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ABSTRACT

ILLUMINATION OF FAT GLOBULE CLUSTERING
IN COWS' MILK

By
John R. Euber

Fat globule clustering is a prerequisite for normal
creaming of milk. Fat globule clustering as characterized
by the cream volume and cluster time was studied in raw
milk, heated milk, and in model systems. The influence of
various milk fractions, specific anti-sera, and simple
carbohydrates were evaluated. Immunoglobulin M (IgM) was
confirmed as the heat-labile component involved in fat
globule clustering. Its participation was also demonstrated
using raw milk. IgM was shown to function as a cryoagglu-
tinin rather than as a cryoglobulin as previously indi-
cated. Hapten inhibition studies demonstrated that the
antigen is carbohydrate in nature. Skim milk membrane
(SMM), isolated by ultracentrifugation or salt fractiona-
tion and gel filtration, was identified as the homogeniza-
tion-labile component. Although IgM can agglutinate milk
fat globules (MFG) to a limited extent, normal creaming
requires both components. Approximately 7% of the IgM in
normal milk participates in a single creaming. The lower
portion of creamed milk (skim) failed to support cream-

ing upon addition of washed MFG, but did so upon the



John R. Euber
addition of SMM. The presence of SMM in the lower portion
indicated that not all SMM is capable of participating in
creaming. A theory of fat globule clustering consistent
with the observed experimental results depicts IgM inter-
acting in an antigen-antibody mode simultaneously with SMM

and MFG through specific carbohydrate moieties.
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INTRODUCTION

The rapid rising of fat globules with a subsequent
formation of a cream layer in normal cows' milk upon
quiescent cold storage represents one of the fundamental
physical properties of the milk system. This phenomenon
is referred to as "creaming". Despite the number of
investigations which have focused on this process, a clear-
cut conception of the fundamental principles involved has
not been established.

In the days of creamline milk, the consumer equated a
deep cream layer with product quality. Early processors of
dairy products used creaming as a means of obtaining a
cream fraction from milk. With the introduction of effi-
cient mechanical milk separators and because creaming is
destroyed by heat treatment or homogenization - processes
which virtually all commercial milk undergo - creaming is
no longer of practical significance to the dairy industry.
Nevertheless, elucidating the mechanism of creaming remains
as an intriguing challenge.

Early studies demonstrated that fat globule clustering
wasa prerequisite for normal creaming. Immunoglobulin M
(IgM) has been shown to promote fat globule clustering.

Based on studies with IgM isolated from milk, the



immunoglobulin was designated as a cryoglobulin, i.e.,
undergoes cold-induced aggregation and precipitation. The
cold-induced aggregation and the concomitant non-specific
precipitation upon more than one fat globule, forming IgM
"bridges", is proposed to result in clustering. This theory
precludes an active role by other milk constituents and in
particular the milk fat globule or its membrane. Although
consistent with some of the observed phenomena, the theory
fails to account for phenomena such as the Mertens and
Samuelsson effects. In addition, the procedure employed in
assessing the apparent cold-induced aggregation of purified
IgM do not rule out a concentration and purity dependent
phenomenon. This property is characteristic of purified
immunoglobulins and in particular IgM and IgA. These
factors prompted us to re-investigate the mechanism of fat
globule clustering.

Research was directed toward determining the components
involved in fat globule clustering and examining whether
their role in creaming is passive or active. The nature of
the interactions and their heat and homogenization lability
was also examined. The ultimate goal of this study was to
develop a model representative of fat globule clustering

consistent with observed phenomena.



LITERATURE REVIEW

The Role of Fat Globule Clustering in Creaming

Babcock (1889a, 1889b) was the first to call attention
to the clusters of fat globules which form shortly after
milk is drawn from the cow and cooled. He postulated that
the coagulation of fibrin, which he believed to be a normal
constituent of milk, entangled the fat globules and other
"solid and gelatinous" matter in milk and weighed them down
enough to prevent them from rising. To minimize fibrin
clotting or to maximize cream separation he suggested that
milk be set at a cold temperature (ice water) immediately
after milking. This theory was not generally accepted and
was proven untenable when Hekma (1922) demonstrated that
fibrin is not a normal constituent of milk.

Babcock and Russell (1896a, 1896b) and Woll et al.
(1903) observed that clustering is an important factor
influencing the consistency or viscosity of pasteurized milk
and cream. Whereas raw milk or cream contained fat globule
clusters, heated milk or cream failed to contain clusters.
They did not indicate a correlation between fat globule
clustering and creaming properties. However, their observa-
tions led to further investigations of fat globule clustering
and the formulation of numerous theories to explain the

phenomenon.




