These variants
can also form mixed octamers. However, the other genetic variants in-
vestigated do not appear to octamerize to any detectable extent. The
association is rapid, as indicated by sedimentation velocity studies,
with the equilibrium constant for the reaction decreasing with increas-
ing temperature. The model proposed for the octamer is illustrated in
Figure 3.17. The octamer and the dimer were assumed to be the pre-
dominant species, and higher polymers were unlikely due to the stereo-

Figure 3.17. Staggered structures for the octomer of g-lactoglobulin A.
(A) Top view, 422 symmetry; d = dyad axis of symmetry, t = octomer bond.
(B) Side view, 422 symmetry; T = tetrad axis of symmetry. (C) Dimer struc-
ture. (D) 222 symmetry, X = overall dyad axis of symmetry. The preferred
structure is 422. (From Green 1964; Timasheff and Townsend 1964. Re-
printed with permission of AVI Publishing Co., Westport, Conn.)
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chemistry of the polymerization (Timasheff and Townend 1964). At
0°C only small amounts of tetramer and hexamer were observed, but
at higher temperatures or lower concentrations, increasing quantities
of these intermediates were observed. Sedimentation equilibrium stud-
ies of B-lactoglobulin A at pH 4.6, ionic strength 0.2, and 16°C sug-
gested that the data could be described by an indefinite association
(Adams and Lewis 1968). However, column chromatography on Sepha-
dex G-100 at pH 4.55 and 4°C resulted in two fractions: one with a
higher and one with a lower association constant (Roark and Yphantis
1969). The fraction with the high association constant yielded results
which were incompatible with the indefinite association model and sup-
ported the model of Timasheff and Townend (1964). The reason for the
two fractions is still unknown. With regard to the mechanism of octam-
erization, the negative enthalpy and large negative entropy accom-
panying the change suggest that hydrophobic bonding is not impor-
tant. The pH dependence with maximum octamerization at pH 4.6
suggests that carboxyl groups are involved, with the possible forma-
tion of hydrogen bonds between the protonated carboxyl groups. It is
known that four carboxyl groups are protonated per monomer at this
pH. Examination of the primary sequence of 8-lactoglobulin A indi-
cates the presence of three carboxyl groups in the vicinity of the aspar-
tic acid residue at position 64, which is responsible for genetic vari-
ation. Replacement of this amino acid by glycine in the B variant
would reduce the number of water molecules released by the monomers
during octamerization if this were the site of attachment. Therefore,
the change in entropy should be more negative in the octamerization
of the B than the A variant. Since this is actually the case, it suggests
that octamerization occurs at this site (Swaisgood 1982). It is of inter-
est to note, however, that the Dr variant does not associate to form
octamers even though it possesses an aspartic acid residue at position
64. Perhaps that carbohydrate moiety in this variant is close enough to
the reactive site to prevent octamerization sterically (Bell et al. 1970).

Marked changes are observed in the optical rotation and optical rota-
tary dispersion in the isoionic region, suggesting that conformational
changes occur in the S-lactoglobin molecules prior to octamer forma-
tion (Figure 3.16). The change in the optical rotatory dispersion param-
eter with pH suggests the binding of one proton per monomer in vari-
ants B and C but of two protons in variant A. This behavior adds
additional support to the proposed involvement of the aspartic acid
residue at position 64 in the octamerization. The difference in the titra-
tion curve of the C variant from that of variants A and B suggests a
conformational change in the region of position 59, since a histidine is
present in this location in variant C and is replaced by a glutamine
residue in variants A and B.
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a-Lactalbumins

Sedimentation velocity studies of o-lactalbumin on the alkaline side
of the isoionic point result in sedimentation constants of 1.73 to 1.98
Svedberg units (Wetlaufer 1961; Kronman and Andreotti 1964;
Szuchet-Derechin and Johnson 1965; Rawitch and Hwan 1979). From
these and other measurements, it was demonstrated that o-lactal-
bumin exists primarily as a nearly spherical, compact globular mo-
nomer in neutral and alkaline media. Small-angle x-ray scattering stud-
ies suggested an oblate ellipsoid with the axes 2.2 x 4.4 X 5.7 nm
(Krigbaum and Kugler 1970). However, conformations based on model
building (Brown et al. 1969) and energy minimization (Warme et al.
1974) suggest an oblate ellipsoid of about 2.5 X 3.7 x 3.2 nm.

At pH values below the isoionic point, Kronman and Andreotti
(1964) and Kronman et al. (1964) observed that «-lactalbumin associ-
ated to form dimers and trimers and aggregated to polymers with sedi-
mentation constants in the range of 10 to 14 Svedberg units. The asso-
ciation was rapid, reversible, and temperature dependent, being
greater at 10°C than at 25°C. In contrast, the aggregation, while re-
versible, was dependent upon the concentration, with little aggrega-
tion below 1% protein, and decreased with decreasing temperature,
pH, and ionic strength. This association and aggregation were attrib-
uted to conformational changes in the protein molecule below pH 4
based on the observation that at pH 2 and at concentrations such that
association and aggregation were absent, sedimentation velocity stud-
ies indicated an increase in hydrodynamic volume and a change in the
absorption spectra. Robbins et al. (1965) amidinated the amino group
of a-lactalbumin to increase its hydrophobicity without changing its
charge and investigated the aggregation phenomenon under acid con-
ditions. Since amidination did not appreciably change the configura-
tional behavior but did increase the amount of association and ag-
gregation, they concluded that these phenomena were due to
hydrophobic bonding resulting from the conformation change or a de-
crease in the electrostatic barrier.

Brown et al. (1969) noted the similarity of the primary sequence of
a-lactalbumin and hen’s egg-white lysozyme and their functional prop-
erties and proposed a structure for o-lactalbumin based on the main-
chain conformation of lysozyme. While changes in the internal side
chains can generally be interrelated, there are some regions which can-
not be deduced unequivocally. The surface cleft, which is the site of sub-
strate binding in lysozyme, is shorter in a-lactalbumin. While the opti-
cal rotatory dispersion studies of Herscovits and Mescanti (1965)
indicated a tightly folded molecule with ~40% co-helix, circular dichro-
ism spectra suggest 26% o-helix, 14% p-configuration, and 60% ran-
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dom coil. The latter configuration is similar to the secondary structure
of lysozyme (Robbins and Holmes 1970; Barel et al. 1972). X-ray crys-
tallography supports this conclusion (Robbins and Holmes 1970), and
other physical-chemical properties are consistent with this model but
suggest that the a-lactalbumin structure is less stable and more ex-
panded (Krigbaum and Kugler 1970; Barel et al. 1972). Solvent pertur-
bation difference spectra, fluorescence investigations, photooxidation,
and nitration with tetranitromethane (Habeeb and Atassi 1971; Kron-
man et al. 1972; Tamburro et al. 1972; Sommers et al. 1973) suggest
that two of the four tryptophan residues are exposed at neutral pH
and 25°C, while the other two residues are buried. Lowering the tem-
perature at pH 6 produces a change in configuration which prevents
large perturbants from reaching the exposed residues. From a consid-
eration of the model, one would conclude that the tryptophans at posi-
tions 60 and 26 are buried and those at positions 104 and 118 are ex-
posed at 25°C and neutral pH (Brown et al. 1969; Warme et al. 1974).
In the model, the tryptophans at positions 60 and 104 are in the cleft
region and the tryptophan at position 118 is on the surface very close
to the cleft. Therefore, a slight closure of the cleft at the lower temper-
ature would shield the tryptophans at positions 104 and 118 as well
(Warme et al. 1974). Studies of the four tyrosine residues in o-lactal-
bumin indicate that they all titrate normally (Kronman et al. 1972),
but while two residues are easily acetylated, the remaining residues
are acetylated only at higher concentrations (Kronman et al 1971,
1972). Three tyrosines react with cyanogen fluoride in the neutral
range (Gobrinoff 1967). While all four residues react with the tetrani-
tromethane, only two are nitrated (Habeeb and Atassi 1971; Denton
and Ebner 1971). These observations are generally consistent with the
proposed model (Warme et al. 1974). The disulfide bonds in o-lactal-
bumin, as predicted from the expanded model, are more rapidly re-
duced and, therefore, more accessible than in lysozyme (Iyer and Klee
1973). The higher rate of hydrolysis by immobilized pronase also indi-
cates a less stable structure (Swaisgood 1982).

At alkaline pH values, even though no observable association or ag-
gregation occurs, some changes in configuration are observed.
Changes in the Cotton effect between 250 and 300 nm and in optical
rotatory dispersion occur at pH 11.5. The fourth tyrosine, which was
somewhat buried at neutral pH values, reacts with cyanogen fluoride
at pH 10.0 and above (Gobrinoff 1967).

On the acid side of the isoelectric point, Kronman et al. (1965) noted
that the a-lactalbumin molecule swells and yields a difference spectra
with maxima at 285-286, 292-293, and 230 nm, due largely to changes
in the environment of the tryptophan residues. The amplitude of the
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change is dependent upon pH and temperature but is practically inde-
pendent of ionic strength. From solvent perturbation studies the au-
thors demonstrated that these changes were caused by a conforma-
tional change in the environment of the buried tryptophan residues
rather than by their transfer to the surface of the molecule. This con-
clusion is supported by the observation that, while the Moffitt and
Yang b, value decreases from 230° to 154°, the Cotton effect at 225
nm remained the same from pH 2 to 6.

Immunoglobulins

Investigation of the structure and conformation of the immunoglobu-
lins is complicated by their heterogeneity. The secondary and tertiary
structures of the four chain unit have been investigated by enzyme and
chemical modification (Dorrington and Tanford 1970). Enzyme modifi-
cation indicates that the N-terminal amino acids are not on the surface
of the native immunoglobin molecules. Selective reduction of the inter-
chain disulfide bonds demonstrates that they are not involved in the
specific conformation of the antigen-binding sites.

X-ray diffraction and electron microscopy studies of human IgG,
have been employed to define the arrangement of the polypeptide
chains, especially in the antigen-binding end of the molecule (Poljak et
al. 1972). The Fab fragments (Fig. 3.8) have two globular structures
formed from both the heavy and light chains, which is consistent with
the involvement of both chains in antigen binding. Evidence secured
from optical rotatory dispersion and circular dichroism spectra indi-
rectly supports this structure by indicating a negligible amount of
a-helix in the immunoglobulins (Dorrington and Tanford 1970).

Electron microscopy of IgM and IgG reveals that the four-chain
units in both immunoglobulins are shaped like a Y or T with a flexible
central hinge (Green 1969). In IgM, the five Y-shaped tetramers form
a ring with five arms projecting from it.

In the presence of denaturing agents such as urea and guanidine-
HC], the globular antigen-binding sites are completely unfolded (Bjérk
and Tanford 1971). The denaturation is completely reversible upon re-
moval of the denaturing agent in neutral media. The denaturing effect
of acids and alkalis is similar (Doi and Jirgensons 1970).

FRACTIONATION OF MILK PROTEINS

Numerous methods have been developed and employed in the fraction-
ation of milk proteins; some of these are based on differential solubili-
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ties in various solvent systems, and others depend upon chromato-
graphic or electrophoretic behavior.

Whole Casein

In the fractionation of the milk proteins, usually the first step in the
process is to separate the so-called whole casein from the whey in a
skim milk. A number of procedures are available (McKenzie 1971C),
but the most commonly used method is based upon classical acid pre-
cipitation at the pH of minimum solubility. Several different temper-
atures have been employed: 2, 20, and 30°C. Except for precipitation
at 2°C, where minimum solubility occurs at pH 4.3, the skim milk is
adjusted to pH 4.5-4.6 with hydrochloric acid (1 M). A more recent
investigation of the relationship of temperature and pH to the com-
pleteness of casein precipitation indicated that optimum yield was ob-
tained at pH 4.3 and 35°C (Helesicov4 and Podrazky 1980).

Casein can also be obtained from skim milk by high-speed centrifu-
gation at 105,000 x g at different temperatures in the presence or ab-
sence of added calcium ion (McKenzie 1971C). For example, the proce-
dure of von Hipple and Waugh (1955) has been modified by adding
CaCl; to skim milk to a final added concentration of 0.07 M at pH 6.6-
6.8 and 3°C. After centrifugation, the precipitated casein is resus-
pended in 0.08 M NaCl and 0.07 M CaCl; and the calcium is removed
by oxalate, citrate, ion-exchange resin, or exhaustive dialysis. Whole
casein has also been prepared by salt precipitation with either
(NH,):SO,4, (McKenzie 1971C) or Na,SO, (Wake and Baldwin 1961).

Fractionation of Casein

Differential Solubility Methods. Numerous methods have been de-
veloped to obtain one or more of the various caseins from whole casein
or directly from skim milk based on their differential solubility
(Thompson 1971; Mackinlay and Wake 1971; Whitney 1977). While
some early procedures indicated the possibility of fractionating whole
casein into different components, it was not until the 1950s that sys-
tematic procedures were proposed for the fractionation of casein into
Warner’s o-, -, and y-caseins. Hipp et al. (1952) developed two proce-
dures which have been used extensively or partially incorporated into
other methods. The first is based upon the differential solubilities of
the caseins in 50% alcohol in the presence of ammonium acetate by
varying the pH, temperature, and ionic strength. The second procedure
involves the dispersion of whole casein in 6.6 M urea and the separa-
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tion of the casein fractions by dilution, pH adjustment, and, finally,
the addition of (NH,).SO,. The order of precipitation of the caseins in
both methods is o-, 8-, and y-caseins. Warner’s casein fractions are now
identified as follows: a-casein, a mixture of og-, as-, and k-caseins;
B-casein, the major $-casein component; y-casein, a mixture of the 3-
caseins-1P(f 29-209), (f 106-209), and (f 108-209).

The os-caseins and «-caseins have been prepared largely from either
whole casein or the o-casein fraction of Hipp and co-workers (McKenzie
and Wake 1961; Cheeseman 1962; Neelin et al. 1962; Swaisgood and
Brunner 1962; Waugh et al. 1962; Zittle and Custer 1963; Craven and
Gehrke 1967; Fox and Guiney 1972; Chiba et al. 1978). Crude a,-casein
is prepared from casein obtained by CaCl, precipitation at 37°C by
removing the calcium with oxalate to solubilize the casein and reprecip-
itation with 0.25 M CaCl, at 37°C and pH 7 (Waugh et al. 1962). The
k-caseins are removed from the supernatant by precipitation with
Na,SO, followed by reprecipitation from 50% ethanol with ammonium
acetate (McKenzie and Wake 1961) or by using calcium oxalate as a
carrier precipitate to enhance the removal of the other caseins (Craven
and Gehrke 1967). Adjustment of the pH of whole casein dispersions
in urea also has been used to precipitate the os-caseins either by adjust-
ing a 6.6 M urea dispersion to pH 1.3-1.5 with H,SO, (Zittle and Cus-
ter 1963) or by adjusting a 3.3 M urea system to pH 4.5 (Fox and
Guiney 1972). The crude «-caseins can be obtained from the superna-
tant of the H,SO, method by precipitation with (NH,),SO, and purified
by reprecipitation from aqueous ethanol (Zittle and Custer 1963). More
than 90% of the g -caseins have been recovered from acid casein by
precipitation with 756 mM CaCl; at 5°C (Chiba et al. 1978).

Starting with the a-casein fraction of Hipp and co-workers, the -
caseins can be precipitated by CaCl; treatment and the «-caseins can
be removed from the supernatant by pH adjustment to 4.7 (Neelin et
al. 1962). Swaisgood and Brunner (1962) added 12% trichloroacetic
acid (TCA) to a 6.6 M urea dispersion of the same fraction at 3°C and

‘precipitated the asfraction. After removal of the urea and TCA from
the supernatant, they adjusted the pH to 7.0, added CaCl; to 0.25 M,
and removed the precipitate. «-Casein was finally obtained from the
supernatant at pH 4.4. In contrast, Wake (1959) prepared x-casein
from the supernatant remaining from the $-casein precipitation by the
first procedure of Hipp and co-workers by adjusting the pH to 5.7. A
k-casein concentrate has been prepared from commercial casein based
on the differential solubilities of the caseins in CaCl, solutions (Girdhar
and Hansen 1978). A novel procedure has been developed for the isola-
tion of oy -casein directly from skim milk, using sodium tetraphosphate
(Quadrafos) (Melnychyn and Wolcott 1967).
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The major $-casein component can be prepared by a simplification of
the urea method of Hipp and co-workers (Aschaffenburg 1963). Whole
casein is dispersed in 3.3 M urea at pH 7.5 and adjusted to pH 4.6,
which precipitates the bulk of the a,;-and «-caseins. The supernatant is
adjusted to pH 4.9, diluted to 1 M urea, and warmed to 30°C, precipi-
tating the major 3-casein. Owicki and Lillevik (1969) prepared the ma-
jor B-casein from rennin-treated whole casein by dispersing the clot in
6.6 M urea at pH 7.8 and successively diluting and adjusting the pH
of the system. After cooling to 4°C and clarifying, a precipitate rich in
the $-casein was obtained by warming to 30°C.

Partition Methods. Walter (1952) devised a countercurrent distribu-
tion procedure for the fractionation of casein in a two-phase system
containing water-ethanol-phenol at pH 8.2. The concentration of
B-casein increased in the phenol phase. Ellfolk (1957) employed a two-
phase system consisting of collidine, ethanol, and distilled water at
20°C. The a-caseins were concentrated in the water-rich phase, while
the (8-caseins were concentrated in the collidine-rich phase.

Electrophoretic Methods. Several electrophoretic procedures have
been developed to fractionate or purify the various caseins (McKenzie
1971C; Thompson 1971; Whitney 1977). Wake and Baldwin (1961)
fractionated whole casein by zone electrophoresis on cellulose powder
in 7 M urea and 0.02 ionic strength sodium phosphate buffer at pH 7
and 5°C. Payens and co-workers employed several somewhat different
electrophoretic conditions for the fractionation and purification of the
caseins on cellulose columns (Payens 1961; Schmidt and Payens 1963;
Schmidt 1967). Three fractions, «s-, «-, and $-caseins, were separated
at pH 7.5 and 30°C with 4.6 M urea-barbiturate buffer. The purifica-
tion of oy -casein and the separation of the genetic variants of «-casein
were accomplished by altering the electrophoretic conditions. Manson
(1965) fractionated acid casein on a starch gel column stabilized by a
density gradient at 25°C.

Isoelectric focusing on polyacrylamide gels containing sucrose gra-
dients and 7 M urea effectively separated the major caseins (Josephson
1972). The isoelectric points ranged in increasing order from pH 4.9 to
6.5 for a5, 8-, and «-caseins and from 6.7 to 8.0 for the minor §8-caseins
(previously classified as y-caseins). Pearce and Zadow (1978) modified
this procedure by using 5% polyacrylamide gel containing 6 M urea
and 2% ampholytes in the presence of mercaptoethanol.

Chromatographic Methods. Many procedures have been developed
for the chromatographic separation of the caseins on ion-exchange col-
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umns based upon their relative affinity for the column material in var-
ious environments (Thompson 1971; Yaguchi and Rose 1971). Their
fractionation has been accomplished with both anion and cation ex-
changers. The elution of the proteins from anion exchangers is usually
achieved by stepwise or continuous increases in chloride or phosphate
concentration. Due to the tendency of the caseins to aggregate, dissoci-
ating agents such as urea are commonly used, and since the «-caseins
are present as disulfide-linked polymers, reducing agents such as mer-
captoethanol are also frequently employed in the eluting system. How-
ever, some procedures have been developed without either agent (Zittle
1960; Gordin et al. 1972; Groves et al. 1962; Groves and Gordon 1969;
Igarashi and Saito 1970; Schober and Heimberger 1960). Since the as-
sociation of the caseins is temperature dependent, Tarrassuk et al.
(1965) investigated the effect of temperature upon the chromatography
of casein on DEAE-cellulose. As expected, the caseins were eluted at
lower concentrations of NaCl at 4°C than at 25°C. Anion exchange
columns other than DEAE-cellulose, such as triethylaminoethyl
(TEAE)-cellulose and DEAE-Sephadex also have been used to fraction-
ate the caseins without dissociating or reducing agents (Igarashi and
Saito 1970; Gordin et al. 1972).

Anion-exchange chromatography in the presence of urea as a dissoci-
ating agent but without a reducing agent has been used by numerous
investigators for the fractionation or purification of the caseins (Rose
et al. 1969; Tripathi and Gehrke 1969, 1970; Farrell et al. 1971; Yaguchi
and Rose 1971; Gordin et al. 1972; El-Negoumy 1973; Davies and Law
1977). Ribadeau-Dumas et al. (1964) chromatographed whole casein on
DEAE-cellulose with urea at pH 7 with an NaCl elution gradient of 0
to 0.6 M. Comparable procedures have been used to obtain the differ-
ent oy -casein variants (Thompson and Kiddy 1964) and to character-
ize the minor (-caseins (Tripathi and Gehrke 1969) and the
k-caseins (Tripathi and Gehrke 1970; Gordin et al. 1972). DE AE-Sepha-
dex columns have also been used with urea-containing buffers for the
fractionation of casein (Hladik and Kas 1973; Vujicic 1973), while oth-
ers have used dimethylformamide as the dissociating agent, even
though its vapors are toxic (Yaguchi and Rose 1971).

The combined use of dissociating agents and mercaptoethanol,
which maintains the k-caseins as monomers, has been used in a number
of procedures for the anion-exchange chromatography of the caseins
(Farrell et al. 1971; Hoagland et al. 1971; Yaguchi and Rose 1971; Na-
gasawa et al. 1973; Creamer 1974; El-Negoumy 1976). Pujolle et al.
(1966) fractionated the x-caseins on DEAE-cellulose with a buffer at
pH 7.0 containing 3.3 M urea and 0.3% mercaptoethanol and a linear
salt gradient from 0.02 to 0.2 M. A novel procedure was used by
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Creamer (1974) to separate o -casein-A from whole casein containing
both the A and B variants. The B variant was degraded with pepsin
or rennet, and the A variant was isolated from the degradation prod-
ucts on a DEAE-cellulose column with an NaCl gradient (0.0 to 0.5 M)
in 4.5 M urea buffered at pH 5.5 containing 0.1% mercaptoethanol.

Another technique employed to facilitate the chromatographic frac-
tionation of casein involves the reduction and subsequent alkylation of
the casein prior to chromatography (Rose et al. 1969; Yaguchi and Rose
1971; Davies and Law 1977). Rose et al. (1969) reduced whole casein
with mercaptoethanol, alkylated the product with iodoacetamide, and
separated the components on a DEAE-cellulose column (Figure 3.18).
Davies and Law (1977) modified this procedure and achieved a quanti-
tative estimation of the major caseins.

While salt or buffer gradients at constant pH were employed for elu-
tion in all of the above procedures, Vreeman et al. (1977) demonstrated
an improved separation of the k-casein components on DEAE-

Reference
sample
| '
EL.G 1+ o2 3 e 4 ] M
®
§ Or
>
Eoar
%)
=
8 3}
J
§ oL <~—— Acid casein
= -
o
(@]

A
i <—— Blank
el I L 1

S, | I
60 80 100 120 140 160
TUBE NUMBER

o~

e
20 40

180 200

Figure 3.18. Elution pattern for a 250-mg sample of reduced and alkylated
acid casein from DEAE-cellulose with NaCl gradient in buffer containing
6.6 M urea. Fraction (1), minor g-caseins and para-«-casein-like material; (2)
k-casein and some B-casein-1P (f 29-209); (3) major 8-casein; (4) as-caseins.
(From Rose et al. 1969; Yaguchi and Rose 1971. Reprinted with permission
of the American Dairy Science Association.)



PROTEINS OF MILK 133

cellulose with a pH gradient elution, and Wei (1982) developed a batch
procedure for the fractionation of whole casein.

Cation-exchange columns have been used effectively by some inves-
tigators for the fractionation of casein (Annan and Manson 1969; Kim
et al. 1969; Kopfler et al. 1969; Snoeren et al. 1977; Saito et al. 1979).
Sulfoethyl-Sephadex was used by Annan and Manson (1969) with for-
mate buffer to fractionate the a,-casein complex. Cellulose phosphate,
carboxyl-methyl-cellulose (CMC), potassium-x-carrageenan, and so-
dium Amberlite CG50 columns have also been used to fractionate the
caseins (Kim et al. 1969; Kopfler et al. 1969; Snoeren et al. 1977). A
batch method for the preparation of para-x-casein from rennin-treated
whole casein has been developed with CMC Sephadex (Saito et al
1979).

Adsorption chromatography on hydroxyapatite has frequently been
used to fractionate protein mixtures. The binding of proteins to hydro-
xyapatite is due primarily to the attraction of the positive calcium on
the hydroxyapatite for the negatively charged groups of the proteins
(Glueckauf and Patterson 1974). A number of investigators have used
hydroxyapatite columns to fractionate caseins (Addeo et al. 1977; Don-
nelly 1977; Barry and Donnelly 1979, 1980). Batch methods for the
large-scale separation of the minor f-caseins X-1P (f 29-209), (f 106-
209), and (f 108-209) from whole casein and the purification of crude
k-casein and the major 3-casein with calcium phosphate gels have been
developed (Green 1969, 1971A,B; Eigel and Randolph 1974).

Gel filtration, which depends primarily on molecular size and shape,
has also been used for the fractionation of caseins. However, since the
various casein monomers except for the minor 8-caseins are in the same
size range, one must make use of their association and dissociation to
secure their separation by this technique. A number of fractionations
have been obtained on suitable cross-linked dextran gels (Igarashi and
Saito 1970; Yaguchi and Rose 1971; Nakahori and Nakai 1972; Nakai
et al. 1972). In the absence of reducing agents but under conditions
which favor the dissociation of caseins, such as the presence of dissoci-
ating agents, low temperature, or high pH values, «-casein is still
largely in polymer form due to intermolecular disulfide bonds. There-
fore, it is eluted largely in the void volume of Sephadex gels. Yaguchi
and Tarrassuk (1967) investigated the effect of pH, NaCl concentra-
tion, and urea on the gel filtration of acid casein and skim milk on
Sephadex G-100 and G-200. Highly purified «-caseins were secured
from a Sephadex G-150 column with 5§ mM Tris-citrate buffer, pH 8.6,
containing 6 M urea at room temperature and on Sephadex G-200 with
0.02 M phosphate buffer, pH 8.0, at 4°C (Yaguchi et al. 1968). Similar
results have been obtained in the presence of SDS and EDTA on Seph-
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adex columns (Cheeseman 1968; Nakahori and Nakai 1972). Nakai et
al. (1972) obtained electrophoretically pure «;-, major 8-, and «-caseins
directly from skim milk by employing a Sephadex G-100 column with
5 mM phosphate buffer, pH 10.8, containing 2 mM EDTA at 4°C fol-
lowed by appropriate precipitation procedures (Figure 3.19).

Agarose gels have also been used as columns for the fractionation of
caseins (Yamashita et al. 1976; Pepper and Farrell 1977). Nijhuis and
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Figure 3.19. Fractonation of casein by Sephadex gel chromatography.
(From Nakai et al. 7972. Reprinted with permission of the American Dairy
Science Association.)
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Klostermeyer (1975) used an activated thiol-Sepharose 4B column with
Tris-HCl buffer containing dithiothreitol to separate the x-and o,-
caseins from the ag-and B-caseins in whole casein. More recently,
Creamer and Matheson (1981) studied the fractionation of casein by
hydrophobic interaction chromatography on octyl- or phenyl-Sephar-
ose CL-4B columns. The whole casein was adsorbed onto the column
from dilute phosphate buffers. A gradient of 0 to 40% ethylene glycol
followed by 6 M urea was employed to desorb the protein. Optimum
separation was obtained with an increasing urea gradient. Under all
conditions, the major 5-casein component was eluted more readily than
the aq-casein in spite of its higher hydrophobicity.

Whey Proteins

Several procedures exist for removing whey proteins from the other
whey components. They can be obtained by complexing with CMC
(Hansen et al. 1971). The whey is acidified to pH 3.2, diluted with an
equal volume of a 0.25% solution of CMC, and the complex removed
by centrifugation. Sodium hexametaphosphate (HMP) has also been
used to isolate the whey protein by complex formation (Hidalgo et al.
1973). The cations in the whey are removed by elution through the
Amberlite IR 120 column, the pH is adjusted to 3.0, and HMP is added
(60 mg/100 ml whey) to form the complex, which is removed by centrif-
ugation. Most of the HMP can then be removed with ion exchange on
Dowex-2 or gel filtration on Biogel P-6. Protein can be recovered from
cheese whey by complex formation with polyacrylic acid (Sternberg et
al. 1976). Whey protein concentrates can also be prepared by complex-
ing with Ferripolyphosphate, gel filtration on Sephadex G-25, ultrafil-
tration through cellulose acetate membranes, reverse osmosis, and
electrodialysis (Anon. 1968; Morr et al. 1969; Fenton-May et al. 1971;
Peri and Dunkley 1971; O’Sullivan 1972; Jones et al. 1972).

Fractionation of Whey Proteins

Like the caseins, the whey proteins have been isolated from whey or
whey concentrates and purified by differential solubilities, electropho-
resis, or chromatography.

Differential Solubility Methods. Many methods have been devel-
oped for isolating the major whey proteins based on their solubilities
in different systems. Some of the methods have been employed to ob-
tain only one protein; others can be used to secure all of the major



136 FUNDAMENTALS OF DAIRY CHEMISTRY

proteins. The advantages and limitations of the various procedures
have been discussed (Gordon 1971; McKenzie 1971B).

Salt fractionation with (NH,),SO, has been employed in various
ways to isolate blood serum albumin and B-lactoglobulin (Polis et al.
1950), and to obtain a-lactalbumin from the mother liquor after the
crystallization of B-lactoglobulin (Gordon and Ziegler 1955). Whey pre-
pared by adding 200 g per liter of Na,SO, to milk at 40°C was used by
Aschaffenburg and Drewry (1957B) in the procedure for isolating
B-lactoglobulin and a-lactalbumin by (NH,),SO, fractionation. Arm-
strong et al. (1967) made a thorough study of the methods available
for the isolation of B-lactalbumin and o-lactalbumin and modified an
earlier procedure (Robbins and Kronman 1964) to obtain more satis-
factory results. A schematic representation of two of their procedures
is shown in Figure 3.20. The various genetic variants of S-lactoglo-
bulin possess different solubilities at pH 3.5 in method Ia, and the
yield of the A variant by this method is low.

TCA has been used in a concentration of 34.2 giliter to precipitate

Whole Milk
Add (NH4)2S04 (264 glliter)

Preclp‘tate
{fat, casein, etc.)

1
Supernatant (whey)

I
Method i a

1
Method It a

Add 1 M HCI Add (NH4)2504
to pH13.5 (262 glliter)
1
! 1 f |
Precipitate Supernatant Precipitate Supernatant
(a-tactalbumin, Adjust to pH 6.0 Disperse in 1/10 (discard)
serum albumin, etc.) with 1 ” Nl-é40H whey vol. of H20
Disperse in 1/10 Add (NH4)2S04 Add 1 M HCI to pH 3.5
whey vol. of 0.005 M (262 glliter) |
NH40H. Adjust to r 1
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Figure 3.20. Fractionation methods of Armstrong, McKenzie, and Sawyer
for the isolation of B-lactoglobulin. (From McKenzie 1967. Reprinted with
permission of AVI Publishing Co., Westport, Conn.)
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crude a-lactalbumin from acid whey (Fox et al. 1967). The supernatant
is concentrated to 1/10th the original volume of the skim milk by nega-
tive pressure dialysis and either exhaustively dialyzed against water
and lyophilized as 8-lactoglobulin or further purified by (NH,),SO, prior
to dialysis. Aschaffenburg (1968B) purified the crude a-lactalbumin
TCA precipitate by (NH,),SO, fractionation.

Electrophoretic Methods. Little use has been made of electrophoretic
techniques for the fractionation of the whey proteins. Column isoelec-
tric focusing has been used to fractionate further the crude immuno-
globulin fraction obtained by Smith’s procedure (Josephson et al.
1972). Two major peaks, a shoulder, and two minor peaks were ob-
tained, but no attempt was made to identify the components in the
peaks.

Butler and Maxwell (1972) employed preparative zonal electrophore-
sis on Pevikon C870 blocks in 0.05 M barbiturate buffer, pH 8.2, to
purify bovine IgM in their procedure in isolating the various immuno-
globulins from whey.

Chromatographic Methods. Numerous procedures have been devel-
oped for the chromatographic fractionation of the whey proteins (Ya-
guchi and Rose 1971). Anion-exchange chromatography on DEAE-
cellulose with stepwise changes in pH and/or NaCl concentrations has
been used (Schober et al. 1959; Yaguchi et al. 1961). Gordin et al. (1972)
compared a stepwise gradient and a combination of these elution tech-
niques and concluded that gradient elution with 0.0 to 0.6 M NaCl in
phosphate buffer, pH 6.8, yielded the more reproducible pattern. The
immunoglobulins have been effectively separated by DEAE-cellulose
chromatography in combination with other techniques (Mach et al.
1969; Groves and Gordon 1967). DEAE-cellulose columns have also
been used to separate the genetic variants of g-lactoglobulin and to
purify the various whey proteins (Yaguchi et al. 1961; Basch et al. 1965;
Gordon 1971).

Other investigators used DEAE-Sephadex A-50 for the anion-
exchange chromatography of the whey proteins (Yaguchi and Rose
1971). Smith et al. (1971) employed a DEAE-Sephadex A-50 column
to separate the IgG,; and IgG, immunoglobulins in the “7S” fraction
obtained by Sephadex G-200 chromatography of colostral whey. Simi-
lar procedures have been used to obtain the IgG subclasses (Butler and
Maxwell 1972) and to prepare a homogeneous IgM fraction (Kumar
and Mikalajcik 1973). This anion-exchange material has also been used
to separate the A and Dr variants of 8-lactoglobulin (Bell et al. 1970).

Cation-exchange columns have also been used in a few instances for
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the fractionation of the whey proteins (Yaguchi and Rose 1971). Kiddy
et al. (1965) fractionated the ‘“‘albumin” fraction of whey obtained by
half-saturation with (NH,),SO, on a CMC column. The proteins were
adsorbed at pH 4.6 and eluted by increasing the pH. The whey proteins
have also been fractionated by a batch process based on protein-CMC
complex formation (Hidalgo and Hansen 1971). 8-Lactoglobulin and
bovine serum albumin are complexed with an appropriate amount of
CMC at pH 4.0 and removed by centrifugation. Adjusting the pH of
the supernatant to pH 3.2 and changing the concentration of CMC
results in the precipitation of an o-lactalbumin-CMC complex.

