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ABSTRACT The early stages of heat induced aggregation at 67.5°C of �-lactoglobulin were studied by combined static light
scattering and size exclusion chromatography. At all conditions studied (pH 8.7 without salt and pH 6.7 with or without 60 mM
NaCl) we observe metastable heat-modified dimers, trimers, and tetramers. These oligomers reach a maximum in concen-
tration at about the time when large aggregates (1000–4000 kg/mol) appear, after which they decline in concentration. By
isolating the oligomers it was demonstrated that they rapidly form aggregates upon heating in the absence of monomeric
protein, showing that these species are central to the aggregation process. To our knowledge this is the first time that
intermediates in protein aggregation have been isolated. At all stages of aggregation the dominant oligomer was the
heat-modified dimer. Whereas the heat-modified oligomers are formed at a higher rate at pH 8.7 than at pH 6.7, the opposite
is the case for the formation of aggregates from the metastable oligomers indicating cross-linking via disulfide bridges for the
oligomers and noncovalent interaction in the formation of the aggregates. The data suggest that an aggregate nucleus is
formed from four oligomers. For protein concentrations of 10 or 20 g/l a heat-modified monomer can be observed until about
the time when the maximum in concentration appears of the heat-modified dimer. The disappearance of this heat-modified
monomer correlates to the formation of dimers (trimers and tetramers).

INTRODUCTION

The study of protein aggregation has for many years been
important in relation to food production and biotechnology.
In recent years, the implication of protein aggregates in a
number of diseases has brought renewed interest to the field.
In some cases aggregation proceeds by random sticking
together of the molecules, leading to unstructured aggre-
gates; in other cases the proteins form specific contacts,
leading to aggregates of well-defined structures. Studies
have shown that many quite different proteins form a highly
structured type of aggregates known as amyloid, character-
ized by a high content of �-sheet and with the shape of rods
(fibrils) or plaques (Dobson, 1999). The structural events
that initiate aggregation therefore may be expected to show
common traits. The characterization of these structural
changes, however, has proven to be quite difficult. The most
detailed mechanism that has been discussed is probably the
strand insertion deduced for �-antitrypsin by Elliot et al.
(1996), who also conjectured a model for the amyloid fibril.
Fiber diffraction data have been obtained from transthyretin
amyloid fibrils (Blake and Serpell, 1996), suggesting for
this system a rather different structure consisting of four
very long �-sheets. Model systems in which the aggregation
process can be arrested at early times in a controlled fashion
might give new possibilities to study the characteristics of
structured aggregation.

�-lactoglobulin is the major protein component in bovine
whey, and belongs to the retinol binding family of proteins
showing a �-sandwich and one long �-helix (Brownlow et
al., 1997). Upon heating to temperatures above 60°C the
�-helix unfolds while the �-sheet remains intact, and the
protein molecules subsequently aggregate. When the sam-
ple is cooled in ice water the aggregation stops, and in this
way the process can be easily monitored. Aggregates
formed at low ionic strength appear to be open, thin-
stranded structures (Foegeding et al., 1995) and the large
content of �-sheet structure in �-lactoglobulin suggests that
there may be structural similarities with the processes im-
plicated in formation of amyloid, although this is not known
with certainty. Several studies (Aymard et al., 1999; Elofs-
son et al., 1996; Haque and Sharma, 1997; Hoffmann et al.,
1996) have been performed in order to elucidate the struc-
ture of the aggregates appearing after heating of �-lacto-
globulin. The primary cause of initiation of heat aggregation
is thought to involve disulfide bridge formation by ex-
change between the free thiol group and one of the two
disulfide bridges (Shimada and Cheftel, 1989; Sawyer,
1967). Roefs and de Kruif (1994) have proposed a model in
which disulfide formation occurs throughout the aggrega-
tion process. However, whether this is in fact the case has
never been proven. Indication of the importance of a disul-
fide-linked dimer was given in Manderson et al. (1999). In
the present work, we use combined size exclusion chroma-
tography and light scattering to study heat-induced aggre-
gation of �-lactoglobulin at high pH and low salt concen-
tration. The results show that the aggregation proceeds
through the formation of metastable heat-modified dimers
and higher oligomers, which form the basis for further
aggregation. The isolation of the metastable intermediates
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done in this work provides a powerful approach to the
elucidation of the structural basis of aggregation.

