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ABSTRACT ROBERT HOWARD JACKSON

The fat-globule membranes of milk are materially altered as a
result of homogenization. In the literature, one can find analytical,
vltracentrifugal, and electrophoretic evidence showing the difference
in membrane material before and after homogenization. The principal
objective of this research was to isolate, characterize, and identify
the proteins of the homogenized milk-fat globule. Also, the effect of
heat was studied on the total amount of protein associated with the milk
fat after homogenization.

For the isclation of homogenized fat-globule membrane proteins, a
scheme developed for the isolation of nonhomogenized fat-globule mem-
brane roteins was modified and extended. OSucrose was used to imcrease
the specific gravity differential of the fat and serum of the homogenized
milk. In so doing, greater yields of membrane materials were obtained.

The total amount of protein on the homogenized fat-globule membrane
was fournd to be inversely dependent upon the amount of heat applied to
the milk prior to homogenization. At 60°, 70°, and 80° C., the amount
of protein assoclated with 100 grams of homogenized milk fat was 2.27,
1,60, and 1.31 grams, respectively. The 60° C. preparation had a total
protein value 5 to 6 times greater per 100 grams of fat than the average
protein value reported for the nonhomogenized fat-globule membrane,
based on grams of protein per 100 grams of fat. When one considers
that homogenization increases the fat surface of milk by a factor of 5
or 6, these data might indicate that the ratioc of membrane protein to

fat surface is relatively constant.
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Characterization and idemtificatiom of protein fractions were

based on electrophoretic, spectrophometric, and uvltracentrifugal

analyses. The protein fractions which were isolated from the homogen-

ized milk fat-globule membrane weres

1.
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insoluble membrape protein. This protein presented a reddish-

brown, mucoidal appearance. After solubilization with peracetic
acid, it was electrophoretically homogeneous. The characteristics
of this protein were identical to the insoluble membrane mrotein

of the nohomogenized fat-globule menbrane,

Soluble membrane protein. Investigations indicated that a portion

of this protein forms a complex with the alpha-casein adsorbed on

the homogenized fat-globule membrane. This complex seemed to form
only in the presence of milk-fat. The remainder of the soluble
membrane protein was isoclated by denatwing the heat-labile, adsorbed
proteins at 90° C. for 30 minutes, leaving the soluble membrane

protein in a relatively pure form.

Casein. A complex seemed to be formed with alpha-casein and a
portion of the soluble membrane protein, in the presence of milk-
fat. The protein-lipid interaction gave rise to an electrophoretic
component with a mobility slightly less than that of alpha-casein.
Also, the mobility of alpha-casein was decreased, and the ratio of

alpha- to beta- casein was abnormally large.

Heat-labile g:ggejn( J. Although these proteins were not isolated
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and identified, they were considered to be whey proteins.

In general, the fat-globule membrane mroteins did not appear to
be completely dissociated from the fat globule when the membrane was
disrupted by homogenization. The increased swface area created by
homogenization was covered, in part, by casein and by unidentified whey
proteins.

The results of this research did not indicate that the resurfacing
of fat globules subsequent to homogenization was limited to any specific
milk mroteins, but that a possible lipid-protein complex was formed as

a result of the treatment.
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INTRODUCTION

Homogenization had its inception at the beginning of the twentieth
century, but did not receive consumer acceptance for nearly twenty-five
years. The homogenization of fluid milk, to produce a smoother, more
palatable commodity, has since become a fundamental process in the dairy
industry. Lssentially, homogenization is a mechanical method of reduc-
ing the milk fat-globule in size and increasing it in number.

A large amount of research has been devoted to determining the
optimun conditions for producing the best homogenized milk. Unfortun-
ately, there has been very little research directed toward a most impor-
tant area affected by the process - the fat/serum interface.

Lipolysis and sunlight flavor are enhanced, while copper-induced
oxidation is retarded by an increase in fat surface following homogeni-
zation. Lhese are but a few of the reactions indicating that the fat/
serum interface is an important site in the chemical and physical modi-
fication of homogenized milk. Such defects as "free fat" in whole milk
powder and "chalky" flavor in fluid homogenized milk might be explained
by the presence or absence of adsorbed materigls on the homogenized fat-
globule membrane. Only when these adsorbed materials are identified
and their arrangement on the homogenized fat-globule is established,
will we gain an insight into the problems inherent in homogenizing milk.

In this research, the principal objective was to isolate, character-
ize, ard identify the proteins of the homogenized milk-fat glebule.

Also, the effect of heat was studied on the total amount of protein



associated with the milk fat after homogenization. The results of these
investigations are presented and discussed in the body of this manu-

script,



REVIEN OF LITERATWRE

The Proteins of the Nonhomosenized
Milk Fat-Globule Membrane

Since Ascherson (1840) first proposed that a membrane surrounds the
fat globule of bovine milk, there has been an ever-increasing compila-
tion of evidence to support his original theory. The bulk of this
evidence has been submitted within the past fifty years by researchers
using techniques ranging from the visual observations of stained fat-
globule membranes by Storch (1897) to the electrophoretic studies of
Brunner, Lillevik, Trout and Duncan (1953c).

Storch was the first tq use a washing technique in isolating fat-
globule membrane materials. His fat-globule membrane had a nitrogen
content of 14.76% and contained an assoclated substance capable of
reducing Fehling's solution. He believed that this membrane, which he
called "albuminoid", differed from any previously recognized albuminoid
of milk. Wiegner (1914), calculating from viscosity measuremsmnts,
reported that the nonhomogenized fat globule adsorbed 2% of the casein
of milk. Using a technique in which milk was treated with water which
was saturated with chloroform, Hattori (1925) isolated the material
surrounding milk fat globules and found it to be mincipally protein.
This protein, which he called "haptein®, differed from any known milk
protein on the basis of its solubility and chemical composition.
"Haptein" was reported to have a low nitrogen content amd a cystine

content exceeded only by keratin. Palmer and Weise (1933) revealed that



the material most closely adsorbed on the fat globule surface is a
mixture of phospholipids and proteins. Furthermore, they conternded
that this protein had both a hydrophilic and a hydrophobic nature and a
phosphorous, nitrogen, and sulfur content unlike any other milk oprotein.
Titus, Sommer, and Hart (1928) belleved the membrane protein to be
closely related to, if not identical with, casein, based on its nitrecgen
distribution characteristics, specific rotation, anmd sulfur, phosphorous,
and tryptophane content. Moyer (1940) concluded from electrokinetic
studies that the fat-globule membrane rotein differed from other known
milk proteins, and that much of the confusion of previous research in
this area could be attributed to the incomplete removal of other milk
plasma proteins from those occurring on the surface of fat globules.

Mulder (1949) postulated that the surface layer of fat globules
should not be regarded as having been adsorbed from milk plasma. In-
stead, he o®fered the conjecture that it consisted of components of the
protoplasm of the cells of the lactiferous glanmds as well as substances
adsorbed from the plasma of milk. Mulder (1957} further postulated that
the composition of the surface layer varied from globule to globule,
depending upon the disturbance of the layers surrounding the fat globule.
In this same publication, Mulder professed that the degree of disturb-
ance of the membrane layers was proportional to the adsorption of material
from the serum.

Hare, Schwartz, and Weese (1952), using a microbioclogical assay
technique, showed that the membrane protein contained more phenylalanine,
threonine, and glycine amd less aspartic acid than any of the major milk

proteins. Brunner, Duncan, and Trout (1953b), using a similar technique,
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showed the amino acld composition of the nonhomogenized fat-globule mem-
brane to be of the same order. Brummer et al. (1953c) presented the
first data on the electrophoretic behavior of isolated, nohomogenized
membrane proteins which revealed from one to three electrophoretic
components, Brunner, Duncan, Trout, and MacKenzie (1953a) showed the
nonhomogenized fat-globule membrane protein to have a sedimentation
diagram featuring one principal, homogeneous component with an S;q of
7.3. They classified this protein as a globulin in nature.

Herald and Brunner {(1957) isclated and characterized the nonhomo-
genized fat-globule membranes as having soluble and insoluble entities
in 0.02 M NaCl and/or water. Farthermore, these researchers found car-
bohydrate associated with the soluble fraction. The insoluble fraction
was classified tentatively as a pseudokeratin, based on it solubility
and chemical properties. The soluble fraction was analyzed electrophor-
etically by Herald and Brummer (1958) in various buffers, ranging in pH
values from 2.05 to 8.79, and showed one small and two large migrating
boundaries. After treating the insoluble fraction with various protein-
solubilizing agents, these workers showed a single, electrophoretic peak
with sodium-sulfide-treated samples, but one small and two large migrat-
ing boundaries in detergent-treated samples. Sasaki, Koyama, and
Nishikawa (1956b) postulated that the fat-globule membrane is electro-
phoretically similar to whey proteins or whey proteins less beta-
lactoglobulin.

Morton (1954) produced electron micrographs showing milk microsomes
which were adsorbed to the membrane protein surrounding the fat globule.

