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Abstract

The white appearance of skim milk is due to strong light scattering by colloidal particles called casein micelles. Bovine casein
micelles comprise expressed proteins from four casein genes together with significant fractions of the total calcium, inorganic
phosphate, magnesium and citrate ions in the milk. Thus, the milk salts are partitioned between the casein micelles, where
they are mostly in the form of nanoclusters of an amorphous calcium phosphate sequestered by caseins through their phos-
phorylated residues, with the remainder in the continuous phase. Previously, a salt partition calculation was made assuming
that the nanoclusters are sequestered only by short, highly phosphorylated casein sequences, sometimes called phosphate
centres. Three of the four caseins have a proportion of their phosphorylated residues in either one or two phosphate centres
and these were proposed to react with the nanoclusters equally and independently. An improved model of the partition of
caseins and salts in milk is described in which all the phosphorylated residues in competent caseins act together to bind to
and sequester the nanoclusters. The new model has been applied to results from a recent study of variation in salt and casein
composition in the milk of individual cows. Compared to the previous model, it provides better agreement with experiment
of the partition of caseins between free and bound states and equally good results for the partition of milk salts. In addition,
new calculations are presented for the charge on individual caseins in their bound and free states.

Keywords Milk - Calcium homeostasis - Phosphoprotein - Salt partition

Introduction

Caseins are present in bovine milk as a polydisperse distri-
bution of more-or-less spherical, highly solvated, particles
containing nanoclusters of calcium phosphate. The particles
are known as casein micelles but it is important to recognise
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that their structure bears no resemblance to that of detergent
micelles. Many models of casein micelle structure have been
proposed (Dalgleish 2011; de Kruif and Holt 2003; Horne
1998; Huppertz et al. 2017; McMahon and Oommen 2012;
Rollema 1992; Schmidt 1982; Waugh 1971). The calcium
phosphate nanocluster model developed by (de Kruif and
Holt 2003; Holt et al. 2003) is derived from independent
experiments on simplified model systems demonstrating
that amorphous calcium phosphate can be dispersed by
competent phosphopeptides to form equilibrium core-shell
nanoclusters (Clegg and Holt 2009; Holt et al. 1996, 1998,
2009; Lenton et al. 2015b, 2016; Little and Holt 2004). The
classical nucleation model for the growth of a crystalline
phase from a solution has been largely replaced in recent
years by the two-stage model in which an initial amor-
phous, metastable, liquid-like precursor forms within the
spinodal boundary and subsequently matures into the ther-
modynamically stable crystal phase (Gebauer and Coelfen
2011; Gower 2008; Pouget et al. 2009; Vekilov 2010). The
free energy of sequestration by a competent phosphoprotein
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can convert metastable precursors of either calcium carbon-
ate or calcium phosphate into a thermodynamically stable
nanocluster complex (Holt et al. 2009; Ibsen et al. 2016).
The equilibrium size of the calcium phosphate core of a
nanocluster can be expressed in terms of the free energy
of forming the core and the free energy of sequestering the
core in a shell of competent phosphorylated proteins or
peptides (Holt 2013; Holt et al. 2009, 2014). The same, or
very similar, nanoclusters explain the source and scale of
the substructure of native bovine casein micelles (de Kruif
2014; Holt et al. 2003; Ingham et al. 2015; Marchin et al.
2007; McMahon and McManus 1998). Thus, according to
the calcium phosphate nanocluster model a typical bovine
casein micelle of 100 nm radius contains about 800 calcium
phosphate nanoclusters, each of 60 kDa mass and radius
2.4 nm with an average spacing between nearest neighbours
of 18 nm. Each nanocluster is surrounded by a sequester-
ing shell of the phosphorylated regions of the caseins. Most
phosphorylated residues are close together in the casein
sequences forming what are known as phosphate centres.
The term sequestered calcium phosphate is preferred to the
older term colloidal calcium phosphate because the nano-
cluster is a thermodynamically stable complex of calcium
phosphate with the sequestering casein phosphopeptides.
Caseins are intrinsically disordered proteins (IDPs) with the
ability to act as molecular chaperones (Bhattacharyya and
Das 1999; Yong and Foegeding 2010) and three of the four
bovine caseins can form amyloid fibrils (Farrell et al. 2003;
Thorn et al. 2005, 2008; Treweek et al. 2011). These impor-
tant discoveries require further development of our ideas of
casein micelle structure and function (Thorn et al. 2015).

Materials and methods
Milk samples

Predictions of the model are compared with experiment
using the same individual milk sample compositions as
were used in the Model 1 calculations (Holt 2004). These
were derived from the work of White and Davies (White
and Davies 1958). Citrate concentrations were corrected
for an average systematic error (White and Davies 1963).
These data do not include the composition of the casein, so
average values derived from the composition of bulk milks
were applied to each sample (Davies and Law 1977, 1980).
Further comparisons were made using compositional data
from milk samples from 18 individual cows, whose casein
composition and salt partition were reported by (Bijl et al.
2014). The concentration of milk salts in the continuous
phase was estimated by analysis of either an ultrafiltrate
(Davies and White 1960; White and Davies 1958) or the
supernatant formed by ultracentrifugation.
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Average relative molecular masses of caseins

In the development of a thermodynamic description of the
casein micelle, it is desirable to use units that reflect the
number of molecules present in the structure rather the
weight of components. This was implemented some time
ago for the milk salts (Holt 1985) which are now commonly
reported in molar units but for the proteins there are some
difficulties that relate to genetic variants and the variable
glycosylation and phosphorylation of individual caseins.
The procedure for calculating the molar concentrations of
individual caseins from their experimental weight concentra-
tions is described in Online Resource Section 1.

Partition and compositional mole fractions

Casein mole fraction is used in two different ways, namely
the partition mole fraction and the composition mole fraction.
The partition mole fraction is the proportion of an individual
casein that is either bound or free of any linkage to the nano-
clusters of calcium phosphate. The composition mole fraction
is the mole fraction of an individual casein in whole casein.
These two senses are combined when the composition mole
fractions are calculated for the free and bound states.