Gel filtration has been used by several investigators in their studies
of the whey proteins (Yaguchi and Rose 1971). Column chromatogra-
phy on either Sephadex G-75 or G-100 separates the proteins in the
whey remaining after (NH,),SO, precipitation of the casein into five
fractions (Armstrong et al. 1970; Elfagm and Wheelock 1978A,B). In
the separation on Sephadex G-100, five peaks were obtained: (1) lacto-
ferrin and transferrin, (2) serum albumin, (3) 8-lactoglobulin, (4) glyco-
a-lactalbumin, and (5) a-lactalbumin. Bio-gel P-100, a porous polyacryl-
amide gel, has been used to fractionate the protein in cottage cheese
whey (Patel and Adhikari 1973). The proteins appear to be eluted in
the order of their decreasing molecular weights. Recently, Shimazaki
and Sukegawa (1982) fractionated centrifugal whey and colostral whey
upon a Fractogel TSKHW55F column. Residual casein polymers were
observed in the void volume, followed by IgG, serum albumin, §-lac-
toglobulin, and «-lactalbumin. Several investigators have used gel fil-
tration to fractionate the immunoglobulins (Mach et al. 1969; Froese
1971; Kanno et al. 1976). Starting with colostrum whey, Mach et al.
(1969) separated the main classes of the immunoglobulins on Sephadex
G-200. IgM appeared in the void volume and IgA on the shoulder of a
large IgG peak (Figure 3.21). Large-scale fractionation of whey protein
concentrates prepared by gel filtration on Sephadex G-25 or ultrafiltra-
tion was achieved by Forsum et al. (1974) on Sephadex G-75. Three
fractions, which were eluted with 0.1 M phosphate buffer, pH 6.3, con-
taining 0.2% NaNj, were bovine serum albumin and g-lactoglobulin; 3-
lactoglobulin; and «-lactalbumin.

ELECTROCHEMICAL PROPERTIES
OF MILK PROTEINS

All proteins are amphoteric due to the presence of acidic and basic
groups on the molecule and, therefore, can possess either a net positive
or a negative charge, depending upon their environment. The extent of
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Figure 3.21. Gel filtration of total colostrum whey protein on Sephadex G-
200. Column 120 cm length, 3.7 cm diameter; gel volume, 1420 cm3, 21.6
mi/hr. (From Mack et al. 1969. Reprinted with permission of AVI Publishing
Co., Westport, Conn.)

dissociation of the protons from these groups and the character and
number of any bound ions determine the charge. The electrochemical
natures of the milk proteins are most commonly investigated by their
titration curves and electrophoretic behavior.

Titration Curves

While the shape of the titration curve for a given milk protein is a
function of its primary structure, it also reflects its configuration and
any changes that occur in its conformation with pH. For example, Ho
and Waugh (1965) demonstrated that, while ionic strength influences
the character of coagulation below pH 6.4, the titration curve for o,
casein indicates that all the ionizable groups are accessible and com-
pletely reversible to H* ion in all forms of a,-casein. The agreement
between the ionizable groups, as determined from the titration curves
and from the primary structure for oy -casein-B-8P, is quite good. The
negative logarithms of the intrinsic dissociation constants, pk;, for the
side-chain carboxyl groups were found to be 5.18 and 4.88 at ionic
strengths of 0.4 and 0.05, respectively. Detailed analysis of the data
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in this region of the curve indicated that the apparent electrostatic
interaction factor, w’, varies only slightly at an ionic strength of 0.4,
which is consistent with the observation that «,-casein exists as a pre-
cipitate in this pH range. In contrast, at ionic strength 0.05, w’ in-
creased 10-fold between pH 5.3 and 3.5 and then returns to approxi-
mately the original value at lower pH values. These changes coincide
with the precipitation and redispersion of the protein at this ionic
strength. Thus, the titration curve is consistent not only with the pri-
mary structure but also with changes in the degree of aggregation.

In the titration of 5-casein B-5P, Creamer (1972) obtained agreement
between the prototropic residues detected by titration at 25°C and the
primary sequence, except for the carboxyl groups and lysine (Table
3.4). The agreement between the calculated and expected pk; for the
various dissociations is very good. In the absence of urea, nonrevers-
ible or pathway-dependent behavior was observed near the isoelectric
point, indicating the importance of conformation and association. In
the presence of Ca?*, the titration curve changes due to suppression of
the protonation of phosphoserine residues and changes in configura-
tion near the isoelectric point as Ca?* is released.

A number of titration studies have been performed on the genetic
variants of 8-lactoglobulin (Tanford 1962; Basch and Timasheff 1967;
Brignon et al. 1969). The titration curves as illustrated in Figure 3.22
were reversible between the acid endpoint and pH 9.7. The maximum
acid-binding capacity observed in genetic variants A, B, and C indi-
cates 20 cationic groups per monomer compared to 21 from the pri-

Table 3.4. Comparison Between the Number of Changed Residues on 3-Casein
in B-5P as Determined by Titration at 25°C and by Primary Sequence.

Number of Residues pKi
Primary Calculated from
Group Sequences Titration Titration Expected
C-terminal carboxyl 1 1.0 3.6 3.6
Aspartic acid 4 19.0 4.6 4.6
Glutamic acid 18 15 1.5
Phosphate 5 5.0 6.4 6.6
Histidine 6 6.0 6.0 6.15
N-terminalamine 1 1.0 7.0 7.5
Tyrosine 4 4.0 9.85 9.7
Lysine 11 10.0 10.0 10.4
Arginine 5 - — ~12.0

source: Creamer (1972). Reprinted with permission of Elsevier Science Publishing Co., Inc.



PROTEINS OF MILK 141

40

30

20

-20

Figure 3.22. Titration curves for g-lactoglobulins, A, B, and C in 0.15 M
KCl at 25°C. O = Avariant; A = Bvariant; ® = C variant; Z,+ expressed
in terms of the number of groups per dimer (36,000 daltons). (From Basch
and Timasheff 1967. Reprinted with permission of AVl Publishing Co., West-
port, Conn.)

mary structure of variants A and B and 22 for variant C. McKenzie
(1971B) has suggested that this finding may be in error, since Ghose
et al. (1968) observed 21 total acid-binding sites in their titration of
the B variant. The additional cationic group that is undetected in the
titration of the C variant has been at least partially explained by a
conformational transition of a protonated histidine residue from the
surface to the interior of the molecule, either with the transfer of the
proton to a carboxyl group or with the formation of an ion pair with a
carboxyl ion. The total number of carboxyl groups titrated per mo-
nomer for variants A, B, and C is 26, 25, and 25, respectively. These
values are one less than predicted from their primary structure. In con-
trast, the titration curves of all of these $-lactoglobulins indicate one
more histidine and o-amino group than predicted by primary structure.
This anomalous behavior has been attributed to the missing carboxyl
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group, which is buried in the titration range of these groups, but due
to a conformational change at pH 7.3 it becomes titratable, with pk; of
7.3. If these B-lactoglobulins are denatured, the values for the number
of carboxyl, imidazole, and a-amino groups obtained by titration equal
those observed in the primary structure.

Brignon et al. (1969) demonstrated that the maximum acid-binding
capacity of 3-lactoglobulin D is the same as that of the other variants.
The curves are identical at pH 4.0. At pH 6.5, one less proton is dissoci-
ated in the titration of the D variant than with the B variant, as would
be predicted from the substitution of a glutamine residue for a glu-
tamic acid residue in B. The anomalous carboxy! group observed in the
other variants is also detected in the D variant.

The isoionic points of a number of the milk proteins are given in
Table 3.5.

Table 3.5. The Isoionic Points of Some Milk Proteins.

Isoionic Points

Protein Observed Calculated
a,,-Casein A-8P 5.15 4.97
B-8P 5.05 4.96
C-8P - 5.00
D-8P — 491
a,,-Casein A-10P — 5.39
-11P — 5.32
-12P — 5.25
-13P — 5.19
B-Casein A3-5P — 5.11
Az-5P - 5.19
A-5P - 5.27
B-5P — 5.35
C-4P 5.35 5.53
B-Casein X-5P (f 1-105) — 4.55
B-Casein X-4P (f 1-28) 3.3 3.0
B-Casein X-1P (f 29-105) - 5.2
x-Casein A-1P 5.37 5.43
B-1P — 5.64
Bovine serum albumin 4.71 and 4.84 -
B-Lactoglobulin A 5.14, 5.35 5.19
B 5.3, 5.41 5.28
C - ,5.39 5.37
a-Lactalbumin B 4.8 5.4

source: Swaisgood (1982). Reprinted with permission of Elsevier Applied Science Publishers, Ltd.
¢Calculated from primary structure by Swaisgood, (1982).
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Electrophoretic Behavior

Free-boundary electrophoresis has been used extensively for the identi-
fication and characterization of the various milk proteins, but its re-
solving power is limited. Wake and Baldwin (1961) introduced zonal
electrophoresis on starch gels in alkaline urea buffers, which greatly
improved the resolution of the milk proteins. Since then, zonal electro-
phoresis on starch and polyacrylamide gels, with or without urea, mer-
captoethanol, or SDS, has largely replaced free-boundary electrophore-
sis (Swaisgood 1975A). The relative mobility of the proteins on these
gels is a function not only of the charge of the proteins but also of their
size, configuration, and state of aggregation in the particular medium
employed. For example, in the absence of SDS and mercaptoethanol,
Schmidt and Both (1975) separated the genetic variants of the major
ag-and B-caseins, but the k-caseins either remained in the slot or
streaked due to the presence of disulfide polymers. To resolve the
k-caseins, the system was changed to a 5 M urea-10% starch gel con-
taining 0.03 M mercaptoethanol in the buffer, which, by forming
k-casein monomers, allowed them to be separated and identified.

Zonal electrophoresis is commonly used for phenotyping of the milk
proteins, since in the majority of known cases the relative mobilities
of the genetic variants of a protein are different (Figure 3.23) (Thomp-
son 1970). The order of the oy;-casein genetic variants can be explained
on the basis of their relative net charge and size. Arranged in decreas-
ing order of their net charge at pH 8.6 as calculated from their primary
structure, they would be listed as follows: D > B > A = C > E. How-
ever, ag-casein-A-8P contains 13 fewer amino acids than the other vari-
ants, and would have a comparably greater charge density and less
frictional resistance to its movement through the gel. Therefore, the
order of relative mobilitiesis A > D > B > C > E. Similar explana-
tions can be suggested for the observed relative mobilities of the ge-
netic variants of the other milk proteins.

Electrophoresis on cellulose acetate strips has also been used for the
rapid resolution of whey proteins (Bell and Stone 1979). Samples of a
10:1 concentrate of whey are applied to cellulose acetate strips which
have been saturated with Tris-barbiturate buffer, pH 8.6, ionic
strength 0.097, and the electrophoresis is performed at 225 V for 1 hr.
This procedure separates not only the major whey proteins but also
their genetic variants.

Isoelectric focusing, as previously discussed, has been used to isolate
and characterize the milk proteins (Josephson et al. 1971; Kaplan and
Foster 1971; Peterson 1971; Josephson 1972; Josephson et al. 1972).
Greater heterogeneity was observed in the caseins than was noted in
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Figure 3.23. Starch-gel electrophoresis of whole milk samples in urea and
mercaptoethanol. Letters on the bottom half of the photograph refer to the
genetic types of the milk proteins. (Photograph courtesy Dr. W. Michalak,
Warsaw, Poland). (From Thompson 1970. Reprinted with permission of the
American Dairy Science Association.)

zonal electrophoresis, possibly due to ampholyte-casein complexes (Jo-
sephson 1972). The presence of urea in the medium apparently dis-
places the pI values of both the ampholites and the proteins (Joseph-
son et al. 1971; Salaman and Williamson 1971; Ui 1971; Josephson
1972). Attempts have been made to correct for this effect.

ASSOCIATION OF MILK PROTEINS

The association that occurs between the monomers of the same milk
protein as influenced by their environment has been discussed in the
section ‘‘Structure and Conformation of Milk Proteins.” However, in
addition to this type of association, the milk proteins are known to
form complexes with small ions and molecules, to bind water, and to
form complexes with other macromolecules and with each other. The
most important example of the last phenomenon is the formation of
casein micelles, which is discussed in Chapter 9.
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Association With Small Ions and Molecules

Since the proteins contain negatively charged groups such as phos-
phates, side-chain carboxyls, terminal carboxyls, and sulfhydryls, they
bind a number of different cations, such as calcium, barium, strontium,
magnesium (Dickson and Perkins 1969), copper (Dill and Simmons
1970; Aulakh and Stine 1971), thallium (Sundararajan and Whitney
1969), potassium and sodium (Ho and Waugh 1965), iron (Basch et al.
1974, Demott and Park 1974; Demott and Dincer 1976), cadmium (Roh
et al. 1976), and mercury (Roh et al. 1975).

The binding of calcium by the milk proteins, especially the caseins,
is of primary interest to milk protein chemists because of its involve-
ment in micelle formation and its effect on the stability of the milk
protein system (Thompson et al. 1969; Muldoon and Liska 1972; Far-
rell 1973; Toma and Nakai 1973; Eigel and Randolph 1976; Payens
1982). Zittle et al. (1958) investigated the effect of pH, temperature,
and time on the binding of calcium by whole casein and observed that
no calcium was bound at pH 5.0 and below, but the binding increased
with increasing pH above that point. The amount of calcium bound did
not appear to be appreciably dependent upon the time and temper-
ature, but reversible aggregates form with increasing temperature.
The presence of phosphates increases the amount of calcium bound.
Carr and Topol (1950) and Ntailianas and Whitney (1964) observed
that as the sodium ion concentration increased in the whole casein sys-
tem, the amount of protein-bound calcium decreased due to the com-
petitive binding of sodium. While the genetic variants A% B, and C of
the major p-casein are dispersible at low temperatures over a wide
range of calcium concentrations, the genetic variants of the major oy;-
casein are variable in their behavior (Thompson et al. 1969). Variants
A and B are both precipitated at approximately 0.008 M, but the A
variant is redispersed at 0.09 M, while the B variant requires a higher
concentration. Addition of KCl to the A variant system increases the
dispersibility of the protein. At temperatures of 18°C and above, both
the ag-and B-caseins are precipitated at CaCl, concentrations higher
than 0.008 M. Eigel and Randolph (1976) observed that 3-casein A%-1P
(f 29-209) was more sensitive to calcium at low concentrations than
ag-casein B-8P and (-casein A%-5P at 30°C, but at concentrations
higher than 0.008 M only 55% of the -casein A%1P (f 29-209) was
precipitated. The as-casein dimer-11P-12P was found to be more sen-
sitive to calcium than oy;-casein B-8P, requiring only 0.002 M CaCl, for
80% precipitation (Toma and Nakai 1973).

The law of mass action controls the binding of calcium by proteins.
The number and type of binding sites for calcium on the various ca-
seins, and their association constants, have been investigated by a
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number of investigators (Demott 1969; Kramer and Lagoni 1969; Mul-
doon and Liska 1969; Yamauchi et al. 1969; Dickson and Perkins 1971;
Waugh 1971; Waugh et al. 1971; Sundararajan and Whitney 1975;
Jaynes and Whitney 1982). The variety of methods and conditions em-
ployed and the possible differences in the character of the protein prep-
arations make it difficult to compare results or draw detailed conclu-
sions. Most of the investigations indicate that the phosphate groups
have the greatest affinity for calcium and are responsible for most of
the binding at low concentrations of calcium, but there is considerable
evidence that the carboxyl groups are involved as well (Figure 3.24).
The ag-caseins and §-caseins have regions in their molecules contain-
ing high concentrations of polar groups which would strongly interact
and, therefore, complicate the results of binding studies. Regardless of
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Figure 3.24. Calcium binding in 3% p-casein dispersion at I'/2 = 0.14, pH
7.0 and 2°C, as determined by the resin contact time and murexide meth-
ods. Apparent maximum number of sites = 11.2 moles of calcium per mole.
Apparent intrinsic binding constant = 76.62 liters/mole. (From Jaynes and
Whitney 1982. Reprinted with permission of the American Dairy Science
Association.)
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the ionic strength, ag-and B-casein precipitate at the same level of
bound calcium, 8 and 5.4 moles/mole, respectively (Waugh et al. 1971).
Calcium may form both intra-and intermolecular bridges in the ca-
seins. a-Lactalbumin strongly binds 1 mole of calcium per mole. (Hira-
oka et al. 1980).

The adsorption of water by proteins depends upon their configura-
tion, environment, and temperature and is due to hydrogen bonding
and the structural forming properties of the exposed nonpolar groups.
The various methods available for measuring the bound water of the
proteins unfortunately are based on various physical properties of the
bound water and, therefore, yield values dependent upon the method
employed. Some studies have been made on the milk proteins. Thomp-
son et al. (1969) determined the solvation of the A and B variants of
ag-casein and the C variant of the major §-casein in different CaCl,
and KCl mixtures at pH 7.0 and 37°C. They observed by centrifugal
pelleting that the solvations of isoionic «;;-casein A and B and $-casein
C were 0.84, 0.74, and 1.50 g H,0 per gram of protein, respectively.
These results are comparable to those obtained earlier by Creamer and
Waugh (1966). In both studies, occluded water as well as bound water
is included. Berlin et al. (1973) investigated the bound water content
of the whey protein in concentrates by the calorimetric and vapor pres-
sure equilibrium methods and observed 0.5 g of unfreezable water per
gram of protein. Similar measurements on bovine serum albumin by
Hasl and Pauly (1971) indicated 0.3 g caloric bound H;O per gram of
protein and 0.54 g of total bound water per gram of protein.

Numerous other small molecules are known to bind to the milk pro-
teins, including certain antibiotics, such as dihydrostreptomycin and
tetracycline (Ziv and Rasmussen 1975), antioxidants, such as the es-
ters of gallic acid and butylated hydroxy anisole (Cornell ez al. 1971)
and dyes (McGann et al. 1972; Kristoffersen et al. 1974; Mickelsen and
Shukri 1975). For analytical purposes, the binding of various dyes such
as Amido Black, Orange G, and Acid Orange 12 are of special interest.
Amido Black has been adapted for use with the Pro-Milk MK II instru-
ment for the rapid determination of casein and whey proteins in milk
(McGann et al. 1972). The noncasein protein separated from milk at
pH 4.6 is measured directly on the instrument after reaction with the
dye. The casein content is then calculated by the difference between
the dye binding by the original milk and the dye binding by the whey
protein. While the exact nature of the reaction is not known, it is gen-
erally assumed that the acid groups of the dye are bound by electro-
static forces to the basic groups on the protein. The amount of dye
bound depends on the pH, the ratio of protein to dye concentration,
and the character of the particular proteins involved.
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Association with Macromeolecules

The ability of whey proteins to form complexes with macromolecules
such as CMC (Hansen et al. 1971; Hidalgo and Hansen 1971), and poly-
acrylic acid (Sternberg et al. 1976) has been described. CMC also has
the ability to stabilize the major caseins in the pH range of 4.0 to 7.0
by soluble complex formation (Asano 1970; Asano and Ishida 1971).
The behavior of the complexes with the milk proteins is not only a
function of the pH but also of ionic strength, temperature, and ratio
of polymer concentrations. Various sulfated polysaccharides such as
agar-agar, porphyran, furcellaran, fucoidan, and carrageenan interact
with the milk proteins under appropriate conditions (Lin 1977). Their
action is due largely to electrostatic forces. Above the isoelectric point
of the protein, polyvalent metal ions act as linkages between the nega-
tive charges on the protein and the negative sulfate on the polysaccha-

Table 3.6. Stabilization of os-Casein (0.15%) by Some Hydrocolloids at pH 6.7
(Hydrocolloid/as-Casein = 1/4).

Glycosidic Stabilized
Groups Linkages a,-Casein (%)
Neutral
Guar gum $-1,4 (Branch o-1,6) 0
Locust bean gum $-1,4 (Branch o-1,6) 0-0.1
Agarose B-1,4 and 8-1,3 0-1.5
Carboxylated
CMC B-1,4 0-0.1
Algin 61,4 0
Pectin a-1,4 0-2.8
Gum arabic B-1,3 and o-1,6 0-1.3
Hyaluronic acid 8-1,3 and §-1,4 0
Mixed carboxylated and sulfated
Heparin o-1,3 and o-1,4 0-6.0
Chondroitin sulfate A $-1,3 and 51,4 0-10.8
(4-sulfate)
Chondroitin sulfate C $-1,3 and $-1,4 0-1.5
(6-sulfate)
Chondroitin sulfate D $-1,3 and 3-1,4 0-0.5
Sulfated
Sulfated cellulose B8-1,4 6-15.4
Fucoidan o-1,2 and 3-1,4 0
Furcellaran 1,3 and 8-1,4 40-50
A-Carrageenan «-1,3 and $3-1,4 40.0-50.0
i-Carrageenan o-1,3 and $-1,4 92.0-100
x-Carrageenan o-1,3 and 31,4 90.0-100

sourck: Lin (1971). Reprinted with permission of AVI Publishing Co., Westport, Conn.
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ride, while below the isoelectric point, the complex results from the
association of the cationic groups on the protein and the sulfate of the
polysaccharide. The number of sulfate groups and their point of attach-
ment to the polysaccharide determine their conformation and, there-
fore, their ability to interact with proteins and to stabilize casein dis-
persons (Lin and Hansen 1970; Chakraborty and Hansen 1971; Lin
1971; O’Laughlin and Hansen 1973; Lin 1977). Lin (1971) investigated
the ability of a number of hydrocolloids to stabilize the as-caseins at
pH 6.7 and observed appreciable stabilization only when the carragee-
nans and furcellaran were used (Table 3.6).
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Lipid Composition
and Properties

Robert G. Jensen and Richard W. Clark

Milk lipids have attracted the interest of and have frustrated investi-
gators. The lipids are readily available, for example in butter, but are
exceptionally complex, both with respect to lipid classes and to compo-
nent fatty acids. Furthermore, the latter have been difficult to analyze
because of the shortchain fatty acids present and the large number of
fatty acids in general. Jenness and Patton (1959) listed 16 fatty acids
found in milk lipids. The list had grown to about 150 by 1967 (Jensen
et al. 1967) and is now over 400 (Table 4.1).

The application of several chromatographic procedures to the sepa-
ration and identification of milk lipids was mainly responsible for these
endeavors. The first gas-liquid chromatographic (GLC) analysis of milk
fatty acids was published by James and Martin (1956). By 1960, many
laboratories were using GLC for routine analysis of fatty acids. For
example, Jensen et al. (1962) reported the fatty acid compositions of
106 milk samples taken during 1 year. In comparison, Hansen and
Shorland (1952) analyzed only six samples in a year, using distillation
of methyl esters.

Column and thin-layer chromatography (TLC) came into use at
about the same time as GLC, with the latter widely accepted because
of its speed, ease of use, versatility, resolving power, and, probably
most important, ease of visualization. Thin-layer chromatography has
been particularly useful in the separation and nondestructive recovery
of lipid classes. Tentative identifications can be made by comparison
with known compounds, and purity can be checked. Jensen et al. (1961)
may well have been the first group to separate milk lipid classes with
TLC when they used the technique to obtain diacylglycerols from lipo-
lyzed milk lipids.

Morrison (1970} drew attention to the many lipids found in milk dur-
ing the period of intensive research which began in about 1958. Since
approximately 1967, investigations on milk lipids have decreased, with
relatively little activity at the present time.

17
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Table 4.1. Fatty Acid Composition of Bovine Milk Lipids as of August 1983.

Number Type Identity
Saturates
27 Normal 2-28;
25 Monobranched 24; 13, 15, 17, 18 three or more positional
isomers
16 Multibranched 16-28
Monoenes
62 Cis 10-26, except for 11:1, positional isomers of
12:1, 14:1, 16:1-18:1, and 23:1-25:1
58 Trans 12-14, 16-24; positional isomers of 14:1, 16:1~
18:1, and 23:1-25:1
45 Dienes 14-26 evens only; cis, cis; cis, trans; or trans,
cis and trans; trans, geometric isomers; un-
conjugated and conjugated and positional
isomers
Polyenes
10 Tri- 18, 20, 22; geometric positional, conjugated
and unconjugated isomers
5 Tetra- 18, 20, 22; positional isomers
2 Penta- 20, 22
1 Hexa- 22
Keto (oxo)
38 Saturated 10, 12, 14, 15-20, 22, 24; positional isomers
21 Unsaturated 14, 16, 18; positional isomers of carbonyl and
double bond
Hydroxy
16 2-position 14:0, 16:0-26:0; 16:1, 18:1, 21:1, 24:1, 25:1
(4- and 5- 10:0-16:0, 12:A-6 and 12:1-A-9
position
60 Other positions
Cyclic
1 Hexyl 11; terminal cyclohexyl

source: Compiled from Patton and Jensen (1976), Parodi (1976), and Massant-Leen et al (1981).

The composition of milk lipids given in Table 4.2 (Patton and Jensen
1976) represents compilations from pooled milks. The bulk of the lip-
ids, 97-98%, are triacylglycerols (TGs), with sterols (mostly choles-
terol) and phospholipids next in quantity. The diacylglycerols (DGs)
and monoacylglycerols (MGs) and free fatty acids in quantities greater
than traces are the products of lipolysis (See Chapter 5). Freshly drawn
milk which is promptly pasteurized contains little of these compounds.
Otherwise, the spectrum of lipids found is qualitatively similar to that
of lipid extracts of other biological fluids and tissues. The major com-
ponents of the TGs, fatty acids, do not vary greatly because of the
leveling effect of pooling, but many fatty acids find their way into milk
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Table 4.2. Composition of Lipids in Whole Bovine Milk.

Lipid Weight (%)
Hydrocarbons Trace
Sterol esters Trace
Triacylglycerols 97-98
Diacylglycerols 0.28-0.59
Monoacylglycerols 0.016-0.038
Free fatty acids 0.10-0.44
Free sterols 0.22-0.41
Phospholipids 0.2-1.0

source: Patton and Jensen (1976).

in minute quantities. All of these aspects and the biosynthesis of lipids
in the mammary gland will be reviewed.

LIPOGENESIS

Milk is a product of metabolism and, as such, its properties and compo-
sition are alterable within the limits of our capacity to alter ruminant
metabolism. To achieve this goal, it is necessary to discuss the bio-
synthesis or lipogenesis of milk lipids. The accumulated lipids are ex-
pelled from the secreting cell as a globule of TGs surrounded by a mem-
brane consisting mostly of cellular proteins, phospholipids, etc. The
milk fat globule membrane is discussed in Chapter 10. A portion of
milk fatty acids is synthesized in the cell. These and fatty acids trans-
ported into the cell from blood are incorporated into TGs. The major
components of mammary cell lipogenesis are derived from biosynth-
esis of fatty acids, TGs and membrane materials, and the packaging
of the TGs into globules.

Effect of the Rumen on Dietary Lipids

The usual diet of ruminants consists of fresh and preserved herbage
and cereals. As a result of microbial activity in the rumen, esterified
dietary fatty acids are hydrolyzed, short chain fatty acids are produced
by fermentation of cellulose and other polysaccharides, unsaturated
fatty acids are hydrogenated and/or converted to geometric (trans) and
positional isomers, and microbial lipids are synthesized. These activi-
ties account in part for the enormous diversity of fatty acids in milk
and the unique features: short-chain and a high proportion of long
chain saturated fatty acids. (Patton and Jensen, 1976; Christie,
1979B).
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Synthesis of Fatty Acids

The synthesis of fatty acids for incorporation into milk fat within the
mammary gland is similar to that seen in other tissues. There are two
basic reactions: the conversion of acetyl-coenzyme A (CoA) to malonyl-
CoA, followed by incorporation of the latter into a growing acyl chain
via the action of the fatty acid-synthetase complex. However, the
product of these reactions in lactating mammary tissue from many
species is short and medium chain fatty acids. In most other tissues
the product is palmitate. For more complete details see Moore and
Christie, (1978), Bauman and Davis (1974), and Patton and Jensen
(1976).

The major source of carbon for fatty acid synthesis in nonruminant
mammary tissue is glucose, while in the ruminant mammary gland it
is acetate and B-hydroxybutyrate (Moore and Christie, 1978; Bauman
and Davis, 1974). Strong and Dills (1972) compared the rates of synthe-
sis of fatty acids from acetate and glucose in mammary tissue from
several species. In general, as the utilization of acetate increased, that
of glucose decreased, with the cow primarily utilizing acetate and the
rat primarily utilizing glucose. The apparent reason that the ruminant
mammary cell cannot utilize glucose for fatty acid synthesis is an in-
ability to transport acetyl units from glucose catabolism in the mito-
chondria to the cytosol for fatty acid synthesis (Moore and Christie
1978).

In the ruminant mammary tissue, it appears that acetate and
B-hydroxybutyrate contribute almost equally as primers for fatty acid
synthesis (Palmquist et al. 1969; Smith and McCarthy 1969; Luick and
Kameoka 1966). In nonruminant mammary tissue there is a preference
for butyryl-CoA over acetyl-CoA as a primer. This preference increases
with the length of the fatty acid being synthesized (Lin and Kumar
1972; Smith and Abraham 1971). The primary source of carbons for
elongation is malonyl-CoA synthesized from acetate. The acetate is de-
rived from blood acetate or from catabolism of glucose and is activated
to acetyl-CoA by the action of acetyl-CoA synthetase and then con-
verted to malonyl-CoA via the action of acetyl-CoA carboxylase
(Moore and Christie, 1978). Acetyl-CoA carboxylase requires biotin to
function. While this pathway is the primary source of carbons for syn-
thesis of fatty acids, there also appears to be a nonbiotin pathway for
synthesis of fatty acids C,, Cq, and Cs in ruminant mammary-tissue
(Kumar et al. 1965; McCarthy and Smith 1972). This nonmalonyl path-
way for short chain fatty acid synthesis may be a reversal of the
B-oxidation pathway (Lin and Kumar 1972).

The fatty acid-synthetase complex is located in the cytosol of the
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mammary cell and has a molecular weight of about 500,000 (Smith
1980). The poperties of fatty acid-synthetase isolated from mammary
tissues and other tissues of several mammals were found to be very
similar (Smith 1976). This complex contains a structural component
with a 4’-phosphopanthetheine group and seven enzymes. During the
synthesis of the fatty acids, the growing acyl chain is linked to the
fatty acid-synthetase complex via a thioester linkage to the 4’-phos-
phopanthetheine group. In most tissues, the termination of fatty acid
synthesis is by a long chain acyl thioesterase, thioesterase I (Smith
1980). Thioesterase I is covalently linked to the end of the polypeptide
chain of the fatty acid-synthetase complex (Smith 1981). Thioesterase
isolated from rat liver and mammary tissues exhibits identical specific-
ity for hydrolyzing thioester bonds of acyl groups with carbon lengths
of Cis and Cys (Lin and Smith 1978). This would support the observa-
tion that the primary end product of fatty acid-synthetase in most
animal tissues is palmitic acid.

The milk from many species contain some short- and medium-chain
fatty acids. In rabbit and rat mammary tissue there is a second thi-
oesterase which is active toward medium- and long-chain acyl-CoA
thioesters (Libertini and Smith 1978; Knudsen et al. 1976). The med-
ium-chain thioesterase, thioesterase I1, is in the cytosol and is not cova-
lently linked to the fatty acid-synthetase complex (Libertini and
Smith 1978; Knudsen et al. 1976). Thioesterase II purified from rat
mammary tissue has a broad specificity for hydrolyzing thioester
bonds of acyl-CoA from C; to at least Cis long (Libertini and Smith
1978). The capacity to synthesize medium chain fatty acids in the rat
mammary tissue increased concurrently with thioesterase II during
late pregnancy, reaching a maximum at about the time of parturition
and then remaining high throughout the period of lactation (Smith and
Ryan 1979). The observed increase in thioesterase II paralleled the pro-
liferation of lobuloalveolar epithelial cells in rat mammary tissue. This
led Smith and Ryan to suggest that the content of thioesterase II per
mammary epithelial cell does not change during gestational develop-
ment of the rat. In contrast, the thioesterase II activity in mouse mam-
mary tissue does not reach a maximum until lactation is well estab-
lished, much later than in the rat (Smith and Stern 1981). Therefore,
the thioesterase II activity per mammary epithelial cell of the mouse
does appear to increase. Smith and Stern concluded that thioesterase
I1 activity is under different control mechanisms in the rat and mouse.

Both goat and cow mammary tissue synthesize medium-chain fatty
acids. However, attempts to isolate thioesterase II from the cytosol
of ruminant mammary tissues have not been successful (Grunnet and
Knudsen 1979). In contrast to the nonruminant, the fatty acid-
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synthetase from ruminant mammary tissue can synthesize medium-
chain fatty acids. If there is a thioesterase II in ruminant mammary
tissue, it is tightly associated with the fatty acid-synthetase complex.
Further differences between ruminant and nonruminant mammary
tissue are that the ruminant requires an unidentified microsomal factor
and a fatty acid-removing system such as albumin, 8-lactoglobulin, or
methylated cyclodextrin to produce adequate quantities of medium-
chain fatty acids for milk fat (Knudsen et al. 1981; Knudsen and Grun-
net 1982). The addition of the microsomal fraction or fatty acid accep-
tors to nonruminant fatty acid-synthetase had no effect on medium-
chain length fatty acid synthesis.

Knudsen and Grunnet (1982) have proposed an interesting system
for the control of medium-chain fatty acid synthesis by ruminant mam-
mary tissue. Their proposal is based on their observations that rumi-
nant mammary tissue fatty acid-synthetase exhibits both medium-
chain thioesterase (Grunnet and Knudsen 1978) and transacylase
(Knudsen and Grunnet 1980) activity and that medium-chain fatty
acids synthesized de novo can be incorporated into TG without an in-
termediate activation step (Grunnet and Knudsen 1981). They pro-
posed that the synthesis of the medium-chain fatty acids is controlled
by their incorporation into TG (Grunnet and Knudsen 1981). Further
work will be needed to substantiate transacylation as a chain-termina-
tion mechanism in fatty acid synthesis by ruminant mammary tissue.

Triacylglycerol Synthesis

Two major pathways are thought to be involved in TG synthesis in
mammary cells. They are the MG pathway, which utilizes an sn-2 MG
as the fatty acid acceptor, and the a-glycerol phosphate pathway,
which uses a glycerol phosphate as the fatty acid acceptor (Weiss and
Kennedy 1956; Clark and Hiibscher 1961). The relative contribution of
each pathway is not known and probably varies among species. It is
generally agreed that the a-glycerol phosphate pathway is the predom-
inant pathway in ruminants (Bauman and Davis 1974; Moore and
Christie 1978; Smith and Abraham 1975). However, in the mammary
tissue of the pig, the MG pathway is reported to be as active as the
a-glycerol phosphate pathway (Bickerstaffe and Annison 1971).

In the bovine, an interesting role has been proposed for these two
pathways. In bovine milk the molecular weights of the TG exhibit a
bimodal distribution. One maximum is at 38 fatty acid carbons and
the second maximum is at 48 fatty acid carbons (Breckenridge and
Kuksis 1967). It is postulated that the lower molecular weight TG are
synthesized via the MG pathway (Barbano and Sherbon 1975; McCar-
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thy and Coccodrilli 1975). This concept is supported by the observation
that palmitate increases in the sn-2 position as the molecular weight
of the TG of milk increases (Dimick et al. 1965). Products of lipoprotein
lipase action would be the source of sn-2 Mg for the MG pathway. A
major sn-2 MG produced by lipoprotein lipase would be sn-2 monopal-
mitate (Dimick et al. 1970).

The esterification of fatty acids in the mammary cell has been re-
ported as a function of the microsomes and mitochondria (Bauman and
Davis 1974; Moore and Christie 1978). While both microsomes and mi-
tochondria may have acyltransferase activity, it has been observed to
be 10 times greater in the microsomal fraction of the rat mammary cell
(Tanioka et al. 1974). Based on autoradiographic studies, it appears
that most synthesis of milk TG occurs in the rough endoplasmic reticu-
lum of mouse mammary tissue (Stein and Stein 1971).

