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SUMMARY

The extent of calcium binding and the heat stability of colloidal suspensions of
freeze-dried casein in calcium hydroxide solution, with added phosphates, eitrates, and
chlorides in some tests, was studied. The ecaleium-binding power of freshly prepared
freeze-dried casein was greater (pK 4.5) than that reported for other casein prepara-
tions. However, the pK value decreased during storage of the casein at room temperature
and within 1 or 2 mo. attained a value (pK = 3.0 = 0.3) in agreement with published
values.

The heat stability of simple casein caseinate suspensions was inversely related to
the extent to which the casein was saturated with caleinm, and this relation appeared
to be linear at calcium levels sufficient to give over 809, saturation. The heat stability
of more complex suspensions was inversely related to the ratio of soluble or ionic cal-
cium to soluble phosphate in the suspension.

Chlorides and phosphates of sodium, potassium, and ammonium displaced ecaleinm
from caseinate to about the same extent, but ammonium ion appeared to have a specific
depressant effect on heat stability.

In an earlier paper (14), it was suggested that the heat stability of milk
varied with a multiplicity of factors which might differ in relative importance
between samples. If so, identification of these factors will be greatly facilitated
by use of simple model systems containing milk proteins. Colloidal suspensions
of acid casein, which do not involve extensive modification or fractionation of
the casein itself, probably provide the most suitable system. Studies of the heat
stability of such suspensions were, therefore, undertaken.

The binding of calcium by casein in calcium hydroxide-casein mixtures has
been studied extensively (2, 3, 7, 19, 20), but data on the heat stability of cal-
cium casein solutions are quite limited (6, 15, 17, 18). The present paper re-
ports on the interrelations between caleium binding and heat stability in col-
loidal suspensions of easein in calecium hydroxide, with and without added chlo-
rides, phosphates, and citrates.

MATERIALS AND METHODS

Acid casein was precipitated from skimmilk by the addition of hydrochloric
acid to pH 4.6, washed several times with water, frozen, and dried under vacuum.
The dried product was ground with a pestle and stored at room temperature.
Several batches of freeze-dried casein were used in this work ; differences between
batches were less than the experimental error plus the effect of aging (vida
infra). Except where otherwise stated, casein preparations were from 1 to 4
mo. old.
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For dispersion of the casein, measured amounts of saturated calcium hy-
droxide solution, filtered through two thicknesses of Whatman No. 12 paper (and
stored under oil if not used immediately) were mixed with a weighed amount of
casein and the mixture shaken for 15 to 18 hr. Aliquots of this colloidal sus-
pension were adjusted to the desired pH with 1 N hydrochloric acid or sodium
hydroxide, and to the desired chloride, phosphate, and citrate content, and
diluted to contain 2.8% casein (w/v, corrected for 6% moisture).

Calcium was determined by a turbidimetric method (9); total calcium by
analysis of an acidified aliquot of the freshly filtered calecium hydroxide solu-
tion, soluble calcium by analysis of ultrafiltrates prepared as previously deseribed
(16). Ionic calecium was determined with murexide (16), by comparison with
standards of the same ionie strength. IToniec strength varied between 0.008 and
0.05, except in a few tests at high chloride concentrations. Total (trichloracetic
acid soluble) and soluble (ultrafiltrate) inorganic phosphate were determined
colorimetrically (10). Heat stability was measured as the time at 140° C.
required to develop visible particles in milk flowing down the wall of the
test-tube (16).

Bound calcium was calculated as the difference between total and ultrafiltrate
calcium. However, this calculation was not permissible when total and soluble
inorganic phosphate values differed, indicating that calcium phosphate had
precipitated. Although Zittle et al. (20) observed binding of phosphate itself,
in the present tests differences between total and ultrafilterable phosphate were
never observed in mixtures in which the estimated [Ca*]3[P0,=]2 and [Ca**]
(HPO,=] products were below those expected to induce precipitation of a
calecium phosphate,

RESULTS

Binding of calcium. In the absence of other salts, the extent to which caleium
was bound to casein was a function of the concentration of calcium present and
the pH. At fixed pH, the reciprocal of the moles of calcium bound per 105 g.
casein (r) at room temperature was a linear funection of the reciprocal of moles
of free calcium present (A) (¢f. 8). Extrapolation to the axes gave a dissocia-
tion constant for a fresh batch of freeze-dried casein of pK =4.36 == 0.10 at
pH 6.5, and of pK =4.52 = 12 at pH 6.95. Caseins that had been stored at
room temperature for 1 to 10 mo. had pK values from 2.66 to 3.80 at pH 7.
The variability in these tests, inclusive of variation between batches of casein,
was higher than suggested by the standard deviations quoted above, but never-
theless the data indicated that the pK for calcium ecaseinate decreased by 0.6
unit or more during the first month of storage at room temperature, with a
further slow decline to pK = eo 3.0 = 0.3. Published values (8, 19) vary from
2.39 to 3.34.