MATERIALS AND METHODS

Sample preparations

All chemicals used were of analytical grade. All water used was purified
using an Elga Maxima system. All samples were prepared, dialyzed against
and heat-treated in a 10 mM Na2HPO4 buffer, pH 8.7 or pH 6.7 with or
without 60 mM NaCl. �-Lactoglobulin A and B were obtained from Sigma
as dried powder. To prepare the samples for the measurements, different
amounts of dry powder of each sample was dissolved in 2.5 ml of buffer
and subsequently dialyzed against 1 l of buffer at 4°C under stirring for 8 h
and then, after a change of buffer, for another 16 h. After dialysis the
samples were diluted to the appropriate concentration in the buffer and
filtered twice through the same 200 nm pore filter into two dust-free test
tubes, 1 ml in each. The protein concentration was determined by UV
absorbance using an extinction coefficient of 0.96 l g�1 cm�1. For simul-
taneous light scattering and size exclusion chromatography 75 �l was
extracted at regular intervals from the sample in the water bath and taken
in an Eppendorf tube to an ice bath for thermal quenching.

Simultaneous static light scattering,
refractive index measurements, and size
exclusion chromatography

Samples were injected containing 0.5 mg of protein, except for the dilution
series, was injected into a SUPERDEX 200 7.8 � 300 mm column having
a flow of 0.5 ml/min. The sample injected was either 50 �l, 10 g/l
�-lactoglobulin or 500 �l, 1 g/l �-lactoglobulin. For the dilution series 500
�l injection was used and the concentration given refers to this. The
column was equilibrated in 10 mM NaH2PO4/Na2HPO4 pH 6.7, 60 mM
NaCl. After having passed through the column the sample ran first through
the light scattering instrument (Dawn F with a K2 cell, Wyatt Technology,
Santa Barbara, CA), and then through the refractive index detector (RID-
10A, Shimadzu, Japan or Wyatt Optilab 903, Wyatt Technology, Santa
Barbara, CA). All flow measurements were done at a temperature of 20°C,
controlled via a water bath. The concentration of the species appearing in
the elution profiles was determined by measurement of the refractive index.
Bovine serum albumin from Sigma was applied to the column in order to
calibrate the light scattering detectors. In order to estimate the molar mass,
and radius of gyration for the aggregates, a Debye plot, i.e., light scattering
signal vs. q2 was made (the light intensities were measured at 15 angles out
of which 10 were used in a q range of 10–25 �m�1). The radius of gyration
was derived from the slope of this line and the weight average molecular
mass was obtained by the intercept at the ordinate axis divided by the
refractive index signal. For the oligomers with mass less than 100 kg/mol
the light scattering was isotropic and only one angle was used for mass
determination. When samples needed to be concentrated it was accom-
plished by centrifugation through an Amicon filter with a 5 kg/mol cutoff.

RESULTS

Size distributions during heat aggregation

The time course of aggregation during heating was followed
under different conditions as given in Table 1. In Fig. 1 is
shown the refractive index signal as a function of the elution
volume at several different heating times. The samples were
10 g/l of �-lactoglobulin A and B, dissolved in 10 mM
phosphate buffer, pH 8.7 heated at 67.5°C. From this figure