These microsomes were shown to be brown in color and to contain 22%



1lipid, 10% nucleic acid, a hasmochromogen, alkaline phosphatase, xanthine
oxidase, diaphorase, and DPN cytochrome ¢ reductase. Zittle,
Dellalionica, Custer, and Rudd (1956) found only 0.5% nucleic acid in the
microsomes of milk and defined them as parcels of enzymes cemented to-
gether with nucleic acid and phospholipid. The enzymes given most
consideration in this study were alkaline phosphatase and xanthine
oxidase. The monograph of King (1955) should be given special recogni-
tion as a complete and comprehensive review of research on the milk fat-
globule membrane.
Emulsification of Butterfat in Various
Solutions of Milk Origin

Weise and Palmer (1932) emulsified butterfat in buttermilk and
solutions of calcium caseinate, lactalbumin, globulin, phospholipid,
arnd globulin plus phospholipid. Using churnability as an index, they
maintained that buttermilk most closely replaces the substances adsorbed
on the fat globules in cream. By comparing the material which did not
wash of f the fat globule, after emulsification in sweet rennet-whey,
skimmilk, and buttermilk, with the natural fat globule membrane, Rimpila
and Palmer (1935) showed the materials to differ in psrcent and propor-
tion of phospholipids and protein amd in their nitrogen distribution
characteristics. They also concluded that in the synthesis of milk,
the natural fat-globule membrane is not derived from milk plasma.
Sasaki and Koyama (1956a) emulsified butterfat in solutions of radio-
active casein aml radioactive whey proteins. Two washings removed
casein and the beta-lactoglobulin of the whey protein, but the remainder

of the whey mroteins was still assoctated with the fat after four
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washings. These workers then concluded that the fat-globule membrane
does not contain casein or beta-lactoglobulin, but some whey proteins
plus a possible unknown or specific protein.
Ihe Froteins of the Homopenized
Milk Fat-Globule Membrane

By applying the mathematical formula, 4/3TTr?, Trout, Halloran,
and Gould (1935) calculated that homogenization increased the surface
of fat globules by a factor of 5 or 6. They also observed that the
stability of milk proteins toward alcohol decrsased after homogenization.
Doan (1938) and Sommer (1946) felt that the degree of destabilization
increased with increasing fat contents. Doan (1938) found milk to
be more easily coagulated after homogenization. He explained this
phenomenon by stating that "a greater amount of casein is adsorbed on
the expanded amount of fat globule surface", and since this casein is
fixed, it is non-motile, which is the first stage of coaguwlation.
Wiegner (1914) assumed that the adsorbed protein film of homogenized
milk had a density of 1.4. Using this value, he calculated from viscos-
ity measurements that is homogenized milk, 25% of the casein was ad-
sorbed by the fat. Sullam (1941) disagreed with the generally-accepted
theories. He maintained that homogenlzation increased the stability of
milk proteins. Chambers (1936) suspected that casein or other polar
constituents were adsorbed by the fat in proportion to the increased
fat surface made available for such adsorption by the homogenization of
the milk. Sammis (1914) found that homogenized cream appeared thicker
than ordinary cream of the same fat content and was more difficult to

churn. He also reported "that homogenization affects the casein in ways



which cannot be fully explained at present”.

Sommer (1946) stated that, quantitatively, there may be differerces
between the adsorbed material of homogenized fat globules as compared
with globules as they exist naturally in milk. Weinstein, Lillevik,
Duncan, and Trout (1951) reported that the development of activated
flavor in homogenized milk may be attributed to the selective rearrange-
ﬁant of the fat-globule membrane following homogenization. The con-
stituents which give rise to activated flavor may be adsorbed on the
increased fat surface, which is the reactive site for the development
of this off-flavor. Trout (1950} believed that the protein material
of plasma was adsorbed on homogenized fat globules and that this adsorbed
membrane is different from the membrane of the original fat globules.

In other words, the newly created fat globules of homogenized milk are
resurfaced.

Brunner et gl. (1953b) showed marked differemnces in the amino acid
composition of homogenized and nonhomogenized fat-globule membrzanes.
From this, they concluded that the adsorbed layer on homegenized fat
globules appears to be different from the adsorbed layer on normal fat
globules. Brumner et al. (1953c) based their interpretations on an
electrophoretic comparison of the two membranes and proposed that the
membrane of homogenized milk was composed of adsorbed milk-plasma
proteins in addition to the fat-membrane protein complex of the original
fat globules. Brunner et al. (19532) compared the sedimentation velocity
diagrams of solutions of the hcmogenized and nonhomogenized fat-membrane
proteins. The honogenized membrane showed three, or possibly four
peaks, which were identified as casein, Kekwick's whey protein, and an

altered lactoglobulin (beta-lactoglobulin or a complex of two or
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more constituent proteins).

The Effect of Heat on the Protein Adsorbed
on the MUK Fat-Globule Membrane
Lowenstein and Gould (1954) showed a decreased adsorption of
protein on the fat globule with increased heat. @When whole milk was
heated momentarily to 40° C. and 62° C. for 30 minutes, and 82° C. for
15 minutes, the amount of protein in the membrane material was 21.86,

15.5%, and 7.70 percent, respectively.
Protein-Tipid Interaction in Homogenized Milk

Fox, Caha, Holsinger, and Pallansch (1959) found that conditions
existing at the homogenizer valve produced a fat-protein complex, and
that the principal protein, if not the only one, involved in the inter-
action is the casein micelle. Litman (1955) reported a fat-protein
complex or "scum” formation in whole milk powder. Of the 34% protein
in the complex, 82% to 96% consisted of casein and denstured whey
protein., The fat isolated from the complex had a high melting point,
which may be due to oxidation, or the fat may be similar to the high-
melting triglyceride isolated from the fat-globule membrane. He
further stated that the amount of complex was directly related to the

pre-heat treatment of processirg.



EXPFRIMENTAL ‘PROCEDIRE
Analytical Methods

Electrophoresis. All electrophoretic data were obtained with a
Perkin-Elmer Model 38-A Eleetrophoresis Unit. Protein solutions were
dialyzed against standard buffers for at least 36 hours with no less
than two 400 milliliter buffer changes. Electrophoretic runs were begun
after 2 temperature equilibrium of the protein solution and the ice-
water bath at 1° C. was reached.

Electrophoretic mobilities were calculated using the following
equation:

b

=da k_
tirm

a (em®, volt™t, sec”
where:
d = distance bourdary traveled

a = oross-secticnal area of the cell

k = conductivity cell constant = 00,8491
t = time in seconds

i = current in amperes

r = resistance of buffer in ochms, and

m = magnification factor of the optical system
The distance (d) was measured from the initial boundary, and all mobil-
ities were calculated by this method.
Potential gradiemt or field strength was calculated from the

following equation:
F = ifaK
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where:
F = potential gradient
1 = current in amperes
a = cross-sectional area of the cell, and

K = specific conductivity of the buffer protein solution

Since all the electrophoretic analyses were conducted under gimilar
corditions, potential gradient was not considered a variable factor.

Relative areas under individual electrophoretic peaks were obtained
by: (1) averaging three planimeter readings of the area beneath the peak
or (2) drawing a perpendicular line from the lowest point between peaks,
cutting-ocut the area, amd weighing the individual segments.

A1l interpretations of electrophoretic patterns were made on the
descending channel.

Ultracentrifugal analyses. Sedimentation veloeity data were
obtained with a Spinco Model E analytical centrifuge operated under the
conditions indicated with the presentation of results. Proteins were
carried in Veronal buffer solutions of pH 8.7 and ionic strength of
0.1. These solutions were prepared and analyzed at three concentraticn
levels, varying between 0% and 2%, end their values plotted and extra-
polated to zero concentration. The method of least squares was used to
obtain a linear plot of the data, according to Federer (1955).

Calculaticns were made from the following equation:

S (uncorrected) = d e m
4o+t -rps<-r

where:

d = distance migrated in centimeters

11



3
n

magnification factor of the instrument - 1.7
uo = 4T 2

t = time in seconds

r = distance from center of rotor to a position at the center
of a component, which it would be if an exposure were made

half-way between the pair of peaks used for a calculatioen.

5.7

distance in centimeters from the center of the rotor to the

secord margin of the counterbalance hole.

The S (uncorrected) was corrected to Spq from a table of conversion
factors (ng/ngo) given by Svedberg and Pedersen (1940). The sedimenta-
tion velocity constants were uncorrected for viscosity.

Paper—partition chromatocraphy. Unidimensional, descernding, paper-
partition chromatography was used to identify carbohydrate moities
associated with the heat-stable fraction isoclated by the fractionation
scheme used in this research. An amyl alcchol: pyridine: water solvent
system in a 4: 3: 2 ratio carried the sugars over unbuffered Whatman
#1 cellulosic filter paper for contact periods ranging from 32 to 40
hours.

Protein hydrolyzates were obtained by dissolving 50 milligrams of
protein in 10 milliliters of 2 N HCl, placing the solution in a boiling
water bath for 3 hours, and filtering-cut the extraneous residue.

Chromatograms were developed after spraying with 2% triphenyl-
tetrazolium chloride in an equal volume of 1 N NaCH, according to
Block, Durrum, and Zweig (1955).

Ultraviolet apalyses. Distilled water solutions of proteins with

concentrations of 0.05% were examined in the ultraviolet spectrum ranging

12



from 220 to 340 millimicrons, using a Beckman Model DK-2 Spectro-

rhotometer.

Frocedure for ihe Isolation of Homogenized
Milk Fat-Globule Membrane Proteins
Essentially, the isclation scheme used in this research was similar

to the procedure developed by Herald and Brunner (1957) in their work
with the nonhomogenized fat-globule membrane proteins. Since additional
proteins were present on the homogenized fat-globule membrane, the isola-
tion scheme was exterded to provide for thelr fractionation. The method
of fractionation and isolation employed in this study is shown in Figure

1.
Freparation of Homogenized Milk Fat-Globule Membrane Proteins

Fresh, raw milk, with approximately 3.5% fat and 12% total solids,
was the starting material in all of the preparations. The milk was
subjected to one of several selected heat treatments, and then homogen-
ized at 2500 p.s.i. and 58° C. in a Manton-Gaulin Model K homogenizer.

