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I INTRODUCTION

The study of biopolymer interactions — e.g. polymerization and complex
formation of proteins and nucleic acids and to a less extent of polysaccharides -
has received considerable interest during the last few decades (REITHEL, 1963;
NicHot et al., 1964; Sunp and WEBER, 1966; Krotz, 1967). This is due, no
doubt, to the central role of such interactions in a number of widely divergent
biclogical phenomena, such as the complex formation between a proteolytic
enzyme and its subsirate, an antigen and an antibody and the association
between RNA and coat protein in virus particles.

The quantitative evaluation of the thermodynamic parameters involved in
these associations has also reached a very satisfactory level.

Among the methods by which the interactions of biopolymers can be studied
two different approaches may be distinguished. First, those measuring tech-
nigues in which thermodynamic equilibrium is maintained such as osmometry,
light scattering and sedimentation equilibrium. Second, transport methods
such as free electrophoresis, sedimentation velocity and gel chromatography
in which the equilibrium between the reactants is continuously perturbed by
application of an external potential field. Both kinds of methods may comple-
ment each other. Typical examples are the studies of the tetramerization of
f-lactoglobulin (TowNeND et al., 1960A, 1960B; TownNEND and TIMASHEFF,
1960; TiMASHEFF and TOWNEND, [961), the polymerization of chymotrypsin
{(Rao and KEGELES, 1958) and the self-association of «,,-casein (PAYENS and
ScHMIDT, 1966; SCHMIDT, 1970).

With the equilibrium techniques mentioned above apparent molecular
weights are obtained as a function of concentration. For example with light
scattering and sedimentation equilibrium in the ultracentrifuge an apparent
molecular weight is obtained (TANFORD, 1967; Fuita, 1962) which is connected
to the weight average molecular weight,

My = EciMi/ZCia by
1M, = 1/My, + 2Bc + 0O(c?)... (1.1)
The mean second virial coefficient, B, is obtained by averaging the interaction

parameters B,; of the species { and j which are connected to the activity coefli-
cients f; by the following equation (Funta, 1962):

Inf, = MY B,c; + O(c”) (1.2)
7
STEINER {1954, 1970A, 1970B) has developed graphical procedures to obtain

the association constants from the concentration dependence of the apparent
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molecular weight of polymerizing and complex forming proteins. A thorough
discussion of the difficulties involved in the separation of the contributions of
non-ideality {excluded volume effects) and association to the apparent mole-
cular weights of polymerizing systems has been given by SCHMIDT and PAYENS
(1972).

Independent information about the degree of polymerization of self-associa-
ting systems and of the association constants involved can also be obtained
from the anomalies of the boundaries observed in transport experiments such
as electrophoresis and ultracentrifugation (GILBERT, 1958; GiLeerT and JEN-
KINS, 1959). An additional advantage of this approach is that it may directly be
concluded whether the self-association of the system under investigation is
of the open or the discrete type. An open association is defined as one in which
the polymers of a number of consecutive association steps are present simul-
taneously, whereas in discrete polymerization only one degree of polymeriza-
tion is favoured.

GILBERT (1958) and GiLBERT and JENKINS (1959) have given analytical solu-
tions of the conservation-of-mass equation of relatively simple associating
systems (rd==d, and A-+B==AB) during sedimentation or electrophoresis.
In their theory these authors neglected the effect of diffusion and non-ideality
on the spreading of the boundaries and the re-adjustment of the chemical
equilibrium was assumed to be rapid as compared with the difference in migra-
tion of the various components. The first approximation actually means that
the migration pattern is extrapolated to infinite time, since the spreading of a
boundary due to diffusion is proportional to the square root of the time,
whereas the spreading due to differential migration of the components is
proportional to the time itself. The second approximation comes to accepting
the velocities to be independent of concentration and neglecting activity
coefficients in the definition of the equilibrium constants.

Some important conclusions from GILBERT’S theory are the following.