Henseval (1902) studied two types of milk, one showing a
rapid and one showing a slow rising of cream. Both types
had a normal composition but the milk which creamed rapidly
had numerous large fat globule clusters while the fat
globules in the slow creaming milk rarely showed any clus-
tering.

In a study of the efficiency of creaming in the deep-
setting and shallow-pan creaming methods, McKay and Larsen
(1906) found a more rapid and complete creaming using the
deep-setting method. This was attributed to the more
favorable conditions provided for aggregation of the fat
globules into "small bunches .or masses."

Hammer (1916) attributed the loss of cream layer forma-
tion in milk having undergone agitation or pasteurization
to the modification or size reduction of fat globule
clusters.

Van der Burg (1921) called attention to the fact that
individual fat globules should rise according to Stokes'
law. The law which expresses the terminal velocity of small
spheres submerged in a viscous fluid had been successfully
applied to many systems. Rahn (1921), Van Dam and Sirks
(1922), and Troy and Sharp (1928) confirmed that fat glo-
bules in milk do rise according to Stokes' law. The rate
of rise of single globules was such that at least 50 hours
would be required for most of the fat globules to rise from

the bottom to the top of the creaming vessel. The rate of



rise of fat globule clusters agreed very well with that
calculated by Stokes' law, and was rapid enough to account
for the normal creaming time. These authors concluded that
the fat globules in raw milk do not rise singly but that
they aggregate into clusters which have considerably greater
velocities of rise. Their work conclusively established
that the clustering of fat globules plays the major role in
explaining the creaming phenomenon.

A technique introduced by Dahlberg and Marquardt (1929),
whereby thin films of milk are viewed with transmitted
light, added indisputable evidence to the proof of the
importance of fat globule cluster formation in gravity

creaming.

Components Involved in Fat Globule Clustering

Early investigators realized that the percentage of fat
in milk does not entirely determine its creaming ability
(Hammer, 1916). The fact that milk with a high fat content
occasionally produced a thin cream layer and the variability
in creaming characteristics of milk from individual cows
made it quite evident that factors other than the percentage
of fat influence the creaming ability.

As discussed in the previous section, Babcock (1889a)
incorrectly attributed the differences in creaming charac-

teristics to a variable fibrin content.






Marcas (1903, 1904) attributed the poor performance of
slow creaming milk to its elevated ash, phosphoric acid, and
l1ime concentrations.

Van Dam et al. (1923) found that the addition of blood
serum to milk which creamed poorly improved its creaming
properties. If blood serum had been heated to 65 C or
higher, 1ittle or no improvement was observed. The authors
suggested that the clustering of fat globules in milk may be
due to an agglutinin common to both milk and blood. Since
milk is elaborated by the mammary gland from materials
brought to it by the blood, these authors considered it con-
ceivable that the blood serum from cows whose milk creamed
well, when added to poor creaming milk, would influence the
creaming more favorably than the blood serum from cows whose
milk creamed poorly. Experiments failed to establish such a
relationship. Brouwer (1924) later demonstrated that blood
serum from steers was as beneficial in promoting creaming as
that from cows.

In a continuation of these experiments, Hekma and Sirks
(1923) examined the influence of various serum fractions on
creaming. The substance responsible for the improvement in
creaming was precipitated with sodium chloride or ammonium
sulfate almost completely along with the globulin fraction.
When the globulin fraction was dialyzed and added to milk,
the creaming properties were almost identical to those of a

control sample containing an equivalent volume of added






serum,

Brouwer (1924) fractionated the globulin fraction into
euglobulin and pseudoglobulin fractions and demonstrated
that euglobulin was the active component. This was suppor-
ted by showing that blood serum of new born calves, which
is devoid of euglobulin, failed to improve creaming proper-
ties.

Palmer et al. (1926) and Troy and Sharp (1928) demon-
strated that the agglutinin was present in the whey fraction
of milk as expected.

Orla-Jensen (1929) attributed the small amounts of
colostrum required to restore creaming to heated milk to its
high globulin concentration.

Rowland (1937) provided further support for the role of
the globulin fraction in whey by showing that the reduction
in creaming power is proportional to the percentage of total
albumin and globulin denatured in heated milk.

Sharp and Krukovsky (1939) found that the agglutinin
was concentrated in cream separated at low temperatures and
was relatively absent in the corresponding skim milk. The
opposite was true for milk separated at high temperatures.
By first separating at a Tow temperature and then further
separating the cream to a higher fat content at a higher
temperature at which the fat is liquid, a cream plasma very
active in agglutinating power was obtained. They concluded

that the agglutinating substance normally present in milk is



adsorbed on the surface of solid fat globules but not on
liquid fat globules.