The homogenized milk was separated at 60° C. in a Mpdel 518
Delaval Laboratory Separator after the addition of 3% (w/w} sucrose,
which increased the specific gravity differential of the fat and the
serum. The homogenized fat, with its newly-formed surfaces, was washed
three times with three volumes each of 3% sucrose solution ard water,
both at 40° C. The washed homogenized cream was churned between 50o c.
and 58° C., after chilling below these temperatures overnight. Separa-
tion of the fat and sera at 38° C. was completed in a Model 9 Delaval

Laboratory Separatcr. The milk fat was discarded and the membrane-
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ccritaining serum was salted-out when the solution was adjusted to 2.2 M
(NHu)stu. The membrane material was concentrated by centrifuging in
a Model SS5-1 Servall Centrifuge for 30 minutes at 25,000 x G.

Two hundred milliliters of 35% (v/v) ethanol in ethyl ether at
0° C. to -59 C. were added to each 50 grams of concentrated, homogenized
membrane maﬁerial. The mixture was agitated 15 minutes and filtered in
the cold. The residue was washed 5 times with ethyl ether at 0° C. to
-50 C. and extracted 3 times with ethyl ether at 25° C. for 10, 5, and
5 minutes. Residual ether was removed overnight under 16 inches of
vacuum.

The homogenized membrane-proteins were extracted 4 times with 0,02 M
NaCl and centrifugally separated for 30 minutes at 25,000 x G. The
residue was the inscluble membrane protein of the nonhomogenized fat-
- globule membrane, which was designated in this research as the Insol-
uble Fraction (I). Peracetic acid was used to solubilize this protein.
The supernatant contained a number of proteins which were separated by
repeatedly adjusting the pH of the solution to 4.6 and centrifuging at
25,000 x G. for 30 minutes. The residuvue was redissolved in s dilute
NaOH solution with an adjusted pH of 9.0. Electrophoretically, the
residue avpeared to be casein; however, the pattern showed a component
with a mobility slightly less than that of alpha-casein. The super-
natant was comprised of at least one heat-stable and one heat-labile
orotein. The heat-labile fraction was removed by centrifugation at
25,000 x G for 30 minutes following a heat treatment at 90° C. for 30

minutes.
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Determination of the Iotal Amount of Protein
Remaining on the Homogenized Milk-Fat Globule

Washed homogenized cream was prepared in exactly the same manner
as illustrated in Figure 1, with the exception that 8% (w/w) sucrose
was used in the initial sepzration and the 5 subsequent washings. This
amount of sucrose was taken into account in all calculations.

The washed cream was analyzed for fat and total solids by the method
of Mojonnier and Troy (1925) amd nitrogen by a modification of the method

of Menefree and Overman (1940). Since the fat content of the washed
-cream ranged between 407 and 55%, it was necessary to use 30 milliliters
of nitrogen-free stou to digest the 5 gram sample. Sixty milliliters
of 50% NaCH was used to neutralize the sample prior to distillation.

The milk used in this portion of the research was analyzed for
serum protein denaturation by heat according to a slightly modified
method of Kuramoto, Coulter, Jenness, and Choi (1959). The modification
entailed the use of a 16.67 gram sample (12.00% T. S.) which was
equivalent to a 2 gram sample of dry milk.

Experimentation with the Fraction
Precipitated at pH 4.6
The isolation of this fraction has been discussed ard the scheme

is shown in Figure 1.

Various Chemical and Physical Treatments Used in the
Separstion of the Casein-Complex

Heat. A test tube containing 20 milliliters of a 1.0% (w/w)

water solution of the Casein-complex Fraction (III) was heated for 30
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minutes at 90° C. in a water bath. The solution was centrifuged at
25,000 x G. for 30 minutes, after which the supernatant was dialyzed
against buffer in lieu of electrophoretic analysis.

Urea. The Casein-complex Fraction (III) was solubilized in 6.6
urea and agitated for 18 to 24 hours. The molarity of the urea and the
pH of the solution was adjusted to 1.0 and 4.5, respectively. After
centrifuging at 25,000 x G. for 30 minutes, the residue was washed with
distilled water to remove the urea present. After dialyzing against
water and then buffer, the protein was analyzed electrophoretically.

The Casein-complex Fraction (ITI) was further fractionated with
urea according to the method of Hipp, Groves, Custer, and McMeekin
(1952). The primary purpose of this experiment was the separation of
the unidentified electrophoretic component at some level of urea
molarity; fcr subsequent identification.

Ethyl ether. Three grams of the Casein-complex Fraction (ITII)
were agitated with 50 milliliters of ethyl ether at room temperature.
After centrifuging to reclaim the protein, the residual ether was
removed under vacuum, and the protein was prepared for electrophoretic
analysis.

Rennet. Thirty milliliters of a 3% (w/w) water solution of the
Casein-complex Fraction (ITI) was prepared and agitated for 20 minutes
with 0.5 milliliters of a soluticn of commercial rennet and water,
mixed in a ratio of 1 to 20. The temperature and pH of the solution
was 30° C. and 8,0, respectively. After ogitation, a dilute solution
of Ca Cl, was added drop-wise until flocculation no longer occurred.

The vrecipitate was concentrated by centrifugation at 25,000 x G. for
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30 minutes and redispersed with dilute NaOH. The solution was then
dialyzed against buffer before being analyzed electrophoretically.
Reconstruction of the Casein-complex
with Selected-Component Systems

This segment of the research necessitated the preparation of the
following materials:

1.) Membrane-containing serum: Fresh, raw nonhomogenized milk was
fractionated according to the technique of Herald and Brunner (1957) to
obtain membrane-containing serum. This serum can also be called washed-
cream buttermilk, which is rich in the soluble and insoluble nonhormogen-
ized fat-globule membrane proteins.

2.) Calcium caseinate: Three liters of a 3% (w/w) solution of
sodium caseinate, at pH 7.5, was dialyzed against 10 gallons of pasteur-
ized skimmilk for three days. This yielded a casein solution whose
protein aporoached that of casein in its native state.

Homogenization of a mixture of calcium caseimate and membrane-
containing serum. Six humdred milliliters of the caleium caseinate
solution and 300 milliliters of the membrane-containing serum were mixed
and heated for 30 minutes at 60° C. and homogenized at this temperature
at 3000 p.s.i. Two=stage homogenization was used throughout this
research; pressure at the first amd second stages being 2500 and 500
p.s.i., respectively.

After homogenization, the mixture was salted-out with (NHy)2SO, ,
treated with organic solvents, extracted with 0.02 M NaCl and adjusted
to pH 4.6 according to the isolation scheme employed in this research

to obtain the Casein-complex Fraction (III). The mixture was analyzed
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electrophoretically after sufficient dialysis against Veronal buffer
of pH 8.5 and ionic strength of 0.1.

Homoeenization of a mixture of calcium caseinate, membrane-
centaining serum, and butteroil. One thousand milliliters of calcium
caseinate solution was mixed with 1000 milliliters of membrane-
containing serum apd 100 milliliters of fresh butteroil. The mixture
was heated to 60° C., for 30 minutes ard homogenized at 3000 p.s.i.
After homogenization, the isolation scheme shown in Figure 1 was
followed to obtain the material which vrecipitated at pH 4.6.

Homogenization of a mixture of alpha-casein, soluble membrane
orotein, and butteroil. Two hundred milliliters of a solution of
soluble membrane protein was mixed with a solution of 600 milliliters
of alpha-casein and 40 milliliters of fresh butteroil. The total
solids of the soluble membrane solution was 0.93% and that of the
alpha-casein solution was 0.68%5. The mixture was heated to 60° C. and
held for 30 minutes, after which it was homogenized 3 times at 3000
D.s.i. at 60° C. The solution was cooled, adjusted to pH 4.5, and
centrifuged at 25,000 x G. for 30 minutes.

Lipids were extracted in the cold according to the isolation
scheme. The residual ether was removed under vacuum, and a sample of
the protein was prepared for electrophoretic analysis.

Homogenization of a mixture of alpha-casein and butteroil. The
same procedure was followed as in the preceding exveriment, with the

exception that no soluble membrane protein was included.
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Various Chemical and Physical Treatments of Casein
and the Scluble Membrane Protein

Ethanol-ethyl ether treatment of casein. Isoelectrically precip-
itated casein was prepared and divided into two parts. The first was
analyzed electrophoretically as a control, and the second was treated
with organic solvents as indicated by Herald and Brumner (1957). Five
grams of casein were added to 10 milliliters of 35% ethanol in ethyl
ether at 0° C. to -5° C. and agitated for fifteen minutes. The mixture
was filtered and washed 5 times with ethyl ether at approximately 0° C.
and extracted 3 times with ethyl ether at room temperature for 10, 5,
and 5 minutes. Residual ether was removed under vacuum, and the casein
prepared for and analyzed electrophoretically.

