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ABSTRACT

The casein form that has four organic phosphoryl
groups, b-casein (CN)-4P, is the major constituent
( ∼35%) of the b-CN fraction of human milk and
should play an important role in micelle structure
and formation. In 3.3 M urea, the monomer is present
with a molecular mass of 24,500 Da and a sedimenta-
tion coefficient of 1.3 S (Svedberg units, 10–13s). In
0.02 M NaCl and 0.01 M imidazole (low salt buffer)
at pH 7, the sedimentation coefficient was 1.5 S,
which increased to 14 S at 37°C. Laser light scatter-
ing in low salt buffer and 9 mg/ml of protein indicated
monomers with a radius of about 4 nm at 4°C. The
size of the radius increased as temperature increased,
and, at 37°C, the radius was about 12 nm. The
molecular mass suggested the presence of about 47
monomers per polymer. In 0.25 M NaCl and with 10
mM Ca2+ prior to precipitation, the polymer attained
a maximum radius of about 15 nm, which perhaps is
the size of the smallest human milk micelles. The low
value for reduced viscosity of 8.2 ml/g for the calcium-
induced polymer was independent of protein concen-
tration, suggesting a spherical shape and fixed size.
Calcium apparently binds strongly to the phosphates;
the dissociation constant was 8.1 × 10–4 M. Other
constituents of milk, such as inorganic or-
thophosphate, may contribute to differences in the
manner by which b-CN, with various phosphorylation
levels, participate in micelle formation.
( Key words: human milk, human b-casein, protein
self-association, protein-ion interactions)

Abbreviation key: D20,w = diffusion coefficient cor-
rected to 20°C and water solution, LSB = low salt
buffer, Mr = relative molecular mass, hred = reduced
viscosity, s20,w = sedimentation coefficient corrected
to 20°C and water solution.

INTRODUCTION

In the bovine milk system, the phosphate groups of
the asl-, as2-, and b-CN are apparently necessary for
micelle formation, but the phosphate group of k-CN is
not (23). The level of phosphorylation determines the
calcium-binding ability of these components (22).
Similarly, in the human milk system, only a minor
amount of protein corresponds to as1-CN (11); the
phosphoryl groups of b-CN, varying from 0 to 5 (5, 7),
are therefore important for the formation and func-
tion of human casein micelles. Self-association
properties have been reported for most of the phos-
phorylation levels of human b-CN [i.e., the fully phos-
phorylated ( b-CN-5P) (14), nonphosphorylated ( b-
CN-0P) (15), triply phosphorylated ( b-CN-3P) (16),
doubly phosphorylated ( b-CN-2P) (17), and singly
phosphorylated ( b-CN-1P) (18)]. Although fluores-
cence spectroscopy and laser light scattering meas-
urements of self-association have suggested a role for
the phosphate esters on the molecule in the formation
of micelles (13), a comparison of the primary se-
quences of b-CN from six species revealed residues
that were common in all species examined and there-
fore pivotal in protein folding and conformation, inter-
molecular hydrophobic interactions, and ion bridge
formation with calcium and inorganic phosphate (8) .

The b-CN-4P form, which is the major component
( ∼35%) of human b-CN, has four serine groups near
the N-terminus, all of which are phosphorylated. This
report presents results of studies that were designed
to emphasize the role of the hydrophobic and elec-
trostatic interactions of this major constituent of hu-
man b-CN in the process of micelle assembly.

MATERIALS AND METHODS

Methods for the collection of human milk samples,
for the isolation and purification of human b-CN frac-
tions with different levels of phosphorylation, and for
the study of the physical properties of each fraction as
well as its protein-protein and protein-ion inter-
actions, are briefly presented. Details have been given
in earlier papers (8, 13, 14, 15, 16, 17, 18). All
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TABLE 1. Physical properties of human b-CN-4P.

1Standard error of the mean is calculated from at least three
determinations.

2The value of represents the absorbance of a 1%E1 cm,280 nm
1%

(wt/vol) solution of protein measured through a path length of 1
cm at a wavelength of 280 nm.

