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Time-dependent light-scattering studies have been made on mixtures of agy -casein and Ca?*_ at fixed temperature over a
range of [Ca?*] and [ag; -casein], and also as functions of temperature. Measurements were also made of the extent of pre-
cipitate formation in the casein/Ca?* mixtures, using centrifugation. The results are analysed in terms of 2 monomer~
octames equilibrium between calcinm caseinate particles followed by a Smoluchowski aggregation in which only the octamers
can participate. The equilibrium constan: is dependent upon the charge on the protein/Ca2* particles, and hence can be re-
lated 1o the extent of binding of Ca?* to the agy -casein. The Smoluchowski constant is likewise shown to be charge-depen-
dent. The variation of the reaction rate with temperature can be ascribed solely to the changing charge of the ag,; casein/

Ca?* complex caused by changed binding of CaZ?* at different temperatures.

1. Introduction

We have previously reported on the kinetics of ag-
gregation of bovine «y -casein caused by calcium ions
[1,2]. These studies showed that the time-course of
molecular weight growth during the aggregation appa-
rently involves two stages, the first consisting of a
slow but increasing rate of growth of weight-average
molecular weight (M) and the second being a linear
growth of M, , according to the mechanism of von
Smoluchowski [3]. Not all of the a; -casein is active
in this second stage, and other reports have shown that
indeed not all of the casein is precipitable in the range
of concentrations of calcium ions which we have used
(up to 10 mM Ca2*) [4,5]. The major factor governing
the rate of precipitation of the aj; casein is the charge
carried by the casein-Ca2* complex [2]. The first pro-
cess in the overall reaction leading to precipitation is
the binding of Ca2* to the casein: at pH values around
neutrality , o casein possesses a net negative charge
of some 22 units [6], which is progressively reduced
by the binding of increasing numbers of the positively-
charged Ca2*. When some 7—S8 ions of calcium have

1 present address: Research Laboratory, Arthur Guinness Son &
Co., Patk Royal Brewery, London.

been bound to each a; -casein molecule reducing the
net charge on the monomer to about —6 units, precip-
itation of the protein is initiated, and we have sug-
gested that, at about this point, repulsive forces be-
tween the negatively charged casein monomers are in-
adequate to prevent coagulation. It was demonstrated
that the rate of aggregation duiing the linear portion
of the molecular-weight growth curve was proportion-
al to the negative exponential of a constant times the
square of the monomer charge, which is determined
in its turn by the extent of calcium binding.

The present investigation was intended to make a
full study of the aggregation reaction involving a; -
casein and CaZ*, in a further attempt to establish the
detailed mechanism of the reaction. Much of the pre-
vious work was based on the analysis of turbidimetric
measurements, which are not readily translatable into
molecular weights. Also, we had previously not con-
sidered the first stage of the reaction in any detail,
nor had the extent of precipitation and its influence
on the reaction been explicitly considered. Addition-
ally, it is known that the reactions of caseins are very
temperature-dependent, as evidenced by the high acti-
vation energy of milk protein being precipitated by
heat [7], the fact that renneted micelles aggregate
fast at 20 °C and not at all at 10 °C [8], and the
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change in aggregation of S-casein with temperature
[14.15].We have studied this temperature-dependence
of the kinetics of o -casein aggregation with the view
of explaining the apparent ancmaly that a reaction
which is fast at room temperature yet has a very high
apparent activation energy.

2. Experimental

Preparation of pure bovine og; casein has been de-
scribed previously [9,10]. In all of the experiments
described, o -casein and Ca?* were prepared in a
buffer of 0.02M imidazole/HCl1, pH 7.0 which also
contained 0.05M NaCl. ““Analar™ grade CaCl,-6H,0
(BDH Litd) was used as the source of Ca2*, concentra-
tions of which were standardized by titration with EDTA
(Sigma Chemical Co., Poole), using a calcium ion-sen-
sitive electrode (Radiometer Type F2112 Ca, Copen-
hagen) as the end-point indicator.