Peracetic acid ireatment of casein. Enough isoelectrically prec-
ipitated casein was added to a 3% (v/v) solution of peracetic acid to
mzke a protein solution slightly greater than 1% (w/v) in concentration.
The mixture was agitated for 18 to 24 hours, until all the protein
particles were dissolved. Centrifugation at 14,000 x G. for 15 minutes
vielded a residue which was transferred to filter paper and washed 3
times with cool distilled water. The residue was put into solution with
the aid of a few drops of dilute NHyOH. The solution was prepared for
electrophoresis by dialysis against distilled water amd buffer.

Casein was isoelectrically precipitated from samples of the same lot of
raw skirmilk before and after homogenization. The milk was homogenized
at 2000 p.s.i. first stage and 500 p.s.i. second stage at 55° C. These

two casein samples, together with their supernatants which contained
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whey proteins, were analyzed electrophoretically. This investigation
provided a comparison of the electrophoretic patterns of casein and
whey proteins before and after homogenization.

Precipltation of the soluble membrane uzrotein at pf 4.6. The pH
of a 0.955 solution of soluble membrane protein was adjusted to 4.5
with dilute HC1 and centrifuged at 9200 x G. for 10 minutes. The
percentage total solids of the supernatant was determined.

Precipitation of the soluble membrane protein and alpha-casein at
pH 4,4. Equal volumes of solutions of 0.95% soluble membrane protein
and 0.98% alpha-casein were mixed. The pH of the solution mixture was
ad justed to 4.6 with dilute HC1l and centrifuged at 9200 x G. for 10
minutes. The total solids of the supernatant was determined.

Electrophoretic analysis of casein isclated from homogenized milk.
Casein was isoelectrically precipitated from homogenized milk with
dilute HC1 at pH 4.6. Redispersion with NaCH and reprecipitation with
acid was completed 3 times. The protein was dialyzed against buffer

and analyzed electrophoretically.
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FRESH RAW MILK

1 -
for
2 - -
60°
HOMOGENIZED MILK
1 -*

HOMOGENIZED CREAM
1.

2.

Haated to 600, 70O

or 80° C,
30 min.

Homogenized at 2500 p.s.l. at

Separated at 60° C. after addi-
tion of 3% suerose solution.

Washed 3X with volumes of 3%
sucrose solution.

Washed 3X with 3 volumes of
water at 40° C,

WASHED HOMOGENIZED CREAM

1.

Churned after chilling overnight.

HOMOGENTZED FAT AND SERA

Separated at 38° C

1.
|
MILK FAT
Discard 1.
2.
HCMOGENIZED

1.

5.

)
(continued)
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1

_MEMERANE_CONTATNING SERUM

Salt out in 2.2 M (NHy) 504
Concentrate by centrlfugation
at 25,000 x G.

MEMBRANE (corc entrated)

Lipid extraction:

200 ml. of 35% EtCH in Et20
at 0° to -5° C. added per 50
g. membrane.

Agitated 15 min. and filtered
in the cold.

Washed 5X with Et,0 at 0° to
-50 C.

Extracted 3X for 10, 5, and
5 min. with Et,0 at 30° C.
Residual ether removed under
vacuum.



HCMOGENIZED MEMBRANE PROTEINS

1. Extracted 4X with 0.02 M NaCl
2. Centrifugally separated at 25,000
x G. for 30 min,

' |
INSOLUBLE FRACTION (I)2+P (residue)
1. Solubilized with peracetic acid

SQLUBLE FRACTION (IT)2:P (supernatant)

I. Adjust pH to 4.6 and centrifuge
at 25,000 x G. for 30 min.
2. Disperse pellet in water. Adjust
pH to 9.0 with dilute NaCH.
3. Repeat #1 and #2, 3X.
L. Repeat #.
}

l
CASEIN-CGMPLEX (III)2'P (residue)

SCLUBLE MINUS CASEIN-COMPLEX (I¥)2'Y (supernatant)

1. Heat to 90° C. for 30 min.
2. Precipitate removed by centrifu-
gation at 25,000 x G. for 30 min.

SOLUELE MINUS CASEIN AND HEAT.DENATURED PROTEIN (v]a'b (supernatant)

- -

8 See Glossary for description of isolated fractions
b See Figure II for electrophoretic patterns of isolated frac-

tions.

FIGURE 1. Procedure for isolating the proteins associlated with the
homogenized milk-fat globule.
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EXPERTMENT AL RESULTS

Effect of Heat on the Total Amount of Protein
Rempining on the Homogenized Milk-Fat Globule
The data in Table 1 show that the total amount of protein remain-

ing with the homogenized milk-fat globule decreased as the temperature
was increased. At 50°, 70°, and 80° C. for 30 minutes, the amount of
protein associated with 100 grams of homogenized fat was 2.27, 1.60,
arnd 1.31 grams, respectively. As might be expected, the whey protein
nitrogen values for the milk decreased with increasing heat treatment.
(Table 1).

Experimentation with the Fraction
Precipitated at pH 4,6

The Effect of Various Chemical and FPhysical Treatments
in the Separation of the Casein-comolex

Heat. Heating the Casein-complex Fracticn (III) for 30 minutes at
90° C. did not markedly affect any of the electrophoretic components,
as shown in Figure 3. The only apparent affect was the decreased
mobilities of the components of the complex after heating. The electro-
phoretic mobilities and relative areas of the peaks are listed in Table
Ze

Urea. Afier solubilizing the Casein-complex Fraction (III) in 6.6
M urea, the molarity of the solution was adjusted to 1.0, ard the

aggregated protein was concentrated by centrifugation. The electro-
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phoretic characteristics of the protein were not affected by the
trestment, Electrophoretic patterns of the complex before and after
urea treatment are shown in Figure 3. The electrophoretic mobilities
and relative peak areas are given in Table 2.

Using the urea fractionation technique of Hipp et al. (1952), the
protein isolated at 4.7 M urea is shown in Figure 6. Based on electro-
phoretic mobilities, the two observed components were the first two
of the Casein-complex Fraction (ITI), in order of decreasing mobility.
Mobilities and relative peék areas are listed in Table 2.

Ethyl sther. The electrophoretic patterns of the Casein-complex
Fraction (III) before and after being treated with ethyl ether at room
temperature are shown in Figure U. Component 2 was reduced in relative
area by 22.6% (Table 2). The electrophoretic mobilities of the compon-
ents, listed in Table 2, of the ether-treated sample were somewhat less
than the same components in the untreated sample.

Rennet. Addition of rennet to the Casein-complex Fraction (III)
did not affect the typical electrophoretic pattern. A comparison of
the patterns before and after rennet treatment are shown in Figure 4.
Calculated electrophoretic mobilities and relat ive peak areas are given
in Table 2.

Reconstruction of the Casein-complex
with Selected-Component Systems

Homogenization of a mixture of calcium gaseinate and membrane-
containine serum. This experiment was comjucted in amticipat ion of
this selected-component system producing an electrophoretic pattern

similar to that of a typical Casein-complex Fraction (III). The pattern
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shown in Figure 5 is a typical casein pattern, whose only devistion
from a normal pattern was manifested by an increase of the peak area in
the position normally occupled by gamma casein. The relative concen-
tration of alpha- to beta-casein was in order (Table 2).

Homogenization of 2 mixture of caleium caseinate, membrane-
containing serum, and butteroil. The selected-component system employed
in this experiment differed from the preceding by the incorporation of
buttercil. The relative comcentration of alpha- to beta-casein is higher
than in normal casein. The electrophoretic pattern of this homogenized
mixture is shown in Figure 5, ard the mobilities and relstive peak areas

are listed in Table 2.

Homorenization of a mixture of alpha-casein, seluble membrane pro-
tein and butterpil. The electrophoretic pattern of the precipitate of

the solution mixture at pH 4.5 did not show the retioc of peak areas
that was expected. Before homogenization, the ratlo of alpha-casein to
soluble membrane protein was much lower than the same ratio after homo-
genization, as determined from areas under electrophoretic peaks. The
supernatant, at pH 4.6, had a total solids content of 0.106%, of which
0.025% was fat. In the precipitate, the leading electrophoretic peak,
which was alpha-casein, had a descending mobility of 5.8. This value
is considerably lower than the corresponding value of 6.5 for the same
slpha-casein used as a control under identical comditions. The electro-
phoretic pattern of this complex is shown in Figure 5.

Homogepization of a mixture of glpha-casein apd butteroil. The
alpha-casein precipitated at ofl 4.6 and treated with organic solvents

showed a characteristic lipid spike in its electrophoretic pattern
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(Figure 5). However, its electrophoretic mobility was not decreased,
as in the preceding experiment (Table 2). The same alpha-casein was

used in this and the preceding experiment.

Analyses of Fractions

Ultracentrifugal characteristics. Sedimentation velocity studies

were made on two fractions: the Soluble Minus Casein Fraction (IV) ard
the Soluble Minus Casein and Heat-denatured Protein Fraction (V).

A diagram of the Soluble Minus Casein Fraction (IV) shown in
Figure 8, demonstrates the presence of three molecular species. Figure
9 shows the extrapolation of 320 sedimentation values at three concen-
tration levels to obtain an S;5 for each component at zero concentration.

Also shown in Figure 8 are sedimentation velocity diagrams of the
Soluble Minus Casein and Heat-denatured Protein Fraction (V). There
were two components in this fraction., Figure 10 shows the 520 values
extrapolated to zero concentration for both components. Table 4 lists
the sedimentation velocity constamts for all the components in both
fractions.