As can be seen in Table 4.2, the fatty acids are not randomly distrib-
uted among the three positions of the TG in bovine milk. Control of
esterification is not understood, but there are several factors known to
affect it. The presence of glucose is known to stimulate the synthesis
of milk TG (Dimmena and Emery 1981; Rao and Abraham 1975). In
the mouse, Rao and Abraham concluded that glucose was supplying
factors other than NADPH or acylglycerol precursors that stimulated
milk fat synthesis. The fatty acid that is esterified is known to be af-
fected by the concentration of the acyl donors present (Marshall and
Knudsen 1980; Bickerstaffe and Annison 1971). However, in studies
under various conditions, palmitic acid was consistently esterified at a
greater rate than other fatty acids (Bauman and Davis 1974; Moore
and Christie 1978; Smith and Abraham 1975).

In many in vitro studies the acylation of the sn-3 position appears
to be the rate-limiting step in TG synthesis. It has been suggested that
the intracellular concentration of medium chain fatty acids may limit
the final acylation reaction in TG synthesis (Dimmena and Emery
1981). Another theory is that the concentration of phosphatidate phos-
phatase, the enzyme that hydrolyzes the phosphate bond in phospha-
tidic acid, yielding DG, may be the limiting factor (Moore and Christie
1978). The DG acyltransferase responsible for the final acylation of
milk TG has been studied in mammary tissue from lactating rats (Lin
et al. 1976). It was observed to be specific for the sn-1,2 DG, with very
little activity observed with the sn-1,3 or sn-2,3 DG. It exhibited a
broad specificity for acyl donors. The acyl-CoA specificity was not af-
fected by the type of 1,2 DG acceptor offered, which implies that the
type of fatty acid introduced into the glycerol backbone was not in-
fluenced by the specificity of subsequent acylation steps. However, the
concentration of acyl donors will affect the final acylation. It was ob-
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served with rat and bovine mammary tissue that incorporation of
short and long chain fatty acids into the sn-3 position is dependent
upon their relative acyl concentrations (Marshall and Knudsen 1980;
Lin et al. 1976). Further work is needed to understand the factors that
regulate the nonrandom distribution of fatty acids in milk TG.

LIPID CLASSES

Composition

The data in Table 4.2 are from analyses of pooled milk. As mentioned,
TGs account for about 98% of the lipids; the DGs, MGs, and free fatty
acids (FFA) are mostly products of lipolysis, and the cholesterol and
phospholipids are cellular membrane material which accompanies the
fat globule during extrusion from the secreting cell.

We will use a shorthand designation for fatty acids, i.e., 18:0, stearic
acid;18:1, oleic acid; etc. The first figure is the number of carbons, the
second the number of double bonds. To locate the fatty acids in acyl-
glycerols, stereospecific numbering (sn) will be employed. If a glycerol
molecule is drawn with the secondary hydroxyl to the left, the hy-
droxyl above is sn-1 and that below is sn-3.

Triacylglycerols. The composition of TGs refers to their structure
or the identity of the fatty acids esterified to each of the three hydro-
xyls on glycerol and ultimately to the identity of the individual molecu-
lar species. Because there may be over 400 fatty acids in a milk sample,
based on random distribution, there may be a total of 400° or 64 x 108
individual TGs, including all positional and enantiomeric isomers. A
random distribution is defined as all possible combinations resulting
from expansion of the binomial equation. If we have two fatty acids, x
and y, located at random in the three positions of glycerol, the equation
becomes (x + y)® or x* + 3x%y + 3 xy? + y? which, when expanded
further, is x® = xxx, 3x%y = xxy, 3 xy? = yyx, ¥ = yyy

yxXX Xyy

Xyx yxy
Thus eight TG species are possible, including two sets of enantiomers:
xxy, yxx and yyx, xyy and two monoacid or simple TGs: xxx and yyy.

Although milk fat does contain more than 400 fatty acids, Kuksis
(1972) has pointed out that a more realistic figure is 20, because most
of the remainder exist in trace amounts. This number still leaves the
possibility of 8000 TGs, but the asymmetry of milk TGs reduces the
number further. Nevertheless, the several thousand TGs undoubtedly
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existing in milk fat present intriguing but exasperating problems in
identification. The TG structure of milk has been reviewed by Patton
and Jensen (1976), Christie (1979), and Breckenridge (1978).

Analysis of the TG structure of milk usually has been done by com-
bining various chromatographic techniques for the separation of TGs
by molecular weight (GLC) or by the total number of double bonds
(argentation TLC) with stereospecific analysis. In the latter, 1,2 (2,3)
sn-DGs are generated from the TG by the action of pancreatic lipase
and a Grignard reagent. The DGs are converted to phosphatidylphe-
nols, which are digested by phospholipase A-2. This enzyme hydro-
lyzes the sn-3-phosphatidylphenol, a derivative of 1,2-sn-DGs and not
the sn-1 phosphatidylphenol, thus enabling separation of the two by
TLC. These procedures have been described by Patton and Jensen
(1976), Breckenridge (1978), and Christie (1979). A method developed
by Myher and Kuksis (1979) could provide identification of the molecu-
lar species of TGs but has not been applied to bovine milk TGs. In this
analysis, the 1,2 (2,3)-sn-DGs produced as described above are deriva-
tized to phosphatidylcholines. Phospholipase C hydrolyzes the sn-3-
phosphatidylcholine to 1,2-sn-DG and phosphorylcholine in 2 min and
the sn-isomer in 2 hr.

Initially, stereospecific analyses were done by Pitas et al. (1967) on
whole milk fat and by Breckenridge and Kuksis (1968) on a molecular
distillate of butter oil. They indicated that the short chain acids were
selectively associated with the sn-3 position. In the butter oil distillate,
over 90% of the TGs contained two long-chain and one short-chain
fatty acids. This asymmetry has been confirmed by the observation of
a small optical rotation of the TGs (Anderson et al. 1970), by proton
magnetic spectroscopy (Bus et al. 1976), and by nuclear magnetic reso-
nance spectroscopy (Pfeffer et al. 1977). Pfeffer et al. found 10.3 M%
4:0 (butyric) in the oil and determined that 97% of the acid was in the
sn-3 position. It is worth noting that the analysis was done without
alteration or fractionation of the oil.

Barbano and Sherbon (1975), Parodi (1979, 1982), and Christie and
Clapperton (1982) have provided additional stereospecific analyses.

Barbano and Sherbon (1975) decided that the distribution of fatty
acids in the high melting fractions of milk fat supported the hypothesis
that at least a portion of these TGs were synthesized via the MG path-
way. Trans acids were found in the fractions, indicating that these
acids behave as saturates.

Parodi’s (1979, Table 4.3) data again indicate the asymmetric distri-
bution of fatty acids. The percentage of a fatty acid at position sn-3
generally decreased with an increase in the chain length of the acid,
with the reverse occurring at position sn-1. There was no major vari-
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ation in the stereospecific distribution of fatty acids throughout the
year. The variation that occurred was mainly in the medium-chain
acids, which are synthesized primarily in the mammary gland. Parodi
noted a decrease in the chain length of the acids esterified to sn-3, ac-
companied by an increase in 18:1 and 18:0 when a restricted diet
(change from the normal ration to 0.25 kg hay per day at mid-lactation)
was fed to one cow. The data are not shown.

Parodi (1982) obtained the positional distributions of the fatty acids
in a sample of Australian butter and in the high, medium, and low
molecular weight fractions. This fractionation was done by silicic acid
column chromatography. Each fraction was further divided into TG
classes SSS, SSM*, SSM¢, S M*©M¢, and others (S = saturates, M =
monoenes, t = trans, ¢ - cis) by argentalian TLC. Once again, the exclu-
sive location of 4:0 and 6:0 at sn-3 is confirmed. The expected fatty
acids are associated with the relevant molecular weight fractions, e.g.,
70.9 M% 4:0 in the low molecular weight fraction, TG class SSS and
sn-3. Trans monoenes were incorporated into T'Gs in the same frashion
as the cis isomer. The specific positional distribution of fatty acids in
intact milk TGs was not always seen in the fractions or TG classes.

Earlier, Parodi (1975) detected acetodiacylglycerols in milk fat by
TLC. The infrared absorption data he obtained suggested that the
acetic acid was esterified mostly to the primary position. This location
should be of interest to investigators studying cheese and related fla-
vors, since the acetate ester would be quickly released by the lipolytic
systems involved. Parodi (1974A) also investigated the high melting
glyceride fraction of milk fat, the types and amounts of TGs, the fatty
acid composition, and the TG composition. The high melting fraction
(4.7% of the total fat), removed by crystallization from acetone at
20°C, contained 41.0 M% 16:0 and 29 M% 18:0. The most abundant
carbon number fractions were 48, 20 M%; 50, 28 M%; and 52, 23 M %.
These carbon numbers are combinations of 16:0, 18:0, and 18:1 ¢ and
t. If the data on the SSS fraction are examined, the presence of tripal-
mitoylglycerol and tristearoylglycerol is indicated. Parodi observed a
lowering of the softening point of butter from 33.7 to 28.8°C when the
high melting fraction was removed, even though the fraction amounted
to only 4.7% of the total fat. Parodi has obtained additional informa-
tion on the softening point which will be discussed in the section on
physical characteristics. Parodi (1973A) has employed analysis of TG
carbon numbers by GLC to detect adulteration of butter. When beef
tallow was added to 112 samples of authentic Australian butterfat,
26.8% of the samples were not detected at the 10% level, and 4.5%
were not detected at the 15% level. All were detected at the 20% level.
He also discussed the analysis of adulteration with other fats.
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Kuksis et al. (1973) have extensively analyzed the structure of milk
TGs and have summarized their results as follows: there are three
types of TGs. The first has acyl carbons totaling 48-54, composed of
long-chain 1,2-DGs containing 18:0, 18:1, and 18:2. In type 2 the car-
bon numbers are 36-46 and the sn-3 position acids are 4:0, 6:0, and
8:0. These TGs are enantiomers. In type 3, the carbon numbers are
26-34, the 1,2-DGs contain medium chain fatty acids, and the 3-posi-
tion acids are short and medium chain. Those TGs in type 3 that have
short-or medium-chain acids in the sn-3 position that are different from
those in sn-1 are also enantiomers.

The important point to remember about the TG structure of milk is
the asymmetry: the sn-3 location of 4:0, 6:0, and 8:0. Physiologically,
the TGs containing these acids are preferentially hydrolyzed by pan-
creatic and lingual lipases and the short chain acids are transported
via the portal vein to the liver, where they are oxidized. The reconsti-
tuted TGs entering the chyle from the intestinal wall do not contain
the short-chain acids, and some of the medium-chain acids are also mis-
sing. Another important point is that the small amounts of tripalmi-
toyl-and tristearoylglycerols present are likely to pass through the
digestive tract untouched and probably account for much of the nonab-
sorbed fat in a diet containing milk fat.

Other Acylglycerols. If some of the DGs in freshly drawn milk are
involved in biosynthesis, it is possible that they are enantiomeric and
are probably the sn-1,2 isomer. If so, the constituent fatty acids are
long chain. Their configuration can be determined by stereospecific or
other analyses, but it is difficult to accumulate enough material for
analysis. Nevertheless, Lok (1979) isolated the DGs from freshly ex-
tracted cream as the trityl derivatives. Trityl chloride reacts selec-
tively with primary hydroxyls. The stereochemical configuration of the
DGs was identified as sn-1,2; therefore, these residual DGs were most
likely intermediates of biosynthesis. If the DGs were products of lipol-
ysis, they would be a mixture of 1,2/2,3 isomers in a ratio of about 1:2,
since milk lipoprotein lipase preferentially attacks the sn-1 position of
TGs (Jensen et al. 1983).

Timmen and Dimick (1972) characterized the major hydroxy com-
pounds in milk lipids by first isolating the compounds as their pyruvic
ester-2,.6-dinitrophenylhydrazones. Concentrations as weight percent
of the compounds from bovine herd milk lipids were: 1,2-DGs 1.43,
hydroxyacylglycerols 0.61, and sterols 0.35. Lipolysis tripled the DG
content. The usual milk fatty acids were observed, except that the DGs
lacked 4:0 and 6:00, again indicating that these lipids were in part in-
termediates in milk lipid biosynthesis. With the large hydrazone group
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attached to the hydroxyl, the derivatives should appreciably rotate po-
larized light and would therefore be detectable with a polarimeter. This
was done by Lok (1979) with trityl 1,2-DGs.

Alkyl and alk-l-enyl ether diacylglycerols .re also found in milk lip-
ids (Morrison 1970). Parks et al. (1961) detected 0.2 uM of bound alde-
hyde per gram of butterfat and identified n-9 through -18 and br-11, -
13, -15, -16, and -17 aldehydes. The aldehydes were derived from the
alk-l-enyl diacylglycerols. Glyceryl ethers, -alkyl ether diacylglycerols,
were found in milk fat at a level of 0.10% and the 16:0, 18:0, and 18:1
acyl chains were determined (Hallgren and Larsson 1962). The 1-0-
alkylglycerols and 1-0-(2’-methoxy) alkylglycerols have been character-
ized (Hallgren et al. 1974). Ahrné et al (1980) found glycerol ethers in
the colostrum and milk of the cow and other species. The amounts
found in bovine milk are presented in Table 4.4 where it can be seen
that colostrum contained more of the ethers than mature milk. About
97% of the ethers were located in the neutral lipids. The acyl chains
were 14, 16, and 18 carbon saturates and 14-20 unsaturates.

Phospholipids. The phospholipids comprise approximately 1% of the
total lipid in bovine milk (ca.0.3 to 0.4 g/liter). While quantitatively
minor, the ability of the phospholipids to form stable colloidal suspen-
sions or emulsions in aqueous solution cause them to be important in
the formation and secretion of milk fat. (Long and Patton 1978; Patton
and Keenan 1975). Their physical properties as bipolar molecules and
their relatively high concentration of unsaturated fatty acids also
make them an important factor to consider during the storage and

Table 4.4. Content of Glycerol Ethers in Neutral Lipids and Phospholipids
Isolated from Bovine Colostrum (Means from Four Swedish Red and White Cows
from Days 1 to 5) and Milk (Mean for Four Swedish Red and White Cows from
2nd Wk to 7th Mo)® Week 2 to Month 7.

Colostrum (%) Milk (%)

(wt/wt) (wt/wt)
Total lipids 5.6 3.9
Neutral lipids (N) in total lipids 99.0 99.3
Phospholipids (P) in total lipids 1.0 0.7
Glycerol ethers in total lipids 0.061 0.009
Glycerol ethers in N 0.06 0.007
Glycerol ethers in P 0.16 0.25
Glycerol ethers in N of total glycerol ethers 974 80
Glycerol ethers in P of total glycerol ethers 2.6 20

SOURCE: Ahrne et al. (1980).
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processing of milk. They are relatively susceptible to oxidation because
of their polyunsaturated fatty acid content.

The phospholipid content of milk and milk products is given in Table
4.5 (Kurtz 1974). Total phospholipid is usually determined by measur-
ing the lipid phosphorus content of the product and multiplying by 26
(AOCS 1975). As the total milk lipid increases in a milk product, so
does the phospholipid concentration. However, the ratio of phospho-
lipid to total lipid varies greatly. Referring to Table 4.5 skim milk con-
tains the smallest concentration of phospholipid but the highest ratio
of phospholipid to total lipid. The opposite relationship is seen in cream
and butter.

Phospholipids have usually been isolated from milk lipids by silicic
acid column chromatography. This is a difficult separation because the
phospholipids are only 1% of the total as compared to 98% TG. Gent-
ner et al. (1981) have not only separated the phospholipids from the
remainder by TLC but have also resolved the major types of phospho-
lipids on one plate.

Most milk lipid exists as fat globules suspended in the aqueous
phase of milk. The size of the milk fat globules varies from 0.1 to 2 u
in diameter (Mulder and Walstra 1974). The core of the globule is pri-
marily TG, which is surrounded by the milk fat globule membrane
(MFGM). This membrane contains protein, glycoproteins, enzymes,
phospholipids, and other polar materials. It is a major source of choles-
terol and phospholipid in milk. Between the MFGM and the TG core
is a dense layer 10-50 nm thick (Freudenstein et al. 1979). Based on
biochemical and electron microscopic studies, it appears that the
MFGM originates from the plasma membrane of the secretory cells of
the mammary gland. It is believed that the apical plasma membrane
of the mammary epithelial cell envelops the milk TG droplet as it is
secreted from the cell. Note the similarity. For a complete review on
the origin of the milk fat globules, see Chapter 10 and McPherson and
Kitchen (1983).

Table 4.5. Percent Phospholipid Content of Milk and Milk Products.

Phospholipids Fat in Phospholipids
Product in Product Product in Fat
Whole milk 0.0337 3.88 0.87
Skim milk 0.0169 0.09 17.29
Cream 0.1816 41.13 0.442
Buttermilk 0.1819 1.94 9.378
Butter 0.1872 84.8 0.2207

source: Kurtz (1974).
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Phospholipids also are found as lipoprotein complexes in skim milk.
The skim milk phase may contain 30-50% of the phospholipid in milk
{(Bachman and Wilcox 1976; Patton and Jensen 1976); Patton and Kee-
nan 1971). Analyzing skim milk, Cerbulis (1967) observed that 9.6% of
the lipid bound to acid-precipitated casein was phospholipid, as was
21% of that bound to whey. The nature of the binding was not known
but was probably of membrane origin. Based on biochemical and mor-
phological studies, membranes from leukocytes, secretory cell debris,
and components of the MFGM have been identified in skim milk
{(Wooding 1974; Plantz and Patton 1973; Kitchen 1974). The MFGM
is a major source of membrane in skim milk. It has been proposed that
as milk ages, segments of the MFGM surrounding the fat globule are
lost into the skim milk by vesiculation and fragmentation (Wooding
1974; Plantz and Patton 1973). Though it has been argued that the
presence of MFGM in skim milk is an artifact of handling (Baumrucker
and Keenan 1973), the distributions of phospholipids in various mam-
mary cell membranes and milk are quite similar.

The phospholipids in milk are synthesized by the mammary cell via
pathways that are common to other mammalian cells. For further in-
formation on the synthesis of phospholipids in the mammary cell, see
Kinsella and Infante (1978) and Patton and Jensen (1976). The major
glycerophospholipids are phosphatidylethanolamine, phosphatidylcho-
line, phosphatidylserine, and phosphatidylinositol. A more complete
composition is given in Table 4.6, Patton and Jensen (1976). The acyl
and alkyl compositions will be given later. In milk, the glycerophospho-
lipids are found predominantly in the diacyl form. However, small

Table 4.6. Phospholipid Composition of Bovine Milk.

Phospholipid M %
Phosphatidylcholine 34.5
Phosphatidylethanolamine 31.8
Phosphatidylserine 3.1
Phosphatidylinositol 4.7
Sphingomyelin 25.2
Lysophosphatidylcholine Trace
Lysophosphatidylethanolamine Trace
Total choline phospholipids 59.7
Plasmalogens 3
Diphosphatidylglycerol Trace
Ceramides Trace
Cerebrosides Trace
Gangliosides Trace

sourck: Patton and Jensen (1976).
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amounts of plasmalogens, the vinyl ether form of the glycerophospho-
lipid, have been observed (Hay and Morrison 1971; Duin 1958). Hay
and Morrison observed that 4% of the phosphatidylethanolamine was
in the ether form and 1.3% of the phosphatidylcholine was in this form.
Duin reported 1.3 to 2.5% of bovine phospholipids as plasmalogens.

Lysophospholipids have been found in butter serum by Cho et al.
(1977). They characterized the sn-1 and -2 lysophosphatidylcholines
and phosphatidylethanolamines. It is not known if these compounds
are products of degradation or remnants of biosynthesis. Cho et al
(1977) searched for, but did not find, another possible product of enzy-
matic degradation of milk, phosphatidic acid. Phosphatidic acid can be
formed by the action of phospholipase D on phosphatidylcholine, for
example, but this enzymatic activity was not detected. The compound
is also an important intermediate in the biosynthesis of lipids, but the
concentration in tissue is always very low. The amount is also low in
milk. Cho et al. (1977) found 1.2 and 0.9 (percent of total lipid P) of the
lyso compounds above. The quantities of the other phospholipids were:
phosphatidylethanolamine, 27.3; -choline, 29.1; -serine, 13.4; -inositol,
2.5; and sphingomyelin, 25.6.

Diphosphatidylglycerol (cardiolipin) was found in lactating mam-
mary tissue at levels 200-300 times those found in milk (Patton et al.
1969).

Sphingo and Related Lipids. Kayser and Patton (1970) isolated glu-
cosyl and lactosyl ceramides (cerebrosides) from milk. They found 1.7
mg/100 ml in the globule membrane and 0.8 mg/100 ml in skim milk.
The membrane-bound cerebrosides contained mainly acids of 20 to 25
carbons, and those in the skim milk contained 18 carbons or less. Mor-
rison and Hay (1970) and Fujino and Fujishima (1972) investigated
spingomyelin. Cho et al. (1977) found 25.9% (of total lipid P) sphingo-
myelin in milk lipids. Investigators often neglect spingomyelin as a
major phospholipid in milk.

Huang (1973) found relatively high concentrations of gangliosides in
buttermilk; 10-20 mg per gram of lipid. Keenan (1974) identified 5.6
nmoles of ganglioside per gram of milk. Ninety percent was associated
with the globule membrane. Six were found and three identified as cer-
amide-glucose-galactose-sialic acid, ceramide-glucose-galactose-(sialic
acid)-N-acetylgalactosamine, and ceramide-glucose-galactose-sialic
acid-sialic acid. The last accounted for more than 50% of the lipid-
bound sialic acid.

Sterols. These compounds are found in the unsaponifiable fraction of
milk lipids and consist mostly of cholesterol with some lanosterol.
Methods for the determination of unsaponifiables using dry saponifica-



LIPID COMPOSITION AND PROPERTIES 187

tion have been given by Schwartz et al (1966) and Maxwell and
Schwartz (1979). The amounts were 0.33-0.36% of butter oil. Brewing-
ton et al. (1970) confirmed the presence of the latter sterol and identi-
fied two new constituents, dihydrolanosterol and (3-sitosterol. Treiger
(1979) detected B-sitosterol at levels of 0.3-0.4% of the total sterols
with GLC. Mincione et al. (1977) isolated 17 sterols from bovine milk as
trimethylsilyl ethers. Five were identified as a percent of total sterols:
cholesterol, 90.5; campesterol, 1.8; stigmasterol, 0.7; 8-sitosterol, 0.2;
and A’-avenasterol, 0.03. These analyses were done by GLC-mass spec-
trometry. Parodi (1973B), also using GLC, found an average of 257.6
mg cholesterol per 100 g of fat in Australian butter. Tentatively identi-
fied were 7-dehydrocholesterol, campesterol, and 3-sitosterol. Keenan
and Patton (1970) have reported that the cholesterol esters represent
about one-tenth of the sterol content of milk. Parks (1980) found 190
nM/100 ml of cholesterol esters in skim milk, most of which were esteri-
fied with 18:1. Flanagan et al. (1975) isolated and identified A*0-choles-
ten-3-one and A3*-cholestadiene-7-one in an hydrous milk fat and non-
fat dry milk. These were probably products of cholesterol oxidation.
Flanagan and Ferretti (1974) had previously found A%*campestene and
AZ-sitostene, in this product.

Reliable data on the cholesterol content of dairy products, lacking in
the past, are now available (LaCroix et al. 1973). The amount in whole
milk fat was 13.49 + 1.01 mg per 100 g milk which contained 3.47 +
0.74 g of fat. Data were obtained from 27 kinds of products, and from
these an equation was derived for estimating the cholesterol content
of dairy products with fat contents greater than those of whole milk.
It is obvious that more fat is accompanied by more cholesterol, e.g.,
Cheddar cheese contains 102 mg/100 g, an approximate 8fold increase
over whole milk.

Bachman and Wilcox (1976) found an average cholesterol content of
15.2 mg/100 ml in 356 samples (fat content 3.69%). After separation,
16.9% of the cholesterol was found in the skim milk phase. Patton et
al. (1980) did not find any increase in the cholesterol content of skim
milk obtained by 24-hr aging of milk at 2-4°C. Cholesterol was deter-
mined by nonspecific colorimetric methods in both investigations,
which is acceptable since almost all of the sterols are cholesterol. Gen-
tner and Haasemen (1979) have analyzed cholesterol in milk enzymat-
ically with a commercially available kit, finding 13 mg/100 ml. The
method is very sensitive and is more specific than colorimetric determi-
nation, but is not as good as by GLC. Determination of 3-sitosterol by
GLC is used to detect adulteration of butter with vegetable oils.

Lipoproteins. As pointed out previously and in Chapter 10, the bulk
of the lipoprotein in milk is membranous; membrane is found around
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milk fat globules and as vesicles and fragments in the skim milk. Mem-
brane is found in milk in a concentration of about 0.1% and appears to
be mainly plasma membrane derived from the lactating cell.

The results of detailed analyses of the lipid composition of fat glob-
ule membranes from bovine milk have been published by Bracco et al.
(1972). They found the high melting TGs and other lipids observed by
previous investigators. Approximately 62% TGs were present, much
less than in the parent milk lipid. Among the hydrocarbons isolated,
squalene was positively identified with indications by GLC of odd and
even alkanes, alkenes, and polyunsaturated compounds between C-31
and C-38. In addition to cholesterol, 7-dehydrocholesterol was de-
tected; other hydrocarbons tentatively identified were carotenoids and
tocophenols. Phospholipids were noted in relative quantities not
greatly different from those given in Table 4.6.

Hydrocarbons. Milk lipids contain small quantities of various hydro-
carbons: carotenoids, squalene, etc. Ristow and Werner (1968) identi-
fied the C-14 to C-35 n-alkanes and some branched monolefins, but
solely on the basis of GLC retention times. Flanagan and Ferretti
(1973), using GLC-mass spectrometry, found 39 aliphatic hydrocar-
bons in the unsaponifiable fraction of anhydrous milk fat. The com-
pounds were the C-14 to C-27 and C-29 to C-31 straight chain paraffins,
their monolefin analogs, and the C-25 to C-29 branched alkanes. Phy-
tene was identified for the first time in milk fat, and polychlorinated
biphenyls (PCBs) were also present. The total hydrocarbons amounted
to 30 ppm of the milk fat. Flanagan et al. (1975) also identified phytol
and dihydrophytol in anhydrous milk fat. Urbach and Stark (1975) iso-
lated the following hydrocarbons from butterfat: phyt-1-ene, phyt-2-
ene, neophytadiene, and several other branched and n-chain com-
pounds. The total concentration was also 30 ppm.

ACYL AND ALKYL COMPOSITION OF LIPID
CLASSES: DETERMINATION OF FATTY ACIDS

Gas liquid chromatography is still the method of choice for the routine
separation and tentative identification of common milk fatty acids, as
well as for the resolution of the less abundant and less common acids.
Although several hundred fatty acids are listed here and elsewhere as
being present in milk, we remind the reader that not all of these have
been rigorously identified. Some of the pitfalls in qualitative and
quantitative GLC of milk fatty acids are discussed by Jensen et al.
(1967) and those of fatty acids in general by Ackman (1980).
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As always in the analysis of milk fat, the short chain fatty acids
cause problems. A major difficulty has not been the GL.C separation
of these acids but their transfer from the esterification mixture to the
GLC instrument without loss of the volatile esters. A widely used pro-
cedure is a slight modification of the method developed by Chris-
topherson and Glass (1969) which uses sodium methoxide for transes-
terification. This technique can be employed with other fats, but not
with those containing appreciable amounts of free fatty acids where
HC1-methanol is required.

Iverson and Sheppard (1977) have compared the method above, sub-
stituting sodium butoxide for sodium methoxide to H,SO, and boron
trifluoride-catalyzed butyrolyses. Butyl esters were used by these and
other investigators to improve the resolution of short chain esters and
to reduce their volatility. They recommend the boron trifluoride
method for preparation of butyl esters of milk fatty acids, although
the other catalysts gave satisfactory results. Analysis of methyl esters
resulted in lower values for the short chain fatty acids.

Fatty Acids in General

The number of fatty acids and related compounds in milk lipids grew
from 16 in 1959 (Jenness and Patton, 1959) to 142 in 1967 (Jensen et
al. 1967) to over 400 in 1983. However, there are only 10 fatty acids of
quantitative importance. The amounts (weight percent) as butyl esters
prepared by three methods of esterification were determined by Iver-
son and Sheppard (1977). Because of the widely differing molecular
weights of the fatty acids (4:0-18:0), fatty acid compositions of rumi-
nant milk fats are often presented as a mole percent. The nutritionist
needs the data calculated in yet another manner; weight of fatty
acid/100 g or 100 ml of edible portion. Analyses of food fatty acids
should always be accompanied by the fat content so that the actual
weights of the fatty acids and be calculated. A compilation of this type
was made by Posati et al. (1975). Since these analyses were done with
methyl esters, the contents of 4:0 are low. Data from Feeley et al.
(1975), obtained from careful analyses, are more reliable, and USDA
Handbook 8-1 (Posati and Orr 1976) has data for many milk and dairy
products.

The results from the analyses of milk fatty acids as butyl esters by
Jensen et al. (1962), Parodi (1970) and Iverson (1983) are remarkably
consistent, considering that the analyses were widely separated by
time and distance. The differences in quantities between June and De-
cember reflect the influence of season, that is, the availability of pas-
ture. Determination of butyl esters as described by Iverson and Shep-
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pard (1977) is the best method now available for the analysis of fatty
acids in milk and dairy products by GLC.

Strocchi and Holman (1971), with the aid of argentation TLC and
GLC-mass spectrometry, identified the fatty acids in Tables 4.7 and
4.8. We have presented all of their data because the identifications
were obtained by unequivocal methods, many previously tentative
identifications were confirmed, and the results were quantitative.
Strocchi and Holman did not identify the positional isomers of the un-
saturates but found two or three peaks for most of the carbon num-
bers. Iverson (1983) determined the quantities of minor and trace fatty
acids, verifying the findings of other investigators.

Saturated and Branched Chain Fatty Acids

Saturated even and odd n-chain acids from 2 to 28 carbons have been
found in milk (Jensen et al. 1967; Patton and Jensen 1976; Kurtz 1974).

Table 4.7. Fatty Acid Composition of Butter Oil as Determined by GLC-Mass
Spectrometry (Weight Percent) of Total Methyl Esters

Methyl Monoenes Branched
Ester
Carbons Saturates cis trans Iso Anteiso Other
4 3.25
6 2.32
8 1.85
10 4.02
11 0.16
12 4.15 0.03
13 0.03 0.01 Trace
14 11.05 0.47 0.08
15 0.95 0.08 0.23 0.42
16 26.15 1.25 0.03 0.32
17 0.70 0.32 0.01 0.33 0.40 DDL pristanate,
0.01
18 9.60 20.40 5.34 0.15
19 0.11 0.10 0.01 0.06 DDD pristanate,
0.09 0.01
20 0.19 0.15 0.01 0.04 DDL, DDD phy-
tanates, 0.04
21 0.06 0.03 Trace Trace 0.01
22 0.10 0.02 Trace Trace
23 0.07 0.01 0.01
24 0.06 0.02 0.01
25 0.01
26 0.04

source: Adapted from Strocchi and Holman (1971).



LIPID COMPOSITION AND PROPERTIES 191

Table 4.8. Fatty Acid Composition of Butter Oil as Determined by GLC-Mass
Spectrometry (a Continuation of Table 4.7).

Weight Percent of Total Methyl Esters

Methyl Ester
Carbons Dienes Trienes Tetraenes Pentaenes
18
Positional 0.14 0.02
isomers 2.30 0.60
Conjugated
cis, trans 0.70 di-0.03
trans, trans 0.05 tri-0.01
20
Positional 0.03 0.01 0.10
isomers Trace 0.13 0.02
0.02
22
Positional 0.04 0.06 0.02
isomers Trace 0.02 0.02
24
Positional Trace 0.01
isomers 0.03
0.02

source: Adapted from Strocchi and Holman (1971).

Most of the identifications were unequivocally confirmed by mass
spectrometry. Many of these acids are present in small quantities (less
than 1%) and are of little importance. See Table 4.6 for representative
data.

Branched chain fatty acids are present in milk (Kurtz 1974; Patton
and Jensen 1976), and the following have been identified: monomethyl
11-24; 13-19, three or more positional isomers and multimethyl 16-
28. Iverson (1983) and Iverson et al. (1965) identified the branched and
other acids with the aid of urea fractionation. Saturated n-fatty acids
of longer chain length form inclusion complexes with urea more readily
than acyls with functional groups. The branched chain fatty acids do
not form adducts.

Massart-Leen et al. (1981) analyzed bovine milk fat and goat milk
fat for branched chain fatty acids. They did not find the same diversity
of fatty acids in bovine as in goat milk fat and as previously reported.
The authors suggested that the difference—the absence of branched
chain acids other than iso and anteiso in bovine milk fat—could be
caused by the relative inefficiency of the incorporations of methylma-
lonic acid into the biosynthetic pathway.

Egge et al. (1972) found at least 50 branched chain fatty acids in
human milk fat by identification with GLC-mass spectrometry follow-
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ing hydrogenation and enrichment of the acids by urea fractionation.
They postulated that many of these were of bacterial origin produced
in and absorbed from the intestinal tract. If so, this pathway could be
a source of calories in the form of fatty acids for the mother. Ackman
et al. (1972) analyzed C-15-and C-17-enriched fractions of milk fat with
high-resolution open-tubular GLC, finding that only even-numbered
carbons of the acyl chains bore the methyl branch. In the C-15 fraction,
methyl branching occurred at the 4, 6, 8, and 10 carbons and, in the
C-17 fraction, at the 4, 6, 8, 10, and 12 carbons. Most of the iso acids
had been removed by prior purification. Ackman et al. suggested that
the difficulty of interpreting mass spectra from complex mixtures may
have led to assumptions concerning the existence of monomethyl
branches and odd-carbon fatty acids (Egge et al. 1972). Conversely,
several of these acids were identified by Strocchi and Holman (1971),
who analyzed a fraction, obtained by TLC, with GLC-mass spectrome-
try, containing only n- and monomethy! branched fatty acids. Some
of these differences may have been caused by the uniqueness of the
individual milk fat samples. Lough (1977) found 0.7 and 13% phytanic
acid in the milk and plasma from eight cows fed grass. The acid is
derived from phytol, the alcohol moiety of chlorophyll.

Monounsaturated Fatty Acids

Hay and Morrison (1970) identified the monoenoic positional and geo-
metric isomers in milk fat and determined the amounts of each total
acid class and percentage of trans isomers. The geometric and posi-
tional isomers of the monoenes are primarily the result of biohydro-
genation of polyunsaturated fatty acids in the rumen. Stearate is also
produced, and cis-9-18:1 accounts for most of the monoenes. The sev-
eral positional isomers in trans 16:1 and 18:1 are due to the positional
isomerization of double bonds which accompanies elaidinization.

Strocchi and Holman (1971) (Table 4.6), with the aid of argentation
TLC and GLC-mass spectrometry, identified several of the fatty acids
observed by Hay and Morrison (1970) and more monoenes as follows:
trans 17:1, 19:1, 20:1, 21:1, 22:1, 23:1, and 24:1. Notably missing was
11:1, either cis or trans.

Parodi (1976) determined the distribution of double bonds in cis and
trans octadecenoic fatty acids from milk fat and bovine adipose tissue.
About 95% of the 18:1 is the cis-9 isomer. Parodi detected the cis-12, -
13, and -14 isomers, fatty acids not observed by Hay and Morrison
(1970). The 18:1 content of Australian butterfat has varied throughout
the season from 17.3 to 24.9 M%, with isolated trans unsaturation
from 4.3 to 7.6 M%.