Theory of salt partitioning

In bovine milk, about two thirds of the total calcium, half the
inorganic phosphate (P;), one third of the magnesium and
smaller proportions of citrate and the other small ions are
bound to the casein micelles with the balance in the continu-
ous phase (Davies and White 1960). An abundance of evidence
indicates that there is a thermodynamic equilibrium between
the salts in the micelle and those in the continuous phase
[reviewed by (de Kruif and Holt 2003; Holt 1997)]. Various
attempts have been made to calculate the partition of bovine
milk salts without taking account of the intimate association
of the non-diffusible fraction with the caseins (Holt et al. 1981;
Lyster 1981; Mekmene et al. 2009). A difficulty with these
calculations is the discrepancy between the chemical formula
of calcium phosphate needed to explain the continuous phase
composition and the chemical formula of the non-diffusible
fraction. Thermodynamic equilibrium between the ions in the
continuous phase and those in the casein micelle requires that
the same chemical formula should apply to both.

Equilibrium model of salt partitioning in bovine
milk (Model 1)

It was shown that the partitioning of milk salts can be precisely
calculated from first principles, without any arbitrary assump-
tions or fitted parameters using equilibrium thermodynamics
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(Holt 2004; Lam et al. 2017; Little and Holt 2004). The
assumption is that the micellar calcium phosphate of milk is
essentially identical in composition and solubility to calcium
phosphate nanoclusters prepared in the laboratory using short
casein phosphopeptides (Clegg and Holt 2009; Cross et al.
2016; Holt 2004; Holt et al. 1996, 1998; Little and Holt 2004).
In calcium phosphate nanoclusters, the casein phosphorylated
residues are bound to the calcium phosphate and are part of its
chemical formula. The same chemical formula for the inorganic
constituents could then be applied to the micelle and continuous
phase. This method of calculating the partition of milk salts is
referred to here as Model 1 and the revisions and improvements
described herein comprise Model 2.

In Model 1, phosphate centres are assumed to react equally
and independently with the calcium phosphate nanoclusters.
A casein molecule with several phosphate centres, thereby,
forms a distribution of unbound, partially bound and fully
bound states (Holt 2004; Little and Holt 2004). For example,
a casein molecule with two phosphate centres can be free
of any linkage to the calcium phosphate or can be bound
through one or other of its phosphate centres or through both.
The calculated salt partition from Model 1 provides precise
agreement with experiment. Although no direct comparison
with experimental data on casein partition was made, it was
clear that the predicted concentrations of unbound caseins
were smaller than typical estimates obtained by a urea solubi-
lisation method (Aoki et al. 1986, 1987). Also, a small num-
ber of the milk samples, mainly from cows in late lactation
or with mastitis, were predicted to be thermodynamically
unstable, thus violating the starting assumption.

Improved equilibrium model of salt partition
(Model 2)

In the improved calculation described here (Model 2), all
single and grouped phosphorylated residues on a given
casein molecule react with a calcium phosphate nanocluster
after an initial binding event, so that individual casein mole-
cules are either fully bound through all their phosphorylated
residues or not bound at all to the calcium phosphate nano-
cluster. Thus, individual phosphate centres within a casein
molecule react together, co-operatively, rather than in the
independent way envisaged in Model 1. Because there are
no intermediate bound states, a higher proportion of casein
is free compared with Model 1, and very few milk samples
are found to be thermodynamically unstable.

A further assumption of model 2 is that competent
sequestering caseins must contain at least one strong diva-
lent cation binding site occupied by a divalent cation which
is essential for the initial binding event. Strong cation bind-
ing sites are formed by phosphate centres. In Model 1, all
phosphate centres were assumed to be equal. The equivalent
assumption in Model 2 is that the strong binding sites are

equally reactive. Caseins that contain no strong binding site,
such as bovine k-casein, or caseins having all their strong
binding sites occupied by hydronium ions (H*), cannot bind
to or sequester the calcium phosphate. This property of both
Models 1 and 2 is in agreement with experiments suggesting
that none of the k-casein is bound to the micellar calcium
phosphate (Aoki et al. 1986, 1987).

Ion binding by the caseins in Model 2 is integrated more
fully into the calculation of the ion equilibria among the salts
than in Model 1. It is assumed in the model that the most
important equilibria involving the caseins are the binding of
divalent cations and the hydronium ion. Binding of monova-
lent ions to the acidic and basic residues is likely to be weak.
Also neglected, because of a lack of literature data, are salt
bridges between casein sequences which could be strong
even for IDPs in an amorphous structure such as the casein
micelle (Borgia et al. 2018). For each individual casein, the
proportion bound to the calcium phosphate nanoclusters, its
charge in the bound state, the proportion free of such a link-
age and its charge in the free state are all calculated.

The final improvement of Model 2 over Model 1 is that
the other modifications make it possible to calculate the sta-
bility of milk as a function of pH to identify, among other
things, whether there is a pH above which there is insuffi-
cient casein to ensure thermodynamic stability.

Binding of divalent cations to caseins in Model 2

Ion binding by globular proteins of known structure can be
calculated from the electrical field at the binding site or from
a mean field solution to the Poisson—Boltzmann distribution
(Froloff et al. 1997). In globular proteins, the fold gener-
ates the binding site, usually from several residues, some
of which may be from remote positions in the sequence.
However, for intrinsically disordered proteins like caseins,
having an ensemble of interchangeable conformations, in an
electrolyte solution with a Debye—Hiickel shielding length
of less than 1 nm, only nearest neighbour interactions need
to be considered. Except for the most highly phosphorylated
sequences, we treat the ion binding properties of caseins
as a sum of the binding properties of individual residues
(Mekmene and Gaucheron 2011). In previous work (Little
and Holt 2004), the calcium ion binding isotherm of the
tryptic phosphopeptide of fS-casein, residues 1-25 of the
mature sequence including a cluster of 4 phosphorylated
residues, was measured at room temperature as a function of
pH in the range 5-8. No physico-chemical model of binding
was developed; instead polynomial representations of the
isotherms were used to interpolate the binding at any given
pH and free calcium ion concentration. Here, an explicit
physico-chemical model of the competitive binding of diva-
lent cations and the hydronium ion to casein sequences is
developed. There is insufficient information on the binding
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of magnesium ions to caseins to enable a detailed model to
be built comparable to the one for calcium ions. Instead it
is assumed that the binding constants for magnesium ions
are the same as for calcium ions. The binding of hydronium
ions to Lys, Arg, His and the N-terminus was also included
in the model to allow the net charge to be calculated over
the pH range 2—-8. Arg and Lys are fully charged in this pH
range, the pKy; of His was put equal to 6.1 and the pKy; of
the N-terminus was put equal to 8.0. The model does not
include complexes formed by caseins with monovalent ions
as these are likely to be small. Nor does the model include
any other types of interaction by charged residues such as
bridging between side chains. Such interactions among IDPs
can be very strong with dissociation constants in the pM
range (Borgia et al. 2018), but no comparable strength of
association has been reported for caseins.

