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Skimmed milk was heated in a specially constructed apparatus for times between 1 and 20 min, at set
temperatures in the range 75-90 °C. The extent of denaturation and loss of the serum proteins, principally
B-lactoglobulin, was estimated by gel filtration chromatography in nondissociating buffers. The amount
of aggregated §-lactoglobulin/«-casein complex was estimated by gel filtration in buffer that dissociated
all micellar components apart from those which were linked by disulfide bonds. The results demonstrated
that g-lactoglobulin denatured by a pseudo-first-order process and that there was a direct relationship
between the formation of aggregate and the amount of serum protein lost. Only disulfide-linked polymers
were necessary to explain the products formed during heating in this temperature range.

Extensive studies have demonstrated that when milk
is heated at temperatures in excess of about 70 °C, the
serum proteins §-lactoglobulin and «a-lactalbumin are
denatured (Dannenberg and Kessler, 1988b; de Wit and
Klarenbeek, 1981; Lyster, 1970). They may then bind to
the casein micelles (Smits and van Brouwershaven, 1980;
Singh and Fox, 1987) or simply self-aggregate to form
polymeric products. In isolation, heated whey proteins
form gels, but this does not occur in milk, presumably
because the presence of casein micelles disrupts the
incipient gel structure and also because specific interactions
between the denatured whey protein and the x-casein of
the micelles are possible, although the details of this latter
reaction, especially its temperature dependence, have not
been completely established.

Several investigations have shown that the denaturation
of B-lactoglobulin is complex: agreement on the order of
the reaction has not been achieved. Dannenberg and
Kessler (1988a,b) suggest that a reaction order of 1.5 is
best to fit the rate of denaturation, but other groups favor
either a first-order (de Wit and Swinkels, 1980; Luf, 1988)
or a second-order reaction (Lyster, 1970; Hillier and Lys-
ter, 1979; Mauji and Kakuda, 1986). Despite these
differences, there appears to be general agreement that
the reaction gives a nonlinear Arrhenius plot (Dannen-
berg and Kessler, 1988a,b; Lyster, 1970; Luf, 1988; Manji
and Kakuda, 1986). At temperatures below about 90 °C,
alinear Arrhenius plot is obtained, yielding an activation
energy (E,) of 260-310 kJ/mol, while above that
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temperature, a second linear portion is found with a much
reduced slope, giving E, of about 50 kJ/mol.

The denatured 8-lactoglobulin polymerizes via disul-
fide bonds and binds to x-casein (Smits and van Brouw-
ershaven, 1980; McKenzie et al., 1971). It has been
suggested that initially the aggregates may link by
hydrophobic interactions rather than by intermolecular
disulfide formation (Smits and van Brouwershaven, 1980;
Haque and Kinsella, 1988), but it seems clear that the
formation of final aggregate is caused by the latter type
of covalent bond formation, either between 3-lactoglob-
ulin molecules or between 3-lactoglobulin and «-casein. The
details of the aggregation process have been studied in
model systems containing 8-lactoglobulin and x-casein
rather than in milk itself. A number of factors can be
identified as important: (i) the rate at which the serum
proteins are denatured; (ii) the rates of aggregation of the
denatured proteins; (iii) the sizes of the polymer products
formed; and (iv) the rate of binding of single molecules
or aggregates to the casein micelles. In available studies,
little has been done on the relation between denaturation
of serum protein and the rate and extent of aggregate
formation. The work described in this paper was designed
to study this in more detail.

EXPERIMENTAL PROCEDURES

Milk was obtained from the Institute’s farm and was
skimmed by centrifugation and filtration through a glass fiber
filter pad.

Heating of the milk utilized the equipment described previ-
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Figure 6. First-order reaction plots for the loss of serum protein
from fraction 2 in Ca chromatography, after correction for the
loss of a-lactalbumin using the activation energies given by Lys-
ter (1970). ©,T=75°C; @, T=80°C; 3, T=85°C;m, T =90
°C.
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Figure 7. Relation between the extent of aggregate formation
(fraction 1 in the urea chromatogram) and the loss of native serum
protein (fraction 2 in the Ca chromatogram) in the samples, at
all temperatures and heating times. ©, T = 75 °C; @, T = 80
°C;@, T=85°C;m, T =90°C.

Kessler, 1988a,b; Lyster, 1970; de Wit and Swinkels, 1980;
Luf, 1988; Manji and Kakuda, 1986), a linear plot was
found for the four temperatures, giving an apparent
activation energy of 250 kJ/mol. The temperatures
employed in this study were below those at which the lower
activation energy denaturation of 8-lactoglobulin occurs
(Dannenberg and Kessler, 1988; Lyster, 1970).