LIPID COMPOSITION AND PROPERTIES 193

Smith et al. (1978) have described a procedure for the GLC determi-
nation of cis and trans isomers of unsaturated fatty acids in butter
after fractionation of the saturated, monoenoic, dienoic, and polyenoic
fatty acid methyl esters by argentation TLC. Total trans acids were
much higher, as measured by infrared spectrophotometry than by
GLC, probably because some of the acids could have two or more of
the trans bonds designated as isolated by infrared spectrophotometry.
Enzymatic evaluation of methylene-interrupted cis, cis double bonds
by lipoxidase resulted in lower values than those obtained by GLC.
The authors mention that the lipoxidase method is difficult, requiring
considerable skill, and suggest that their method is suitable for the
determination of the principal fatty acids in complex food lipids such
as bovine milk fat.

Deman and Deman (1983) have investigated the determination of
trans unsaturation in milk fat by infrared analysis and found values of
7.4% (winter) to 9.9%(summer) when the TGs were analyzed. These are
higher than the quantities found by infrared analysis of methyl esters
of the fatty acids. These quantities are isolated total trans bonds and
do not give an estimate of the positional and polyunsaturated isomers
which are present. The trans contents obtained by Deman and Deman
are higher than the 4% found by Smith et al. (1978).

Polyunsaturated Fatty Acids

Because of animal biohydrogenation, the content of polyunsaturated
acids in milk is low, currently reported at about 5% (Smith et al. 1978),
and is associated mostly with the phospholipids. While quantitatively
unimportant, these acids are the most susceptible targets of oxidation
and provide the essential fatty acids (EFA), mostly cis, cis-9, 12-18:2.

The requirement of humans for EFAs has been thoroughly docu-
mented (Soderhjelm et al. 1970; Holman 1973). Diets free from added
fats or 18:2 induce the following deficiency symptoms in infants: skin
lesions, inefficient weight gain, and poor wound healing (Hansen et al.
1958; Holman 1973; Hansen et al. 1963). From these and other experi-
ments, the minimum EFA requirement has been estimated to be about
1% of the total calories (110 mg/100 kcal). Holman et al. (1964, 1965),
noting in earlier work with animals that EFA deficiency resulted in a
high ratio of triene to tetraene fatty acids in several tissues of animals
while the ratio in normal animals was low, produced the same effect in
infants. A diet containing less than 0.1% of the calories from 18:2 fed
to infants for a month or longer resulted in a serum triene-tetraene
ratio of 1.5 or more. A diet with 1.3% or more of the calories from 18:2
fed to infants of the same age changed the ratio to 0.4. Using a curve-
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fitting procedure, the authors concluded that the minimal 18:2 require-
ment for infants was about1% of the total calories. About 4% of total
calories (430 mg/100 kcal) is considered to be the optimum intake
based on data obtained by the investigators mentioned above.

Cuthbertson (1976) believes that the minimum EFA requirement is
too high and suggests that a daily allowance of 0.6% of calories (65
mg/100 kcal) should be sufficient. The crux of his argument is that,
based on later GLC determinations of the 18:2 in bovine milk fat
(mean, 2.39%; range, 1.23 to 3.7%; Jensen et al. 1962), the alkaline
isomerization method used by Hansen et al. (1963) overestimated the
18:2 content as 3.3%. Cuthbertson thinks that the true EFA content
of bovine milk fat is 65 to 75% of the GLC values. He combines this
belief with the observation that clinical EFA deficiency symptoms
have not been seen in the United Kingdom, although the baby foods
used are relatively low in EFA, to arrive at his lower minimal figure
for infant EFA requirements. In the United States, the question of
meeting minimal EFA requirements for infants is probably academic,
because the use of bovine milk as the sole source of nutrients for in-
fants has decreased markedly in recent years.

Cuthbertson is correct in stating that GLC as done previously over-
estimated the true 18:2 content of bovine milk fat, partly because the
acid is a minor component (thus, the error of estimation is increased),
and partly because the fat contains many geometric and positional
isomers of 18:2 that are included in the 18:2 peak on the chromato-
gram. Also, polyunsaturated fatty acids are easily oxidized, and some
of the acid-catalyzed methods used to prepare methyl esters for GLC
analysis destroy some of these fatty acids. However, bovine milk fat
contains both 18:3 and 20:4 that have EFA activity. The data of Smith
et al. (1978), apparently obviate Cuthbertson’s belief because the anal-
yses were done on double bond fractions with GLC columns of high
resolving power. The sum of cis, cis-18:2, 18:3w6, 18:3w3, 20:3w6, and
20:4w6 is 5.4%, considerably higher than all earlier estimates. All of
these have real or potential EFA activity. The amounts found by Smith
et al. may be somewhat lower than those actually existing in whole
milk, as they were done on butter, which does not contain all of the
phospholipids that were originally present in the globule membrane. It
appears, however, that bovine milk contains much more EFA than was
previously reported.

The presence of trans isomers in partially hydrogenated food fats
has aroused concern (Emken 1983). If present, trans, trans 18:2 would
dilute EFA activity, as the acid must have the cis, cis configuration
and the trans, trans acid does affect several enzymes involved in the
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metabolism of polyunsaturates and other lipids. In any case, the
amount of trans, trans 18:2 in milk fat is almost negligible. Smith et
al. (1978) found none.

Still to be completely isolated are the large number of isomers that
could result from positional and geometric isomerization of cis, cis-9,
12-18:2 and the other polyunsaturates. DeJong and Van der Wel
(1964) and Van der Wel and deJong (1967) presented data on the posi-
tion of the double bonds in nonconjugatable 18:2 isomers of milk lipids.
The total amount of these acids was about 0.02%. Parodi (1977) de-
tected cis, trans (trans, cis) 9,11-18:2 and illustrated one of the pitfalls
of analysis of complex fatty acid esters by GLC, i.e., overlap of reten-
tion times. He found compounds having the same equivalent chain
length as conjugated trans, trans 18:2 and conjugated cis, trans 18:2
on three different columns. Smith et al. (1978) obtained the contents of
total conjugated fatty acids by ultraviolet spectrophotometry. These
amounts, which averaged about 0.7%, would probably have been in-
cluded in the quantities of 18:2 obtained by GLC, (average, 5.4%) but
would not contribute to EFA activity. Therefore, the total EFA would
be about 4.7%, still much higher than the quantities reported earlier.
The values obtained by the lipoxidase method, which is specific for cis,
cis methylene-interrupted fatty acids, are lower than the GLC percent-
ages. The lipoxidase procedure has been considered the test of choice
for those acids which include EFA, but it is known to be difficult (Madi-
son and Hughes 1983). At present, the GLC method as done by Smith
et al. (1978) appears to provide the most reliable data on the EFA con-
tent of milk.

Other Acids

Milk fat contains both keto (0xo) and hydroxy fatty acids, and earlier
identifications are discussed by Jensen et al (1967), Morrison (1970),
and Kurtz (1974). In a more recent and careful study, Weihrauch et al.
(1974) isolated 60 oxo acids from milk fat and positively and tenta-
tively identified 47 with the aid of mass spectrometry. These data are
presented in Table 4.9. About 85% (weight) of the oxo acids were stea-
rates, mostly the 13-isomer, and 20% were palmitates, largely the 11-
isomer. Of the unsaturated oxo acids, the 9-oxo, 12-ene, and 13-oxo, 9-
ene were the predominant species. Other unsaturated oxo acids which
are not listed in Table 4.9 but which were possibly present, are 15:1,
16:2, 17:1, 17:2, 17:3, 18:2, 18:3, 19:1, 19:2, and 20:1.

Hydroxy acids, 10:0-16:0, with the functional group in the 4 and 5
positions, as well as 12:1A6, 4-OH, and 12:1A9, 5-OH (Dimick et al.
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Table 4.9. N-OXO Fatty Acids in Milk Fat.

Carbon
Number Position of Carbonyl
10:0 5
12:0 4,5, 7
14:0 56,79
15:0 4,5
16:0 4-9,11
17:0 8
18:0 5, 8-11, 13, 16
19:0 11
20:0 9,11, 15
22:0 11-15
24:0 14, 15
Position of Carbonyl and Double Bond
14:1 5 (A9), 5 (A10), 9 (A5)
16:1 7 (A10), 11 (A7), 11 (A9)

18:1 9 (A12), 9 (A13), 9 (Al15), 13 (AT), 13 (A9)

source: Weirauch et al. (1974).

1970; Jensen et al. 1962), have been found in milk fat. These isomers
convert readily to lactones, some of which are flavor compounds.
Schwartz (1972), in a discussion of methods for the isolation of
nonlactonegenic hydroxy fatty acids (OH group on carbons other than
4 or 5), mentioned that there were at least 60 acids in this fraction.

Schwartz (1972) also noted the detection of about 70 glycerol-l-alkyl
ethers in milk fat. Saturated ethers, both odd and even from C-10
through C-18, were found, with traces of ethers up to C-25 present.
Fifty-five unsaturated ethers were separated, but only the A-9, A-9, 12,
and A-9, 12,15 compounds were tentatively identified. In addition,
Schwartz isolated over 50 bound aldehydes probably derived from the
glycerol-l-alkenyl ethers (phosphorus free).

Ellis and Wong (1975} identified v and A lactones in butter, butter
oil, and margarine and showed a correlation of the lactone content with
time and temperature of heating.

Cyclohexylundecanoic acid has been isolated from bovine milk and
characterized (Schogt and Haverkamp Begemann 1965). Brewington
et al. (1974) found glucuronides of 17 milk fatty acids in bovine milk.
These were presumably detoxification products formed in the liver
and, interestingly, included the odd-chain acids, 9:0-17:0.
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FACTORS INFLUENCING FATTY
ACID COMPOSITION

Except for isolated circumstances, pooling and long-distance transpor-
tation of milk have eliminated or tempered many of the dietary and
environmenal effects on the fatty acid composition of milk. The
amounts of fatty acids vary with the season (ultimately, the diet). This
subject has been reviewed by Christie (1980), who emphasizes that the
amount of milk produced must be known to determine if changes in
fatty acid composition are due to actual changes in milk lipid
biosynthesis. Parodi (1974B) has analyzed the variation due to the
stage of lactation in the fatty acids of milk fat from seven cows as
compared to a herd. Butyric acid (4:0) had a maximum value during the
first month of lactation, declining thereafter and becoming minimal at
the end. Hexanoic (6:0) to 14:0 all had similar variations; the values
increased during the first 4 to 8 weeks of lactation, remained relatively
constant until the fifth or sixth month, and then decreased again until
the end of lactation. There was little variation in 16:0 throughout lacta-
tion. Stearic (18:0) and 18:1 contents were high in early lactation, de-
creasing until mid-lactation and increasing again to the end of lacta-
tion. Changes in 18:2 and 18:3 contents were variable.

Parodi (1973C) determined the fatty acid compositions of the milk
from two dairy herds which produced milk fat with different softening
points, 30.4°C as compared to 38.4°C. The herd producing the soft
milk fat had higher levels of short and medium chain length fatty acids
and lower levels of 18:0 than the herd producing the hard milk fat.
The only major difference in the diets was that the latter herd received
brewer’s grains as a significant part of its diet.

PROTECTED MILK

As we have mentioned, digestion of cellulose by rumen microorga-
nisms enables the ruminant to convert foodstuffs indigestible by hu-
mans to high-quality protein. However, this advantage is offset to
some extent by inefficient utilization of proteins and lipid. Another
disadvantage is the biohydrogenation of polyunsaturated fatty acids,
which decreases the concentrations of these acids in milk fat to 3-5%.
Australian investigators found that a polyunsaturated oil encapsu-
lated in sodium caseinate by spray drying, followed by a denaturation
treatment with formaldehyde to prevent proteolysis of the protein in
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the rumen, was protected against ruminal hydrogenation. These and
other investigations have been reviewed by Bitman (1976), Fogerty
and Johnson (1980), and Storry et al. (1980). For example, the 18:2
content of milk fat from a cow fed protected particles of safflower oil
was 35.2% compared to 2.0% for the control animal. Protected oils are
hydrolyzed in the abomasum and the fatty acids are absorbed in the
small intestine, thereby avoiding hydrogenation. Scott et al. (1971) re-
ported the results of feeding protected corn and peanut oils to cows on
the fatty acid composition of milk fat. The 14:0, 16:0, and 18:0 contents
were reduced, while the amounts of 18:2 were increased about fivefold.
Similar increases were observed in plasma and depot fats. Others have
confirmed the findings of the Australian workers, also noting that the
18:2 content of cow’s milk fat could be increased from 3% to 35% by
feeding protected safflower oil. Thus, it is possible to increase biologi-
cally the polyunsaturated fatty acid content of milk fat.

The other reason for feeding protected fat is to increase the amount
of fat digested by the cow in the abomasum. As an example Wrenn et al.
(1978) fed protected tallow in amounts providing 18% of the digestible
energy.

Since the amounts of fatty acids available for acylation during the
biosynthesis of milk TGs affect their placement, feeding protected oils
can be expected to alter the structure of the TGs. The data of Christie
and Clapperton (1982) show that total and therefore all positional 18:2s
are higher than in normal milk. Palmitic acid (16:0) decreases recipro-
cally.

Phospholipids

Some of the earlier data tabulated by Morrison (1970) on the fatty acid
compositions of milk phosphatidylcholine, phosphatidylethanolamine,
and sphingomyelin are shown in Table 4.10. Included are analyses by
Boatman et al. (1969) on phosphatidylethanolamine and phosphati-
dylserine and by Bracco et al. (1972) on phosphatidylinositol. The dif-
ferences in composition between the samples of phosphatidylethanol-
amine and -serine can be attributed primarily to differences in
metabolism.

Morrison et al. (1965) reported the positional distribution of the fatty
acids in phosphatidylethanolamine, -serine, and -choline. In contrast to
the TGs, the phospholipids had no short chain acids and many more
long chain unsaturates. There were more unsaturates in phosphatidyl-
ethanolamine than in -serine or -choline. The distribution of the acids
between sn-1 and sn-2 is similar to that observed in other tissues, with
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saturates at sn-1 and unsaturates at sn-2. Monoenoic acids were dis-
tributed evenly except in phosphatidylserine, where more 18:1 was
present at sn-2. Morrison et al. isolated the phospholipids from spray-
dried buttermilk, which is a convenient source.

Hay and Morrison (1971) later presented additional data on the fatty
acid composition and structure of milk phosphatidylethanolamine
and -choline. Additionally, phytanic acid was found only in the 1-posi-
tion of the two phospholipids. The steric hindrance presented by the
four methyl branches apparently prevents acylation at the 2-position.
The fairly even distribution of monoenoic acids between the two
positions is altered when the ¢rans isomers are considered, as a marked
asymmetry appears with 18:1 between the 1- and 2-positions of phos-
phatidylethanolamine, but not of phosphatidylcholine. Biologically,
the trans isomers are apparently handled the same as the equivalent
saturates because the latter have almost the same distribution. There
are no appreciable differences in distribution of cis or trans positional
isomers between positions 1 and 2 in either phospholipid. Another
structural asymmetry observed is where cis, cis nonconjugated 18:2s
are located mostly in the 2-position in both phospholipids. It appears
that one or more trans double bonds in the 18:2s hinders the acylation
of these acids to the 2-position.

Hay and Morrison (1971) did not neglect the alkyl and alkenyl ethers
in milk phospholipids, finding 4% of the latter in phosphatidylethanol-
amine and 1.3% in phosphatidylcholine. Trans isomers were not found.
The authors postulated that the branched chain compounds in the al-
kenyl ethers were derived from rumen microbial lipids.

Kitchen (1977) has analyzed the fatty acids in the phospholipids iso-
lated from the MFGM, finding more unsaturated and less saturated
acids than in the membrane TG. These findings are not unexpected.

Barbano and Sherbon (1981) found that feeding cows a protected
poly unsaturated fat supplement had little influence on the fatty acid
composition of the milk phospholipids. The biosynthesis of the pools
of fatty acids from which milk phospholipids are synthesized is appar-
ently independent of dietary input.

.Cho et al. (1977) has identified the fatty acids in the lysophosphati-
dyl-ethanolamines and -cholines from butter serum. The compositions
were similar to those of the intact phospholipids.

Sphingolipids

Morrison (1970) presented earlier data on the fatty acid composition
of these lipids. Morrison and Hay (1970) described the isolation and
analyses of milk sphingomyelin, glucosylceramide, and lactosylcera-
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mide. The long chain bases were similar in all compounds, consisting
of normal, iso, and anteiso saturated and unsaturated dihydroxy bases.
The bases present in largest quantity were 18:1, 16:1, 17:1, 16:0, 18:0,
iso 18:1, and iso 17:1, with many branched chain bases occurring in
smaller amounts. The major fatty acids, both normal and 2-hydroxy,
were usually 22:0, 23:0, and 24:0, with some variations. Hydroxy acids
were observed to comprise less than 1% of the total acids. The trans
acid contents of total sphingolipids were 43-51%, higher than in the
corresponding milk fat, with the 18:1, 22:1, 23:1, 24:1, and 25:1 isomers
present in sphingomyelin, glucosylceramide, and lactosylceramide. In
sphingomyelin there was a trend toward high trans contents in 18:1
(94.2%) to lower amounts in 25:1 (7.1%). Morrison and Hay (1970) ana-
lyzed the cis and trans 23:1, 24:1, and 25:1 acids of sphingomyelin for
positional isomers. The results show that the cis acids were similar to
the cis 18:1s in milk fat but not the trans acids, with decreased
amounts of A-9 isomers and much larger quantities of A-11. The latter
is unusual but might be explained by the positional isomerization
known to accompany elaidinization during hydrogenation.

Morrison (1969) presented data on the composition of the long chain
bases in milk sphingomyelins. In this study he did not find saturated
trihydroxy bases. Later Morrison (1973) concluded, after analyzing the
long chain bases in the sphingolipids of bovine milk, kidney, and other
sources, that the milk and kidney sphingomyelin bases were not of di-
etary origin. He further decided that bovine tissues synthesize straight
and branched, saturated dihydroxy and trihydroxy long chain bases.

Huang (1973) analyzed the fatty acids of milk gangliosides, finding
the following amounts (%): 14:0, 4.2; 16:0, 20.2; 16:1, 2.8; 18:0, 18.1;
18:1, 36.6; 18:2, 7.8; 20:0, 3.0; and 20:4, 6.1. Hydroxy acids were not
detected. The sphingosine base contents (%) were: sphinganines: C-16,
10; C-18, 5; and sphingenines: C-16, 20 and C-18, 32. Several branched
bases were also noted but were not further identified. The composition
of the gangliosides is quite different from that of milk sphingomyelin
and other glycolipids, suggesting perhaps selectivity during biosynth-
esis.

Keenan (1974) isolated five gangliosides from milk and identified the
acids, finding 14:0-24:0 even chain saturates, 18:1, 24:1, and 23:0. Pal-
mitic acid (16:0) predominated.

Sterol Esters

Keenan and Patton (1970) isolated and identified the cholesterol esters
from cow, sow, and goat milk and mammary tissue. The fatty acid com-
position of the esters from the cow is presented in Table 4.11. The au-
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Table 4.11. Fatty Acid Composition of Cholesterol Esters from Bovine Milk.

Fatty Acid Wt % Fatty Acid Wt %
10:0 2.9 15:1 2.6
10:1 0.3 16:0 26.9
12:0 4.1 16:1 11.9
12:1 0.2 17:.0 Trace
13:0 Trace 17:1 ND
13:1 11.0 18:0 6.7
14:0 6.9 18:1 13.7
14:1 0.5 18:2 10.1
15:0 2.1

source: Adapted from Keenan and Patton (1970).

thors commented that the concentrations of monounsaturated (other
than 18:1) and odd-numbered fatty acids in the cholesterol esters were
greater than those found in milk triacylglycerols. For example, only
traces of 13:1 were found in the latter.

PHYSICAL PROPERTIES OF MILK FAT

Structure

Milk fat globules, most of which range from 1 to 5 uM in diameter, are
covered by a loose network of bipolar compounds. These are phospho-
lipids, proteins, diacylglycerides, and monoacylglycerides, and other
surface active materials originating from the secreting cell or the milk.
They are collectively designated the “milk fat globule membrane
(MFGM)” and are discussed in Chapter 10. The discussion below is
derived largely from the book by Mulder and Walstra (1974).

Fat in Milk Products

The fat obtained by different methods of processing varies in composi-
tion and therefore in properties (Table 4.12; Mulder and Walstra 1974).
For example, the amount of phospholipid per 100 g of fat is much
greater in buttermilk from 40% cream than in whole milk (21.6 vs.
0.9 g), and these phospholipids contain much more unsaturated fatty
acids than the whole milk lipids.

In milk plasma, fat may be present as extremely small globules,
water-soluble fatty acids and other lipids, water-dispersible lipids, or
lipoprotein particles. The amount is small, 0.02-0.03%. Obviously,
most of the lipid is TG in the core of the globules.
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Table 4.12. Approximate Content of Lipids in Different Milk Products.

Composition (%)

Free Fatty

Product Total Fat Phospholipids Cholesterol Acids
Milk 4 0.035 0.014 0.008
Separated milk 0.06 0.015 0.002 0.002
Cream 10 0.065 0.032 0.017
Cream 20 0.12 0.06 0.032
Cream 40 0.21 0.12 0.06
Buttermilk from 20% cream 0.4 0.07 0.007 0.002
Buttermilk from 40% cream 0.6 0.13 0.012 0.002

source: Mulder and Walstra (1974).

Summary of Physical Properties

Mulder and Walstra (1974) presented data for “liquid fat,” which is
synonymous with butter or the core fat of globules. Variations exist,
but the causes are usually unknown (Mulder and Walstra 1974). The
authors state that the thermal conductivity is about 4 X 10 cal/
cm™Y/5!/°9C™! at room temperature and the specific heat of the liquid
fat is about 0.5 cal/g"'/°C’. The latter is temperature dependent. The
electrical conductivity is less than 102 S/cm (mho/CM) and the diele-
tric constant is about 3.1.

The solubility of air in fat is 8.7 ml/100 g, of oxygen 2.8 ml/100 g;
and of nitrogen 5.9 ml/100 g at room temperature and atmospheric
pressure. Liquid fat in contact with air contains 0.004% oxygen. These
values are related to the oxidative stability and effectiveness of the
packaging of stored milk fat.

Crystallization Behavior of Milk Fat

Milk fat is liquid above 40°C and completely solid below -40°C. Be-
tween these extremes it is a mixture of crystals and oil, with the latter
a continuous phase. The nature of crystallization is complex because
of the large number of TGs present. The properties of milk fat are the
average of the properties of the TGs, and not necessarily those of the
esterified fatty acids.

Mulder and Walstra (1974) have compiled a list of the factors which
influence the crystallization of milk fat. The amount of solid fat is di-
rectly affected, with considerable relevance to the isolation of milk fat,
as per churning and the structure of butter.
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Melting Point or Range

De Man et al. (1983) have reviewed the determination of melting points
in fat products. They point out that although fats are customarily de-
scribed as having a ‘“‘melting point,” it is more realistically a melting
range, since fats are mixtures of mixed-acid TGs. The melting point of
a fat is actually the end of the melting range.

De Man et al. (1983) compared several methods for determining the
melting point using a variety of food fats including butter. (1) In the
Mettler dropping point method a sample cup with a restricted hole in
the bottom is filled with fat and, placed in an automatically heated
furnace, and the falling of the first drop is detected photometrically.
(2) In the falling ball (softening point) method, the fat is hardened in a
test tube and a steel ball bearing is placed on the surface. The tube is
heated, and the temperature at which the ball has fallen through half
the height of the fat column is the softening point. (3) In the softening
point or open capillary tube method, the fat is hardened in an open
capillary tube, which is heated in a water bath. At a certain temper-
ature, the fat rises in the tube. This is Method Cc 3-25 of the American
Oil Chemists’ Society (1960). (4) The slip point method is a capillary
tube method similar to the softening point method. The authors also
obtained melting points and curves by differential scanning calori-
metry. They found that the reproducibilities of the Mettler dropping
point and softening point were excellent, whereas that of the slip point
was poor. The Mettler dropping point values were found to coincide
with extra polated solid fat curves obtained with wide-line nuclear
magnetic resonance for lard and margarines, but not for butter. In the
case of butter, the Mettler dropping point was at a temperature where
about 2.5% solid fat remained. Ideally, all fat should be liquid at the
melting point.

The commercial practice of pooling milk should eliminate all but sea-
sonal effects on the melting point of fats. However, as an example of
the influence of different feeding practices on the softening point of
milk fat, Parodi (1973C) found that the average softening points of the
milk fats were: soft, 30.4°C and hard, 38.4°C. These were caused by
changes in the fatty acid composition and their distribution in the TGs
as altered by different feeds.

Parodi (1981) separated milk fat selected for softening point range
into the TG classes and found that the softening point range was 31.3°
to 35.0°C. The softening point correlated best with some low and high
molecular weight TGs of the total fat and of the trisaturated TGs. In-
teresterification or randomization of the esters on the TGs raised the
softening point from 31.6° to 36.3°C. by increasing the amounts of
high molecular weight TGs.
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CONSISTENCY

De Man (1983) has reviewed this property of fats. Consistency is de-
fined as (1) an ill-defined and subjectively assessable characteristic of
a material that depends on the complex stress-flow relation or as (2)
the property by which a material resists change of shape. ‘““Spreadabil-
ity,” a term used in relation to consistency, is the force required to
spread the fat with a knife. The definition is similar to that for ‘“hard-
ness’’: the resistance of the surface of a body to deformation. The most
widely used simple compression test in North America is the cone pene-
trometer method (AOCS Method Cc 16-60, 1960). More sophisticated
rheological procedures are also available. Efforts have been made to
calibrate instrumental tests with sensory response. With the cone
penetrometer method, penetration depth is used as a measure of firm-
ness. Hayakawa and De Man (1982) studied the hardness of fractions
obtained by crystallization of milk fat. Hardness values obtained with
a constant speed penetrometer reflected trends in their TG composi-
tion and solid fat content.
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Lipids of Milk: Deterioration

John L. Weihrauch

PART I. LIPOLYSIS AND RANCIDITY

Market milk and some products manufactured from milk sometimes
possess a flavor described as “rancid”. This term, as used in the dairy
industry, denotes implicitly the flavor due to the accumulation of the
proper concentrations and types of free fatty acids hydrolytically
cleaved from milk fat under the catalytic influence of the lipases nor-
mally present in milk.

The development of a rancid flavor in milk and some other fluid prod-
ucts is usually undesirable and detracts from their market value. In
contrast, the popularity of certain dairy products, notably some vari-
eties of cheese, as well as some confectionery items containing milk as
an ingredient, is thought to be partially due to the proper intensity
of the rancid flavor. Hence, knowledge of the factors involved in the
development of rancidity is of great practical importance to several
industries.

The literature on the subject is quite large. The present review has
been limited to milk lipases, but good reviews on this, other dairy prod-
ucts, milk esterases, and microorganisms are available (International
Dairy Federation 1974, 1975, 1980; Shipe et al. 1978; Deeth and Fitz-
Gerald 1976; Downey 1980A; Jensen and Pitas 1976; Shahani et al.
1980; Lawrence 1967; Kitchen 1971).

General

A “lipase’ has been defined as an enzyme that hydrolyzes the esters
from emulsified glycerides at an oil-water interface (Desnuelle 1961).
This review adheres to this definition; as a consequence, investigations
which involve water-soluble substrates or substrates containing an al-
coholic moiety other than glycerol have not been included.

The flavor defect commonly referred to as “rancidity’’ or, more spe-
cifically, as “hydrolytic rancidity” is caused primarily by the presence
in milk of a single enzyme which was proposed to be designated as
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“milk lipoprotein lipase” (Olivecrona 1980). There is no known physio-
logical function for lipase in milk, and its presence has been ascribed
to leakage from blood through the mammary tissues rather than to
true secretion (Olivecrona 1980).

The increased use of tanks for the storage of raw milk on the farm
between pickups has introduced the danger of potential off-flavor de-
velopment caused by lipases that are produced by certain microorga-
nisms (psychrotrophs) at low temperatures. The exocellular lipases of
psychrotrophic bacteria are extremely heat resistant, and although the
microorganisms are killed, the enzymes survive pasteurization and
sterilization temperatures. Rancidity may become noticeable when cell
counts exceed 10° or 10”/ml. Downey (1975) has summarized the poten-
tial contribution of enzymes to the lipolysis of milk (Table 5.1).

Most, if not all, milks contain sufficient amounts of lipase to cause
rancidity. However, in practice, lipolysis does not occur in milk because
the substrate (triglycerides) and enzymes are well partitioned and a
multiplicity of factors affect enzyme activity. Unlike most enzymatic
reactions, lipolysis takes place at an oil-water interface. This rather
unique situation gives rise to variables not ordinarily encountered in
enzyme reactions. Factors such as the amount of surface area avail-
able, the permeability of the emulsion, the type of glyceride employed,
the physical state of the substrate (complete solid, complete liquid, or
liquid-solid), and the degree of agitation of the reaction medium must
be taken into account for the results to be meaningful. Other variables
common to all enzymatic reactions—such as pH, temperature, the
presence of inhibitors and activators, the concentration of the enzyme
and substrate, light, and the duration of the incubation period—will
affect the activity and the subsequent interpretation of the results.

Enzymes are produced and elaborated by living cells—a fact that
has prompted some investigations into the origin of milk lipases. It is
only relatively recently that the synthesis of glycerides by milk lipases
has been demonstrated (Koskinen et al. 1969; Luhtala 1969; Luhtala

Table 5.1. Contribution of Enzymes Present to Lipolysis of Milk.

Enzyme Activity Contribution
A-type carboxylic ester hydrolaze Negligible
Cholinesterase Negligible
Acid lipase Doubtful
Bacterial lipolytic enzymes (Not critical unless counts exceed 10°-107/ml)
Alkaline lipolytic enzyme(s) Mainly responsible

source: Downey (1975).
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et al. 1970A,B). Using tripalmitin isotopically labeled in both the glyc-
erol and fatty acid moieties, Koskinen et al. (1969) demonstrated that
glyceride synthesis occurs in freshly drawn milk and that synthesis
and hydrolysis occur simultaneously (Luhtala 1969). Luhtala et al.
(1970A) showed that intracellular enzymes isolated from homogenized
somatic cells of milk are capable of synthesis and lipolysis of milk tri-
glycerides. Downey (1980A) speculated that the synthetic activity of
milk lipases may be involved in the leveling off of lipolysis over time
and in the actual decrease in free fatty acid levels during the storage
of lipolyzed milk. This synthetic activity is very labile, and significant
loss of activity occurs in the mammary gland and on further storage at
room temperature (McCarthy and Patton 1964). The effect of synthetic
activity is most noticeable in fresh milk, as well as in colostrum and
mastitic milk, both of which have high cell counts. In this line of inves-
tigation, it is of interest to note that Morton (1955) has shown that
milk phosphatase is derived from mammary gland microsomes re-
leased into the milk during the normal secretory process.

Bovine blood serum is lipolytically active, but cows producing milk
which goes rancid quickly do not have sera that are more lipolytically
active than those producing normal milk. Leukocytes, which are pres-
ent in large numbers in milk, are especially high in mastitic milk; they
are the source of milk catalase but are apparently not the source of
milk lipases (Nelson and Jezeski 1955).

The lipases of milk are apparently inactive in the udder and at the
time of milking. Milk always contains relatively large proportions of
unesterified fatty acids (Thomas et al. 1955A), but these may be left
over from the metabolic pool.

Lipolysis has been classified as spontaneous or induced. This distinc-
tion is made because different measures have to be taken to correct the
problem. “Induced lipolysis’’ is most frequently defined as lipolysis
initiated in raw milk by some form of mechanical agitation. Tradi-
tionally, ‘‘spontaneous lipolysis’’ has been defined as lipolysis caused
by the cooling of raw milk. The cooling requirement is no longer
strictly adhered to, and lipolysis in raw milk is said to be spontaneous
if rancidity develops without apparent mechanical agitation (Downey
1980A,B). The distinction between spontaneous and induced lipolysis
is not always clear, and both may occur at the same time.

Farm Factors and Lipolysis

Spontaneous Rancidity. Studies have been undertaken to determine
how widespread rancidity really is. Hemingway et al. (1970) examined
12 herds and reported that about 50% of the herd samples showed
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some initial rancidity and 21% of the samples from 15 cows were ran-
cid. Differences in degree of rancidity were marked. Another report
contended that 2 to 22% of cows in a herd produce milk which goes
rancid quickly (Hileman and Courtney 1935). Milk which inherently
possesses the quality of high susceptibility to rancidity has been var-
iously termed “‘naturally rancid milk,” ‘“bitter milk of advanced lactat-
ion,” “naturally active’” or ‘“‘naturally lipolytically active,” ‘‘normally
active,” and ‘‘spontaneous’ (Schwartz 1974). The last term has been
more or less generally adopted in recent years. These various desig-
nations were introduced in an effort to distinguish such milk from
“nonspontaneous’’ (normal) milk.

Lipolysis in freshly drawn milk normally proceeds at a very slow
rate, even upon prolonged incubation, unless proper thermal or me-
chanical treatment is applied to the milk. This, of course, always occurs
in practice, as raw, warm milk is never consumed in the market. It
is through these necessary practices that lipolysis in normal milk is
accelerated. As a consequence, milk may be made rancid either deliber-
ately or accidentally. The so-called spontaneous type of milk needs no
treatment. Cooling to 15 to 20°C when the milk is drawn or shortly
afterward will hasten lipolysis (Tarassuk and Smith 1940). Once the
milk has been cooled, lipolysis is not materially affected whether the
milk is aged in the cold or rewarmed to 20°, 30°, or 37°C and aged at
these temperatures. Lipolysis in normal milk is not accelerated to the
same degree by cooling and aging.

The reason that rancidity is not more prevalent in market milk is
due to the fortuitous fact that spontaneous rancidity can be prevented
or reduced by mixing such milk within 1 hr after milking with four to
five times its volume of normal milk (Tarassuk and Henderson 1942).
Since usually only about one out of five cows in a herd produces spon-
taneous milk, this defect is almost automatically eliminated or re-
duced. It is clear, however, that farmers with only a few cows are likely
to encounter spontaneously rancid milk during the lactation period.

The dilution of normal milk which has been activated by thermal or
mechanical treatment does not diminish the activity of the lipases
(Skean and Overcast 1961).

Feed. The cow’s feed has been shown to be an important practical
factor in influencing the susceptibility of the milk to rancidity. Feeding
experiments and practical observations have demonstrated that green
pasture decreases and dry feed increases the incidence of rancidity
(Chen and Bates 1962). Rancidity is increased by feeding poor-quality
rations at reduced levels (Gholson et al. 1966B), by abruptly lowering
feed energy levels, as well as changing abruptly to normal feed levels
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(Borges et al. 1974), and by feeding a high-carbohydrate diet (Kodgev
and Rachev 1970). Astrup et al. (1980) observed increased blood serum
and milk free fatty acid levels in cows on reduced rations. Cows receiv-
ing a 6% palmitic acid supplement had milk with increased free fatty
acids and a rancid flavor. Myristic acid increased lipolysis to lesser
extent, and stearic acid had no detectable effect. These researchers as-
sociated a depression of lipolytic activity with the feeding of rations
containing protected rape seed oil. The reduced activity was linked to
the high unsaturated fatty acid content of the oil. Abdel Hamid et al.
(1977) reported higher lipolytic activity in buffalo milk when dry
rations were fed; activity was higher in the first stage of milking than
in the middle or strip phase.