Paper-partition chromatography. The Soluble Minus Casein and Heat-
denatured Protein Fraction (V) showed three definite carbohydrate
moities. A fourth carbohydrate spot appeared frequently but could not
be accounted for in all the chromtograms. Identification of chondro-
samine, glucosamine, and mannose was made by comparing the Rf values of
known carbohydrates on the same chromatogram. The known swars were

spotted alone and in mixtures. When discernible, the fourth sugar had

an Rf value identical to that of glucose.
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Ultraviolet apalvses. Figure 11 shows the spectrophotometric
pattern of the Soluble Minus Casein and Heat-denatured Protein Fraction
(V) in the ultraviolet region of the spectrum. In the same figure, a
pattern of the soluble membrane protein is shown for comparison. The
soluble membrane protein was heated for 30 minutes at 900 C. prior to
being analyzed. The coincidence in the positions of the small absorption

peaks should be noted.

The Effect of Various Chemical and Physical Treatments of
Casein and the Scluble Membrane Protein

Effect of an ethanol-ethyl ether treatment on the electrophoaretic
characteristics of casein. The electrophoretic pattern of whole casein
after treatment with ethanol and ethyl ether is shown in Figure 6. No
major alteration of the components was electrophoretically evident. The
mobilities of the peaks appearirg in the treated sample were slower than
those in the control sample. Table 2 lists the mobilities and relative
areas of the electrophoretic peaks.

Effect of a peracetic acid treatment on the electrophoretic char-
acteristics of casein. Treating whole casein with peracetic acid did
"not appreciably affect its electrophorstic pattern, although it appears
slightly atypical in the relative corcemtration of alpha- to beta-
casein. (Figure 6, Table 2)

Effect of homogenization on the electrophoretjc characteristics of
isolated casein and isolated whey proteins. There was no change in the

electrophoretic patterns of either casein or whey proteins before and
after homogenization. (Figure 7, Table 2)
Precipitation of the soluble membrane protein at pH 4,6. The super-
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natant of the solution adjusted to pH 4.6 had a total solids value of
0.71%. With the original solution having a total solids content of
0.95%, calculations show that 25.2% of the soluble membrane mrotein
will precipitate at pH 4.6.

Precivitation of the soluble membrane protein and alpha-casein at
o 4,6. The total solids of the supernatant of the solution adjusted to
pH 4,6 was 0.356. Calculations made from this value show that 63.8%
of the total protein was precipitated. Assuming complete precipitation
of the alpha-casein and 25.2% precipitation of the soluble membrane
protein, the 36.2% protein remaining in solution was completely assigned
to the soluble membrane protein. That is, the 74.8% socluble membrane
protein, not precipitated at pH 4,6 amd diluted by a factor of 2, gave
37.4% total solids in the supernatant.

Electrophoretic analysis of casein isolated from homocenjzed milk.
The electrophoretic pattern of casein isoelectrically precipitated from
homogenized milk does not indicate clearly the presence or zbsence of a
complex formation in this preparation (Figure 6). The electrophoretic
mobilities of the components, listed in Table 2, are in order with those
of whole casein from nonhomogenized milk and do not seem to be deterred
by a complex formation. On the other hand, the concentration ratio of
the alpha- to beta- casein components, in Table 2, is too large and the
small component behind the alpha-casein peak may not be merely a contam-

inant of the preparation.
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ASCENDING DESCENDING

A

INSOLUBLE FRACTION (I)

—_—
SOLUBLE FRACTION (II) A

CASEIN<COMPLEX (IITI)

SOLUBLE MINUS CASEIN (IV)

SOLUBLE MINUS CASEIN AND |
HEAT-DENATURED PROTEINS (V) A h

FIGURE 2. Electrophoretic patterns which are representative of the
various fractions isolated by the fractionation scheme

shown in Figure 1.



TREATMENT ASCENDING DESCENDING
—_— -—

GONTROL FOR HEAT TREATMENT |2
ML J\BU
4

VERONAL; pH 8.8; CONC., 1.,00%

|
HEATED AT 90° C, FOR 2
30 MINUTES 3
4

VERONAL; pH 847; CONCe, 1.35%

!
CONTROL FOR UREA TREATMENT 2
a J\ /\34

VERONAL3 pH 8.7; CONC.=~21.00%

|
SOLUBILIZED IN 6.6 M UREA 2
FOR 2l; HOURS
A Ji \ / \34 :

VERONAL; pH 8473 CONC., 1.36%

FIGURE 3. The effect of heat and wea on the Casein-complex Fraction
(I11).
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TREATMENT ASCENDING DESCENDING

CONTROL FOR ETHYL
ETHER TREATMENT

VERONAL; pH 8.53 CONC., 0.75%

VERONAL; pH 8.5; CONC., 0,75%

|
CONTROL FOR RENNET >
TREATMENT 3 4

VERONAL; pH 8.5; CONC., 0.791

ACTED UPON BY RENNET “ ’\

VERONAL3 pH 8,63 CONC.2~1,00%

AGITATED WITH ETHYL ETHER
FOR 30 MINUTES AT 25° C.

FIGURE 4. The effect of ethyl ether and rennet on the Casein-complex
Fraction (III).
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SELECTED=COMPONENT SYSTENS

ASCENDING | DESCENDING
AFTER HOMOGENIZATION 5
MIXTURE OF CALCIUM CASEINATE 2
AND MEMBRANE-CONTAINING SERUM
3

VERONAL; pH B.63 CONC., 0.97%

MIXTURE OF CALGCIUM CASEINATE,
MEMBRANE-CONTAINING SERUM, AND
BUTTEROIL

VERONAL; pH 84,63 CONC., 0,85%
|

MIXTURE OF ALPHA CASEIN,
SOLUBLE MEMBRANE PROTEIN,
AND BUTTEROIL

VERONAL; pH 8.6; CONC.~™ 0,99%
I

MIXTURE OF ALPHA CASEIN
AND BUTTEROIL

VERONAL3 pH 8.5; CONC.20,95%

FIGURE 5, Electropheretic patterns of selected-component systems.
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TREATMENT ASCENDING DESCENDING,
> 2
CASEIN-COMPLEX FRECIPITATE |
IN 4.7 M UREA

VERONAL; pH 8,73 CONC., 0.90%

|
ETHANOL-ETHYL ETHER TREATMENT o
OF WHOLE CASEIN 3

VERONAL3 pH 8.7 CONC., 0.92%

PERACEI'IC ACID TREATMENT

123
OF WHOLE CASEIN . . A ‘.4 I

VERONAL3 pH 8.63 CONC., O. 9!;1

ISOELECTRICALLY FRECIPITATED
CASEIN FROM HOMOGENIZED MILK

VERONAL 3 pH 8. 73 CONC

FIGURE 6. The effect of various chemical agents and homogenization in
milk on the elecirophoretic characteristics of casein.
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ASCENDING DESCENDING

NONHOMOGENIZED CASEIN

VERONAL; pH 6.5; CONC., 008[&%

|
HOMOGENIZED CASEIN 2
l‘ l’\ I \ J \ ’\?3 1

VERONALj pH 8,53 CONC., 0.83%

i

VERON.AL, pH 805’ CONC., .

VERONAL; pH 8,53 CONC., 0,78%

NONHOMOGENTZED WHEY FROTEINS

HOMOGENIZED WHEY PROTEINS

FIGURE 7. Electrophoretic patterns of isolated casein and isolated
whey proteins before and after homogenization.
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s20 X 10'13)

Sedimentation Constants (820

7.0

6.0

5.0 °

3.0

2.0

= L.53

. ®\
l ’ _0
-
2.47 ,
N L | | _
0 0.4 0.8 1.2 1.6 2.0

Protein Concentration (%)

FIGURE 9. Extrapolation of sedimentatlon velocity constants
to zero concentration for the Soluble

Fraction (IV),
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Sedimentation Constants (Sp0 = 854 10713)

7.9

6.0%__\__ ©
M———-—_
o)
O]
O} ©
5.96

5.0

E

i
4,0—

O]
(O]
,/—@’///A}

3.0 @} o |

\ ¢
2.0 2.69

1.0 1 I ! i
0 0.4 0.8 1.2 1.6 2.0
Protein Concentration (%)
FIGURE 10. Extrapolation of sedimentation velocity con-

stants to zero concentration for the Soluble
Minus Casein arnd Heat-denatured Protein
Fraction (V).
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TABLE 1

TCTAL PROTEIN REMAINING WITH THE HOMOGENIZED MILK
FAT-GLCBULE WITH INCRFASING HEAT TREATMENT

Heat treatment
Cbservations 60° C. 70° C. 80° C.

(30 min.) (30 min.) (30 min.)