Dunkley and Sommer (1944) found that the agglutinin
nearly quantitatively precipitated from agglutinin-rich
wheys when allowed to stand undisturbed for 12 hours at 5 C.
Agglutinin-poor wheys gave very little or no precipitate. A
euglobulin fraction prepared from the proteins in the pre-
cipitate produced practically the same creaming behavior as
an equivalent amount of the precipitate indicating that the
agglutinating power resides in the euglobulin fraction.

Samuelsson et al. (1954) also observed that the dgg]u—
tinin responsible for normal creaming in milk precipatated
at 2 C from rennet whey which had been heated to not greater
than 60 C. The agglutinin formed opalescent solutions in
warm whey or water and could be precipitated by adding
sodium chloride or gum arabic. The agglutinin was shown to
consist of two components, one inactivated by homogenization
and the other by heating. In systems containing cream mixed
with water, whey, or separated milk creaming would occur if
one portion of the available agglutinin had been inactivated
by homogenization and the other by heating, but if all the’
agglutinin had undergone either of these treatments, no
creaming resulted. The activity of agglutinin was favored
by factors contributing to its gradual precipitation, e.qg.,
dilution, low-temperature aging in the range of 5 to 10 C,

and mild heat treatment. Similar observations were reported






by Kenyon and Jenness (1958).

After concentrating the active clustering agent from
milk in a cream plasma according to the procedure of Sharp
and Krukovsky (1939), Gammack and Gupta (1970) subjected
the aqueous phase to ultracentrifugation. They recovered
85% of the clustering activity in a small opalescent layer
which sedimented above the casein pellet. A precipitate
which formed when the opalescent layer was diluted with milk
ultrafiltrate and held at 4 C contained most of the clus-
tering activity. The precipitate could be redispersed on
warming. Although the euglobulin fraction from colostrum
also exhibited the cryoprecipitation behavior, precipitate
from the opalescent layer was twenty times more active in
terms of its protein content in promoting clustering and
caused a more rapid formation of cream line than did euglo-
bulin. When the precipitate was fractionated by gel fil-
tration, the clustering activity was localized in a high

particle-weight fraction, i.e., greater than 1x106

, which
contained Tipoprotein particles. The isolated lipoprotein
particles themselves showed no clustering activity.
Immunoglobulin G (IgG) isolated from colostral euglobulin
had no clustering activity with or without added lipoprotein
particles. A fraction containing immunoglobulin M (IgM) and
A (IgA) isolated from colostral euglobulin showed some

activity with a slow formation of cream line. On addition

of lipoprotein particles, clustering activity was markedly
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enhanced and cream line formation was rapid. These authors
concluded that lipoprotein particles which exist in the
aqueous phase augment the clustering activity of immune
proteins such as those in euglobulin properties. In a set

of related experiments, Franzen (1971) was not able to obtain
similar results. This may have been due to different cen-
trifugation conditions or the use of heated skim milk.

The observations of Gammack and Gupta support the
earlier work of Hansson (1949) who noted that creaming in raw
or low-temperature treated milk was enhanced by the addition
of phospholipids isolated from brain matter. Cream rfsing
was not improved in high-temperature treated milk.

Payens and Both (1970) and Franzen (1971) have also

demonstrated that the IgM fraction is the euglobulin compo-
nent active in restoring creaming to heated milk.

Stadhouders and Hup (1970) and Bottazzi et al. (1972)
have suggested that there are 3 different types of aggluti-
nins present in milk, binding either fat globules together,
bacteria together, or bacteria to fat globules. Stadhouders
and Hup demonstrated that the fraction which separates from
euglobulin at Tow temperatures contains the immune proteins
which agglutinate fat globules and those which attach the
bacteria to fat globules.

Bottazzi and Premi (1977) contend that fat globules

that remain in the skim phase during the agglutination pro-

cess have a higher level of 5'-nucleotidase than the fat
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globules which rise. They suggested fat globules that agglu-
tinate most quickly are those with a low content of phospho-
lipids.

In a study of factors associated with production of
milk with a low creaming capacity, Bertoni et al. (1979)
found milk with a high creaming capacity contajned high
levels of fat but low levels of phospholipids and cholesterol.
They interpreted these results as indicating that fat globule
membranes from milk with a high creaming capacity were less
compact.

Bottazzi and Zacconi (1980) have recently isolated from
milk a component active in aggregation of fat globules and
bacteria using a new procedure. After concentrating the
active clustering agent from milk in a cream plasma according
to the procedure of Sharp and Krukovsky (1939), the aqueous
phase was frozen. After thawing, a cryofloculate recovered
by centrifugation was fractionated by gel filtration and
ultracentrifugation. A fraction which greatly increased the
degree and rate of cream rising was obtained. Virtually no
cryoflocculate was observed in milk with a low creaming

capacity.