The use of a stopped-flow reaction system for de-
termining fast changes in light-scattering during a reac-
tion has already been described {1]. No major differ-
ences between the present and earlier systems exist:
an extra 48 channels of correlator store were incorpo-
rated, thus extending the maximum time-scale to 96
seconds, and also the reaction system was jacketed to
allow circulation of thermostatted water. The latter
modification allowed adjustment of the reaction
temperatures to be made: temperatures within the
reaction cell were measured by a calibrated thermistor
built into the flow system. In earlier experiments [1]
reactions were measured to relatively high extents of
reaction and to very large molecular weights. The pre-
sent study sought to clarify the earlier stages of the
reaction, and so the investigations were made over
relatively shorter time-scales.

Measurements were made of the time-course of '
molecular-weight growth, for six different a; -casein
concentrations (0.25,0.5,0.75,1.0, 1.5 and 2 mg/ml)
and six concentrations of Ca2* (0.0065 M to 0.009 M
in steps of 0.0005 M), giving 36 casein/CaZ* combina-
tions. In practice, combinations of 0.25 mg/ml casein
with [Ca2*] <0.008M, and 0.5 and 0.75 mg/ml casein
with 0.0065M CaZ* gave reactions which were too
slow to measure conveniently . Measurements of ﬁw
as functions of time after the initial mixing of the

&, casein and Ca?* solutions were made for all other
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Fig. 1. Extent of precipitation of ag;-casein as 2 function of
the total concentration of Ca?*. The curves shown are, moving
upwards from the lowest curve, measurements made at con-
centrations of 2, 1.5, 1.0, 0.75, 0.5 and 0.25 mg/m] of ag; -
casein. Solid lines represent the fits to the experimental
observations calculated by the equilibrium described in the
text.

casein/Ca2* combinations, at a temperature of 23°C.
The temperature-dependence of the reactions was
studied using mixtures containing 1 mg/ml of o -
casein and 0.007 M Ca2¥ | in the range 17°—30°C.
These temperature limits were imposed by the reac-
tion itself: at the lower end of the range the reaction
is too slow and at the upper end too fast to measure
with the existing equipment.

In parallel with the studies of kinetics at 23°C, tne
fraction of casein which precipitated from each of the
casein/CaZ* mixtures was measured. The mixtures
were made up, and were incubated in a water bath at
23°C for 1 hour. The solutions wers then centrifuged
at 40 000 g for 2 hours at 23°C (MSE Superspeed 65,
6 X 38 ml swing out rotor). The supernatant solution
was removed and its absorbance was measured, to
determine the concentration of unprecipitated o; -
casein (£ im%n = 10) (ref. [11]). These results were used
in defining the equilibria described in the next section.

3. Resnlts
3.1. Extent of casein precipitation

Fig. 1 shows the results of the experiments which
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determined the amount of unprecipitated casein in
each of the casein/Ca2* combinations. In none of the
mixtures was the ag -casein completely precipitated:
appreciable amounts, in some cases exceeding 50% of
the ay -casein, remained soluble. The extent of preci-
pitation was seen to depend upon the concentrations
of both ¢ casein and of Ca2*_such that an increase
in either constituent increased the amount of precipi-
tate formed. It was clear that an equilibrium was es-
tablished between precipitated and non-precipitated
casein in ail cases, within the time of the experiment.
Incubation of the mixtures for longer times prior to
centrifugation did not increase the extent of precipi-
tation. Thus, there appears to be a Ca2*_dependent
equilibrium between soluble and precipitable caseins,
and the differences between the different mixtures
did not arise from differences in the rates of aggrega-
tion.

Inview of the previous finding [2] that the rate of
aggregation in ag-casein—Ca”" mixtures is dependent
on the charge on the protein—Ca2* complex, we
sought to explain the amount of precipitate formed
in terms of equilibria between differently-charged
casein/Ca2* complexes. The extent of binding of
Ca?* to o casein [12,13] is known, so that it is pos-
sible to investigate the effect of the alteration of pro-
tein charge, caused by changing {Ca +] on the precip-
itation equilibria.