Lactation. Individual cows maintained under identical conditions
seem to vary markedly in the susceptibility of their milk to rancidity
(Ortiz et al. 1970). An increased incidence of rancidity has also been
associated with advanced lactation, particularly during long lactation
periods (Bachmann 1961; Colmey et al. 1957; Dijkman and Schipper
1965). There are reports, however, which fail to show a correlation be-
tween rancidity and advanced lactation (Herrington and Krukovsky
1939; Salih and Anderson 1979A). There have been suggestions that
the increased incidence of lipolysis during late lactation may be linked
to the absence of pasture feeding or to other dietary changes (Jellema
1973). Ortiz et al. (1970) found that a negative correlation existed be-
tween the amount of milk produced and the acid degree value (ADV).
They speculated that this was related to declining milk flow with ad-
vancing lactation. Murphy et al. (1979) found that lipase activity was
higher in early than in late lactation; however, this difference did not
affect free fatty acid development. They further reported higher free
fatty acid levels in afternoon than in morning milk. Amounts of free
fatty acids were positively related to the higher fat contents of after-
noon milk.

Mastitis. Mastitis has been implicated in rancidity (Bachmann 1961;
Guthrie and Herrington 1960; Tallamy and Randolph 1969; Tarassuk
and Yaguchi 1958); according to Guthrie and Herrington (1960) and
Tarassuk and Yaguchi (1958), it may be more important than late lacta-
tion. Luhtala and Antila (1968), however, found lower lipolytic activity
in mastitic milks. They also reported that lipase activity was higher in
foremilk than in strippings. Jurczak and Sciubisz (1981) observed a
linear relationship between lipolysis and somatic cell counts to
1,400,000 cells/cm® with progressively decreasing lipolysis above this
level. The highest concentration of free fatty acids (FFA) occurred



220 FUNDAMENTALS OF DAIRY CHEMISTRY

when milk contained 800,000 cells/cm?. In bulk milks, cell counts above
1,000,000 cells/cm?® did not produce a rise in the FFA level; rather, a
small depression was observed. In contrast, Salih and Anderson
(1979B) observed no effect on lipase activity by high cell counts in
milk. They suggested that further studies are needed to determine the
relative importance and interrelationships of factors such as lipopro-
tein lipase activator, cell lipases, proteolytic enzymes, heparin-like sub-
stances, anions, and fat globule influence.

Estrous

The effect of the estrous period on rancidity has also been investigated.
According to Wells et al. (1969), who studied lipase activity in the milk
and blood of cows throughout their lactation period, the peak blood
plasma lipase values occur about 24 hr before the onset of observed
estrous. Changes in blood lipase activity were reflected and magnified
in the milk, although it was noted that the increase in milk lipase level
occurred 9 to 15 hr after it was observed in the blood. Bachmann (1961)
also has indicated that hormonal disturbances are linked to rancidity.
He differentiates between rancidity produced by cows in late lactation
and rancidity due to hormonal disturbances on the basis of an in-
creased in lipase concentration in the latter.

Pipeline Milkers and Farm Tanks

The increased use of pipeline milkers and farm tanks on dairy farms
has coincided with a noticeable increase in rancidity (Gholson et al.
1966A; Herrington 1954; Shipe et al. 1980A; Richter 1981). About six
times as much rancid milk has been reported from pipeline milkers as
from nonpipeline systems (Johnson and Von Gunten 1962). The trouble
has been traced to risers in the pipelines, that is, vertical sections con-
necting one pipeline to another at a higher level. Air leaking exces-
sively into the milk lines primarily at the claw, teat cups, milk hose,
and loose line joints causes considerable foaming of the warm, raw milk
lifted in the risers under reduced pressure (Chen and Bates 1962). The
formation of foam due to air agitation was found to be an important
feature of the mechanism involved in the acceleration of lipolysis and
the resultant appearance of a rancid flavor in milk from pipeline milk-
ers. Optimal conditions for activation by air agitation appear to be
foaming with the continuous mixing of foam and milk at temperatures
that keep the milk fat liquid (Tarassuk and Frankel 1955). High inlets
in holding tanks may produce excessive splashing and agitation. The
addition to the tank of fresh warm milk may cause thermal activation.
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A constant holding temperature of 4°C is essential, as an increase in
temperature of only a few degrees may accelerate the growth of psych-
rotrophs (Muir et al. 1978).

Remedial measures that suppress foaming and agitation in pipeline
milkers have been recommended. The use of pipeline located below the
cow was reported to virtually eliminate rancidity or to significantly
reduce the ADV, which is defined as ml N KOH required to neutralize
the free fatty acids in 100 g fat (Gholson et al. 1966A). Shortening the
main pipeline and minimizing the number of risers, joints, and sharp
bends will also reduce foam formation and subsequent rancidity (Wor-
storff 1975; Barnard 1974, 1979A; Fleming 1980). Constant holding
tank temperatures are maintained by precooling fresh milk in the pip-
ing system (Kirst 1980C). Zall and Chen (1981) have investigated the
feasibility of heating raw milk to subpasteurization temperatures prior
to storage in holding tanks on the farm as a measure for controlling
the growth of psychrotrophs.

Distribution and Purification of Milk Lipases

Milk Lipoprotein Lipase. Contrary to earlier reports that pointed to
a multiplicity of lipases (Schwartz 1974), there is now overwhelming
evidence that there is only one lipase in milk (International Dairy Fed-
eration 1974, 1975, 1980). This lipase is identical to the lipoprotein li-
pase in blood and represents a spillover from the mammary tissues
(Downey 1975).

The milk lipoprotein lipase has been isolated from skim milk by affin-
ity chromatography on heparin-Sepharose (Egelrud and Olivecrona
1972; Iverius and Ostlund-Lindqvist 1976; Kinnunen et al. 1976; Cast-
berg et al. 1975A). Egelrud and Olivecrona (1972) purified the enzyme
5000- to 6,000-fold to more than 80% pure, as judged by gel electropho-
resis. They reported an apparent molecular weight of 62,000 to 66,000.
Kinnunen et al. (1976) reported a molecular weight of about 55,000,
and Iverius and Ostlund-Lindqvist (1976) determined molecular
weights of 48,300 and 50,800 under reducing conditions, and a buffer
of physiological pH and ionic strength yielded a molecular weight of
96,000, which they believed was a dimer of presumably identical sub-
units. Molar solutions of sodium chloride inactivate the enzyme (Cast-
bergetal 1975A; Egelrud and Olivecrona 1973). Electrophoresis in urea
or in sodium dodecyl sulfate polyacrylamide gels revealed one major
component which stained for protein and carbohydrate (Egelrud and
Olivecrona 1972). An antiserum against highly purified skim milk lipo-
protein lipase caused total inhibition of milk lipoprotein lipase and tri-
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butyrate hydrolyzing activity in skim milk and extracts of lipid-free
cream (Castberg et al. 1975A). Flynn and Fox (1980) have presented
evidence that the enzyme purified by Fox and Tarassuk (1968) was the
same enzyme purified by Egelrud and Olivecrona (1972).

Bovine milk contains 1-2 mg milk lipoprotein lipase per liter. Some
milk lipoprotein lipase is in the cream fraction (Olivecrona 1980); how-
ever, practically all of the native enzyme is in the skim milk fraction,
where about 90% is bound to casein micelles (Tarassuk and Frankel
1957); Downey and Andrews 1966; Downey and Murphy 1975; Gaff-
ney and Harper. 1966; Harper et al. 1956A). About 10% of the enzyme
is in the aqueous phase of milk (Downey 1975). The hydrophilic proper-
ties of the enzyme are confirmed by its interaction with heparin, a sul-
fonated polysaccharide with a highly negative charge (Olivecrona and
Lindahl 1969; Olivecrona et al. 1971). Downey and Murphy (1975) have
reviewed the literature and concluded that electrostatic interactions
are mainly responsible for binding the enzyme to the casein micelles.
However, compound interactions involving both electrostatic and hy-
drophilic interactions must be considered in explaining the binding of
lipase to the various casein components of the micelles.

The binding of milk lipases to casein micelles apparently imparts
some stability to the enzyme, for as purification progresses, the milk
lipase becomes less stable, and more so as the concentration of casein
decreases (Downey and Andrews 1966; Egelrud and Olivecrona 1972).

Lipase associated with the casein micelles in skim milk is not fully
active, but both dilution and the addition of sodium chloride stimulate
or restore activity, presumably by dissociating the micelle-lipase com-
plex. Sodium chloride is an inhibitor of lipolysis, but the proper dilu-
tion and addition of this salt can elicit maximal activity (Downey and
Andrews 1966).

Downey (1980) reasoned that although milk lipoprotein lipase is
present in sufficient amounts to cause extensive hydrolysis and poten-
tial marked flavor impairment, this does not happen in practice for the
following reasons: (1) the fat globule membrane separates the milk fat
from the enzyme, whose activity is further diminished by (2) its occlu-
sion by casein micelles (Downey and Murphy 1975) and by (3) the pos-
sible presence in milk of inhibitors of lipolysis (Deeth and Fitz-Gerald
1975). The presence in milk of activators and their relative concentra-
tion may also determine whether milk will be spontaneously rancid or
not (Jellema 1975; Driessen and Stadhouders 1974A; Murphy et al.
1979; Anderson 1979).

Colostral Lipase. Driessen (1976) identified a lipase in bovine colos-
trum which is stable at pH 4.6, is bound to casein micelles, but is sit-
uated in the milk serum. Binding to heparin-Sepharose was weak, and



LIPIDS OF MILK: DETERIORATION 223

its lipolytic activity was only partly inhibited by the antiserum against
purified lipoprotein lipase from bovine milk. This colostral lipase is
present only in the first three milkings after calving. From then on,
only milk lipoprotein lipase is present. Driessen (1976) suggests that
colostral lipase is a proenzyme of the bovine lipoprotein lipase. The
work of Murphy et al. (1979) tends to support the report by Driessen.

Heat-Resistant Lipases. The heat-resistant lipases and proteinases
and their effects on the quality of dairy products have been reviewed
(Cogan 1977, 1980). Several reports have linked the lipases from bacte-
ria with the off-flavor development of market milk (Richter 1981; Shipe
et al. 1980A; Barnard 1979B). The microflora developing in holding
tanks at 4°C [and presumably in market milk stored at 40°F (Richter
1981)] may produce exocellular lipases and proteases that may survive
ordinary pasteurization and sterilization temperatures. Rancidity of
the cheese and gelation of UHT milk appear to be the major defects
caused by the heat-resistant enzymes.

Muir et al. (1978) observed that small changes in storage temper-
ature from 4-8°C have a significant effect on microorganism growth.
They detected no lipolytic rancidity below a count of 5 x 10® colony-
forming units/ml. Counts exceeding 10° to 10"/ml are required in milk
before microbial enzymes cause noticeable lipolysis. However, not all
milks with high cell counts will develop rancidity (Muir et al. 1978).
Milks of good microbial quality contain from 5 x 10%to <10° counts/ml
(Downey 1975).

Microorganisms found in the microflora from holding tanks belong
primarily to the genera Pseudomonas, Alcaligenes, Enterobacter, and
Achromobacter. However, Pseudomonas predominates, and isolates
from bulk milk show much more lipolytic and proteolytic activity than
other psychrotrophs isolated (Stewart ez al. 1975). Bacterial exocellular
lipases have an optimum pH of 8.75, a relative optimum temperature
at 37°C, and an absolute optimum temperature at 50°C (Driessen and
Stadhouders 1974B). Kishonti (1975) reported two optimum temper-
atures at 30° and 55°C, respectively.

Proper sanitary procedures on the farm and in the processing plant,
maintenance of a 4°C holding temperature, and reduced holding times
before pasteurization have been proposed to control this problem in
raw milk (Schipper 1975; Menger 1975). However, more research is
needed to determine the role that lipases from microorganisms play
in the flavor deterioration of market milk (Richter 1981; Cogan 1980;
Stewart et al. 1975).

Human Milk Lipases. Two lipases have been identified in human
milk by Hernell and Olivecrona (1974A,B). One of these, lipoprotein
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lipase, is activated by serum; the other is stimulated by bile salts. The
lipoprotein lipase has no apparent physiological function in the milk,
and its presence has been ascribed to leakage from the mammary
tissues (Hernell and Olivecrona 1974A). The bile-activated lipase, how-
ever, plays a significant role in the digestion of human milk fat (Haya-
sawa et al. 1974; Hernell 1975).

Studies by Hall et al. (1979) have shown that the bile-activated en-
zyme can be stimulated fifty-fold by freezing and thawing, by sonifica-
tion, or by addition of bile salt; addition of glycine conjugate was four
times more effective than addition of taurine conjugate. Studies on the
kinetic and chemical characterization of the enzyme were performed
by Wang (1981).

Goat Milk Lipoprotein Lipase. An investigation of lipolytic activity
by Bjorke and Castberg (1976) has shown that goat’s milk, like bovine
milk, contains only one lipase, which is a lipoprotein lipase with charac-
teristics very similar to those of bovine milk lipoprotein lipase. The
extent of lipolysis is increased severalfold by homogenization, stirring,
and temperature manipulation. Freezing of milk inhibits lipolysis.
Marked variation in lipolysis and lipoprotein lipase activity was found
among goats and among various samples from the same goat. Milks
with strong goat flavor also exhibited increased lipolysis.

Activation of Lipases

Homogenization and Agitation. All methods of agitation of milk ap-
pear to increase the rate of lipolysis. The increased incidence of rancid-
ity in pipeline milkers as opposed to conventional milking procedures
due to foaming and agitation has already been discussed. Homogeniza-
tion (a more violent form of agitation) of raw milk, when conducted at
temperatures between 37.7° and 54.4°C, will render milk rancid within
a very short time, in some cases in only a few minutes (Schwartz 1974).
The length of time of homogenization as well, as the homogenization
pressure (Nilsson and Willart 1960), influences subsequent lipase activ-
ity, lipolysis increasing, within limits, as the magnitude of these vari-
ables increases (Luhtala and Antila 1968; Nilsson and Willart 1960).
Shipe and Senyk (1981) observed that holding times ranging from 16
to 24 sec did not affect lipolysis when the temperature was 74.4°C or
higher, and varying homogenization pressures from 105 to 211 kg/cm?
did not alter lipolysis significantly.

Other forms of agitation, including shaking raw milk containing lig-
uid fat (Crowe 1955; Demott 1960; Sjostrom and Willart 1956), churn-
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ing raw milk or cream, and pumping (Kirst 1980A,B) accelerate lipoly-
sis. The severity of agitation and the temperature at which it is
conducted are of prime importance. Kitchen and Aston (1970) observed
maximum activation at an agitation temperature of 37°C. Activation
declined markedly at 50°C.

Foaming due to agitation also promotes lipolysis, but the increased
activity in foam is probably independent of the accelerated lipolysis
due to agitation. The kind of gas entrenched in the foam is of no conse-
quence (Fitz-Gerald 1974).

According to Tarassuk and Frankel (1955), foaming promotes lipoly-
sis by providing (1) greatly increased surface area, (2) selective concen-
tration of enzyme at the air-liquid interface, (3) ‘‘activation” of the
substrate by surface denaturation of the membrane materials around
the fat globules, and (4) intimate contact of the lipases and the “‘acti-
vated”’ substrate.

All forms of agitation, with the exception of churning, increase the
surface area of the substrate, and this is the foremost reason for the
increase in lipase activity. However, agitation produces other effects
which are conducive to lipase action. The process of diffusion, which
has been shown to be very important, is speeded up (Mattson and Vol-
penhein 1966). Diffusion permits the lipases to migrate more readily
to the oil-water interface while simultaneously allowing the fatty acids
produced in lipolysis to leave the interface. Deeth and Fitz-Gerald
(1977) observed a time- and temperature-dependent redistribution of
activities between the cream and the skim milk phase during the agita-
tion of raw milk. Maximum activation was obtained in fresh milk upon
agitation after 2 to 4 hr of cold storage.

Lipoprotein Lipase Activator(s). The addition of blood serum to nor-
mal milk causes lipolysis (Jellema 1975; Murphy et al. 1979). This phe-
nomenon was explained by the presence of a thermostable cofactor,
probably a phospholipoprotein, which forms a complex with lipopro-
tein lipase; the complex adsorbs to the fat globules, and the fat is hy-
drolyzed. Driessen and Stadhouders (1974A) postulated that the incli-
nation of milk to develop spontaneous rancidity is determined by the
level of phospholipid-containing substances present in milk. They fur-
ther speculated that under certain physiological conditions these sub-
stances are transferred from blood to milk, where they trigger sponta-
neous lipolysis. Downey (1980A,B), however, cautions that without
further investigations into the role of blood constituents in sponta-
neous lipolysis, there is the danger that too much significance will be
ascribed to them.

Olivecrona et al. (1975) observed that addition of a suitable activator



226 FUNDAMENTALS OF DAIRY CHEMISTRY

polypeptide caused little or no activation against tributanoylglycerol,
some stimulation against trihexanoylglycerol, and a three- or four-fold
stimulation against trioctanoylglycerol. These results were interpreted
to indicate that the interaction between enzyme and activator takes
place on the surface of the emulsified substrate.

Clegg (1980) reported that bovine serum and high-density lipopro-
tein (HDL) caused an increase in free fatty acid levels in unpasteurized
bulk milk. Lipoprotein free serum, apo HDL, all individual HDL
tested, and the unfractionated C-peptide fractions had no lipolytic ef-
fect. HDL-lipid in the presence of 2 C-peptides and the combination of
HDL-lipid with unfractionated C-peptide caused a considerable stim-
ulation of lipolysis.

Thermal Manipulation. Unlike spontaneous milk, normal (nonspon-
taneous) milk requires additional thermal ‘“‘shocking’’ beyond the first
cooling to activate the milk lipase system. Wang and Randolph (1978)
observed a migration of lipase activity to the cream fraction upon cool-
ing of milk to 4°C and a reversal of migration on warming. Krukovsky
and Herrington (1939) were the first to demonstrate that lipolysis in
normal milk could be hastened by warming cold milk to 29.4°C and
then recooling it beyond the solidifying point of the fat. Most samples
of milk subjected to this treatment become rancid within 24 hr. The
rate of cooling apparently has no effect (Kitchen and Aston 1970).
Cooling under vacuum reduces the lipolysis by 10% compared with
cooling under normal pressure (Kirst 1980C). The temperature of ap-
proximately 30°C is critical, and heating below or appreciably above
that point diminishes the degree of activation that can be obtained.
This type of activation is of great practical importance because it can
happen accidentally. For example, if warm morning milk is added to a
can of milk refrigerated from the night before and all of it cooled again,
the milk may be rancid by the time it is ready for processing.

Milk containing fat globules with a natural fat globule membrane
can be activated, deactivated, and reactivated by proper changes in
temperature. However, some loss of activity will occur upon repeated
activation (Wang and Randolph 1978). The phenomenon of temper-
ature activation is found only when the fat globules have their natural
layer of adsorbed materials. Neither homogenized milk, nor emulsions
of tributyrin, nor butter oil emulsified in skim milk can be activated in
this manner.

Several hypotheses have been advanced to explain the peculiar phe-
nomenon of temperature activation. These include the attainment of a
favorable liquid-to-solid glyceride ratio (Henningson and Adams 1967),
an increase in the permeability of the fat globule membrane to the li-
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pases (Nilsson and Willart 1960), and reorientation of glycerides more
susceptible to lipolysis toward the fat-water interface (R 1951). How-
ever, the first and last hypotheses seem to be inconsistent with the fact
that homogenized milk cannot be temperature activated.

The freezing of raw milk followed by thawing to 4°C causes an in-
crease in lipolysis compared to that of unfrozen control milk stored at
4°C, but the increase in activity varies considerably. Repeated freezing
and thawing also causes a notable increase in lipolytic activity. The
temperature of freezing has a marked effect, the increase in lipolysis
being most pronounced when the temperature is lowered from —10 to
—20°C; little further increase in activity occurs between —20° and
—33°C. Slow freezing causes greater lipolysis than rapid freezing.

Chemical Activation

Downey and Andrews’ (1966) experiments indicate that there is a biva-
lent cation requirement for full milk lipase activity. Dunkley and Smith
(1951) had previously stated that small amounts of CaCl, accelerate
lipolysis. These observations are in keeping with those made on lipases
from other sources where Ca?* was found to stimulate activity (Wills
1965; Egelrud and Olivecrona (1973).

Pitocin, a hormone, was reported to increase lipolysis (Kelly 1943,
1945), and another hormone, diethylstilbestrol, is said to increase li-
pase activity toward tributyrin but not toward milk fat (El-Nahta
1963).

The milk lipase system is reported to be activated by mercuric chlo-
ride. Raw milk preserved with corrosive sublimate sometimes contains
a much larger concentration of free fatty acids that do unpreserved
samples. Pasteurized milk preserved in a similar fashion does not show
an increase in free fatty acids (Manus and Bendixen 1956).

Inhibition of Lipases

Thermal Inhibition. Heat treatment of milk is the most important
practical means of inactivating its lipases. The temperature-time rela-
tionship necessary for partial or complete inactivation has been exten-
sively studied, but a number of discrepancies have been apparent.
These are probably due to several factors, including the sensitivity of
the assay procedure, the length of the incubation period following heat-
ing, the presence and concentration of fat and solids-not-fat in the milk
at the time of heating, and the type and condition of the substrate. In
view of these variables, references to a number of early studies on heat
inactivation have been omitted.
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The data of Nilsson and Willart (1960) indicate that heating at 80°C
for 20 sec is sufficient to destroy all lipases in normal milk. Their stud-
ies included assays after 48 hr of incubation following heat treatment.
At lower temperatures for 20 sec, some lipolysis was detected after
the 48-hr incubation period after heating. Thus, 10% residual activity
remained at 73°C. Below the temperature of 68°C the amount of resid-
ual activity was enough to render the milk rancid in 3 hr; temperatures
below 60°C had no appreciable effect on lipolysis. With holding times
of 30 min, 40°C produced only slight inactivation, and at 55°C 80%
inactivation was reported.

The data of Harper and Gould (1959) are essentially in agreement
with those of Nilsson and Willart. These authors also detected no inac-
tivation until a temperature of 60°C for 17.6 sec was reached. At
87.7°C (17.6 sec) some lipase still survived.

Shipe and Senyk (1981) reinvestigated the effects of various pasteu-
rization times and temperatures on lipolysis (Table 5.2). They con-
cluded that processing at 76.7°C for 16 sec should be sufficient to pro-
tect most milks from lipolysis problems for 7 days after pasteurization.

Fat apparently protects the lipases to some extent from heat inacti-
vation, 1° to 2°C higher temperatures being necessary for whole milk
than for skim milk (Frankel and Tarassuk 1959; Harper and Gould
1959; Nilsson and Willart, 1960; Saito et al. 1970).

Harper and Gould (1959) indicate that besides the protective effect
of fat on lipase inactivation, the solids-not-fat content is also a factor.
A higher solids-not-fat concentration, within limits, affords some pro-
tection.

Inhibition by Light and Ionizing Irradiation. The milk lipoprotein

Table 5.2. Effect of Pasteurization Time and Temperature on Lipolysis® b

Holding Time?
Temperature®
(°C) 16 s 20 s 24 s
72.2 2.1 1.7 1.3
74.4 1.0 1.0 0.9
76.7 0.9 0.9 0.9
78.9 0.9 0.8 0.8
81.1 0.8 0.8 0.8

+Shipe and Senyk (1981).

®Average ADVs for six pasteurized-homogenized milk samples after storage for 7 days at 5°C. Av-
erage raw milk ADV was 0.7.

*‘ADV means for 72.2°C significantly different from all others (P<0.01); values for 74.4°C differed
from 81.1°C (P < 0.05); no significant differences between others.

4ADVs for different holding times were different (P < 0.05) at temperatures below 74.4°C.
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lipase shows remarkable sensitivity to light. Kay (1946) exposed fresh
milk in glass vessels to bright summer sunshine for 10 min and found
that 40% of the lipolytic activity was destroyed. Exposure for 30 min
resulted in a loss of 80%, and exposure to a 800-Watt quartz mercury-
vapor lamp at a distance of 15 cm destroyed 75% of the activity. Kay
noted, however, that if oxygen was removed from the system before
exposure to sunlight, the effect of the light was greatly diminished.
Kannan and Basu (1951) observed that in some cases exposure to ul-
traviolet light destroyed the lipase system, and diffuse daylight
brought about partial inactivation. When skim milk was irradiated
with UV light with a wavelength of 350 nm, marked inactivation oc-
curred (Castberg et al. 1975A).

Frankel and Tarassuk (1959) exposed a layer of raw skim milk 1 cm
thick to direct sunlight at room temperature and noted a loss in lipase
activity of 84% in 5 min and of 96% after 10 min. In diffuse daylight
inactivation was reduced but 71% of lipase activity was lost in 1 hr.
The loss of activity by light was independent of the temperature of the
milk, equal losses being observed at 0°C and at 37°C. The enzymes
were markedly protected against light inactivation by the presence of
fat.

Stadhouders and Mulder (1959) confirmed Kay’s observation that
the shorter wavelengths (about 4300A) of the spectrum are most de-
structive to milk lipases. The destructive effect of light could be re-
pressed by the addition of reducing agents such as metol (p-methylami-
nophenol sulfate), hydroquinone, and especially hydrogen sulfide.
Ascorbic acid and methionine had no effect, but cysteine afforded sig-
nificant protection. Lipases which had inactivated by light were not
reactivated by treating milk with hydrogen sulfide.

Irradiation by ionizing radiation and its effect on milk lipase activity
have also been studied (Tsugo and Hayashi 1962). Irradiation doses of
6.6 x 10* rads destroyed 70% of the activity. The udders of lactating
cows, when exposed to 60 Co gamma rays, gave milk with decreased
lipase and esterase activity (Luick and Mazrimas 1966).

Chemical Inhibition. A large variety of chemical compounds have
been added to milk or purified lipase. The conditions under which the
inhibitor is studied are very important. Factors such as pH, temper-
ature, time of addition of the chemical, sequence of addition of reac-
tants, and the presence or absence of substrate are undoubtedly in-
volved. The presence of substrate appears to offer some degree of
protection to the enzymes. Consequently, in lipase studies, the surface
area of the emulsified substrate is probably also important.

Heavy metals usually affect enzymes adversely, and milk lipases are
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no exception. Copper, cobalt, nickel, iron, chromium, manganese, and
silver are inhibitors. Raw skim milk treated with 5 to 20 ppm Cu2?* for
15 min at room temperature caused 7 to 17% loss of lipolytic activity,
whereas 5 ppm at 37° C for 1 hr resulted in a 69% loss. There was less
inhibition in the presence of substrate (Frankel and Tarassuk 1959).
Earlier, however, Krukovsky and Sharp (1940) showed that Cu?* was
ineffective as a lipase inhibitor in nonhomogenized milk if oxygen was
absent. At the same time, they also found that oxygen alone is an ac-
tive inhibitor, its effect being magnified by the presence of low percent-
ages of copper.

A number of salts inhibit lipolysis, the most effective being sodium
chloride (Gould 1941; Pijanowski et al. 1962; Willart and Sjostrom
1959; Egelrud and Olivecrona 1972). Lipolysis in cream was found to
be insignificant in the presence of 4% sodium chloride and in homoge-
nized milk containing 5 to 8% of this salt (Gould 1941).

Phosphate buffer (0.6 M) slightly inhibited lipolysis, but the same
concentration of borate and barbiturate buffers was without effect.
Zinc chloride, potassium cyanide, manganese sulfate, cysteine, and
magnesium chloride retarded milk lapse activity to various degrees.
All of these compounds were tested at pH 8.5 with tributyrin as sub-
strate during a 30-min incubation period (Peterson et al. 1948).

N-Ethyl maleimide inhibits lipase activity in milk activated by shak-
ing, temperature fluctuations, and homogenization, 0.02 M being com-
pletely inhibitory (Olson et al. 1956). An equimolar concentration of
glutathione markedly reduces inhibition by N-ethyl maleimide. This
reagent can also completely inhibit lipolysis in spontaneous milk (Tara-
ssuk and Yaguchi 1958). It was concluded, on the basis of these experi-
ments, that sulfhydryl groups were essential sites of activity on milk
lipases. This conclusion is supported by the ability of reducing agents
such as glutathione, hydroquinone, and potassium thiocyanate to sta-
bilize the milk lipase system during storage (Frankel and Tarassuk
1959).

Other chemicals which inhibit milk lipase include hydrogen peroxide,
animal cephalin, sodium arsenite, diisopropyl fluorophosphate, 2,4 din-
itro-l-fluorobenzene, p-hydroxymercuribenzoate, potassium dichro-
mate, lauryl dimethyl benzyl ammonium chloride, aureomycin, penicil-
lin, streptomycin, and terramycin (Schwartz 1974).

An extensive study of the effects of formaldehyde in milk lipase in-
hibition showed that formaldehyde acts as a competitive inhibitor and,
under the proper conditions, selectively inhibits the lipases of raw skim
milk (Schwartz et al. 1956A). This study showed that the inhibitory
effect of formaldehyde was dependent on such factors as pH, time of
addition of the inhibitor, length of the incubation period, concentration
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and availability of the substrate, and concentration of the inhibitor.
Many of the conflicting results encountered with formaldehyde
{Schwartz 1974) can be explained on the basis of dependence on one or
more of these factors.

Shipe et al. (1982) observed that the addition to raw bulk milk of
0.01 to 0.05% carrageenan reduced thermally activated lipolysis by 55
to 100% and agitation-activated lipolysis by 36 to 85%. They specu-
lated that the inhibitory effect, at least partially, was due to interaction
with lipase and did not rule out the possibility that carrageenan pro-
tected the substrate to some extent by encapsulation.

Properties of Milk Lipases

Specificity. A study of lipase specificity requires that the enzyme
and substrates be virtually pure. Contamination of the lipase prepara-
tion with esterases gives rise to misleading results. Pure, synthetic
substrates of known configuration are essential, and the same avail-
able surface area should be present after emulsification for meaningful
data to be obtained. Since most of the earlier workers disregarded one
or more of these variables, their data will not be included here.

Egelrud and Olivecrona (1973) studied the catalytic activity against
several substrates of bovine milk enzyme preparations that had been
purified about 7000-fold to a purity higher than 80% (Egelrud and Oli-
vecrona 1972). The enzyme catalyzed the hydrolysis of emulsified trio-
leate, trioctanoate, monooleate, Tween 20 (polyoxyethylene sorbitan
monolaurate), and p-nitrophenyl acetate. It was concluded that the en-
zyme had rather low substrate specificity and that the presence of acti-
vating serum factors is not needed for catalysis to occur.

pH Optimum. Enzymes usually exert their catalytic influence over
a somewhat restricted pH range. Within this range the activity passes
through a maximum, commonly called the “pH optimum,” and then
falls off again. Although the pH optimum and the pH range are gen-
erally characteristic of a given enzyme, they may sometimes be altered
by such factors as type and strength of buffer, ionic strength, temper-
ature, type of substrate employed, and, in the case of lipases, the condi-
tion of the interface where lipolysis must proceed.

Lipases are sensitive to extremes of pH, and even in the vicinity of
the pH optimum, where enzymes are supposedly more stable, marked
inhibition may occur (Frankel and Tarassuk 1956B). Thus, it must also
be borne in mind that the length of the incubation period and the prior
history of the preparation can influence the range and perhaps the
shape of the pH activity curve.

Studies with purified milk lipoprotein lipase (Egelrud and Olivecrona
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1973) have revealed pH maxima at 8.25 and 8.5 for hydrolysis of tribu-
tyrin and triolein, respectively. A much higher pH maximum was ob-
served for monolaurin above 10.5, and the hydrolysis of Tween had a
pH maximum of 8.5 without deoxycholate and at 9.5 with deoxycho-
late. Murphy et al. (1979) observed that a reduction of the pH from 6.7
(6.7 being the normal pH of milk) to 6.5 caused a reduction of FFA
development of about one-half, while an increase in pH from 6.7 to
7.0 and 8.5 caused two- and fourfold increases in FFA development,
respectively. At values below pH 6.5 little lipolysis occurred. Parry et
al. (1966) found that the pH optimum of the lipase activity of milk
ranged from 8.5 to 9.0 and was 8.6 for purified milk lipase. Driessen
and Stadhouders (1974A) reported maximum lipolysis of sponta-
neously rancid milk presumably containing a thermostable cofactor at
pH 8.0; without cofactor the pH optimum ranged from 8.8 to 9.0.
These researchers further reported a maximum activity of the lipolytic
enzymes of Pseudomones fluorescence (a psychrotroph) at pH 8.75.

The incubation of raw skim milk at pH 6.0 and at pH 8.9 for 1 hr at
37°C in the absence of substrate was subsequently shown to cause a
47% and 40% decrease, respectively, in lipase activity when the milk
was later incubated with milk fat. When tributyrin was the substrate
the inhibition was even more marked. Although some of the inactiva-
tion was due to temperature, the majority of it was attributable to pH
exposure. Stadhouders and Mulder (1964) have also demonstrated that
milk lipase subjected to incubation at pH 5.0 is almost completely de-
stroyed.

The point on the acid side of the pH curve where milk lipase activity
ceases is of considerable practical importance, but there is still contro-
versy regarding it. Willart and Sjostrom (1962) found that milk lipase
is active in the range pH 4.1 to 5.7, whereas Schwartz et al. (1956B)
could detect no activity at pH 5.2 on butterfat. Although Peterson et
al. (1948) found no milk lipase activity on tributyrin at pH 7.0, activity
was reported on this substrate at pH 5.0 and even at pH 4.7 when
24-hr incubation periods were used (Stadhouders and Mulder 1964).

Apparent Temperature Optimum. A rise in temperature has a dual
effect upon an enzyme-catalyzed reaction: it increases the rate of the
reaction, but it also increases the rate of thermal inactivation of the
enzyme itself. Like the pH optimum, the temperature optimum may
in certain instances be altered by environmental conditions, e.g., pH,
type and strength of buffer, etc. The term ‘“‘temperature optimum,”
therefore, is useless unless the incubation time and other conditions
are specified. A more enlightening term is “apparent temperature opti-
mum,” which indicates that the optimum has been obtained under a
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certain set of conditions and may or may not hold when these condi-
tions are changed.

The apparent temperature optimum for the milk lipase system is re-
ported to be around 37°C both on milk fat and on tributyrin (Frankel
and Tarassuk 1956A; Roahen and Sommer 1940). This temperature
has been recorded both at pH 8.9 and pH 6.6 for milk fat (Frankel and
Tarassuk 1956A) and at pH 8.0 and pH 6.6 at tributyrin (Frankel and
Tarassuk 1956A). Although the enzyme appears to be most active at
37°C, activity is rapidly lost at this temperature (Egelrud and Olive-
crona 19738). Studying the effect of temperature on the activity of li-
pases of psychrotrophs, Driessen and Stadhouders (1974B) observed
two optimum temperatures: a relative optimum at 37°C and an abso-
lute optimum at 50°C; Kishonti (1975) found two temperature optima
at 30 and 55°C.

