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ABSTRACT

THE ISOLATION AND PHYSICAL=-CHEMICAL CHARACTERIZATION

OF KAPPA-CASEIN FROM COW'S MILK
by Harold E, Swaisgood

The casein micelle of milk represents a complex of many inter-
acting proteins, one of which - kappa-casein = stabilizes the other
members in their ionic environment, However, the strong interactions
between the micellar proteins impedes the isolation and characteriza-
tion of the individual constituents. The purpose of this study was
to develop a procedure for the isolation of kappa-casein and to inves-
tigate its chemical and physical properties.

These studies employed sedimentation-velocity and sedimentatione
equilibrium ultracentrifugation extensively, as well as electrphoreéis,
viscbsity, and various chemical analytical techniques,

A procedure was developed for obtaining good yields of crude
kappa-casein of about 907 purity. The crude kappa-casein was readily
purified to approximately 977 purity for physical=chemical studies,
The characteristics of the preparation were found to be similar to
those previously reported for kappa=casein.

Association of kappa-casein molecules to form large aggregates
of relatively uniform size in inorganic salt solutions near neutrality
precludes the study of the basic unit in these buffers., Therefore, the
physical properties of kappa-casein were determined in strong dissociat-
ing solvents, The weight=-average molecular weight of the protein was
approximately 125,000 in 67% acetic acid - 0.15 M NaCl and 5.0 M

guanidine*HC1l solutions, A molecular weight of approximately 56,000
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was obtained for the low-molecular weight component in 7.0 M urea,
33% acetic acid - 0.15 M NaCl, and at low protein concentrations in
5.0 M guanidine.HCl.

Reduction of the disulfide bonds caused the molecular weight to
be lowered to 28,000 in 5.0 M guanidine*HC1l and 677 acetic acid -
0.15 M NaCl. Physical-chemical studies showed that the disulfide
bonds were also destroyed in phosphate buffer at pH 12,

Determination of the sulfhydryl groups by several chemical
methods indicated 2-3 =-SH groups per 28,000 g. An odd number of =-SH
groups per 28,000 g suggested at least one inter-molecular disulfide
bond since there were no free =SH groups., Minimum molecular weights
calculated from the chemical analyses supported the physical studies.

Thdse data led to the conclusion that the basic unit of kappa-
casein was composed of two 28,000 molecular weight sub=-units joined

by disulfide bond(s).
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INTRODUCTION

The casein micelle of milk is a complex system of interacting
proteins and calcium ions. The micelles are in equilibrium with
polymer complexes of the individual components, the equilibrium being
displaced towards the micellar form by calcium ion addition. Never=-
theless, the system is remarkably stable to rigorous industrial process=
ing treatments such as pasteurization, sterilization, concentration,
drying, reconstituting, freezing, and addition of sugar and/or inorganic
salts., However, lowering the pH to 4.6 releases the calcium ions and
the casein fraction precipitates.

At least four individual proteins are present in the micelle, two
of which (as- and B-casein) are individually insoluble at calcium ion
concentrations normal to milk. There are undoubtedly more than four
constituents since the A-casein fraction appears heterogeneous. The
principle micellar system appears to be a complex of Qg=- and k=casein.

The interactions leading initially to complexes and finally to
micelles are strong and highly specific, This behavior was responsible
for earlier conclusions that casein was a homogeneous substance. For
exampie, the (O=casein fraction appears to be homogeneous by free=-boundary
electrophoresis and ultracentrifugation and, in fact, can be isolated
intact from 4.6 M urea solutions. However, studies involving the addition
of calcium ion or strong dissociating solvents show that (=-casein is a
complex of k=, Qg= and probably the A-casein fraction., Furthermore,
these stromg interactions make the isolation and purification of any eme
of the components difficult. Consequently the information concerning

the properties of the individual components is incomplete.,



k=Casein has been shown to be the ''protective colloid" of the mi-
celle system, The interaction of this protein with the other components
yields a stable micelle and in its absence the other caseins (with the
exception of A=casein) will precipitate at low calcium ion concentrations.
Also, the alteration of this single protein by the primary action of the
enzyme rennin is sufficient to cause coagulation of the micellar proteins.
Moreover, the interaction seems to be stoichiometric since a weight-ratio
of 4 Qg=: 1 k=casein is preferred for complex formation. Relatively pure
k=casein forms polymers of nearly uniform size in buffers not considered
to be strong dissociating agents. In fact, this protein seems to interact
with itself and other proteins more readily than any of the other micellar
components., The polymers formed are relatively independent of pH,
temperature, ionic strength, and calcium ion concentration suggesting
that this is a rather unusual specific interaction.

In view of the above discussion, k=casein would appear to present
a challenging system for the study of secondary bonding forces in proteins.
However, before such a study can be pursued three objectives must be
achieved: a) a method for preparing considerable quantities of pure
protein must be developed, b) the chemical composition must be deter=-
mined, and c) elementary physical properties such as molecular weight,
sedimentation coefficient, diffusion coefficient, intrinsic viscosity,
and shape must be described. The purpose of the research described
herein was to achieve, insofar as possible, these three objectives,

For the sake of organization, the thesis has been divided into two
parts: Part I dealing with the method of preparation and preliminary
characterization of k=casein and Part II describing the physical=chemical

studies performed on the preparation.
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HISTORICAL
General

Linderstrégm=Lang (1925) first recognized the calcium=~insensitivity
of a casein fraction which he called Z-casein, Later he (Linderstrém-
Lang, 1929) proposed the existence of a ''protective colloid" in the
casein fraction which was responsible for the stabilization of the
casein micelle and was specifically attacked by rennin. The classical
electrophoretic separation of whole casein into G-, B= and y=casein, in
order of decreasing mobility, was reported by Mellander (1939). Subse=
quently, Warner (1944) suggested that oz--caseinl was heterogeneous and
later, Nitschmann and Lehmann (1947) proposed that rennin did not act
directly on Q=casein, but rather, on a component thereof.

The '"protective colloid" theory has been the subject of considerable
controversy, Recent experiments have supported this hypothesis so that
at present it is universally accepted, The factor most responsible for
the reneng impetus in casein research was the discovery of kappa-casein
by Waugh and von Hippel (1956)., While attempting to purify micellar
casein, they obtained a ffactionation of the casein into calcium=-sensitive
and calciuwm=~insensitive fractions. Analysis of the calcium=insensitive
fraction (Fraction S) revealed the presence of B=casein and a new component
which they called k-casein. Furthermore, addition of Fraction S to the
calcium-sensitive fraction in the correct proportions resulted in the

formation of stable micelles in the presence of calcium ion,

1 This component has now been définitely shown to be heterogeneous and
will be referred to as the Q=casein fraction (Brunner, Ernstrom, Hollis,
Larson, Whitney, and Zittle, 1960).
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Methods Employed in the Preparation of k=Casein

Method of Waugh and von Hippel (1956)

This method essentially consists of a physical separation at constant
pH. Micelles were collected from skimmilk by adjusting the calcium ion
concentration to 0.06 M causing nearly all of the casein to concentrate
in the micellar form, and centrifuging at 45,000 X G. Calcium ion was
removed from the precipitate == designated as first=cycle casein == by
using a chelating agent, e.g. sodium oxalate or citrate, First-cycle
casein was made 0.25 M with respect to CaCl, and the calcium=-sensitive
fraction removed by centrifugation, first at 900 X G (37° C) and then
at 90,000 X G (5° C). The supernatant, designated as Fraction S,
contained about 70% k=-casein. Later, Waugh (1958) reported a purifica=-
tion of Fraction S using centrifugation, salting-out, and isoelectric
precipitation which yielded k=-casein of approximately 907 purity. The
contaminate consisted largely of m=casein which is probably similar to

the A-casein described by Long (1958), see Brunner et al. (1960).
Method of Long (1958)

The starting material for this procedure was the (=casein fraction
prepared by the method of Warner (1944). A 2 - 37 protein solution was
adjusted to 0.2 E.CaCI2 concentration and the calcium=-sensitive fraction
removed by centrifuging initially at 35° C and 9,000 RPM and finally at
25° C and 21,000 RPM. The k-casein obtained was contaminated with a
slow=sedimenting component as shown by sedimentation=-velocity patterns.
The slow=sedimenting component was obtained by collecting the top layer

from crude k-casein solutions centrifuged for 5 hours at 40,000 RPM.



The protein recovered was shown to be different from previously described
caseins and was designated as A=-casein, It was stable to calcium ion,
possessed an S;; of ca 1.3 S at pH 7, contained 1.187 phosphorus, and

did not stabilize as-casein or give a visible reaction with rennin.
Method of Fox (1958) as Modified by Morr (1959)

k=Casein was prepared from whole casein or from Warner's (=casein
fraction. The preparative operations were perfurmed at 0 = 5° C unless
otherwise stated. The starting material was adjusted to pH 11.3 and
held for 20 = 30 min. Calcium chloride was added to a final concentra=-
tion of 0.2 M, the pH lowered to 8.3 and the resulting precipitate
removed., The temperature was raised to 30° C causing more calcium=-sensitive
material to precipitate, The supernatant was adjusted to pH 4.7, dialyzed
against water, and the precipitate collected. These steps were repeated
to further remove the calcium=-sensitive fraction. The precipitate was
dissolved in 6,6 M urea and crude k=-casein obtained by diluting to 3.3 M
urea concentration. Crude k-casein was again dissolved in 6.6 M urea and
the pH adjusted to 11.3 for a short time. After lowering the pH to 4.7
and diluting to 3.3 M urea concentration, a brown precipitate was removed
and k=casein was precipitated from the supernatant by salting-out. (1.5
M ammonium sulfate). These steps were repeated twice. The k=casein

obtained appeared homogeneous by sedimentation-velocity studies.
Method of Pilson, Henneberry, and Baker (1960) for Fraction A

Q=Casein fraction prepared by the method of Warner was adjusted to’
pH 12 at 25° C for 45 min, then lowered to pH 7.0, followed by addition

of CaCl, to 0.25 M concentration. Calcium sensitive Q-casein (0g=casein)
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was removed by centrifugation and Fraction A was precipitated by adjusting
the pH to 4.5. The precipitate was redissolved and the steps repeated.
The material obtained was homogeneous by paper electrophoresis. The
preparation was considered similar to Fraction S on the basis of the
stability to calcium ion, reaction with rernin, and ability to stabilize

Og=casein.
Method of McKenzie and Wake (1961)

Whole acid casein was treated with CaCl2 (ca 0.4 M) at pH 6.5 - 7.0.
The calcium=sensitive fraction was remcved by warming to 35° C and centri=-
fuging at room temperature, first at 900 X G followed by 40,000 X G.
After removing the calcium ion with oxalate, the supernatant was warmed
to 25° C and 25g/100ml of anhydrous NaSO, was added. The precipitate
(k- and B=casein) was removed by centrifugation (900 X G), dissolved in
water and dialyzed against 0.005 M NaCl. Fcllowing adjustment of the
pH to 7.2, an equal volume of absolute ethanol was added, followed by
2 M ammonium acetate until a definite mucilaginous precipitate formed.
The precipitate was dissolved in 6 M urea and dialyzed against 0.005 M
NaCl. 1If the dissolved precipitate was dialyzed against water or too
long against 0.005 M NaCl, the k=casein precipitated and was only soluble
with difficulty. The preceding steps with ethanol and ammonium acetate
were repeated to assure complete removal of B-casein. Residual fat was
removed from the final product by centrifuging at 90,000 X G. k=Casein
was obtained in yields of ca 20% of theory and appeared homogeneous by

velocity=ultracentrifugation and urea-starch gel electrophoresis,



Method of Cheeseman (1962)

Q=Casein fraction prepared by the urea method of Hipp, Groves,
Custer and McKeekin (1952) was treated with oxalate to remove residual
calcium. The solution was made 3.3 M with respect to urea at 4° C and
the pH adjusted to 4.9, followed by dilution to 2 M urea concentration
which precipitated Qg=-casein. The supernatant, containing k-casein, was
dialyzed against water and adjusted to 0.2 M CaCl, concentration at pH
6.6 = 7.0, Calcium=-sensitive material was removed by centrifugation at
37° C and 2500 RPM. The preparation was 90% pure by free=boundary
electrophoresis at pH 7.3. About 257 recovery was obtained assuming

15% k=casein in whole casein,
Method of Hill (1963)

Whole acid casein was made 0.25 M with respect to CaCl, at 3° C
and pH 6.7 = 7.2, After removing the calcium=-sensitive fraction by
warming to 35° C and centrifuging at 5000 RPM, the supernatant was
dialyzed against water and concentrated, The solution was again treated
with CaCl,, but this time centrifuged at 50,000 X G. The crude k-casein
was applied to a DEAE cellulose column in pH 6.25 acetate buffer. A
gradient elution was obtained by mixing the previous buffer with various
amounts of pH 4.5 acetate buffer adjusted to 0.5 M with respect to
CaCl,. Under these conditions, P-casein was eluted first, whereas k-
casein was not eluted until the CaCl); molarity had increased and the
pPH was lowered. k-Casein was soluble at pH 4.7 in 0.5 M CaCl,. The
purity of the preparation was not determined by the common physical

methods,



Method of Hipp, Groves, and McMeekin (1961) for Preparing Qg=Casein

Although the protein was not designated as such, it is undoubtedly
similar, if not identical, to k=casein and therefore will be described
here. The calcium-insensitive casein was prepared from Warner's (=-casein
fraction by centrifuging a solution of the protein adjusted to 0.2 M
CaCly concentration at 3500 X G at room temperature. Further purifica-
tion of the calcium=-insensitive protein was accomplished by refrigerated
centrifugation at 40,000 RPM for 5 hours in 0.2 M NaCl. The pellet
obtained was recentrifuged twice under the same conditions, except in
the absence of salt,

a3-6asein was homogeneous by urea=starch gel electrophoresis, free=-
boundary electrophoresis at pH 2.3 (u = 3.6 Tiselius units), and velocity=-
ultracentrifugation at pH 7 (820 = 23,1 S). The protein appeared to have
less stabilizing power than k-casein, however, it was coagulated by
rennin yielding 177 of the total nitrogen as soluble nitrogen. It was
soluble to the extent of only 0.267% at pH 6.9. The sialic acid content

was 1,27 and phosphorus 0.35%.

Chemical Pxoperties of k~Casein

Composition

Amino acids. The amino acid composition obtained on a sample pre=-
pared by the McKenzie-Wake method was reported by Jolles, Alais, and
Jolles (1962). The results are presented later in the thesis for com-
parison with an analysis obtained on k=casein prepared by the procedure
developed in this laboratory. The absence of cysteinein the casein

fraction was first reported by Kassel and Brand (1938). Jollés et al.
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(1962) compared their analysis to that of Hipp, Basch, and Gordon (1961)
for a3-casein. k-Casein appeared to have a higher content of the hydroxy-

amino acids than a3-casein.

Nitrogen. Reported values for the nitrogen content have varied,
possibly due to the extent of purity of the various preparations.
Cheeseman (1962) reported 13.6%, Beeby (1963) 14.6%, Hipp et al. (1961)

14.6% for a3-casein, and Pilson et al. (1960) 13.9% for Fraction A.

Phosphorus and NANA., Similarly various values have been reported

for the phosphorus and N-acetylneuraminic acid (NANA) composition.
Phosphorus contents reported in the literature are 0.337% (Long, 1958),
0.19% for purified Fraction S (Waugh, 1958), 0.227 (Thompson and Pepper,
1962) and 0.2177% (Alais and Jellés, 1961) for preparations by the
McKenzie-Wake method, and 0.927% (Pilson et al., 1960) for Fraction A.
The percentages of NANA for the various preparations were reported

as 0.79% (Cheeseman, 1962); 1.2 = 2,07% (Hill, 1963); 2.5%, 1.8%, and
2,47, for different McKenzie-Wake preparations (Thompson and Pepper,
1962; Beeby, 1963; and Alais and Jollés, 1961 respectively); 2.14%
for a preparation obtained by the method described in this thesis
(Marier, Tessier, and Rose, 1963); and 2,227 for Fraction A (Cayen,
Henneberry, and Baker, 1962), Some of the variation was undoubtedly
due to the various analytical procedures employed. Alais and Joll€s
(1961) have shown that N-acetylneuraminic acid is the only sialic

acid present in bovine k=-casein. According to the latter authors,

k-casein also contains 1l.27 galactosamine and 1.47 galactose,
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10
Stabilization of aS-Casein

At calcium ion concentrations normal to milk, Qg =casein by itself
is insoluble (Waugh and von Hippel, 1956; Waugh, 1958). However,
addition of increasing proportions of k=casein caused an increase in
soluble Og=casein. When the weight=-ratio of as-/k-casein was 4 ¢ 1

)

all of the g=casein was present in a stable micelle at 0.03 }_’I_CaCl2
concentration and 37° C (Waugh and von Hippel, 1956). Once formed, the
micelle was stable even at 0° C, However, when the micelle formation
experiment was performed at 0° C, the as-casein was not stabilized by
k=casein at a weight=-ratio of 4 unless whey proteins were present (Waugh,
1958 and 1961)., They observed the same weight=-ratio to be the naturally
preferred ratio in the absence of calcium at pH 7, or if the complex

was formed from monomers of the components by short exposure to pH 12,
Free k=casein was observed in the sedimentation-velocity pattern in

the case of lower ratios at pH 7. This stoichiometry led Waugh (1958)

to propose a molecular model for the complex containing three molecules
of as-casein and one of k=-casein,

At the higher temperatures, the complex incorporated B-casein,
B=Casein was also observed to interact with k=casein polymers as demon=-
strated by the fact that Fraction S did not become cloudy at 37° C in
the presence of calcium ion (normally concentrations of B=-casein similar
to that in Fraction S would become cloudy). The function of m=casein
(similar to Long's A-casein and Hipp's 0y-casein) in the micelle and its
interactions with k-casein have not been determined (Waugh, 1958 and
1961; Long, 1958).

Zittle (1960 and 1961) described a test for determination of the

stabilizing power of k=-casein, Using his particular preparation of k-
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casein, Zittle (1960) found that 807 of the as-casein was stabilized

when the ratio of k-/as-casein was 0.1 and the test solution contained

10 mg o%/ml. The stabilization was less at lower concentrations of O =
casein, Later, 907 stabilization at a ratio of 0.1 was reported using

a McKenzie-Wake preparation (Zittle, 1961). Release of NANA by neuramini=-
dase decreased somewhat the stabilizing power of k=-casein (Thompson and

Pepper, 1962),
Reaction with Rennin

Alais, Mocquot, Nitschmann, and Zahler (1953) demonstrated an
increase in 127, TCA-soluble nitrogen (NPN) resulting from the action
of rennin on casein. With the discovery of k-casein and the demon=-
stration of its ability to stabilize the casein micelle, Waugh and
von Hippel (1956) proposed that this protein was the primary substrate
for rennin action. Subsequent studies indicated that fractions rich
in k=casein liberated more NPN when serving as rennin substrates (Garnier,
1957 and 1959; Wake, 1957 and 1959). For example, Wake (1959) found a
6.7% increase in NPN for k=-casein, but only 17 increase when first=-cycle
casein was studied, From these data, he calculated that k-casein comprised
157 of the whole casein, a result which agreed with the physfcal studies
of Waugh and von Hippel (1956).

Waugh (1958) reported that Fraction S prepared from rennin treated
skimmilk contained m-casein but not k-casein. However, the calcium=
sensitive fraction (Fraction P) behaved similarly to that obtained
from untreated milk. Furthermore, the time required to convert k=-casein
into para~k-casein was comparable to the time required to clet skimmilk,

whereas 0 -casein and B-casein were not altered in this interval,
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Immunoelectrophoretic studies have shown four components in the -~
casein fraction, only one of which was altered by the action of rennin
(Garnier, 1959 and 1960). Also, urea-starch gel electrophoresis of whole
casein has revealed many bands, but only the k=casein band was altered
>y rennin treatment (Wake and Baldwin, 1961).

The peptide released from whole casein by rennin and soluble in 12%
TCA was shown to be non-dialyzable and essentially electrophoretically
homogeneous (Alais, 1956). Later, Nitschmann, Wissmann, and Henzi (1957)
showed that this material was a glyco-macropeptide (GMP) containing
galactose, glucosamine, and sialic acid but no free alpha amino groups
and that its molecular weight by sedimentation-diffusion ranged between
6000 and 8000, The carbohydrate content of GMP from whole casein was
verified (Brunner and Thompson, 1959).

