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Models for Casein Micelle Formation
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Abstract

The synthesis and secretion of milk
involves the formation of a distinctive
disaccharide, lactose, and two quite
unique biologjcal structures, the fat glob-
ule and the casein protein-complex (the
casein micelle). The mechanism of bio-
synthesis of lactose and the origin of the
fat globule are beginning to be under-
stood, but the precise mechanism of bio-
assembly of the casein micelle has not
been fully elucidated. The physical and
chemical properties of the major micelle
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components ag-, 8-, and x-casein are
briefly reviewed, as well as the formation
of synthetic micelles in the presence of
calcium ions by native and dephosphoryl-
ated caseins. Several conflicting models
for the casein micelle have been proposed
based upon these properties. In order to
determine which of these models might
be applicable to casein micelle formation,
correlations between the chemical and
physical properties of the caseins and
the actual events which occur in vivo in
casein bio-assembly have been attempted.
It is proposed that phosphorylation of
caseins occurs in the Golgi apparatus of
lactating mammary cells and that, sub-
sequently, casein micelle formation oc-



curs in Golgi vacuoles through the con-
densation of preformed subunits. These
observations lend support to a model for
the formation of the casein micelle from
protein subunits of about 100 angstroms
in diameter.

Introduction

Mammals constitute one of the dominant
forms of animal life today. The evolutionary
success of this class of animals may be due, in
part, to their ability to provide well-balanced
nutritional food for their young. The synthesis
and secretion of milk involves the formation
of a distinctive disaccharide, lactose, and two
quite unique biological structures, the fat glob-
ule and the casein protein complex (the case-
in micelle). These 't}ixree components, secreted
in a fluid rich in minerals, provide an excellent
food for the nourishment of the young. The
mechanism of the biosynthesis of lactose and
the origin of the fat globule are beginning to
be understood, but the precise mechanism of
formation of the casein micelle has not been
fully elucidated. Various models for the casein
micelle have been proposed based upon the
chemical and physical properties of the iso-
lated caseins, but the number of conflicting
proposals drawn from coherent research illus-
trates the complexity of the problem. In our
lahoratory we recently have begun to correlate
the known chemical and physical properties
of the caseins with the actual events which oc-
cur in vivo in casein micelle formation, and
this paper is an outgrowth of these reflections.

Components of the Casein Protein Complex

Linderstr¢m-Lang (24) and Mellander (26)
in the 1930’s demonstrated the heterogeneity
of bovine casein. The latter termed the elec-
trophoretically-distinct fractions a-, 8-, and y-
caseins; but it was not until 1956 that Waugh
and Von Hippel (54) discovered that the o-
casein fraction was a mixture of a,,-casein and
x-casein. Genetic variants of all the milk pro-
teins have been reported. Farrell and Thomp-
son (14) have reviewed the occurrence in vari-
ous breeds and the possible biological signifi-
cance of milk protein genetic polymorphism.
From all the work on the isolation and charac-
terization of casein has come the description
of the three major components of the casein
protein complex, namely «;-, 8-, and «-casein.

The major protein of cow’s milk, a,-casein,
is a single chain polypeptide of known se-
quence containing 199 amino acid residues and

having a molecular weight of 23,600 Daltons
(27). The «g-molecule contains eight phos-
phate residues, seven of which occur in a clus-
ter between residues 43 and 80. This highly
acidic segment also contains 12 carboxyl resi-
dues ‘and accounts for almost all of the mole-
cule’s net negative charge. The charge fre-
quency, net charge, and hydrophobicity for
various segments of the a,-casein molecule are
in Table 1. The average hydrophobicity in Ta-
ble 1 was calculated by the method of Bigelow
(4) and measures the apolarity of a segment
of the protein molecule. The data in Table 1
indicate a noncoincidence of high charge fre-
quency and apolarity in the segments shown.
The proline content of a,-casein is high (27),
and these residues appear evenly distributed.
Proline residues are known to disrupt helical
and beta structures; thus, the sequence data
confirm the hypothesis drawn from physical-
chemical data, that the ag-molecule exhibits
little recognizable secondary structure (18).
The high degree of hydrophobicity exhibited
by the C-terminal half of the molecule (resi-
dues 100 to 199) is probably responsible for
the pronounced tendency to self-association of
the ag;-casein monomer in aqueous solution
(45, 48, 55).