Stability. Some discussion regarding stability of milk lipases was
presented in the preceding section. Egelrud and Olivecrona (1973)
found that the enzyme fractions from heparin-Sepharose can be stored
frozen at -20°C with less than 10% loss of activity in 2 weeks. The
purified enzyme had only moderate stability at 4°C; high concentra-
tions of salt or a pH below 6.5 or above 8.5 increases the rate of inacti-
vation.

Some Effects of Lipolysis. The most serious effect of lipolysis is the
appearance of the so-called rancid flavor which becomes detectable in
milk when the ADV exceeds 1.2-1.5 mEq/liter (Brathen 1980). The
fatty acids and their soaps, which are thought to be implicated in
the rancid flavor, have been studied in an effort to assess the role of
the individual acids in the overall rancid flavor picture. Scanlan et al.
(1965) reported that only the even-numbered fatty acids from C4 to
C12 account for the contribution of fatty acids to the flavor, but that
no single acid exerts a predominating influence. Another study has im-
plicated the sodium and/or calcium salts of capric and lauric acids as
major contributors to the rancid flavor (Al-Shabibi, et al. 1964). Bu-
tyric acid, assumed to be the compound most intimately associated
with the flavor, was not singled out in either study as being especially
involved.

Besides changing the natural flavor of milk, lipolysis may produce a
variety of other effects. One of the most noticeable of these is the low-
ering of surface tension as lipolysis proceeds (Schwartz 1974). Fatty
acids, especially their salts, and mono- and diglycerides, being good
surface-active agents, depress the surface tension of milk (see the dis-
cussion ‘‘Methods for Determining Lipase Activity”’). Milk fat ob-
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tained from milk subject to lipase action also has lower interfacial ten-
sions with water than does milk fat obtained from nonlipolyzed milk
(Bergman et al. 1962A; Duthie et al. 1961).

Rancid milk decreases the quality of cream, butter, and buttermilk
made from it, and a limit on the ADV of the fat of milk from which
butter is eventually to be made has been proposed.

The higher saturated fatty acids have been noted to inhibit rennet
action, whereas the lower fatty acids enhance it. The inhibitory effect
of the higher acids can be nullified by CaCl..

As little as 0.1% rancid milk fat proved to be a very effective foam
depressant during the condensing of skim milk and whey (Brunner
1950). This effect was attributed to the mono- and diglycerides.

Lipolytic action has been observed to occur in composite samples
preserved with mercuric chloride and has decreased the reading of the
Babcock test as much as 0.15% (Manus and Bendixen 1956).

An inhibitory effect of rancid milk on the growth of Streptococcus
lactis has been reported. Early reports (Schwartz 1974) claimed that
rancid milk significantly inhibits the growth of bacteria in general and
of Streptococcus lactis in particular. It has been stated that rancidity
in milk may reach such a degree as to actually render the product ster-
ile. (Schwartz 1974). Tarassuk and Smith (1940) attributed the inhibi-
tory effect of rancid milk to changes in surface tension, but Costilow
and Speck (1951) believe that the inhibition is due to the toxic effect
of the individual fatty acids.

Although rancidity is a serious defect in market milk, it has also
been utilized profitably. Whole milk powder made from lipase-modified
milk has generally been accepted by chocolate manufacturers. It is
used as a partial replacement for whole milk because it imparts a rich,
distinctive flavor to milk chocolate, other chocolate products like
fudge, and compound coatings, caramels, toffees, and butter creams
(Ziemba 1969).

Methods for Determining Lipase Activity

A number of methods are available for following lipase activity. Al-
though numerous modifications and variations have been introduc-
ed, the basic methods are (1) titration of the liberated fatty acids, (2)
changes in surface tension, (3) colorimetric determination of the fatty
acids, (4) use of gas-liquid chromatography, and (5) use of radioactive
substrates. Kuzdzal-Savoie (1980) has reviewed the subject.

Titration. Titration of the fatty acids formed by the action of the milk
lipase system has been the most widely used procedure. Titration has
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been conducted directly on the reaction medium, either manually
(Gould and Trout 1936) or automatically (Parry et al. 1966), in the pres-
ence of added organic solvents (Dunkley and Smith 1951; Peterson et
al. 1948), and after separation of the lipid phase by extraction (Frankel
and Tarassuk 1956A; Salih et al. 1977A), distillation (Roahen and Som-
mer 1940), churning (Fouts 1940), or absorption of the medium fol-
lowed by elution of the fatty acids (Harper et al. 1956B). All of these
techniques have their shortcomings. The most widely used laboratory
methods appear to be the silica gel extraction (Harper et al. 1956B)
and pH-stat methods (Parry et al. 1966; Castberg et al. 1975B), and, in
the field, the method of Thomas et al. (1955B), which is the basis for
Bureau of Dairy Industries (BDI) method. Pillay et al. (1980) compared
the BDI and Frankel and Tarassuk procedures in a study to detect the
threshold of lipolyzed flavor. They found that the ADVs were method
dependent. Brathen (1980) used an automated method to establish the
upper acceptable limits for the ADVs in farm milk, retail whole milk,
retail skim milk, and full fat cream (35%) at 1.0, 0.9, 0.7, and 3.0 mEq/-
liter, respectively.

Surface Tension. Efforts have been made to apply surface tension
measurements to determine lipolysis in milk (Schwartz 1974). As men-
tioned earlier, the hydrolysis products resulting from lipase action are
strongly surface active. Tarassuk and Regan (1943) have stated that
the lowering of surface tension resulting from lipolysis is the most dis-
tinct change differentiating rancid from nonrancid milk. However,
many variables influence the surface tension of milk, such as the elab-
oration of structurally different mono- and diglycerides and their con-
centration.

Colorimetry. Copper (Duncombe 1963; Koops and Klomp 1977) or co-
balt (Novak 1965) soaps of long-chain fatty acids (=C12) are soluble
in chloroform and can be determined quantitatively by colorimetric de-
termination of the extracted metal. Shipe et al. (1980B) have recently
modified the original copper soap method to make it simpler, more
rapid, and adaptable to automatic equipment.

Another sensitive colorimetric procedure is that of Mackenzie et al.
(1967), which utilizes the dye Rhodamine B to form benzene-soluble
complexes with fatty acids. Nakai et al. (1970) developed a rapid, sim-
ple method for screening rancid milk based on the foregoing procedure.
The test is said to detect rancid milk with an ADV above 1.2. Like the
copper or cobalt soap method, the Rhodamine B reagent is also limited
to the longer-chain fatty acids. Kason et al. (1972) used the method
employing Rhodamine 6G of Chakrabarty et al. (1969) to investigate
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the progress of rancidity in pasteurized milk during refrigerated
storage.

Gas-Liquid Chromatography. Gas-liquid chromatography (GLC) af-
fords both a qualitative and, if adequate internal standards are used,
a quantitative analysis of the products of lipolysis. It is necessary,
however, first to isolate the acids by a suitable method and then to
inject them as free acids or as esters. The partial glycerides can be
isolated by thin-layer chromatography and can also be determined by
GLC of suitable derivatives. The acid(s) remaining in the partial glycer-
ides can be identified readily by GLC following transesterification.
Jensen and co-workers have utilized these techniques in their studies
of lipase specificity (Jensen et al. 1964).

Radioactive Substrates. Koskinen et al. (1969), Luhtala et al. (1970-
A,B), and Scott (1965) have used labeled triglycerides as substrates for
milk lipases. This method, which is extremely sensitive, requires that
the acids released by lipase action be isolated uncontaminated with
any tagged glycerides. It also requires the preparation of labeled sub-
strate and, of course, counting equipment.

Miscellaneous. A manometric technique utilizing a Warburg appa-
ratus has been used to follow esterase activity. The carbon dioxide lib-
erated from sodium bicarbonate by the fatty acids is measured (Willart
and Sjostrom 1959). An agar diffusion procedure has been utilized for
screening microorganisms for lipolyptic enzymes. The presence of li-
pase is indicated by clear zones in the turbid media (Lawrence et al.
1967).

Two assays have been developed for measuring the relative concen-
tration of lipoprotein lipase activator in milk. Anderson (1979) devel-
oped an immunoassay and Super et al. (1976) used [2°H]glycerol tri-
olein and measured the liberated [2°H]glycerol.

PART II. AUTOXIDATION

Lipid autoxidation in fluid milk and a number of its products has been
a concern of the dairy industry for a number of years. The need for
low-temperature refrigeration of butter and butter oil, and inert-gas or
vacuum packing of dry whole milks to prevent or retard lipid deteriora-
tion, in addition to the loss of fluid and condensed milks as a result of
oxidative deterioration, have been major problems of the industry.
The autoxidation of milk lipids is not unlike that of lipids in other
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edible products. However, the complex composition of dairy products,
the physical state of the product (liquid, solid, emulsion, etc.), and the
presence of natural anti- or pro-oxidants, as well as the processing,
manufacturing, and storage conditions, tend to influence both the rate
of autoxidation and the composition and percentage of autoxidation
products formed.

The literature dealing with the autoxidation mechanism involved in
lipid deterioration has been concerned with investigations on pure un-
saturated fatty acids and their esters. The reactions involved, however,
are representative of those occurring in lipids and lipid-containing food
products.

Autoxidation Mechanism

The initial step in the autoxidation of unsaturated fatty acids and their
esters is the formation of free radicals. Although the initiation of such
radicals is not completely understood, the resulting free-radial chain
reaction has been elucidated in the investigations of Farmer and Sut-
ton (1943) and others (Bateman 1954; Bolland 1949). In the case of
monounsaturated and nonconjugated polyene fatty acids—the acids of
significance in milk fat—the reaction is initiated by the removal of a
hydrogen atom from the methylene (-methylene) group adjacent to the
double bond (I). The resulting free radical, stabilized by resonance,
adds oxygen to form peroxide-containing free radicals (II); these, in
turn, react with another mole of unsaturated compound to produce two
isomeric hydroperoxides, in addition to free radicals (III) capable of
continuing the chain reaction.

Oleic acid, having two -methylene groups, gives rise to four isomeric
hydroperoxides which have been isolated in equal amounts by various
workers (Farmer and Sutton 1943; Privett and Nickell 1959). The pref-

H
-CH,-CH=CH-CH,—-—-CH;— CH=CH-CH,—~—
—-CH=CH-CH -CH.—- (1)

+0,
-CH(0O)-CH=CH-CH, -

—CH -CH=CH-CH, -
+0,

-CH=CH-CH -CH, - —CH=CH-CH(00O)-CH,—-

(1)
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—CH(00)-CH=CH-CH,- + —-CH,-CH=CH-CH,— —

—CH(OOH)-CH=CH-CH, -
+

-CH'-CH=CH-CH, -
—-CH=CH-CH(00)-CH,;—- + —CH,-CH=CH-CH,——
—CH=CH-CH(OOH) —CH, -
—-CH'-CH=CH-CH, -
(I11)

erential points of attack in polyene nonconjugated systems are the
-methylene groups located between the double bonds. Hence the autox-
idation of linoleic acid and linolenic acid can lead to the formation of
three and six isomeric hydroperoxides, respectively, as a result of the
attack on the C,; methylene group of linoleic acid and on the C,; and
C,4 methylene groups of linolenic acid. However, a characteristic of hy-
droperoxide formation is the shifting of double bonds to form the con-
jugated system (Cannon et al. 1952; Privett et al. 1953), and the exis-
tence of a 14-linolenate hydroperoxide has not been established
{Badings 1970). The -methylene groups of polyunsaturated acids other
than those located between double bonds are also subject to attack,
but to a lesser degree. In all, seven hydroperoxides from linoleic acid
and ten hydroperoxides from linolenic acid are theoretically possible
during the autoxidation of these acids.

In addition to the formation of hydroperoxides, other reactions are
known to occur simultaneously. The formation of polyperoxides,
carbon-to-carbon polymerization, and the formation of epoxides and
cyclic peroxides have been proposed or demonstrated in lipid oxida-
tion.

Products of Oxidation

The hydroperoxides formed in the autoxidation of unsaturated fatty
acids are unstable and readily decompose. The main products of hydro-
peroxide decomposition are saturated and unsaturated aldehydes. The
mechanism suggested for the formation of aldehydes involves cleavage
of the isomeric hydroperoxide (I) to the alkoxyl radical (II), which
undergoes carbon-to-carbon fission to form the aldehyde (III) (Frankel
et al. 1961).
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Other products, such as unsaturated ketones (Stark and Forss 1962),
saturated and unsaturated alcohols (Hoffman 1962; Stark and Forss
1964, 1966), saturated and unsaturated hydrocarbons (Forss et al.
1967; Horvat et al. 1965; Khatri 1966), and semialdehydes (Frankel et
al. 1961), have been observed in the decomposition of hydroperoxides
of oxidized lipid systems.

A comprehensive review and study by Badings (1970) includes a list-
ing of the carbonyls which can result from the dismutation of the theo-
retical hydroperoxides formed in the autoxidation of the major unsatu-
rated acids of butterfat and those which have been observed. In
addition to those carbonyls that are theoretically possible, various oth-
ers have been isolated and identified in the autoxidation of pure fatty
acids or their esters. Their presence suggests that migration of double
bonds (Badings 1960), further oxidation of the unsaturated aldehydes
initially formed (Badings 1959), and/or isomerization of the theoretical
geometric form (Badings 1970) may occur during autoxidation.

In addition to the major fatty acids, milk also contains many minor
polyunsaturated acids (Kurtz 1974); hence the autoxidation of dairy
products can lead to a multitude of saturated and unsaturated alde-
hydes.

Oxidation and Off-flavors

The overwhelming consideration in regard to lipid deterioration is the
resulting off-flavors. Aldehydes, both saturated and unsaturated, im-
part characteristic off-flavors in minute concentrations. Terms such as
“painty,” “nutty,” ‘‘melon-like,” “‘grassy,” “tallowy,” “oily,” ‘“‘card-
board,” ‘““fishy,” ‘‘cucumber,” and others have been used to character-
ize the flavors imparted by individual saturated and unsaturated alde-
hydes, as well as by mixtures of these compounds. Moreover, the
concentration necessary to impart off-flavors is so low that oxidative
deterioration need not progress substantially before the off-flavors are
detectable. For example, Patton et al. (1959) reported that 2,4-
decadienal, which imparts a deep-fried fat or oily flavor, is detectable
in aqueous solution at levels approaching 0.5 ppb.
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In addition to aldehydes, other secondary products of lipid oxida-
tion, such as unsaturated ketones and alcohols, impart characteristic
flavors, and their presence in oxidized milk systems has been estab-
lished (Badings 1970; Stark and Forss 1962, 1964).

Generally speaking, the flavor threshold values for aldehydes are
governed to varying degrees by the number of carbon atoms; degree
of unsaturation; location of unsaturation in the chain; form of the geo-
metric isomer; additive and/or antagonistic effects of mixtures of com-
pounds; and the medium in which the flavor compounds are present
(Day et al. 1963; Meijboom 1964). With respect to the last point, the
flavor potency of many aldehydes identified in oxidized lipids is up to
100 times greater in an aqueous medium than in a fat or an oil. Hence,
the extent of oxidative deterioration of fluid milk need not progress to
the same point as that in butter oil before the onset of off-flavors in
the fluid product.

The off-flavors which develop in dairy products as a result of oxida-
tive deterioration are collectively referred to as the “oxidized flavor.”
However, the organoleptic properties of the off-flavor differ among
products, as well as within the same product, depending on the degree
of deterioration. Descriptive terms as ‘“‘cappy’’ and ‘“‘cardboard’’ have
been used to characterize the off-flavor in fluid milk. The off-flavor in
dry whole milk and in butter oil has been referred to as “oily’’ or ‘“tal-
lowy.” Butter undergoes a continuous change in flavor defects during
storage, defects which usually develop in an order described as ‘‘metal-
lic,” “fatty,” “oily,” or ““trainy,” and ‘“‘tallowy’’ (Badings 1970). In an
effort to standardize off-flavor nomenclature, the Committee on Flavor
Nomenclature and Reference Standards of the American Dairy Science
Association (Shipe et al. 1978) published an extensive bibliography and
classified the descriptive terms of the oxidized flavor as ‘‘papery,”
“cardboard,” “‘metallic,” “oily,” and fishy.

Although the conditions under which the above-mentioned products
are normally stored undoubtedly influence the extent of deterioration
and hence the character of the off-flavor, the lipid constituents in-
volved in the reaction also influence the resulting flavor. The site of
oxidative deterioration in fluid milk and cream is the highly unsatu-
rated phospholipid fraction associated with the fat globule membrane
material (Badings 1970; Smith and Dunkley 1959). On the other hand,
in products such as butter and dry whole milk, both the phospholipids
and the triglycerides are subject to oxidative deterioration (Badings
1970). The off-flavor appearing in butter oil is understandably the re-
sult of triglyceride deterioration.



LIPIDS OF MILK: DETERIORATION 241

Measurement of Fat Oxidation

Various methods have been employed to measure the extent of autoxi-
dation in lipids and lipid-containing food products. For obvious rea-
sons, such methods should be capable of detecting the autoxidation
process before the onset of off-flavor. Milk and its products, which de-
velop characteristic off-flavors at low levels of oxidation, require proce-
dures that are extremely sensitive to oxidation. Thus methods of mea-
suring the decrease in unsaturation (iodine number) or the increase in
diene conjugation as a result of the reaction do not lend themselves to
quality control procedures, although they have been used successfully
in determining the extent of autoxidation in model systems (Haase and
Dunkley 1969A; Pont and Holloway 1967).

Several methods have been introduced which express the degree of
oxidation deterioration in terms of hydroperoxides per unit weight of
fat. The modified Stamm method (Hamm et al. 1965), the most sensi-
tive of the peroxide determinations, is based on the reaction of oxidized
fat and 1,5-diphenyl-carbohydrazide to yield a red color. The Lea
method (American Oil Chemists’ Society 1971) depends on the libera-
tion of iodine from potassium iodide, wherein the amount of iodine lib-
erated by the hydroperoxides is used as the measure of the extent of
oxidative deterioration. The colorimetric ferric thiocyanate procedure
adapted to dairy products by Loftus Hills and Thiel (1946), with modi-
fications by various workers (Pont 1955; Stine et al. 1954), involves
conversion of the ferrous ion to the ferric state in the presence of am-
monium thiocyanate, presumably by the hydroperoxides present, to
yield the red pigment ferric thiocyanate. Newstead and Headifen
(1981), who reexamined this method, recommend that the extraction
of the fat from whole milk powder be carried out in complete darkness
to avoid elevated peroxide values. Hamm and Hammond (1967) have
shown that the results of these three methods can be interrelated by
the use of the proper correction factors. However, those methods based
on the direct or indirect determination of hydroperoxides which do not
consider previous dismutations of these primary reaction products are
not necessarily indicative of the extent of the reaction, nor do they
correlate well with the degree of off-flavors in the product (Kliman et
al. 1962).

Two variations of the thiobarbituric acid (TBA) method have been
widely used to determine the degree of lipid oxidation in dairy products
(Dunkley and Jennings 1951; King 1962). These methods, of approxi-
mately equal sensitivity, are based on the condensation of two mole-
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cules of thiobarbituric acid with one of malonaldehyde (Schmidt 1959),
resulting in the formation of a red color complex with an absorption
maximum at 532 to 540 mu. King (1962) has shown (Table 5.3) that a
correlation exists between the determined TBA values and the inten-
sity of the oxidized flavor in fluid milks. Similar observations have
been reported by others in fluid milks (El-Negoumy 1965) and ultra-
high-temperature creams (Downey 1969). The TBA method of Dunkley
and Jennings (1951) has been reported to be more applicable than the
King method in determining the extent of the off-flavor (Downey
1969). Both methods have been used extensively in studies of the au-
toxidation of extracted milk components and model lipid systems (Ga-
wel and Pijanowski 1970; Haase and Dunkley 1969A). Lillard and Day
(1961) reported a significant correlation between a modified TBA test
and the reciprocal of the average flavor threshold of oxidized butterfat.
A similar correlation also existed between the peroxide value and the
reciprocal of the average flavor threshold of butterfat.

In addition to the previously mentioned chemical tests, methods
based on the carbonyl content of oxidized fats have also been sug-
gested (Henick et al. 1954; Lillard and Day 1961) as a measure of oxida-
tive deterioration. The procedures determine the secondary products
of autoxidation and have been reported to correlate significantly with
the degree of off-flavor in butter oil (Lillard and Day 1961). The meth-
ods, however, are cumbersome and are not suited for routine analysis.

Antioxidants

The use of synthetic antioxidants in the prevention or retardation of
autoxidation in lipids and lipid-containing food products has been the
subject of numerous investigations. Although the present U.S. stan-
dards do not permit antioxidants in dairy products, and hence the
question of their effectiveness is one of only theoretical interest, they

Table 5.3. Relation Between Organoleptic and TBA Values of Fluid Milk.

Range of Optical
Flavor Score Description Density (532 mp)
0 No oxidized flavor 0.010-0.023
1 Questionable to very slight 0.024-0.029
2 Slight but consistently detectable 0.030-0.040
3 Distinct or strong 0.041-0.055
4 Very strong >0.056

sourck: King 1962.
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are of practical interest in countries where their use is permitted. Many
compounds containing two or more phenolic hydroxy groups, such as
esters of gallic acid, butylated hydroxyanisole, norhydroguaiaretic
acid, hydroxyquinone, and dihydroquercitin, have been employed as
antioxidants in studies of dairy products (Sidhu et al. 1975, 1976).
These compounds apparently work by interrupting the chain reaction
in autoxidation by capturing the free radicals necessary for the contin-
uation of hydroperoxide formation (Badings 1960).

Considerations, other than legal ones, that must be taken into ac-
count regarding the use of antioxidants in dairy products include off-
flavors imparted by the antioxidant itself (Gelpi et al. 1962; Roman-
skaya and Valeeva 1962), ease of incorporation into the product (Ham-
mond 1970), distribution between the water and oil phases (Cornell
1979, Cornell et al. 1971), and effectiveness of the antioxidant in differ-
ent media. With regard to the last point, studies of the use of antioxi-
dants in dairy products reveal variations in their antioxidative proper-
ties in different products. Norhydroguaiaretic acid is effective in
preventing the development of an oxidized flavor of fluid milk but
tends to increase the rate of autoxidation in milk fat (Hammond 1970).
The tocopherols, while of little value in dry whole milks (Abbot and
Waite 1965) and butter oil (Pont 1964), are highly effective in prevent-
ing spontaneous or copper-induced oxidation in fluid milk (Dunkley et
al. 1967; King 1968). Compounds reported to be among the most anti-
oxidative in specific dairy products include dodecyl gallate in spray-
dried whole milks (Abbot and Waite 1962; Tamsma et al. 1963), ascor-
byl palmitate in cold storage-cultured butter (Koops 1964B), sodium
gentisate in frozen whole milk (Gelpi et al. 1926), and quercitin and
propyl gallate in butter oil (Wyatt and Day 1965).

Synergists, such as the polybasic citric and phosphoric acids, have
been used in conjunction with antioxidants. These compounds have no
antioxidative value in themselves, but they increase the effectiveness
of antioxidants. Their synergistic influence on antioxidants may be
due to the sequestering of metallic ions (Badings 1960; Jenness and
Patton 1959), inhibiting the antioxidant catalysis of peroxide decom-
position (Privett and Quackenbush 1954), or regenerating the antioxi-
dant in the system (Smith and Dunkley 1962A). It has been reported
that these synergists, like the phenolic antioxidants, are capable of per-
forming the dual role of retarding autoxidation at low levels and accel-
erating it at higher levels (Privett and Quackenbush 1954).

In addition to antioxidants, either alone or in the presence of syner-
gists, metal chelating compounds, such as the various salts of ethyl-
enediaminetetraacetic acid (Arrington and Krienke 1954; King and
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Dunkley 1959A) and neocuproine (Smith and Dunkley 1962B), among
others (Samuelsson 1967), have also proven their effectiveness as in-
hibitors of autoxidation.

Oxidative Deterioration in Fluid Milk

Fluid milks have been classified by Thurston (1937) into three cate-
gories based on their ability to undergo oxidative deterioration: (1)
spontaneous, for those milks that spontaneously develop off-flavor
within 48 hr after milking; (2) susceptible, for those milks that develop
off-flavor within 48 hr after contamination with cupric ion; and (3) re-
sistant, for those milks that exhibit no flavor defect, even after con-
tamination with copper and storage for 48 hr. A similar classification
has been employed by Dunkley and Franke (1967).

With the advent of noncorrodible dairy equipment, oxidative deteri-
oration in fluid milk as a result of copper contamination has decreased
significantly, although it has not been completely eliminated (Rogers
and Pont 1965). However, the incidence of spontaneous oxidation re-
mains a major problem of the dairy industry. For example, Bruhn and
Franke (1971) have shown that 38% of samples produced in the Los
Angeles milkshed are susceptible to spontaneous oxidation; Potter and
Hankinson (1960) have reported that 23.1% of almost 3000 samples
tasted were criticized for oxidized flavor after 24 to 48 hr of storage.
Significantly, certain animals consistently produce milk which devel-
ops oxidized flavor spontaneously, others occasionally, and still others
not at all (Parks et al. 1963). Differences have been observed in milk
from the different quarters of the same animal (Lea et al. 1943).

The resistance of certain milks to oxidation, even in the presence of
added copper, may be attributed to its poising action, i.e., the resist-
ance of milk to a change in the oxidation-reduction potential (Parks
1974). That a correlation exists between the appearance of an oxidized
flavor and conditions favoring milk oxidation, as measured by the
oxidation-reduction potential, was shown by several researchers (Parks
1974). This apparent correlation, as well as other factors, tend to dis-
credit theories on the role of enzymes as catalytic agents in the devel-
opment of oxidized flavor. Xanthine oxidase has been proposed as the
catalytic agent in the development of spontaneously oxidized milk (As-
trup 1963; Aurand and Woods 1959; Aurand et al. 1967, 1977). The
studies of Smith and Dunkley (1960), among others (Rajan et al. 1962),
do not corroborate these findings, and the authors conclude that xan-
thine oxidase is itself not a limiting factor in the off-flavor. However,
reports persist on the involvement of enzymes in the generation of var-
ious types of oxygen that may be involved in the autoxidation of milk
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lipids (Aurand et al. 1977; Holbrook and Hicks 1978; Hicks 1980; Hill
et al. 1977; Gregory et al. 1976). Aurand et al. (1977) stated that the
catalytic effect of the combination of light, copper, and xanthine oxi-
dase generated singlet oxygen, which was the immediate source of the
hydroperoxides that initiated lipid oxidation. Holbrook and Hicks
(1978) reported that superoxide dismutase, which was believed to play
an important role in the suppression of lipid oxidation, decreased the
minor pro-oxidant effect of xanthine oxidase and that the concentra-
tion of superoxide dismutase in individual cow’s milk did not account
for the strong oxidative resistance in raw milk that had not been ex-
posed to light. Hill and co-workers (1977), investigating factors in-
fluencing the autoxidation of high-linoleic milk, proposed a pathway
whereby oxidation is induced by copper and which they believe must
have the OH-radical as an intermediate and a second, probably less
important, pathway which depends on superoxide O,~ that is gener-
ated by xanthine oxidase and lactoperoxidase and which is dismut-
ated to singlet oxygen by spontaneous, nonenzymatic dismutation.
Gregory et al. (1976), studying the involvement of heme proteins in
peroxidation of milk lipids, did not exclude their catalytic involvement.

The often conflicting reports in the literature indicate that more re-
search is needed to clarify the role of interacting enzyme systems that
control the generation and survival of active forms of oxygen and their
involvement in the initiation and propagation of lipid oxidation in
milk.

Despite reports of anomalous behavior in several aspects, sufficient
evidence has been accumulated in recent years to establish that the
susceptibility or resistance of milk to oxidative deterioration is depen-
dent on the percentage and/or distribution of naturally occurring pro-
and antioxidants.

Metals

Metal-catalyzed lipid oxidative reactions were recognized in dairy
products as early as 1905 (Parks 1974). Investigations throughout the
years have shown that copper and iron are the important metal cata-
lysts in the development of oxidized flavors. Of these two metals, cop-
per exerts the greater catalytic effect, while ferrous ion is more influen-
tial than feric ion.

Both copper and iron are normal components of milk. Murty et al.
(1972) studied the trace mineral content of market milk from various
regions of the United States for one year and found that the levels of
copper and iron were highest in winter and lowest in summer. Disre-
garding variations due to individuality, stage of lactation, and contam-
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ination, copper is present at average levels of 20 to 105ug/liter (Horvat
et al. 1965; Koops 1969; Murty et al. 1972; Lembke and Frahm 1964)
and iron at average levels of 100 to 250ug/liter. Despite the greater
abundance of iron in milk, copper has been shown, by the use of specific
chelating agents, to be the catalytic agent in the development of oxi-
dized fluid milk (Smith and Dunkley 1962B).

The natural copper content of milk originates in the cow’s food and
is transmitted to the milk via the bloodstream (Haase and Dunkley
1970). The studies of Dunkley and co-workers (1968A) and Riest et al.
(1967) suggest that an animal’s feed can influence the natural copper
content of its milk—a view which is not shared by others (Mulder et
al. 1964). Nevertheless, the total natural copper content of a milk is
not the overall deciding factor in the spontaneous development of an
oxidized flavor in fluid milk.

Poulsen and Jensen (1966) reported that ‘‘neither the absolute
amount nor the range in content of naturally occurring copper during
the lactation period has any significant influence on the tendency of
the milk to acquire oxidized flavor.” Samuelsson (1966) investigated
milks from cows of low and high yield production ranging in copper
content from 0.023 to 0.204 ppm. He concluded that oxidation may
occur irrespective of the copper content, but no oxidation faults have
been observed in milks with a copper content of less than 0.060 ppm.
Similar results have been reported by others (King and Dunkley
1959B).

Natural copper and iron exist in milk in the form of complexes with
proteins, and as such are not dialyzable at the normal pH of milk (King
et al. 1959; Samuelsson 1970). Copper and iron added to milk are, how-
ever, slightly dialyzable, the ease of dialysis of added copper increasing
with the decrease in pH (Samuelsson 1970). The latter observation sug-
gests that the copper-protein bond of added copper is different from
that of natural copper. King et al. (1959) reported that 10 to 35% of
the natural copper and 20 to 47% of the natural iron are associated
with the fat globule membrane material. Only 2 to 3% of added copper
and negligible percentages of added iron, however, become associated
with the fat globule membrane. Similar trends in the distribution of
natural and added copper in milk have been reported by others (Parks
1974); the subject has been reviewed by Haase and Dunkley (1970).

Samuelsson (1960) observed that most of the natural copper associ-
ated with the cream phase can be removed by washing with water and
that the actual fat globule membrane proteins contain approximately
4% of the total natural copper content. Nevertheless, the value repre-
sents the highest concentration of copper per gram of protein in the
milk system. Koops (1969) stated that “although the amount of natu-
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ral copper in early lactation may be very high, the concentration of
copper (average 11.0 ug/100. g fat globules) in the membrane does not
deviate substantially from that of normal uncontaminated milk.” King
(1958) observed that milks which developed n oxidized flavor sponta-
neously had a higher total copper concentration in the fat globule mem-
brane than did milks classified as susceptible or resistant.

Samuelsson (1966) concluded, on the basis of his studies, that the
close proximity of a copper-protein complex to the phospholipids
which are also associated with the fat globule membrane is an impor-
tant consideration in the development of an oxidized flavor in fluid
milks. Haase and Dunkley (1970) stated that although ‘‘some aspects
of catalysis of oxidative reactions in milk by copper still appear
anomalous . . . the mechanism of oxidized flavor development with cop-
per as catalyst involves a specific grouping of lipoprotein-metal com-
plexes in which the spatial orientation is a critical factor.”

Edmondson et al. (1971), who studied the enrichment of whole milk
with iron, found that ferrous compounds normally caused a definite
oxidized flavor when added before pasteurization. Aeration before ad-
dition of the iron reduced the off-flavor. The authors recommended the
addition of ferric ammonium citrate followed by pasteurization at
81°C. Kurtz et al. (1973) reported that iron salts can be added in
amounts equivalent to 20 mg iron per liter of skim milk with no ad-
verse flavor effects when iron-fortified dry milk is reconstituted to
skim milk or used in the preparation of 2% milk. Hegenauer et al.
(1979A) reported that emulsification of milk fat prior to fortification
greatly reduced lipid peroxidation by all metal complexes. These re-
searchers (Hegenauer et al. 1979B) concluded that chelated iron and
copper should be added after homogenization but before pasteurization
by a high-temperature-short-time process.

Several investigators (Roh ez al. 1976; Shipe et al. 1972; Gregory and
Shipe 1975) investigated the removal of copper from milk. Roh et al.
(1976) removed more than 90% of the copper from milk with thiosucci-
nylated aminoethyl cellulose. Shipe et al. (1972) used glass-bound tryp-
sin to inhibit metal-induced peroxidation and associated vitamin A
degradation. Aging milk prior to exposure to the metal catalyst in-
creased resistance to oxidative lipid deterioration and enhanced the
apparent antioxidative effect of trypsin treatment (Gregory and Shipe
1975).

Role of Ascorbic Acid

That copper, naturally occurring or present as a contaminant, acceler-
ates the development of oxidative deterioration in fluid milk is evident.
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However, its presence is not the only determinant of whether or not
oxidative deterioration occurs. Olson and Brown (1942) showed that
washed cream (free of ascorbic acid) from susceptible milk did not de-
velop an oxidized flavor when contaminated with copper and stored for
three days. Subsequently, the addition of ascorbic acid to washed
cream, even in the absence of added copper, was observed to promote
the development of an oxidized flavor (Pont 1952). Krukovsky and
Guthrie (1945) and Krukovsky (1961) reported that 0.1 ppm added cop-
per did not promote oxidative flavors in milk or butter depleted of their
Vitamin C content by quick and complete oxidation of ascorbic acid to
dehydroascorbic acid. Krukovsky (1955) and Krukovsky and Guthrie
(1945) further showed that the oxidative reaction in ascorbic acid-free
milk could be initiated by the addition of ascorbic acid to such milk.
Accordingly, these workers and others have concluded that ascorbic
acid is an essential link in a chain of reactions resulting in the develop-
ment of an oxidized flavor in fluid milk.

Various workers (Parks 1974) have observed a correlation between
the oxidation of ascorbic acid to dehydroascorbic acid and the develop-
ment of an oxidized flavor. Smith and Dunkley (1962A) concluded,
however, that ascorbic acid oxidation cannot be used as a criterion for
lipid oxidation. Their studies showed that although ascorbic acid oxi-
dation curves for homogenized and pasteurized milk were similar, the
homogenized samples were significantly more resistant to the develop-
ment of an oxidized flavor. Furthermore, whereas pasteurization
caused an appreciable decrease in the rate of ascorbic acid oxidation
compared to raw milk, the pasteurized samples were more susceptible
to oxidation.