Since all previous data indicated that k=-casein was the primary sub-
strate for rennin, large proportions of GMP having the same composition
as that obtained from whole casein should be released from this protein.
Indeed, several workers have shown that the GMP obtained from whole
casein, O=casein fraction, and k=casein (prepared by the McKenzie-Wake
method) was the same (Nitschmann and Beeby, 1960; Joll@s and Alais, 1960;
Alais and Jol1®s, 1961; Joll&s, Alais, and Joll®s, 1961). Starting with k-
casein, Nitschmann and Beeby observed an 8% increase in NPN and obtained
a GMP containing 11.2% N, 0.5% P, and 60% of the total GMP in the peptide
portion, This GMP had the same amino acid composition as that obtained
from whole casein or from the Q=casein fraction. Confirming amino acid
analyses were reported by Jollds and co=-workers (1960 and 1961). Using
their data, Jollés et al, (1960 and 1961) calculated the molecular weight

of GMP to be 8000 + 500. This preparation contained 0.4% P, 10.1% N,
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28.2% carbohydrate, and 727 of the total weight in the peptide portion.
Galactosamine, galactose, and sialic acid represented 24%, 26%, and 50%
respectively of the total carbohydrate moiety of GMP, the same as in the
original k=casein.

The GMP contained 747 of the carbohydrates in the original k=casein,
whereas GMP from whole casein accounted for only 317 of the total carbo-
hydrate (Alais and Jollés, 1961)., These data suggest that not all of
the carbohydrate in whole casein resides in the k-casein molecule.
Malpress (1961) found that only 68% of the sialic acid in whole casein
was released by rennin. Alais and Jolleés (1961) indicated that further
investigations are necessary to determine whether or not all of the
carbohydrate of k-casein is located in the GMP. Wake (1959) suggested
that some of the GMP is precipitated in 127 TCA. Hcwever, Beeby (1963)
stated that all of the sialic acid was soluble in 127 TCA and therefore
the GMP must also be completely soluble., The possibility that peptides
other than the GMP are released must also be considered (Nitschmann
and Henzi, 1959).

Jollé€s et al. (1961) could find no N-terminal amino acids in the
GMP, confirming Nitschmann's earlier work, however, two yellow DNP
derivatives were observed and the possibility wag suggested that these
may be derivatives of osamines. Action of carboxypeptidase released
Val, Ala, Ser, and Thr from GMP and also from k-casein, therefore, the
peptide must appear on the C-terminal end of the k-casein molecule.
Interestingly, these workers observed that Val and Ala were liberated
simultaneously and in equal amounts, suggesting that the GMP may have
two chains. Carboxypeptidase liberated two new;C-terminal amino acids

from para=k=casein, Leu and Phe, supporting the conclusion that GMP was
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released from the C-terminal end (Jolles et al., 1962),

The bond cleaved by rennin and joining the GMP to para-k-casein
has been the subject of many studies. Jollés, Alais, and Jollés (1963)
treated k=casein with LiBH4 and obtained products similar to para-k-
casein and GMP. Moreover, phenylalaninol was found in the precipitate.
Consequently, an ester linkage between phenylalanine and the GMP was
postulated. Garnier, Mocquot, and Brignon (1962) found that one proton
was released per 55,000 g of k-casein upon the action of rennin on this
protein at pH 7. Under these conditions, the release of a proton would
be expected if the bond was an ester but not if a peptide linkage was
involved.

Recently Beeby and Nitschmann (1963) noted a faster increase in the
NANA and nitrogen soluble at pH 4.7 than that soluble in 127 TCA when
low enzyme concentrations were used. They suggested that k-casein exists
as a complex and that the initial action of rennin disrupts this complex
freeing the NANA containing portion which is soluble at pH 4.7 but not
in 127 TCA. It was proposed that a subsequent cleavage at this portion

yields the GMP which is soluble in 127 TCA.

Physical Properties

Ultracentrifugal Characteristics

Polymers of approximately 13.5 S which were insensitive to temperature,
ionic strength, and calcium ion concentration were formed by k=casein in
buffers near neutrality (Waugh, 1958). The sedimentation coefficient
did not vary more than one unit at temperatures from 1° C to 37° C and

at calcium ion concentrations from O to 1 M (Waugh and von Hippel, 1956).
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However, these authors found that by increasing the pH to 12 the polymers

would dissociate, yielding a "monomer' with an S,9 of about 1.3 S, The

0
dissociation was reversible with respect to the sedimentation character=-
istics., Fzem the ultracentrifugal and electrophoretic data en Fraction
S, it was deduced that whole casein contained approximately 157 k=casein.

Similarly, Long (1958) observed sedimentation coefficients at 13,2
S to 16 S in neutral buffers and 1.1 S at pH 12, Morr (1959) reported
values ranging from 12 S to 16 S for k=-casein in phosphate buffer at
pH 7. Coefficients of 13.9 S and 13.6 S were reported by McKenzie and
Wake (1961) for their preparation in phosphate buffers at pH 6.5 and
6.9. Thompson and Pepper (1962) reported a value of 14 S for a similar
preparation at pH 7.

The k=casein boundary was skewed indicating that the polymers were
not entirely uniform in size or that some heterogeneity was involved
(Waugh and von Hippel, 1956; Long, 1958; McKenzie and Wake, 1961).

Leng (1958) also observed that exposure to pH 12 caused the pattern to
become more symmetrical when studied at pH 7. The molecular weight of
k-casein in phosphate buffer at pH 12 was 16,300 as determined by the
Aréhibald technique (Waugh, 1958). Using this value along with the
sedimentation coefficient (1.37 S), Waugh calculated a frictional ratio
for k-casein which, after making certain assumptions, indicated that the
molecule could be represented by a cylinder 16 K in diameter and 150 Z
in length, Hewever, employing the same technique and bwffer system,
McKenzie and Wake (1959b) obtained a molecular weight of 26,000 + 3,000,
These values should be compared to that obtained by Garnier et al. (1962)
from proton release by rennin (55,000) and the values estimated by Beeby
(1963) from a esmnsideration of the amount and molecular weight of GMP

(50,000).
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Electrophoretic Characteristics

Descending mobilities obtained by free-boundary electrophoresis
were =6,81 and -7.60 Tiselius units for k-casein at pH 6.98 and 6.5 in
phosphate buffer, [7/2 = 0.1, respectively (Long, 1958). Morr (1959)
reported mobilities of =7.16 to =7.97 Tiselius units in phosphate buffer
(pH 6.98, 0.1 r72). At pH 8,4 the value was =6.8 Tiselius units,

Zone electrophoresis in urea-starch gel showed a smear directly in
front of the starting slot (Wake and Baldwin, 1961: Neelin, Rose and

Tessier, 1962).



PART I

THE PREPARATION AND PRELIMINARY CHARACTERIZATION OF KAPPA=CASEIN



INTRODUCTION TO PART I

When this study was initiated all the reported methods of isolation
for k=casein required the use of a preparative ultracentrifuge, Since
this instrument was not available at that time, a different isolation
scheme was necessary. Furthermore, even when an ultracentrifuge was
available, a method for obtaining crude k-casein in good yields was
desirable since the capacity of the centrifuge limits the amount which
can be purified,

The method of preparation developed to satisfy the above require-
metns is presented in Part I of this thesis. Also included are the
characterization studies which were performed to establish the identity

and homogeniety of the preparation.

18
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EXPERIMENTAL METHODS

Apparatus

The raw milk was collected in ten=-gallon stainless steel cans,
Once the volume was reduced following the precipitation of whole casein,
the operations were performed in pyrex containers. Milk was separated
in a small (Model 9) DeLaval disc=type separator. A refrigerated cabi=-
net in which an ice bank was formed served as a low temperature water
bath for the protein preparative operations. The pH was measured during
the preparative procedures with a Beckman Zeromatic pH meter equipped
with a glass electrode. A variable-speed Welch stirrer fitted with a
plastic rod and blade was used to stir the protein solutions. Lew
speed centrifugation was performed either in an International centrifuge
with a capacity of 1500 ml or a Servall type SS=-1 centrifuge with a
400 ml capacity. Earlier preparations were subsequently purified by
ultracentrifugation in a Beckman Model L preparative ultracentrifuge
equipped with a type 40 fixed=-angle rotor. In later preparations, a
Model L with a high speed drive and a type 50 fixed=-angle rotor was
employed. Free-boundary electrophoresis was performed in a Perkin=-
Elmer, Model 38A Tiselius electrophoresis apparatus using circulating,
refrigerated water to maintain the bath temperature at < 2° C, Buffer
resistances were measured with an Industrial Instruments, Model RC
conductivity bridge. A Plexiglass horizontal cell equipped with a
Reco power source was used for urea=-starch gel electrophoresis. The
analytical ultracentrifuge employed to characterize the preparations

will be described in Part II of the thesis.

19
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Chemicals and Buffers

Analytical reagent grade urea was obtained from Mallinckrodt and
used without further purification. Trichloroacetic acid (TCA), reagent
grade, was purchased from Fisher Scientific Company. Crystalline rennin
‘was obtained from the Paul Lewis Laboratories and General Biochemicals;
the latter's product had a reported specific activity of 960 rennin
units per milligram of rennin nitrogen. Sephadex G=75 was obtained
from Pharmacia, Other organic or inorganic chemicals employed were of
reagent grade quality.

The buffers used in the elctrophoretic and ultracentrifugal

characterization of k-casein preparations are described in Appendix I.

Preparatory Procedure

The postulation that k=casein would be more soluble in concentrated
urea-TCA solutions than other caseins was prompted by the observations
of Hipp et al. (1952) that isoelectric casein was dissociated in con=-
centrated urea solutions and of Wake (1959) and Nitschmann and Beeby
(1960) that the primary scission product of the action of rennin on
k=casein was seluble in 12% TCA, Thus, if the complex dissociation was
complete, some fractionation could be expected, The following experiments
were designed to test this postulate.

Wet isoelectric casein (ca 507 dry weight) was dissolved at room
temperature in concentrated urea solutions, ranging from 3 to 8 M, and
at protein concentrations of 2 to 47%. Crystalline TCA was added in
varying concentrations from 6 to 207 to aliquots of the urea solutionms.
The protein obtained from the supernatant following lew speed centrifu=-

gation (2000 RPM for 30 min) was assayed both electropheretically at
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pH 8,6 and as a substrate for rennin. Thus, the most effective removal

of non=k=casein fractions was achieved in 6.6 M urea=127 TCA solutions,

Higher concentrations of urea and TCA did not appear to achieve further

fractionation of the proteins. Lower concentrations of TCA resulted in

less complete removal of non-k-casein fractions and lower concentrations
of urea produced lower yields of crude k-casein in the supernatant.

Pooled raw milk was obtained directly from the University herd and
processdd immediately., The skimmilk pertion was diluted with an equal
volume of distilled water and isoelectrjc casein obtained by adjusting
the pH to 4.6 through the slow additions of 1 N HCl. The precipitated
casein was redispersed in water in its original concentration and
diésolved by the slow addition of 1N NaOH being careful not to exceed
pH 8. Again, the dissolved casein was isoelectrically precipitated
and washed with several liters of 1 : 1 (v/v) mixture of ethyl ether and
ethanol. Finally, the washed casein was redissolved and reprecipitated
to assure complete elimination of serum proteins., Calcium=-insensitive
casein fractions were prepared from the whole casein using four variations
of .the urea-TCA method. Careful stirring was observed in all of the
preparations to avoid foaming and surface denaturation. The final product

was lyophilized and stored at =20° C.
Isolation Procedure for Preparation No. 1

Isoelectric casein was dissolved in 6.6 M urea at a concentration
0f 2 = 47, and the temperature lowered to 1 - 3° C in the ice bath,
Crystalline TCA was added slowly with stirring to a final concentration
of 127, by weight, After standing for 30 min, the precipitated casein

fraction was removed by centrifugation in the cold room ( 5 = 10° C at
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1000 X G for 30 min). The pH of the supernatant was adjusted to 7 at

3° C through the slow addition of solid NaOH. The neutralized solution
was dialyzed to remove the resulting neutralization salts. The solution
was concentrated to 1 = 27 protein by pervaporation, cooled to 3° C and
adjusted to pH 8. Then, 2 M CaCl, was added dropwise to give a final
concentration of 0.25 M. After allowing the mixture to stand overnight,
much of the calcium-sensitive precipitate had settled out., The remain=-
ing precipitate was removed by centrifugation in the cold room as pre-
viously described. Upon warming the supernatant to 30° C, more precipi=-
tate formed and was removed by centrifugation at 25,000 X G for 10 min
in the Servall, Calcium chloride was removed from the clear supernatant
by dialysis., The protein concentration of the dialyzed supernatant was
again adjusted to 1 - 27 by pervaporation. At 3° C, the pH was adjusted
to 11.3 momentarily to dissociate the complexes and then rapidly lowered
to 4.4 with cold 0.2 N HC1l to precipitate the k-casein-rich fraction.
The precipitate was collected by centrifugation (1000 X G for 10 min),
dissolved with 0,1 N NaOH (pH < 8), dialyzed, and lyephilized. A

schematic of the preparatory procedure is presented in Figure 1.
Isolation Procedure for Preparation No. 2

The protein was prepared in the same manner as Preparation No. 1
except that the operations were performed at room temperature. Also,
Step 6 of the isolation scheme in Figure 1, consisting of the pH

adjustment and isoelectric precipitation, was omitted,
Isolation Procedure for Preparation No. 3 and 3 A

Approximately equal amounts of isoelectric casein and crystalline
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urea were mixed and made to a final volume in which the urea concentration
was 6,6 M. The pH (ie. about 5) was adjusted to 4.7 with 1 N HCl, When
the casein was completely dissolved, the solution was diluted to a 3.3

M urea concentration by dropwise addition of distilled water, There was
no visible precipitate at 4,63 M urea concentration as reported by Hipp

et al. (1952), A similar observation was made by Nielsen (1957)., After
standing for 1 = 2 hours, a viscous, sticky precipitate {Q=casein fraction)
had settled out and most of the supernatant was decanted., The remaining
mixture was centrifuged at 1000 X G for 20 - 30 min. The precipitate was
redismplved in 6,6 M urea (pH 4.7) and the final volume of the solution
determined., Sufficient water was added dropwise, as before, to give a

4,0 M urea concentration, The precipitate was collected by centrifugation
(1000 X G for 20 min) and the step repeated. The final precipitate was
redissolved in sufficient 6,6 M urea at 3° C to give a protein concentra-
tion of 2 = 4%, From this point, the procedure described for Preparation
No. 1 was followed. The complete procedure is shown schematically in

Figure 1.
Additional Purification as Applied to Preparations No, 3 and 3 A

Portions of the preparations made by the procedure for 3 and 3. A
were further purified according to the following scheme. Crude k=casein
solutions (2 = 37 protein) were made 0,1 M with respect to NaCl at pH
7 and centrifuged for 5 = 6 hours at 40,000 or 50,000 RPM and 0 = 4° C
in a Spinco Model L. The bottom 1/3 to 1/4 of the liquid column (a
bottom layer was clearly visible), including a small amount of pellet,
represented purified k=casein. For most of the physical studies reported

in Part II of this thesis, k-casein (Preparation No. 3 A) was further
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purified by elution from a Sephadex G=75 column equilibrated with 0.1
M NaCl, The column was monitored at 280 mu, k=Casein was eluted in

the eluate immediately following the void volume.
Isolation Procedure for Preparation No. 4

In earlier preparations, some difficulty was experienced in remov-
ing Bwcasein; therefore, the purification procedure for the O=casein
fraction described by Hipp et al. (1952) was used., The crude Q=caséin
fraction, initially obtained by diluting solutions in 6,6 M urea to
3.3 M urea concentration, was dissolved in 6.6 M urea solutions contain=-
ing 10.6 g/1 NaCl. The Q=casein fraction was precipitated by dilution
to 3.3 M urea concentration and the step repeated. In other respects,
the preparatory procedure was the same as for Preparation No. 3 and 3 A,
However, the final product (from Step 6 of Figure 1) was obtained
in yields of only 0.1 = 0.2% of the whole casein. Furthermore, characteri-

zation studies indicated that this fraction did not contain k-casein.

Analytical Methods

Electrophoretic mobilities were calculated from measurements made
from the position of the initial boundary on the descending and ascending

patterns, as follows:

d A K
tIRm

n =
where p 1s the electrophoretic mobility in em? volt~l sec'l,‘g the
distance the boundary traveled in cm, A the cross=-sectional area of the

electrophoresis cell in cmz, K the conductivity cell constant, t the time

in seconds, I the current in amperes, R the resistance of the buffer in
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ohms, and m the magnification of the optical system, The buffer resis-
tance was determined by placing the conductivity cell containing the
buffer in the electrophoresis water bath just prior to or following the
experiment, Relative amounts of the various components were determined
from the relative refractive areas measured, with the aid of a planimeter,
from tracings of the patterns enlarged five times, Boundaries were
divided by drawing a vertical line from the minimum gradient between the
peaks to the base line. The isoelectric point of k=casein was estimated
from a plot of mobility (n) against the pH.

An estimate of the isoelectric point was also made by the minimum
solubility method. A series of acetate buffers were prepared ranging
in pH from 3.6 to 4.,5. Five milliliters of a 27 k-casein solution were
added to 5 ml of buffer, possessing a concentration of salts such that
the final solution had the composition: 0,02 M sodium acetate and
0.08 M NaCl, The: pH of the buffer was determined before and after
addition of the protein., The solution was equilibrated at 5° C with
intermittant mixing for 48 hours, The amount of protein remaining in
the supernatant following centrifugation at 3000 X G for 10 min at 5° C
was determined a) spectrophotometrically at 280 mu fellowing the addition
of base to give a clear solution and b) by the conventional macro-Kjeldahl
procedure,

The ability of k=casein to stabilize as-casein in the presence of
calcium fon was evaluated by the method of Zittle (1960). The final
test solution consisted of 10 ml of 0.02 M CaCl,, 10 mg/ml of Qg=casein,
and varying amounts of k=casein. The solution was prepared as follows:
5 ml of 27 Og=casein was mixed with varying amounts of a 17 solution of

k=caseinj then 2 ml of 0.1 I_iCaCl2 was added and the solution was made
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to 10 ml, After holding for 30 min at 30° C, the mixture was centrifuged
at 3000 X G for 5 min. The 280 mu absorption of 1 ml of supernatant
diluted to 25 ml with 1 ml of 0.1 N NaOH and redistilled water was
determined, The concentration of protein remaining in the supernatant
was obtained from a standard curve prepared by measuring known concen=
trations of ag-casein. Since all of the k=-casein was in the supernatant,
the amount of as-casein present in the stabilized complex was obtained
by subtracting the per cent k=casein in the test solution from the total
protein.

Zonal electrophoretic analyses were performed in urea=starch gels
according to the method described in detail by Wake and Baldwin (1961).
A discontinuous buffer system was used and consisted of Tris=citrate
buffer incorperated into the gel and borate buffer in the buffer com-
partments, The gel was made to 7 M with respect to urea. Electrophoresis
was carried out in a cold room (~~5° C). The resolved proteins were
stained with Amido Black.

Ultracentrifugal characterization and determination of purity were
performed at temperatures ranging from 3 to 25° C in pH 7 phosphate
buffer ( ['/2 = 0.1 or 0.2) using a rotor speed of 59,780 RPM. Both
a regular analytical and a synthetic boundary cell were used. The
position of the maximum ordinate was used to calculate the sedimentation

coefficient (see Appendix II).
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ISOELECTRIC CASEIN (Step 1, 20-24 C)

L

Dissolve in urea (6.6 M)
Dilute to 3.3 M by adding
distilled water dropwise
Adjust to pH 4.8 and allow
to stand for 1=2 hr
Decant most of the super=-
natant and centrifuge
remaining mixture

{ L
PRECIPITATE (Step 2, 20-24 C) SUPERNATANT (Discard)

Redissolve in 6.6 M urea

Dilute to 4.0 M urea

Centrifuge at 1,000 X G
for 20 min

Discard the supernatant
and repeat Step 2

e

] I
SUPERNATANT (Discard) CRUDE ~t-CASEIN  (Step 3, 3C)

81soelectric casein was
substituted for Prepara-
tion No. 1 and 2

Redissolve in 6,6 M urea
(2-4% protein soln)

Add solid TCA at 3 C

(12% w/w)

Allow to settle for 30 min
and centrifuge at 1,000 X
G for 30 min

r
SU’PEFRNATANT (Step 4, 3 C)

L
PRECIPITATE

Raise to pH 7 with solid NaOH (Principally ag-
Dialyze casein, void of
Pervaporate to 1-27 protein calcium=
conc, insensitive
Adjust to pH 8 fraction)
Add 2 M CaCl, to 0.25 M at
3cC
Allow to stand for 12«16 hr
Centrifuge (1,000 X G; 30
min at 3 C)
| =
PRECIPITATE (Discard) SUPERNATANT (Step 5, 30=35 C)

Continued on Page 28

Centrifuge gt 25,000 X G
for 10 min
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\ '

| i
SUPERNATANT (Step 6, 3C) PRECIPITATE (Discard)
Dialyze
Pervaporate to 1=27, protein
conc,

Adjust to pH 11.3 momentarily
Add cold 0.2 N HC1 to pH 4.4
Centrifuge at 1,000 X G for

10 min
SUPERNATANT (Discard) PRECIPITATE (k=casein)
Dissolve with NaOH
Dialyze
Freeze=dry

“Additional purification a) centrifuge crude k-casein dissolved in
0.1 M NaCl at pH 7 for 6 hours at 50,000 RPM and 4° C.
b) collect the bottom layer and pellet from a) and elute this
portion from a Sephadex G=75 column equilibrated with 0.1 M
NaCl.