1. In the case of dimerization sedimentation in the ultracentrifuge yields an
asymmetric peak with a trailing edge. The same conclusions hold true for
the trailing boundary in gel filtration since the migration behaviour in both
cases is similar. The ascending electrophoretic boundary and the leading boun-
dary in gel filtration, however, are found to be hypersharp and to move with
weight-average velocities (GILBERT, 1958; ACKERS, 1967).
2. Inthe case of discrete polymerization of the type nA=A, with #>2 sedimen-
tation will result in a bimodal peak. The degree of polymerization and the
association constants can be obtained from the velocities of the maxima and
minimum in the concentration gradient curves and the area distribution over
the peaks. The same results are obtained from the trailing boundary in gel
filtration (WiNzor and SCHERAGA, 1963). The leading boundaries in gel filtra-
tion and electrophoresis again will be hypersharp.
3. In the case of an open association similar pictures are obtained as with
dimerization. These cases can be distinguished from each other by analysis
of the velocities of the peaks.
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4. In the case of a complex forming system A B=AB special attention should

be given to the velocity of the complex as compared to that of the compo-
nents A and B. In sedimentation and gel filtration the velocity of the complex
normally will be larger than that of each constituent (SCHACHMAN, 1959;
ACKERS, 1970), whereas in electrophoresis the complex usually is observed to
move with an intermediate velocity (GILBERT and JENKINS, 1959). As a result
m electrophoresis the leading ascending and the trailing descending peaks move
with the mobilities of the pure components 4 and B respectively (cf. Figure 1.1).
The other peaks have intermediate velocities and therefore can neither be
identified with component 4 nor with component B. Sometimes these so-called
reaction boundaries are found to be bimodal, depending on the association
constants and initial concentrations. An important result of the GILBERT-
JenNKINS theory is that the ascending and descending patterns in electrophoresis
are highly non-enantiographic as a consequence of complex formation. As
stated above this non-enantiography may even resuit in a different number of
peaks on both sides of the electrophoretic U-tube. It should be remembered
that normally in free electrophoresis non-enantiography also appears as a
result of the conductivity changes along the electrophoretic channel. As is well
known this effect arises as a consequence of the constancy of the Kohlrausch
regulating function (LONGWORTH, 1959) and is manifested by the appearance of
the J- and s-boundaries (see Figure 1.1) and conductivity changes along the
electrophoretic channel. In contrast to the non-enantiography due to complex
formation, however, the latter effect will never result in a different number of
moving boundaries on both sides of the electrophoretic channel and can be
suppressed by diluting the protein solution with respect to the electrophoresis
buffer.

Complex forming systems of the type, A4+ B==AB, may also be analysed
using the moving boundary theory developed by LoNGswoRTH (1959) for free
electrophoresis (see also NicHoL and WINZOR, 1962; SCHACHMAN, 1939).
Following LoONGSWORTH, the electrophoretic channel is divided in phases with
constant concentrations and velocities, which are termed a, b, ¢, d etc. on the
ascending side and «, 8, y etc. on the descending side (cf. Figure 1.1) where a
and « refer both to the undisturbed protein solution. For the simple complex
forming system referred to above, LoNGSWORTH derived the following equa-
tions:

e UL-Us
? UA vi-ut
and
-4 ol ] U&
C,=(Cy +Cs — ) —_— (1.4}
-Uz

In these equations C”y refers to the mass concentration of component £ in the
B-phase (cf. Figure 1.1). Further C*, and C%; are the constituent concentra-
tions of A4 and B in the a-phase which are defined as
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Fi16. 1,1 Schematic picture of moving boundary ¢lectrophoresis of the reacting system
A+ B> AB,

a. Concentration distribution after transport; a, b, ¢, d, &, fand y indicate phases of con-
stant concentrations and mobilities.

b. Schlieren pattern of the system after transport; € and & are the stationary boundaries
caused by the constancy of the Kohlrausch regulating function.