X SE1

Absorbance, E
1 cm,280 nm2
1%

6.2 0.3
Partial specific volume, v̄, ml/g 0.75 0.01
Sedimentation coefficient in Svedberg

units, S (10–13 s)
In 3.3 M urea at 20°C 1.32 0.02
In 0.02 M NaCl

At 4°C 1.50 0.01
At 20°C 1.50 0.01
At 37°C 14.2 0.3

Molecular mass by sedimentation
equilibrium, Da
In 3.3 M urea at 20°C 24,500 150
In 0.02 M NaCl

At 4°C 24,600 200
At 20°C 25,100 250

chemicals were reagent grade and were used as such,
except urea, which was purified and deionized before
use (14).

Protein Purification
and Chemical Characterization

The modified procedure of Groves and Gordon (7) ,
as described elsewhere (14), was used for the prepa-
ration of b-CN-4P. A further purification, which
yielded a virtually pure sample of the protein, was
carried out by HPLC on the anion exchanger (Mono
Q; Pharmacia LKB, Piscataway, NJ), as described by
Slattery et al. (13). After exhaustive dialysis with
deionized water and lyophilization, the degree of
phosphorylation was determined; the amount of phos-
phorous present in a given amount of protein was
measured by the method of Long and Yardley (9) . To
determine the number of major Ca2+-binding sites at
37°C, the rapid equilibrium method of Colowick and
Womack ( 4 ) was used, followed by Scatchard analy-
sis (12). The extinction coefficient and the partial
specific volume were determined by standard
methods, as described previously (14).

Hydrodynamic Methods

Viscosity measurements to monitor changes in size
and shape were carried out as described by Sood et al.
(14). An analytical ultracentrifuge (model E; Beck-
man Instruments, Fullerton, CA) was used to deter-
mine sedimentation coefficients, which were corrected
to standard conditions of 20°C and water solution
( s20,w) . Relative molecular mass ( Mr) was deter-
mined by the sedimentation equilibrium method with
protein at 0.3 to 0.4 mg/ml (14). The possibility that
polymerization or depolymerization occurred because
of pressure effects in the analytical ultracentrifuge
was tested at 37°C in low salt buffer ( LSB; 0.02 M
NaCl and 0.01 M imidazole, pH 7) with protein at 3
mg/ml. Two procedures were used: 1) determination
of s20,w at rotor speeds of 24,000, 36,000, and 48,000
rpm and 2) determination of s20,w at 48,000 rpm after
the solution column in the cell (0.5 ml) was overlaid
with two different thicknesses of mineral oil (0.1 and
0.2 ml). To eliminate any change in the properties of
the aqueous solution caused by possible salt extrac-
tion by the oil, the mineral oil was shaken with twice
its volume of LSB and allowed to equilibrate for 8 h
before use.

Laser light scattering (Nicomp model 370 sub-
micron particle sizing system and Nicomp analysis
software; Pacific Scientific, Silver Spring, MD) was
used to determine particle size distributions and

diffusion coefficients, which were also corrected to
standard conditions of 20°C and water solution
( D20,w) . Measurements following a temperature
change were taken only after stable readings were
obtained that showed that aggregation was no longer
occurring, usually within about 2 h.

RESULTS AND DISCUSSION

In the human b-CN-1P, the serine residue at either
position 9 or at position 10 from the N-terminus is
phosphorylated. For the 2P form, serine residues at
both 9 and 10 are phosphorylated; serine residues at
positions 8, 9, and 10 are phosphorylated for the 3P
form; serine residues at positions 6, 8, 9, and 10 are
phosphorylated for human b-CN-4P (6) .

Monomer Physical Properties

The physical properties of human b-CN-4P are
presented in Table 1. Comparison with the results for
other phosphorylation levels (14, 15, 16, 17, 18)
shows that phosphorylation level did not substan-
tially affect monomeric physical properties, such as
absorbance at 280 nm, partial specific volume, s20,w,
and the monomer molecular mass of the molecule
that was determined from sedimentation equilibrium
both in 3.3 M urea and in LSB. The laser light
scattering measurements also revealed homogenous
particle size, and the mean diameter (8 nm) for all
phosphorylation levels was similar. With the assump-
tion that the molecule is spherical, a combination of
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the s20,w and D20,w gave a monomeric Mr of 25,900 Da
for b-CN-4P, which was very close to that value ob-
tained from sedimentation equilibrium and similar to
that reported for other phosphorylation levels under
identical conditions (14, 15, 16, 17, 18). The Mr from
the amino acid composition is 23,938 Da (6) .