The second most abundant milk protein, B-
casein, is also a single chain polypeptide with
five phosphoserine residues and a molecular
weight of 24,500 Daltons (39). The complete
sequence of B-casein (39) is known. Like ag;-
casein, its high proline content is evenly dis-
tributed, explaining, in part, why this molecule
also lacks any secondary structure (18, 32).
Table 2 gives the charge frequency, hydropho-
bicity, and net charge for various segments of
B-casein. The N-terminal portion of the g-casein
molecule (residues 1 to 43) contains essen-

TasLe 1. Profile of the asi-casein molecule de-
rived from its primary structure®.

: Average
Residues Net Charge * - hydropho-
considered charge® frequency™® bicity®
1-> 40 + 3 25 1,340
41 - 80 —22% 75 641
81 - 120 0 35 1,310
121 - 160 -1 23 1,264
161 = 199~ — 2% 14 1,164

® Adapted from Mercier et al. (27).

b Some error as to assignment of these values
may exist since the exact placement of all amides
is not known. Serine phosphate = —2, histidine
= 4% :

¢ Calculated as described by Bigelow (4).



TasLE 2. Profile of the g-casein molecule derived
from its primary structure®.

Average
Residues Net Charge hydro-
considered charge® frequency™* phobicity®
15 43 —16 .85 783
14— 92 —3% A3 1,429
93 - 135 +2 23 1,173
136 —» 177 +3 07 1,467
178 — 209 +2 .06 1,738
* Derived from the data of Ribadeau Dumas et
al. (39). .

>Some error as to assignment of these values
may exist since the exact placement of all amides
is not known. Serine phosphate = —2, histidine
= +%.

¢ Calculated as described by Bigelow (4).

tially all of the protein’s net negative charge
while the C-terminal half of the molecule (resi-
dues 136 to 209) contains many apolar resi-
dues (as demonstrated by its high hydropho-
bicity). This concentration of negative charge
on one end and of apolarity on the other end
indicates that B-casein is more soap-like than
as;-casein. The temperature dependence of the
self-association is well documented (34, 47,
55) and follows classically the theory of hy-
drophobic interactions as detailed by Kauz-
mann (23).

The third major component of the milk pro-
tein complex, k-casein, is the least character-
ized fraction with regard to its primary struc-
ture; however, substantial work is in progress
(19, 20, 28). In addition, the association prop-
erties of k-casein are not well characterized.
Compositionally, «-casein is the only major
component of the casein complex containing
cystine (or possibly cysteine); however, data
regarding the native state of these sulfhydryls
(2, 20, 57) appear to conflict and, hence, the
degree of disu%)de bonding which occurs is un-
certain. Woychik et al. (58) reported the re-
duced molecular weight of k-casein in 5 M
guanidine hydrochloride was around 17,000
Daltons. x-Casein contains one phosphate resi-
due per monomer and is the only carbohy-
drate-containing casein (28, 31). All of the
carbohydrate associated with the x-casein is
bound “to the macropeptide (19, 20, 28, 54),
which is the highly soluble C-terminal portion
of k-casein cleaved in the primary phase of
rennin hydrolysis.

Calcium Interactions with the Caseins

In 1929 Linderstr¢m-Lang (24), as a result
of his studies on casein, postulated that the col-
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Fic. 1. Solubility at 37 C of the calcium salts of
agi-caseins A and B and B-casein C as a function
of increasing CaCl. concentration. Solutions buf-
fered at pH 7.0, .01 M. imidazole-HCl, from
Thompson et al. (52).

loidal milk protein complex should be com-

posed of a mixture of calcium insoluble pro-

teins stabilized by a calcium soluble protein.
The latter protein would be readily split by the
enzyme rennin, destabilizing the colloid and
allowing coagulation to occur. The results ac-
cumulated in the last 15 yr confirm this hy-
pothesis. The total calcium concentration of
milk has been estimated at 28 to 30 mM (12,
13, 56). However, the a,- and B-caseins,
which account for up to 80% of the casein
complex, are insoluble at Ca*" concentrations
of 5 to 10 mM (Fig. 1). Thus, the majority of
the casein forms an insoluble curd under the
conditions of pH, ionic strength, Ca?* concen-
tration, and temperature which normally occur
in milk. On the other hand, «-casein is com-
pletely soluble under similar conditions. At vari-
ous x-/as;-casein ratios, the x-casein does stabi-
lize the a,,-casein and form a colloidal complex
(Fig. 2). These synthetic casein micelles
(52) do not exhibit the properties of native
casein complexes. k-Casein also is the fraction
attacked by rexglin (22, 54); hence, it would
appear, as Linderstr¢m-Lang had postulated,
that x-casein is the ktr; to tl%e stabi%oty of the
casein protein-complex.