Index of hegt treatment

Whey protein nitrogen

(mg/g total solids) 8.1 6.7 b1
Composition and vields
Volume of washed a
homogenized cream (ml) L20 610 730
Fat in washed
homogenized cream (%) L6 b 49.9 5541
Yield of fat (g) 194.9 3044 Lo2.2
Total solids in washeg
homogenized cream (%) 5242 5561 59.8
Yield of total solids (g) 219.2 336.1 436.5
K jeldahl nitrogen in cream 165 126 16
(mg %)
Total solids due to protein (%) 1.k 0.6 0.2
(% N x 6.38)

Grams of protein/100 grams fat 2.27 1,60 1.3

@ Prepared from 10 gallons of raw milk

b Assume 4.53% total solids in sucrose
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TABLE 3

SEDIMENTATION VELOCITY CONSTANTS FOR THE SOLUBLE MINUS CASEIN
FRACTION (IV) AND THE SOLURLE MINUS CASEIN AND HEAT-DENATURED
PROTEIN FRACTICN (V), CORRECTED T¢ 20° C.8

Protein fraction

Concentration (%)

Sedimentat ion veloe

constants (Spg=s,y x 10

ﬁ{ of:

Peak Number —

1 2 3

Soluble Minus Casein

and Heat-denatured

Protein Fraction V. 1.90 5.62 3.13 cese
1.81 5.69 3.62 ceve
1.lk 540 3.20 coes
1.11 5.43 2.88 cece
1.01 5658 2.60 cens
0.90 6.08 3.48 ceee
0.83 5.77 2.90 oo

Soluble Minus Casein

Fraction (IV). 1.88 8.17 6.20 2.35
1.33 790 5.28 2.00
1.00 7.76 5458 2454

2 analyses were made in Veronal buffer; H 8.8; ionic strength;

0.l.
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DISCUSSICN

With the isclation scheme used in this research, comparable pro-
tein fractions were rearly identical from preparation to preparation.
In a biological system as complex as milk, this reproducibility was
gratifying. However, some doubt remains as to the degree of denatura-
tion imposed by the techniques of isclation. The use of organic sol-
vents to extract 1ipid materials from the mroteins would probably draw
the most criticism. The effect of the cold ethanol-ethyl ether treat-
ment on the electrophoretic characterist ics of casein was determined.
Seemingly, the only effect of the solvents on the casein was the
decreased electrophoretic mobilities of the components. No investiga-
tions of the effect of solvents on the other milk proteins were made,
but it seems likely that the chemlcal amd physilcal characteristics of
some of the more labile species would be altered.

Effect of Heat on the Total Amount of Protein Remaining
on the Homogenized Milk-Fat Glotule

By increasing the heat treatment of the milk prior to homogeniza-
tion, the total amount of protein remaining with the homogenized fat
was decreased. At 60° €. for 30 minutes, the time and temverature used
in all isolations, not much protein denaturation would be expected. At
70° C. for 30 minutes and especially 80° C. for 30 minutes, the whey
rroteins undergo extensive heat denaturation. Although the latter two

temperature treatments are-drastic compared to normal processing condi-
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tions, they serve to illustrate the effect of heat on the resurfacing
of the homogenized fat globule. Possibly, a large portion of the
denatured protein was removed in the washing procedure, as evidenced by
an increasing amount of separator slime with ircreasing heat treatments.
The results of the serum protein dematuration test of Kuramoto et al.
(1959) showed that more serum mrotein was denatured with successively
higher heat treatments. Perhaps, as the coiled structure of the whey
mroteins unfold with heat, their ability to remain electrostatically
attracted to the fat is lessened.

A dramatic demonstration of the effect of heat on the resurfacing
of homogenized fat was experiermced in this phase of the research. One
hundred and twenty-five milliliter samples of washed homogenized creams,
which had been heated to 60° C., 70° C., and 80° C. for 30 minutes prior
to homogenization, were heated to 38° C. amd allowed to stanmd for 30
minutes. The three samples of cream had nearly the same fat percentage.
Approximately fifteen milliliters of free-fat rose to the surface in
the 80° C, preparation, whereas the amount of free-fat on the surface
of the 70° C. cream was less than 3 milliliters. There was no free-fat
apparent on the surface of the 60° C. freparation. This observation
indicates poor fat emulsification, which may be due, in part, to a poor
resurfacing of the homogenized fat globule by proteins, or of heat-
induced liberaticn of adsorbed mwrotein from the fat surface.

Jenness and Palmer (1945) reported that the nonhomogenized fat
globules membrane consisted of O.46 to 0.86 grams of protein per 100
grams of fat, while Herald (1956) estimated the membrane to consist of

0.51 grams of protein per 100 grams of fat. In this study, the 60° C.
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homogenized preparations yielded 2.27 grams of protein per 100 grams
of fat, or 5 to 6 times more protein per 100 grams of fat than the
average value reported by the workers previously mentioned. This fact
i1s noteworthy when one considers that homogenization increases the fat
surface of milk by a factor of 5 or 6. In other words, the amount of

mrotein which normally associates with milk fat may be relatively con-

stant.

Proteins of the Homogenized Milk Fat-Globule Membrane

The proteins of the homcgenized fat globule will be discussed in

the order in which they were isolated. (See Figures 1 and 2.)
Insoluble Fraction (T)

This is the insoluble membrane mrotein which was isolated ard
characterized by Herald (1956). Its reddish-brown color amd mucoidal
appearance made it easy to recognize. Very little was done with this
protein after it was isolated, except to solubilize it with peracetic
acid and examine its electrophoretic characteristics. Herald (1956)
provisionally classified this protein as pseudo-keratin in nature.
Peracetic acid was used as a solubilizing agent because of its ability
to disrupt disulfide linkages. Some doubt remains as to the applicability
of these data, accumulated after harshb sclubilizing treatments, to the
characteristics of the protein as it exists on the fat-globule membrane
in milk. Electrophoretically, the insoluble membrane protein shoved
one single homogeneous peak with an electrophoretic mobility of L.61, in

Veronal buffer of pH 8.7 and ionic strength of O.l.
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Soluble Fraction (II)

This fraction was so designated because of its solubility in 0.02
M NaCl solutions or water. There are several proteins in this fraction.
Among them is the soluble membrane protein isolated and characterized
by Herald (1956). The soluble membrane protein is part of the soluble
fraction and the two should not be confused. The pattern rresented by
the soluble fraction is too gross to be of much value in dentifying
individual proteins. However, it is very similar to the electrophoretic
pattern of homogenized fat-globule membrane proteins as presented by

Brammer et al. (1953c).
Casein-complex Fraction (III)

When the pH of a solution of the Soluble Fraction (IIT) was
ad justed to 4.6, it was anticipated that any casein present would be
isoelectrically precipitated. There was a protein precipitate, but the
electrophoretic characteristics differed from those of narmal whole
casein. The major difference was the appearance of a component with an
electrophoretic mobility clocse to that of alpha casein. Other notice-
able differences were the abnormally large ratio of alpha- to beta-
casein, and the abnormally low mobility of alpha-casein.

At first, the associ ated material was thought to be a whey protein
contaminant. To remove the contaminant, the protein was reprecipitated
four extra times at ofl 4.6 with dilute HC1l. The material following
the alpha peak was unchanged in its electrophoretic mobility and peak
area.

At this point, it should be stated that dus consideration was given
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to the fact that this associated material may have been beta-
lactoglobulin, which had been heat-complexed with kappa-casein. If so,
one might expect to notice some differences at the various temperature
levels. The possibility of a heat complex appeared slight because a
typical casein-complex fraction was obtazined at all levels of temper-
ature treatment prior to isclating the membrane material.

{_—i—.‘i"f-gﬂ of _%a&ggeu& Chemical and Physical Treatments in the Separation

Heat. Simce casein is not heat-labile at 90° C. for 30 minutes,
the fraction was subjected to this treatment to determine whether or
not the associszted material would be selectively denatured. FElectro-
rhoretically, it was unaltered. This suggests that the assoclated
material is heat-stable.

Ures. The possibility of a complex formation was tested by the
action of a strong urea sclution on the Casein-complex Fraction (III).
If a complex existed through the mechanism of hydrogen-bonding, urea
could release the complexed components. The use of urea had no effect.
on the electrophoretic characteristics of the Casein-complex Fractien
(1I11).

Employing the urea-fractionation technique of Hiop et al. for
casein, the associated material was precipitated with alpha-casein in
4.7 M urea. This indicated that either the associated material was
firmly complexed with alpha-casein or 4.7 M urea was a critical molarity
for its aggregation as well as for alpha-casein. The latter argument

seemed unlikely,.
Ethyl ether. The Casein-complex Fraction (ITI) was agitated with
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ethyl ether at room temperature for 30 minutes to remove lipids and/or
lipid-bound proteins. The relative corncentration of the associated
material was decreased by nearly 25%, with 2 corresponding increase of
14.5% in the concentration of the alpha-casein peak. These values can
be determined from Table 2. This prompted the determination of the
1lipid content of the Casein-complex Fraction (ITI). A value of 8.5%
was obtained. At this point, the speculation that the associated
material was involved in a protein-lipid interaction with casein, seemed
logical,

Rennet . Since treatment of the complex with remnet did not alter
the typical electrophoretic pattern of the Casein-.complex Fraction
(ITI), the possibility of the co-precipitation of the associated material
with the caseiln was discounted. If the associated material were not
complexed, it 1is unlikely that it would precipitate with the calcium-

sensitive casein after the complex was acted upon by rennet,

Reconstruction of the Casein-Complex with Selected-Compenent Systems

Homoreniz gtion of a3 mixture of calcium caseinate and membrane-
containing serum. The reproduction of the Casein-complex Fraction (III)
was not achieved in this system. There was no peak following alpha-
casein. The mobility of alpha-casein was reported at 6.00, which is
fairly fast when compared with similar mobilities of the alrha-casein
isolated from the homogenized membrane preparations. Also, the relative
concentration of beta-casein was nearly normal.