Figure 1, Procedure followed for obtaining k=casein from a con=
centrated urea~TCA solution of isoelectric casein or crude CO=casein
fraction,



RESULTS

Preparation and Yields

The complete scheme for the preparation of k=casein is shown
schematically in Figure 1, @=Casein fraction was obtained in yields of
nearly 507% of the starting whole casein, As shown in Figure 2 (A and B),
Q=casein No, 3 contained some B=casein, but Q=casein No. 3 A appeared
electrophoretically homogeneous, Precipitation in 6,6 M urea with 12%
TCA removed from solution approximately 407% of the initially dissolved
Q=casein fraction or whole casein., With whole casein, large amounts of
ag-, B=, and possibly y=-casein were precipitated (Figure 2 E). The
precipitate obtained from Hipp's Q=casein fraction was essentially
Qg=casein, The electrophoretic and sedimentation-velocity patterns
in Figure 2 (C and D) indicate that some B=casein was present, Subsequent
preparations obtained from B=casein free Q=casein fraction were homogeneous
as measured by free-boundary electrophoresis. Further, this precipitated
protein was established as Qg=casein by its sedimentation coefficient
(S20 = 4,9 S in phosphate buffer, pH 7, 0.1 T"/Z),electrophoretic mobil=
ity (u = =7.2 Tiselius units in veronal buffer, pH 8.6, 0.1 ['/2), in-
stability to calcium ion (0.02 M caCl, caused a nearly complete precipi-
tation), and the fact that it formed micelles and was stabilized with
k=casein in the presence of calcium ion,

Approximately 70% of the material which was soluble in urea-TCA
was removed by addition of calcium ion. The properties of this fraction
were identical to those of the urea-TCA insoluble material. Thus Qg =
casein appeared to be divided between the urea-TCA precipitate and the

calcium fon precipitate, with slightly more precipitating in the urea-

29
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TCA. Due to the selective precipitation of ( =casein in urea-TCA, the
urea=TCA soluble portion was greatly enriched with respect to k=casein.
However, as shown by the electrophoretic patterns in Figure 2 (G and H),
a complex of Qg = and k=casein still existed.

Electrophoretic, ultracentrifugal, and yield characteristics of
k=casein preparations No. 1, 2, and 3 are recorded in Table 1 and Figure
3. These data illustrate the differences iz composition and properties
between the preparations obtained directly from whele casein (No. 1 and
2) and that fractionated from crude (=casein fraction (No. 3). Electro=-
phoretic resolution in neutral cr alkaline buffers indicated that prepara=-
tion No. 3 contained the least amount of discernible B=casein., At pH
2,3, the preparations appeared polydispersed, prcbably due to protein-
protein interactions. Sedimentation under similar conditions revealed
the same polydispersity. The room temperature preparation from whole
casein was obtained in the highest yield. However, it contained only
60% of a fast sedimenting component at pH 7, whose Sy0 was higher than
that previously reported for k=casein (20.6 S as opposed to..13,5 S).
Preparation No. 1 (prepared at 3 = 5° C) closely resembled Fraction S.
reported by Waugh and von Hippel (1956). About 90% of the refractive
area in electrophoretic patterns and 777% of the area in sedimentation=-
velocity patterns corresponded to k=casein, indicating the presence of
f= and possibly A=-caseins,

When O=casein fraction was employed as the starting material, crude
k=casein (90 = 927 purity) was obtained from Step 6 of the fractionation
scheme shown in Figure 1. Yield approximating 30 = 507% of the theoreti=-
cal yleld, assuming k=-casein to be 15% of the whole casein, were obtaired.

‘Sedimentation=velocity patterns of this fracticn in phosphate buffer
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(pH 7) are shown in Figure 4, Row A, and the calculated sedimentation
coefficients are given in Table 2, Sedimentation patterns of Prepara-
tions No. 3 and 3 A which were purified by preparative ultracentrifuga=-
tion are represented in Row B, The sedimentation coefficient of the
sedimented pellet was slightly higher than that of other ke=casein
preparations even though the purity was not greater, Ultracentrifugal
patterns of Preparation No., 3 A, purified by both ultracentrifugation
and elution from G=75 Sephadex, are shown in Row C., For comparison,
patterns of a preparation by the method of Waugh and von Hippel (1956),
purified by ultracentrifugation and elution from G-75 Sephadex, together
with a preparation by the method of McKenzie and Wake (1961)1 are also
shown, The first two patterns demonstrate the superiority of the syn-
thetic boundary cell over the conventional analytical cell as a means

of detecting small quantities of A=casein in the k=-casein preparations.,
The third and fourth patterns in Row C represent purified Fraction S

and the McKenzie-Wake preparation, respectively. The data from these
experiments, listed in Table 2, indicated that the k=caseins obtained

by the three different methods were essentially the same., Urea=starch
gel electrophoresis of purified No, 3 A and the McKenzie-Wake prepara=-
tion also showed similar results (Figure 5, Column 4)., As shown in Figure
6, the free-boundary electrophoretic patterns of purified No. 3, No. 3 A
and purified No. 3 A were indicative of homogeneity in neutral phosphate

buffer,

1 This preparation was provided by Dr. M. P. Thompson of Eastern
Regional Research Laboratory (USDA).
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Free=Boundary Electrophoretic Characteristics

»

Electrophoretic analyses of Preparation No. 3 were performed over
a pH range of 2,3 to 8.6, The results are recorded in Table 3 and
selected typical patterns are shown in Figure 7. A split peak similar
to that previously described for k=casein at pH 2.3 was observed at pH
5.5 and 6.0 bﬁt to a lesser extent and restricted to the ascending
patterns, Also, the area of the peak ascribed to B-casein was smaller
at pH 5.5 and 6,0 (4 and 5% respectively) than that at pH 6.5 (7.5%).

L]

The area under the slowly migrating peak decreased as the pH was
increased from 6.5 to 8.6 (with the exception of pH 8.3). )

The descending mobilities (u) for the principle component recorded
in Table 3 were plotted as a function of buffer pH, Figure 8. The
solid line connects the experimental values and intercepts the point
of zero mobility at ca pH 3.8, The broken line passes through the

three points nearest to the isoelectric point and intercepts the axis

at pH 4.1,

pH of Minimum Solubility at 0.1 Ionic Strength

The isoelectric point of Preparation No. 3 was determined from the
pH of minimum solubility. Absorption at 280 mu and nitrogen in mg/ml
for the k=casein which remained in the supernatant are shown as a function
of pH in Figure 9. These data indicated that at+4-5°C a minimum amount

of the protein remained soluble between pH 3.8 and 4.1,

Stabilization of aS-Casein

The ability of Preparation No. 3 to stabilize (g=casein in the

presence of calcium ion at 30° C is shown in Figure 10. At a k=/Qg=-casein
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ratio of 1 : 10, approximately 907 of the Qg=-casein was stabilized.

Complex Formation with Qg=Casein

Electrophoretic and sedimentation characteristics of Q=casein fraction
prepared by the method of Hipp et al, (1952) were compared with those
for two k=/0g=casein complexes formed by two different treatments of a
1 : 4 (w/w) mixture of k- and Qg=casein. In the first method, the mixture
containing 17 protein was adjusted to pH 12 for 30 min at room tempera=-
ture, followed by neutralization and dialysis against pH 7.5 phosphate
buffer prior to analysis., The second procedure consisted of dissolving
the mixture in 6.6 M urea solution, adjusting the pH to 4.8, and then
diluting the solution to 3 M with respect to urea. The precipitate
obtained was dialyzed against water to remove the urea and then against
the phosphate buffer (pH 7.5).

The patterns in Figure 11 show that qualitatively the complexes
were similar to the (d=casein fraction. =Casein fraction and the complex
formed by pH adjustment had the same electrophoretic mobility (=7.6 to
=7.7 Tiselius units), whereas that formed in urea was greater (=9.0
Tiselius units)., The sedimentation coefficients were 4,3 S, 6,2 S, and
4,7 S, respectively, for the a=casein fraction, the complex formed by

pH adjustment, and the complex formed in urea.

Chgracteristics of the A-Gasein Fraction (Preparation No. 4)

When the (=casein fraction was purified by precipitation from urea
solutions containing NaCl as described in the procedure for obtaining
Preparation No. 4, only small quantities of final product were ebtained

(Step 6 of Figure 1). Further, the protein was not characteristic of
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k=casein when subjected to urea=-starch gel electrophoretic analysis
(Figure 5). The fraction was not sensitive to calcium ion, contained
1.27 phosphorus and was not a primary substrate for rennin as demonstrated
by qualitative observations and ultracentrifugal and electrophoretic
properties, Also, the fraction was incapable of stabilizing Qg=casein
to calcium ion. The amino acid composition is compared to that for k=
casein in Appendix III.

Although the fraction was heterogeneous as shown by urea=-starch
gel electrophoresis, free boundary electrophoresis and sedimentation-
velocity in pH 7 phosphate buffer revealed only one .symmetrical boundary,
The mobility measured from the descending pattern was =6,86 Tiselius
units and the sedimentation coefficient for a 6 mg/ml solution was
1.68 S. Moreover, molecular weights in phosphate buffer (pH 7, 0.1

[7/2) obtained by the Archibald method (Schachman 1957) did not

indicate weight heterogeneity Q4#=40,000). However, short column
equilibrium analysis (see Appendix II) in 5 M guanidine . HCl was

indicative‘of»heterogeneity, giving M, = 20,000 and M, = 90,000.

Action of Rgggin on k=Casein Preparations

Studies bf the primary rennin action were made on three prepara=-
tions, two of which were purified and one of which was similar to
Waugh's Fraction S (ca 70% k=casein). When a purified sample of k=
casein (Preparation No. 3 A) was reacted with rennin (1 = 3 pg/ml)
in redistilled water, the solution first appeared cloudy (1 = 5 min),
then a precipitate formed which settled out upon standing. Under the
same experimental conditions, the crude k-casein did not become cloudy.
The addition of NaCl to 0.1 M caused the solution to become opalescent.

Still a precipitate did not form., A peptide was released as shown by
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the increase in non=protein nitrogen (NPN = 127 TCA soluble N) observed
during the reaction, ie. 4.3%. The increase in NPN (6.7%) reported by
Wake (1959) for pure k=-casein gave a calculated purity for this prepara-
tion of 65%, which was in agreement with the ultracentrifugal data.

The soluble peptides and para-k=-casein were obtained from both
purified Preparations No. 3 and No. 3 A by centrifuging the neutral
(ca pH 7) mixture in a Spinco Model L at 40,000 RPM for 3 hours at 4° C
in one instance and at 50,000 RPM for 2 hours at room temperature in the
other, The rennin action was stopped by heating to 80° C for 10 sec.
in the case of Preparation No. 3 and by adjusting the pH to 9.5 with
ammonium hydroxide and allowing the mixture to stand for 2 hours at room
temperature in the case of Preparation No. 3 A. Following centrifuga-
tion the supernatant and pellet were quantitatively recovered and lyo=
philized without dialysis (both reactions were performed in redistilled
water) to avoid the loss of possible small peptides,

Preparation No. 3 (1.46 g) yielded 333 mg of soluble peptides and
814 mg of para-k=casein. Starting with 50 mg of 3 A, 15 mg of soluble
peptides and 34 mg of para-k-casein were obtained. Thus about 30%, by
weight, of the k=casein appeared, as soluble peptides in both cases.
This value gave approximately 237 of the total hitrogen as soluble
nitrogen assuming 15.3% N for k-casein and 11.77% N for the peptides
(Brunner and Thompson, 1959).

The weight average and Z=-average molecular weights of the soluble
peptides from purified 3 A were determined by the short=column equili-
brium method (see Appendix II) in veronal buffer (pH 8.6, 0.1 [‘/2) at
25,0° C using a rotor speed of 29,500 RPM., For a concentration of 4.8

mg/ml, M, was calculated to be 5900 and M,, 6000, using 0.68 for the



36

partial specific volume (Brunner and Thompson, 1959). The method of
Sophianopoulos et al. (1962) (see Appendix II) was used to determine the
diffusion coefficient., A value of 10.0 Ficks was obtained.

Preliminary observations showed that rennin was capable of coagula=
ting skimmilk in the presence of diisopropylflourophosphate. However,
in the presence of 17 sodium dodecyl sulfate (SDS), k=casein was not

effected by rennin as shown by NPN liberation experiments,
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TABLE 2

Quantitative characteristics of the sedimentation=velocity
patterns of the k=caseins shown in Figure 4a

% of total
Concentration refractive

Preparation (mg/m1) r72 S20 X 1013 area
No. 3 6 0.1 12.9 92
No. 3A 6 0.1 - 90
Prepared by

E. M, McCabe 10 0.2 13.2 90
No. 3 purified by ‘
ultracentrifugation 6 0.1 14.5 96
No. 3A, bottom layer

obtained from

ultracentrifugation 6 0.2 13.1 95
No. 3A, pellet obtained

from ultracentrifugation 5 0.2 16.6 93
No. 3A, purified by ultra=-

centrifugation and elution

from G=75 Sephadex 8.2 0.2 13.4 97
k=Casein prepared by the

McKenzie=Wake method 10 0.1 13.4 97
Fraction S purified by

ultracentrifugation and

elution from G=75

Sephadex 6 0.2 15.0 -

a Experiments were performed in pH 7.0 phosphate buffer,
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TABLE 3

Electrophoretic properties of kecasein (Preparation No. 3)

in buffers from pH 2,3 to 8.6

Electrophoretic characteristics

Mobility Refractive
Buff Frotein cmziiigiv'l ™
Syst:; ::22:2; Descend= Ascend- Fast Slow
(IHVZ = 0,1) pH (%) ing ing peak peak
HC1:NaC1 2.3 2.0 +2,4° +3.2°  100° 0
+0. 89 +2,2¢
Acetate 4.5° 0.6 -3.0 -3.1 ... .e-
Acetate 4,6 0.6 4.4 4.4 92,7 7.3
Acetate 4,7 0.6 4,6 4,7 coe coe
Acetate 5.1 0.6 -6.3 -6.5 oo cee
Acetate 5.3 0.6 -6, 2 -6.6 cee cee
Acetate 5.5b 0.6 -6.4 -6.4d 96,2 3.8
-5.9°
Phosphate 6.0° 0.6 -6.8 -7.69 95.1 4.9
7.4
Phosphate 6.5 0.6 -7.2 ~7.4 92.5 7.5
Phosphate 6.7 0.6 -7.7 -8.1 93.7 6.3
Phosphate 7.0P 0.6 8.2 -8.5 94.7 5.3
Phosphate 7.1 0.6 =7.6 -8.1 97.7 2.3
Phosphate 7.5 0.6 -8,6 -8.9 cee ces
VeronalzﬁCl 8.3 0.6 7.5 -7.6 95.0 5.0
Veronal 8.6° 1.0 -6.7 -6.8 99.0 1.0

8easured from the descending patterns.

bElectrophoretic patterns for these analyses are shown in Figure 7,
Higher concentrations of protein are required at pH 2.3 to give

comparable refractive areas.
®Mobility of tlre leading portion of the divided peak.
bility of the trailing portion of the divided peak.
€Combined area of divided peak.
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Figure 2, Electrophoretic \and sedimentation patterns of the material
obtained from various steps: of the isolation procedure. Only the
ascending electrophoretic boundaries are shown, The studies were
performed in veronal buffer (pH 8.6, 0.1 r“/Z) except for D and G
which were in phosphate (pH 7, 0.1 r"/Z). A~ Q=casein fraction,
Preparation No, 3, B~ Q= casein fraction, Preparation No. 3 A,

C- TCA precipitate, Preparation No. 3. D= TCA precipitate,
Preparation Ne. 3; sedimentation velocity, 59,780 RPM, 20° C, E=-
TCA precipitate, Preparation No, 1. F= Calcium ion precipitate,
Preparation No, 3. G= TCA soluble fraction, Preparation No. 1.

H- TCA soluble fraction, Preparation No. 3.
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DESCENDING SEDIMENTATION-VELOCITY
ELECTROPHORETIC PATTERNS DIAGRAMS
-
VERONAL PHOSPHATE :
pH 8.6 PH 7.0 el 59,780 R.P.N.

PREPARATION NO. 1

N

PREPARATION NO. 2

W,

PREPARATION NO. 3
MA =

Figure 3, Electrophoretic and sedimentation=velocity patterns of the k=casein
preparations reported in Table 1, Ultracentrifugation was conducted in phosphate
buffer (pH 7.0) at 3° C.
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Figure 4. Sedimentation=velocity patterns of different k-casein
preparations in pH 7.0 phosphate buffer, The rotor speed was 59,780
RPM. The first patterns in rows A and B and the middle two patterns
in row C were obtajined from a regular analytical cell, The other
patterns were obtained from experiments using the synthetic boundary
cell, Row A (left to right) - Preparation No. 3, 0.1 r72 buffer,

2° C, 36 min.; Preparation Ne. 3 A, 6,1 [72 buffer, 5.1° C, 28 min.;
Prepared by E, M, McCabe according to the procedure given in Figure 1,
0.2 [72 buffer, 25° C, 16 min. Row B (left to right) = Ultracentri=
fugally purified preparation No. 3, 0.1 r72 buffer, 3° C, 36 min,;
Preparation Ne. 3A, bottom layer from preparative ultracentrifugation,
0,2 |-72 buffer, 20° C, 16 min.; Preparation No.- 3 A, pellet from
preparative ultracentrifugation, 0.2 r72 buffer, 20° C, 16 min.

Row C (left to right) = Preparation No. 3 A, purified by ultracentri=-
fugation and elution fram Sephadex G=75, 0.2 | /2 buffer, 25° C,

20 min,; same as previous protein, 0.2 [7/2 buffer, 25° C, 24 min.;
Fraction S purified as above, 0.2 [/2 buffer, 25° C, 16 min.;
k=casein prepared by the McKenzie-Wake method, 0,1 f72 buffer, 24° C,
16 min,
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AT

6 mg/ml, & = 350 6 mg/mt, & = 65° 10 mz/ml, & = 80°

LILIED

6 mg/mi1, @ =60° 6 mg/mt, @ = 65° 5 mg/ml, @ = 652

BN R}

10 mz/ml, 8 = 799 3.2m¢/ml, 8 = 70° 6,2 mg/nl, @ = 79°10 mg'ml, @ =

Figure 4
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ASCENDING DESCENDING

— «

4225 sec.; 10.15 v. cu.”

—

3800 sec.; 9.18 v. cm.”

e

3500 sec.; 9.04 v. cm.

f:;gu.re 6., Free=boundary electrophoretic patterns of purified k=-caseins

by 31; 7 .0 phosphate buffer, /2 = 0,1, Row A - Preparation No. 3, purified

No, 3 I‘acentrifugation. Row B = Preparation No. 3A. Row C = Preparation
A, purified by ultracentrifugation and elution from Sephadex G=75,
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ELECTROPHORETIC PATTERNS
DESCENDING ASCENDING

" M-

5000 sec.; F - 6.94 v. em.”

AC ETATE h

5000 sec. = 8.13 v. cm.

& |

F

mmn

%’

=8.24 v. cm.

PHOSPHATE
pE 6.0

%

3600 sec.: =9. ll v. cm.

PHOSPHATE
pE 7.0

3600 = 10.090 v. cm.

e

3800 sec.; 10.96 v. cnm.

i’

i_>

Figure
7. Electrophoretic patterns of k=casein Preparation No, 3 in buffers

rangln
8 Fxop pH 2.3 to 8.6, /2= 0.1 (see Table 3).
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Figure 10, The stabilization of Qg=casein by various amounts of k=-casein

Preparation No. 3.
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SEDIMENTATION-VELOCITY

ELECTROPHORETIC PATTERNS
DIAGRAMS

DESCENDING ASCENDING
52,640 R.P.M.

T pmosematE
pH 7.0
Ix\_/ .

e ]
A ke |
!