The role of the phosphate residues of the
caseins in calcium binding and subsequent pre-
cipitation has been investigated by the study
of enzymatically dephosphorylated e,-casein
(6, 36). Bin%ham et al. (6) demonstrated that
depho?hory ated ag-casein was still precipi-
tated by calcium ions but was stabilized by
the addition of k-casein (Fig. 3). They calcu-
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Fic. 2. Supernatant protein at 37 C resulting
from the incremert addition of CaCl: to A, a.-
casein B, no «-casein; B, @.1—B + «-casein, 40:1;
C, aq—B + k-casein, 20:1; and D, @:—B + «-
casein, 10:1. Solutions buffered at pH 7.0, .01 M
imidazole-HCI. Initial protein = 4 mg/ml, from
Thompson et al. (52).

lated that two nonphosphate calcium-binding
sites occur in a.,-casein and postulated that it
is the binding to these sites which induces pre-
cipitation of the dephosphorylated casein. The
investigation of the «-casein stabilized, de-
phosphorylated a.,-casein’ by electron micro-
scopy (6) showed larger but fewer micelle-like
structures. In milks containing a.,-casein A (a
rare genetic type) such large micelles (51, 52)
are poorly solvated and less stable than normal
micelles. Thus, the formation  of micelle-like
structures is not totally dependent upon the
formation of calcium-phosphate bonds be-
tween caseins; however, the resulting synthetic
micelles are less stable than synthetic phos-
phorylated complexes, which in ‘turn are less
stable than native casein micelles.

The large number of charged groups of the
casein monomers (Tables 1 and 2) suggests
that in the formation of a casein micelle from
thousands of monomers, not all of the ionic
groups of every casein monomer can occupy
a surface position. This would indicate either
that much energy is needed to bury these
groups or that the structure is porous and
available to the solvent, water. The latter prop-
osition is borne out by the experimental evi-
dence. Ribadeau Dumas and Garnier  (40)
noted that carboxypeptidase A is able to re-
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Fic. 3. Effect of x-casein on the solubility of as;-
casein at 37 C as a function of increasing CaCl,
concentration. The solutions contained .01 M imi-
dazole-HCI buffer (pH 7.0) and, initially, 10 mg/
ml of a.-casein (native or dephosphorylated) with
or without x-casein (1.25 mg/ml). (&)a, -«
casein; (@) dephosphorylated a.i-x-casein; (A)
@s1-casein, no k-casein; () dephosphorylated
@s1-casein, no k-casein; from Bingham et al. (6).

move, quantitatively, the carboxyl-terminal
residues from the a,-, 8-, and x-caseins of na-
tive micelles, demonstrating that this enzyme
(M 40,000) is able to penetrate the center of
the casein micelle. Thompson et al. (51, 52)
have shown that the casein micelle is a highly
solvated structure with an average of 1.90 g
of water bound/g of protein. They also noted
(Fig. 4) a strong positive correlation between
the degree of solvation and heat stability (51).
The degree of. solvation of the micelle and,
hence, the heat stability of the milk hinge upon
a variety of factors (37, 41, 51) including the
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Fic. 4. Plot of the solvation of the casein pel-
lets (g water/g pellet) versus heat coagulation
time in seconds. Dotted lines represent 95% con-
fidence limits from Thompson et al. (51).




calcium:phosphate ratio. Increases in the cal-
cium content of milk cause decreased heat sta-
bility (37, 41) possibly by altering the degree
of solvation of the casein micelle. Environ-
ments which tend to decrease solvent interac-
tion lower the stability of the micelle, which
in turn destabilizes the milk.

As cited above, the total calcium concen-
tration of skim milk has been estimated to be
30 mM, but the calcium ion concentration of
milk serum prepared by ultrafiltration or cen-
trifugation of sfi?rn milk is only ~2.9 mM (7,
12). Therefore, greater than 90% of the cal-
cium of skim mill% is in some way bound to the
casein micelles. Thus, two distinct forms of
ions are associated with the casein micelle—an
outer system, readily removed, perhaps in the
form of a charged double layer (7, 12), and
an inner system resistant to removal and often
termed as colloidal calcium phosphate. As
noted above, the casein micelle is a highly por-
ous, well-solvated system, and the occlusion
of ions within this network is not unexpected;