The effect of binding at one residue on the affinity of near-
est neighbours was modelled only for the case of three consec-
utive phosphorylated seryl residues (-SerP-SerP-SerP-). The
need for an interactive model was demonstrated some years
ago by the measured calcium binding isotherms of $- or ag;-
caseins, which showed that the first calcium ion was bound
more strongly than any subsequent one (Dalgleish and Parker
1980; Parker and Dalgleish 1981). Likewise, when the pH
titration of the phosphate cluster in a cyanogen bromide frag-
ment of ag,-casein was measured by 3P_nmr spectroscopy, it
exhibited the collective pKy; of 6.65 whereas the single iso-
lated phosphoseryl residue titrated at pKy; = 5.95 (Sleigh et al.
1983b). To model the cluster of 3 SerP residues in a typical
bovine casein phosphate centre, it was assumed that the clus-
ter exhibits higher affinity for the first hydronium or metal ion
but that a second or subsequent ion was bound with the same
affinity as an isolated SerP residue. Likewise, two adjacent
phosphorylated residues and single phosphorylated residues
adjacent to Glu or Asp were treated as isolated binding sites.
These assumptions reduced the number of fitting parameters
to a practical level so that a unique fit could be obtained. Equi-
librium constants were obtained by fitting this model to the
experimental binding isotherms shown in (Fig. 1a).

In general, the phosphorylated residues dominate the sites
of binding to ag;-, ag,- and S-caseins above pH 5 but the
reverse is true at pH 5 or below and for x-casein the car-
boxyl group binding is dominant at all pH values. The most
important ion species, the acid dissociation constants and the
divalent metal ion association constants are given in Table 1.

The equilibrium constants in Table 1 are practical constants
applicable to the conditions in the solution, most notably its

Moles bound M?* per mole B-casein (4P) 1-25
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Fig.1 a Divalent metal ion binding to f-casein (4P) 1-25 at ionic
strength 1=0.08 in the pH range 5-8 fitted to an ion pair model in
which a high affinity binding site in the phosphate cluster can bind
either H* or M?*. Other sites of lower affinity are derived from the
remaining SerP residues, 7 Glu residues and the C-terminus. b Con-
tours of the net charge on whole casein as a function of the free diva-
lent cation concentration and pH

temperature and ionic strength. Following convention, Ky, is an
acid dissociation constant whereas K, is an association con-
stant for a 1:1 complex of the divalent metal ion with a ligand.

In the following, a subscript italicised lower-case s
denotes a strong binding site and italicised lower-case w
denotes a weaker binding site. Let Ng,p ¢ be the total number
of moles of strong binding sites per mole of casein. In the
ion equilibria model, the total concentration is expressed as
a sum of the important species.

Ngeps[Casein] = [SerPf_] + [SerPH_ ] + [SerPM] + [SerPHM:]

= [SerP? (1 + 100KuPH) 4 K (2] + 100K PR, [0124]) M
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Table 1 Practical equilibrium constants describing the binding of hydronium and divalent metal ions to casein at an ionic strength of 0.08

Equilibrium

Constant

(SerP?7); + H* <> (SerP*")H*

(SerP™); (M™), (HY), + H" <> (SerP>); (M*), (HY),
(SerP?7); + M2t < (SerP?7),M?*

(SerP™); (M™), (HY), + M** <> (SerP*"); (M*),,, (H),
SerP?™ + M?* <> (SerP?™) (M**)

SerP>™ + H* <> (SerP?™) (HY)

(SerP?) (HY) + M+ < (SerP?>") (H") (M?*)

RCOO™ + H* <> (RCOO") (HY)

RCOO™ + M?** < (RCOO™) (M**)

pKy = 7.2 (weak acid cluster)

0 <x+y<3; pKy=5.9 (strong acid)

Ky = 3000 M~! (strong first binding site)
0<x+y<3; Ky =380 M~ (weak binding sites)
Ky =380 M~

pKy =59

Ky =10M™!

pKy =4.0

Ky=8M"!

Terms in square brackets are molar concentrations. Simi-
lar balance equations can be written for each of the other
types of binding sites formed by charged residues in casein.

Application of the model to casein requires an enu-
meration of the strong and weak phosphorylated binding
sites. The number of strong sites is zero in k-casein, one
in f-casein, two in ag;-casein and two in the 10- and 11-P
phosphoforms of ag,-casein. Although it is in a potential
kinase recognition sequence, Thr-130 in ag,-casein is not
even partially phosphorylated (Fang et al. 2017). If it were
phosphorylated, then another strong binding site would be
created. In the more highly phosphorylated forms, it is there-
fore assumed that Thr-130 is not phosphorylated so that no
additional strong binding site is created in ag,-casein. For
the purpose of the calculation, the molar proportions of the
phosphoforms of the ag-caseins were taken from Table 1
of (Fang et al. 2017) for Montbéliarde cattle. The effect of
competitive binding of hydronium and divalent metal ions
on the net charge of a casein mixture is shown in Fig. 1b.
Contour lines in the figure correspond to net charge per
mole of whole casein. The individual caseins in the mix-
ture were in the molar proportions x-:f-:ag;-:ag,-casein of
0.156:0.372:0.370:0.103 and correspond to the standard
bulk milk composition used throughout this work (Davies
and Law 1977, 1980). The model correctly predicts the iso-
electric point of whole casein to be at about pH 4.6, depend-
ing weakly on the free divalent cation concentration.

Calculation of the salt partition and binding
of phosphorylated residues to the calcium
phosphate nanoclusters in Model 2

This aspect of Model 2 follows closely the procedure used
in Model 1 by taking the same solubility constant for the
calcium phosphate (Kg) and the same composition figures
for the nanocluster complexes (Holt 2004; Little and Holt
2004) as determined by independent experiments on nano-
clusters formed by a single type of short phosphopeptide.
An initial value is assumed for the fraction of strong binging

sites (o) that have reacted with the calcium phosphate. This
is sufficient to calculate the concentration of the nanoclusters
and the fractions of casein residues involved in sequestering
them. The remaining salts and casein residues then form an
equilibrium distribution of free ions and complexes allow-
ing the ion activity product (IAP) for the calcium phosphate
to be calculated (Holt et al. 1981). The concentration of
the nanoclusters is increased if IAP/Kg > 1 or decreased
if IAP/Kg < 1 and the cycle repeated until equilibrium is
reached (IAP/Kg = 1). A further condition of equilibrium is
that @ < 1. Thus, if [MSerP,] < 0, the calculation is stopped
while the milk remains in a metastable state, liable to precip-
itate calcium phosphate, because all the competent caseins
have reacted to form nanocluster complexes.