Calcium Binding

The Scatchard plot for equilibrium dialysis experi-
ments at 37°C yielded a mean value of 4.0 ± 0.3 for
the number of major calcium-binding sites on this
protein. Phosphorous analysis gave a mean of 4.0 ±
0.2 for the number of phosphoryl groups on this
molecule, confirming the previous observations that
there is one major calcium-binding site for each phos-
phoryl group. The mean D20,w was 8.1 × 10–4 M,
which was approximately 70% of that reported for the
human b-CN-1P (18) or the 2P (17) forms and was
almost double that reported for the 5P form (14).
Thus, in all of the human b-CN, as the number of
phosphoryl groups increased, the mean D20,w
decreased.

Protein Solubility

In the absence of calcium ions, the protein was
readily soluble up to very high concentrations (30 mg/
ml) in 3.3 M urea and stayed as a clear solution up to
37°C. As indicated by comparisons with previous
studies, in LSB at pH 7, the solubility increased as
phosphate groups were added to the protein. For ex-
ample, human b-CN-0P took more than 3 h to become
completely solubilized at low temperature (4 or 5°C),
was slightly turbid at 23°C, and was almost opaque at
37°C (14). However, the 3P form easily became solu-
bilized at low temperatures, stayed clear at room
temperature (24°C), but was slightly turbid at 37°C
(16). In this study, the 4P form not only became
solubilized readily, both at low temperature and at
room temperature, but also produced a clear solution
even at 37°C.

The solubility of protein at 3 and 9 mg/ml in LSB
at pH 7 was also examined as a function of tempera-
ture at 5, 10, 100, and 300 mM Ca2+ concentration.
All solutions were clear at low temperatures (<15°C),
but cloudiness and precipitation occurred as the tem-
peratures were increased. Precipitation began at a
lower temperature as Ca2+ concentration increased
and as the protein concentration increased. The point
of initial precipitation was elaborated further with
light scattering, as described in the next section. For
the b-CN-4P protein, the amount of precipitation also
increased as the Ca2+ concentration increased from

100 to 300 mM. For the 0P, 1P, and 2P forms, solubil-
ity reversed markedly or increased as Ca2+ increased
from 100 to 300 mM (15, 17, 18) but not for the 3P
form (16) or for the 4P form at both 3 and 9 mg/ml of
protein concentration. The resolubilization was proba-
bly due to a charge reversal caused by calcium bind-
ing, which was perhaps prevented by crosslinking of
the molecules that had higher phosphorylation levels
through the formation of calcium bridges.

A study (10) comparing calcium-induced associa-
tion of bovine and caprine whole caseins pointed out
that the increase in protein salting-in (resolubiliza-
tion) in the presence of higher CaCl2 concentrations
was directly related to the casein composition, partic-
ularly to the decrease in the relative amount of as1-
CN in the system. Because the as2-CN content was
higher in the low as1-CN samples, the mean phos-
phorous content decreased only slightly; this decrease
was not an important factor. However, as is evident
from these results and from our studies of the other
phosphorylated forms of purified human b-CN with
no as1-, as2-, or k-CN present (15, 16, 17, 18), the
resolubilization at higher concentrations of CaCl2 de-
pended on the number of organic phosphates, and a
decrease in only one phosphoryl group made a large
difference. Azuma et al. (2) , while reporting the
calcium-binding ability and calcium-dependent
precipitability of the human b-CN, found that both
properties increased as phosphorus content increased.
The data here, along with similar information from
other levels of phosphorylation, confirm that, as the
number of phosphoryl groups on the molecule in-
creased, the temperature at which a slight cloudiness
or precipitate appeared also increased, although an
increase in protein concentration (from 3 to 9 mg/ml)
lowered this temperature in all cases. These results
indicate that the initial precipitates were due to
temperature-dependent hydrophobic interactions that
were prevented by the negatively charged phosphoryl
groups until the charge was neutralized by calcium
binding.