From the conditions of centrifugation, the material
forming the precipitate must have a sedimentation
coefficient of about 120 S, corresponding to a mole-
cular weight of some millions, that is, a degree of
aggregation of some hundreds. This is in equili-
brium with lower molecular weights aggregates, or
indeed possibly with monomer. Kinetic studies (see
later sections) show that the final production of
precipitate is a Smoluchowski reaction, in which all
aggregating material participates. If the kinetic and
the equilibrium properties of the reaction are consider-
ed together, it is necessary to postulate that monomers
do not aggregate directly to form precipitate, but must
initially form a limited subaggregate. Formation of
such a subaggregate can be considered as a micellisa-
tion reaction, i.e,

nM=M, = M1/ M), @)

where M represents a monomeric o -casein—CaZt

unit, and #z is an integer number. M,, then is the aggre-
gating unit which forms the final precipitate. In such
micellisation reactions there is a concentration of mo-
nomer below which virtually no M,, is formed, and
above which the formation of M,, is possible. If suffi-
cient monomer is initially present to allow the forma-
tion of micelles, and then the micelles are removed (by
e.g. precipitation or centrifugation) this will leave a
concentration of monomer which is capable of forming
only very small amounts of new micelles, since it is
only slightly higher than the critical micelle concentra-
tion. This is in accord with the resuits in fig. 1, and
thus we consider the formation of #-mer to be the
first stage in the reaction. Subsequent aggregatlon of
n-mer then produces precipitate.

The concentration of unprecipitated casein, and
the initial casein concentration allow the calculation
of K,, for any value of n, and it remains to determine
the best value of 1z which will fit the experimental de-
terminations. From previous results [2], we expect

2

Q

Fig. 2. Dependence of the equilibrium constant KXg upon pro-
tein charge, for different ag; -casein/Ca?* mixtures. Individuai
values of K'g were calculated from the data in fig. 1. 92 was
calculated from the binding isotherm.
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Fig. 3. Growth of molecular weight with time after mixing of solutions of ag, -casein/Ca®*. Total concentration of Ca?* was 0.009
M for all experiments. Numbers on the curves define the casein concentration in mg/ml. Arrows refer to the different time-scales
at top and bottom of the figure. Results for 0.5 mg/ml protein are plotted on both scales. Temperature was 23 °C.

K,, to have the form:
K, =a,exp (—_anZ) ’ )

where Q is the charge number on the casein—Ca2*
monomerss, and 4,, and b,, are constants. Thus, for
any chosen value of n a plot of In X, against Q2 should
be linear. This was found to be so, for any selected
concentration of a ; -casein and varying [Ca2*]. How-
ever, when plots for different casein concentrations
were compared, they were found to depend upon
casein concentration, to a greater or lesser extent, de-
pending on the selected value of n (i¢. X, did not re-
present a true equilibrium constant at these values of
). At values of 2 close to 8, the plots became concen-
tration-independent, and the following calculation
was used to define the best value of 7 which gave a
concentration-independent value of X,,. For all of the
36 mixtures of casein and Ca2*, Q2 and K,, were cal-
culated, for ail values of n» from 2 to 16. This informa-
tion was used to calculate the regression line of In K,

against 02 for each value of n, and, in particular, the
standard deviation of the points from the best line
was calculated. This deviation was high at » =2, de-
creased to a minimum at » = 8, and then increased for
n > 8. Therefore the best fit of all the experimental
points was found to be for n = 8, giving a charge-de-
pendent and concentration-independent set of con-
stants Kg. It was therefore taken that the formation
of precipitate was governed by the equilibrium:

8M =Mj . ®)

This relation between Kg and Q2 is shown in fig. 2.
The slope of the plot allows Kg to be related to charge
by

In(Kg) =839 —19502/T. @)
The equilibrium constants can then be used to fit the
data of fig. 1, as shown in that figure.