The salt partition calculation gives the concentrations of
ions bound to the caseins and the diffusible ion concentra-
tions in the continuous phase. To compare the continuous
phase concentrations with those measured in a centrifugal
supernatant, ultrafiltrate or equilibrium diffusate, allowance
must be made for differences between the ion activity coef-
ficients arising from the excluded volume of co-solutes and
a Donnan correction made arising from the net charge of the
non-diffusible components, as described previously (Holt
1997).

Calculation of the net charge on bound and free
caseins in Model 2

The net charge on a free casein is readily calculated from the
ion equilibrium model without any further assumptions. For
the bound casein, it is necessary to specify which residues
are incorporated in the nanocluster complexes. The calcium
phosphate nanoclusters formed by f-casein (4P) 1-25 have
been intensively studied to give their composition, structure
and size. NMR spectra, measured composition, charge bal-
ance and physical proximity are consistent with the inclusion
of the carboxyl groups from Glu residues adjacent to the
phosphate centre (Cross et al. 2016; de Kruif and Holt 2003)
as part of the surface structure of the nanocluster complex.
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Table 2 Effect of calcium phosphate sequestration on the calculated
number of free carboxyl groups in microvariants of caseins

Casein micro- Mole fraction® Strong  Free Total

variant SerP carboxyl  carboxyl
sites groups groups

kK A/B 1-P 0.5 0 19 19

Glyco-x A/B1-P 0.5 0 21.5 21.5

Average 0 20.25 20.25

A% 5P 1.000 1 19 24

ag B 8P 0.768 1 24 32

ag; B 9P 0.232 1 23 32

Average 1 23.77 32

as, A 10P 0.086 2 19 28

as, A 11P 0.363 2 18 28

as, A 12P 0.319 2 17 28

ag, A 13P 0.186 2 16 28

ag, A 14P 0.045 2 15 28

Average 2 17.24 28

*Phosphoform mole fractions are taken from (Fang et al. 2017)

Calculations of free and bound carboxyl groups were made
for the phosphoforms of all the bovine caseins and the gly-
coforms of the A and B genetic variants of x-casein. Table 2
reveals that approximately one carboxyl group is involved in
sequestration of the nanoclusters for every casein phosphate
moiety, e.g. f-CN with 5 phosphate groups contributes 5
out of its total of 24 carboxyl groups to the sequestration
reaction (Table 2).

Calculation of the stability diagram of milk in Model
2

The stabilisation of milk against precipitation of calcium
phosphate through the sequestration of nanoclusters of amor-
phous calcium phosphate has been presented as a particular
example of a general physiological mechanism for the sta-
bilisation of biofluids (Holt et al. 2014) and the theory and
experimental evidence to support this idea has been broad-
ened to include sequestration by other phosphoproteins
(Clegg and Holt 2009; Holt et al. 2009; Jahnen-Dechent et al.
2011). Osteopontin is of particular significance in this context
because of its very wide distribution among species, tissues
and biofluids (Mazzali et al. 2002). In developing the theory
of calcium phosphate sequestration by phosphoproteins using
Model 1, the idea of a stability diagram was introduced. In
its original form, the stability diagram displays the minimum
concentration of phosphate centres needed to ensure thermo-
dynamic stability in a biofluid at a given pH. In milk, because
its nutritional function requires a high concentration of
sequestered calcium phosphate, the minimum concentrations

@ Springer

of sequestering caseins are normally in the mM range but in
other biofluids such as blood, the concentrations needed are
about three orders of magnitude smaller (Holt et al. 2014).
The condition of stability in Model 2 is that when IAP/Kg =
1 we require [MSerP] > 0 for thermodynamic stability and
the minimum sequestering phosphoprotein concentration is
at [MSerP,],;, = 0. The stability curve is characterised by
a critical pH, pH_, above which the solution requires a finite
concentration of competent sequestering agent for it to be sta-
ble and it exhibits a limiting plateau concentration of seques-
trant, [SerP] .. at high pH.

A simple analytical expression to describe the stability
diagrams is desirable. The stability diagram of milk and
some other biofluids (Holt et al. 2014) is similar in shape
to a binding isotherm and can be fitted nicely by a type of
Hill equation (Hill 1910) using a non-linear least squares
method. The equation can be written as:

pH,; /2~ pH,
[SerP,]in/[SerP ]« = 1 +exp [n In < pH — pH, >]
@
where the dependent variable on the ordinate is [SerP] i,
and the independent variable on the abscissa is pH. The fit-
ted parameter pH,,, is the pH value at which [SerP ], =
[SerP],,.«/2 and n is a fitted shape parameter. In the origi-
nal Hill equation, n described the co-operativity of binding
oxygen molecules to molecules of haemoglobin but it does
not have a simple physical significance here. An analogous
expression to Eq. (2) can be written for the minimum casein
concentration, [Cas] since

[SerP]in/[SerPl o = [Cas]yin/[Cas] - 3)

In Model 1, an expression was derived for the thermody-
namic stability of milk in terms of the concentration of phos-
phate centres (Holt 2004). In model 2, we define a stability
ratio in terms of the actual milk concentration of casein, [Cas],
or strong binding sites, [SerP],

Ry, = [Cas]/[Cas], .« = [SerP ]/[SerP ], .« 4)
such that milk is stable over the complete pH range if
Rstah 2 L

Stability diagrams for a reference bulk milk are shown
in Fig. 2. To the right of the thermodynamic stability curve,
in the region identified as metastable or unstable, lies the
spinodal boundary. This marks the practical limit of metasta-
bility for a single-phase system. Experiments to determine the
position of the spinodal in a milk-like casein-calcium phos-
phate system have not been reported, but the approximate
position of the spinodal in an artificial blood system using an
osteopontin phosphopeptide mixture as the sequestrant has
been described (Holt et al. 2014).
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Fig.2 Stability diagram of the standard reference milk showing the
zones of stability and meta- or instability with respect to calcium
phosphate and the parameters used to fit Eq. (2). The minimum con-
centration of strong divalent cation binding sites required to achieve
thermodynamic stability with respect to the precipitation of calcium
phosphate is the right-hand axis and the left-hand axis gives the cor-
responding minimum concentration of casein. Also shown is the posi-
tion of the natural milk

Results

Comparisons of Model 1 and Model 2
with experiment for a reference bulk skim milk

The milk sample chosen for this illustrative calculation is
a combination of the salt analysis on the bulk milk sample
of (White and Davies 1958) combined with the average
casein composition of the bulk milk samples of (Davies
and Law 1977, 1980). Results of the calculation using

Models 1 and 2 are compared with experimental ultrafil-
trate concentrations of the principal salts in Table 3.