The maximum amount of calecium bound by 10° g. of fresh casein was
38.5 == 0.5M at pH 6.95, and 33.1 %= 0.4 at pH 6.5. Older easeins (1 to 10 mo.)
bound from 33 to 36 M/10° g. at pH 7, with no significant trend with time of
storage. The effect of pH on the maximum amount of calcium bound by casein
was similar to that reported by Zittle et al. (20).
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If the calcium concentration was less than that required to saturate the
casein at room temperature, more caleium was bound at 93° C. than at room
temperature (Table 1). The increase was small under all conditions tested, but
was sufficient to cause the 1/r vs. 1/A relation to deviate sharply from lin-

earity (Figure 1).

TABLE 1

Effect of temperature on the amount of calcium bound by casein
(Averages of 3 tests, pH 6.5)

Caleium in Caleinm
Calcium ultrafiltrate bound
added (mM /liter) (M/10° g.)

(mM /liter) 25° C. 93° C. 25° C. 93° C.
7.5 0.5 0.1 25.1 26.2

7.8 0.6 0.2 25.8 27.2

9.2 1.1 0.8 28.6 29.6
12.2 3.1 3.1 32.2 324

Addition of chlorides or phosphates of sodium, potassium, or ammonium to
colloidal casein—calcium hydroxide suspensions in which the casein was not
saturated with calcium, displaced ealcium from the casein (Figure 2). Added
citrates sequestered calcium and thus greatly reduced the amount bound by
casein (Figure 2). These effects appeared to be independent of the cation present.

Heat stability. At pH 6.5, 7.0, or 7.5, and calcium levels above 7.5 mM/liter
of colloidal casein—caleium hydroxide suspension, the heat stability was inversely
related to the extent to which casein was saturated with calcinm (Table 2).
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Fie. 1. Effect of temperature on the binding of calcium by casein. Data are from same
tests as in Table 1, but not averaged: pH 6.5; O—25° C., @—93° C.
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Fi1e. 2. Displacement of caleium from casein by sodium, potassium, and ammonium salts
(i.e., bound caleium of control minus bound calcium of sample with added salt). Caleium
concentration 7 to 8 mM/liter, pH 6.5, temperature 25° C.

O, 0, ®—Na, K, and NH, chlorides, respectively
[0, (1, B—Na, K, and NH. phosphates, respectively
A, A, A—Na, K, and NH, citrates, respectively

At fixed calcium level, heat stability decreased with decreasing pH, becoming
essentially zero at pH 6.0 (Table 2). The heat stability of colloidal casein—
caleium hydroxide suspensions also decreased with increasing age of the casein
preparation; e.g., casein 80% saturated with caleium had a heal stability of
12 min. when 2 to 6 wk. old, and of only 8 min. when 20 to 24 wk. old (average
of three tests in each period). With very fresh casein a heat stability of 20 min.
at 80% saturation was observed (single test).

When other salts were added to the colloidal suspension of casein in calcium
hydroxide, the heat stability was influenced both by the anion and by the cation
(Figure 3). Sodium and potassium phosphates greatly increased the heat
stability ; ammoninm phosphate did not. The heat stability of suspensions con-
taining ammonium citrate was also lower than that of similar suspensions
containing sodium or potassium citrate (Figure 3). Addition of 10 mM/liter
sodium or potassium chloride did not significantly affect the heat stability of
casein—caleium hydroxide suspensions; higher levels (20 and 30 mM /liter) de-
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TABLE 2

Effect of saturation of casein with ealcium, and of pH, on heat stability of colloidal
suspensions of easein in calcium hydroxide

Total Bound Heat
caleium caleium Saturation ® stability
pH (mM/liter) (M/16° g.) (%) (min.)
7.5 7.8 26.3 70.9 26
9.8 30.5 82.3 16.5
12.6 36.0 97.1 1
16.0 36.9 99.4 0.5
19.5 36.4 98.0 nil
7.0 7.8 26.0 76.6 21
9.8 30.5 90.0 9
12.6 33.7 99.4 0.5
16.0 33.7 99.4 0.25
19.5 32.9 96.9 nil
6.5 7.8 244 85.2 7.5
9.8 27.3 95.6 0.75
12.6 27.6 96.3 nil
16.0 27.6 96.3 nil
19.5 28.1 98.1 nil
6.0 7.8 19.1 85.7 0.5
9.8 18.6 83.3 0.25
12.6 20.1 90.5 nil
16.0 22.3 100 nil
19.5 22.3 100 nil

* Per cent of maximum as determined by extrapolation to infinite caleium concentration.
Y p

creased it by about 256%. Ammonium chloride decreased heat stability approxi-
mately 30, 60, and 80% when present at 10, 20, and 30 mM/liter concentrations
(single test).