it is seen that for both variants a variety of oligomers
including the monomer appear (from about 14 to 18 ml
elution volume) at all shown heating times. The molar mass
of the oligomers have been determined from light scattering
as described in materials and methods sections. This is
illustrated in Fig. 2. The identification of the various oli-
gomers is indicated by arrows in Fig. 1. Peaks with molar
masses of the monomer, dimer, and trimers are observed for
both variants. A tetramer is present at low concentration for
both variants and can be identified as a peak for the B
variant to the left of the trimer position. The positions of the
dimer, trimer and tetramer are independent of the heating
time. In contrast, molecules appearing between the dimer
and monomer position vary in position and mass between
the monomer and dimer. In accordance with this, the mass
and peak position of the unheated protein are slightly lower
than that of the dimer (Fig. 2). At heating times from 15 to
180 min at volumes between 16 to 18 ml (Fig. 1), intensity
composed of two partly overlapping peaks appears of which
the left part represents the monomer. At later heating times,
a single broad band appears with a slow decrease in mass
toward the mass of the monomer with increasing heating
times. The disappearance of the monomer peak observed up
to 180 min correlates to the presence of the dimers, trimers,
and tetramers. This behavior is observed for both variants
(Fig. 1).

The behavior of the two variants when heated is almost
identical concerning the types of oligomers. From 375 min
and later aggregates appear for both variants. Correlated to
this is a gradual decrease in the concentration of dimers,
trimers, and tetramers. For the A variant the oligomers
change suddenly into the aggregates in contrast to the B
variant where the oligomers gradually turn into the aggre-
gates between 60 and 1527 min (Fig. 1).

In Fig. 3 are shown elution profiles for the refractive
index signal for different pH values, NaCl, and protein
concentrations. The heating times for the different profiles
were selected such that the concentration of large aggre-
gates was roughly the same for all shown cases. It can be
seen that the metastable oligomers appear under all condi-
tions shown, although in different concentration.

TABLE 1 Experimental conditions for heating at 67.5°C in
10 mM phosphate buffer

Concentration
�-lactoglobulin

(g/l) pH
NaCl
(mM) Variant

10 8.7 0 A
20 8.7 0 A
50 8.7 0 A

105 8.7 0 A
10 8.7 0 B
14 6.7 60 A
10 6.7 0 A
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In Fig. 4 plots are shown of the radii of gyration for the
aggregates for the A and B variants heated at pH 8.7 with
samples containing 10 g/l �-lactoglobulin (Table 1) in the
time range of 1500 to 5000 min. For the A variant an
average radius of gyration of 29 � 1 nm and molar mass

increasing from 2000 to 3500 are derived and for the B
variant an average radius of gyration of 21 � 2 nm and
molar mass increasing from 800 to 1300 kg/mol are derived.

Isolated oligomers

The question arises whether or not the aggregates present
between 9 and 10 ml and the oligomers present between 13
and 18 ml elution volumes can dissociate or associate de-
pending on their concentration. To study this, we made size
exclusion with a 20 g/l �-lactoglobulin A solution at pH 8.7

FIGURE 1 Elution profiles for the
refractive index signal from �-lacto-
globulin A (left) and B (right) both at
10 g/l heated at 67.5°C in 10 mM phos-
phate buffer pH 8.7. After being heated
for the time interval indicated a small
aliquot was extracted, quenched in an
ice bath, and diluted to 1 g/l before it
was applied to the column. The first
five profiles are also shown multiplied
with 10 for elution volumes less than 13
ml. The dotted line appearing in both
panels is the elution profile for the un-
heated protein.

FIGURE 2 Oligomer region close up: Light scattering (at q � 20.7
�m�1, dotted lines) and refractive index signal (solid lines) for 10 g/l for
the A variant after 0, 15 and; 1950 min of heating. The light scattering
signal is scaled to the same value as the refractive index signal at the peak
for the metastable dimer.