It was clear that, at all temperatures, there was an almost
exact correspondence between the amount of disulfide-
linked aggregate formed and the amount of serum protein
lost. Figure 7 shows that the slope of the plot between
the amount of aggregate formed and the denaturation of
serum protein was close to 1 at all temperatures and that,
within experimental error, the results at the different
temperatures were very similar. There was no suggestion
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Figure 8. Increase in the area of fraction 2 in the urea chro-
matograms as a function of heating time at temperatures of 75
(@) and 80 °C (m).

from the chromatographic separations that denatured
serum protein appeared at any other point apart from as
aggregate in fraction 1 of the urea chromatograms. Thus,
there was no indication that small or medium-sized
aggregates of denatured serum proteins were being formed.
Only relatively large aggregates were formed even when
the extent of denaturation was relatively small.
Although fraction 2 of the urea chromatogram is rather
poorly defined, it was possible to identify small changes
that occurred in this fraction, which could be detected by
repeated experiments, all of which showed the same trend.
In unheated milk, the fraction was found to contain only
k-casein, and it was separated from the other caseins
because it contains polymeric, disulfide-linked, material
(Yaguchi et al., 1968). In the earliest stages of the heating,
at the lower temperatures (75 °C for 1-10 min, 80 °C for
1-4 min), where there was little denaturation of the serum
proteins, this fraction increased in size by a factor of about
2 (Figure 8). SDS-PAGE analysis showed that no other
proteins were present in the fraction at this stage, and the
reason for the increase in the size of the fraction appeared
to be an increased polymerization of «-casein and, therefore,
a transfer of k-casein from fraction 3 to fraction 2 of the
chromatogram. At these times at 75 and 80 °C little or
no denaturation of serum protein appeared to occur, as
gauged by the gel filtration chromatography profiles. It
is therefore possible that the micellar «-casein was
rearranging during the early stages of heating. At higher
temperatures, and at longer times at the lower temp-
eratures, the growth of fraction 1 was so rapid and extensive
that it obscured any changes in fraction 2, so the phe-
nomenon could not be described at higher temperatures.

DISCUSSION

There has been no general agreement on the order of
the denaturation reaction of 8-lactoglobulin. De Wit and
Swinkels (1980) and Luf (1988) found a first-order reaction.
On the other hand, Lyster (1970), Hillier and Lyster (1979),
and Manji and Kakuda (1986) found the reaction to be
second order. Dannenberg and Kessler (1988a,b) found
their results were best described by a reaction of order 1.5.
Our results indicate a pseudo-first-order reaction at the
higher temperatures but suggest that at temperatures below
85 °C there is an initial stage to the reaction, which
precedes any more rapid denaturation. This stage may
well be present at the higher temperatures also but be so
short as to be undetectable. The results at the lower
temperatures suggest that a buildup of some possibly
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catalytic units is required before the full denaturation
reaction can occur. Despite the differences in proposed
mechanism, our estimated activation energy for the pseudo-
first-order stages of the denaturation is in good agreement
with those of other authors.

In our experiments, the parallel behavior of the loss of
serum proteins in the Ca chromatography and the increase
in the aggregated material in the urea chromatography
strongly suggest that all of the denaturated serum protein
is rapidly and efficiently aggregated, either with itself or
with the «-casein, and that no small intermediate aggregates
(e.g., dimers, trimers) of free 8-lactoglobulin are formed
permanently. Such particles would be especially obvious
at the lowest temperatures, where denaturation was slow,
but aggregate was only found in fraction 1 of the urea
chromatography and not in fraction 2.

Neither of the chromatography systems was capable of
detecting protein that was denatured but not aggregated.
Therefore, it is not possible to rule out any denaturation
reactions in which a simple conformational change occurs.
However, since the urea chromatography in these exper-
iments detects only disulfide-linked aggregates and the Ca
chromatography will show decreases in the serum protein
if any type of aggregate is formed, the results do not provide
any evidence to support the view that stable aggregates,
not linked by disulfide bonds (Smits and van Brouwer-
shaven, 1981; Haque and Kinsella, 1988), are formed at
any stage in the heating process. This may reflect a
difference between model systems and milk.

The disulfide-linked fractions found in the urea
chromatography contain both «-casein and 8-lactoglobu-
lin and, at higher temperatures and longer times, some
a-lactalbumin and bovine serum albumin. It has been
shown by their position in the chromatogram that the
fractions contain material of large molecular weight. This
is explained by the binding of individual denatured 8-lac-
toglobulin molecules or aggregates to the already partly
aggregated «-casein to form large complexes (Haque et al.,
1987) and is undoubtedly the reason no intermediate sizes
of B-lactoglobulin aggregates were found in the exper-
iments. The B-lactoglobulin/«-casein complexes are clearly
limited in size, since they do not become large enough to
cause appreciable light scattering, which would be evident
as an upward curvature in the plot in Figure 7 as the extent
of protein denaturation, and hence the sizes of the protein
aggregates, increased. It is therefore clear that the particles
formed from denatured serum protein do not form infinite
aggregates but ones whose size is limited, presumably by
the amount of x-casein present. The fact that the
aggregates are limited in this way at all temperatures (since
the graphs in Figure 5b level off when all of the §-lacto-
globulin is denatured and all of the temperature effects
overlap in Figure 7) can be taken as a confirmation that
B-lactoglobulin/«-casein complexes can be formed at all
temperatures from 75 °C upward. Some of these com-
plexes are altered by changing the pH (Banks et al., 1987;
Singh et al., 1988), since it is possible to incorporate whey
protein from heated milk into cheese curd by altering the
pH at which renneting is carried out. The reasons for this,
however, have not been established, since they do not
appear to involve dissociation of the micelle, and further
studies of this phenomenon are required.
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