Aoki et al. (1) , while studying artificial casein
micelles formed with human b-CN and bovine k-CN,
suggested that only three phosphate esters were
necessary for crosslinking of the caseins by colloidal
calcium phosphate. Thus, the human casein system
appears to differ from the bovine or caprine system in
the number of phosphoryl groups required for stabil-
ity. For each of the different forms of human b-CN,
the precipitate that formed in the presence of CaCl2
at high temperatures dissolved on cooling to low tem-
peratures, which suggested that hydrophobic bonding
is a principle force for self-association of human b-CN
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Figure 1. Absorbance at 400 nm of human b-CN-4P as a function
of temperature. Protein was 7 mg/ml in low salt buffer. No CaCl2
( o) , 2.5 mM CaCl2 ( ÿ) , 5.0 mM CaCl2 (open triangle), 7.5 mM
CaCl2 (closed triangle), and 10 mM CaCl2 ( ◊) .

TABLE 2. Effect of temperature on the particle size of human b-
CN-4P in low salt buffer, pH 7.0, and 10 mM CaCl2.

1Precipitation occurs.

Radius at protein concentration

Temperature 3 mg/ml 9 mg/ml

( °C) (nm)
4 4.5 4.5

12 . . . 14.9
13 . . . 15.6
15 12.0 106.0
16 14.5 258.0
17 15.0 Pr1

18 Pr Pr

TABLE 3. Effect of temperature of the particle size of human b-CN-
4P at high ionic strength.1

1The protein was in 0.01 M imidazole buffer (pH 7.0) and 0.25
M NaCl at a concentration of 9 mg/ml.

Temperature Radius

( °C) (nm)
4 4.7

20 8.1
23 9.4
37 14.7

even in the presence of Ca2+, as has been reported for
bovine b-CN (20).

Light Scattering

Studies to determine gross light scattering as par-
ticle size increased were performed at 400 nm as a
function of temperature and at a protein concentra-
tion of 7 mg/ml of LSB, both in the absence and
presence of 2.5 to 10 mM calcium. The results are
presented in Figure 1. In the absence of Ca2+ or with
2.5 mM Ca2+, only a small increase above 26°C was
noticed in absorbance value. With 5 mM Ca2+ a sud-
den increase in the absorbance value was observed at
22°C, indicating the formation of larger aggregates
that led to precipitation at higher temperatures. With
higher levels of Ca2+, formation of larger aggregates
began somewhere below 20°C. Formation was exa-
mined further by means of laser light scattering.

In LSB at pH 7 and at a protein concentration of 9
mg/ml for the b-CN-4P, laser light scattering gave a
single homogenous distribution representing a radius
of about 4 nm at 4°C, which was characteristic of a
monomer. The size increased as temperature in-
creased, and, at 37°C, a polymer with a radius of
about 12 nm was indicated. Under these conditions,
the combination of D20,w and s20,w gave a Mr for the
polymer that was equivalent to about 47 monomers.
At a protein concentration of 3 mg/ml and in the
presence of 10 mM CaCl2, aggregation at 15°C yielded
particles that had a radius of about 12 nm (Table 2).
The radius of the particles increased to 15 nm at

17°C, and precipitation occurred at 18°C and above.
At a concentration of 9 mg/ml of protein and 4°C, a
single homogenous distribution was obtained,
representing a radius of about 4.5 nm, which is
almost identical to the radius obtained in the absence
of Ca2+. At 15°C, the particle size increased over time,
and a maximum stable radius of about 106 nm was
obtained within 2 h. At 16°C, the particles had a
radius of about 250 nm, which was approximately the
size of the normal casein micelles in skimmed human
milk, as determined by laser light scattering. At 17°C
and above, precipitation occurred. At 3 mg/ml of pro-
tein concentration, precipitation started at 18°C. We
concluded that aggregation in the presence of CaCl2
depends on the protein concentration as well as the
temperature.