Haase and Dunkley (1969B,C) reported, as a result of studies on
model systems of potassium linoleate, that ascorbic acid functioned as
a true catalyst, i.e., it accelerated the oxidation of linoleate, but it itself
was not oxidized. Hegenauer et al. (1979A,B) observed that iron cata-
lyzed an increase in the rate of autoxidation of ascorbate to dehy-
droascorbate but did not alter the equilibrium concentrations of ascor-
bate, dehydroascorbate, and ketogluconate. When copper was added
to the system, however, oxidation of ascorbic acid occurred simultane-
ously with oxidation of linoleate. In this connection, Smith and Dunk-
ley (1962C) reported that a significant correlation exists between the
rate of ascorbic acid oxidation and the natural copper content of milk.
Furthermore, King (1963) reported a positive relation between lipid ox-
idation and ascorbic acid oxidation in model systems containing fat
globule membrane material, the component of uncontaminated milk
having the highest concentration of copper per gram of liquid. Al
though ascorbic acid alone in model systems of linoleate have been ob-
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served to be pro-oxidant, low concentrations of ascorbic acid in combi-
nation with copper exhibited greater catalytic activity than the
additive activity of the two catalysts individually (Haase and Dunkley
1969C). Possible explanations for the enhanced catalysis include reduc-
tion of copper by ascorbic acid to the more pro-oxidative cuprous form
(Bauernfeind and Pinkert 1970; Haase and Dunkley 1969C; Smith and
Dunkley 1962B), an increased concentration of a semidehydroascorbic
acid radical (Bauernfeind and Pinkert 1970; Haase and Dunkley
1969C), and the formation of a metal-ascorbic acid-oxygen complex
(Haase and Dunkley 1969C).

The behavior of ascorbic acid in the oxidative reaction, however, is
anomalous, as evidenced by the studies of several workers (Bell et al.
1962; Bell and Mucha 1949; Chilson 1935; Krukovsky and Guthrie
1946). Their results indicate that concentrations normal to milk (10 to
20 mg/liter) promote oxidative deterioration, while higher concentra-
tions (50 to 200 mg/liter) inhibit the development of off-flavors.

Sidhu et al. (1976) added H,0, just after milking, in slight excess of
stochiometric amounts to delay the development of oxidized flavors in
cow’s milk high in linoleic acid.

Various researchers have proposed explanations for the inhibitory
behavior of high concentrations of ascorbic acid in fluid milk. Chilson
(1935) reported that added ascorbic acid acts as a reducing agent which
oxidizes more readily than milk fat. This either prevents or prolongs
the time required for fat oxidation and the development of an oxidized
flavor. Bell et al. (1962) concluded that the addition of L-ascorbic acid
to concentrated sweet cream lowers its oxidation-reduction potential
and thus produces a medium less conducive to oxidation. In this con-
nection, Campbell ez al. (1959) reported that the oxidation-reduction
potential of milk is entirely dependent on its vitamin C content, and
Greenback (1948) has shown that the oxidation of ascorbic acid to de-
hydroascorbic acid is reflected in gradual increases in pH. Krukovsky
(1961) reported that the oxidative reaction is initiated more rapidly in
milk when the ratio of ascorbic to dehydroascorbic acid is approxi-
mately 1:1 or lower. He states that ‘‘an unfavorable proportion of dehy-
droascorbic acid could not be accumulated if the rate of its oxidation
to non-reducible substances surpassed that of ascorbic acid to dehy-
droascorbic acid. Consequently, the protective influence of ascorbic
acid added in large but variable quantities to milk could be attributed
to the exhaustion of occluded oxygen prior to the establishment of a
favorable equilibrium between these two forms of vitamin C.” Smith
and Dunkley (1962B) disputed this theory and suggested that the re-
sults were influenced by higher than normal ascorbic acid contents
when the ratio of ascorbic acid to dehydroascorbic acid was greater
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than 1:1 in the experimental milks. In this regard, King (1958) was not
able to duplicate Krukovsky’s results in milks with normal ascorbic
acid levels.

King (1963) theorized that when the initial concentration of ascorbic
acid increases beyond that necessary to saturate the copper in the sys-
tem, the oxidation of ascorbic acid becomes so rapid and the products
of the reaction accumulate so rapidly that they either block the reac-
tion involving the lipids in the system or prevent the copper from act-
ing as a catalyst.

Haase and Dunkley (1969B) reported that although high concentra-
tions of ascorbic acid in model systems of potassium linoleate were pro-
oxidant, a decrease in the rate of oxidation was observed. Haase and
Dunkley (1969C) further noted that certain concentrations of ascorbic
acid and copper inhibited the formation of conjugated dienes, but not
the oxidation of ascorbic acid, and caused a rapid loss of part of the
conjugated dienes already present in the system. They theorized that
certain combination concentrations of ascorbic acid and copper inhibit
oxidation by the formation of free radical inhibitors which terminate
free- radical chain reactions, and that the inhibitors are complexes that
include the free radicals.

Role of a-Tocopherol

The literature appears to be in general agreement that the use of green
feeds tends to inhibit and that of dry feeds to promote the development
of oxidized flavors in dairy products (Parks 1974). Furthermore, the
observation that milks produced during the winter months are more
susceptible to oxidative deterioration is the result, no doubt, of differ-
ences in feeding practices.

Investigations concerned with variations in the oxidative stability
of milk as a result of feeding practices have centered on the transfer
to milk of natural antioxidants. Although Kanno et al. (1968) have re-
ported the presence of y-tocopherol, the only known natural antioxi-
dant of consequence is a-tocopherol.

Milk fat contains, on the average, approximately 2 ug/per gram of
a-tocopherol (Bruhn and Franke 1971; Erickson and Dunkley 1964;
Kanno et al. 1968). Dicks (1965) has assembled a comprehensive bibli-
ography of the literature on the a-tocopherol content of milk and its
products, including data on the numerous variables which influence
the vitamin E content. Foremost among these variables is the feed of
the animal as influenced by the season of the year. Kanno et al. (1968)
reported that milk produced from May to October on pasture feeding
averaged 33.8 ug a-tocopherol per gram of fat, while that produced by
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dry lot feeding from November to April contained an average of 21.6
pg a-tocopherol per gram of fat. Similar results have been reported by
others (King et al. 1967; Kurtz 1974; Seerless and Armstrong 1970).
Krukovsky et al. (1950) found a significant correlation between the
tocopherol content of milk fat and the ability of milk to resist autoxida-
tion. A high proportion of samples which contained less than 25 pg
a-tocopherol per gram of fat were unstable and developed oxidized fla-
vors during storage. Erickson et al. (1963) reported that the tocopherol
concentration in the fat globule membrane lipids correlated more
closely with oxidative stability of the milk than did the tocopherol con-
tent of the butter oil. Dunkley et al. (1968B) stated, however, that the
concentration of a-tocopherol in milk is not satisfactory as a sole crite-
rion for predicting oxidative stability and that the concentration of
copper must also be considered. In this regard, King et al. (1966) found
a direct relationship between the tocopherol level and the percentage
of copper tolerated by milk. Spontaneous milk oxidation was reported
by Bruhn and Franke (1971 to be directly proportional to the copper
content and inversely proportional to the a-tocopherol content of milk.
Erickson et al. (1964) observed that, although containing only 8% of
the total tocopherols in milk, the fat globule membrane contains the
highest concentration of a-tocopherol per gram of fat in milk (44.0
pg/g). Erickson and co-workers (1963) had previously concluded that
since ‘“‘the lipids in the fat globule membrane are most susceptible to
oxidants because of their unsaturation and their close association with
the pro-oxidants copper and ascorbic acid, the a-tocopherol in the mem-
brane is more important in inhibiting oxidation than the inside the fat
globule.” A similar conclusion has also been reached by King (1968).
Several studies have been concerned with increasing the a-tocoph-
erol levels of milk to prevent the development of oxidized flavors when
tocopherol-rich forages are not available for feed. Dunkley et al. (1966,
1967), King et al. (1966), and Merk and Crasemann (1961) have re-
ported increases in the a-tocopherol content of milk and increased re-
sistance to spontaneous and copper-induced oxidation when the cow’s
ration was supplemented with varying proportion of a-tocopherol ace-
tate. Dunkley et al. (1966) reported that supplementing the ration of
an animal with 500 mg d-a-tocopherol acetate increased the total milk
tocopherol content by 28.6 ugl/g lipid; and King et al. (1967) reported
that supplementing the feed to achieve a total intake of 1.0 g a-tocoph-
erol per cow per day provided an effective control against oxidation in
milk containing 0.1 ppm copper contamination. Several reports (Dunk-
ley et al. 1969B; King et al. 1966; Schingoethe et al. 1979) have shown
that approximately 2% total a-tocopherol intake is transferred to milk;
thus, supplementing the ration with a-tocopherol acetate is a relatively
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inefficient procedure. In contrast, Goering et al. (1976), who fed a pro-
tected safflower supplement, observed a 200% increase in the vitamin
E content of the polyunsaturated milk and attributed this unusually
large transfer of vitamin E to the increased amounts of lipids that were
absorbed in cows fed protected lipids. King (1968) has reported that
the direct addition of d-a-tocopherol acetate in an emulsified form at a
concentration of 25 ug/g milk fat would prevent the development of
oxidized flavor in milk containing 0.1 ppm added copper—the same
a-tocopherol concentration found to be effective when the ration was
supplemented with a-tocopherol acetate. Control of oxidized flavor by
direct addition of emulsified a-tocopherol to milk can be achieved with
only 1% of the amount required by ration supplementation.

Factors Affecting Oxidative Deterioration in Milk
and Its Products

Storage Temperature. The role of storage temperature in the oxida-
tive deterioration of dairy products is anomalous. Dunkley and Franke
(1967) observed more intense oxidized flavors and higher TBA values
in fluid milks stored at 0°C than at 4° and 8°C. The flavor intensity
and the TBA values decreased with increasing storage temperature.
Other conditions being equal, condensed milk stored at —17°C is more
susceptible to the development of oxidized flavor than is condensed
milk maintained at -7°C (Parks 1974).

In contrast to the above results, low storage temperatures tend to
decrease the rate of light-induced oxidative deterioration (Dunkley et
al.1962A) and to decrease or inhibit oxidative deterioration in other
dairy products. Pyenson and Tracy (1946) reported that storage tem-
peratures of 2°C retarded the development of oxidative deterioration
in dry whole milk, as determined by oxygen absorption and flavor
scores, in comparison with samples stored at 38°C in an atmosphere of
air. Downey (1969) reported that oxidative deterioration in UHT cream
occurred 2 to 3 times more rapidly at 18°C than at 10°C, while little
or no oxidation occurred at 4°C. Sattler-Dornbacher (1963) reported an
increase in the oxidation-reduction potential of butter as the storage
temperature increased, with a corresponding increase in the rate of fla-
vor deterioration. Hamm et al. (1968) demonstrated the rates of oxida-
tive deterioration in butter oils during storage at temperatures ranging
from —10°C to +50°C. Despite dramatic differences in the rate of oxi-
dation, increasing rates with increasing temperatures, they concluded
that the same flavors were formed on storage and that the reaction
sequence for flavor formation was the same at all temperatures.
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Oxygen Levels. The inhibition of oxidative deterioration in fluid milk
held at higher storage temperatures has been attributed by various
workers (Parks 1974) to a lowering of the oxygen content as a result of
bacterial activity. In this respect, it has been noted that the increased
incidence of oxidized flavor in milk has paralleled the bacteriologically
improved milk supply (Jenness and Patton 1959). Collins and Dunkley
(1957) have reported, however, that although large numbers of bacteria
slightly retard the development of oxidized flavor, the relatively small
number of bacteria normally found in market milk is of no practical
consequence in determining whether or not milk will develop an off-
flavor. Furthermore, Sharp et al. (1942) stated that the number of bac-
teria necessary to reduce the oxygen content materially would be suffi-
cient to cause other types of deterioration.

Removal of the dissolved oxygen in fluid milk or its replacement
with nitrogen was shown to inhibit the development of oxidized fla-
vors. Sharp et al. (1941) showed the deaeration inhibits the appearance
of an off-flavor even in the presence of 1 mg copper per liter of milk.
Singleton et al. (1963) confirmed previous observations that oxygen
was required for the development of light-induced off-flavors. Schaffer
et al. (1946), applying deaeration to products other than fluid milk, con-
cluded that to prevent the production of a tallowy flavor in butter oil,
the available oxygen should be less than 0.8% of the volume of the
fat. Similar storage conditions were also proposed by Lea et al. (1943).
Although the deaeration of these products is of significance only from
a scientific standpoint, the deaeration of dry milk products has practi-
cal applications.

Vacuum treatment or replacement of available oxygen with an inert
gas has proved its reliability in preventing or retarding the onset of
oxidation in dry whole milk for extended periods of storage. Greenbank
et al. (1946) showed that inert gas packing to an oxygen level of 3 to
4% increased the storage life of whole milk powder two to three times
over that of air-packed samples, the length of storage being dependent
on the initial quality of the product. Lea et al. (1943) showed that
whereas oxidation deterioration in milk powders packed at the 3 to 6%
oxygen level was retarded significantly, inert gas containing 0.5 to
1.0% oxygen prevented the development of recognizable tallowy fla-
vors for an indefinite period. Tamsma et al. (1961) showed statistically
a highly significant improvement in storage stability of whole milk
powders packed in inert gases containing 0.1% oxygen over those
packed at 1% oxygen level. Schaffer et al. (1946) concluded that the
time required for the production of a tallowy flavor is inversely propor-
tional to the oxygen concentration.
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Several deaeration techniques other than mechanical methods have
been utilized to inhibit or retard the development of tallowy flavors in
dry milks. Meyer and Jokay (1960) reported that milk powders packed
in the presence of an oxygen scavenger (glucose oxidase-catalase) and
a desiccant (calcium oxide) were comparable in flavor to samples stored
in the presence of an inert gas, the enzymes demonstrating the ability
to reduce oxygen levels to 0.5% in 1 week. Jackson and Loo (1959),
employing an oxygen-absorbing mixture (0.5 g Na,SO; and 0.756 g
CuSO, * 5H,0) enclosed in porous paper pouches, demonstrated keep-
ing qualities equal to those of dry milks stored in the presence of an
inert gas. Abbot and Waite (1961) reported favorable results in the
keeping quality of dry whole milk by using a mixture of 90% nitrogen
and 10% hydrogen in the presence of a palladium catalyst. The metal
catalyzes the formation of water from the hydrogen and residual oxy-
gen to produce an almost oxygen-free atmosphere in the pack. Tamsma
et al. (1967) reported obtaining within 24 hr a pack containing less than
0.001% oxygen by the use of an oxygen-scavenging system consisting
of 95% nitrogen, 5% hydrogen, and a platinum catalyst. Marked im-
provements in the keeping quality of milk powders packed in the scav-
enging system were reported.

Heat Treatment. Pasteurization of fluid milk leads to increased sus-
ceptibility to spontaneous (Bergman et al 1962B), copper-induced
(Parry et al. 1966; Smith and Dunkley 1962A), and light-induced oxi-
dized flavor (Finley 1968). Heating to higher temperatures, however,
reduces the susceptibility (Bergman et al. 1962B; Smith and Dunkley
1962A). A possible explanation for the increased incidence of oxidized
flavor as a result of pasteurization temperatures is suggested by sev-
eral studies. Sargent and Stine (1964) reported a substantial migration
of added copper to the cream phase of milk at temperatures above
60°C. Duin and Brons (1967) also observed an increase in the copper
content of creams prepared from pasteurized milk. Samuelsson (1967)
reported that washed cream made from milk heated to 80°C for 10 min
contained twice as much copper as that prepared from unheated milk.
The migration of the additional copper to the cream phase, which also
contains the readily oxidized phospholipids, increased the potential of
the system for oxidative deterioration. Tarassuk et al. (1959) also ob-
served that washed cream is very sensitive to the development of a
trainy (fishy) flavor when heated to temperatures between 60° and
90°C. The effect of previous heat treatment on the copper content of
butter was reported by Van Duin and Brons (1967). They observed that
pasteurization of 78°C for 15 to 30 sec produced high copper concen-
trations in butter and low concentrations in the buttermilk, the reverse
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being true when the cream was heated to above 82°C. They recom-
mended that creams prepared from pasteurized milks should be heated
to the higher temperatures to decrease the susceptibility of butter to
oxidative deterioration during storage.

The inhibitory effect of high heat treatment on oxidative deteriora-
tion of fluid milk and its products has been reported by various work-
ers (Tamsma et al. 1962; Parks 1974). Gould and Sommer (1939), in
conjunction with studies on the development of a cooked flavor in
heated milks, noted a decrease in the oxidation-reduction potential of
the product. They attributed the cooked flavor to the formation of sulf-
hydryl compounds and correlated the liberation of these compounds
with the heat retardation and prevention of oxidized flavor. The work
of Josephson and Doan (1939), conducted simultaneously with that of
these workers, confirmed the relationship between sulfhydryl com-
pounds, cooked flavor, decreased Eh, and inhibition of oxidized flavor.
They further reported that most heated products do not become tal-
lowy or oxidized until the sulfhydryls are first oxidized and the cooked
flavor has disappeared. Wilson and Herreid (1969) prolonged sub-
stantially the onset of oxidative deterioration of 30% sterilized cream
by increasing to 13% the solids-not-fat content of the cream prior to
sterilization, presumably by increasing the potential sulfhydryl con-
tent of the finished product. Gould and Keeney (1957) showed that an
oxidized flavor occurred in heated cream to which copper had been
added when the active sulfhydryl compounds had decreased to a level
approximating 3 mg/liter cystine HCL. Taylor and Richardson (1980A)
reported that sulfhydryl groups were responsible for only part of the
antioxidant activity of skim milk and that antioxidant activity resided
in the proteins, principally in the casein, which had only a small
amount of sulfhydryl groups. These investigators observed that soni-
cation greatly increased the antioxidant activity of skim milk and at-
tributed this increase to the increasing effective casein concentration
that would be produced by disrupted casein micelles (Taylor and Rich-
ardson 1980B).

B-Lactoglobulin has been shown by Larsson and Jenness (1950) to
be the major source of sulfhydryl groups in milk, while the fat globule
membrane material contributes a minor portion of these reducing com-
pounds. This finding was confirmed by Hutton and Patton (1952).

Time-temperature relationships have been established by various
workers as being optimum for preventing or retarding the develop-
ment of oxidized flavors in dairy products; cream, 88°C for 5 min; con-
densed milk, 76.5°C for 8 min; dry whole milk, preheated at 76.5°C for
20 min; and frozen whole milk, 76.5°C for 1 min (Parks 1974). Few, if
any, instances of a tallowy flavor have been reported in evaporated



256 FUNDAMENTALS OF DAIRY CHEMISTRY

milk; undoubtedly, a major reason for its stability toward oxidation is
the sterilization temperatures employed in its manufacture.

Josephson (1943) reported that butterfat prepared from butter
heated to 149°, 177°, and 204.5°C was extremely stable to oxidation,
while that heated to 121°C oxidized readily when stored at 60°C.
When butter oil itself was heated from 121 to 204.5°C, it also oxidized
rapidly. However, the addition of 1% skim milk powder to butter oil
prior to heating at 204.5°C for 10 min also resulted in a significant
antioxidative effect, which Josephson concluded was the result of a
protein-lactose reaction (carmelization) Wyatt and Day (1965) re-
ported that the addition of 0.5% nonfat milk solids to butter oil fol-
lowed by heating at 200°C and 15 mm Hg for 15 min caused the forma-
tion of antioxidants which protected the butter oil against oxidative
deterioration for 1 year, surpassing the effectiveness of many synthetic
antioxidants tested.

Exposure to Light. The catalytic effect of natural light in promoting
off-flavor development in fluid milk has been recognized for some
years. The extent of deterioration appears to be dependent on the
wavelengths involved, the intensity of the source, and the length of
exposure (Aurand et al. 1966; Dunkley et al. 1962A). Off-flavors have
also been reported to develop in butterfat which has been exposed to
the action of natural light (Parks 1974). In addition to natural light,
incandescent or fluorescent light employed in storage coolers may pro-
mote deteriorative reactions (Smith and MacLeod 1955; Dimick 1973),
while the development of off-flavors is the limiting factor in the preser-
vation of dairy products by high-energy radiation (Day et al. 1957;
Hoff et al. 1959). Efforts to inhibit or retard the onset of off-flavors as
aresult of exposure to sunlight led to the introduction of doorstep cool-
ers and, in certain cases, of amber-colored milk bottles. A shift toward
the marketing of fluid milk in plastic containers without adequate pro-
tection from light has greatly aggravated the problem of light-induced
oxidized flavor (White and Bulthaus 1982).

Two distinct flavors may develop in milk exposed to light (Velander
and Patton 1955): a burnt, activated, or sunlight flavor, which develops
rapidly, and a typically oxidized flavor, which develops on prolonged
exposure (Storgards and Ljungren 1962). It is possible that the pres-
ence of contradictory statements in the literature regarding deteriora-
tion on exposure to light may be attributed to the failure of various
investigators to recognize the existence of more than one off-flavor.

Studies by Patton (1954) and Velander and Patton (1955) have shown
that riboflavin plays a significant role in the development of the acti-
vated flavor. Although removal of riboflavin from milk by passing
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through Florisil prevented the development of an activated flavor,
such treatments did not prevent the development of the oxidized fla-
vor. The later observation does not agree with the reports of other
workers (Aurand et al. 1966); which indicate that riboflavin plays a
significant role in the development of the oxidized flavor. Ascorbic acid
has also been implicated in the development of off-flavors in fluid milks
exposed to light (Aurand et al. 1966; Dunkley et al. 1962B; DeMan
1980). The exact nature of its involvement, however, is not clear.

Limited studies have been conducted on the lipid components oxi-
dized in milk exposed to sunlight. Finley (1968) and Finley and Shipe
(1971) observed a decease in the oleic and linoleic acid contents of an
isolated low-density lipoprotein (LDL) from milk and implicated the
lipoprotein as a major substrate for the photoxidation reaction. Al-
though previous studies (Wishner and Keeney 1963) suggested that
the monoene fatty acids are important oxidizing substrates in milk ex-
posed to sunlight, Wishner (1964) noted that photoxidation of methyl-
linoleate in the presence of photosensitizers produces significant per-
centages of the less stable 11-hydroperoxide (Khan et al. 1954), which
on decomposition forms alk-2-enals, the significant carbonyls found in
milk exposed to sunlight.

The sunlight flavor has been shown (Patton 1954) to originate in the
proteins of milk. Hendrickx et al. (1963) concluded that the serum pro-
teins are the main source of activated flavor in milk, with riboflavin as
the photosensitizer. Similar results have been reported by Storgards
and Ljungren (1962). Singelton et al. (1963) demonstrated a rela-
tionship between riboflavin destruction, tryptophan destruction, and
the intensity of the sunlight flavor in milk, and implicated a trypto-
phan-containing protein rather than a single low molecular weight
compound as one of the reactants. Finley (1968) reported that an LDL
fraction associated with the fat globule membrane served as a carrier
and a precursor for the light-induced off-flavor. Studies of the degrada-
tion of the lipoprotein on exposure to light showed that both the lipid
and protein portions of the lipoprotein were degraded. In addition to
tryptophan, they observed the destruction of methionine, tyrosine,
cysteine, and lysine in the lipoprotein on exposure to light in the pres-
ence of riboflavin. The photoxidation of amino acids other than trypto-
phan has been observed in enzymes exposed to sunlight (Wishner
1964).

Methional, formed by the degradation of the amino acid methionine,
has been reported (Patton 1954; Velander and Patton 1955) to be the
principal contributor to the activated flavor. Samuelsson (1962) re-
ported, in studies of dio- and tripeptides containing methionine, that
irradiation did not result in any hydrolysis of the peptides, and the
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presence of methional in the reaction products could not be demon-
strated. He concluded that methional can only occur in irradiated
milks from the free methionine in the milk serum. Thiols, sulfides, and
disulfides observed as products of irradiated peptides may be of
greater significance in the activated flavor.

Acidity. The development of a fishy flavor in butter is well known.
Cream acidities ranging from 0.20 to 0.30% appear to represent those
levels at which flavor development is marginal (Parks 1974). Although
the development of fishy flavors in unsalted butters is rarely encoun-
tered, it is not restricted to those products containing salt. Pont et al.
(1960) induced the development of a fishy flavor in commercial butter-
fat by the addition of nordihydroguaiaretic acid and citric or lactic
acid. In addition, Tarassuk et al. (1959) reported the development of
fishy flavors in washed cream adjusted to pH 4.6.

Koops (1964A) conducted a comprehensive study of the develop-
ment of the trainy (fishy) flavor which occurs in butter prepared from
cultured cream (pH 4.6) during cold storage. He observed (Koops 1969)
that although the acidification of milk or cream to pH 4.6 did not result
in a transfer of natural copper from the plasma proteins to the fat glob-
ule membrane, 30 to 40% of added copper migrated to the membrane
proteins at pH 4.6. He concluded (Koops 1964A) that the development
of a trainy flavor in cultured butter is the result of the migration of
the plasma-bound (contaminated) copper to the fat globule membrane
and the enhanced interaction between the cephalin fraction of the mem-
brane phospholipids, which is highly susceptible to oxygen (Koops
1963), and the copper-containing membrane protein.

Although other dairy products have not been studied extensively,
reports suggest that titratable acidity as well as hydrogen ion concen-
tration tend to influence the development of oxidative deterioration. A
relationship was found between the titratable acidity and the develop-
ment of an oxidized flavor in milk (Parks 1974). While milks developed
an oxidized flavor at a titratable acidity of 0.19%, the deteriorative
mechanism was inhibited when the milks were neutralized to acidities
of 0.145% or less. An increase in pH of 0.1 was sufficient to inhibit the
development of oxidized flavors in fluid milks for 24 hr (Parks 1974).
In addition to fluid milk, Dahle and Folkers (1933) attributed the devel-
opment of oxidized flavors in strawberry ice cream to the presence of
copper and the acid content of the fruit.

Homogenization. Homogenization was found to inhibit the develop-
ment of an oxidized flavor in fluid milk by Tracey et al. (1933). Subse-
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quently, similar observations were reported on cream, ice cream, dry
whole milk, and frozen condensed milk (Parks 1974). The inhibitory
effect, however, is not absolute. Roadhouse and Henderson (1950)
found that the absolute pressure required varies with different milks
contaminated with the same concentration of cupric ion. The results
of Smith and Dunkley (1962A) indicate that the inhibitory effect of
homogenization is dependent on the degree of metallic contamination.

Various workers have proposed explanations for the inhibitory effect
of homogenization on oxidative deterioration. Tracey et al. (1933) con-
sidered it to be apparent rather than actual, resulting from changes in
the physical consistency of the milk, which may alter the taste. These
workers based their proposal on the observation that homogenization
has no apparent effect on the Eh of milk. Similar observations have
been noted by others (Larson et al. 1941). Still others have proposed
that the inhibition is real and is due to migration of the phospholipids
into either the serum phase (Thurston et al. 1936) or the interior of the
fat globule (Krukovsky 1952), to general redistribution of the phospho-
lipids in the milk proper (Greenbank and Pallansch 1961), or to dena-
turation of proteins resulting in an increase in the number of available
-SH groups (Forster and Sommer 1951). King (1958) proposed that ho-
mogenization produces an irreversible change in the structural configu-
ration of the copper-protein complex in such a way that ascorbic acid
is no longer able to initiate the formation of lipid free radicals. Smith
and Dunkley (1962A) theorized that homogenization causes a change
in the copper-protein binding by the formation of a chelate that is less
active in ascorbic acid oxidation and inactive in lipid peroxidation. Tar-
assuk and Koops (1960) stated that ‘‘the decrease in concentration of
phospholipids and the copper-protein complex per unit of newly
formed fat globule surface appears to be the most important factor, if
not the only one, that retards the development of oxidized flavor in
homogenized milk.”

Dunkley et al. (1962B) demonstrated, by the use of TBA values and
a highly trained taste panel, that although homogenization inhibits
light-induced lipid oxidation, the process increases the susceptibility
of milk to the development of the activated flavor. An increase in the
intensity of off-flavors in homogenized milks exposed to sunlight has
been reported by several workers (Dahle 1938; Kelly 1942). Finley
(1968) concluded, as a result of his studies, that any treatment (e.g.,
homogenization) which affects the fat globule membrane increases the
susceptibility of milk to light-induced off-flavors. It is evident from the
literature that homogenization affords a degree of protection against
oxidative deterioration in fluid milks provided excessive metallic con-
tamination and undue exposure to light are avoided.
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Carbonyl Content of Oxidized Dairy Products

Considerable effort has been expended in recent years on the odorous
compounds formed in autoxidized dairy products. Although some of
the early identification studies lack present-day sophisticated method-
ology, may be incomplete, and do not differentiate between their iso-
meric forms of the various compounds, their contribution to the knowl-
edge of the products of autoxidation in dairy products is invaluable.

Despite the general similarity in the qualitative carbonyl content of
oxidized dairy products, flavor differences are apparent. Attempts to
correlate the off-flavors with specific compounds or groups of com-
pounds, however, are difficult for several reasons. These include (1) the
multitude of compounds produced; (2) difficulties arising in the quanti-
tative analyses of oxidized dairy products; (3) differences in threshold
values of individual compounds; (4) similarity of flavors imparted by
individual compounds near threshold; (5) a possible additive and/or an-
tagonistic effect, with regard to both flavor and threshold values of
mixtures of compounds; (6) the possible existence of a compound or
group of compounds heretofore not identified; and (7) the difficulties
involved in adding pure compounds of dairy products as a means of
evaluating their flavor characteristics.

Several compounds formed by the autoxidation of milk lipids, how-
ever, have been implicated in specific off-flavors. Stark and Forss
(1962) have identified 1-octen-3-one as the compound responsible for
the metallic flavor which develops in dairy products. This compound
has also been shown to be an integral part of other oxidized flavor
defects (Badings 1970; Forss et al. 1960A,B). 4-cis-Heptenal, responsi-
ble for the creamy flavor of butter (Begeman and Koster 1964), results
from autoxidation of minor isolinoleic acids in butterfat (Jong and Van
der Wel 1964). At higher concentrations, this compound has also been
implicated in the trainy flavor which develops in cold storage butter
(Badings 1965). 6-trans-Nonenal has been identified as the compound
responsible for the “drier” flavor (Parks et al. 1969) which frequently
appears in freshly prepared foam spray-dried milk—an off-flavor which
is peculiar to this particular product. Although the evidence suggests
that it is formed in foam spray-dried milk by trace ozonolysis of minor
milk lipids, it has also been identified in stored sterile milks (Parks and
Allen 1972). The last observation suggests that it may also appear in
dairy products as a result of autoxidation reactions (Keppler et al.
1967).

Shipe et al. (1978) summarized the principal off-flavors and standard-
ized their reproduction primarily to serve as reference aids in training
research and quality control personnel.
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Other studies suggest that the preponderance of certain carbonyls
or group of carbonyls is involved in the off-flavors of various dairy
products. Forss et al. (1955A,B) reported that the C; to C,; 2-enals and
the Cs to Cy; 2,4-dienals—and, more specifically, 2-octenal, 2-nonenal,
2,4-heptadienal, and 2,4-nonadienal—constitute a basic and character-
istic factor in the copper-induced cardboard flavor in skim milk. The
same workers concluded that ‘“‘while these compounds in milk closely
simulate the cardboard flavor, the resemblance is not complete” and
that “the defect contains further subsidiary flavor elements.”

Bassette and Keeney (1960) ascribed the cereal-type flavor in dry
skim milk to a homologous series of saturated aldehydes resulting
from lipid oxidation in conjunction with products of the browning reac-
tion. The results of Parks and Patton (1961) suggest that saturated
and unsaturated aldehydes at levels near threshold may impart an off-
flavor suggestive of staleness in dry whole milk. Wishner and Keeney
(1963) concluded from studies on milk exposed to sunlight that Cg to
C,; alk-2-enals are important contributors to the oxidized flavor in this
product. Parks et al. (1963) concluded, as a result of quantitative carbo-
nyl analysis and flavor studies, that alk-2-4-dienals, especially
2,4-decadienal, constitute a major portion of the off-flavor associated
with spontaneously oxidized fluid milk. Forss et al. (1960A,B) reported
that the fishy flavor in butterfat and washed cream is in reality a mix-
ture of an oily fraction and 1-octene-3-one, the compound responsible
for the metallic flavor. n-Heptanal, n-hexanal, and 2-hexanal were
found to be constituents of the oily fraction in washed cream, and these
three carbonyls plus heptanone-2 were constituents of the oily fraction
isolated from fishy butterfat. Badings (1970) identified 40 volatile com-
pounds in cold storage cultured butter which had a trainy (fishy) off-
flavor. Included among the 14 compounds which were present at
above-threshold levels were 4-cis-heptenal; 2-trans, 4-cis-decadienal; 2-
trans, 6-cis-nonadienal; 2,2,7-decatrienal; 3-trans,5-cis-octadien-2-one;
1-octene-3-one; and 1-octen-3-ol. Keen et al. (1976) reported on the car-
bonyls in ultra-high-temperature milk. They found acetaldehyde, hexa-
nal, heptanal, octanal, and decanal in this milk but not in the control
and ascribed the presence of these aldehydes and the higher concentra-
tion of nonanal in the ultra-high-temperature milk to the heat treat-
ment.

Comparative studies by Forss and co-workers (1960A,C) on the
fishy, tallowy, and painty flavors of butterfat tended to emphasize the
importance of the relative and total carbonyl contents in dairy prod-
ucts with different off-flavors. These researchers showed that three fac-
tors distinguished painty and tallowy butterfat from fishy butterfat.
First, there was a relative increase in the n-heptanal, n-octanal, n-non-
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anal, heptanone-2, 2-heptenal, and 2 nonenal in the tallowy butterfat
and a relative increase in the n-pentanal and the C; to C,, alk-2-enals
in the painty butterfat. Second, 1-octen-3-one was present in such low
concentrations in both the tallowy and painty butterfats as to have no
effect on the flavor. Third, the total weight of the volatile carbonyl
compounds was about 10 times greater in the tallowy and 100 times
greater in the painty butterfat than in the fishy butterfat.
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Lactose

Virginia H. Holsinger

OCCURRENCE

The characteristic carbohydrate of milk is lactose (4-0-3-D-galactopyra-
nosyl-D-glucopyranose), commonly referred to as “milk sugar.” Practi-
cally, the milk of mammals is the sole source of lactose, a belief which
is substantially correct, but with recognized exceptions. In addition to
the high concentrations of lactose in milk and the mammary gland, low
concentrations appear in the blood and urine, especially during preg-
nancy and lactation, the result of escape of lactose formed in the mam-
mary tissues. Lactose is found in the urine in about 9% of healthy hu-
mans of either sex who consume a normal diet; its origin is probably
alimentary (Flynn et al. 1953). Other sources are rare, e.g., as a constit-
uent of some oligosaccharides (Trucco et al. 1954), in Forsythia flowers
(Kuhn and Low 1949), and in Sapotacea (Reithel and Venkataraman
1956).

The literature on lactose is voluminous, and no attempt is made here
to review it comprehensively. Excellent general and specialized reviews
are available for those interested in additional details and references
{Delmont 1983; Doner and Hicks 1982; Hobman 1984; MacBean 1979;
Nickerson 1974; Paige and Bayless 1981; Renner 1983; Short 1978;
Zadow 1984).

The first record of isolation of lactose was in 1633, by Bartolettus,
by evaporation of whey. During the Eighteenth century, lactose be-
came a commercial commodity, used principally in medicine. Whey had
been used by physicians since the time of Hippocrates to utilize the
unique biochemical functions and properties of lactose.

Lactose is present in the milk of most mammals, as shown in Table
6.1. Exceptions to this pattern are the California sea lion and other
Pacific pinnipeds, which have no lactose in their milks (Johnson et al.
1974; Pilson 1965; Pilson and Kelly 1962; Stewart et al. 1983). Human
milk contains one of the highest lactose contents, about 7%, of all
mammalian milks (Renner 1983), whereas the average lactose content

279
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Table 6.1. Milk Composition of Domesticated and Experimental
Mammals.