Physical and Chemical Factors Influencing Creaming

Low Temperature

A low temperature has generally been recognized as a

prerequisite of normal creaming. As discussed previously,
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Babcock (1889%a) incorrectly attributed this to the prevention
of fibrin coagulation. Later investigators (Rahn, 1921;

Van Dam and Sirks, 1922; Troy and Sharp, 1928) recognized the
role of decreased temperatures in promoting cluster forma-
tion. Sharp and Krukovsky (1939) made the significant obser-
vation that agglutinin material was preferentially associated
with fat globules in the cold and the skim phase in warm
milk. Using labeled euglobulin, Payens et al. (1965) conclu-
sively demonstrated that the amount adsorbed on fat globules
is strongly temperature dependent. Reduced temperatures
increased clustering of the fat globules and enhanced‘
adsorption of euglobulin.

Dunkley and Sommer (1944) and Samuelsson et al. (1954)
noted that factors which favor precipitation of the active
component from whey also favor fat globule clustering. Rhee
(1969) and Franzen (1971) associated fat globule clustering
with temperatures low enough to promote euglobulin or IgM
aggregation, respectively. Payens and Both (1970) suggested
that the same functional groups are responsible for IgM

cryoaggregation and fat globule cold agglutination.

High Temperature

Many of the early studies were initiated to examine the
reduction in creaming capacity due to excessive heat (high
temperature pasteurization). The reduced creaming power of
heated milk was initially believed to be due to the precipi-

tation of denatured lactalbumin onto fat globules resulting
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in their fajlure to rise (Hunziker, 1921). Later investi-
gators (Rahn, 1921; Van Dam and Sirks, 1922; Troy and Sharp,
1928) established experimentally that the reduction in cream-
ing properties of milk caused by the use of high pasteurizing
temperatures results from interference with subsequent clus-
ter formation. Hekma and Sirks (1923) attributed the lack
of clustering to the heat lability of the agglutinin respon-
sible for creaming. Palmer and Anderson (1926) demonstrated
that pasteurization primarily affected the milk plasma.
Rowland (1937) supported this contention by showing that the
reduction in creaming power was proportional to the percen-
tage of the total albumin and globulin denatured. Based on
electrophoretic studies with fat globules in samples of
heated whole milk, heated skim milk plus raw cream, and raw
skim milk plus heated cream, Dahle and Jack (1937) conclusi-
vely established that the e]ectrokinétic potential of milk
fat globules is not a major factor in the reduction of
creaming by heat treatment. These studies were supported

by experiments demonstrating the restoration of creaming to
heated milk upon addition of euglobulin (Dunkley and Sommer,
1944) or IgM (Payens and Both, 1970; Franzen, 1971).

Whereas high-temperature treatment eliminates creaming
capacity, Dunkley and Sommer (1944) demonstrated that it was
necessary to warm (50 C) the fraction (skim or cream) con-
taining active agglutinin for normal creaming to be observed

in recombined samples. It was necessary to warm only that
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portion which contained the agglutinin. Normal creaming was
only restored in whole milk samples by warming prior to

placement at reduced temperatures.

Homogenization

Hammer (1916) attributed the loss of creaming capacity
in homogenized whole milk to the reduced size of fat globules
which have less tendency to rise than the original globules.
Doubt was shed on this theory when Mertens (1932) observed
that milk recombined from normal cream and homogenized skim
milk did not cream. Experiments conducted by Dunkley and
Sommer (1944) confirmed these results. Furthermore, it was
shown that milk recombined from unclumped homogenized cream
and normal skim milk formed a cream layer. They attributed
the lToss of creaming capacity in homogenized milk to the
denaturation of agglutinin. Samuelsson et al. (1954) demon-
strated that the agglutinin consisted of a heat- and
homogenization-labile component. Payens (1964) was unable
to detect any differences in the physical properties and
clustering ability of euglobulin isolated from colostrum
prior to and following homogenization. In a subsequent
study, Koops et al. (1966) observed normal creaming when
washed cream was added to a homogenized model system contain-
ing milk dialyzate and euglobulin. However, when micellar

casein or k-casein was added to the system, creaming was

eliminated despite the observation that labeled euglobulin
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was adsorbed on the fat globule surface. The adsorbed
euglobulin was accompanied by small amounts of casein,
particularly k-casein. The authors suggested that a euglo-
bulin-k-casein complex was formed during homogenization
which was capable of adsorbing to the fat surface but
unable to effect clustering, or that homogenization induced
the adsorption of k-casein on the fat surface, screening
adsorption sites for euglobulin. Walstra (1980) homogenized
rennet and acid whey (after pH adjustment to 6.6) and found
creaming capacity was fully destroyed in both samples. The
formation of a euglobulin-k-casein complex was therefore

doubted.

pH

In confirmation of previous work, Dunkley and Sommer
(1944) found alkali added to milk increased the depth of the
cream layer and resulted in a more rapid and complete cream-

ing. Acid was found to have an opposite effect.