¢. Conductivity changes along the electrophoretic channel:

initial conductivity level;

— ———changes brought about by transport.
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Co=C% + C5p
(1.5)
Ch=Ch+ Cis

U*, and U?%, are the constituent velocities of 4 and B in the a-phase and were
defined by LONGSWORTH as

Uy = (U,Cq + UpCapiCy

- ) (16
Up = (UgCy + U 5C4p)Ch

U and U} are measured from the volumes swept through by the «f- and be-
boundaries respectively (LONGSWORTH, 1959). From Equation 1.4 and the
known constituent concentrations of 4 and B the equilibrium constants may be
calculated. In systems of higher stoichiometry Equation 1.4 can no longer be
applied. It is still possible, however, to obtain useful information concerning
the stoichiometry of the complexes by application of Equation 1.3 as will be
demonstrated in Chapter 2,

This thesis will deal specifically with the electrophoretic analysis of the complex
formation between ;- and f-casein, two major proteins from cow’s milk
(JENNESS, 1970).

The caseins occur in milk (JENNEsS, 1970) as nearly spherical colloidal
particles with diameters up to 300 nm: the casein micelle. The micelle also
contains approximately 5% of inorganic constituents of which calcium and
phosphate are the most important (WAUGH, 1971). The protein part of the
casein micelle is composed of three major components: o - and S-casein,
mentioned already above and x-casein. Casein micelles behave more or less
like hydrophobic colloids and already LINDERSTREM LANG (1929) hypothesized
the existence of a protective component, stabilizing the micelles against fioccula-
tion by calcium ions. In 1956 WaucH and Von HippEL rediscovered this stabi-
lizing component and called it x-casein.

The stabilizing properties are completely destroyed after the action of the
enzyme rennin, which results in the splitting-off of a polypeptide from -
casein with a length of approximately one third of the whole polypeptide chain
(MaAcCKINLAY and WAKE, 1971). The remaining part of the x-casein, which is
called para-x-casein no longer stabilizes the casein miceile and as a consequence
flocculation occurs. Asis well known this process forms the basis of the cheese
manufacturing,

From electronmicroscopy it has become clear that casein micelles are
composed of a large number of small particles, called the submicelles (ScuMIDT
and BucHHrmM, 1970). Dialysis experiments suggest that these submicelles
contain mere casein. The casein micelles are therefore considered to be conglom-
crates of submicelles cemented together by inorganic ions, notably Ca**,
The hypothesis according to which it is supposed that the submicelies are the
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fundamental parts of the casein micelies is supported by recent work concerning
the size distribution of the casein micelles (SCHMIDT et al., 1973), by electronmi-
croscopical analysis of the calcium distribution in casein micelles (KNoop et al.,
1973) and by electronmicroscopic studies concerning the biosynthesis of the mi-
celles in the golgi vesicles in the mammary gland (BucHHEIM and WELSCH, 1973).

The precise structure of the casein micclles and in particular the structure
and composition of the submicelles is not yet known. Clearly, interactions
between the casein components will be of primary importance in this respect.
It is obvious that caseins, being proteins with an open, more or less randomly
coiled like structure (HERSKOVITS, 1966) and containing a more than average
proportion of amino acids with non-polar side chains (WAUGH, 1954) have nu-
merous possibilities for interaction through hydrophobic bonding. This has been
amply verified in a number of polymerization studies during the last decade.

The self-association of o~ and f-casein has been studied in particular
{PAaYENS and vAN MARKWDIK, 1963; PAYENS et ai., 1969; SCHMIDT, 1969, 1970;
ScumipT and PAYENS, [972). It was found that o,,-casein associates mainly by
hydrophobic interaction and to a less extend by hydrogen bonding (ScHMIDT,
1969; ScamipT and PavEns, 1972) whereas the association of f-casein is proba-
bly entirely due to hydrophobic bonding (PAYENS et al., 1969). Also x-casein
associates strongly (SwalsGooD et al, 1964), but a full description of this associ-
ation has not yet been given.

From the non-specificity of the bonds formed during self-association of
;- and f-casein, it might be anticipated that the same type of bond will be
formed with the complex formation between these casein components. Complex
formation in total casein has already been observed by Krerci et al. (1941),
KREICI (1942) and WARNER (1944) also applying the technique of free electro-
phoresis. The quantitative description of such complex formation is greatly
complicated, however, by the self-association of the components. This results
in the simultaneous occurrence of more than one association equilibrium which
cannot be analysed with the simple theory of GILBERT and JENKINS, referred to
above. The numerical solution of this problem in the case of the simultaneous
association equilibria in the system a,,- and f-casein will be given in the next
chapter of this thesis.