Homogenization of a mixture of calcium caseinate, membrane-contalining
serun, and butteroil. This system dif fers from the first only by the
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incorporation of tutteroil. A closer approximatation of the Casein-
complex Fraction (ITII) was obtained. Most notable was the appearance of
an electrophoretically discernible component whose mobility was slightly
lower than that of alpha-casein. The concentration ratio of alpha- to
beta-casein was only slightly lower than one might expect. In this
case, the significance of this ratioc was relat ively small due to the
apparent variation in the alpha- to beta-casein ratio in normal casein
preparations. The ratio of alpha- to gamma-casein was decreased by a
factor of apmroximately 3, when compared with similar ratios in the
previous system. This comparison seems legitimate, in that the compon-
ents used in both systems were from the same preparation. Consideration
has been given to the ratios of alpha- to beta- and gamma-casein,
because not all of the area under the electrophoretic peak was considered
to be alpha-casein.

Homogenization of a mixture of alvha-casein, soluble membrane
protein, and buttercil. This system presented the most interesting
evidence in support of the nature of the Casein-complex Fraction (III),
The concentrations of alpha-casein, soluble membrane protein, and
buttercil in the system was determined before homogenization. After
homogenization, the pH of the solution was adjusted to 4.6 and the
resulting precipitate was examined electrophoretically. The total
concentration of the soluble membrane protein added to the system could
not be accounted for by the total solids in the supernatant of the pH
L.6 solution or by the area of the peaks in the electrophoretic pattern.
Apparently, the soluble membrane protein interacts with the alpha-casein

in the presence of butteroil and contributes to the electrophoretic area
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of the alpha-casein peak. The electrophoretic mobility of the alpha-
casein peak was decreased from a normal valus of 6.5 to 5.8, which was
considered to be a significant reduction.

Homogenization of a mixture of alpha-casein and butteroil. Appar-
ently, no interaction exists between alpha-casein and the lipids of
butteroil, in the absence of the soluble membrane protein. The electro-
phoretic mobility of alpha-casein in this system was reduced from 6.5
to 6.4 after homogenization. The difference between these two mobilities
was not considered significant. A lipid spike appeared in the descerding

electrophoretic pattern, as shown in Figure 5.

The Casein.complex Fraction (III) isolated from the homogenized
fat-globule membrane did not seem to be present in the serum of the
milk. At any rate, casein precipitated from comnmercially-processed
homogenized milk did not exhibit all the characteristics of the Casein-
complex Fraction (IXI) isclated by the techrigques employed in this study.
A higher homogenization pressure may be necessary to provide enough
casein-complex to be detected in the serum of homogenized milk., This
was suggested by Fox et al. On the other hard, the casein-complex may

exist only at the fat/serum interface of homogenized milk.
Soluble Minus Casein Fraction (IV)

The electrophoretic pattern of the soluble fraction, following
precipitation of the Casein-complex Fraction (ITT), showed a broad peak,
presenting very little information of a qualitative nature. This frac-
tion was suspected of containing whey proteins associated with the homo-

genized fat globule. Using a gravimetric technique, it was determined
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that 527 of this fraction was precipitated by heating to 900 C. for 30
minutes. A sample from a low temperature preparation was prepared for
the ultracentrifuge, and the sedimentation veloc ity diagrams showed three
molecular species, as shown in Figure 8. From all indieations, there
were at least two, and possibly three, oroteins in this fraction. The
Soluble Minus Casein and Heat-denatured Protein Fraction (V) was char-
acterized and is discussed in the following section. No investigation
was conducted on the heat-labile proteins of the Soluble Minus Casein

Fraction (IV).
Soluble Minus Casein and Heat-denatured Protein Fraction (V)

Experimentation suggested that this fraction is composed largely of
the soluble membrane protein. This fraction is heat-stable, as is the
soluble membrane protein, and showed two molecular species in the ultra-
centrifuge. The sedimentation velocity diagrams of this fraction are
shown in Figure 8.

Although not directly applicable for comparison, the data of
Thompson and Brunner (1959) support the contention that, based on the
_associated carbohydrates, this fraction may be the soluble membrane
protein, proteose-peptone, or both.

A comparison was made of the absorption patterns of the Soluble
Minus Casein and Hemt-denatured Protein Fraction (V) and the soluble
membrane protein in the ultraviolet region of the spectrum. Little
similarity existed between the two proteins. After the soluble membrane
protein was heated for 30 minutes at 90° C., as is the Soluble Minus

Casein and Heat-denatured Protein Fraction (V), it rearranged to give
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the absorption pattern presented in Figure 11. The spectrogram showed
small absorption peaks at 268, 264, and 258 millimicrons and one large
absorption peak at 276 millimicrons for both proteins. The coincidence
of these small absorption peaks suggests that the Solutle Minus Casein

and Heat-denatured Protein Fraction (V) is the soluble membrane protein.
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SUMMARY

Homogenization mechanically reduces the size of the fat globule and
increases its number. The membrans surrounding the nonhomogenized fat
globule is disrupted by homogenization. Among other materials, the
membrane is composed of proteins, phospholipids, and a high-melting
triglyceride. Seemingly, the increased surface area created by homo-
genization cannot be adequately covered by the existing membrane material.

The purpose of this research was to identify the proteins which
contribute to the structure of the homogenized milk fat-globule mem.
brane. The effect of heat on the total amount of protein associated
with the homogenized fat globule was also studied.

The techniques of isolation were similar to a procedure developed
to isolate the membrane proteins of nonhomogenized fat globules. This
technique was modified and extended to apply to the hemogenized fat-
globule membrane proteins. Greater yields were obtained by using
sucrose to increase the specific gravity differential of the fat and
serum of the homogenized milk.

The total amount of protein on the homogenized fat globule was
fourd to be imversely dependent upon the amount of heat applied to the
milk prior to homogenization., At 60°, 70°, and 80° C., the amount of
protein associated with 100 grams of homogenized milk-fat was 227,
1.60, ard 1.31, grams, respectively. The 60° C, preparation had a
protein value 5 to 6 times greater per 100 grams of fat than the average

protein value reported for the nonhomogenized milk fat-globule membrane,
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based on grams of protein per 100 grams of fat. Since homogenization
increases the fat surface of milk by a factor of 5 or 6, the possibility
of a relatively constant ratio of membrane protein to fat surface should
be considered. Electrophoretic, ultracentrifugal, and spectrophotometric
analyses were used to characterize and identify the protein fractions
isolated from homogerized milk fat-globule membranes.

The insoluble membrane protein of the nonhomogenized fat-globule
membrane was isolated from the homogenized fat-globule membrane. This
protein remained, at least in part, with the fat globule after homo-
genization.

The soluble membrane protein of the nonhomogenized fat-globule mem-
brane also remained with the fat globule after homogenization. A por-
tion of this protein seemed to interact with the alpha-casein adsorbed
on the homogenized fat-globule membrane. Milk fat must be present for
this complex to occur. Another portion of the soluble membrane protein
was isolated by denaturing the heat-labile, adsorbed vroteins at 90° C,
for 30 minutes, leaving the soluble membrane protein in a relatively
pure form.

Casein was found adsorbed on the homocgenized fat-globule surface.
Tts alpha-component seemed to interact with the soluble membrane protein
in the presence of milk fat. In the electrophoretic pattern of this
casein, a component appeared with a mobility slightly less than that of
alpha-casein, the mobility of alpha-casein was decreased, and the
ratio of alpha- to beta-casein was abnomally large. Some of the proteins
isolated from the homogenized fat-globule membrane were not identified.

These were probably heat-labile whey proteins which were heat-denatured
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in the isolation of the heat-stable fraction.

The fat-globule membrane proteins did not appear to completely
dissociate from the faf glolule after homogenization. The increased
fat surface created by homogenization was covered, in part, by casein
complexed with some of the soluble membrane protein and by unidentified

whey proteins.

55



CONCLUSTONS

The total amount of protein surrounding a given quantity of homo-

genized milk fat decreased as the temperature to which the milk was

heated prior to homogenization was increased.

The specific proteins which were isolated from the homog enized milk

fat-globule membrane were:

Insoluble membrane protein

Soluble membrane protein

Casein. A complex seemed tobe formed with alpha casein
and the soluble membrane protein, in the presence of
milk fat. The mwoduct of the protein-lipid interaction
gave rise to an electrophoretic component with a mobility
slightly less than that of alpha casein.

Heat-labile protein(s). Although they were not isolated
and identified, these proteins were thought to be whey

proteins.

The fat-globule membrane proteins did not appear to be completely

dissociated from the fat globule when the membrane was disrupted by

homogenization. The increased surface area created by homogenization

was covered, in part, by casein and, probably, by whey proteins.

The results of this research did not imdicate that the resurfacing

of fat globules subsequent to homozenization was limited to any specific

milk proteins, but that a possible lipid-protein complex was formed as

a result of the treatment.



LITERATURE CITFD

Ascherson, F. M,

1840. On the physiological utility of the fats and on a new theory
of cell formatlon based on their cooperation and supported
by several new facts. (A translation by Emil Hatschek in
The Fourdations of Colleid Chemistry, vp. 13-27. London:

E. Benn, Ltd., 1925).

Block, R. J., Durrum, E, L., and Zweig, G.
1655. A Manual of Paper Chromatograpchy and Paper Electrophoresis.

Academic Press Inc., New York, N.Y. 484 po.

Brunner, J. R., Duncan, C. W,, Trout, G. M., and MacKenzie, Maxine
1953a. The fat-globule membrane of nohomogenized and homegenized
milk., I¥T. Differerces in the sedimentation diagrams of

the fat-membrane proteins. Food Research, 18:5L69.47L4

Brmner, Jo ng Dmca,n, C~ w.. and Trout, G. M,
1953b. The fat-globule membrane of nonhomogenized and homogenized
milk. I, The isolation and amino acid composition of the
fat-membrane proteins. Food Research, 18:454-462.