Figure 11. Electrophoretic patterns and sedimentation=velocity diagrams

of A) Hipp et al, (1952) a=casein and k-/as-caseln complexes induced by
Prec1p1tat10n from 3.0 M urea and by C) momentarily adjusting a
solution of the mixture to pH 12, Ultracentrifugation was conducted in

Phosphate buffer (pH 7.5) at 20° C,




DISCUSSION
General

The original goal was to obtain kecasein in good yields without
requiring the use of a preparative ultracentrifuge. Large quantities
of Q= and PB=casein could be removed from whole casein by adjusfing
solutions in 6,6 M urea to 12% TCA (w/w) at 3° C. The contaminating B-
casein was difficult to remove, therefore, a-casein fraction prepared by
a modification of the metLod 6f Hipp et al., (1952) was used as the start=-
ing material, The as-casein which remained with the k=-casein following
urea<[CA fractionation was easily removed by low speed centrifugation
in the presence of 0.25 g_CaC12. Cyanate ion was not operative in these
concentrated urea solutions since isoelectric casein was used and the
pH was lowered to < 4.7 when TCA was added. Marier and Rose (preprint),
using a spectrophotometric method of improved sensitivity to detect
cyanate ion, have shown that cyanate is not present in acidic urea
solutions, ie., lower than pH 5.5.

k=Casein was obtained in quantities of 30 = 507 of the theo;etical
amount with a purity of 90 = 927, Although the fraction did not have
the desired purity for physical studies, it was relatively good compared
to those preparations thus far reported. P=Casein (107%) was present in
the k=casein prepared by Cheeseman (1962) and probably the A=casein
fraction was also a contaminate, although ultracentrifugal studies were
not performed to detect this component (this writer has experienced greater
difficifity in removing.the A=caséin fraction than the B=casein). The
method of Fox (1958) as modified by Morr (1959) gave a preparation which

was apparently hemogeneous by free=boundary electrophoresis and sedimentation=

53
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velocity, however, a synthetic boundary cell was not used for the sedi-
mentation analyses, This method involved repeated exposures to high pH,
several times in the presence of 6.6 M urea. Waugh (1958) reported a
purification step for Fraction S which increased the purity to 90%.
k=Casein prepared by the method of Long (1958) (also see Morr, 1959),
from a mixture similar to Fraction S was shown to contain the slow=-
sedimenting A=casein fraction in amounts of possibly more than 10%.
Since the preparative ultracentrifuge was used initially for the constant
pH methods, the volume of skimmilk was limited to one liter and thus the
amount of k=casein obtained was also reduced. The method of McKenzie
and Wake (1961) obtained good yields of apparently homogeneous k=casein,
however, in some respects preparations by this method appeared to be
"denatured" (Neelin, Rose and Tessier, 1962). Recently, Hill (1963)

has published a method of preparing k=casein, but unfortunately the
purity was not determined.

The ability to obtain relatively pure k-casein in large amounts
was an asset when a preparative ultracentrifuge became available,
Subsequent purification by ultracentrifugation and elution from G=75
Sephadex yielded a preparation which was 977 pure by analytical ultra=
centrifugation using a synthetic boundary cell., Similar purity was
indicated by urea=starch gel electrophoresis which showed only small
quantities of several leading bands. With respect to these two criteria
of purity, this preparation appeared identical to that prepared by the

McKenzie-Wake method.

Electrophoretic and Ultracentrifugal Characterization

s -

The homogeneity of k-casein preparations was best determined by



55

sedimentation=velocity studies in phosphate buffer (pH 7, 0.1["/2 at
4° C in a synthetic boundary cell. Free=boundary electrophoresis could
detect B-casein, however, the A=casein fraction moved with the k~-casein
(Long, 1958). At 4° C, both the B=- and A=-casein appeared in the slow=
sedimenting boundary since B-casein has an Sy of 1.36 S under these
conditions (Sullivan, Fitzpatrick, Stanton, Annino, Kissel, and Palermiti,
1955). The observed sedimentation coefficients for ke=casein were in
accord with those reported by others (McKenzie and Wake, 1961; Waugh and
von Hippel, 1956; Long, 1958; Morr, 1959).

Under certain conditions crude k=casein was observed to interact
with B=casein. Free-boundary electrophoresis revealed a decrease in
the relative area of the R-casein peak from 7.5% at pH 6.5 to 3,.8%
at pH 5.5. The relative area also decreased to 17 upon increasing the
PH to 8.6. Furthermore, the mobility of k=casein reached a maximum
at pH 7 to 7.5 and then decreased due to the incorporation of B=casein
into the complex. Morr (1959) also observed a decrease in mobility at
pH 8.4 as compared to 7. The work of McKenzie and Wake (19592) on
Fraction S showed 807 of the area attributable to k=casein by free-
boundary electrophoresis, but only 50% of the area by ultracentrifu-
gation. Also, the mobility at pH 7 (phosphate, 0.1 [T/2) was =4.88
Tiselius units which is much lower than the value reported herein,
again indicating interaction with B=casein. These researchers also
studied the '"'O=casein split'" using both whole acid casein and first-
cycle casein, They found the split to occur more readily in acid casein
and only when k=casein was present did it occur in other fractions, which
led them to suggest that the split was due to the incorporation of k-

casein Into'difficultly reversible aggregates' with as-casein ®pon acid



precipitation, Their results are similar to the data reported here for
the interaction of ke« and B-casein in that the relative area of the B~ .
casein peak decreased on lowering the pH from 7.8 to 6.3 == the decrease
being most marked at 6,3 == and on raising the pH from 7.8 to 8.2
(however, the area was nearly as large at pH 8.8 as at 7.8), Also,
the electrophoretic split in the pattern for crude k=-casein at pH 5.5
and 6,0 reported here appeared similar to the data reported by McKenzie
and Wake for whole casein.

Although these data are not in complete agreement, one must remember
that k=casein occurs in whole casein as a complex with Og=casein and
therefore its properties will be influenced by the aQg-casein, On this
basis, the "a=split" in whole casein may be due to an interaction of
the k-, 0g=complex with B-casein. This view is supported by the fact
that PBecasein is known to be present in the boundary ascribed to the
O=-c asein complex (Sullivan et al, 1955).

In alkaline buffers where k=casein is believed to be complexed
With PBecasein, the peak was not split, an observation attributed to
the formation of the stable complexes, In acid buffers the casein
complexes appeared to behave as association-dissociation systems re=
Sulting in the observed boundary split.

The isoelectric point of ke=casein at 0.1 ionic strength lies
between PH 3.8 and 4.1 as determined by electrophoretic mobility and
minimum solubility studies., This value agrees with that reported by

Hipp et al, (1961) for Q3=casein.

Stabilization and Interaction with ag=Casein

The k-casein preparations were excellent stabilizers of Og=casein.
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At a k-/Q-casein.ratio of 1 : 10 about 90% of the ag=-casein was stabil-
ized, a value similar to that reported by Zittle (1961).

Complex formation was induced in a mixture of 1 : 4 (w/w) k-/cg-
casein by dilution in concentrated urea solutions and by short exposure
to pH 12, TIn both cases, electrophoretic and ultracentrifugal analysis
obtained results similar to that for an O=-casein fraction prepared by
the method of Hipp et al. (1952). The electrophoretic mobility of the
complex obtained from urea solutions was greater than that for the Q-
casein fraction or the other complex, however, in view of the preceding
discassion of Be=casein interaction, this increase could be explained on
the basis of removal of B-casein from the complex., In fact, the electro-
phoretic pattern for the urea-formed complex showed less B=casein than
that for the complex induced by pH adjustment, The sedimentation
coefficient of the latter complex was larger than that for the Q=casein
f:aétion or the urea-formed complex, indicating either a different
shape or a larger complex. One cannot conclude from these data that
the complex which existed in the native micelle was formed, but only
that a specific interaction occurred between k~ and O -casein, Moreover,
since these proteins were not completely pure, the role of B= and A=~

caseins could not be determined.

Characteristics of the Preparation as a Primary Substrate for Rennin

Treatment of purified Preparations No. 3 and 3 A with rennin resulted
in the formation of a precipitate in either redistilled water or buffered
solution at pH 7. However, when a crude preparation containing large
quantities (ca 30%) of A-casein fraction was treated with rennin in

redistilled water, a precipitate did not form. Addition of NaCl to 0.1
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M concentration caused the solution to become opalescent, but still no
precipitation occurred. Possibly an interaction had occurred between k-
casein and the A=casein fraction resulting in greater stability of the
para-k=casein. Long (1958) also observed an interaction between k- and
A=casein, After repeated preparative centrifugation of crude ke=casein
in 0.2 M NaCl, analytical ultracentrifugation showed only a small amount
of A=-casein, However, a similar analysis conducted 48 hours later re-
vealed a considerable amount of A-casein. Crude k-caseins, containing
the A-casein fraction, served as good stabilizers of Q -casein, but
studies were not performed to compare these with purer preparationms.
Nevertheless, the possibility exists that an interaction of the A-casein
fraction with k-casein may increase the latter's ability to stabilize
Qg=casein,

The soluble peptides cleaved from k=-casein by the action of rennin
in redistilled water at approximately neutral pH were obtained by ultra-
centrifugation of the precipitated para-k-casein which yielded a hard
pellet, easily separated from the supernatant. Not all of the soluble
peptides, consisting of 30% by weight of the k=-casein, were soluble in
12% TCA solution, as also evidenced by the amount of soluble nitrogen
compared to the TCA=-soluble nitrogen. Twenty-three per cent of the
nitrogen was classified as soluble, a value in agreement with that
reported by Wake (1959). The unpurified Preparation No. 3 A yielded
a 7% increase in the TCA-soluble nitrogen. Probably this would have
been greater for the purified material (Wake, 1959, reported 6.7%
and Beeby, 1963; reported 8 = 97%). These results seem to indicate that
more than one peptide is released by rennin. However, according to
Wake (1959) some of the glyco=-macropeptide -- 12% TCA-soluble material ==

may be precipitated by 127 TCA.
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A molecular weight of 8400 was calculated for the peptides using
the sub=unit molecular weight of k=casein (see Part II of this thesis)
and the fact that 307% of the original k=casein remained after removal of
para-k=-casein., This value was similar to the value obtained by short-
column equilibrium -=- ca 6000 =-- and the range of values == 6000 to 8000 --
reported by Nitschmann et al. (1957). Sedimentation-equilibrium experi-
ments performed in this laboratory have indicated a molecular weight of

ca 9000 for the glyco-macropeptide (McCabe, unpublished data).

Other Proteins Obtained During the Preparation of k-~Casein

or as a Result of a Slight Alteration in the Preparative Procedure

By using a-casein fraction, free of electrophoretically discernible
B-casein, as the starting material, Qg=-casein was obtained as a precipi=-
tate from 6.6 M urea -- 12% TCA solutions. The preparation was homo-
geneous when examined by free-boundary electrophoresis and sedimentation-
velocity ultracentrifugation. However, a band which appeared to move
slightly ahead of B-casein was observed in urea=starch gel electrophoretic
patterns (Figure 5). Nevertheless, Qg=-caseins prepared by other procedures
have shown greater heterogeneity, e.g., Neelin et al. (1962), when exam=
ined by this method. The value obtained for the sedimentation coefficient
was in accord with those reported by Waugh and von Hippel (1956), Long
(1958), and McKenzie and Wake (1959b); namely, 4.5 S, 4.6 S and 4.4 S,
respectively, Also the electrophoretic mobility agreed with that given
by McKenzie and Wake (1959a); p ==7.17 Tiselius units in veronal buffer,
PH 8.2,

Incorporation of 10.6 g/1 NaCl into the 6.6 M urea used to purify

the (=chsein fraction resulted in the complete absence of k=casein in the
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material obtained in Step 6 of the preparation scheme (Figure 1). On
the basis of the stability to calcium ion, sedimentation coefficient,
non-reactivity with rennin, and inability to stabilize Qg =casein, the
material was considered similar to the A-casein fraction reported by
Long (1958). There seems to be some inconsistancy in the product ob-
tained {Neelin et al., 1962), Three of the four preparations made in
this laboratory were essentially identical. The fraction appears homo-=-
geneous in neutral phosphate buffer, but ultracentrifugal studies in 5
M guanidine ¢ HCl clearly indicated molecular heterogeneity. Urea-
starch gel electrophoresis also revealed numerous bands (Figure 5),
all of which moved ahead of the B-casein position. Particularly
characteristic of the A-casein fraction was the band which moved with
the front. Whether or not the band in the as-casein region was O =
casein remains to be determined., Since the fraction is homogeneous

in non=dissociating solvents, a complex must exist between the con-

stituent proteins under the conditions employed.



SUMMARY OF PART 1

A method was developed for preparing k=casein of about 907 purity
in yields approximating 30 = 50% of the amount theoretically present.
The preparation was characterized by free-boundary electrophoresis,
urea=starch gel electrophoresis, sedimentation-velocity ultracentrifu-
gétion, ability to stabilize Q -casein, and its reaction with rennin,
The results of these characterizations confirmed that the protein
possessed properties typical of k-casein as reported previously.,
Although the preparation was not as homogeneous as desired for physical
studies, the method provided large quantities of the crude k=-casein
which could be readily purified, yielding a final product of 97% purity.

The preparation scheme also afforded means of obtaining the o -

and 2A=casein fractions.
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PART II

PROPERTIES OF KAPPA-CASEIN




INTRODUCTION TO PART II

The k=casein isolated from bovine milk forms relatively uniform
aggregates in inorganic salt solutions below pH 11, To assess the
properties of this protein more completely, the associated protein
molecules must be dissociated prior to characterization., Unfortunately,
the dissociation can be accomplished only by using strong dissociating
solvents such as concentrated acetic acid, guanidire, urea or sodium
dodecyl sulfate, These agents make the determination of thermodynamic
or hydrodynamic properties less accurate due to preferential interactions
and the non=-ideal behavior of protein in their presence.

However, studies in recent years have shown that these errors
probably were not greatly significant. To cite a few of the many
examples; a) Harrup and Woods (1961) found that molecular weights of
bovine serum albumin, egg albumin, B=lactoglobulin, lysozyme and insulin
in anhydrous formic acid were in agreement with those detemmined in

Oother solvents; b) Kielley and Harrington (1960) found that the mole=
cular weight of ribonuclease in 5 M guanidine ¢ HCl was in accord with

the known value; c) Trautman and Crampton (1959) obtained the same re=
Sult for ribonuclease in 6 M urea; d) Massey, Hofmann, and Palmer
(1962) obtained an Archibald molecular weight for lipoyl dehydrogenase
in 6.5 M urea which agreed with the chemical analyses of amino acids
and FAD; e) Hofmann and Harrison (1963) found that the Archibald
molecular weight of apoferritin in SDS solutions was in accord with
X=ray diffraction studies; £f) Yphantis and Waugh (1957) obtained a
molecular weight for insulin in 33% acetic acid = 0.15 M NaCl which
8greed with the chemical analysis; and g) Criddle, Bock, Green, and

Tisdaie (1962) obtained the same molecular weight for the structural
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protein of mitechondrion in 677 acetic acid, 8 M urea, and 0,1% SDS.
Information relating to the chemical compositfan and physical

characterization of k=casein in neutral salt solutions and in the

presence of dissociating agents were the objectives of the experiments

reported in this section of the thesis,



Sedir
perforned
T temp
Acepilla
studies ¢
Optical 4
cell, 3
of the v
plastie
indows -
Inap 4y
Serveq 5

The
Mateg :
The i
& wag

Vi
Hlutyg
tanBing
bath g
trol ¢,
Yepery
’«’ifferel

Fo,



EXPERIMENTAL

Apparatus

Sedimentation=velocity and sedimentation-equilibrium studies were
performed in a Spinco Model E aralytical ultracentrifuge equipped with an
RTIC temperature control unit and a phase plate as a schlieren diaphragm.
A capillary-type synthetic boundary cell was used for most of the velocity
studies and also to determine the initial concentrations in terms of
optical areas, Equilibrium experiments were performed in a double=sector
cell, Both of these centerpieces were the filled-Epon type. For some
of the velocity studies a single sector, analytical cell with a Kel=F
plastic centerpiece was used. The 12 mm cells equipped with quartz
windows were used in all determinations, Centrifugation was performed
in an AneD duralumin rotor and a General Electric AH=6 mercury lamp
served as the light source,

The schlieren patterns were preserved on Kodak metallographic glass
plates and measured with a Nikon Model 6 Shadowgraph microcomparator.
The micrometer stage traveled 25 mm on the y=-axis, 50 mm on the x-=axis
and was read directly to 0.002 mm,

Viscosities were determined with a Cannon-Ubbelohde semi-micro
dilution viscometer which could be operated with a volume of solution
ranging from 1 to 20 ml. A circulating, Precision Scientific water
bath equipped with a Precision micro=set thermoregulator was used to con=
trol the temperature for viscosity and density determinations, The
temperature was controlled to + 0.01° C as indicated by a Philadelphia

differential thermometer,

For precise weighing, a Cahn Gram Electrobalance was used which has
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a total capacity of 1 g on the maximum range and 1 mg on the minimum
range, The balance setting of the wheatstone bridge reads to four
places on all ranges.

A Starrett microsyringe-burette was used for sulfhydryl group
titrations and to fill the ultracentrifuge cell for short-column
equilibrium experiments., The microsyringe had a total capacity of 250
pl and the micrometer could be read to 0.1 pl.

Spectrophotometric measurements were made with a Beckman DK=-2
ratio=-recording spectrophotometer or a Beckman DU spectrophotometer
using quartz cells with a 1 cm light path.

The hydrogen ion concentrations of various buffers and solutions
were determined with a Beckman Model G pH meter using a glass electrode.

Materials were dried in temperature controlled Cenco vacuum oven.
Chemicals

pMercuribenzoate (PMB) was obtained from the Sigma Chemical
Company. Glutathione (GSH) was purchased from Matheson Company.
Guanidine - HC1 (GU) and 2-mercaptoethanol (ME) were Eastman Organic
Chemical products. The guanidine . HC1l was recrystallized from a
1 ¢ 1 (v/v) mixture of absolute methanol and ethyl ether as described
by Greenstein and Jenrette (1942). The urea, obtained from Mallinckrodt,
was recrystallized from 607 ethanol and dried below 60° C in the vacuum
oven. Sodium dodecyl sulfate (SDS) was obtained from Fisher Scientific
and used without further purification. Fluorocarbon oil FC=43, purchased
from Spinco, was used to form a false bottom for ultracentrifugal
studies. N=-acetylneuraminic acid (NANA), used to obtain a standard

curve for NANA determination, was supplied by General Biochemicals.
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Unless otherwise specified, all chemicals were reagent grade quality.

Chemical Methods

Amino Acid Analysis1

The amino acid analyses were performed on 24, 48, and 72 hour

acid hydrolysate, using a Beckman Acid Analyzer. The values obtained

were extrapolated to zero time for acids whose values decreased with

time of hydrolysis. The quantity of protein analyzed was determined

from a micro-Kjeldahl nitrogen analysis. Percentage of nitrogen in

the protein was determined on samples dried at 105°’C ovex P205 in the

vacuum oven for 48 hours.

Nitrogen

The digestion mixture consisted of 5 g SeO2 and 5 g CuS0,«5H,0

in 500 ml of concentrated H,SO,. Protein (l-5mg) was digested with 1

ml of digestion mixture on an electric burner for 4 hours, then 5

drops of 30% H,0, was added and digestion continued for another half

hour, After cooling, 2 ml of redistilled water was added. TImmediately

before attaching the digestion flask to the distillation unit, the
Solut i on was neutralized with ca 9 ml of 407 KOH solution. The ammonia
vVas distilled by heating with a microburner and collected in 5 ml
°f @ 4% poric acid solution containing 3 drops of indicator. Standard

0.103s8 N HCl1 diluted 5 times was used to titrate the ammonia. The

normality of the standard was determined by titration with Sigma 121,

tris Chydroxymethyl) aminomethane.

1

;‘;le amino acid analysis was obtained through the courtesy of Dm® J. P.
<hmn, J, C. Speck and H. A. Lillevik of the Biochemistry Department.

3
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The recovery of nitrogen from standards was 100.2 + 2,97 using

ammonium sulfate and 100.0 + 3.37% using tryptophan. The per cent

nitrogen in B-lactoglobulin determined in quadruplicate on ca 5 mg

samples was 15.63 + .037 as compared to a reported values of 15,607%
(MdMeekin, 1954).

Sulfur

The total sulfur was determined by Spang Microanalytical Laboratory,

Ann Arbor, Michigan. Prior to analysis, the protein was dried over

P205 at 105° C for 48 hours in a vacuum oven.

Phosphorus

Phosphorus was determined colorimetrically in a wet digest (HZSO4

and H202) of the protein-—=- dried in the vacuum oven over P205 and

weighed with the microbalance -- by the method of Sumner (1944).

Ferrowus sulfate was added in slight excess to reduce the phosphomolybdic

acid to a blue color which was read at 610 mu.