From the foregoing it will be clear that the study of the interactions between
the different casein components will be of paramount importance for our
understanding of the energetics of the casein micelles in milk and of their
behaviour in a number of technological processes such as pasteurization,
sterilization, concentration and homogenization. Also gelation of dairy products
after UHTST heat treatment and the curdling of milk, will partly be influenced
by the interaction between the caseins.

It should be emphasized that the analysis of reaction boundaries by the
methods developed in this thesis is certainly not limited to the complex forma-
tion of the caseins. It may also be applied with equal success to interactions be-
tween other proteins or macromolecules of which examples have already been
mentioned at the beginning of this chapter.
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IT1 FREEELECTROPHORESIS OF COMPLEX
FORMING a,,- AND §-CASEIN

2.1. INTRODUCTION

The study of interacting biopolymers by such transport methoeds as sedimen-
tation, electrophoresis and gel filtration has received considerable impetus
over the last decades (LoNGSWORTH, 1959; NicHOL et al., 1964; ACKERs, 1970;
Cann and GoaDp, 1970). The relevancy of such studies is indicated by a number
of biochemical phenomena in which complex formation plays a central roie.
As early as 1942, LonGswORTH and MACINNES investigated the complex forma-
tion between a protein (ovomucoid) and nucleic acid (yeast RNA) by free
electrophoresis and formulated the anomalies to be expected in the electro-
phoretic patterns. Further examples are the study of the enzyme/substrate
complex between pepsin and bovine serum albumin by CANN and KLAPPER
{1961) and that of antigen/antibody interaction by SiNGER and CAMPBELL
{1955). The complex formation between bovine plasma albumin and charged
dextran derivatives was studied by THOMPSON and MACKERNAN (1961).

In such studies the advantage of free electrophoresis and gel filtration over
sedimentation lies in the fact that with the former techniques two moving
boundaries arc observed, whereas during ultracentrifugation only one. In
electrophoresis the non-enantiography of rising and descending patterns yields
additional information which is lacking in the sedimentation experiment and
which often facilitates diagnosis.

Rapid progress in our understanding of the electrophoretic behaviour of
interacting proteins is due to GILBERT and JENKINS (1959), who solved the
conservation-of-mass equation for the equilibrium system A4-+B==AB. The
GILBERT theory accepts fast re-adjustment of the equilibrium upon changes in
concentration brought about by transport and neglects the influence of diffu-
sion on the spreading of the boundaries. Another limitation of the theory is
that the velocities are assumed to be constant, which is neither true in sedimen-
tation (FunTa, 1962; Payens and SCHMIDT, 1966) nor inelectrophoresis (LONGS-
WORTH, 1959), Despite these restriction, the GILRERT theory explains quite
satisfactorily the anomalies observed during electrophoresis or sedimentation
of complex forming biopolymers. Notably GILBERT and JENKINS (1959) were
able to account for the occurrence of a different number of moving peaks
on both sides of the electrophoretic channel and for their abnormal mobilities
and percentages. The close resemblance of a number of experimenial electro-
phoretic patterns {NicHoL et al., 1964; LoNGswoRTH and MACINNES, 1942;
CANN and KLAPPER, 1961 ; SiNGER and CAMPBELL, 1955; THOMPSON and MAC-
KERNAN, 1961) to those computed by GILBERT and JENKINS suggests that as a
rule rapid re-equilibration occurs during electrophoresis of interacting biopo-
lymers. As regards the diffusion, its influence on the spreading of the moving
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boundary may often be neglected in prolonged experiments, as shown by
BarpwiN (1957) and by GurerT and JeNkINs (1959). However, there always
remains the possibility that small peaks or shoulders are obscured by the blur-
ring effect of diffusion. This suspicion has prompted a number of authors
(Cann and Goab, 1970, 1965A, 1965B; BETHUNE, 1970; Cox, 1965A, 1965B,
1967, 1971A, 1971B) to solve the complete conservation-of-mass equation by
various simulation methods. The simulation technique applied in the present
study is described in the next chapters.