Because Table 3 shows that the radius (4.5 nm) of
particles in 0.25 M NaCl plus 0.01 M imidazole buffer
at pH 7.0 and 4°C with a b-CN-4P protein concentra-
tion of 9 mg/ml was about the same as that obtained
in LSB under similar conditions of protein concentra-
tion, both in the absence and presence of 10 mM
CaCl2 (Table 2), the predominant role of hydrophobic
interactions in protein-protein association under all
these conditions is indicated. Under these high salt
conditions, laser light scattering measurements indi-
cated a single homogenous particle size of about
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Figure 2. Sedimentation coefficient corrected to 20°C and water
solution ( s20,w) of human b-CN-4P as a function of temperature.
The protein was in low salt buffer and at a concentration of 3 mg/
ml. S = Svedberg units (10–13 s).

Figure 3. Sedimentation coefficient corrected to 20°C and water
solution ( s20,w) of human b-CN-4P at 37°C as a function of NaCl
concentration. The protein concentration was 3 mg/ml in 0.01 M
imidazole at pH 7.0. S = Svedberg units (10–13 s).

15-nm radius at 37°C, which is the same as that for
the 5P protein (14). The molecule may be considered
to be more or less spherical, as suggested by the low
value of the reduced viscosity ( hred) shown later. A
corrected D20,w of 1.49 × 10–7 cm2/s was obtained,
which, when combined with s20,w gave a value of 2.1 ×
106 Da for the Mr. This Mr suggests that, at this
stage, the polymer contained about 87 monomers,
which is similar to the number of monomers per
polymer reported for other forms of human b-CN un-
der similar conditions (14, 15, 16, 17, 18).

Analytical Ultracentrifugation

At a protein concentration for b-CN-4P of 3 mg/ml,
studies of sedimentation velocity were carried out in
LSB at pH 7 and at 4 to 37°C. The s20,w are presented
in Figure 2 as a function of temperature. Significant
polymerization was apparent after 26°C, and, at
28°C, there were two peaks, which had s20,w of about
5 and 1.5 S, respectively. The peak at 1.5 S was much
smaller than the faster peak. The faster peak was
quite skewed, indicating that the system was heter-
ogeneous at this stage. A further increase in tempera-
ture resulted in a decrease in the area of the slower
peak. At 37°C, a single polymer peak remained with
s20,w of 14 S, which was lower than the values ob-
tained for the other phosphorylated forms under simi-
lar conditions. No precipitation of the aggregated pro-

tein occurred. For all of the b-CN forms, as the num-
ber of phosphoryl groups increased, the s20,w and,
hence, the size of the polymer at 37°C decreased.
Other important information may be obtained from
the concentration-dependent behavior of s20,w for
these different forms. For the 0P form, the s20,w at
37°C decreased as the protein concentration increased
(15). With additional phosphate groups, this be-
havior gradually disappeared, and, for the 4P form,
the value was virtually independent of protein con-
centration. This result indicates that the highly phos-
phorylated forms aggregate to give roughly spherical
polymers of fixed size, but those forms with less phos-
phorylation probably do not (3) .

Self-association properties of bovine b-CN were
studied by Waugh et al. (21) as a function of ionic
strength, contributing to the discovery and characteri-
zation of polymers that may function as submicelles.
As NaCl was added to human b-CN-4P at 37°C
(Figure 3), the s20,w of the polymer also reached a
maximum value at an ionic strength near 0.2. Of all
the forms of human b-CN, only the 0P form reached a
maximum at a lower ionic strength of 0.1 M NaCl
(15). The s20,w of 33 S for the 4P form was approxi-
mately equal to that for each of the other forms. In
the experiments that tested for polymerization or
depolymerization of the 4P protein because of pres-
sure effects in the analytical ultracentrifuge, no sig-
nificant difference in the s20,w was observed during
any of the determinations, either with three different
speeds or with two different thicknesses of overlaid
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Figure 4. Reduced viscosity ( hred) of human b-CN-4P as a
function of temperature. Protein concentration was 9 mg/ml ( ◊) in
3.3 M urea and ( ⁄) in low salt buffer.