This monomer—octamer equilibrium may then be
taken as tne starting point of the Smoluchowski pre-
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cipitation reaction, and thus infinite aggregation is
possible only for the octamer units. The formation of
“micellar™ aggregates of $- and k-caseins is already
known [14—17], and it seems that the o -casein—
Ca?* complexes show this tendency also, although
@, -casein in the absence of CaZ* shows only a limited
tendency to form aggregates [24].

3.2. Kinetics of the aggregation

The time-course of molecular weight growth can
be characterized by a lag-stage, where the rate of
growth of molecular weight is slow but increasing,
and a second stage where molecular weight growth is
linear with time [1,2]. The length of the lag-stage and
the gradient of the linear stage depend upon the con-
centrations of both casein and CaZ*. Fig. 3 shows the
effect of changing casein concentration at a fixed
concentration of CaZ*_ As the concentration of casein
is decreased, the rate of molecular weight growth de-
creases markedly . Comparison of results obtained
from all casein/Ca2* combinations at 23°C confirmed
and extended the finding from turbidity measurements
[2] that all the reaction profiles may be superimposed
if molecular weight is plotted against reduced time,
t/t., where 7 is the “critical time”, found by extra-
polating the linear portion of the curve back to
monomer molecular weight. It had previously been
shown that this procedure allowed superimposition of
the reaction profiles at a constant casein concentration
and variable [Ca2*]. This applies also to results at
fixed [Ca2*] and changing casein concentration. Ad-
ditionally, it is not necessary to define reduced time
as t/t:¢. may be replaced by the time required for
the molecular weight to attain any specific value. The
composite curve on a time-scale reduced by the time
taken to give M, = 106 is shown in fig. 4. The fact
that the reaction profiles are superimposable in this
way 1is to be taken as an indication that both phases
of the reaction are controlled by similar factors.
Indeed, it can be shown that, at a fixed temperature,
the slope of the linear stage and the critical time are
inversely related to one another.

3.3. The linear-growth stage of the reaction

We have shown earlier [1] that the linear growth
of M, with time is dependent on the amount of pre-
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Fig. 4. Molecular weight as a function of reduced time for the
reaction: reduced time is defined as the actual time divided by
the time to attain My, of 108. Points are shown for 0.009M
Ca?* and casein concentrations of o, 2mg/ml, ®, 1.5mg/ml;

o, 1.0mg/ml; =, 0.75mg/ml; &, 0.50mg/ml; », 0.25 mg/m}
Temperature was 23 °C.

cipitate formed by a given casein/Ca?* combination.
The linear growth of M, occurs via 2 Smoluchowski-
type reaction, giving

M, (agg) =Mg(1+2k,c1), 3

where M, is the molecular weight of the aggregating
units, &, is a rate-constant, and c is the molar concen-
tration of aggregating material. This relationship does
not take account of material which cannot aggregate,
but is nonetheless present in the system. In such a case,
the overall moiecular weight is given by:

M, = wagng(agg) + wmn_agglllw (non-agg) , ©)
where the w factors represent the weight-fractions.
During the linear-growth stage, there is no change in
Waes (i.e. the equilibrium (3) is virtually complete):
similarly Whon-agg and M, (non-agg) do not change
with time during this stage. Thus

AP, [dr = w,,, AM,, (agg)/ds = w, g, 2k cMy .
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Fig. 5. Dependence of the Smoluchowski constant, &g upon
protein charge at 23°C. kg was calculated from the measured
dM,/dr and precipitate concentrations. Charge was calculated
from the binding isotherm.