Total
Fat Protein Lactose solids
Mammal (%) (%) (%) (%)
Cow 3.7 3.4 4.8 12.7
Man 3.8 1.0 7.0 12.4
Sheep 7.4 5.5 4.8 19.3
Goat 4.5 2.9 4.1 13.2
Water buffalo 7.4 3.8 4.8 17.2
Dromedary 4.5 3.6 5.0 13.6
Horse 1.9 2.5 6.2 11.2
Llama 2.4 7.3 6.0 16.2
Reindeer 16.9 11.5 2.8 33.1
Zak 6.5 5.8 4.6 17.3
Indian elephant 11.6 4.9 4.7 21.9
Dog 12.9 7.9 3.1 23.5
Cat 4.8 7.0 4.8 17.6
Pig 6.8 4.8 5.5 18.8
Norway rat 10.3 84 2.6 21.0
Golden hamster 4.9 9.4 4.9 22.6
Guinea pig 3.9 8.1 3.0 16.4
Rhesus monkey 4.0 1.6 7.0 15.4
Baboon 5.0 1.6 7.3 14.4
Rabbit 18.3 13.9 2.1 32.8
Mink 3.4 7.5 2.0 21.2

source: Jenness and Sloan (1970).
Note: Large differences within species are reported by various workers.

of normal bovine milks averages 4.8% anhydrous lactose. This usually
amounts to 50 to 52% of the total solids in skim milk.

Besides lactose, small amounts of other carbohydrates are found in
milk, partly in a free form and partly bound to proteins, lipids, or phos-
phate. In some milks, other carbohydrates occur in higher concentra-
tions than lactose (Jenness et al. 1964). Cows’ milk contains the mono-
saccharides glucose and galactose in concentrations of about 10 mg/10
ml (Reineccius et al. 1970); the amount of oligosaccharides is small, 100
mg/liter (Renner 1983). The review of Jenness and Sloan (1970) is an
excellent reference for those interested in the evolutionary biochemis-
try of lactose.

Molecular Structure

Lactose is a disaccharide that yields D-glucose and p-galactose on hy-
drolysis. It is designated as 4-0-8-galactopyranosyl-D-glucopyranose
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and occurs in both alpha and beta forms. The conclusive evidence es-
tablishing this structure has been reviewed (Whittier 1944; Clamp et
al. 1961) in detail, so only a brief description is given here.

By hydrolyzing lactosone and lactobionic acid and obtaining free
D-galactose plus glucosone and gluconic acid, respectively, it has been
shown that the two monosaccharides are linked through the aldehyde
group of p-galactose. Thus the aldehydic portion of lactose is on the
glucose residue. That the configuration of the p-galactose residue is of
the beta form was shown by the use of an enzyme, 8-D-galactosidase,
that hydrolyzes both lactose and a methyl 8-p-galactopyranoside, but
not the o anomer. Conversely, it was shown that an enzyme that hydro-
lyzed an a-D-galactoside but not a 3-D-galactoside would not hydrolyze
lactose. That the p-galactose in the lactose molecule is the beta form
was also shown by its synthesis from D-glucose and D-galactose. The
point of union of the two monosaccharides was established through
products of hydrolysis or methylated lactose. The alpha or beta config-
urations of lactose are easily distinguished, since the alpha designation
is arbitrarily assigned to the form having the greater rotation in the
dextro direction. The structural formula for lactose is represented in
Figure 6.1. 3-Lactose is depicted by interchanging the OH and H on
the reducing group. *C nuclear magnetic resonance assignments have
been investigated (Pfeffer et al. 1979).

A series of rare carbohydrates is known whose structures differ only
slightly from that of lactose. Lactose has been prepared from epilac-
tose, 4-0-8-D-galactopyranosyl-D-mannose, from which it differs in con-
figuration at C-2 of the b-glucose residue. Lactulose, 4-0-8-D-
galoctopyranosyl-nD-fructose, does not exist in unheated cows’ milk but
is produced from lactose during the heat processing and storage of cer-
tain dairy products such as sterilized infant formula (Renner 1983).
Its preparation, properties, presence, and significance in milk products
have been reviewed (Adachi and Patton 1961; Doner and Hicks 1982).
A number of oligosaccharides that may be derivatives of lactose have
been found in milks of various species (Renner 1983). They may differ

CH,0H CH,0H
0 0
HO /4 H H
OH H 0 H H
H H OH
H  OH H OH

Figure 6.1. Structural formula of o-lactose. (From Herrington 1934. Re-
printed with permission from the Journal of Dairy Science 17(7), 5633-542.)
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considerably in composition in the various milks and, on hydrolysis,
yield such compounds as fucose, glucosamine, galactosamine, neurami-
nic acid, and D-mannose, in addition to D-glucose and D-galactose.
Many exhibit bifidus growth activity for Lactobaccillus bifidus var.
pennsylvanicus (Gyorgy 1953) and are of interest because of their nu-
tritional and physiological significance (Zerban and Martin 1949). A
review of the literature covers the isolation, identification, and struc-
ture of these oligosaccharides (Clamp et al. 1961).

BIOSYNTHESIS

Lactose biosynthesis in the mammary gland has been the subject of a
considerable volume of published work which has been reviewed
(Ebner and Schanbacher 1974; Jones 1978). Much of the following dis-
cussion is taken from these two references.

The biosynthesis of lactose is an unusual biochemical system in that
one protein, the whey protein a-lactalbumin, acts as a protein modifier
of an enzyme, a galactosyltransferase. The physiological function of
this enzyme is to transfer galactose to an N-acetylglucoaminyl residue
of the carbohydrate side chain of a glycoprotein. In the presence of
o-lactalbumin, galactose may also be transferred to glucose to form
lactose. The mammary gland is unique in its ability to synthesize
a-lactalbumin, and this synthesis is presumably under hormonal con-
trol (Ebner and Schanbacher 1974).

The general scheme for lactose synthesis (Jones 1978) is considered
to be:

Glucose hexokinase glucose-6-phosphate

Glucose-6-phosphate phosphoglucomutase gjycose 1-phosphate

Glucose-1-phosphate UDP glucose UDP glucose
pyrophosphorylase

UDP glucose UDP glucose UDP galactose
epimerase

UDP galactose + glucose galactosyltransferase |actose + UDP
a-lactalbumin

Most of these reactions take place in the cystosol of the epithelial
cells surrounding the alveoli of the mammary gland, but the final step,
in which the galactosyltransferase is modified by a-lactalbumin, occurs
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in the Golgi vesicles. The lactose thus formed is retained within the
Golgi apparatus and transported to the apical surface of the cell in
secretory vesicles along with the milk proteins. The vesicles then dis-
charge their contents into the alveolar lumen.

Several possibilities existed as to how a-lactalbumin functions in the
galactosyltransferase reaction. The results of kinetic and other mecha-
nistic studies have shown that the active form of the enzyme is an
a-lactalbumin-galactoslytransferase complex which forms in the pres-
ence of Mn?* and uridine diphosphate (UDP) galactose or other appro-
priate carbohydrate acceptors (Klee and Klee 1972; Ivatt and Rose-
meyer 1972; Powell and Brew 1975; Challand and Rosemeyer 1974).
Ebner and Schanbacher (1974) described the main changes in substrate
affinities brought about by o-lactalbumin; these changes consist
mainly of an increased affinity for the carbohydrate galactosyl accep-
tor complicated by various types of substrate inhibition, for example,
higher than optimum concentrations of a-lactalbumin.

Brew (1969) developed a hypothesis describing the role of o-lactal-
bumin in the control of lactose synthesis which was compatible with
the kinetic properties of the enzyme system (Morrison and Ebner
1971A-C). Because of hormonal influence, a-lactalbumin is synthe-
sized on the ribosomes, whence it passes into the tubules and vesicles
of the Golgi apparatus. Here it comes into direct contact with the sub-
strates UDP galactose and glucose and galactosyltransferase bound to
the inner surface of the membrane. For this scheme to operate, the
Golgi vesicles have to be impermeable to lactose but permeable to glu-
cose and UDP galactose (Kuhn and White 1975, 1976). a-Lactalbumin
disasociates from the galactosyltransferase after lactose formation but
before the product is released into the milk. Although Brew originally
visualized a mobile a-lactalbumin interacting with a membrane-bound
galactosyltransferase, the enzyme also appears in milk, so it must also
be mobile; the transit time appears to be about two days compared to
40 min for a milk protein such as a-lactalbumin (Jones 1978; Heald and
Saacke 1972).

Lactose content of milk is affected by inheritance, age, stage of lacta-
tion, and interquarter differences (Walsh et al. 1968A). Such variations
in lactose content constitute the major factor in variations observed in
the SNF content of milk (Walsh et al. 1968B).

PHYSICAL PROPERTIES

Lactose normally occurs naturally in either of two crystalline forms—
a-monohydrate and anhydrous f8—or as an amorphous ‘‘glass” mixture
of o- and B-lactose. Several other forms may be produced under special
conditions.
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o-Hydrate

Ordinary commercial lactose is a-lactose monohydrate (C,2H3,0,,°H-0).
1t is prepared by concentrating an aqueous lactose solution to super-
saturation and allow crystallization to take place at a modern rate be-
low 93.5°C. That o-hydrate is the stable solid form at ordinary temper-
atures is indicated by the fact that the other solid forms change to the
hydrate in the presence of a small amount of water below 93.5°C. It
has a specific optional rotation in water of [a]f’ = +89.4° (anhydrous
weight basis) and a melting point of 201.6°C. A study of the crystalline
structure by x-ray diffraction (Buma and Wiegers 1967) has given the
following consultants: @ = 7.98 A; b = 21.68 A;c = 4.836 A; 8 =
109°47’, which are in close agreement with previously reported con-
stants (Knoop and Samhammer 1962; Seifert and Labrot 1961). These
values refer to the dimensions of the unit cell and one of the axial an-
gles. The value of p exp. = 1.497, indicating a z value of 2.03 molecules
per unit cell.

a-Hydrate may form a number of crystal shapes, depending on the
conditions of crystallization, but the most familiar forms are the prism
and tomahawk shapes (Herrington 1934A; Hunziker and Nissen 1927).
Since the crystals are hard and not very soluble, they feel gritty when
placed in the mouth, similar to sand particles. This is the origin of
the term ‘“‘sandy’’ to describe the defect in the texture of ice cream,
condensed milk, or processed cheese spread that contains perceptible
a-hydrate crystals. Crystals that are 10 u or smaller are undetectable
in the mouth, but above 16 y, fewer crystals can be tolerated without
affecting the texture. When they are as large as 30 u, only a few crys-
tals are sufficient to cause sandiness in several products (Hunziker
1949; Nickerson 1954).

Crystalline Habit. o-Lactose hydrate crystals are observed in a wide
variety of shapes, depending on conditions of crystallization. The prin-
cipal factor governing the crystalline habit of lactose is the precipita-
tion pressure, the ratio of actual concentration to solubility (Herrington
1934A). When the pressure is high and crystallization is forced rapidly,
only prisms form. As precipitation pressure lessens, the dominant
crystal form changes to diamond-shape plates, then to pyramids and
tomahawks, and finally, in slow crystallization, to the fully developed
crystal. These types of crystals are illustrated in Figure 6.2. -
Detailed studies on the growth rates of the individual faces of
a-lactose crystals have appreciably increased our understanding of the
crystallization process. All the habits of lactose crystals found in dairy
products are crystallographically equivalent to the tomahawk form;
different relative growth rates on the crystal faces account for the var-
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Figure 6.2. The crystalline habit of lactose a-hydrate. (A) Prism, formed
when velocity of growth is very high. (B) Prism, formed more slowly than
prism A. (C) Diamond-shaped plates; transition between prism and pyra-
mid. (D) Pyramids resulting from an increase in the thickness of the dia-
mond. (E) Tomahawk, a tall pyramid with bevel faces at the base. (F) Toma-
hawk, showing another face which sometimes appears. (G) The form most
commonly decribed as fully developed. (H) A crystal having 13 faces. The
face shown in F is not present. (I) A profile view of H with the tomahawk
blade sharpened. (From van Krevald and Michaels 1965. Reprinted with per-
mission of the Journal of Dairy Science 48(3), 259-265.)

ious shapes observed (Herrington 1934A; Van Krevald and Michaels,
1965). The axes and faces of the tomahawk crystal are depicted in Fig-
ure 6.3. Some typical lactose crystals are shown in Figure 6.4.

The rate of crystal growth increases rapidly as supersaturation (pre-
cipitation pressure) is increased. Data from several studies have shown
that the growth rate increases with a supersaturation power greater
than 1 (Van Krevald and Michaels 1965; Twieg and Nickerson 1968).
Again, the rate is different for the different faces, altering the shape
of the crystals. It is observed that the more the faces are oriented
toward the b direction, the less they grow. The (010) face does not grow
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Figure 6.3. Tomahawk crystal of a-lactose monohydrate. (From Nickerson
1974.)

at all; the (011) face does not grow at low supersaturation but grows
slightly at high supersaturation; the (110) face grows slightly at low
and moderately at high supersaturations; the (100) face always takes
an intermediate position; and the (110) and (010) always grow fastest.
Growth on the (010) face can vary enormously, whereas the (011) and
(170) faces are fairly constant in growth rate.

Growth studies of broken crystals, as well as studies of the individ-
ual faces, have shown that lactose crystals grow only in one direction
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Figure6.4. Lactosecrystal forms.
(A) A variety of a-hydrate crystals
from pure solution. (B) g-Lactose
crystals from pure solution. (C) a-
Hydrate crystals in sweetened
_ condensed milk. (D) a-Hydrate
crystals in sandy ice cream. (E) a-
Hydrate crystals in frozen con-
densed milk. (From Nickerson
1974.)
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of its principal axis and therefore have their nucleus in the apex of the
tomahawk (Van Krevald and Michaels 1965).

In dairy products, crystallization is more complex. The impurities
(e.g., other milk components), as far as lactose is concerned, may inter-
fere with the crystalline habit. As a result, the crystals tend to be irreg-
ularly shaped and clumped, instead of yielding the characteristic crys-
tals obtained from simple lactose solutions. In some instances, the
impurities may inhibit the formation of nuclei and thus retard or pre-
vent lactose crystallization (Nickerson 1962).

The influence of a number of additives on growth rates has been
studied; some additives resulted in marked retardation, whereas others
accelerated growth on specific crystal faces (Michaels and Van Krevald
1966). Alterations in the growth process by additives are assumed to
involve two opposing mechanisms: (1) acceleration of crystallization by
reducing the edge energy at dislocation centers on the crystal face,
thereby favoring a more rapid step generation rate by permitting a
higher curvature of steps near a dislocation; and (2) inhibition of crys-
tallization by retarding step propagation by adsorption of the additive
on the crystal face. The concentration of the additive can influence the
relative importance of these two reactions. For example, low concentra-
tions of a surface-active agent, sodium dodecylbenzenesulfonate, result
in “activation” of dislocation centers, thus leading to accelerated crys-
tal growth; at higher concentrations, however, adsorption on the crys-
tal face is rapid, resulting in inhibited growth (Michaels and Van Krev-
ald 1966).

Although most additives that have been studied retard growth on
all faces of the crystal, there are some which definitely promote growth
on certain faces. For example, repeated recrystallization of lactose re-
moves growth-promoting trace substances, so that crystal growth is
much slower in supersaturated solutions of this lactose than in less
purified solutions. The tendency toward spontaneous nucleation is also
lowered upon repeated recrystallization.

Washing of lactose crystal clumps with distilled water increases sub-
sequent growth (Nickerson and Moore 1974A). Jelen and Coulter
(1973A) observed that partial dissolution of lactose crystals initially
resulted in higher growth rates. Washing may cause an effect similar
to that of breaking a face in that broken face grows much faster than
normal faces until the break is healed (Van Krevald and Michaels 1965.)
Washing may remove impurities accumulated on the crystal surface
that inhibit growth; their removal would result in accelerated growth.

Gelatin is an example of a crystallization inhibitor that reduces the
growth rate to 1/3 to 3/4 of normal even at low gelatin concentrations
(Michaels and Van Krevald 1966). In highly supersaturated lactose so-
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lutions, however, gelatin cannot suppress nucleation, which explains
its ineffectiveness in preventing sandiness in ice cream (Nickerson
1962).

Various marine and vegetable gums are currently in wide use in ice
cream formulations. Shown to inhibit the formation of lactose crystal
nuclei, they have been the principal factor responsible for the reduced
incidence of sandiness in ice cream in recent years (Nickerson 1962).

Both methanol and ethanol accelerate crystallization by as much as
30 to 60% even at low (1%) concentrations, depending on which crystal
face is being observed (Michaels and Van Krevald 1966). The mecha-
nism is unexplained, but several factors seem to be involved. Although
the solubility of lactose is depressed by alcohol, it does not seem to be
depressed enough to account for the observed acceleration. It is more
likely that the effects are due to promotion of step generation by ad-
sorption of alcohol on the steps. Added support for the step theory was
gained when it was shown that doubling the methanol concentration
caused only a small increase in growth rather than an effect of in-
creased supersaturation (Nickerson and Moore 1974B). Since alcohol
promotes spontaneous nucleation, this may be another factor involved
(Michaels and Van Krevald 1966).

The rate of lactose crystallization is also markedly increased at low
pH (< 1). Organic acids such as acetic and lactic acids are not suitable,
since they do not yield the low pH necessary; lactic acid has been
shown to slow crystallization (Jelen and Coulter 1973B). Sulfuric acid
is an especially effective catalyst for lactose crystallization, being con-
siderably better than hydrochloric acid even at the same pH (Nicker-
son and Moore 1974B). The effect has been attributed to the accelerat-
ing effect of acid on mutarotation (Nickerson and Moore 1974B).
However, it has been demonstrated that mutarotation becomes limit-
ing only when crystallization occurs rapidly on a large surface area.
Since the acceleration could not be explained by mutarotation, it was
suggested that the effect of low pH may be influencing the crystal-
surface reaction (Twieg and Nickerson 1968).

Some carbohydrates actively inhibit the crystallization of lactose,
whereas others do not. Carbohydrates that are active possess either
the B-galactosyl or the 4-substituted-glucose group in common with
lactose, so that adsorption can occur specifically at certain crystal
faces (Van Krevald 1969). B-Lactose, which is present in all lactose so-
lutions [see ‘“Equilibrium in Solution (Mutarotation”)], has been postu-
lated to be principally responsible for the much slower crystallization
of lactose compared with that of sucrose, which does not have an iso-
meric form to interfere with the crystallization process (Van Krevald
1969). Lactose solubility can be decreased substantially by the pres-
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ence of sucrose (Nickerson and Moore 1972). The retarding action of
B-lactose on crystallization of needles of o-hydrate lactose was ascribed
to the fact that the 8-galactosyl part of its molecule is the same as
in o-lactose. The B-lactose molecules, along with o molecules, become
attached to certain crystal faces which are acceptors of 5-galactosyl
groups. Once the $-lactose molecules are incorporated on the crystal,
they impede further growth because of their g-glucose group, which is
foreign to the crystal structure. However, 8-lactose has failed to inhibit
crystal growth under conditions where supersaturation was increased
by its addition (Nickerson and Moore 1974B). The growth rate of regu-
lar a-hydrate crystals has been shown to depend on the amount of
a-lactose in solution but to be independent of the amount of 3-lactose
(Nickerson and Moore 1974A).

Lactose crystal growth rates have been evaluated in the presence of
certain salts and other substances found in cheese whey (Jelen and
Coulter 1973B). The effect varied with species and concentration of the
salt. Calcium chloride had the greatest growth-promoting effect; at the
10% impurity level, crystal growth rate was accelerated three times.
Acceleration of the crystal growth rate resulted in an altered crystal
shape; in the presence of calcium chloride, there was a considerable
flattening of the crystal base, whereas in control solutions the crystals
continued to grow in pyramid-like shapes. Jelen and Coulter (1973B)
suggested that the salt effects they observed might explain the several
forms of lactose crystals found in various dairy products (Van Krevald
and Michaels 1965).

The retarding action of certain additives is more apparent in solu-
tions in which crystallization is slow (low supersaturation). Under con-
ditions of rapid growth, there is little opportunity for the additive to
be adsorbed on the surface of the crystal, since the additive has greater
competition with the large numbers of molecules of crystallizing mate-
rial in highly supersaturated solutions.

Riboflavin also may adsorbed on growing lactose crystals and alter
the crystalline habit. Since it is naturally present in the whey from
which lactose hydrate is made and is present in all dairy foods, its in-
fluence on lactose crystallization may be of special interest. Adsorp-
tion is dependent upon concentration of riboflavin in solution, on de-
gree of lactose supersaturation and on temperature (Leviton 1943,
1944; Michaels and Van Krevald 1966). No adsorption occurs below a
certain minimum (critical) concentration of riboflavin (2.5 ug/ml), but
adsorption increases linearly with riboflavin concentration above this
critical level. Increasing the temperature of crystallization results in
reduced riboflavin adsorption. Adsorption is favored at lower supersat-
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uration levels of lactose where crystallization is slow, in keeping with
the action of additives in general. By proper control of these variables,
concentrations of 200 to 300 ug of riboflavin per gram of lactose are
practical.

Forms of Anhydrous o-Lactose. The water of crystallization may be
removed from o-hydrate crystals under various conditions to produce
different types of anhydrous lactose.

Hygroscopic (Unstable) Anhydrous a-Lactose. An anhydrous form
of a-lactose is produced by heating o-hydrate above 100°C in vacuo.
The loss of moisture is negligible at 85°C, becomes significant at 90°C,
and rises steadily with increasing temperature, being rapid at 120-
125°C (Heinrich 1970). Its melting point is 222.8°C. Workers have had
difficulty preparing this type of lactose with high purity; for example,
drying at 100°C for 48 hr yielded a product of only 90 to 95% «, with
the remainder 8 (Buma and Wiegers 1967). This form of anhydrous
lactose is stable in dry air, but is highly hygroscopic and therefore un-
stable when exposed to normal atmospheric conditions. In the presence
of water, it apparently forms the hydrate without first dissolving. In
a solution saturated as to o-lactose hydrate, however, it will not dis-
solve. This behavior suggests little change in the crystalline structure
other than removal of the water of crystallization, but the o-hydrate
crystals are extensively fractured by the heat and vacuum treatment
required to remove the water of crystallization, as shown by electron
microscopic micrographs (Figure 6.5). The fractures remain even when
the anhydrous lactose is rehydrated by absorption of 5% moisture
from a moist environment (Lim and Nickerson 1973).

Stable Anhydrous o-Lactose. A stable form of anhydrous a-lactose
(not hygroscopic) can be prepared by heating a-hydrate crystals in air
at temperatures high enough to drive off the water of crystallization
(100 to 190°C) while maintaining the atmospheric environment of the
crystals at a water vapor pressure between 6 and 80 cm mercury
(Sharp 1943). This environment is intermediate between rapid removal
of vapor, by which the hygroscopic (unstable) anhydrous lactose is
formed, and heavier vapor pressure conditions under which B-lactose
is formed. This stable anhydrous o-lactose differs from the regular an-
hydrous form produced by heating the hydrate under vacuum in that
it has greater density, is not appreciably hygroscopic, must dissolve in
water before forming the hydrate, and dissolves readily in a solution
that is already saturated as far as o-lactose hydrate is concerned. This
solution is unstable and soon deposits crystals of a-lactose hydrate.
Stable anhydrous o-lactose is more soluble in water than either
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Figure 6.5. Electron Microscopic
micrographs. Top left: o-hydrate
crystals at 120X. Top right: regular
anhydrous o-lactose (hygroscopic)
at 100X. Middle left: regular anhy-
drous a-lactose (hygroscopic) at
2300X. Middle right: stable anhy-
drous a-lactose from methanol at
1150X. Bottom: B-lactose crystals
at 2000X. (From Nickerson 1956.
Reprinted with permission from
the Journal of Dairy Science
39(10), 1342-1350.)
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o-hydrate or -lactose. This form of lactose has been used to prepare
solutions that are highly supersaturated in o but low in 8 (Van Krevald
1969).

A different, stable anhydrous form of o-lactose was prepared by re-
fluxing o-lactose hydrate in absolute methanol (Lim and Nickerson
1973). At refluxing temperature, the anhydrous form was produced in
a yield of 98 to 99% in 1 hr at all ratios of a-lactose hydrate to dry
methanol. Other alcohols, such as ethanol, n-propanol, n-butanol, and
isobutanol, were also used for this process (Nickerson and Lim 1974).
It was originally assumed that the stable anhydrous a-lactose formed
by these alcohol treatments was the same as that produced by heating
o-lactose hydrate in air (Nickerson 1974). However, Ross (1978B), us-
ing differential scanning calorimetry, compared the stable anhydrous
a-lactose obtained by heat treatment to that produced by methanol
treatment of crystalline o-lactose monohydrate. The melting point of
the methanol-treated anhydrous a-lactose was lower by 5.8°C, heat of
fusion was higher by 33%, heat capacity was lower by 0.027 cal g~!
deg™!, and density was higher by 0.025/g cm~3. The anhydrous o-lac-
tose crystallized from methanol has a new crystal form seen in Figure
6.5. Anhydrous o-lactoses prepared by treating a-lactose hydrate with
methanol, ethanol, propanol, and n-butanol were all distinct species;
each contained measurably small amounts of alcohol (Parrish et al
1979A).

The water of crystallization can be moved from o-hydrate by reflux-
ing it in a high-boiling organic solvent that is immiscible with water.
For example, the moisture in lactose hydrate has been determined by
the toluene distillation method that is often used to determine mois-
ture in milk powder; with lactose, prolonged distillation (5 hr) is neces-
sary to remove the hydrate moisture. The powder remaining after dis-
tillation in a stable anhydrous form (Nickerson 1974).

Another type of anhydrous lactose crystal can be prepared by shak-
ing finely powdered a-hydrate crystals at room temperature in 10 times
their weight of methanol containing 1 to 5% anhydrous hydrogen chlo-
ride (Hockett and Hudson 1931). The characteristic crystals of lactose
gradually disappear, and tiny needles form. They contain a mixture of
anhydrous a-and $-lactose in a ratio of 5:3. Olano et al. (1977) demon-
strated that the compound having «:8 = 5:3 rapidly formed from
o-lactose monohydrate in methanolic hydrogen chloride, provided that
1% water was present in the methanol; the crystalline anhydrous lac-
tose had a:3 = 4:1 in absolute methanolic hydrogen chloride. At 27°C,
the products from o-lactose monohydrate in acidic ethanol or 99 wt%
aqueous ethanol were lactose with «:8 = 5:3 or anhydrous o-lactose,
respectively; at —20°C, the product was anhydrous a-lactose in acidic,
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absolute or 99 wt% aqueous ethanolic or methanolic media (Simpson
et al. 1982).

Anhydrous Lactose Glass (Amorphous
Noncrystalline Glass)

When a lactose solution is dried rapidly, its viscosity increases so
quickly that crystallization cannot take place. The dry lactose is essen-
tially in the same condition as it was in solution, except for removal of
the water. This is spoken of as a “‘concentrated syrup’ or an ‘‘amor-
phous (noncrystalline) glass.” Various workers have shown conclu-
sively that lactose in milk powder (spray, roller, or freeze-dried) is non-
crystalline and exists in the same equilibrium mixture of o and
B-lactose as existed in the milk prior to drying (Zadow 1984).

In vacuum oven methods for moisture determination, such as the
official method of the Association of Official Analytical Chemists, lac-
tose solutions are dried at about 100°C for 2 to 6 hr. The result in the
dried product is amorphous lactose glass. Since lactose glass is very
hygroscopic, the dried sample must be protected from moisture until
final weighing. If a-hydrate crystals are present in the product to be
analyzed, the sample is diluted with water to dissolve the crystals,
since slow removal of the water of crystallization under the temper-
ature and vacuum conditions of the moisture test unduly prolongs the
moisture determination.

Lactose glass is stable if protected from moisture, but since it is very
hygroscopic, it rapidly takes up moisture from the air and becomes
sticky. When the moisture content reaches about 8% or a relative va-
por pressure near 0.5, the lactose achieves a maximum weight; a dis-
continuity is observed in the sorption isotherm, and water is desorbed
from the lactose (Berlin et al. 1968, 1970, 1971). o-Hydrate crystals
develop at all temperatures below 93.5° C, and as they grow, the crys-
tals bind adjacent powder particles together. Dry milk products con-
taining lactose glass therefore tend to become lumpy or cake together
during storage unless protected from moisture absorption. When mois-
ture is absorbed, part of it is incorporated as water of crystallization
in the a-hydrate and the remainder is desorbed, since crystalline
o-hydrate is not hygroscopic (Supplee 1926).

B-Lactose

When lactose crystallization occurs above 93.5°C, the crystals formed
are anhydrous and have a specific rotation of [«]8 = +35.0° and a
melting point of 252.2°C. They are composed of anhydrous S-lactose,
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Table 6.2. Solubilities of Lactose (g per 100 g water).

Initial
Super-

°C o B Final solubility
0 5.0 45.1 11.9 25
10.0 5.8 — 15.1 —
15.0 7.1 — 16.9 38
25.0 8.6 — 21.6 50
30.0 9.7 — 24.8 -
39.0 (12.6)= — 31.5 74
49.0 (17.8) — 42.4 —
50.0 17.4 — 43.7 —
59.1 — - 59.1 —
63.9 - - 64.2 —
64.0 (26.2) - 65.8 —
73.5 - — 84.5 -
74.0 (34.4) — 86.2 —
79.1 - — 98.4 -
87.2 — — 122.5 —
88.2 — — 127.3 —
89.0 (55.7) — 139.2 —
90.0 60.0 — 143.9 -
100.0 - (94.7) 157.6 —
107.0 — — 177.0 —
121.5 - - 227.0 —
133.6 — — 273.0 —
138.8 — — 306.0 —

sCalculated values assuming K = 1.50 and solubility of one form is independent of the other.
sources: Herrington (1948) and Whittier (1944).

which is sweeter and considerably more soluble than o-hydrate (Tables
6.2 and 6.6). The common form of the crystal is an uneven-sided dia-
mond when crystallized from water and curved needle-like prisms
when crystallized from alcohol. The lattice constants for the crystalline
structures, as determined by x-ray diffraction (Buma and Wiegers
1967), are:a = 10.81 A; b = 13.34 A; ¢ = 4.84 A; 8 = 91°15",

Several methods have been developed for preparation of 3-lactose.
a-Lactose hydrate has been converted to 8-lactose in nearly quantita-
tive yield by refluxing in methanol containing small amounts of so-
dium hydroxide (Olano and Rios 1978); ethanol, n-propanol and n-buta-
nol were also effective as solvents (Olano 1978). Similarly, a-lactose
hydrate was converted to B-lactose with potassium methoxide or po-
tassium hydroxide as the base (Parrish et al. 1979B). 8-Lactose was
also prepared from the anhydrous forms of a-lactose if small amounts
of B-lactose were present (Parrish et al. 1980A).
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Itoh et al. (1978) have proposed an improved method for preparing
B-lactose crystals by refluxing a supersaturated solution of o-lactose
hydrate and seeding with p-lactose crystals. By using differential ther-
mal analysis for characterization, a marked difference from the melting
point of 3-lactose previously reported was found. On the basis of their
work, these authors proposed 229.5°C (decomposition) as the melting
point for 3-lactose. However, it has been demonstrated that mechanical
treatments such as grinding or compaction significantly affect the
thermic behavior of lactose; decreased melting temperatures occurred
with increasing grinding and compaction times (Lerk et al. 1980). Mu-
tarotation may occur in the “dry”’ crystals with elevated temperatures.
The decreased melting point observed with -lactose may indicate for-
mation of decomposition products during grinding and compaction.

Equilibrium in Solution (Mutarotation)

As mentioned previously, lactose exists in two forms, « and 8. By def-
inition, « is the form with greater optical rotation in the dextro direc-
tion. The specific rotation of a substance is characteristic of that sub-
stance and is defined as the rotation in angular degrees produced by a
length of 1 decimeter of a solution containing 1 g of substance per 100
ml. Therefore the specific rotation may be represented by the formula
[«] = 100 a/lc, in which « = specific rotation, a = degrees of angular
rotation, [ = length of tube in decimeter and ¢ = concentration of sub-
stance in grams per 100 ml of solution.

Also important, besides the variables of the equation, are temper-
ature of the solution, wavelength of the light source, and concentration
of the solution. The standard light source used to measure optical rota-
tion has been the bright yellow D lines of the sodium spectrum, but the
single mercury line, A = 5461 A, is now used frequently for precision
measurements. Generally, the specific rotation is reported at 20°C and
expressed as:

la] 2) " [a] f}’g

The following formulas (Haase and Nickerson 1966; Nickerson 1974)
express variations in specific rotation in terms of these variables:

[ajlt-) = 55.23 — 0.01688C — 0.07283 (t — 25)

where C is grams of anhydrous lactose per 100 ml solution and ¢ is
degrees Centigrade;
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t
[a/]Hg = 61.77 — 0.007C — 0.076 (t — 20)

where C is grams of lactose monohydrate per 100 ml solution.

The values given earlier for specific rotations of - and (-lactose are
the initial values. When either form is dissolved in water, however,
there is a gradual conversion of one form to the other until equilibrium
is established. Regardless of the form used in preparing a solution, the
rotation will change (mutarotation) until [}’ = +55.3° at equilibrium
(anhydrous weight basis). This is equivalent to 37.3% in the a form
and 62.7% in the 8 form, since the equilibrium rotation is the sum of
the individual rotations of the o and 8 forms. The equilibrium ratio of
B to a at 20°C, therefore, is 62.7/37.3 = 1.68. This value is affected
slightly by differences in temperature, but not by differences in pH.
The proportion of lactose in the o form increases gradually and at a
constant rate as the temperature rises. The equilibrium constant (3/c)
consequently decreases with rising temperatures (Figure 6.6).

Mutarotation has been shown to be a first-order reaction, the veloc-
ity constant being independent of reaction time and concentration of
reactants. The rate of mutarotation increases 2.8 times with a 10°C
rise in temperature. By applying the law of mass action, equations
have been developed to measure the rate of the reversible reaction be-
tween the o and 3 forms of lactose. If a dilute lactose solution at con-
stant temperature contain ¢ moles of o and b moles of 3, then the
amount of 3 formed (x) per unit of time is

4 _ k@ -x - kb +x).
dt
The mutarotation coefficient (k; + k) can be determined by the
change in optical rotation with time:
log Yo — T=

k., +k
1 2 Y, — e

_1
Tt

where rq is the optical rotation at zero time, r, is the rotation at time
t, and r. is the equilibrium (final) rotation. The equation expresses a
first-order reaction. Plotting the difference in rotation at time ¢ and
equilibrium (r, — r.) against time gives a straight line with a slope
equivalent to the mutarotation coefficient.

Procedures based on rotation have been used for quantitative mea-
surement of the amounts of a- and $-lactose in fluid and dry milk pro-
ducts and in ice cream (Roetman (1981).
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Figure 6.6. Effect of temperature upon the equilibrium ratio of 8- to a-
lactose. (From Troy and Sharp 1930. Reprinted with permission from the
Journal of Dairy Science 13(2), 140-157.)

The rate of lactose mutarotation is influenced greatly by both tem-
perature and pH. The rate is slow at low temperature but increases as
the temperature rises, becoming almost instantaneous at about 75°C.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>