This chapter deals especially with the complex formation between o;,- and
f-casein, two major proteins from milk, the self-association bchaviour of
which is well known (SCHMIDT and PAYENS, 1972; ScuMiDT, 1970; PayENs and
vAN MAREKWIK, 1963). Under the experimental conditions of free electropho-
resis, i.e. 2°C., pH 6.5 and an ionic strength of 0.1, f-casein is completely
depolymerized (PAYENS and VAN MARKWIIK, 1963), whereas «,,-casein under-
goes a number of consecutive association steps, the association constants of
which have been firmly established by Schmipt (1970). The study of o,,-f§
complex formation is of paramount importance to our understanding of the
energetics of casein micelle formation in milk (PAYENs, 1966; WaucgH, 1971).

The results of the present investigation suggest that multiple association
equilibria occur, which can be represented by

id = A, (i

il

2, 3... 6)

(2.1)
AJ + B:AJB, (J' = 1, 2-.. 6) 3

in which 4 and B stand for «,,- and f-casein respectively.

Preliminary reports of this investigation were published earlier (PAYENS,
1968 ; NIsHUIS and PAYENS, 1972).

The pertinency of this study is by no means restricted to the field of casein
chemistry. It could well stand as a model for all those complex formations in
which one of the components is subjected to self-association, The interaction
between virus coat protein and RNA is an outstanding example of such a systemn
(DURHAM et al., 1971; BurLer and KLUG, 1972).

2.2, MATERIALS AND METHODS

Alpha,,-casein was isolated from bulk milk by the method of ScHMIDT and
Pavens (1963), whereas fi-casein was prepared in the manner described by
Pavens and vaN MARKWIK (1963),

For electrophoresis the protein solutions were dialysed exhaustively against
the appropriate buffer. The buffer of the last dialysis step was also used for the
electrophoretic experiment. In those experiments were the salt anomaly had to
be suppressed, the solution was enriched with protein and diluted after comple-
tion of dialysis (WIEDEMANN, [947).
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Sedimentation runs were performed in the Phywe airdriven ultracentrifuge
under conditions comparable to those applied during electrophoresis.

Sedimentation coefficients, electrophoretic mobilities and peak areas were
determined from enlarged tracings by routine measurements (LONGSWORTH,
1959; EL1AS, 1964).

The computations simulating the electrophoretic transport were performed
with the university CDC-3200 digital computer. The source program was writ-
ten in ALGOL-60. Details concerning the simulation procedure are given in
Chapter 3 and 4.

2.3. RESULTS

Typical electrophoretic patterns of mixed solutions of &,,- and p-casein in
two types of buffer are shown in Figure 2.1, Peak mobilities and percentages
from these and other experiments have been collected in Table 2,1, The fast
formation of complexes between «,,~- and f-casein is clearly indicated by the
different number of moving peaks on the ascending and descending sides
(GreeRT and JeNkINS, 19539). The mobilities of the trailing ascending and lead-
ing descending peaks, which are intermediate between those of pure «,,- and
B-casein and the abnormal distribution of the protein over the different peaks
also afford convincing evidence of complex formation (LONGSWORTH, 1959;
GiILBERT and JENKINS, 1959). As is shown by comparison of the patterns of
Figure 2.1a and 2.1c or 2.1b and 2.1d and the data in Tabie 2.1, buffer com-
position does not influence the general appearance of the electrophoretic
patterns. Proteinbuffer interactions seem therefore to be of no importance to
the explanation of the anomalies observed (Cann and Goan, 1970). Table 2.1
actually suggests that the mobilities of the complexes formed are intermediate
between those of pure «,- and S-casein (GILBERT and JENKINS, 1959)*.