Since the heat stability of colloidal suspensions containing only easein and
caleium hydroxide was related to the per cent saturation of casein with ealcium
(Table 2), and calcium binding, and hence per cent saturation of casein with
calcium was related to the reciprocal of the free calecium present at room
temperature (¢f. 8), heat stability of these simple mixtures was also related to
1/Casq. However, this relation was not apparent when phosphate or citrate
(1/Ca* substituted for 1/Ca,m in the presence of citrate) was also present.

.. The heat stability of colloidal suspensions containing easein, ealecium, and
phosphate was inversely and linearly related to the Ca/P ratio in the ultra-
filtrate. Data for 29 tests, including some in which calcium phosphate precipi-
tated, gave a correlation b,éj;ween heat stability and the Cagy /Py ratio of —0.96
(Figure 4). However, the per cent saturation of casein with calcium was also
related to the Casm/Psy ratio. These two factors could not be separated experi-
mentally, but their individual effects can be approximated by standard sta-
tistical methods (partial correlation analysis). Among the 29 tests, there were
14 in which no calcium phosphate precipitated (hence, bound ealcium could be
estimated ), and statistical analysis of the data from these yielded the following
results:

Crude (apparent) correlation between
Cag/Psa and heat stability —0.97
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Fia. 3. Effect of added citrate (0 to 4 mM/liter) and phosphate (0 to 16 mM/liter) on
the heat stability of eolloidal suspensions of casein. Calcium concentration 7 to 8 mM/liter,
pH 6.5, temperature 25° C.

(O—Na or K phosphate @ —NH,. phosphate

[J—Na or K citrate B NH; citrate
The linear relation above 809 saturation (no points shown) was established by several tests
with casein—caleium hydroxide suspensions without added salts.

The corresponding crude regression coeffi-

cient of heat stability on Cage/Psor —700=x=170
The same correlation corrected for the effect
of per cent saturation on Cagy/P.u —0.83

The corresponding corrected regression coeffi-

cient of heat stability on Cage/Pso —48.7 = 9.9

It is thus apparent that the correlation and regression are inflated by the
underlying relation between per cent saturation and Ca/P, and the screening
out of this relation gives lower and more realistic values.
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F1c. 4. Relation between the heat stability of colloidal suspensions of casein and the
ratio of soluble (or ionic) ealecium to soluble phosphate. Calecium concentration varied from
7 to 18 mM/liter, pH 6.5.

(O—-casein-caleium-phosphate suspensions
@—casein-calecium-phosphate-citrate suspensions

The heat stability of colloidal suspensions containing citrate in addition
to casein, caleium, and phosphate was also inversely related to the Ca*/Pn
ratio (Figure 4). There was no apparent relation between the heat stability
of these suspensions and the Cag,/Pym + Citrates, ratio.

DISCUSSION

Freshly prepared freeze-dried casein had a greater affinity for calcium
(pK =4.5) than had the commercial (3) or solvent-dried (19) caseins tested
by other authors. However, freeze-dried caseins stored 1 to 10 mo. at room
temperature had pK values (ca 3.0 = 0.3, range 2.7 to 3.8) that did not differ
significantly from previously reported values (3, 19). The high value for
freshly prepared freeze-dried casein suggests that native casein has a greater
affinity for calcium than indicated by published data on acid casein.

The maximum amount of calecium bound by freeze-dried casein varied from
33 to 36 M/10° g. casein at pH 7.0 (38 for freshly prepared easein). Assuming
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a molecular weight of 33,000, the caleium bound is 11 to 12 M/M casein. This
value is lower than that obtained by Chanutin et al. (3) [ef. also (7)], but is
in reasonable agreement with a value of 10 M/M estimated from the data of
Zittle et ol. [(20) Figure 4].

Heat stability of the colloidal suspensions of casein in calcium hydroxide
appeared to be largely dependent upon (a) the per cent to which the casein
was saturated with calcium, and (b) the ratio of soluble calcium to soluble
phosphate in the suspensions. The amount of caleium bound to casein in milk
has been estimated by assuming a constant Ca/P ratio in the colloidal calecium
phosphate (4, 5, 13) but, in view of the variability in composition of calcium
phosphate precipitates (1), these assumptions are difficult to justify. Pyne
and McGann (11) have recently introduced an acidification-dialysis technique
for preparing milk containing no colloidal caleium phosphate, but this method
has not been applied to a study of the casein-bound ealeium in a range of milks.
At present, therefore, it is not possible to decide whether the degree of satura-
tion of casein with caleium in normal milks can be a factor in determining their
heat stability. On the other hand, the relation between the Cag,/Psy ratio and
the maximum heat stability of normal milk (14) was similar to that observed
in the present tests. Colloidal caleium phosphate is thought to be a major
factor controlling the heat stability of normal milks (12), but precipitation of
calcium phosphate in the colloidal suspensions of caleinm ecaseinate did not
alter the relation between the Cay,/Ps, ratio and the heat stability.