FIGURE 3 Refractive index signals for different conditions chosen at
heating times for the first appearance of the aggregate peaks but such that
the concentration is roughly the same. The leftmost peaks are from the
aggregates, the rightmost peaks from the monomer/dimer.
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after 105 min heating, applying different concentrations of
the sample to the column. The corresponding elution pro-
files are shown in Fig. 5. From this figure it is evident that
no dissociation occurs upon dilution for the aggregates.
Furthermore, in the region of the dimer and trimer peaks
including higher oligomers, it can be seen that at the highest
concentrations, i.e., 10 and 20 g/l, some association occurs
shifting the distributions of oligomers toward higher mul-
timers. However the peak positions of the dimer and trimer
are stable toward dilution and these oligomers show no
dissociation toward the monomer. These oligomers we
therefore denote as metastable because they do not dissoci-
ate. This is in contrast to the molecules appearing in the
peak at the monomer position at 0.1 g/l but shifted toward
lower volumes upon increasing the concentration. From
analysis of the light scattering intensity (Table 2) the molar
mass in this peak is raising with protein concentration from
being close to the monomer toward being close to the dimer.
This clearly shows a reversible dissociation/association
equilibrium between the monomer and the dimer for this

peak. The molecule present in this mobile peak we therefore
denote the labile monomer/dimers. The consequence of the
results discussed above is that two forms of a �-lactoglob-
ulin dimer exist, one which is stable toward dissociation to
the monomer and one which does dissociate to the monomer
upon dilution. In order to further establish the behavior

FIGURE 4 Molar mass and radius of gyration of aggregates from 10 g/l
�-lactoglobulin A and B heated at 67.5°C in 10 mM phosphate buffer pH
8.7 for various lengths of time. The data are evaluated in the q range 8 to
25 �m�1 by fitting a straight line to the light scattering signal normalized
by the refractive index signal in a Debye plot. The dash represents the A
variant and the cross-the B variant.

FIGURE 5 Elution profiles for the refractive index signal from 20 g/l
�-lactoglobulin A heated at 67.5°C in 10 mM phosphate buffer pH 8.7 for
105 min and subsequently quenched in an ice bath. 500 �l of the heated
sample having the protein concentration given in the figure was applied to
the column. For the diluted samples a 10 mM phosphate buffer pH 8.7 was
used for dilution. The elution profiles were normalized to give the same
area independent of dilution.

TABLE 2 Molar mass vs. concentration derived from the
dilution series shown in Figure 7

Concentration
(g/l)

Native
molar mass

(kg/mol)

Heated
molar mass

(kg/mol)

Native
elution
volume

(ml)

Heated
elution
volume

(ml)

0.1 22 25 17.1 17.2
0.2 21 29 17.0 17.0
0.5 25 31 16.8 16.8
1.0 29 34 16.7 16.7
2 30 32 16.5 16.5
5 31 32 16.5 16.4

Molar mass shown is weight average molar mass.
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observed in Fig. 5 and to characterize the aggregation prop-
erties of the metastable oligomers and the monomer/dimer
molecules we fractionated the oligomers appearing from the
elution profile for 20 g/l (bottom profile in Fig. 5). The
oligomers were separated into two groups: a fraction here
denoted the metastable oligomers was collected from 13 to
16.1 ml and a fraction denoted the monomer/dimer fraction
from 16.1 to 18 ml. The choice of 16.1 ml as the separating
volume for the two collected fractions was made from the
minimum observed in the profiles for 20 g/l (Fig. 5, dotted
line). In order to have enough material for the dilution series
with the isolated oligomers, 500 �L of the 20 g/l solution
was applied to the column four times. The two collected
fractions were then concentrated to 10 g/l and dilution
series, with regard to the protein concentration injected in
the column, were made on each fraction, together with a
dilution series for the unheated protein. The results are
shown in Figs. 6 and 7. Again it is seen (Fig. 6) that the
aggregates and oligomers (molecules appearing up to 16.6
ml) are virtually unaffected by dilution except that the

oligomers exhibit a trend to further association at the high-
est concentrations. Below 2 g/l or 10�4 M, the shape of the
elution profile is constant. Long time storage (order of days
at 4oC) initiates a slow aggregation but no dissociation of
the metastable oligomers (data not shown). In contrast to
this, the molecules appearing between about 16 and 18 ml,
having molar mass between the monomer and dimer (Fig. 7
and Table 2), appear at increasing volume with increasing
dilution. This is the case for both the heated and unheated
dilution series (Fig. 7 and Table 2). This means that these
molecules exhibit a monomer/dimer equilibrium which is
fast relative to the column passage time. From the weight
average molar mass shown in Table 2 the dissociation
constant is estimated to be about 1 � 10�5 M and 5 � 10�5