Added Salts

Dunkley and Sommer (1944) found the addition of sodium
citrate and disodium phosphate to milk to have 1ittle effect
on cream volume. Increasing concentrations of sodium
chloride, calcium chloride, aluminum chloride, and ferric
chloride caused marked reductions in the depth of the cream
layer. The authors therefore suggested that the charge on

the fat globule is not an important factor in determining
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the creaming properties of milk.

Creaming in Milks Other than Cows'

The slow rate of creaming in buffaloes' milk has been
attributed to the absence of cluster formation (Fahmi,
1951). Fahmi et al. (1956a, 1956b) supported this notion
and reported that goats' and sheeps' milk are also devoid
of fat globule clusters at room (22 C) or refrigerator
(10 C) temperatures. Abo-Elnaga et al. (1966) reported
clusters in buffaloes' milk held at 4 C for 3 hours but
that they rarely contained more than 4 fat globules. They
attributed the poor creaming of buffaloes' milk to Tow
levels of agglutinin.

After a study of the factors influencing the creaming
ability of carabaos' milk, Gonzales-Janolino (1968) conclu-
ded that carabaos' milk lacks the homogenization-labile
component and while the heat-sensitive component is present,
it is not in sufficient quantities for normal creaming. The
poor creaming carabaos' milk was found to cream to an extent
at least as exhaustive as that in cows' milk upon addition
of an agglutinin concentrate from cows' milk.

Jenness and Parkash (1971) attributed the poor creaming
of goats' milk at low temperatures to the lack of aggluti-
nating euglobulins. Milks reconstituted from goat's cream

and cows' skim milk creamed readily whereas those made

by combining cows' cream and goats' skim creamed poorly.
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The goats' milk fat globules failed to cream as exhaustively
as those of cows' milk.

Whittlestone (1953) showed that creaming occurs in
mixtures of sows' cream and cows' skim milk held at 37 C for
2-16 hours while sows' milk failed to exhibit cream forma-
tion under these conditions. Although the experiment was
not performed at an optimal temperature, the author sugges-
ted that the agglutinin of cows' milk will cause the clus-
tering of sows' milk fat globules. These experiments

indicate sows' milk lacks a fat globule agglutinin.

Mechanisms of Fat Globule Clustering

The recognition of the significance of fat globule
clustering in promoting cream layer formation led to numer-
ous investigations and theories to explain the phenomenon.
Early theories, which were critically reviewed by Dunkley
and Sommer (1944), were based on (a) gravitation of fat
globules, (b) electrokinetic potential of fat globules,

(c) interfacial tension, (d) stickiness and state of hydra-
tion of the adsorbed membrane, and (e) fat clustering
considered as an agglutination process. Based on experi-
mentation designed to test these theories Dunkley and Sommer
concluded that (a) the variable creaming properties of
normal milk cannot be explained on the basis of differences
in the rates of rise of individual fat globules, (b) the

salts normally present in milk are sufficient to reduce the
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surface potential on the fat globules and thus eliminate
the charge variability of the fat globules, (c) the inter-
facial tension at the fat-serum interface does not promote
creaming, and (d) evidence concerning the importance of
hydration of the membrane on the fat globules was not suf-
ficient to justify drawing a definite conclusion regarding
the significance of this factor. Fat globule clustering was
noted to share many similarities with bacterial aggluti-
nation. Both processes involve the aggregation of particles,
require the presence of globulins, are prevented by heat
denaturation, and require optimum salt concentrations. They
used Marrack's (1938) theory of bacterial agglutination as a
model and stated that if the mechanisms were similar, clus-
tering would be promoted by (a) a partial dehydration of the
adsorbed membrane on the fat alobules due to specific polar
adsorption of euglobulins, (b) aggregation of fat globules
resulting from the adsorption of a single euglobulin mole-
cule by two fat globules, and (c) maintenance of the surface
potential of the fat globules below the critical level by the
presence of salts. It was concluded that the clustering of
fat globules in milk takes place by the same mechanism as
that involved in the agglutination of bacteria.