The Model 2 calculation for this milk is that 72% of
the competent caseins are bound to the calcium phosphate
nanoclusters, whereas Model 1 required 83% of the casein
and 91% of the phosphate centres to be bound (Holt 2004).

The results for the casein composition of the free and
bound states are shown in the columns of Table 4 for Mod-
els 1 and 2. For example, the bound fraction according to
Model 2 has 44% f-, 44% ag,- and 12% ag;-casein but con-
tains no x-casein. In Model 2, the free fraction is enriched,
as expected, in x-casein but all the other caseins are rep-
resented until a reaches 1 where only k-casein remains
free. The main difference between Model 1 and Model 2
is the higher concentrations in the latter of free ag;- and
ag,-caseins.

The net charge on the individual caseins when either
sequestering calcium phosphate or free is also shown in
Table 4. While most caseins retain a net negative charge
in the milk, the effect of calcium phosphate sequestra-
tion by ag,-casein is to give the casein a large net positive
charge, mainly because of its high content of Lys residues.
Whereas the net charge of the bound fraction is small and
positive, the free fraction caries a large negative charge.

Figure 2 shows the stability diagram for the refer-
ence bulk milk, calculated according to Model 2. For
the standard reference bulk milk, the fitted values and
standard errors according to Eq. (2) are [Casein],,, =
26.65 g L™ (£0.92, P < 0.0004), [MSerP],... = 1.73 mM
(£0.06, P < 0.0004), pH, = 5.65 (+0.01, P < 0.0001), n
=1.28 (+0.11, P < 0.0013) and pH,,, = 6.19 (+0.03, P
< 0.0004). The maximum concentrations are below the

Table 3 Calculated ultrafiltrate

! UF Measured Calculated Free ion

(UF) concentrations (mM)

of the reference bulk skim Model 2 Model 1 Model 2 Model 1

milk and comparison with

experiment Ca 10.2 11.9 9.6 Ca®* 2.02 2.00
Mg 3.4 3.6 32 Mg** 0.75 0.80
Citrate 9.4 8.6 8.8
P; 12.4 12.2 11.4

Table 4 .Con.lposition of Casein CaP-bound Free

the casein mixture bound to

calcium phosphate and free in Mole fraction V4 Mole fraction z

the example bulk milk at its

natural pH according to Models Model 1 Model 2 Model 1 Model 2

1 and 2 and the charge in each

state according to Model 2 K- 0.00 0.00 —4.06 0.76 0.40 —4.06
/- 0.45 0.44 —-1.76 0.24 0.27 —-9.46
ag- 0.45 0.44 —1.44 0.00 0.27 —15.86
ag,- 0.10 0.12 +18.45 0.00 0.07 —4.31
Total 1.00 1.00 +0.84 1.00 1.00 —8.64

@ Springer



52

European Biophysics Journal (2019) 48:45-59

actual concentrations, so this milk is stable to pH adjust-
ment at ambient temperature through the entire pH range.

Calculated partition of salts in the milk of individual
cows

(White and Davies 1958) also gave the detailed chemical
composition of milk from more than 100 individual cows.
Although they gave the total casein concentration in each
milk sample, the composition of the caseins was unknown.
In the calculations of Model 1, the average casein com-
position of the reference bulk milk sample was used for
each sample even though considerable variation in casein
composition occurs in individual cows (Bijl et al. 2013;
Fang et al. 2017; Heck et al. 2009; Ketto et al. 2017). The
agreement between experiment and calculation is gener-
ally satisfactory (Fig. 3) but least so for calcium, where a
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systematic overestimation of ultrafiltrate concentration was
found (Table 5). Similar results were previously reported for
Model 1(Holt 2004). No attempt has been made to adjust the
parameters of Model 2 to the experimental data for calcium
because it is not clear what causes the overestimation.

The stability of the individual milks was examined and
only two samples were found to be marginally metastable,
one in mid-lactation and the other in late lactation, which
contrasts with the findings from Model 1 where nearly half
the samples of milk from cows in late lactation and mastitic
milks were predicted to be unstable. The explanation for this
difference is that in Model 2 more of the casein phosphate
groups combine with the calcium phosphate than in Model
1 and, therefore, Model 2 predicts more spare capacity for
sequestration than Model 1.

The distribution of a values calculated from Model 2
for the individual milk samples from early, middle and late
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Fig. 3 Comparison of experimental and calculated ultrafiltrate concentrations in milk samples from individual cows, each with the casein com-
position of the reference bulk milk. Symbols in (a) apply to all parts of the figure. a P;, b Citrate, ¢ Ca, d Mg
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Table 5 Comparison of experimental with calculated values and
their standard deviations (SD) for the ultrafiltrate concentrations of
selected milk salts

Data Experimental—Calculated, mM
Ca P, Citrate Mg
Early Mean -4.14 0.88 -0.17 0.53
+SD 1.24 0.51 0.24 0.35
Middle Mean -1.97 0.41 -0.24 0.34
+SD 0.92 0.46 0.46 0.23
Late Mean —2.87 0.80 -0.23 0.46
+SD 1.24 0.52 0.32 0.41
Mastitic Mean —-1.50 0.40 -0.35 0.29
+SD 0.90 0.43 0.32 0.21
All data Mean -231 0.53 -0.25 0.38
+SD 1.30 0.50 0.39 0.28

lactation and for cows with sub-clinical mastitis (White
and Davies 1958) is shown in Fig. 4a. For the most part,
cows in late lactation and with sub-clinical mastitis yield
higher a values than cows in early lactation or, to a slightly
less extent, middle lactation. This is also the pattern seen
in milk pH which might explain the variation in physico-
chemical terms. For comparison, the distribution of a val-
ues calculated by applying Model 1 to the same samples
is shown in Fig. 4b. Model 2 calculates that 98% of the
milk samples are in the thermodynamically stable region
having 0 < a < 1, with the remaining 2% in the range 1 <
a < 1.05. Two thirds of the milk samples were in the range
0.75 < a £ 0.9. Model 1 calculations were that nearly
23% of the milk samples were in the region of meta- or
instability (a > 1).