M for the heated and unheated sample respectively. These
estimates are based on the fact that when the molar concen-
tration of monomers and dimers is equal, the molar mass is
5/3 (weight average) times the monomer mass. The total
applied concentration for which this occurs is 2 g/l and 0.5
g/l for the native and heated protein respectively. As the
average dilution factor during column passage is 2, the
concentrations used for calculating the equilibrium con-
stants are chosen as half of these values. Note that the
equilibrium constants relates to pH 6.7 10 mM phosphate
buffer containing 60 mM NaCl, i.e., the column buffer. The
conclusion is that the monomer/dimer fractions for both the
heated and unheated samples exhibit a monomer/dimer
equilibrium with perhaps slightly different equilibrium
constants.

Kinetics of aggregation

To visualize the kinetic behavior of the different molecular
entities, we integrated three areas in the refractive index

FIGURE 6 Elution profiles for the refractive index signal for a dilution
series of the oligomer fraction. The oligomer fraction sample was gener-
ated by heating 20 g/l �-lactoglobulin A at 67.5°C for 105 min in 10 mM
phosphate buffer pH 8.7 for 105 min. After heating the sample was
quenched in an ice bath and then four times 500 �l was applied to the
column (see lower curve in Fig. 5) and the material from 13 to 16,1 ml was
collected. The resulting material was concentrated to 10 g/l. The elution
profiles shown are normalized to give the same area independent of
dilution.

FIGURE 7 Elution profiles for the refractive index signal for a dilution
series of the monomer/dimer fraction (left). The monomer/dimer fraction
was chosen from the column elution described in the legend to Fig. 6 by
collecting the material from 16.1 ml to 18 ml. For comparison elution
profiles for a dilution series of unheated protein are also shown (right). The
elution profiles were normalized to give the same area independent of
dilution.
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elution profiles shown in Fig. 1. Fig. 8 shows the results. It
can be seen that before the formation of aggregates, a lag
phase of about 200 min exists for the A variant. At the end
of this lag phase the metastable oligomers have reached a
maximum in concentration. However, the B variants shows
no lag phase for aggregate formation. In particular, the B
variants shows a correlation between the formation of the
aggregates and a decline in the concentration of the meta-
stable oligomers. Although the low concentration of the
aggregates within the time window shown in Fig. 8 obscures
the picture for the A variant, the same correlation is found
at later times (data not shown).

The influence of total protein concentration on the ap-
pearance of metastable oligomers and aggregates is shown
in Fig. 9 (see legends for details). For the aggregates we
made a linear fit to the concentration of aggregates as a
function of heating time in the time window shown in Fig.
9, lower panel, to derive initial rates of aggregation after the
lag phase. This initial rate is plotted as a function of con-
centration of total �-lactoglobulin in Fig. 10. A fit to the

first three points with a power law gave an exponent of
4.3 � 0.1. It can be seen that at 105 g/l the rate (min�1 g�1

l) is significantly slowed down. By averaging the concen-
tration of the metastable oligomers (excluding the unheated
case) values of about 6 � 1, 12 � 2, 18 � 4 and 21 � 7 g/l
are reached for heating with 10, 20, 50, and 105 g/l, respec-
tively (Fig. 9).

The two fractions collected (see above) were also tested
for their ability to aggregate. This was done by heating
again at 67.5°C in 10 mM phosphate buffer pH 6.7 and 60
mM NaCl. The kinetics of aggregation for the labile mono-
mer/dimer fraction shown in Fig. 11 resembles that of
heating native �-lactoglobulin under the same conditions. In
contrast to this, the metastable oligomer fraction turned into

FIGURE 8 The refractive index signals shown in Fig. 1 were integrated
in three areas for each time of heating. The sum of the three areas is
normalized to 1. Shown are: aggregates (9.0 to 13 ml, circles), the meta-
stable oligomers (13 to 16.6 ml, squares), and the labile monomer/dimer
(16.6 to 18 ml, triangles). Lower panel, the A variant and upper panel, the
B variant.