Brunner (1974) has stated that it is unfortunate that
this comparison has been made since it implies the operation
of an antibody-antigen interaction. No evidence exists to

suggest that the fat globule membrane contains antigenic
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components to the euglobulin fraction. The results of Stad-
houders and Hup (1970) indicating a lack of specificity in
the euglobulin-fat globule complex but a specificity in the
antibody-bacteria complex supports this suggestion. As the
mechanism of bacterial agglutination was a matter of con-
troversy in 1944 and data supporting fat clustering as an
agglutination process was only based on comparison of
limited aspects of the two phenomena, the use of the term
agglutination for fat globule clustering can only be justi-
fied on the basis of convenience. Dunkley and Sommer's
actual theory embracing a physical, as opposed to a specific,
interaction between the euglobulin components and the fat
globule surface has been generally accepted.

Jenness and Patton (1959) suggested that the adsorbed
euglobulins serve to reduce the fat/plasma interfacial
tension, thus permitting the globules to approach one another
to form clusters. The fact that euglobulin-rich skim milk
foams copiously was offered as evidence in support of the
interfacial activity of euglobulin. Actually, cold sepa-
rated skim milk has a lower surface tension than euglobulin-
rich warm separated skim milk (Brunner, 1974). Furthermore,
Jackson and Pallansch (1961) demonstrated that euglobu-
1in is not as interfacially active as other milk proteins
such as a-lactalbumin, and g-lactoglobulin, or the native
interfacial milk fat globule membrane protein. It therefore

seems improbable that the clustering of fat globules can be
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explained solely on the basis of an increase in the inter-
facial activity resulting from the adsorption of euglobulin
at the interfacial surface.

Payens (1964) suggested that the adsorbed euglobulin
would cause agglutination by reinforcing the London-Van der
Waals attraction between the fat globules. In view of the
small amount of euglobulin experimentally determined to be
adsorbed to the fat globules, this suggestion was retracted
(Payens et al., 1965). Rather it was suggested that aggluti-
nation is brought about by the formation of euglobulin bridges
between the fat globules, essentially in accordance with
the model proposed previously by Dunkley and Sommer.

Kenyon et al. (1966) attributed the association of
euglobulins with the fat globule surface to ionic interac-
tions promoted by euglobulins having an isoelectric point
relatively more positive than the fat globule surface. It
was suggested that at low temperatures a more rigid system
may develop forming lipoproteins held by weak ionic bonds
with the basic proteins. Larger molecular weight proteins,
such as euglobulins, would have an extended sphere of attrac-
tion thus more readily forming bridges with the ionic
structure of phospholipids on adjacent fat globules. The
Brucella Ring Test was postulated to involve immunoglobulins
involved in fat globule clustering and having specific

antibody activity (for Brucella cells). Adsorption to fat

globules was proposed to occur in such a way that their
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combining sites remain available for reaction and hence still
capable of agglutinating bacteria.

The most recent and the generally accepted theory
(Brunner, 1974; Mulder and Walstra, 1974) attributes agglu-
tination to the precipitation of cryoglobulins (IgM) onto
the fat globules, leading to clustering and subsequently to
rapid creaming of the large clusters (Payens, 1968; Payens
and Both, 1970). Since several observed phenomena are diffi-
cult to explain by the simple mechanism, Brunner (1974) and
Mulder and Walstra (1974) have suggested that the clustering

reaction is more complicated.

Facets of Fat Globule Clustering Warranting

Further Investigation

Before a theory of fat globule clustering consistent
with observed phenomena can be proposed, numerous questions
regarding the nature of the components involved must be
answered or further examined. Does all the IgM in milk
undergo cryoprecipitation? Why does it associate only with
the fat globules - is the reaction specific or non-specific?
Do fat globules only play a passive role as has generally
been assumed? What is the nature of the homogenization-
labile component? No mechanism to date has prescribed a
role to this component - how is it involved in fat globule
clustering? How do the 1ipoprotein particles of Gammack and

Gupta augment creaming?
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The conditions required for fat globule clustering
also warrant further investigation., Why is a Tow tempera-
ture prerequisite for creaming? Is only IgM effected? Do
salts play an indirect or a direct role in the process?

What component(s) involved in the process is effected as the
pH is varied?

It is of interest that of the milks examined only the
fat globules of cows' milk display extensive clustering.

The other milks appear to contain the components required
for creaming - euglobulins (IgM) and fat globules. What is
unique about the IgM or fat globules in cows' milk? What is
the biological significance with respect to immunoglobulin

synthesis or milk secretion?




EXPERIMENTAL

Materials and Equipment

The milk used in this study was obtained from the
Michigan State University Holstein dairy herd. Milk was
collected in three or five gallon stainless steel cans from
the milking parlor and separated as soon as possible at
40-45 C.