Figure 5. Reduced viscosity ( hred) of human b-CN-4P as a
function of protein concentration at 4°C ( ⁄) , at 20°C ( ◊) , at 37°C
( π) , and in 0.25 M NaCl buffer at pH 7.0 at 37°C ( ∫) .

mineral oil, as described in the Materials and
Methods. These results suggest that the monomer
building blocks are similar in size, shape, and interac-
tion modes.

Viscosity

Viscosity measurements provided information
about the shape and hydration of the b-CN-4P poly-
mers and, therefore, about possible mechanisms by
which the proteins aggregate. Both in 3.3 M urea and
in LSB at pH 7, the protein showed almost the same
high value of hred at 4°C (Figure 4). Because the
protein was essentially monomeric in both solutions
(Table 1), the degree of asymmetry (the molecular
shape) was probably also similar and relatively high.
In urea, the hred gradually decreased as temperature
increased. Because the mean Mr apparently did not
change, at least up to 20°C, this decrease in hred could
have been due to an increase in hydration of the
hydrodynamic particles, small conformational
changes within the molecules, or both because both
can give rise to slightly less asymmetry. The hred
decrease could also have been due to a change in the
ability of the asymmetric molecules to orient them-
selves in the fluid flow in the viscometer as the tem-
perature changed.

In LSB, the hred began a similar gradual decrease
as temperature increased but decreased suddenly be-

tween 24 and 30°C, after which the rate of decrease
was constant again. This pattern of change suggests a
rather large decrease in asymmetry for the protein
particles over the temperature range, which appar-
ently accompanied polymerization because the s20,w
increased rapidly above 26°C and continued to in-
crease (Figure 2). These data also imply that, as the
temperature was increased above about 28°C, the
polymer particles again maintained a relatively uni-
form shape, changing only slightly as they increased
in size.

In Figure 5, the values for hred of b-CN-4P that
were determined at 4, 20, and 37°C in LSB were
plotted as a function of protein concentration. Ex-
trapolation from the most accurate data in Figure 5,
which is at the higher concentrations, yields intrinsic
viscosities of 33, 24, and 11 ml/g from low to high
temperatures. These values were only slightly higher
than those reported for the 2P form under similar
conditions (16). The decrease in hred suggests that an
increase in temperature caused the polymer of each
form to become more spherical in shape.

Figure 5 shows hred values in 0.25 M NaCl plus
0.01 M imidazole at 37°C in the protein concentration
range of 3 to 9 mg/ml. These values were relatively
low and almost independent of the protein concentra-
tion, which may mean that the polymer was more or
less spherical at this stage and of a fixed size. Ex-
trapolation to 0 concentration yielded a value of 8.2
ml/g for intrinsic viscosity, which was slightly higher
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than that reported for the 2P protein [6.7 ml/g; (17)].
Using Tanford’s relation (19), a value of 2.7 g H2O/g
of protein was obtained for solvation. This value was
very close to that suggested for the 5P form of the
protein (3 g H2O/g protein) under similar conditions
(14).

CONCLUSIONS

The characteristics of the human b-CN-4P
monomer and the mode of self-association that were
observed in these hydrodynamic studies show an am-
phipathic molecule with charged, hydrophilic phos-
phoryl groups sequestered in one part of the molecule
and separated from the exposed hydrophobic groups
that are available for intermolecular interactions. Un-
less neutralized, the charges on the phosphoryl
groups would tend to cause repulsion of the
molecules. The hydrophobic interactions are weak at
low temperatures and become stronger as the temper-
ature is increased. High ionic strength from added
NaCl would reduce the charge-charge repulsion and
allow for the formation of polymers of limited maxi-
mum size. Calcium ions may provide bridges between
phosphoryl groups on adjacent molecules within and
between polymers and can lead to the formation of
larger aggregates and eventual precipitation.

The behavior of the various forms of human b-CN
in the presence and absence of calcium ions revealed
more similarities than differences among the different
forms. The monomers had approximately the same
size, shape, and solvation, and the aggregated
products at high ionic strength were also not very
different. They behaved somewhat differently in the
presence of calcium ions because of the difference in
the net charge on these molecules. However, any
differences in how the various phosphorylation levels
participate in micelle formation seem to have been
caused by the presence of other constituents of milk,
such as inorganic orthophosphate.
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