Added salts probably affect the heat stability of colloidal suspensions of
casein by displacing calcium from the casein and, when phosphate is present,
by affecting the soluble (or ioniec) caleium/soluble phosphate ratio. However,
ammonium ion displaced caleium from casein to the same extent as did sodium
or potassium, but did not increase heat stability correspondingly. Ammonium
ion probably had a specific depressant effect on the heat stability of these
colloidal suspensions.

REFERENCES

(1) BouLer, M. A., AND MARIER, J. R. Precipitation of Calcium Phosphates from Solutions
at Neor Physiclogical Concentrations. Arch. Biochem. Biophys., 83:157. 1961,

(2) Carr, C. W. Studies on the Binding of Small Ions in Protein Solutions with the Use of
Membrane Electrodes. IV. The Binding of Caleium Tons in Solutions of Various
Proteins. Arch. Biochem. Biophys., 46:424. 1953.

(3) CmanvumiN, A., LupEwIig, 8., AND MasHET, A. V. Studies on the Calcium-Protein Rela-
tionship with the Aid of the Ultracentrifuge. J. Biol. Chem., 143: 737. 1942,

(4) Evenmuis, N., AND DE Vrigs, TH.R. The Condition of Caleium Phosphate in Milk,
V. Netherlands Milk Dairy J., 11:111. 1957.

(5) EveNuuls, N.,, AND DE Vermes, TH.R. The Condition of Calcium Phosphate in Milk.
V1. Netherlands Milk Dairy J., 11: 213. 1957.

(6) Howar, G. R., axnp WriGHT, N. C. The Heat Coagulation of Caseinogen. I. The Role
of Phosphorus Cleavage. Biochem. J., 30: 1336, 1934.

(7) Krorz, I. M. The Applieation of the Law of Mass Action to Binding by Proteins.
Interactions with Calcium. Arch. Biochem., 9: 109. 1946.

(8) Krorz, I. M. The Proteins. Vol. 1, Part B. p. 771 ff. Academic Press, N. Y. 1953.

(9) MARIER, J. R., AND BouLeT, M. A. Direct Microdetermination of Caleium in Milk. Agr.
Food Chem., 4: 720. 1956.



1246 H. TESSIER AND DYSON ROSE

(10) Poriey, J. R. The Microcolorimetric Determination of Inorganic Phosphate in Plasma
and Urine.- Canadian J. Research, E. 27: 265. 1949.

(11) PYNE, G. T., AND McGANN, T. C. A. The Colloidal Phosphate of Milk. II. Influence
of Citrate. J. Dairy Research, 27: 9. 1960.

(12) PyneE, G. T. aANp McHENRY, K. A, The Heat Coagulation of Milk. J. Dairy Research,
22: 60. 1955.

(13) RamsprLL, (. A., AND WHITTIER, E. 0. Composition of Casein in Milk. J. Biol. Chem.,
154: 413, 1944.

(14) Rose, D. Variations in the Heat Stability and Composition of Milk from Individual
Cows During the Lactation Cycle. J. Dairy Sei., 44: 430. 1961.

(15) SoMmMER, H. H., ANp HArT, E. B. The Heat Coagulation of Milk. J. Dairy Sci., 5: 525.
1922,

(16) TESSIER, H., AND Rosg, D. Calcium Ion Concentration in Milk, J. Dairy Sei., 41: 351.
1958.

(17) Zirrim, C. A, DerLa Monica, E. 8., axp Custer, J. H. Precipitation of Calecium
Caseinate by Heat and Subsequent Reversal. J. Dairy Sei., 39: 1651. 1956.

(18) Zirrie, C. A.,, DELna MoNica, E. 8., Anp CusTer, J. H. Effect of Certain Salts on
Precipitation of Casein by Calcium Chloride and Heat. J. Dairy Seci., 40: 280. 1957.

(19) Zrrrug, C. A., AND PrpPER, L. Influence of Hydrogen and Calcium Ion Concentrations,
Temperature, and Other Factors on the Rate of Aggregation of Casein. J. Dairy
Sei., 41: 1671, 1958.

(20) Zrrrig, C. A., DmrLs Moxica, E. S., Rupp, R. K., axp Custer, J. H. Binding of
Caleium to Casein: Influence of pH, and Caleium and Phosphate Concentrations.
Arch. Biochem. Biophys., 76: 342. 1958.