however, some actual complex formation be-
tween the colloidal calcium phosphate and the
casein cannot be ruled out. Termine and Pos-
ner (50) studied the in vitro formation of cal-
cium phosphate at pH 7.4 and concluded that
an amorphous calcium phosphate phase (with
a Ca/PO, molar ratio of 1.5) formed before
the transition to crystalline apatite. In a subse-
quent study (49), casein, as well as Mg?* ions,
enhanced the stability of the amorphous calci-
um phosphate and retarded the amorphous —
crystalline transition. Therefore, under these
conditions (i.e., the presence of Mg and
casein) the formation of an amorphous calcium
phosphate-caseinate complex should be fav-
ored in milk. The exact nature of this complex
(or occlusion) is as yet undetermined though
its role in casein micelle stabilization is well
documented (25, 30, 38, 42).

Casein Micelle Models

Over the years we have gained much infor-
mation about the nature of the individual ca-

Fic. Ba. Casein micelles of bovine skim milk. Fixed in 1% glutaraldehyde and negatively stained

with phosphotungstic acid. (Photo courtesy of R. J. Carroll.)
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Fic. 5b. Determination of the size distribution
of glutaraldehyde-fixed casein micelles from skim
milk as described by Carroll et al. (11).

sein components, yet the mechanism of forma-
tion and the structure of the casein protein-
complex have proven to be enigmatic. Electron
micrographs (11) of casein micelles show
them to be roughly spherical, with an average
diameter of ~1400 angstroms (Fig. 5a, b).
Such a structure would easily accommodate
25,000 casein monomers, have the required
porosity to solvent, contain the colloidal calci-
um phosphate, and have a molecular weight
of 10® to 10°. Thus, while we know that the
as- 8-, and k-caseins do interact in the pres-
ence of Ca2*, the molecular details of the com-
plex remain unresolved. Several models for
casein micelle structure, which explain many
of the observed features of the casein protein-
complex, have been presented. .
The model for casein micelle (Fig. 6a) for-
mation proposed by Waugh and his coworkers
(43, 55) describes the formation of core poly-
mers of ;- and B-caseins upon the addition
of calcium ions. In the absence of k-casein,
these core polymers achieve a limiting size,
then agglutinate and precipitate from solution.
‘When k-casein is present, colloidal stabiliza-
tion occurs through the formation of a surface
coat of k-casein. This model predicts that all
of the k-casein will occur on the surface of the
micelle. Parry and Carroll (33) found little
concentration of k-casein on the surface of the
casein micelle by the use of electron micro-

Fic. 6a. Waugh’s proposed model for the casein
micelle: (a) monomer model of a.- or S-casein
with charged loop, (b) a tetramer of a.i-casein
monomers, (c) planar model of a core polymer of
as- and p-caseins. The lower portion shows how
«-casein might coat core polymers, adapted from
Rose (43).

scopy and specific antibody tagging. Based on
these results and the size of isolated «-casein
samples, Parry (Fig. 6b) concluded that «-
casein might serve as a point of nucleation
about which the calcium insoluble caseinates
might cluster and be stabilized. Thus, the mod-
els of Parry and Waugh both predict a non-
uniform distribution of k-casein and are based

O &-CASEIN
=g
Fic. 6b. Casein micelle model proposed by Par-
ry and Carroll (33) depicting the location of «-
casein in the micelle.
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Fic. 7Ta. Structure of the repeating unit of the

casein micelle adapted from Garnier and Ribadeau
Dumas (16).

upon nucleation about a core (Parry’s core =
x-casein, Waugh’s core = a,,-, B-calcium case-
inate). Ashoor et al. (1) have demonstrated re-
cently that papain, which had been cross-
linked by glutaraldehyde into a large insoluble
polymer, caused proteolysis of all three major
components of isolated casein micelles. The
as;- -, and k-caseins were all cleaved propor-
tionately by the enzyme super polymer. There-
fore, all three components must occupy surface
positions on the micelle in relatively the same
proportions they occur in milk. This result
would seem to rule out any preferential locali-
zation of k-casein. ‘

Garnier and Ribadeau Dumas (16) have
proposed a model for the casein micelle,
which places a good deal of emphasis on «-
casein as the keystone of micelle structure.
Trimers of k-casein are linked to three chains
of a,- and B-casein which radiate from the -
casein node (a Y-like structure) as shown in
Fig. 7a. These chains of a;- and B-casein may
connect with other x-nodes to form a loosely
packed network which they have shown to be
required from their carboxypeptidase-A ex-
periments (40). Rose, on the other hand, used
the known endothermic polymerization of B-
casein as the basis for his micelle model (43).
In this model, 8-casein monomers begin to self-
associate into chain-like polymers to which as;-
monomers become attached (Fig. 7b), and «-
casein, in turn, interacts with the ag,-mono-
mers. The B-casein of the thread is directed in-