But Wage = ncfcy where ¢ is the original molar mono-
mer concentration, so that

dfl /dr = 2nMykc?[cq - ')

This expreséion takes into account the non-aggregated
material, and thus differs from that which was used
previously [1]. Experimentally, we know dM, /dz,
cpand c, and from the equilibrium, #» = 8 and M, is

8 times the monomer molecular weight of casein.
Thus k4 can be calculated according to eq. (7) for all
of the experiments. When this was done, it was found
that the calculated values of &, were not constant, but
depended on the concentration of CaZ* _ and hence on
the charge, Q, of the complexes. This variation is shown
in fig. 5. Analysis of the plot yields the relationship -

In(k)=148 - 456 0%|T. 3)

The linear portion of the molecular-weight growth
is therefore defined by two factors, the aggregation
rate constant kg and tiie concentration of aggregable
material, c. Both of these are dependent upon the
charge of the protein—Ca?* complex formed initially
in a fast equilibration step. k, is directly altered by
changing @?, and c is formed by the equilibrium (3),
whose equilibrium constant has been shown also to be
charge-dependent.

3.4. The lag-stage of the reaction

The lag-stage of the reaction involves the formation
of Mg from monomer, and this stage of the reaction
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Fig. 6. Temperature-dependence of the precipitation, shown
as an Arrhenius ploi. The points represent individual measure-
ments of dMy,/dr at different temperatures for 0.007 M Ca2+
and 1mg/ml of ag, -casein. The solid line represents the calcul-
ated value of dMyy/d7 using the model based on charge inter-
actions, as described in the text.

therefore involves two processes, namely the formation
of Mg and its subsequent aggregation, while the concen-
tration of Mg is increasing towards its equilibrium value.
In attempting to analyse this stage, it must be recognised
that the overall equilibrium (3) cannot be described so
simply when the kinetics of the reaction are considered,
since formation of octamer directly from monomer is a
highly improbable event. The kinetic description of
the formation of Mg, should thus ideally involve all
possible intermediate species A, — M, in a series of bi-
molecular reactions. Analysis of the formation of Mg
in this way must therefore involve the many rate-con-
stants required to describe the process. Once any Mg
is formed, its aggregation can be described by a modi-
fied Smoluchowski mechanism, which takes into ac-
count changes in the amount of material in the aggre-
gating state [19,18]. We made calculations based on
various multi-step models for forming Mg which show-
ed that the general form of the lag-stage can be pre-
dicted correctly. However, in view of the numbers of
variables involved (forward and reverse rate-constants
for every intermediate equilibrium step), it is not
possible to define values for individual rate-constants
in this stage of the reaction.

It was possible to demonstrate by such calculations
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that the rate-determining step in the equilibration has
to be the initial dimerization: it was necessary to keep
the rate-constant for this step much lower than for
subsequent steps. Also it was found that all of the
stages of the reaction were required to be chzrge depen-
dent, as is to be expected from the overall equilibrium
constant Kg. This view of the lag-stage as an equilibra-
tion process which produces aggregable material sup-
plants ithe theory expressed earlier [1] that the lag-
stage represents the increasing rate constant for aggre-
gation as particle size increases. The difference between
the two descriptions is that the earlier attempt to ex-
plain the reaction did not take explicit account of the
manner in which precipitable and non-precipitable
material could be formed.

3.5. Temperature-dependence of the reaction

As the temperature cof the reaction is increased, so
the rate of precipitate formation is also increased. Fig.
6 shows the change in limiting d M, /df with temperature
for mixtures containing 1mg/ml of o -casein and
7mM Ca2* . The results are shown as an Arrhenius
plot, demonstrating that it is not possible to describe
the temperature-dependence of the precipitation reac-
tion in terms of a single activation-energy-type process.
Apparent activation energies derived from the gradients
to the curve are as high as 100 kJ mole~1, which are
impossibly high for reaction such as the precipitation,
which occurs readily at room temperature.

This temperature-dependence can be understood in
terms of the processes described in the preceding sec-
tions. d#,/dz is dependent upon the amount of pre-
cipitable material and also upon kg, both which have
been shown to depend on the charge of the ag; -casein/
Ca2* complex. The charge on the casein—Ca2* -
monomer in turn depends on the number of CaZ*+
binding per casein (¥), which partially neutralize the
initial negative charge on the protein. The binding
of Ca®** to a1 -casein has been shown to be temper-
ature-dependent [13]. Thus, since the overall concen-
trations of casein and Ca?* are unchanged during the
experiments, 7 and hence Q will vary with tempera-
ture. From the published information on the temper-
ature-dependence of binding, it is possible to calculate
Q for each temperature, and to then use this to explain
the observed temperature dependence.