The fast re-equilibration of the complex formation during the electrophoretic
transport was further checked by comparing experiments at different field
strengths. Figures 2.2a and 2.2b and the data in Table 2.1 demonstrate that
indeed variation of the field does not affect the mobilities and percentages of the
electrophoretic patterns, confirming rapid re-equilibration. The electrophoretic
patterns in Figures 2.1 and 2.2 show well-developed 8- and e-boundaries. As is
well known (LONGSWORTH, 1959). these boundaries are due to the constancy of
the KoHLrAauscH regulating function, as a result of which considerable conduct-
ivity changes may occur along the electrophoretic channel. A related conse-
quence is — as was already pointed out by SVENSSON (1946) — that the fastest peaks
are always enlarged at the cost of the slower ones.

The dilution factor, p, occurring at the d-boundaries in Figures 2.1 and 2.2,
was estimated in two independent ways.

* The relatively high mobilities observed with the 70/30 mixture in phosphate buffer probably
should be explained by leakage during the electrophoretic experiment.
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— descending ——— ascending

T

FIG. 2.1 Free electrophoresis of mixtures of .- and f-casein at a total protein concentra-
tion of 1.20 g/dl. Experimental conditions: pH 6.4, 0.1 jonic strength and 2°C. Pictures taken
after 4800 s.

Mixing ratio:

a. oy /f = 50/50; barbiturate buffer;

b. o5;/f = 70/30; barbiturate buffer;

¢, /8 = 50/50; phosphate buffer;

d. a1/8 = 70/30; phosphate buffer.
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~—— descending — ascending

Ug Up

FiG. 2.2 Free clectrophoresis of a 1:1 mixture of %,- and S-casein at a total protein concentra-
tion of 1.20 g/d!l. Experimental conditions: pH 6.6, barbiturate buffer of 0.1 ionic strength and
2°C.

a. Field strength 3.05 V/s; picture taken after 4800 s;

b. Field strength 1.0¢ V/s; picture taken after 14400 s.

First, according to LONGSWORTH (1942).

¥.0,-0,

- ios—ﬁe (2.2)

i

where 20, is the total diagram area and O, and O, that of the -and &-bound-
aries. The average value of p found in this way from the paiterns in Figure 2.1
was 0.84.

Secondly, we gradually suppressed the - and e-boundaries by diluting the
protein solution with respect to the electrophoresis buffer (WIEDEMANN, 1947).
Extrapolation of the decreasing d-areas in Figures 2.2a, 2.3a and 2.3b to zero
area then also yields p = 0.84 which is demonstrated in Figure 2.4.

Sedimentation patterns of a 1:1 mixture of «,,- and S-casein under the same
experimental conditions as those used with electrophoresis are presented in
Figure 2.5. Rapid re-equilibration is suggested by the fact that between the
peaks the schlieren pattern does not come back to the base line (GILBERT and
JENKINS, 1959).

12 Meded. Landbouwhogeschool Wageningen 74-2 (1974)



——— descending — ascending

b N

Fi1G. 2.3 Free electrophoresis of a 1:1 mixture of &, - and f-casein at a total protein concentra-
tion of 1.20 g/dl. Experimental conditions: pH 6.6, barbiturate buffer of 0.1 ionic strength
(electrophoresis buffer) and 2°C. Pictures taken after 4800 s. Ratio ionic strength of electro-
phoresis to dialysis buffer:

a. 1.10; b. 1.15.

O

i 1

0.80 0.%0 1.00

4
Fi1G. 2.4 Relationship between dilution factor (g} and area of the é-boundary (arbitrary units).
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FiG, 2.5 Sedimentation patterns of a 1:1 mixture of &,;- and f-casein at a total protein con-
centration of 1.20 g/dl. Experimental conditions: barbiturate buffer pH 6.6 and 0.1 ionic
strength, 3°C; 50,000 rpm. Pictures taken after: a. 107 min; b. {22 min; ¢. 152 min; d.
183 min.

The sedimentation coefficient s, ,, of the leading peak was found to be 4.5 S,
whereas that of the trailing boundary is 1.5 S.