.
+ Co

—_—
===

+ Phosphate

Fic. 7b. Schematic representation of the forma-
tion of a small casein micelle. The rods represent
B-casein, the more eliptical rods represent a.:-
casein, and the S-shaped lines depict apatite chain
formation. The circles represent x-casein, adapted
from Rose (43).

ward, the x- outward. Both of these models
rely somewhat heavily on the ability of the.ca-
sein trimers, or polymers, to maintain struc-
tural integrity during micelle formation. Since
caseins contain little or no classical protein
structure and the nature of the disulfide bonds
in k-casein has not been clearly established
(2, 20, 57), these models may not be totally
valid. Rose’s model, however, predicts that as
the micelle is formed, colloidal calcium phos-
phate is incorporated into the network as a sta-
bilizing agent; his model also accounts for the
occurrence of some overall stoichiometry of the
various casein components.

The final models are those which propose
a subunit structure for the casein micelle.
Shimmin and Hill (46) first postulated such

" a model based upon their study of ultra-thin

cross sections of embedded casein micelles by
electron microscopy. They predicted a diam-
eter of 100 angstroms for the subunits of the
casein micelle. Subsequently, Morr (29) stud-
ied the disruption of casein micelles and pro-
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Fic. 8. Structure of the casein micelle after
Morr (29). The S-shaped lines represent calcium
phosphate linkages between small spherical com-
plexes of the a.1-, B-, and «-caseins.



posed that the ag,-, 8- and x-monomers were
aggregated by calcium into small subunits in
much the same fashion as Waugh (55) had

proposed for the entire micelle. Morr’s sub--

units, as estimated by sedimentation velocity,
have a diameter of ~300 angstroms. The sub-
units, in turn, are aggregated -into micellar
structure by colloidal calcium phosphate.
Morr’s model is in Fig. 8. The average subunit
size, as postulated by Morr, is somewhat larger
than that of Shimmin and Hill.

These casein micelle models have both
strong points and weaknesses and have been
extensively reviewed elsewhere (15).

Observations on Micelle Bio-Assembly

All of the models, briefly described above,
have been drawn from evidence accumulated
on the isolated milk proteins. In order to gain
a fresh insight into the problem of casein mi-
celle structure, it was decided to re-examine
the actual bio-assembly of the casein micelle.
The epithelial cells of lactating mammary
gland possess a well-defined rough endo-
plasmic reticalum and a well-developed Golgi
apparatus. It is in the former that casein poly-
peptide synthesis occurs (3) and in the latter
where ‘micelle bio-assembly takes place (10,
17). Examination of lactating rat mammary tis-
sue, by electron microscopy, _revealed that
many small particles of ~100 angstroms di-
ameter occurred in the Golgi vacuoles (10,
14). These particles were' rather uniform in
size and in many instances appeared to form
chain-like structures. Those vacuoles, which
were thought to contain micelles in the process
of formation, occurred mnear the dictyosomes

and the endoplasmic reticulum (Fig. 9a).

Golgi vacuoles, nearer the apical end of the
cell, contained more completely formed casein
micelles  (Fig. 9b). Based on these observa-

tions and the evidence of Turkington and Top-

per (53), which indicated that a lag occurred
between peptide synthesis and phosphoryla-
tion, - several hypotheses on the mechanism of
micelle bio-assembly were made: '

1) After protein synthesis on the ribosomes.
of the rough endoplasmic reticulum, the casein

polypeptides may- interact to form subunits
composed of several monomers.

2) Upon reaching the Golgi apparatus these
subunits would be phosphorylated to form the
electron dense 100 angstrom particles observed
in. early stages of micelle assembly.

3) Addition of Ca?* then should initiate
polymerization of these particles into strands
and/or partially condensed micelles.

4) Deposition of colloidal calcium phos-

phate then would yield the mature casein
micelle in the Golgi vacuole.

5) Secretion of the fully formed micelle oc-
curs.