N-Acetylneuraminic Acid

The method used was reported by Aminoff (1961). Similar to the

Procedwure given by Warren (1959), the method is also specific for the

free acid. The protein was dried to constant weight in the vacuum

°Veén ower P.0_ at 105° C and weighed with the microbalance. A standard

25

curve «<yag prepared using commerically available NANA. An amount of

Protej corresponding to 20 = 40 pg of NANA was dissolved in 0.5 ml of

0.
1 N H2504 and hydrolyzed for 1 hour at 80° C thus releasing the NANA.
Per

Lodate reagent was added and the sample incubated at 37° C for 30

min
> A fter which the excess periodate was reduced with sodium aresnite,
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Thiobarbituric acid reagent was added and the color developed by heat-

ing in a boiling water bath for 7.5 min. The color compound: was

extracted in 5 ml of acid-butanol and the absorbancy at 549 mu deter-

mined in a Beckman DU spectrophotometer.

Disulfide Bond Reduction

The disulfide bonds of k-casein were reduced with mercaptoethanol

(ME) at a level of ca 2 unl/mg of protein in 5 M guanidine . HC1l (GU)

ad justed to pH 8.4 with methylamine (Anfinsen and Haber 1961)., Follow-

ing a reduction period of about 24 hours, the solution was adjusted

to pH 3 with glacial acetic acid. The reducing agent and GU were

removed by passing the solution over G-25 Sephadex equilibrated with

0.1 M acetic acid. Complete elution of the protein was achieved

approximately 40 to 50 ml prior to the elution of ME. Reoxidation

of the sulfhydryl groups should be negligible under the acidic con-

ditions of this elution.

Sulfhydryl Group Titration

The sulfhydryl groups were titrated essentially according to the

Procedure described by Boyer (1954) and reviewed by Benesch and

Benesch (1962). However, to prevent reoxidation of the reduced

disulfide bonds following the removal of ME, the following procedure-

Vas dewjged: a) a protein determination was made on an aliquot of the

Protein golution immediately following its elution in 0.1 M acetic acid
f
'om the Sephadex G-25 columns, b) excess PMB was added directly to

th
¢ Teduyced protein in 0.1 M acetic acid, and c¢) the pH was adjusted

to
7 witho.1 N NaOH.
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The volume of protein solution was accurately measured after removing
the aliquot and before adding the PMB solution. The concentration was

determined on the aliquot by measuring the absorbancy at 280 mu. The

amount of portein in the reaction mixture was usually 15 - 20 mg.
A known quantity of PMB dissolved in redistilled water was added

to the reduced k-casein and amounted to approximately ten times the

quantity required to react with the newly formed SH groups. The con-

centration of PMB in solution was determined just prior to addition by

titration with a freshly prepared standard glutathione (GSH): solution

(Benesch and Benesch, 1962). The concentration of the standard GSH

solution was determined by weighing the desiccated crystals on the

microbalance and dissolving with water in a volumetric flask. This

method provided results which were in good agreement with the concen-
tration calculated by using the extinction coefficient at 232 mp given

by Boyer (1954).

Fifty milliliters of protein solution were quantitatively trans-

ferred to a 100 ml volumetric flask. After standing for 1 hour at pH 7,

the solution was made 7 M with respect to urea to insure complete
reacti on of the SH groups and the solution made to volume. The un=

reacted PMB in aliquots of this solution was titrated with the standard

GSH solution used previously to titrate the PMB solution. Thus, standard

GSH S8o0lution was added to both the sample and reference cell in equal
volumes with a Starrett microsyringe and the end point determined by
fOIIOW:Lng the change in absorption at 250 mi. A blank consisting of a
Volume Of 0.1 M acetic acid was treated in exactly the same manner as
the PX¥otein solution. The difference between the amount of PMB in the

bla
nk And the sample represented the quantity of PMB bound to the protein.
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One determination of the number of SH groups was made by a direct
titration with standard PMB solution., In this experiment, however, a
Some

clear solution was not obtained unless the pH was adjusted to 9.

re=oxidation could occur under these conditions.

Nitroprusside

The test was conducted in the presence of 5 M guanidine - HCl
according to the procedure described by Hamilton (1960). Omne part of
sodium nitroprusside to two parts of sodium carbonate were greumnd in a
mortar until no crystals of the former could be distinguished. About
10 mg of this mixture was added to 1 ml of the protein solution after
d1isplacing the air with nitrogen. The test was performed on a reagent

blank and a sample of B-lactoglobulin as a positive control concurrently

with each experiment.

Physical Methods

Ultracentrifugation

Determination of the protein concentration. The freeze=dried

Protein was weighed on a microbalance and dissolved in an appropriate
801wvent. The weight was corrected for the moisture content as deter-
mined on a portion of the freeze-dried sample by drying to constant weight
in the vacuum oven at 105° C over P205. Following dialysis against the
80lvent, the solution volume was measured with a Hamilton Microliter
Syringe. In some instances the concentration was rechecked by nitrogen
Analygis,

In several cases, the concentration was determined by measuring

the area of the schlieren pattern for the initial boundary formed in



72

synthetic boundary cell. The amount of protein was determined from a
standard plot of area and concentration constructed from data obtained
in a similar manner,

Sedimentation=-equilibrium, The short-column equilibtium technique

described by Van Holde and Baldwin (1958) was used. Centrifugations
were performed in the double sector cell at 25.0° C using solution
Column lengths of 1 to 2 mm. A period of 24 hours was allowed for
attainment of equilibrium, This time was more than adequate as indi-
cated by characteristics of the schlieren patterns and calculations
made from an assumed, approximate diffusion coefficient.

Schlieren patterns for the concentrated urea and GU solvents may
also exhibit some curvature even at the low speed used. Consequently,
the column which contained the protein solution was bracketed by the
solvent column, ie., the false bottom (flourocarbon oil, FC=43) of
the solvent column was slightly below and the air-liquid meniscus slightly
above that for the solution column. To achieve this physical relationship
the amount of solution required to produce the desired column length was
calculated and precisely measured into the cell with a Starrett micro-
syringe along with predetem ined quantities of flourocarbon oil &nd
solvent., Normally, the amounts added were a) 110 pl of oil and 70 pl
of solution in the solution sector and b) 100 pl of oil and 90 pul of
solvent in the solvent sector, resulting in a 10 pl differential on each
side of the solution column,

The protein solutions were dialyzed against their respective solvents
for approximately one week at 20° C prior to sedimentation analyses.
Optical areas obtained with the synthetic boundary cell were used as a
measure of the concentration for molecular weight calculations. Details

of the procedure are presented in Appendix II.
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Diffusion coefficients were calculated from patterns obtained
during the approach to equilibrium experiments according to the method

of Sophianopoulos, Rhodes, Holcomb, and Van Holde (1962),

Approach=to=Equilibrium, This procedure was used principally to

determine the molecular weight of the low-molecular weight component

in a heterogeneous system., Experiments were performed at various rotor
speeds and the data plotted as suggested by Trautman (1956) and adapted
to heterogeneous systems by Erlander and Foster (1959). The details
of this procedure are given in Appendix II. Since the concentrated GU,
urea, and SDS solvents formed a gradient under these conditions, pre=-
caution was taken to assure that exactly the same volumes of solution
and solvent were placed in the double sector cell., The patterns thus
obtained showed only one liquid=air meniscus.

In some trials, only one rotor speed was used in which case the
weight~average molecular weight was calculated as described by Schachman
(1957).

Sedimentation-velocity. These experiments were performed at 20
or 25° C using a rotor speed of 59,780 RPM. The low sedimentation
coefficients observed for the proteins in the presence of the dissoci=
ating solvents precluded the use of the synthetic boundary cell in these
studies, Accurate sedimentation coefficients were obtained with this
cell for coefficients less than 1 S (Schachman, 1959) and the problem
of restricted diffusion at the meniscus was eliminated, Furthermore,
concentrated solutions of GU, urea, and SDS aiso form gradients at the
meniscus making observations of the protein boundary difficult unless
a synthetic boundary cell is used. Then, the pfotein boundary is formed

at the start of the experiment and at a considerable distance from the
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aire=liquid meniscus. The cell was filled by placing 300 pl of protein
solution in the lower compartment and 100 pl of solvent, which had been
dialyzed against the solution, in the upper compartment,

Sedimentation coefficients, determined by plotting the logarithm
of the maximum ordinate against time, were corrected to values corres=
ponding to water at 20° C (SZO,W)’ The concentration corresponding to
a particular 820 was the average concentration of the first and last

b

frame used to obtain the 520 and was corrected for radial dilution
)
according to Schachman (1959). Detailed calculations are presented in

Appendix II.

Densities and partial specific volume. The solvent densities

were determined with 25 ml pycnometers at 25,0 + 0.01° C, Solution

densities were calculated according to Fujita (1962) using the relation
p golution = O solvent + (1 = v psolvent) c

where E:is the partial specific volume of the protein and ¢ its con-
centration in g/ml, Freshly boiled, redistilled water was used to
calibrate the pycnometers before each determination. Duplicate deter=-
minations agreed to + 0.0001 or better.
The partial specific volume was calculated from the amino acid
analysis of the protein using the relation
3
v o= i Vi Wi
I
i
where i is the partial specific volume of the protein, vj the specific

volume of the ifh amino achd residue, and Hi the weight per cent of the
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i._th amino acid residue (Cohn and Edsall, 1943; McMeekin, Groves, and

Hipp, 1949). The weight per cent of the amino acid fesidues is given

by . 18
Wi = gi/loog protein - IT
i

where & is the grams of the _i_th amino acid and My the molecular weight of

this amino acid.

Intrinsic viscosity determinations. The relative viscosities were

determined at 25,0 + 0.01° C. The outflow cf time for water was 285.8
seconds, Four to six observations of the outflow time were obtained
for each determination, All solutions were filtered through a sintered-

glass filter. The relative viscosity was calculated according to the

relation ¢ ,O

where [Z_, L, _Qare the viscosity, outflow time, and solution density
and Qo,'. t,, and Q, represent similar quantities for the solvent.
The solution density was calculated‘és previously described. The
intrinsic viscosity [ r[]was determined by plotting the reduced

viscosity (’Zsp/c) against the protein concentration in g/ml, where

Nop - - 1.
°



RESULTS
Compecsition

The amino acid composition of k=casein is shown in Table 4.

These values were based on a nitrogen content of 15.3% as determined
by micro-Kjeldahl analysis. The values for Thr, Ser and NH; were
obtained by extrapolation to zero hydrolysis time, The weight per cent
of the amino acid residues (Wi) are prasented together with a compari-
son of the number of residues per 28,000 g of protein for a) purified
Preparation No. 3A, b) the k-casein studied by Jcllés et al. (1962),
and c) Og3=casein reported by Hipp et al. (1961). The residues were
calculated from their data which were reported as g/1l00 g protein. A
summation of the residue weights which includes in addition to the
amino acid residues, the values for NANA and phosphorus, as well as
the values of Joll®s et al, (1962) for Cys, Try, galactose, and
galaétosamine amounts tc 95 per cent,

The partial specific volume was calculated from the amino acid
residu? weights and the concentration of NANA (1.47) for the purified
Preparation No. 3A. The weight percentages for Cys (1.30%), Try
(0.96%), galactose (1l.4%), and galactosamine (1.2%) were reported by

Jol1ds et al, (1962). By this method a v of 0.729 was obtained,

_ Z vi W
v = = = 68.925 _ ¢ 729,
Wi 94.55

eog.,

Partial specific volumes of 0.62 for hexoses and hexosamines and 0.59
for sialic acid were used (Bezkorovainy and Doherty, 1962).
The average of several determinations gave values of 0.227 phos=-

phorus and 1,47 NANA for purified Breparation No. 3A. The percentage

76
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of P reported by Jollés et al. (1962) and Thompson and Pepper (1962) was
in good agreement with this value (0.217 and 0.22, respectively)., The
values reported for NANA have been subject to considerable variation
depending upon the method of preparation (Marier, Tessier, and Rose,
1963). The purified k=-casein preparation (No. 3A) contained 0.70 +
0.027% sulfur, The calculated molecular weights in terms of the per-

centages of NANA, Try, P, and S are shown in Table 5,

Physical Properties of k=Casein

Properties in Non=Dissociating Solvents

The results of sedimentation-velocity studies performed on differ=-
ent lots of purified No. 3A at temperatures of 3° and 25° C and ionic
strengths from 0.1 to 0.5 are shown in Table 6. The S20 value for a
McKenzie-Wake preparation has also been included. Temperature and
ionic strength had no significant effect on the sedimentation co-
efficient, The data were fitted to the equation S50 = S;O (1=kc)
giving the result

S,, = 15.6 (1 - 0,0165C) + 0,25,

20
where S;; is in Svedbergs and c in mg/ml,

The viscosity of this preparation was studied in 0.1 M NaCl at
25.0° C. Fitting the data to the Huggins equation (Tanford, 1961) gave
,Isp/c = 9.5 + (0.217) (90.25) c + 0.06,

where the intrinsic viscosity was 9.5, the Huggins constant 0,217, and

c was in mg/ml. The data are plotted in curve C of Figure 12,
Properties in Dissociating Solvents

Sedimentation characteristics in SDS solutions. k=Casein
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(purified No. 3A) was sedimented in buffers at pH 8,6 or 9.25 which
contained from 2,5 to 40 mg/ml SDS. Usually the solutions were placed
in the regular analytical cell without prior dialysis. Thus, a
boundary due to SDS did not appear until the unbound SDS concentration
exceeded the critical micelle concentration, i.e., 0,.11% (Hofman and
Harrison, 1963). An SDS boundary became apparent as the weight=-ratio
of SDS/protein approached 1. Apparently 0.5 to 1 g SDS was bound per
gram of protein., Since the SDS and protein boundary were not com=
pletely separated, the pattern was measured on the Trautman z=scale
and X2 Z&Y plotted against X to correct for radial dilution. Gaussian
curves were fitted to these plots to cbtain the maximum ordinate for
each peak, The calculated sedimentation coefficients are recorded in
Table 7.

A value of approximately 2,3 S was obtained for the sedimentation
coefficient in SDS concentrations ranging from 2.5 to 20 mg/ml.
Archibald molecular weights were obtained for k-casein solutions in
veronal buffer containing 10 mg/ml SDS and 5 and 10 mg/ml of pxotein.
The solvent, dialyzed against the protein solution, was used as a
reference, The apparent molecular weights were corrected according

to the equation

M=Mapl/l+x1 (i:;\pp; ,

where X; represents the grams of SDS bound by one gram of protein,

E& ;pe/iggéiél specific volume of SDS, §% the partial specific volume
j;;mthe protein, and £2 the solution density (Schachman, 1960). Even
at a maximum x,, i.e. 1.0, molecular weights were calculated to be

approximately 100,000. The sedimentation ccefficient decreased as the
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SDS concentration was increased to 30 cr 40 mg/ml. This characteristic
could be caused by unfolding cr swelling as well as by molecular
dissociation. Furthermore, the steep refractive index gradients due

to free SDS, and the charge effect caused by bound SDS at these high
concentrations make molecular weight calculations of questionable
reliability, Consequently, further studies along those lines were not

performed.

Sedimentaticn a~d visccsity characteristics in 5,0 M GU soclutions,

The results of short=column equilibrium experiments performed on
k=casein (purified Nc, 3A) in 5.0 M GU at pH 4.8 are recorded in
Table 8 and Figure 13 (filled circles). A molecular weight of 126,000
was obtained by a least=squares extrapolation to zero concentration.
A marked concentration dependence of the apparent weight=-average
molecular weight was noted. The ratio M,/M,, was greater at a concen=
tration of 3 mg/ml. Additionally, a Van Holde=Baldwin plot of the
data showed considerable deviation from linearity (Figure 14B).

The molecular weight of the small component present in a 3 mg/
ml solution of k=-casein in 5,0 M GU was determined from a Trautman
plot of approach-to-equilibrium data (see Figure 15) and yielded a
value of 54,000.

Sedimentation=velocity data were best represented by the linear
relation

SZO,w = 3,18 (1-0.0178 c),

where Sjg  is in Svedbergs and ¢ in mg/ml. A value of 3.1 Ficks
-Dzo,w- was calculated from a short=column equilibrium experiment at

a protein concentration of 10.3 mg/ml. An approximation of the



80

molecular weight was obtained by combining this value with the sedi=-
mentation coefficient determined at the same concentration. This
method assumes that the sedimentation and diffusion coefficients have
the same concentration dependence, Nevertheless, an apparent molecular
weight of 75,000 was obtained which was in agreement with the
equilibrium data determined at the concentration, An intrinsic
viscosity of 31 ml/g was determined from an evaluation of a reduced
viscosity plot, see Figure 12B, The Scherage-Mandelkern constant,

B, calculated from these data was 2,00 x 109, The data are summarized

in Table 9.

Sedimentation and viscosity characteristics in concentrated

acetic acid solutions adjusted to 0,15 M NaCl., The short=column

equilibrium data obtained in 677 acetic acid are represented by the
open circles in Figure 13, and compared with the values for reduced
k-casein, Table 10. The apparent weight=-average molecular weights,
which were strongly concentration dependent, yielded a value of
124,000 at zero concentration by least=squares extrapolation, Similar
values were obtained from an experiment performed on purified Fraction
S. Ratios for the relationship M,/M,, were nearly one in all cases.
Moreover, the Van Holde-Baldwin plots were linear for these data, see
Figure 14A,

In 33% acetic acid, however, k=-casein appeared to be polydispersed.
A Trautman plot of approach-to-equilibrium data for a 6.8 mg/ml
solution is shown in Figure 16, The molecqlar weight of the small
component evaluated from the final slope was 58,000,

Selected hydrodynamic properties were determined in 67% acetic

acid and are summarized in Table 9, The sedimentation coefficients



81

were fitted to the equation

Szo,w = 2,7 (1 = 0.0302 ¢)
where SZO,w is in Svedbergs and ¢ in mg/ml. A value of 2.4 Ficks was
obtained for the diffusion coefficient at zero concentration by
extrapolation of values calculated from the short-column equilibrium
experiments, At a concentration of 7.5 mg/ml, the value was 1.5

Ficks, Substitution of these data into the Svedberg equation yielded
a molecular weight of 101,000 which is in relatively good agreement
with the value obtained by the short=-column equilibrium technique.

The intrinsic viscosity was found to be 35 ml/g as determined
from a reduced viscosity plot (Figure 12A)., A value for 8 of 1.8 X

106 was calculated,

Sedimentation characteristics in 7.0 M urea solutions at pH 8.5.

k =Casein (purified No. 3A) was polydispersed in this solvent as indi=-
cated by the results obtained from a short=column equilibrium experi-

ment, At a protein concentration of 5 mg/ml the M,, and M, were 108,000

and 213,000, respectively, giving a ratio, M,/My, of 1.97. Approach-to=

€quilibrium studies of this solution resulted in values of 57,000,
118,000, and 144,000 for the molecular weights of the small component,

Mw, and M;, respectively., A Trautman plot of the data is shown in

Figure 17.

Sedimentation and viscosity characteristics in pH 12,2 phosphate

by F fer, Archibald molecular weights (), calculated from the meniscus

PAat terns, were averaged to approximately 24,000 for a 10 mg/ml solu=

tion of purified Preparation No. 3. A molecular weight of 23,400 was

obtained from a Trautman plot of approach=-to=-equilibrium data for a
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5.3 mg/ml solution of purified Preparation No. 3A. Unlike k=casein in
7.0 M urea, 5.0 M GU, and 337% acetic acid, the Trautman plot for these
data fitted a straight line, see Figure 18,

The diffusion coefficient for a protein concentration of 8 mg/ml
was 5.8 Ficks, obtained in the Tiselius electrophoresis cell by the
height=area method. The sedimentation coefficients fitted the equa=
tion

S20,w = 1.4 (1 - 0.0172 ¢)
where SZO,w is in Svedbergs and ¢ in mg/ml. A molecular weight of
22,300 was obtained by inserting these data into the Svedberg equation.

The reduced viscosity was related to the concentration according

to the equation

’Isl/: = [/z] + 0.305 [rz]z C + 0.21,
where the intrinsic viscosity, (qq , was 15,1, The calculated value
for the Scheraga<Mandelkern constant was 2,04 X 106. These data are

compared to those for k=-casein in other solvents in Table 9,

Physical Properties of Reduced k=Casein

Sedimentation Characteristics in 5.0 M GU

The experiments were performed with the PMB derivative of reduced
k=casein to prevent re-oxidation of the disulfide bonds. Apparent
molecular weights for the derivative remaining after removing aliquots
for =SH group determination are shown as a function of the concentra=-
tion in Figure 19 (filled circles). These values were obtained from
the slopes of Van Holde=-Bladwin plots which were linear for these
equilibrium measurements, The apparent molecular weights, compared to

those of k=casein in Table 8, did not show marked concentration
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dependence. A molecular weight of 28,700 was obtained by least=-squares
extrapolation to zero concentraticn, A weight=-average molecular weight
of 21,000 was obtained for a reduced, purified Fraction S in 5.0 M GU
at pH 8.4 and containing ME.