2.4. DISCUSSION

The non-enantiographic patterns presented in Figures 2.1-2.3 and the
mobilities and percentages recorded in Table 2.1 afford good evidence, that
oy~ and f-casein interact to form complexes of intermediate mobility. The
overlap of the patterns at different field strengths (cf. Figure 2.2) is consistent
with the idea of rapid re-equilibration during electrophoretic transport {N1CHOL
et al., 1964; GILBERT and JENKINS, 1959). It is worthy of note, that already
Krexcr et al. (1941 and 1942) suspected that the anomalous electrophoretic
behaviour of total casein is due to the interaction of its components.

It is instructive to analyse the velocities and areas of the various peaks by the
moving boundary theory developed by LoNGSWORTH for electrophoresis (1959)
and applied by others to similar situations in sedimentation and gel filtration
(ScHACHMAN, 195%; NicHoL and WINZOR, 1964).

In the notation introduced by LONGSWORTH (1939) the a,,-casein concentra-
tion C, (w/v) under the leading ascending peak is given by

— Cb UfrUf;

o AT
A AU;-—U%

(2.3)
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In this equation C% represents the constituent concentration of «,,-casein in
the b-solution, defined as

Ca=0Cu + 20 —

_j' k jMA"'kMB

1%}
A (2.4)

where M, and My are the molecular weights of «,,- and f-casein, which have
been established as 23,000 (ScamipT, 1970) and 24,000 (NoELKEN and REIB-
STEIN, 1968) respectively. Further, U is the velocity of pure o, -casein in the
c-solution and UY% is the constituent velocity of that component in the b-
solution and defined as

- {ZCLUTL +¥¥ A Ch, UAjBk} / e (2.5)

j’ k JMA+kMB

a corresponding definition holds for the constituent velocity U%, and it can be
shown (LONGSWORTH, 1959) that

Uy = v™ (2.6)

where V¥ js the volume swept through by the be-boundary per unit time.
Similarly, for the concentration of pure f-casein under the trailing descending

peak we have:

~Us

CB_CB— gy

@7

with

Uy = v+ 2.8)
The velocities occurring in Equations 2.3 and 2.7 are approximated as follows:
U is caiculated from the maximum gradient velocity of the leading descending
peak by:

Uy =Ulip*
U% is averaged over the maximum gradient velocities of the ascending bimodal
peak and U%is found from:

Uy =Upp*

The pure component velocities U5 and Uf are the average values from Table
2.1
We are now able to compare the experimental areas of the leading ascending

* It can readily be calculated that changes in the constituent mobilities due to shifts of the
association equilibria in the d-boundary are negligible,
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TaBLE 2.2. Comparing observed and computed pure component peak arcas in the electro-
phoresis of interacting o, ;- and f-casein.

mixing % leading % trailing
ratio velocities (107 cmy/s}) ascending descending
o, = = — — ST —
B Uty Uty b U% Uty U obs. calc. obs. calc.
50/50 185 221 144 121 248 7.5 32 37 28 29
70/30 203 243 161 134 259 89 53 58 4 I8

and trailing descending peaks with the computed C and C{ from Equations
2.3 and 2.7. The results are given in Table 2.2, from which it is seen that the
calculated areas compare fairly well with the observed ones. It should also be
noticed from this table that the leading ascending peaks cover as much as
709 of the A-component, whereas on the descending side the trailing peaks
contain about 509 of the B-component. It is evident from Equations 2.3 and
2.7 that these abnormally high percentages are due to a relatively high consti-
tuent velocity U , which in turn suggests that complexes of a high stoichiometric
ratio A/B dominate among the complexes (cf. Equation 2.5). The presence
of higher complexes was already indicated by preliminary GILBERT-type
computations in an earlier attempt to reproduce the bimodal reaction boundary
(PAYENS, 1968).

CHUN (1965) has analysed the ultracentrifugal pattern of mixture of o~
and f-casein, assuming the formation of a 1:1 complex of depolymerized
o~ and f-casein with the aid of the theory developed by GILBERT (1959).
Several objections can be made to his treatment however. First, the sedimen-
tation method is much less sensitive in discriminating interaction than free
electrophoresis, since only a descending boundary is available. More serious,
however, is the fact that under the experimental conditions &, -casein is highly
polymerized (ScumipT, 1970) and consequently the interaction between the
o, -casein polymers and the ff-casein monomer should also be considered.