354 (a)
30
Early Lactation
S, 257 Middle lactation
[7) Late lactation
5 20 | Mastitic cows
=]
o
S 15
10 1
5 4
0 T T T T . :
0.4 0.6 0.8 1.0 1.2 1.4

Extent of reaction, Model 2

Fig.4 Model calculations on the extent of reaction of caseins with
calcium phosphate. a Stacked histogram of the frequency of a values
from Model 2 found in milks from cows in early, middle and late lac-

Salt and casein partition calculations on 18
individual milk samples of known casein
composition

A comparison has been made between the experimental salt
partition in 18 milk samples from individual cows reported
by Bijl et al. (2014) and the calculated partition of milk salts
from Model 2. After converting the casein concentrations to
molar units (Online Resource Section 2), it was confirmed
that the important observation of a negative correlation
between the average size and the glycosylated k-casein con-
centration was preserved. Two of the samples (JLO1 and
EHO1) failed to meet the conditions required for thermo-
dynamic equilibrium. Sample JLO1 had higher than normal
total concentrations of calcium and P; whereas samples
JLO1 and EHO1 had lower than average concentrations of
strong divalent metal ion binding sites. The results from the
remaining 16 samples are summarised in Fig. 5 for calcium,
magnesium, P; and citrate concentrations in the continuous
phase. As was found with the comparisons made by either
Model 1 or Model 2 using the data of White and Davies
(1958) summarised in Fig. 3 and Table 5, the agreement
between calculation and experiment is generally satisfactory
although calculated calcium concentrations in the continu-
ous phase are again overestimated by about 2 mM.

Model 2 allows the partition of individual caseins
between bound and free states to be calculated and the
net charge in each state to be determined. In Table 6, the
results for the 16 samples are summarised. Partition data
in Table 6 are in units of ymole casein per litre of defatted
milk and the average casein charge is the net number of
charged groups per molecule. A negative sign signifies an
excess of negative charges and positive numbers can arise
because of charge neutralisation of negative groups on the

30
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milk samples as in (a) but calculated from Model 1
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Fig.5 Comparison of experimental supernatant and calculated ultra-
filtrate concentrations of calcium, magnesium, P; and citrate in 16
milk samples from individual cows (Bijl et al. 2014)

caseins because of the binding of divalent cations (M*)
and the involvement of negatively charged residues in cal-
cium phosphate sequestration. In Table 7, the calculations
are made for the partition of the individual casein. The
k-casein is entirely in the free state and has a net negative
charge of about — 3.6 at milk pH. In the bound state, - and
ag;-caseins have a small net negative charge but the ag,-
casein has a large and positive net charge which, despite
its low concentration, effectively neutralises the other two
bound caseins.

Also shown in Table 6 are values for the average number
of moles of divalent cations bound to casein but not part
of the complexes with calcium phosphate, expressed per
mole of casein (MCas) and the average number of moles of
divalent cations bound to the strong calcium binding sites
in whole casein (MSerP,). Strong calcium binding sites in
Model 2 are available only in the free -, ag,- and ag,-casein
fractions. As shown in Table 6, the average net charge in the
bound state is positive but close to zero. Even such a small
charge could lead to a large internal electrical potential but
in a porous colloid such as the casein micelle, the Donnan
effect of the potential would draw in ions of opposite charge
to keep the internal domain at or very close to zero net
charge. The free casein carries a larger net negative charge
than the bound caseins, particularly the ag,-casein (Table 7)
resulting in an average of about —7.8. Individual milks are
quite variable, the net negative charge ranging from —6.06
to —9.10 (Table 6). In this group of milk samples, the pH
range is limited (6.62—-6.79) so the main factor influencing
the average net charge of free and bound caseins is the diva-
lent metal ion concentration, as shown in Fig. 6.

Model 2 was used to construct stability diagrams for all
18 milk samples. The salt concentrations and casein mole
fractions were held constant, while the minimum concentra-
tion of sequestrant needed to ensure that the milk was stable
was determined over the pH range 5.6-8.0. The stability
curves of [Cas];, versus pH were quite variable due to the
variability of the salt and total casein concentrations in the
samples. The individual stability curves were closely fitted
by Eq. (2) and the fitted parameters and standard errors are

Table 6 Model 2 calcglations Sample o M+ MSerP, MCas Average Z

of the average properties of

caseins in 16 samples of milk mM mole/mole mole/mole Bound Free

from individual cows (Bijl et al.

2014) EHO8 0.52 3.34 0.25 4.37 0.99 —8.48
JLO6 0.82 3.66 0.07 1.67 0.97 —6.68
JLO7 0.88 3.55 0.09 1.91 0.74 —-6.06
JLO9 0.83 441 0.09 2.37 1.63 -5.70
MV02 0.59 297 0.22 2.93 0.51 —8.85
MVO05 0.62 3.83 0.24 3.86 1.01 -17.73
MVO07 0.66 2.85 0.15 2.67 0.24 -8.74
MVO08 0.67 3.15 0.18 2.84 0.48 —8.68
PMO02 0.64 2.72 0.16 2.45 0.67 -9.01
PM04 0.59 2.87 0.22 2.89 0.54 -9.10
PM10 0.63 3.43 0.19 2.90 0.73 -8.35
EB04 0.61 3.26 0.26 3.71 1.16 -8.34
EB06 0.58 4.12 0.22 4.38 1.17 —-8.04
EB09 0.64 3.90 0.18 3.80 1.35 -7.54
EB10 0.64 3.85 0.19 3.75 1.35 -7.52
EHO02 0.74 5.12 0.11 2.54 1.50 -6.27
Average 0.67 3.56 0.18 3.07 0.94 -7.81
+SD 0.10 0.64 0.06 0.83 0.40 1.10
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Table 7 MOd?I 2 ca.lcu!aFions Sample k-casein p-casein ag;-casein Qag,-casein
of the properties of individual
caseins in 16 milk samples Free Free Bound Free Bound Free Bound
from individual cows (Bijl et al.
2014) . Z u Z u Z . Z uM Z uM Z uM  Z
EHO08 303 -3.7 311 -8.7 340 -05 268 —-14.6 293 -0.8 69 =52 75 14.7
JLO6 194 -36 71 -85 318 -04 67 -142 301 -0.7 15 —-4.8 68 14.8
JLO7 266 =37 65 —-8.6 477 -06 57 —-144 419 -09 13 —-49 96 14.7
JLO9 283 =33 79 =79 385 -04 73 —-133 356 -0.6 24 -34 117 149
MV02 234 -39 232 -92 340 -0.7 181 —-154 265 -—-1.1 41 —-63 60 14.5
MVO05 286 —35 243 -83 404 -04 203 -139 337 -0.7 48 —-44 81 14.9
MVO07 239 —-4.0 197 -92 378 -0.8 165 —-154 318 —-12 30 —-63 58 14.5
MvV08 208 -39 188 -90 38 -0.8 164 —-15.0 335 —-1.1 35 =57 72 14.5
PMO02 206 —4.1 174 -95 315 -09 153 -157 276 -1.3 41 —-6.7 75 14.4
PM04 225 —-40 219 -94 315 -08 186 —156 268 —-1.2 45 —-6.5 65 14.4
PM10 203 -3.7 181 -8.7 310 -0.7 164 -145 281 -1.0 39 -49 66 14.6
EB04 321 =37 246 -89 381 -05 229 -149 355 -09 64 -59 99 14.7
EBO06 263 -34 251 -8.1 341 -03 256 -13.7 349 -0.6 59 —-4.1 80 14.9
EBO09 288 —-34 214 -8.1 389 -03 199 -13.8 361 -0.5 52 —-43 96 14.9
EB10 332 =36 195 -85 389 -03 192 -142 361 -0.5 65 —4.6 96 14.9
EHO02 173 -2.8 111 -7.1 321 0.2 101 -122 292 0.0 21 -22 6l 15.4
Average 251 -3.6 186 —-86 361 —-05 166 —144 322 -08 413 -50 790 147
+SD 48 0.33 71 0.6 45 03 64 09 43 0.3 17.7 1.2 17.1 0.2
7.4 (JLO9, JLO6, EHO2, JLO7, PM02, MVO07 and MV08). A
27 . . reasonable generalisation from these findings is that a milk
0 ° — . . . . . with a casein concentration of at least 30 g L™ is likely to
3.0 35 4.0 45 5.0 55 be stable to alkaline pH adjustment.
-2 ca® + Mg?, mM
4 Discussion