Rabbit anti-sera against bovine IgM, IgG, and IgA
were purchased from Miles Laboratories, Inc. Rabbit anti-
sera against bovine xanthine oxidase, bovine milk fat
globule membrane, and navy bean (P. vulgaris L.) trypsin
inhibitor were provided by Dr. J.R. Brunner,

Trypsin, type III, neuraminidase, type V, and rennet,
type I, were purchased from Sigma Chemical Co. Pronase,
grade B, was obtained from Calbiochem-Behring Corp. and
mixed glycosidases from Miles Laboratories, Inc.

Bio-Gel A-0.5m and A-5mwere obtained from Bio-Rad

Laboratories; Sepharose 4B and Sephacryl S-200 from Pharmacia

Fine Chemicals; and agarose (-m, less than 0.2) from Miles
Laboratories, Inc.

Chemicals used in this study along with their sources
are listed in Table Al of the Appendix. A1l chemicals were

reagent grade unless otherwise indicated. Equipment used

23
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regularly during the course of this study is listed in
Table A2 of the Appendix. Instrumentation specific for a
certain experiment will be referred to in the appropriate

section.

Preparative Procedures

Immunoglobulin M

Immunoglobulin M (IgM) was prepared by combining the
ammonium sulfate precipitation method described by Smith
(1946a, 1946b) and gel filtration on Bio-Gel A-5mand
A-0.5mcolumns connected in tandem. Figure 1 outlines the
isolation procedure of IgM from fresh skim milk. Whole milk
was separated in a laboratory disk separator at 40-45 C.

The resulting skim milk was cooled to room temperature and
adjusted to pH 4.6 with 1MHC] and allowed to stand 1 h.

The precipitated casein was removed by filtration through 3
layers of cheese cloth. The acid whey was adjusted to pH

6.5 with 1 M NaOH and solid ammonium sulfate was added slowly
to 50% saturation (313 g/1) to salt-out the crude lactoglo-
bulin fraction. After standing overnight, most of the
supernatant was siphoned off, and the precipitate was
collected by centrifugation at 16,000 x g for 20 min at 20 C.

The precipitate was solubilized in a 0.3 MNaCl solu-
tion containing 0.02% (w/v) NaN3 at approximately a 3% (w/v)
protein concentration. The pH was adjusted to 4.6 with 1M
HC1 and ammonium sulfate added to 25% saturation (144 g/1).
After centrifuging at 16,000x g for 20 min at 20 C, the
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supernatant was filtered through a single layer of cheese
cloth. A crude immunoglobulin fraction was precipitated
from this supernatant by adjusting the pH to 6.0 with 1 M
NaOH and adding ammonium sulfate to 40% saturation (99 g/1).

The crude immunoglobulin fraction collected by centri-
fugation at 16,000x g for 20 min at 20 C was dissolved in
column buffer-0.01 M Tris-HC1, pH 8.0, containing 0.30 M
NaCl and 0.02% (w/v) NaN3 - at approximately a 3% (w/v) pro-
tein concentration. In order to remove lipoproteins and
residual lipid material, NaBr was added to a density of 1.2
(257 g/1) and the sample centrifuged at 100,000x g for 3 h
at 20 C. The subnatant was removed with a syringe and
needle to which ammonium sulfate was added to 50% saturation.
The crude immunoglobulin fraction was stored as such at 4 C
until required.

Prior to gel filtration the precipitate was collected
by centrifuging at 27,000x g for 30 min at 20 C. The preci-
pitate, representing approximately 2 1 of whey, was dissolved
in 8 ml of column buffer and fi]téred through a 5y Milli-
pore filter. Gel filtration was performed in the ascending
mode at room temperature using columns of Bio-Gel A-5 m
(2.6 cm x 65 cm) and A-0.5 m (2.6 cm x 35 cm) connected in
tandem. Pre-swollen agarose gels from Bio-Rad Laboratories
were prepared and packed according to the manufacturer's
recommended procedures. Columns and 3-way and 4-way valves

were purchased from Pharmacia Fine Chemicals. The sample
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applied to the A-5mcolumn at a rate of 0.20ml/min was fol-
lowed by 5 ml of a 10% sucrose solution prepared in column
buffer and applied at the same rate. Elution was achieved at a rate
of 0.35 m1/min. The column eluent was monitored at 254 nm
with an ISCO Ultraviolet Analyzer, model Uy-2. An ISCO,
model 1100, fraction collector was used for collecting 11

min fractions. A Beckman Instruments DK-2A spectrophotometer
was employed to read the absorbance of fractions at 280 nm.
When required, IgM concentration was determined from absor-
bance at 280 nm and a specific absorption coefficient

(E3%o nm) of 12.6 (Mukkur and Froese, 1971).