Brunner, J. R., Lillevik, H. A,, Trout, G. M., and Duncan, C. W,
1953c. The fat-globule membrane of nonhomogenized and homogenized
milk. ITI. Differences in the electrophoretic patterns of
the fat-membrane proteins. Food Research, 18:L463-468.

Brunner, J, R., and Herald, C. T.
1958, Some electrophoretic characteristics of two protein compon-
ents of the fat-globule membrane of normal cow's milk. J.
Dairy Sci., 41:1489-1403.

Chambers 3 L - A .
1936, Soft curd character induced in milk by intense sonic vibra-
tions. J. Dairy Sci., 19:29-47,

Doan, F. J,
1938. Problems related to homogenized milk. J. Milk Technol., 1
(6):20-25.

Federer, W, T,
1955. Experimental Design. The Macmillan Company, New York, shk.
DPp.

Fox, K. K., Caha, Jean E., Holsinger, Virginia H., and Pallansch, M. J.
1959. Effect of homogenization upon the fat-protein interaction
in milk. J. Dairy Sci., B2:3%4.

57



Hare, J. H,, Schwartz, D. P., and Weese, S. J,
1952, The amino acid composition of the fat-globule membrane
protein of milk. J, Dairy Sci., 35:615-619.

Hattori, K.
1925. Membrane of the fat globule of milk, J. Pharm. Soc., Japan,
No. 516, 123-170. (Original not seen. Cited in Chem. Abstr.,
19:2380, 1925).

Herald, C, T,
1956. Fractionation ani characterization of soluble and insoluble
proteins of the milk fat globule membrane. Ph.D. Thesis.
Michigan State University, East lansing, Michigan.

Herald, C. T. amd Brunner, J. R.
1957. The fat glcbule membrane of normsl cow's milk. I. The
isolation and characteristics of two membrane-nrotein
fractions. J. Dairy Sci., 40:948-956,

Hipp, N. J,, Groves, M. L., Custer, J. H,, and McMeekin, T, L.
1952. Separation of alpha-, beta-, and gamma-casein. J. Dairy
Sci., 35:272-281.

Jenness, R., and Palmer, L. S.

1945, Substances adsorbed on the fat globules in cream and their
relation to churning. V. Composition of the membrane and
distribution of the adsorbed substances in churning. J.
Dairy Sci., 28:611-623.

King, N.
'1955. The Milk Fat Globule Membrane. Lamport Gilbert and Co.,
Ltd. Reading, Berks, England. %9 pg.

Kuramoto, S., Jenness, R., Coulter, S. T., and Choi, R. P,
1959. Standardization of the Harland-Ashworth test for whey
protein nitrogen. J, Dairy Sci., 42:28-38,

Litmann, I. I.
1955, A study of = fat-protein complex in powdered milk. Ph.D.
Thesis. State College of Washington, Pullman, Washington.

Loewenstein, M. and Gould, I. A. .
1954, The effect of heat on the chemical mature of the material

absorbed cr the milk fat glooule. J. Dairy Sci., 37:644,

Memefree, S. G. and Overman, C. R. .
1940, A semimicro-Kjeldahl method for the determination of total
nitrogen in milk. J. Dairy Sci., 23:1177-1185.

ojornier, T. amd Troy, H. C. 7 ' )
1925. Technical Control of Dairy Products. 2nd Ed. Mojonnier

Bros., Inc., Chiago, I11. 936 pp.

58



Morton, 2. K,

1954. The lipoprotein particles in cow's milk, Biochem. J.,
57:231-237.

}'ioyer’ Lo S.
1940. Electokinetic aspects of surface chemistry. VIII. The
composition of the surface f£ilm on the fat droplets in
cream. J. Biol. Chem., 133:29-38,

Mulder, H.
1957. The surface layers of milk fat globules. The Netherlands
Milk and Dairy J., 11:1G7-212.

Mulder, H,
1949, The physical structure of milk and dairy products. Proc. 12th
Internatl. Dairy Cong., Stockholm, 6:64.72.

Palmér, L. S. and Weise, H, F.
1933. Substances adsorbed on the fat globulgs in cregam and their
relation to churning. IL. The isolation and identification
of adsorbed substances. J. Dairy Sci., 16:41-57,.

Rimpila. Cc Eo and Palmer, L. So
1935. Substances adsorbed on the fat globules in cream and their
relation to churning. IV. Factors. influenelng the composi-
tion of the adsorption "membrane". J. Dairy Sci., 18:827-

839.

Sammis, J., L.
1014, Cheese making tests with homogenized milk, Wis. Agr. Expt.
Sta, Bul. 241, pp. 16-19.

Sasaki, R., and Koyama, S.
1956a. Adsorption ef radicactive caleium-5 caseinate and whey
proteins on milk-fat globules. J. Agr. Then. Soc. (Original
not seen. Cited in Chem. Abstr., 50:6533).

Sasaki, R., Koyama, 8., and Nishikawa, M.
1956b. Isclation of membrane protein and its electropheretic
properties. J. Agr. Then. Soc. (Original not seen. Cited in
Chem. Abstr., 50:6532).

Sormmer, H. H.
1546. The Theory and Practice of Ige Cream Makinz. 5th Ed. 703 pp.
Madison, Wis.: author.

Storch, V. . ' '
1897. On the structure of the "fat glotules" in cew's milk. (Trans=

lated and communicated by Faber, H.) Analyst, 22:197-211.

59



S\maams v. B.
1941. Studies on the stability of homogenized milk. Thesis.
North Carolina State Cellege, Raleigh, North Carolina;
(Abstr.) Milk Plant Monthly, 31 (4):23-25. 1942,

Svedberg, T. and Pedersen, K. O,
1940. The Ultracentrifuge. Oxford, The Clarerdon Press. 478 pp.

Thompson, M. P, and Brumner, J. R.
1959. The carbohydrates of some glycoprcteins ef bovine milk.
J. Dairy Sei., 42:369-370,

Titus, R. W,, Sommer, H., H., and Hart, E. B.
1928. The mature of the protein surrounding the fat globules in
milk. J. Biol. Chem., 76:237-250.

Trout, U. M., Halloran, C. P. and Gouwdd, I. A.
1935. The effect of homogenization on some of the physical amd
chemical properties of milk. HMich. Agr. Expt. Sta. Tech.
Bul. 145, 34 pp.

Trout, G. M,

1950. Homogenized Milk, A Review and Guide. Michigan State College
Press. East lansing, Michigan, 233 pp.

Weinstein, B. R., Lillevik, H. A., Duncan, C. W, anmd Trout, G. M,
1951. The solar-activated flavor of homogenized milk. II. Effect
of deaeration, swrface area of fat globules and relation
of the Kreis test, J. Dairy Sci., 34:565-569.

Weise, H. F. and Palmer, L. S.

1932, Substances adsorbed to the fat globules in eream and their
relation to churning. 1. The churnability ef artifieial
emulsions prepared with the known emulsifying agents of
cream. J. Dairy Sci., 15:371-381.

Wiegner, G.
1914, Ueber die aenderung einiger physikalischer eigenschaften
der kuhmilch mit der zerteilung ihrer dispersen phasen.
Kolleid Ztschr. 15:105:123. (Original not seen. Cited by
Trout, G. M,, Homogenized Milk, A Review and Guide. 233 pp.
Fast Lansing, Mich.: Michigan State College Press.)

Zittle, C. A., DellaMonica, E. S., Custer, J., H, and Rudd, R. K.
1956. The fat globule membrane ef milk: alkaline phosphatase and
xanthine oxidase in skimmilk and cream. J. Dairy Sci., 39:

528-535.

60



GLOSSARY OF TERMS

A description of the protein fractions isolated during the course
of this research has been prepared to aid in the presentation and
discussion of data. The following designations are used throughout

this manuscript:

INSCLUBLE FRACTION (X). The homogenized fat-globule membrane proteins,
in 0.02 M NaCl, were centrifuged for 30 minutes at 25,000 x G. The
protein residue was designated as the Inscluble Fraction (I).

SOLUBLE, FRACTICN (II). The proteins in the supermatant of the solutien
frem which the Insoluble Fraction (I) was separated, were designated as
the Soluble Fraction (IT).

CASEIN.COMPLEX FRACTIGN (III). When the pH of a solutien of the Soluble
Fraction (II) was adjusted to 4.6, the proteins that precipitated were
designated as the Casein-complex Fraction (III).

SGLUBLE MINUS CASEIN FRACTIGN (IV). The proteins in the supermatant

of the solution, from whiech the Casein-complex Fraction (III) was

precipitated, were designated as the Soluble Minus Casein Fraction (IV).

SOLUELE }MINUS CASEIN AND HEAT-DENATURED PROTEIN FRACTIGN (V). A solution
of the Soluble Minus Casein Fraction (IV) was heated for 30 minutes at
90o C. The heat-stable proteins remaining in solution were designated

as the Soluble Minus Casein and Heat-denatured Pretein Fraction (V).

Two additional proteins are referred to throughout this manuscript.

These are the soluble membrane protein and the insoluble membrane protein
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of the nohhomegenized fat-globule membrane as isolated and characteriged

by Herald and Brunner (1957).
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