The diffusion and sedimentation ccefficients were 5.8 Ficks and
1.3 S at a protein concentration of 9 mg/ml. A molecular weight of
20,000 was obtained when these values were inserted into the Svedberg
equation, The concentraticn dependence of a later preparation of the
PMB-derivative gave the result

S = 1.88 (1 = 0.0106 c).

20,w
However, equilibrium molecular weight analysis showed M, = 34,000,
M, = 50,000, and a non=-linear Van Holde-Baldwin plot, indicating
either limited re-oxidation had occurred before the PMB was added or
complete reduction was not achieved, This material was nct used for
-SH group analysis.
Sedimentation Characteristics in 67% Acetic Acid
Adjusted to 0.15 M NaCl

In these studies, the protein was reduced in 5 M GU at pH 8.4,
The solution was adjusted to pH 3 with glacial acetic acid and
dialyzed against the solvent, There should be no re-oxidation of
=SH groups under these conditions. The protein concentration was
determined by measuring the area under the curve formed in the
synthetic boundary cell. Concentration dependence of the apparent
molecular weights is shown in Figure 19 (open circles). As observed
for the case of the PMB-derivative in 5 M GU, the concentration
dependence was not large. These values represent both the weight-

average molecular weight for the entire cell contents and that obtained
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from the slopes of the Van Holde=Baldwin plots, Since these plots
were linear, the values obtained agreed within experimental error.
Also the ratio Mz/M, was approximately one as would be expected from
the appearance of the Van Holde-Baldwin plots. The molecular weight
obtained by least=squares extrapolation to zero concentration was
27,300. These results are compared to those for k=casein in the same
solvent in Table 10.

The sedimentation=velocity data for reduced k-casein are
represented by the relation

SZO,w =1.26 (1 - 0,0146 c)

where SZO,w is in Svedbergs and ¢ in mg/ml. The diffusion coefficient,
obtained at 6.4 mg/ml protein concentration, was 5.7 Ficks., Assuming
the D20,w is not concentration dependent, a molecular weight (Ms,D)

of 20,000 was calculated.

Determination of Sulfhydryl Groups

The nitroprusside test for free sulfhydryl groups performed in
5 M GU gave negative results for purified Preparation No. 3A and
purified Fraction S. following treatment with ME, the test was
positive and the PMB titration experiments showed the presence of
2=3 «SH groups per 28,000 g of k=casein. Analysis of total sulfur
and methionine showed that by difference, 3 cysteine/28,000 existed,
k<Casein held at pH 12 for 24-48 hours at 20° C did not show any SH
groups upon subsequent reduction with ME and titration with PMB.

The results are summarized in Table 11,
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TABLE 4

The amino acid composition of k=caseins

Amino Residues/28,000 g

acid g/100 g® Wib This study® JolIES»gg_gl;a_ﬁ ag-case{;E-
Asp 7.72 6.68 16 15 16
Thr 6.7 5,72 16 16 10
Ser 5.03f 4,17 13 16 15
Glu 19.80  17.38 38 33 34
Pro 10.95 9.24 27 21 25
Gly 1.23 0.93 5 5 .5
Ala 5.40 4.31 17 17 17
Cys - ——- —— B Pt ) 1.6
val 6.30 5.33 15 12 12
Met 1.68 1.48 3 2 2
Ileu 7.10 6.13 15 13 14
Leu 6.11 5,27 13 13 14
Tyr 7.61 6.86 12 11 15
Phe 3.86 3.44 7 7 7
Lys 6.51 5.71 12 11 13
His 2,36 2.09 4 3 3
Arg 3.96 3.55 6 6 7
Try -—- -——- - 1 2
NH, 1945 1,82 32 -- 35

g
; W, = 95,12
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TABLE 4 - Continued

3 Based on a nitrogen content of 15,3%.

o Weight per cent of the ith amino acid residue,

¢ Analysis provided through the courtesy of Drs. J. P. Riehm,
J. C. Speck, and H, A, Lillevik of the Biochemistry Department.

d Calculated from the g/100 g protein reported by Joll2s et al,
(1962),

€ Calculated from the g/100 g protein reported by Hipp et al, (1961)
for a3-casein.

£ Extrapolated values.

& This summation includes in addition to the amino acid residues,
the values for NANA and phosphorus (based on the H2P0 residue)
as well as the values for Cys, Try, galactose, and galactosamine
reported by Jollds et al. (1962).
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TABLE 5

Molecular weights of k=casein from chemical amnalysis

Minimum Number

molecular of Molecular
Component Percentage weight residues weight
Sialic acid

(NANA) 1.4 22,000 1 22,000

Phosphorus 0.22 14,090 2 28,180
Sulfur 0.70 4,570 6 27,420
Tryptophan? 1.05 19,500 1 19,500

@ Reported by Jollds et al. (1962).
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TABLE 6

Sedimentation coefficients of k=-caseins at neutral pH

Concentration 13
(mg/ml) So0 X 10 Temperature °C Selvent
6.02 14.5 3 phosphate buffer,
0.1 [72
6.42 13.9 25 phosphate buffer,
0.2 ["/2
8.12 13.02 25 0.5 M NaCl
8,24 13.41 25 phosphate buffer,
0.2 [72
10.0° 13.44 24 phosphate buffer,
0.1 [/2
10.0% 13.11 25 phosphate buffer,

0.2 [/2

8 Purified preparation No. 3A,

Preparation obtained by the method of McKenzie and Wake.
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TABLE 7

Sedimentation coefficients of purified Preparation No. 3A
in buffers containing SDS

SDS Protein SDS 13
Buf fer (mg/m1) (mg/ml) (g/g protein) S20,w X 10
Veronal , 2.5 8 0.31 2,28°
pH 8.6 5.0 8 0.63 2.112
[72 = 0.1 § 100 5 2.00 2.23,:1.14b
10.0 8 1.25 2.19°
10.0 10 ' 1.00 2,35€
2000 9 2,22 2.32%,0.84°
Tris , 0 8.2 -- 8,292
PH 9.25 10 8.2 1.22 2.00°
[V2 = 0.1 ﬁ 20 8.3 2.41 2,26, 0.98"
30 8.3 3.61 1.10, 0.80°
30 8.1 3,70 1.2%9
‘ 40 6.0 6.67 1.1

Not corrected to water.

Value for boundary due to SDS micelles,
Boundary due to SDS micelles was observed,

Fxee SDS removed by chilling to 0° C and centrifuging out the
Precipitated SDS.

Performed in synthetic boundary cell by layering, on the solution,
buffer containing 40 mg/ml SDS which was dialyzed against the
8olution,

a
b
c

d

o
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TABLE 8

Equilibrium molecular weight data for k= and reduced
k-casein in 5.0 M GU, pH 4.8

k<Casein Reduced k-Casein
Concentration " Concentration -
(mg/ml) M, X 10 M, /M, (mg/ml) M, X 10
0 12.61 0 2.87
3.0 11.282 1.942 3 2,774
5.5 9.44 1.18 6 2,524
7.2 8.738 1.188 9 2,499
10.3 7. 388 1.178 7° 2.1P7¢

4 Average of several determinations.

b Fraction S (Waugh and von Hippel, 1956), purified by ultracentrifu=
gation and elution from Sephadex G=75,

€ Solvent contained 7 pl/ml ME at pH 8.4.

d PMB derivative,
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TABLE 9

Hydrodynamic properties of k=-casein in 5.0 M GU,
67% acetic acid = 0.15 M NaCl and pH 12,2 phosphate buffer

Phosphate
5.0 M GU 67% Acetic : Buffer
Property pH 4.8 Acid (pH 12.2, 0.19 [/2)
13
530, X 10 3.18 2.7 1.4
k2 0.0178 0.0302 0.0172
Dy X 107 3.1 2.4 (c = 0) 5.8
? (10.3 mg/ml) (8 mg/ml)
P? (nl/g) 31 35 1501
Huggins constant 0.82 0.50 0. 305
b
£/fo 2,7 3.2 2.3
B X 107 2,00¢ 1.8¢ 2, 049
Mg p 75,000 101,000 22,300
? (10.3 mg/ml) (c = 0) (c = 0)

28 From the equation SZO,w = SEO,W (1 = kC)

b Calculated from sedimentation=velocity and molecular weight data.
¢ A molecular weight of 120,000 was used in the calculation.

d A molecular weight of 24,000 was used in the calculation,
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TABLE 10

Equilibrium molecular weight data for k- and reduced k-casein
in 67% acetic acid = 0.15 M NaCl

k=Casein Reduced k=Casein
Concentration Concentration

(mg/m1) M, X 1074 M/, (mg/m1) M, X 10 Mz/M,
0 12.42 0 2.73
1.83 12,09 1.11 3.2 2.65 0.99
2,40 10.602 -- 6.3 2.55 0.91
3.67 10. 74 1.17 9.6 2,48 1.13
6.50 9.14 1.01
6.50° 8.713b  1,143b
7.34 8.75 0.98

11.00 7.03 0.91

a .
Value for one calculation.

b Fraction S (Waugh and von Hippel, 1956), purified by ultracentri-
fugation and elution from G=75 Sephadex.
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TABLE 11

Determination of the total sulfhydryl groups

Method of SH Number SH/
Protein Group Analysis 28,000 g Nitroprusside
Reduced k=casein Titration of un=- +
reacted PMB?
with GSHP
Trial 1 (18.9 mg)° 1.93
Trail 2 (15.5 mg)°© 2.67

Direct determina=-
tion of Mercaptide

at pH 9.5 1.82
k=Casein | Sulfur and methio=-
nine analysis 2.98 -
k=Casein prepared
by the method of
Waugh and von
Hippel (1956) -
k-Casein treated Titration of un=-
at pH 12 followed reacted PMB
by reduction with GSH 0.1 -

a pMercuribenzoate

b Glutathione

¢ Total amount of protein reacted with excess PMB
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Figure 12, A plot of reduced viscosity (ml/g) for k=casein in A) 67% acetic
acid = 0,15 M NaCl, B) 5.0 M guanidine<HC1l, and C) 0.1 M NaCl.
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Figure 13. Plot showing the concentration dependence of the apparent
molecular weight of k-casein in 5,0 M guanidine.HCl and 67% acetic acid =
0.15 M NaCl, Legend: O, M, in 677 acetic acid; ®, M, in 5,0 M guanidine-
HCl; &, M, in 67% acetic acid for purified Fraction S (Weugh and von
Hippel, 1956).
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Figure 19. Plot showing the concentration dependence of the apparent
molecular weights in dissociating solvents for reduced k-casein and
k=casein exposed to pH 12, Legend: 0, My for reduced k=casein in

67% acetic acid = 0,15 M NaCl; @ , M, for PMB-k-casein in 5.0 M
guanidine«HC1; A s My for purified Fraction S (Waugh and von Hippel,
1956) in 5.0 M guanidine, pH 8.4, containing 7 pl/ml 2-mercaptoethanol;
@ M from Trautman plot of approach=to=equilibrium data for k=casein
in pH 12,2 phosphate buffer, r/2 =0.19;0©, M,, for k=casein treated
at pH 12,2, then dialyzed against 5.0 M guanidine<HCl.
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DISCUSSION

Composition of k=Casein

A comparison of the amino acid composition of purified Prepara-
tion No. 3A with that of Jollés et al. (1962) for a McKenzie-=Wake
preparation showed good agreement., The analyses, including the
carbohydrate and phosphorus content, accounted for 957% of the total
protein. Joll&s et al. (1962) accounted for only 85% of the residues
in their analysis of k=casein, Perhaps a more thorough analysis of
the carbohydrate moiety would account for the remaining portion. The
total number of cationic and anionic groups per 28,000 g was esti-
mated to be 22 and 58, respectively, assuming that a) the phospho=-
amino acid side chains were dibasic anionic groups and b) ignoring
the amide nitrogen., When the 32 amide nitrogens are considered, then,
there exists but four excess anionic groups. The large amount of
proline is particularly noteworthy.

The 1.47% of NANA found for purified Preparation No. 3A lies in
the range reported for other k=casein preparations, Marier et al.
(1963) reported values of 0.65% and 1.25% for a McKenzie-Wake pre=
paration, whereas, Thompson and Pepper (1962) and Joll@s et al, (1962)
reported values of 2,5% and 2,47, respectively, for preparations by
the same method. A modification of the McKenzie-Wake preparation
yielded k-casein containing 1.8% NANA (Nitschmanm\and Beeby, 1963).
Also, Marier, et al. (1963) gave a value of 2,147 for a preparation
obtained by the Swaisgood=Brunner method as previously published but

not purified as described herein., Urea=starch gel electrophoresis

showed more of the leading bands in their preparation, The extent of

103
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variation due to analytical procedures and that due to differences in
the preparations can only be speculated. Possibly some of the con=
taminating proteins found in k=casein preparations contain NANA, This
postulate is supported by the observation of Malpress (1961) that only
687 of the NANA in whole casein was released by rennin whereas Marier
et al, (1963) found approximately 907 of the NANA was released from

a Swaisgood=Brunner preparation of kecasein,

To some extent the phosphorus content appears to be related to
the purity of ke-casein preparations. Waugh's Fraction S contained
about 0,5% P, The crude k=casein prepared by Long (1958) contained
0.46% P, but following five centrifugations it contained 0,33% P.
Purer preparations had a phosphorus content of approximately 0,227
(Jol18s et al,, 1962; Thompson and Pepper, 1962; Waugh, 1958).
Preparations obtained during this study varied from approximately
0.35% P for crude k=-caseins to 0.227% P for the purified material,

The composition of Q3=-casein is similar to that of k=-casein.

This protein fraction is undoubtedly rich in ke-casein as evidenced

by its amino acid composition, phosphorus and NANA contents, reaction
with rennin, and ability to stabilize Qg -casein. Nevertheless, there
are some noteworthy differences between these two proteins: a) the
phosphorus content of (3-casein (0.35%) is similar to that of crude
k=casein although electrophoresis and sedimentation-velocity experi-
ments showed only one boundary, b) its sedimentation coefficient (23 3)
is much larger than that for k-casein, c¢) it is much less soluble at
pH 6.9 (0.26%), and d) its threonine content is significantly lower,
Interestingly, this protein was prepared by the same procedure employed

by Long (1958) with the following exceptions; a) only one centrifugation
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at low speed was used to remove the Qg -casein and b) the final
ultracentrifugations were performed in the absence of salt, Possibly
the interaction observed by Long (1958) in the presence of salt
participates in the formation of a stable complex in the absence of
salt, The fact that repeated ultracentrifugation in salt solutions does
not concentrate k-casein preparations beyond a certain degree of
purity was observed by Hipp et al. (1961) and, also, during the course
of this study. The formation of stable complexes between k=casein

and one or more of the A-casein constituents would explain the
discrepancies listed above, For example, the greatest difference
between the amino acid composition ¢f the A=casein fraction and
k=casein as reported in this thesis was the lower content of threonine
in A=casein. Furthermore, Hipp et al. (1961) observed that the
exposure of Og-casein to pH 11.8 resulted in the formation of a
number of electrophoretic peaks at pH 10,1 where previously only one
peak was observed, In view of the above argument, this observation
would indicate that the associated complex of casein's was dissociated

in the high pH environment (Waugh and von Hippel, 1956).

Molecular Size and Interactions of k=Casein

Polymer Size of k=Casein in Neutral Salt Solutions

k=Casein forms polymers in neutral buffers or NaCl solutions which
are relatively independent of temperature or ionic strength. These
polymers are not entirely uniform with respect to size as evidenced by
the skewness of the sedimenting boundary., Nevertheless, the inter=-
action is wmusually specific and an estimate of the aggregate size is

noteworthy,
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Although a direct determination of the molecular weight was not
performed, an approximation can be obtained from the Scheraga-Mandelkern
equation (Appendix II) since B is relatively insensitive to particle
shape, Thus, using the equation given by Schachman (1959), a molecular
weight of approximately 650,000 was calculated from the sedimentation
coefficient and intrinsic viscosity., Therefore, the polymer seems to
be composed of 10 to 15 basic units (M = 56,000). One must not con-
clude that this aggregate is indigenous to the rative micelle, however,
this ability to form aggregates certainly demonstrates the proteins
unusual capability for specific interaction.

Disscciaticn of the k=Casein Polymers and the Properties
of the Units Obtained

Sedimentation, diffusion, and viscesity characteristics cf

k=casein in disscciating solvents, The polymer size of k=-casein was

significantly reduced when dispersed in solvents containing SDS, 7.0 M
urea, 5.0 M GU, concentrated acetic acid, cr high concentrations of
hydroxyl ion. Thus, the equilibrium molecular weights extrapolated to
zero concentration in 677% acetic acid and 5.0 M GU were approximately
125,000, Although there was some indication of an increase in the
apparent molecular weights at low concentrations (Figure 13), the
protein was essentially monodispersed in 677 acetic acid, At low
concentrations in 5.0 M GU and in 7.0 M urea or 33% acetic acid the
protein exhibited properties characteristic cof polydisper&ity. 1In

5.0 M GU and 7.0 M urea, the M was similar to that obtained in 67%
acetic acid but the Mz was nearly doubled, Determinations of the
rolecular weight of the light component in three sclvents, i.e., 33%

acetic acid, 5,0 M GU, and 7,0 M urea, resulted in an average value
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of 56,000, These data may be interpreted tc suggest that k=casein
existed in these solvents in the focrm of both lower and higher polymer
species, For example, lcwering the concentration of acetic acid or
lowering the concentration of pretein in 5.0 M GU may favor a monomer-
polymer equilibrium rather than the dimer form cbserved in 677 acetic
acid, The basic unit of k-casein appears to have a molecular weight
of approximately 56,000,

The molecular weight of k=casein in soluticns contzining 10 mg/ml
SDS was roughly 100,000, The pclymer size was probably similar to that
in acetic acid, GU, and urea solntions since this calculation assumed
one gram cf SDS bound per gram cf protein; a figure most likely over=
estimated, However, the molecular weight at pH 12 was approximately
24,000 or about oze=half the value for the basic mit., This result
compares well with the value reported by McKenzie and Wake (1959b).

Molecular weight wvaluies were not corrected for charge effects or
specific protein=solvent interaction=~except for an estimate in the
case of SDS=-because of a lack of satisfactcry correction values,
However, the charge effect should not be large since the solutions
contained relatively high concentrations of salt (e.g., 0.15 rq/Z)
(Svedberg and Petersen, 1940; Schachman, 1959; Tanford, 1961). Pre=-
ferential interactions with SDS and concentrated acetic acid should
not effect the molecular weight greatly since their partial specific
volumes are nearly the reciprocal cf the density of the solution
(Schachman, 1960). Kielley and Harrington (1960) found that < 5% GU
was protein=bound for two dissimilar proteins (i.e., ribonuclease and
nyosin) dispersed in 5.0 M GU. Further, these investigators obtained

a molecular weight of 13,000 + 500 for ribonuclease which agrees with
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the known value.. The fact that similar molecular weights were
obtained in all of the solvents employed in this study suggests that
large charge effects or preferential interactions were not operative.

These studies demonstrated that the polymers were not completely
dissociated in any cf the sclvents employed except the pH 12 buffer,
Although a smaller unit was present, a tendency towards larger polymer
size was more apparent in 7.0 M urea, 33% acetic acid, ard 5.0 M GU
at low protein concentraticns than in 677 acetic acid., Conceivably an
uusually strong interacticn occurs between the basic units of k=casein
since most proteins wculd be completely disscociated under these con=-
ditionms.,

The sedimentation coefficients, especially in 67% acetic acid,
exhibited a considerable concentration dependence., Presumably this
characteristic can be attributed to the non=-ideality of the system as
demonstrated by the large dependence of the molecular weights on
concentration, However, the diffusion coefficient in 67% acetic
acid showed only a small increase with decreasing concentration.

The intrinsic viscosities in 67% acetic acid and 5.0 M GU were
greatly increased over that in neutral salt solutions or pH 12 phos=
phate buffer. This observation was similar to that of Harrup and
Woods (1961) who found that the intrinsic viscosities of bovine serum
albumin, egg albumin, B-lactoglobulin, lysozyme, and insulin were much
greater in anhydrous formic acid than in aqueous solutions,

The calculated frictional ratios as well as the large intrinsic
viscosities suggest that the molecules were extended, However, a
combination of thermodynamic and hydrodynamic data in the form of~the

Scheraga=Manderkern constant indicates that the molecule underwent



109

an isotropic swelling rather than an extension in the polypeptide chains.