At each temperature, the values of @ and 7T were

used to calculate values of Kg and X according to
equations (3) and (8). From Kg, the concentration

of Mg was calculated for each temperature, and this
combined with the calculated value of kg to provide

a value of dAf, /d ¢ using equation (7). This function is
plotted in fig. 6 along with the experimentally-deter-
mined points. The calculation of dif,,/dz in this way
introduces no new factors into the mechanism. Fig. 6
shows that the calculated function is in good agree-
ment with observation. The fit is best at the higher
end of the temperature range, and the calculated and
experimental functions differ at the lowest tempera-
tures used in that the predicted rates are slightly higher
than those observed. The generally good fit of the
calculated function to the experimental observaticns
suggests that the theory that the reaction is controlled
completely by the charge on the protein—Cal“' com-
plex is valid over the whole of the temperature range
studied, and that no other factors need be included

in defining the mechanism of the aggregation.

4. Discussion

From the preceding sections, an overall mechanism
for the a; -casein precipitation in the presence of Ca2+
may be summarized as fol'ows. Binding of Ca* to
the protein is rapid, and leads to the formation of
ag; -casein—Ca2* complexes, which contain numbers
of bound Ca2* which depend upon the concentrations
of casein and Ca2* in the solution, and on the binding
constants, which are temperature-dependent. Binding
of Ca?* reduces the charge on the &g -casein molecules
thereby lowering the repulsive energy barrier between
them, allowing an equilibrium between monomers and
octamers of ag -casein—Ca2* to become established.
The extent of octamerization is dependent on an equi-
librium constant which is dependent on the monomer
charge. Octamers then take part in an infinite self-
association by a Smoluchowski-type process, whose
rate-constant is also charge-dependent. Since the mo-
nomers themselves are charged, the octamers must also
carry a charge on their surface, although some of the
original charge may be buried when octamers are
formed.

This mechanism accounts for the observed beha-
viour of & casein—Ca?* complexes, in terms of both
equilibrium and kinetic properties. It highlights the
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critical function of calcium-ion binding, as the major
regulatory factor in the process of this aggregation. In
such a case, it is to be expected that other divalent
cations should precipitate «; -casein according to
their binding to the casein. Both Mg?* and Sr2* bind
to & casein [20] and precipitate the protein, both
requiring higher concentrations than CaZ*. Sr2* binds
less readily than CaZ* and therefore should precipitate
the protein less readily. Information on Mgz’* binding
is contradictory: according to Dickson and Perkins
[20]. Mg2* binds more strongly than Ca2*, but
Kaminogawa, Koide and Yamauchi [21] measured
the opposite, namely that Mg2* binds considerably
less to a,; -casein than does Ca*_ This discrepancy
can only be resolved by further investigation.

The demonstration that ion-binding and charge
phenomena alone can explain the temperature-depen-
dence of the ay; -casein precipitation may be of impor-
tance in the understanding of other precipitation
reactions involving caseins. These reactions, such as
the heat induced coagulation of milk, appear to have
uniformly high apparent activation energies [7]. It is
not unlikely that these may be caused simply by the
type of effect which is described here by the redistri-
bution of CaZ*-binding as a function of temperature.
Overall charge of casein micelles has been identified
as having a considerable effect upon their stability
towards aggregation [22,23] and, although a casein
forms only a part of the casein micelle, it is the largest
fraction of casein in the complex. §-casein behaves es-
sentially similar to & casein (Dalgleish and Paterson,
unpublished observations), so that the behaviour of
some 80% of the casein involved in the micelle can be
described simply in terms of charge interactions.
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