The sedimentation pattern presented in Figure 2.5 is also indicative of the
presence of higher complexes. The slower sedimentation coefficient (1.5 8)
corresponds to the monomer of f-casein and the monomer of «,,-casein which
have comparable sedimentation coefficients (SCHMIDT et al., 1967). From these
values it is readily calculated that the 1:1 complex of monomers, if it were
spherical could have a sedimentation coefficient of 2.4 S at the atmost. This is
far below the experimental value of 4.5S found for the rapid peak in Figure
2.5, It should further be realized that in re-equilibrating systems the sedimenta-
tion of this faster peak is always slower than that of the complex itself (GILBERT
and JENKINS, 1959), which indicates that the complexes present must consist of
at least four subunits.

We are now able to roughly qualify the association equilibria which occur
under the experimental conditions of electrophoresis.

As is shown by PAYENS and vAN MARKWIIK (1963) f-casein, on account of
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the low temperature, will be completely depolymerized. On the other hand, it
can be obtained from SceMIDT'S work (1970) that «,,-casein, under the experi-
mental conditions will be polymerized consecutively at least up to the hexamer.
Among the complexes formed between «,,- and f-casein those of stoichiometry
A;B{(j>1) will predominate.

This conclusion was confirmed by computer simulation of the be- and «8-
reaction boundaries. A preliminary account of the simulation method was given
earlier (NHUus and PAYENS, 1972) and a more detailed account is presented
in the subsequent chapters.

The parameters introduced in the computations were obtained as follows:
1. the polymerization constants and electrophoretic mobilities of «,,-casein

were taken from ScHMIDT’s (1970) and this work; notably ScHMiDT (1970)
observed that o, ,-monomers and -poiymers have equal mobilities;

2. the 4,;B-complex mobilities were calculated by linear interpolation between
the pure component mobilities; it is a fortunate coincidence that the comput-

ations are rather insensitive to the actual values accepted for the complex

mobilities;

3. the equilibrium constants for the complex formation were defined as

Kj = CA,-B/CA,CB

and, since the caseins interact through hydrophobic bonding (ScumipT, 1970;
Pavens and vAN MARKWIK, 1963; Von HippEL and WAUGH, 1953), initial
Kj-values are chosen so as to compare with the polymerization constants
given by ScHMIDT (1970) for pure o, -casein polymerization.

In accordance with the previous experience of PAYENs (1968), the computa-
tions demonstrate clearly that bimodality of the hc-boundary could be produ-
ced only if complexes A;B with j>1 were taken into account. Moreover, it was
observed that the agreement between the experimental and computed mobilities
and percentages improved if more weight was given to the higher 4;B-com-
plexes. This led us to introduce six parameters for the interactions between all
kinds of o, -polymers and the f-monomer. It is realized that the introduction
of so many parameters in the computations certainly will not provide a unique
solution. The point of interest is, however, that only the consideration of these
multiple equilibria yield the observed bimodal bc-boundaries and mobilities
and percentages in agreement with the large constituent velocity U, arrived at
before. Some typical simulation results are collected in Table 2.3 and in Figures
2.6and2.7.

It is seen that the computed mobilities and percentages compare satisfactorily
with the experimental values. We do not consider further refinements of these
calculations warrantable for the following reasons.

Firstly, as may be noted from a comparison of Figure 2.6 with Figure 2.7,
variations in the interaction parameters do not significantly influence the results
of the computations once the existence of the higher complexes has been ac-
cepted. Of course this implies that such computations wili never yield unigue
values for the equilibrium constants.
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a descending — ascending—

FiG. 2.6 Simulated bc- and «f-reaction boundaries for complex forming o:- and S-casein
during electrophoresis.

Parameters: K; = 10, K; = 15, K3 =50, K, = 100, K5 = 150, Kg=100 (g/dI).
Average diffusion coefficients varying from 1-5.1077 (cm?/s) (see chapter 3 and 4).

Mixing ratio: a. o, /f = 50/50; b. a5 /f = 70/30.
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