"The results of recent experiments have
tended to support these hypotheses. Carroll et
al. (9) studied casein micelle disruption by
dissociating reagents such as NaF, ethylenedia-
minetetraacetic acid (EDTA), sodium dodecyl
sulfate (SDS), and urea. In the case of NaF
and urea, partial breakdown of the casein mi-
celles occurred yielding, thread-like material,
as well as subunits with diameters of 120 to
140 angstroms. The dissociating agents, EDTA .
and SDS, yielded more totally disrupted mi-
celles and smaller particles (70 to 80 ang-
stroms). Pepper (35) has studied - x-ca-
sein interactions and first cycle. (Ca?* free) ca-
seins by gel filtration. He determined that the
first cycle casein had a Stokes radius of 50 ang-
stroms and these particles contained a rather

even distribution of ag,-, ‘8-, and k-casein.

These experiments serve to point out that a
subunit structure may exist in the casein mi-
celle.

Recently, Bingham et al. (5) studied the
subcellular distribution of the ATP:casein
kinase of lactating mammary gland. They

found (Table 3) that the Golgi fraction ex-

hibits the highest specific activity toward de-
phosphorylated casein. Hence, phosphorylation
of a pool of unphosphorylated casein, as sug-
gested by Turkington and.Topper (53), may
occur in mammary Golgi apparatus. In an
earlier paper Bingham et-al. (6) have sug-
gested that while the dephosphorylated a.;-
and k-caseins may interact, few native micelles
are formed by these interaction products. This
would indicate that total phosphorylation of
the caseins by the kinase of the Golgi appara-
tus should occur before micelle assembly be-

gins. : :
Many questions remain unanswered in the
mechanism -of bio-assembly of the casein mi-
celle, not the least of which are the mechanism

_ of Ca?+ addition and the nature of the micelle

subunits. Total micellar casein exhibits an ov-
erall ratio of 3 a.,-:2 B-:1 k-casein. The appar-
ent uniformity of first cycle (Ca* free) casein
and the subunits of the Golgi vacuoles would
argue in favor of some consistent stoichiome-
try, but there exists the reported correlation
between micelle size and k-casein content (42,
44, 55) which would argue against uniform
subunit composition. Thus, the existence of
some type of subunit structure appears certain,
but the question to be decided now is the na-
ture of these subunits.



Fic. 9a. Formation of casein micelles (CM) within Golgi vacuoles (G) of lactating rat mammary
gland. Initially, thread-like structures with some degree of periodicity appear, then more compact
micelles seem to occur. Sections of the gland were fixed in buffered” OsO:, Epon embedded, and
stained with uranyl acetate and lead citrate, from Carroll et al. (10).

R - e
Fic. 9b. A Golgi vacuole about to discharge its contents into the alveolar lumen. The Golgi vacuole

shown appears to impinge upon the plasma membrane. A casein micelle is already present in the lumen,
from Carroll et al. (10).



TasLe 3. Subcellular distribution of protein kinase from lactating mammary gland®.

Protein kinase activity”

Fraction g -casein

(ppmoles/mg protein/20 min)

Total homogenate 16 .
Golgi. apparatus 544
Nuclei 54
Mitochondria .54
Microsome 172

" Cytoplasm 50

Dephosphorylated
@5 -casein Lactose synthetase®
(cpm/ug protein/30 min)

20 33.0

24.02 1,101.0

A48 384

1.10 91.2

1.80 1374

22 2.4

* Taken from data of Bingham et al. (5).

® These results are representative of individual experiments with three rats.

From the biosynthetic point of view, the
build-up of the micelle from subunits is quite
attractive, as it brings the casein components
into the region of assembly with minimal in-
teractions. Addition of calcium jons could initi-
ate the polymerization of casein subunits, and
condensation into micellar spheres could occur
by the deposition of colloidal calcium phos-
Ehate; but these remain only hypotheses. The

iological function of the miceyl?e is efficient
nutrition which need not require a high degree
of ordered structure. This is in contrast to to-
bacco mosaic virus where the structured RNA
core (8) plays a vital role in directing correct-
ly the assembly of the virus particle from its
preformed subunits. In the case of the micelle,
only amorphous apatite could serve this func-
tion. The formation of the casein micelle does
. provide an effective mechanism for the secre-
tion of a highly concentrated solution of pro-
tein. The elevated viscosities of solutions of
nonmicellar caseins and colloidal-calcium phos-
phate-free milks (25, 38) illustrate this point.
In addition, while milk is secreted as a fluid,
the casein micelle is readily destabilized by the
action of acid and rennin in the stomach. The
resulting curd provides a longer and more ef-
ficient digestion time. Thus, while we have
some understanding of the interactions which
yield the casein micelle, much research is
needed to achieve a more precise model for
casein micelle formation.
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