6

-8
® Average charge bound
O  Average charge free

-10 -

Average charge of free or bound caseins

Fig.6 Model 2 calculations on the effect of free calcium and magne-
sium ion concentrations on the net charge on free or bound caseins in
milk samples from16 individual cows (Bijl et al. 2014)

given in Table 8. All the fitted parameters were significant
at the level P < 0.001. From the actual and plateau values of
the concentration of strong binding sites, the stability ratios
were calculated. These showed that half the samples were
stable to alkaline pH adjustment (R, > 1) and half became
unstable, or metastable above a certain pH. Two of the sam-
ples JLO1 and EHO1) were unstable at the natural pH of the
milk; the maximum pH at which sample JLO1 was calculated
to be stable was 6.45 whereas it was 6.5 for sample EHOI.
The other 7 samples were found to be stable up to at least pH

Model 2 incorporates a new and more general way of
describing the interaction of calcium ions with caseins. It
consolidates earlier evidence from measured binding iso-
therms (Dalgleish and Parker 1980; Parker and Dalgleish
1981) and 'H- and *'P-NMR spectroscopy (Baumy et al.
1989; Sleigh et al. 1983a; Thomsen et al. 1995; Wahlgren
et al. 1993) that there are strong hydronium and divalent
cation binding sites in casein involving the phosphate cen-
tres. The subsequent affinity of either hydronium or divalent
cations for the remaining residues in the phosphate centre is
assumed in the model to be the same as that of single phos-
phorylated residues. These simplifications are sufficient to
provide an excellent fit to experimental binding isotherms of
calcium ions to a casein phosphopeptide containing a single
phosphate centre over a wide range of pH. Further stud-
ies are needed on other single phosphopeptides to test our
assumptions more widely.

Phosphate centres are also known to sequester the cal-
cium phosphate nanoclusters. The evidence for this in
bovine milk comes from a wide range of studies including
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Table 8 Fitted parameters of

Eq. (2) with standard errors Sample pH, +SE pH. +SE  [MSerPilny  +SE  n +SE R Rab
(SE) and the correlation EHOl 6192 0011 5670 0005 1.740 0021 1334 0041 09999 0.68
f;‘:f)ﬁ(clfl“;)(ggi‘;i:ﬂz i;ib‘hty EHO2 6300 0017 5746 0005 1.695 0028 1258 0044 09999 0.82
18 individual milk stability EHOS 6252 0.020 5.652 0001 1.931 0.040 1170 0.040 09998 1.07
diagrams (Bijl et al. 2014) JLOI 6.083 0021 5473 0.005 2.600 0041 1171 0.033 09999 0.65
JLO6 6225 0016 5705 0.007 1.602 0029 1304 0.005 09997 0.8l
JLO7 6049 0041 5550 0.021 1.976 0010 1350 0.157 09978 0.87
JLO9 6216 0013 5645 0.005 1.997 0026 1266 0.034 09998 0.8l
MV02 6189 0.013 5680 0007 1.542 0025 1351 0.054 09999 1.08
MVO05 6191 0011 5615 0005 1.984 0024 1292 0.036 09999 1.00
MVO7 6236 0017 5645 0006 1.838 0031 1304 0050 09999 0.94
MVO08 6234 0.044 5652 0011 1.888 0079 1222 0.109 09998 0.95
PMO2 6281 0.030 5692 0006 1.690 0046 1165 0.061 09999 0.93
PMO4 6207 0011 5709 0005 1519 0018 1334 0041 09999 1.10
PMIO 6273 0013 5739 0005 1572 0.020 1309 0.039 09999 1.01
EBO4 5996 0.022 5549 0018 1.755 0.055 1461 0.177 09998 121
EB06  6.182 0015 5651 0007 1.884 0032 1372 0061 09999 1.11
EB09  6.091 0.009 5585 0006 1.920 0022 1458 0.052 09999 105
EBI0 6238 0010 5678 0003 1.835 0019 1293 0.031 09999 1.03

the non-perturbative technique of 3'P-NMR-spectroscopy
applied to casein micelles and individual nanoclusters which
shows that a substantial proportion of the phosphorylated
residues in casein micelles are immobilised by sequestration
(Belton et al. 1985; De Sa Peixoto et al. 2017; Gonzalez-Jor-
dan et al. 2015; Holt et al. 1996). Identification of sequences
that remain bound to the calcium phosphate after exhaustive
proteolytic digestion (Gagnaire et al. 1996; Holt et al. 1986;
Ono et al. 1994) or after disulphide reduction and treatment
with 6-M urea (Aoki et al. 1986, 1990, 1992) confirm that
a strong link can be formed by the most highly phosphoryl-
ated sequences in caseins to the calcium phosphate. In the
urea treatment experiments, size fractionation reveals that
the 6-M urea solution contains oligomeric material com-
prising caseins bound to calcium phosphate (fraction 1) and
fraction 2, comprising a mixture of free caseins without any
sequestered P;. The urea fractionation technique was expertly
deployed by Aoki and co-workers to follow the effects of
variables on the relative sizes of fractions 1 and 2. The frac-
tion 1 was reported to be 57.3% of the combined area of
fractions 1 and 2, as measured by absorption at 280 nm and
contained no k-casein, less f-casein and more of the ag;-
and ag,-caseins than whole casein (Aoki et al. 1986). These
results for the bound fraction are in better agreement with
Model 2 than with Model 1 but are lower than most of our
findings. Working with various artificial micelle-forming
systems it was shown that the relative size of fraction 1
increased with the calcium phosphate content and, at a given
content, increased with the degree of phosphorylation of
different caseins (Aoki et al. 1987, 1986, 1990, 1991, 1992).
The effect of the number of phosphorylated residues on the