Immunoglobulin M Fab Fragment

Immunoglobulin M Fab fragments were isolated according
to a procedure adapted from Beale and Buttress (1972).
Similar procedures have been shown to produce active Fab
fragments (Stone and Metzger, 1968). A one-tenth volume of
2.5 M Tris-HC1, pH 8.0, buffer was added to IgM in column
buffer at a concentration of 0.80 mg/ml. After flushing
with nitrogen, dithiothreitol was added to a concentration
of 5 mM. This was allowed to react for 1 h at room tempera-
ture and iodoacetamide, recrystallized 4 x from distilled
water, was then added to a concentration of 35 mM. After
reacting at room temperature for 15 min, the solution was
dialyzed against several changes of column buffer for 18 h
at 4 C. Iodoacetamide and all solutions containing jodoace-

tamide were maintained in the dark. The solution was
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concentrated approximately 4-fold with a Millipore Corpora-
tion Immersible CX unit (nominal molecular weight cut-off
10,000 daltons).

After concentration and addition of CaCl, to a con-
centration of 0.01 M, the alkylated IgM subunits were
digested with trypsin (protein:enzyme weight ratio, 50:1)
for 3 h at 30 C. A 3-fold weight excess of soybean trypsin
inhibitor (1 mg inhibits 1.5 mg trypsin) was added to stop
digestion.

The Fab fragments were purified by gel filtration
chromatography performed in the descending mode at room
temperature using a column of Sephacryl S-200 (2.6 cm x
90 cm). Pre-swollen gel from Pharmacia Fine Chemicals was
prepared and packed according to the manufacturer's recommended
procedures. The column buffer was the same as used for
IgM isolation - 0.01 M Tris-HC1, pH 8.0, containing 0.30 M
NaCl and 0.02% (w/v) NaN3. Before use, the column was
calibrated (log MW vs Kd) using Blue Dextran, vitamin By,,
bovine IgG, bovine serum albumin, ovalbumin, and sperm
whole myoglobin, A 10 ml sample containing 10% sucrose and
representing approximately 30 mg of IgM, was applied to the
chromatographic bed under the eluent. A flow rate of 0.45
ml/min was employed., The column eluent was monitored as
for IgM isolation. A specific absorption coefficient

(E;%O nm) of 12.6 was employed for the Fab fragment.
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Soluble and Insoluble Protein Fractions of the Milk Fat

Globule Membrane

The procedure described by Herald and Brunner (1957)
was used to isolate soluble and insoluble protein fractions
from the milk fat globule membrane. This procedure was
chosen since it yields a soluble glycoprotein fraction more
representative of the total membrane fraction than other
procedures commonly employed (Yamauchi et al., 1978) .
Approximately 8 gallons of fresh whole milk was separated
at 40-45 C. The cream was collected and washed by adding
3 volumes of distilled water at 40-45 C followed by gentle
mixing and reseparation. The cream was again collected
and distilled water was added to bring the volume back to
the original volume. This washing procedure was repeated 3
more times to ensure the complete removal of casein and whey
components from the cream.

Following storage overnight at 4 C the washed cream was
churned at room temperature. It required 40-60 min for the
emulsion to Break, after which churning was continued until
the butter granules clumped to form large balls. The butter-
milk was separated from the butter granules by straining
through cheese cloth and an equal volume of saturated
ammonium sulfate solution was added to the buttermilk to
give a 50% saturated solution., This solution was allowed to
sit overnight at 4 C in a graduated cylinder during which

the salted-out membrane material formed a floating Tayer.
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After removing the subnatant, the floating membrane mate-
rial was centrifuged at 25,000 x g for 60 min to concentrate
the membrane material into a packed, floating layer. The
resulting concentrated total membrane preparation was
delipidated as follows. Five ml of cold ethanol: diethyl
ether (35:65, v/v) per gram of concentrated membrane
material was added and the mixture stirred at 4 C for 60
min, followed by decantation and addition of an equal volume
of fresh solvent. After stirring for an additional 60 min
the membrane material was collected by centrifugation.

Five m1 of cold diethyl ether was added per gram of original
membrane material. This mixture was stirred 60 min at 4 C.
The diethyl ether was decanted and replaced with an equal
volume of fresh diethyl ether. After stirring for 60 min
the membrane material was collected by centrifugation,
Fresh diethyl ether was added and the mixture stirred for
60 min at room temperature. The solvent was decanted and
an equal volume of fresh diethyl ether added. After stir-
ring for 60 min at room temperature the membrane material
was collected by centrifugation. Residual solvent was
removed under vacuum. The fat globule membrane proteins
were then fractionated into a soluble and an insoluble
fraction by extracting with 0.02 M NaCl and centrifuging
the mixture for 30 min at <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>