6 2.00X 105, and 2.04 X 10°

The calculated values for B were 1,8 X 10
in 67% acetic acid, 5.0 M GU, and pH 12 phosphate buffer, respectively.
The theoretical minimum value is 2,12 X 106, however, the values
reported here are within the experimental error of this minimum,
Scheraga and Mandelkern (1953) discuss the case of horse serum albumin
in urea solutions where the frictional ratio indicated an axial ratio
of approximately 20 : 1, whereas the calculated B's ranged from 1.98
to 2,05 X 106. They concluded that the protein molecules swelled in
the presence of urea. Values lower than the theoretical minimum have
been reported for other proteins (Schachman, 1959; Yang, 1961).
Harrup and Woods (1961), on the basis of light scattering data,
suggested that isotropic swelling occurred in bovine serum albumin
rather than a linear extension of the chains in anhydrous formic acid.
The dissociation of k=-casein in 67% acetic acid and 5.0 M GU was
reversible with respect to the sedimentation-velocity characteristics.
k=Casein which was held for two weeks in 677 acetic acid at room
temperature exhibited the same NANA content and reaction with rennin
following dialysis against water as it did prior to the exposure to the
dissociating system, Holding the protein in 5.0 M GU or 7,0 M urea
followed by dialysis against water yielded a k=casein solution which
reacted normally with rennin, Some difficulty was experienced in
completely removing the bound SDS from the protein as indicated by a

lower sedimentation coefficient (e.g., & 10S).

Sedimentation and diffusion characteristics of reduced k=-casein

in dissociating solvents., Following cleavage of the disulfide bonds

with ME, the molecular weight of k-casein was approximately 28,000 in



110

both 5.0 M GU and 67% acetic acid. The protein appeared monodispersed
as evidenced by linear Van Holde-Baldwin plots and ratios of Mz/‘Mw
approaching one, As in the case of k=casein, the molecular weights
vere not corrected for charge effects or preferential interactions.
Concentration dependence was not marked for either the molecular
weights or the sedimentation coefficients. Diffusion coefficients were
determined at only cne concentration in both solvents giving values of
5.8 Ficks at 9 mg/ml in 5.0 M GU and 5.7 Ficks at 6.4 mg/ml in 67%

acetic acid.

Comparison cf k=casein and reduced k=-casein, Reduction of the

disulfide bonds clearly caused a decrease in the observed molecular
weight of kecasein. This fact was obvious even from a qualitative
observation of the sedimentation=equilibrium patterns, see Figure 20,
Furthermore, a comparison cf the sedimentation and diffusion coeffi=-
cients showed that cleavage of the disulfide bonds caused a reduction

in the 820 W and an increase in the D The concentration de-
J

20,w*
pendency of the sedimentation coefficients for reduced k=casein were
approximately half that for kecasein, This was as expected since the
apparent molecular weights for reduced k=casein were much less con=
centration dependent, These data are summarized in Table 12,

The basic unit (M = 56,000) of k=casein observed in various
dissociating solvents appears to be composed of two sub=units having
a molecular weight of approximately 28,000, The proposed sub-unit
weight is in accord with the chemical analyses which indicated an
average minimum molecular weight of 24,300. Furthermore, it is pro=-

posed that the two sub=umits are joined by disulfide bonds., This

postulate is supported by the presence of three =SH groups per 28,000 g
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as determined by PMB titrations, analyses for fctal sulfur and methionine,

1, (1962) and

and the cysteic acid values reported by Jolles et
Hipp et al. (1961). Since k=casein dces not contain free =SH groups,
an odd number cf =SH groups per sub=unit weight precludes at least one
‘nter=molecular disulfide bond. The results obtained were not a con=
sequence of the particular method cf preparation employed in this study
since the same observations were made o a freshly prepared, purified
Fraction S preparation.

A comparison of the properties of k=casein in pH 12 phosphate
buffer to those of reduced k=caseir indicated that the disulfide bonds
were destroyed in this buffer, Alss, k=casein dissolved in the phos=
phate buffer and then dialyzed against 5,0 M GU exhibited an
equilibrium molecular weight of 24,500 at a protein concentration of
9 mg/ml, see Figure 19, Chemical evidence showing that alkaline-
treated protein subsequently reduced with ME did not give the nitrce
prusside reaction or react with PMB substantiated the conclusions
derived from the physical studies,

These results are not surprising considering the lability of
disulfide bonds in proteins to alkali (Cecil and McPhee, 1959). Brown,
Delaney, Levine and Van Vunakis (1959) observed an odor of hydrogen
sulfide upon neutralization of aquecus solutions of ribonuclease which
had been exposed to pH 12;7 for 30 min at room temperature, More
recently, Young and Pott% (1963) measured a 707% loss of half=cystine

L
in ribonuclease after twé hours at pH 11 in 5 M guanidine,

Further evidence in favor of a basic unit weight for ke=casein of

approximately 56,000 comes from the work of Garnier et al, (1962) and

Beeby (1963). These researchers proposed that k=casein had a molecular
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weight cf 55,000 and 50,000, respectively. They based this conclusion
on data pertaining to the release of protons and GMP resulting from the
action of rennin on k=-casein., If, as proposed by these workers, only
one GMP is released per 56,000, then the two sub=units must be differ=-
ent but of approximately the same weight since the equilibrium patterns
of reduced k=casein have shown it to be quite homogeneous, Further, a
peptide other than GMP must be released by rennin since studies
described earlier in this thesis showed that peptides of approximately
8,000 molecular weight were released from a 28,000 molecular weight
unit,

Reduced k=casein did not show the same tendency to participate
in. a monomer=polymer equilibrium as did the non-reduced protein in
the dissociating solvents employed., However, reduced k=-casein in
neutral phosphate buffer possessed the same sedimentation=velocity
characteristics (SZO = 13 S) as the non=-reduced, This result was
expected since a typical sedimentation pattern was restored upon
returning the protein to pH 7.0 from pH 12 (Waugh and von Hippel,
1956), Thus, the disulfide bonds may have some influence on the

interactions of k-casein but certainly, the effect is not great,

Some other possible structures of k=casein., Recently ﬁ;E;ZEEZHH\

land Beeby (1963) and Beeby (1963) proposed that k-casein was a com=-
plex and that the initial action of rennin was to break this complex.
Seemingly, this proposal was based on the following observations,

a) Fifteen per cent of their k-casein preparation was soluble at

pH 4.7 and the precipitate became more insoluble at pH 7 with each

precipitation, b) When a 6M urea solution of the protein was dialyzed
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against pH 4.7 acetate buffer, a precipitate formed leaving 207 of the
protein in the supernatant, The precipitate was partially insoluble at
pPH 7. <c¢) The insoluble material at pH 7 appeared similar to para-k=-
casein and the soluble portion from a) and b) similar to GMP, d) And
finally, very low rennin coancentrations, the nitrogen and NANA
initially appeared more rapidly in the pH 4.7 soluble portion than in
the 127 TCA soluble material.

Despite these evidences of a k=casein complex, cne must consider
that neither the k=-casein preparation nor the various fractions were
well characterized. Furthermore, it is possible that A=-casein fraction
was present in their preparations., Fraction S, prepared in this
laboratory by a similar method, contained large quantities of the
A-casein fraction, A McKenzie-Wake preparation of k=casein also
contained A-casein, The percentage of nitrogen reported for one of -
their preparations (Beeby, 1963) was 14,67, whereas, the purified k-
casein studied here conFained 15,3%. Moreover, purified Preparation
No. 3A did not precipitate when solutions in 5.0 M GU at pH 4,8,

7.0 M urea, SDS, or acetic acid were dialyzed against water, The
physical characteristics and reaction with rennin were normal for
k=casein which had been treated in GU, urea, or acetic acid.
Furthermore, a molecular weight of something less than 50,000 was not
observed for k=casein in 7.0 M urea as would be expected if a complex
existed aﬁd was broken as was suggested,

Several alternative interpretations of the data of Nitschmann
and Beeby are considered.

1. The material which was soluble at pH 4.7 as

described above in a) and b) may be enriched with the
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A=casein fraction. Possibly the A-casein fraction con=-
tained the NANA not found in the GMP (see previous dis=-
cussion), Also, some of the constituents of this frac=
tion must have a relatively low molecular weight as
evidenced by an M, = 20,000 and M, = 90,000 in 5.0 M GU,
These characteristics could cause the A=-casein fraction,
or some component thereof, to appear similar to GMP,
The fraction of the precipitate obtained in a) and b)
above which was insoluble at pH 7 (similar to para=k=
casein) may have been an irreversible aggregate of k=
casein and A=-casein fraction similar to Qg=-casein,
Interactions of the A=casein fraction with k=casein
would also explain the more rapid increase in the amount
of nitrogen and NANA soluble at pH 4.7 when compared to
that in 127, TCA following the action of rennin. Observa=
tions in this laboratory indicated that some k=casein
may be soluble at pH 4.7, e.g., k=casein preparations
containing 35=507, = or possibly less = of the A=casein
fraction does not cloud when treated with rennin in di-
lute salt solutions (< 0.1 M).. The amount of NPN
liberated definitely indicated that GMP was being re=
leased (Note: Nitschmann and Beeby stated that k-casein
was not in the pH 4.7 supernatant since the solution did
not cloud with rennin), Further, the supernatant ob-
tained at pH 4.4 during the urea=TCA preparative method
contained in addition to large proportions of B=casein a

fraction similar to crude k=casein as evidenced by free=
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boundary electrophoresis.

Thus, it can be argued that the NANA=-containing
material which is soluble in 127 TCA prior to the action
of rennin may be one or more of the l-caseiﬂ constituents,
This fraction may not be entirely soluble in 127 TCA
under all conditions which would explain the conclusion
arrived at by Wake (1959), namely that all of the GMP
was not soluble, The initial stage of the action of
rennin on k=casein would cleave the GMP from the protein,
thus, increasing the ratio of A-casein to unaltered k=
casein, At pH 4,7, then, more of the k=casein in addi-
tion to A-casein would remain soluble. In fact, Beeby
(1963) found that the NANA/N ratio increased with time
and suggested that '"the intact sialic acid=containing
component carries with it part of the insoluble compon=-
ents of the k-casein complex'". However, only the initial
proportion of the A-casein fraction and the released
GMP would be soluble in 127 TCA., After the complete
reaction has occurred, the only NANA=containing pro=-
teins would be GMP and the A-casein fraction. If any of
the latter was not previously soluble in TCA, inter=
action with GMP could lead to complete solubility, thus,
all of the NANA would be determined as soluble NANA,

2, The faster increase of pH 4.7 = soluble nitrogen
and -« NANA compared to that which was soluble in 127 TCA
can be explained in another manner, The complete rennin

action may be a result of two cleavages, Thus, the initial
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cleavage would yield a large peptide of 12,000~16,000

molecular weight which is soluble at pH 4.7 but not in

127, TCA. An extended reaction would cleave this peptide

approximately in half giving the GMP and another peptide.

This would account for one proton, as suggested by

Garnier et al. (1962) and a single GMP per 56,000 molecular

weight unit, An assay of the total soluble peptides re-

leased indicated that umits of 6,000-8,000 molecular

weight were released per 28,000 molecular weight,

Nevertheless, if the complex exists as proposed by ﬁIEEZE;ZEE\ggg
Esgky (1963), then another interpretation of the physical data pre=-
sented here is tenable, namely; that the complex should consist of
two proteins of approximately the same molecular weight (28,000)
since equilibrium studies of the reduced material indicated
homogeneity, Secondly, the disulfide bonds probably would not be
inter-molecular, but rather intra=-molecularily located and possibly
in only one of the proteins, And finally, the disulfide bonds must
facilitate the complex formation since cleavage of these bonds re-

sulted in reduction of the molecular weight to 28,000 units.
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Figure 20, Sedimentation-equilibrium patterns for ke=casein and
reduced k-casein in 677% acetic acid = 0,15 M NaCl and 5.0 M
guanidine.HCl, All experiments were performed at 25,0° C and a
schlieren diaphragm angle of 70°, The protein condentrations
were: top left, 7.34 mg/ml; top right, 7.2 mg/ml; bottom left,
6.3 mg/ml; and bottom right, 6 mg/ml,
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KAPPA-CASEIN

Figure 20



SUMMARY OF PART II

The amino acid composition of the preparation of k=casein described
in this thesis compared favorably with that reported by Jollés et al,
(1962) for k=casein prepared by the method of McKenzie and Wake (1961).
The equilibrium molecular weight was approximately 125,000 in both 5,0
M guanidine ¢ HCl and 677 acetic acid -~ 0,15 M NaCl. A smaller umit
of approximately 56,000 molecular weight was detected in 337 acetic
acid — 0,15 M NaCl, 7.0 M urea, and at low protein concentrations in
5.0 M guanidine * HCl. Reduction of the disulfide bonds of k=casein
caused a decrease in the molecular weight to 28,000 in both 5,0 M
guanidine ¢ HC1l and 67% acetic acid — 0,15 M NaCl., Approximately
3 — SH groups per 28,000 g of protein were indicated by a) total
sulfur and methionine analyses, b) titration of the reduced k=casein,
with p-mercuribenzoate, and c) the cysteic acid content as reported
by Jollds et al. (1962).

These data are consistent with the interpretation that the basic
unit of kecasein is composed of two polypeptide chains having a

molecular weight of 28,000 and joined by at least one disulfide bond.
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APPENDIX I

Composition of the Buffers

The folowing quantities were made to one liter with redistilled
water:
1. Hydrochloric acid = sodium chloride; pH 2.3; r72 = 0.1 .
5.85 g NaCl
Adjusted pH with 0.1 N HC1
2, Acetic acid = sodium acetate; r72 = 0.1
2.72 g sodium acetate

Adjusted the solution to the desired pH with dilute
acetic acid, ie, pH 4.6, 4.7, 5.1, 5.3, and 5.5.

3. Sodium phosphate; pH 6.0; r72 = 0.1
2.92 g NaCl
4.68 g NaHyPO, * Hp0
’ 0.763 g NaZHP04
4. Sodium phosphate; pH 6.5; [ /2 = 0.1
2,92 g NaCl
2.75 g NaHpPO, * Hy0
l.42 g NaZHP04
5. Sodtum phosphate; pH 6.7; [/2 = 0.1
2,92 g NaCl
1.73 g NaH,PO, * Hy0
1.78 g NaZHPO4
6. Sodium phosphate; pH 7.0; r72 = 0.1
2.92 g NaCl
1.06 g NaH,PO, * H,0
2.02 g NaZHPO4
129
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7. Potassium phosphate; pH 7.0; r72 = 0.2
3.95 g KC1
3.63 g KHZPO4

6.97 g KZHPO4
8. Sodium phosphate; pH 7.5; r72 = 0.1
2.92 g NaCl
0.43 g NaH2P04 . HZO

2,22 g Na HPO

2774
9. Sodium veronal = hydrochloric acid; pH 8.3; r72 = 0.1
20,6 g sodium veronal
Adjusted pH with 2 N HC1
10. Veronal; pH 8.6; r72 = 0.1
20.6 g sodium veronal
2.797 g veronal
11. Potassium phosphate; pH 12.3;[“/2 = 0.19
3.22 g KOH

8.71 g KZHPO4

Properties of the Dissociating Solvents Used for Molecular

Weight Calculations or Correction of the Sedimentae

tion Coefficients to Water

The densities were determined in 25 ml pycnometers and the
viscosities in a Cannon-Ubbelohde semi-micro dilution viscometer at

25.0 + 0.01° C.
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Appendix Table 1

Densities and relative viscosities of some of the dissociating solvents

o

Solvent q%z p
W

677% acetic acid 2,574 1.0681
- 0.15 M NaCl

33% acetic acid - 1.0445
- 0.15 M NaCl

7.0 M urea - 1.1034

5.0 M GU 1.437 1.1198

Veronal buffer,
PH 8.6 = 10 mg/ml SDS 1.101 1,0065




APPENDIX II

Intrcduction

The methods used to evaluate the ultracentrifugal data are presented
in this section. The theoretical development of the required equations
is presented to provide a firm basis of understanding for their appli-
cations., The following material does not represent an original contri-
bution of this writer but is presented for the purpose of describing the
use of the theoretical equations in this study. For a more thorough and
extensive treatment of the theory, the reader is referred to the following
references: Fujita (1962), Schachman (1959), Tanford (1961), Williams,
Van Holde, Baldwin, and Fujita (1958), Baldwin and Van Holde (1960), Van
Holde and Baldwin (1958), Trautman (1956), Svedberg and Peterson (1940),

and Wales (1961).
Notation

The symbols r and x have been commonly used for the distance from
the center of rotation. Since the ultracentrifuge cell is sector-shaped,
the equations are written in cylindrical coordinates, therefore the
symbol r will be used in this section (In Part II, x was used in several
of the Figures.). The following symbols appear in this Appendix:

a' = The optical path length of the cell.

b' - The optical lever arm,

¢ = Concentration in g/ml~!

C¢m - Concentration of protein at the air-liquid meniscus.

cy = Concentration of protein at the bottom of the solution.

o

c® = Initial concentration

132



133

D - Diffusion coefficient.

f = Frictional coefficient.

L - Phenomenological coefficient,

M_, - Magnification of the camera lens (radial).
Mc - Magnification of the cylindrical lens (height).
Npy = Avagadro's number,

n = Total refractive index.

n, = Refractive index due to solvent.
Z&n - Refractive index due to solute,

RSP - Specific refractive increment,

R = Gas constant (8.314 X 107 ergs deg=1 mole=l),
r - Distance from the center of rotation,

r, - Distance from the center of rotation to the bottom of the
solution,

r, = Distance from the center of rotation to the air-liquid
meniscus,

r,. - Distance from the center of rctation to the maximum crdinate
of the gradient curve.

s = Sedimentation coefficient,

T = Absolute temperature.

t = Time,

v - Partial specific volume of solute,
XM, 1T

Xb - Mo rb

Xm - M, rm
Z&X - Radial distance between measurements on the photographic plate.
Z&Y = Vertical distance between the solvent and solution pattern.

y = Activity coefficient on the concentration scale.
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B = Scheraga-anderkerna constant,

n - Viscosity.

[Q]~ Intrinsic viscesity.

- - Angle of the schlieren diaphragm.
i = Chemical potential per gram,

,O - Density,

¢ - Sector angle of the cell.

(/- Angluar velocity of the rotor (radians sec~l)

Sedimenxtation=Equilibrium

Theoretical

At equilibrium, the total potential of each component is inde-
pendent of positicn in a centrifugal field;

dug
dr

_total
= 0. (1)

The force acting on any mass in the positive r direction is(ljz r.

Choosing the point at r = 0 as an arbitrary reference for potential
energy (PE) and since PE decreases as the particle moves in the
positive r direction,

W22

r
PE = - JL/Z rdr=-m = (2)

where m is the particle mass. Since the total potential is the sum

of the chemical potential and the centrifugal potential,

total _ w2r2

My = > ’ (3)

My

where the potentials are expressed in terms of per gram of component.

For a system at equilibrium =~ therefore at constant temperature, ==
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the chemical potential of component i is a function of the pressure and

the concentrations of the g components, i.e.,

b= £ (B, o) (k=1, ...., Q)

bul) (%)
T P,c

Gt o)

Thus, by the laws of differential calculus;
dui =[QHi | d
dP .

Substitution of equations (3) and (4) into (1) gives:

q

l_]_.
—grl Z - Sk -Wir-o. (5)

c = Ck TP

oﬁ

But, for an imcompressible system

Ve

dP *

Also the pressure varies with the position in the field and may

¥l -3 ©)

be expressed as

dP  =(,)°? ) (N
dr W r;)

Incorporating equations (6) and (7) into equation (5) gives
v(drp Z dck -UJZr=0.
“k T P, Cj
$ o, kQ (8)

But the chemical potential per gram of a non=-electrolyte varies with

the concentration as,

My = p_? + ———. In ¥i Ci (9)
Thus, R T dln v 10
3°k T,P,c; Mj ¥k |T,P,c. (10)

(i # olk) i # ojk)
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and 1 _ RT [d(n y; ¢i)
dci | T,P,cq My dci T,P,cp
(k # 0,1)
- RT __%st. E__
= —.
My T,P,ck Miet
_ RT 1+ Ci ln
My oy bci T P,c,
# o, kg .