@ Springer

strength of binding to calcium phosphate was also investi-
gated using phosphoforms from human caseins (Aoki et al.
1992). No 1-P and 2-P phosphoforms of human casein and
only a small proportion of the 3-P but a high proportion of
4-P and 5-P phosphoforms were found to be associated with
the calcium phosphate after treatment with 6-M urea. Most
humans secrete milk caseins that are mainly S-casein 0-5P
phosphoforms with lower proportions of ag,-casein 0-8P
phosphoforms and k-casein (Froehlich et al. 2011; Liao et al.
2017; Poth et al. 2008). Positional isomers of the 3P form of
human f-casein were not detected so it is likely that a strong
divalent cation binding site is generated by the preferred
sites of phosphorylation at residues S-23, S-24 and S-25
of the mature polypeptide chain. Given the existence of the
strong divalent cation binding site in the 3-P phosphoform,
and the weak binding of the 3-P phosphoform in the pres-
ence of the urea, it may be necessary to modify Model 2 to
allow the affinity of binding to increase with the degree of
phosphorylation.

The effect of cooling to 4 °C on native casein micelle size
and structure has been studied (Creamer et al. 1977; Davies
and Law 1983; Liu et al. 2013; Ono et al. 1990; Zhang
et al. 2018). Although the whole micelle size distribution
appears to be affected, the smallest size class remaining in
the supernatant after ultracentrifugation shows a substantial
increase in f-casein concentration but no corresponding rise
in sequestered calcium or phosphate. The implication is that
some or all of the free f-casein dissociates from the micelles
into single molecules or oligomers. After 20 h of storage at
4 °C the supernatant -casein increased to 31.8% of the total
p-casein (Aoki et al. 1990). Creamer et al. (1977) reported a
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similar value of up to 26% within 24 h. These values are in
better agreement with the calculations of Model 2 than with
Model 1. A much higher figure of 44.7% after 40 h storage
at 4 °C has also been reported (Davies and Law 1983).

In a controlled dissociation experiment where the concen-
tration of colloidal P; was held constant and the free calcium
ion concentration was varied by dialysis, caseins dissoci-
ated from casein micelles to a variable extent (Holt et al.
1986). At the lowest free calcium ion concentration studied
of 0.4 mM, 68% of casein remained in the ultracentrifugal
pellet whereas the same centrifugation procedure pelleted
97% of casein at a free calcium ion concentration of 3 mM
or more. The magnitude of dissociation by the individual
caseins was ag,- < ag; < f- reflecting their sensitivity to cal-
cium ions but x-casein also dissociated, presumably because
it was bound to other dissociated caseins. This experiment
supports the conclusions from the urea treatment and cold
dissociation experiments and the predictions of Model 2
rather than Model 1 that a substantial fraction of caseins
in the casein micelle are not involved in sequestering the
nanoclusters of calcium phosphate.

It is unlikely that cooling to 4 °C would disrupt the link-
age between casein and calcium phosphate so the fraction of
p-casein released into the continuous phase provides a lower
bound to the free f-casein content in these milks. However,
both enzymic digestion and the urea treatment method
destroy casein micelle structure completely. In experiments
that alter the micellar structure, the extent of sequestration
could be increased or decreased by the method of investi-
gation. With this caveat in mind the results from the urea
treatment experiments point to the conclusion that there is an
equilibrium between caseins in the free and bound states and
that an increase in the degree of phosphorylation favours the
sequestration reaction. Nevertheless, experiments to meas-
ure the affinity of the sequestration reaction under closely
controlled conditions using pure single phosphoforms by a
non-perturbing method are highly desirable.

Model 2 incorporates a more sophisticated description
of milk stability than Model lin the form of a stability dia-
gram. It provides a measure of stability, the stability ratio
Rg..»» Which depends on pH, the concentrations of salts and
casein. Metastable milks are not necessarily unstable since
the metastable complexes of caseins and calcium phosphate
may have a high degree of kinetic stability even though they
are not in the lowest free energy state. Model 2 does not, at
present, make any predictions about other types of instabil-
ity resulting from, for example, heat or pressure treatment,
renneting or the addition of non-solvents but the model does
provide a good starting point for such calculations.

The stability of milk has much in common with the sta-
bility of other biofluids even though the concentrations of
phosphoproteins and sequestered calcium phosphate in these
other biofluids may be less than in milk by at least 3 orders

of magnitude (Holt et al. 2014). Indeed, it has been argued
that the remarkable thermodynamic properties of a biofluid
containing sequestered calcium phosphate allow soft and
mineralised tissues to co-exist in the same organism with
relative ease (Holt 2013; Lenton et al. 2015a).

Conclusions

Models 1 and 2 provide broadly similar predictions of the
salt partition in milk but Model 2 provides a better way of
calculating the binding of divalent cations to caseins. Moreo-
ver, the method is capable of being adapted and applied to
other types of phosphoproteins.

Model 2, when applied to 16 individual milks (Bijl et al.
2014) predicted that on average 67 + 10% of caseins with
a strong divalent cation binding site are in the bound state
whereas Model 1 predicts that 80-90% of caseins with phos-
phate centres are bound . Thus, Model 2 provides better
agreement with experiment than Model 1. It is assumed in
Model 2 that all caseins are equally distributed between the
free and bound states, apart from x-casein which is assumed
to be entirely free. This assumption can be readily replaced
by separate figures for individual caseins once reliable data
become available. Clearly, this area of work is important for
our understanding of casein micelle structure and there is a
need for less perturbative, preferably quantitative, methods
that generate thermodynamic information on the strength
of the nanocluster complexes formed by calcium phosphate
sequestration.
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