(11)

M. v 2.~ + RT dcij +RT i
i Vi —
w p Cci r ,P,Ck ar
k £ o,i)
q J
+RT Z dln ¥y dcg - 0 (i # k)
k= 1| O T,P,c; g
(i # 03Kk)
or My vy () rp +RT dcj +RT Z dln dey
cj dr Kk = Ock 1",cJ dr
-MWrr=0 (i = 1,..., 9. (12)
Rearranging gives
q
dcj Z ln yi dcyp = Mg 1 - v, 2 T.
c- dr ~ dr RT

For a two component system, equation (13) reduces to

- 2
1 d c 4 dln d c =M_(1-vny r
c dr c I,bP dr RT
or
L dc” M _ (14)
c dr A 1+ ¢ ‘
C 1T,
where A= RT
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Experimental Application

The quantitative observation made from the photographic plates is
usually the refractive index gradient versus the distance from the
origin. (schlieren optics). Fortunately, the refractive index (n) is

related to the concentration by the equation;
q
n=n, + E: R?p c; and (15)
i=1
neglecting c? terms which are negligible in most cases. Since n =

n - no and assuming an incompressible system,

aAn

g M
me
o]
o&ljo/
H o

where Rip is the specific refractive increment.

Various procedures have been reported for the calculation of
molecular weights of solutes from equilibrium sedimentation data.
These procedures are classified here in terms of the type of average
molecular weight obtained when the system is polydisperse., In this
section, the equations are developed for ideal, monodisperse systems,

therefore the molecular weight is defined as an apparent molecular

weight (M?PP), The true molecular weight is obtained by some suitable
extrapolation of E?pp to zero concentration, All of these methods

should give the same value for the calculated molecular weight. for
homogeneous solutes.

Weight=average molecular weight for the entire cell contents. The

total solute content of the cell is given by

r

4}[ ° cr dr .
b

m
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Applying the principle of conservation of mass, the total solute

content at any time must equal the amount initially placed in the cell,

i.e.,
b )
¢ crdr=¢)c°f rdr=¢£(r§-r%)
2
Im I'm
Ty . , )
- c -
or j’ cr dr = 5 (rb rm). (17)
Tm

Rearranging equation (l4) and integrating between r; and rj gives

b b
[ | oo
| cr dr = TS dc = &2_ (rg - rf)
I Cm
or wepp = _ %+ b - Cm
f = 1S c® (18)

In these experiments, Cy - ¢, Was obtained from the refractive

index gradient curve and c¢° from the curve obtained with a synthetic

boundary cell. Thus, LN
= dc d d
Cb = Cqy —f r an
T, Y3
"p
c® =f c dr. Using equation (16)
or
Tm
1 b
these become Cp = ¢ = Wf o \n dr (19) and
p r
T
c® = _1 P 3fn 4r. 20
ESF j‘ A (20)
Tm
Since n - tano AY (21) and r = X (22)
dr .abM ° ’

equation (18) becomes
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Xy,

X tan © Z
-A——a o m. & AY equil.

1
RSP
L =T 1 X tan ® X
b m == YT P AY syn. boundary

R

Xp  (23)
If the same schlieren diaphragm angle is used for both photographs,

this equation simplifies to

AX AY equil

M3PP _ 2 A . Moo An (24)

h =1 X
: AE}E Zp AY syn. boundary

whererb=__;.}b_ and rp, = Xp .
° Mo

Weight-average molecular weight at r (Van Holde « Baldwin plot).

Equation (14) is used directly as

= M?PP ¢ | Although ¢ cannot be evaluated
A
directly, it is rea il obtained relative to the concentration at the

lo—l

de
r dr
meniscus, x . Thus, by adding and subtracting Cp from ¢

1 dc _ mapPp [(c - cp + cm] . (25)
T

ar A
Applying equations (16), (21), and (22) as before, the following

expressions are derived;

1 . tan ® AY=Mapp. X tan @ EAY

T T
XM, R°P a'b' M A 'b MM,

+ constant

or A = M8PP , A_ E Y + constant. (26)

X A Mo
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Therefore LY was plotted against A.X. Y and M?PP yas obtained
X

from the slope since

M3PP = A M, Slope. (27)

z=-Average molecular weight for the entire cell contents. This

method utilizes information derived from the intersections of the plot
described in the above paragraph with the meniscus and the cell bottom.

From equation (14), the following expression is developed:

aPP
rb ) ( ) . (28)

Applying equations (16), (19), (21), and (22) the above equation

becomes:
1 tan © 1 . tan €
T} R®Pa’d M AYb r, RSPa'b'™M, AYm = MaPP
X A
AE tan €
RSP a'b' M_ M, A Y equil
Xn
or M3PP = AYb/r - AYﬂl/ Tm
X X
M f AY eauil . (29)
Xm

Example Calculation

The microcomparator readings and the calculations for an equili-
brium pattern are presented in this section. The symbol Rn refers to
the distance from the inner reference line to the designated position

as measured by the microcomparator on the photographic plate. For the
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Model E used, = 5,70 cm at low speeds and M, = 2,103,

Tinner

Appendix Table 2

Data and example calculation from a short-colum equilibrium pattern

Protein: Reduced k=Casein Speed: 14,290 RPM Conc.: 3.2 mg/ml

Temperature: 25.0° C Buffer: 677 acetic acid = 0.15 M NaCl 6z 60°

n Rn Xn Avn ZAYn Avo/xa x1030x ZAmuo3
Rn + 5.70 Mo | M,

0 2.025 0.110%

1 2.030 0.112% 0,112

2 2.040 0.114%  0.226

3 2.050 0.117%  0.343

4 2,060 0.120%  0.463

5 2,070 0.123%  0.586

6 2,080 0.126% 0,712

7 2,090 0.128%  0.840

8 2,100 14.087 0.1312  0.9712 9.31 4.62
9 2,110 14,097 0.1322 1.1034 9,38 5.25
10 2.120 14,107 0.1356  1,2390 9.61 5.89
11 2.130 14,117 0.1426  1.3816 10.10 6.57
12 2,140 14,127 0.1434  1,5250 10.15 7.25
13 2,150 14,137 0.1464 1.6714 10. 36 7.95
14 2,160 14,147 0.1484  1.8208 10. 56 8.66
15 2,170 14,157 0.1526 1.9734 10.78 9.38
16 2,180 14,167 0.1534  2.1268 10.83 10.11
17 2.190 14,177 0.1560  2,2828 11.00 10. 85
18 2.200 14,187 0.1584  2,4412 11.17 11.61
19 2,210 14.197 0.1622  2.6034 11.42 12, 38
20 2,220 14,207 0.1650 2.7684 11.61 13.16
21 2.230 14.217 0.1658  2.9342 11.66 13.95
22 2,240 14,227 0.1694  3.1036 11.91 14.76
23 2,240 14,237 0.1746  3,2782 12.26 15,59
2 2.260 14,247 0.1762  3.4544 12,37 16.43
25 2,270 14, 257 0.1794  3.6338 12.58 17.28
26 2,280 14.267 0.1818 3.8156 12,74 18.14
27 2,290 14,277 0.1834  3.9990 12,85 19.02
28 2.300 14,287 0.1868  4.1858 13.07 19.90
29 2,310 14.297 0.1900  4,.3758 13.29 20,81
30 2.320 14,307 0.1940  4,.5698 13.56 21.73
31 2.330 14,317 0.1972  4.7670 13.77 22,67
32 2,340 14,327 0.2030  4.9700 14,17 23.63
33 2,350 14,337 0.2068 5.1768 14,42 24.61
34 2.360 14,347 0.2104  5.3872 14.67 25.62

35 2,370 14,357 0.2132 5.6004 14,85 26.63
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(Continuation of Table 2)

36 2.380 14.367 0.2178 5.8182 15.16 27.67
37 2.390 14.377 0.2210 6.0392 15.37 28,72
38 2.400 14.387 0.2240  6.2632 15.57 29,78
39 2,410 0.228%  6,4912
40 2,420 0.232%  6.7232
41 2,430 0.236% 6.9592
42 2,440 0.239%  7.1982
43 2.4465 0.241%
Ry = 2.448 r, = X, = 6.864 Ay, = o.110
Rp = 2.025 ¥, A = 0.242
,=Xp = 6,663
MO
* Values obtained by extrapolation.
g 42
Cb - Cm = - ZAYI‘I + Rb - (R42 + Q& )AY
1 R, , + AX
" R N
0,01 0.003 \ 2
CL = = e . 2) + e . = 0, .
b= om = S (7.1982) + 2272 (0.241) = 0.03457

Note that the first value for AY used in the summation was obtained
at; Xm + Q}S and similarly, theAY was obtained at the midpoint of the
small interval remaining at the bottom. Essentially, this method represents
trapezoidal integration. C, is obtained by similar measurements of a

synthetic boundary pattern obtained at the same schlieren diaphragm

angle, ie.
X
“m A2y A
X, X ¥ syn., boundary = 0.04904 for this case.
Other quantities necessary for the calculations are a) psolution =
RT (8.314 X 107) (298)
1.0688, b p— = A= — =
> P (1 - vp)w‘ (1 - 0.73 X 1.0688) (2.23936 X 10"
1
50,290, and c) "2 2 = 0.368. The different average molecular
r =-r
b m

weights are obtained of:.follows:
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a) weight=average molecular weight for the total cell contents;

from equation (24)

MSPP = (2) (50,290) (0,368) Q:03457 . 26,100

0. 04904
b) ze-average molecular weight for the total cell contents; from

equation (29)

0,242/6,864 = 0.1101%,663 & 27,260
0.03457

M3PP = 50,290
z
c) weight-average molecular weight from the Van Holde=Baldwin
plot; from equation (26). The slope is obtained from a plot ofl&Yn/X x 103
i 3 app = = =
against 4&&_ ZSYn X 107, then M M_A Slope (2.103) (50,290)(D.242) =

M
25,600.

Calculation of the Diffusion Coefficient

The diffusion coefficient can be obtained by combining measure-
ments of photographs taken after the plateau region disappears from the
sedimentation=equilibrium pattern. The simplest method for such
calculations is that proposed by Sophianopoulos et al. (1962) utilizing

the following equation;

2
c , Qc D
- = - -;IL——-Z Ar A t 30
1n (-%1_.) eq (br) ¢ constant rb - rm. 811 O ( )
' mid point o

where

2
3 Ib = Ip
Ay =1+ 227 and
I w I, + 1

2 2

2 -— -
AII='1+(rb Tpy) _(_gleRTvp) rbzfm
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By removing the optical constants, equation (30) becomes
' 2
1In Yoq = N\Y = constant = -zl;-ll- t. 31
( A eq A t)mid point rg - rl% AIAII Gn

Thus, log (Z&qu - t&Yt) measured at the mid point of the solution
column was plotted against the time (min), letting the first photo=-
graph be zero time since only the time interval is important, The
slope of this plot is given by

-’ D A1 Afg

2.303 (rp = 1) 2

slope =

-1

Changing the diffusion coefficient from cm2 min - to cm2 sec-l, then,

gives

2
D = -‘2’.‘3.0; (rb-rm) (slope) 2 -1 (32)
T Ap Agg 60

Approach=to=Equilibrium

Theoretical

The flow equation for the ultracentrifuge has been derived from
the laws of irreversible thermodynamics and for incompressible systems

is

K total
Ji = - Z Lik %L (i = 1, ceeey q)o (33)
r
k=1 t

Jifferentiating equation (3) with respect to r at constant time gives

aa T (auk )
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For an isothermal system the chemical potential is a function of the

pressure and concentrations of all solutes, therefore

sl L

T,P,cy t

-

Substituting this result along with equations (6) and (7) into equation

(33) gives

Ji=-Z Lik r(l-vkp)
=1

( ) (-%irz) G=1, ...., @ (34)
cy t

This equation is converted to the corresponding practical flow equation,

q
j=
where
q L _
5; = Zik (1 - vkp) | (1=1, «oee, Q)
=1 ¢4
q
D = (i= 1 eeo e q)
j Z ik ) p)
& ij

The Archibald molecular weight can then be obtained by applying the

boundary conditions to the centrifuge, and are represented by

Jy=0 ({=1, ccen, @ (r =1y, 1)

J'lor a two component system, equation (34) becomes

=L (1 -;p) w2 r -L&%)T 0 (-g—:.)t , and since J = 0 at

(35)

(36)
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= In
35 2 1
(1=-vp)W rm-%% 3o = O (37)
T,P m
Substituting in equations (9) and (11) for ‘%E yields
: c

» P
= 2 RT 1n. c
1 - SR 14 -
G=vPIW T =y RKE ‘%r °
T,P

which gives upon rearranging

C
%r_m_ M (l=vP) cp

wzrm—RT 1 +c dln |
< (3.

By adding and subtracting a constant, é°,. from the right-hand side of

(38)

equation (38), one obtains

R,

d

b:m M(l-;p) [(cm-c°)+ci

n (39)

W’ rrf 1+ c [O1n )

dc IT,P
r

where cp = c® = = L [ r2 < dr . (40)

22 . r

4 .
m

Experimental Application

Rewriting equation (39) in terms of the refractive index and

rearranging signs gives

1 BAn

RSP | dr o M(1l - "\-I-p ) [(c° b cm) - c‘]

W mom RT[1+c3§LX ’ (1)

C T,
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The quantity (c® = c;) may be evaluated by several methods, however, the
method using the Trautman z-scale is the most direct. Thus, a quantity
is defined

Z = (10K / X)° 42),
where X; is an arbitrary reference point beyond the cell bottom,
chosen here as 160 mm, This gives

X% dX = (X,3/3000) d Z (43)

upon differentiation, Since

r
‘m = Zsp ) r
rm

use of equation (43) gives

3
X; tan
o _ Ay az

C - Cm = s 2
P
RSP X~ a'b' M, 3000 M, )
m
X 2 n
Fy r AZ tan Z
or S T xm] e L Ay, (44)
. J=
where F, = X,./3000 M, . | (45)

Lpplying these results to equation (39) one obtains

L _tan@
——— Y - 2 \
£SP a'p! Mc A m . _ M@PP (1 - vp) Fy Xy Az tanQ
Xy RSP

012 r, _RT a'b'Mc

+ constant
where M3PP = M/1 + ¢ g(]‘:n
T,P



148

Multiplying through by the optical constants and using a constant §

yields

Im

9 n
wAYm = =pMaprPP (1 "R;’.Q) Fy [_);_ml_‘_ AZ ;AY:] + c'onstant. (46)

M?PP can then be obtained from the slope of a plot of l&%mﬂ‘jz p
2 n
X
i i <
against Fy [xm] AZ E AYJ'
J:

(Note: In Part II of this thesis, these quantities were denoted as

g;‘)m wz X, and c° = c ).

To obtain the greatest accuracy, at least three widely separated rétor
speeds should be used. In the case of a paucidisperse system, a change
in slope occurs when all of the heavy components have sedimented away
from the meniscus, thus allowing the molecular weight of the light

component to be determined.

Sedimentation=Velocity

Calculation of the Coefficient

The observed sedimentation coefficient. The sedimentation coe

efficient is defined as the sedimenting velocity (u) per unit of
centrifugal field. Thus

S = d-’%: . (47). The velocity corresponds to the move=~
ment of particles in the plateau region (where bc/br = 0) and it can
>e shown that the true sedimentation=velocity is given by the rate of
movement of the square=root of the second movement of the refractive

index gradient curve (r;). However, the position of r, is equivalent
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to the position of the maximum ordinate (rH) for symmetrical boundaries.

Therefore,
drH . . . .
S = =& 2 which upon integration gives
dt Wy
In g = sz S t + constant or
Xy _ wZS ' . s
log 160 = %303 t + constant (48) where XH is in mm,
X
For the purpose of making the calculations, log i%b is plotted against

time (min) and the sedimentation ccefficient obtained from the slope of

the plot.

Correction of the cbserved S to standard conditions. The experi=

mentally determined sedimentation was corrected to a value corresponding

to sedimentation in water at 20° C, The equation commonly used is

=I ’I...,t I.IIO,t 1 -v Poogw o (49)
Qw’t 1-v 0 T’

t,o

SZO w

S

W, 20
where the first term is the viscosity of water at the experimental
temperature relative to that at 20° C, the second term is the relative
viscosity of the solvent to that of water, and the last term is the
relative buoyancy term containing the partial specific volume, the
dénsity of water at 20° C, and the density of the solution at the

experimental temperature.

Correction for radial dilution. Since the cell is sector=shaped,

tthe concentration in the plateau region is constantly changing. This
Zactor must be considered when the values obtained at finite concentra-
:ions are extrapolated to infinite dilution to obtain S;O . If the

w

J

clope of the plct described in the first paragraph is obtained by the
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method of least=-squares, the actual concentration corresponding to the
observed coefficient is the average of the concentrations for the first
and last frame used for the calculation. The initial concentration
(c°) placed in the cell and the concentration in the plateau region

(cp) at any other time are related by the equation
P

2
c
..Eo’. = Im (50)
¢ TH
or more simply
2

Xn . (51)

Xy

0 L?
o
]

Therefore, if the initial concentration is known, the concentrations
for the first and last frame may be obtained.

The radial dilution rule also provides a method of checking the
homogeneity of the sample since the area under the curve corrected to

radial dilution by equation (51) should be constant.
Relation of the Sedimentation Coefficient to Particle Shape

The frictional ratio. The frictional coefficient for a rigid,

uncharged sphere is given by Stokes law

f = 6 Trqr, (52)
where r is the radius of the sphere., Assuming no solvation, the

radius of a molecule is given by

1/3
r = -l-:i———Ml- « Therefore the minimum possible
TT Ny

frictional coefficient per mole ?§3solute (fo) would be
1/3

3 My -9 =
fo= § n’[l 47TNAV =R1.39X 10 " (M VZO,W) . (53)
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Equation (35) defined the sedimentation coefficient of a particle as

§, = Lll (1 - ;l‘)) and the diffusion coefficient as

Diq = Lll(bcl) for a two-component system. Since

= y° + R = RT Ln - B
Mp=bp Ty mvien P = Ly o) [1 * °1-(%Zlﬂ’ N,y £13

where El is the fricticnal coefficient per mcle, Thus

L11 = Mic 1 and
NAV f]. 1+ 1 Bln y
SC1
S; = M (A ) . or in the limit,
Npy £1 [1+ ¢ oln yy
dc1
c1— 0, 83 = M1 (1 =voo.w D20,w) . (54)
Therefore,
M (1= vy P20,
Nau S3
v °20,w
£/£, = 1/3 - - (55)

1.39 X 107 (fvyq o)

This ratio has been related to the axial ratios of prolate and oblate
ellipsoids by use of Perrin's equation., These ratios are tabulated in

many of the references given previously.

The Scheraga-Mandelkern constant, According to Scheraga and

Mandelkern (1953), the intrinsic viscosity is related to the effective

hydrodynamic volume, Vg, of the particle, thus

a1/g) = v Te 56
(] @e - 2 2y (56)
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where )) 1is a shape factor. Note that [Q1 is in dl/g ( [Q] in ml/g
= 100 [fl] in d1/g). Since hydrodynamic properties depend con both the
particle size and shape, these authors pcinted out that two hydrodynamic
parameters must be obtained to define the size and shape.
The frictional coefficient for a sphere having a volume equal to
Ve is
fo= 6 T Il'ao . (57

Substituting this equation into equation (54) gives

3 = M (1 - VZOLW pZOJ@ (58)
0 o °
Vo Npy £/5, 67Trlzo,w a

3 v 1/3
But ao = 4—77?- and substituting equation (56) for Ve and
rearranging results in the following expression:

1/3

M (1 <V v Poo ) " 300 M
: = £/f, 6 T
5°20,w Nay ° qzo 4T V Nay

1/3 1/3
£of £f—k _ MNay Sdo,w m] N2 v (59)
°" 116200 2/3 - = B. )
” M (1 -VZO’W sz,w)

W and [m == and a thermo-

or

Thus, two hydrodynamic properties == SEO,
dynamically determined molecular weight were used in these studies to
calculate 8. However, B is not very sensitive to particle shape and
therefore the effective dimensions of the molecules were not calculated.
Since B is not very sensitive to particle shape, an approximate
molecular weight can be calculated from the intrinsic viscosity and
sedimentation coefficient. Assuming an average value for g (2.16 X 106)

and substituting the value for the viscosity of water at 20° C in

equation (59) gives
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3/2 1/2
4690 (830 ) i

M = (60)

a - V20,w p?.O,w)



APPENDIX III

Appendix Table 3

A comparison of the amino acid analysis for kecasein and
the A=casein fraction

Amino k=Casein A=Casein Fraction
Acid g/100 g g/100 g
Asp 7.72 8.18
Thr 6.742 1.652
Ser 5.03% 3.17°
Glu 19.80 24,11
Pro 10.95 7.16
Gly 1.23 2.63
Ala 5.40 2,86
Val 6.30 5.89
Met 1.68 1.99
Ilen 7.10 5.18
Leu 6.11 8.23
Tyr 7.61 5.672
Phe 3.86 4,55
Lys 6.51 9.04
His 2,36 3.83
Arg 3.96 4,17
NH3 1.942 1.90

a Extrapolated to zero hydrolysis time.
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