FIGURE 9 Concentration of aggregates (lower panel) and metastable
oligomers (upper panel) as a function of heating time derived from the
integration of the refractive index signals, as described in the legend to Fig.
8, from �-lactoglobulin A heated at 67.5°C in 10 mM phosphate buffer pH
8.7 at 105 g/l, 50 g/l, 20 g/l and 10 g/l. The time scales for the curves are
rather different, so in order to present the curves simultaneously, the time
was multiplied by the square of the total protein concentration (horizontal
axis) and the concentration of the aggregates was divided by the square of
the total protein concentration (vertical axis, lower panel).The symbols
represent: circles, 10 g/l; squares, 20 g/l; up triangles, 50 g/l; down
triangles, 105 g/l. The lines in the upper panels are guidelines to the eye
and in the lower panel linear fits to the data shown in the range they are
fitted to.
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aggregates at a much faster rate (Fig. 11). The absence of a
lag phase for the monomer/dimer fraction is explained by a
20% presence of the metastable oligomers due to the im-
perfect separation of the two groups of molecules.

A comparison between a 10 g/l �-lactoglobulin A solu-
tion heated at either pH 6.7 or 8.7 shown in Fig. 12 dem-
onstrates that the metastable oligomers are formed at a
higher rate and to a higher concentration at pH 8.7 than at
pH 6.7. In contrast, the rate is much faster for the formation
of aggregates at pH 6.7 than at pH 8.7.

DISCUSSION

Intermediate oligomers

A study of heat denaturation of �-lactoglobulin with com-
bined static light scattering and size exclusion chromatog-
raphy, as we have done in this work, was recently per-
formed by Hoffmann et al. (1997), but only covering the
very late stages after heating thus preventing a study of the
initial lag phase behavior of the aggregation. By studying
the early stages of heating, Bauer et al. (1998) showed that
small oligomers were reaction intermediates with respect to
heat aggregation of �-lactoglobulin. From the work pre-
sented here it follows that the intermediate molecules ap-
pearing at pH 8.7 with no salt also appear at pH 6.7, with or
without 60 mM NaCl, the difference being the concentra-
tion and time course of formation of the different oligomers
(Figs. 3 and 12). This shows that relevant details of the early
stages of heat aggregation can be revealed and their entities
be isolated by studying the aggregation at pH 8.7 where the

build up of intermediate oligomers is conveniently slow at
or below concentration of 20 g/l.

From the time course of heat aggregation at 10 g/l for the
A and B variant several interesting features are revealed.
Even at the first time observed after heating, a band com-
posed of metastable oligomers is present. Although the
heat-modified dimer is the most abundant oligomer, there
are also trimers and tetramers present. The fact that the
distribution between different metastable oligomers
(dimers, trimers, and tetramers) is independent of the con-
centration applied to the column below 2 g/l, gives evidence
for the formation of interprotein disulfide bridges since they

FIGURE 10 The lines shown in Fig. 9, lower panel, are converted to
reaction rates and a linear fit was made (solid line). Only the first three
points were used in the fit in a double logarithmic plot of rate vs.
concentration.

FIGURE 11 Time dependencies of the refractive index signals from
three samples all heated at 67.5°C for different lengths of time in 10 mM
phosphate buffer pH 6.7 containing 60 mM NaCl. The samples heated and
quenched were: 14 g/l �-lactoglobulin A (circles, see Table 1): metastable
oligomer fraction (squares) and monomer/dimer fraction (triangles) both at
a concentration of 10 g/l �-lactoglobulin A (see figure legends to Fig. 6 and
7).The signals are integrated in three different areas. The sum of the three
areas is normalized to 1.
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are not supposed to dissociate by dilution. The existence of
disulfide bridged oligomers was shown by electrophoreses
studies by Manderson et al. (1999).

A plateau and a shoulder at 17.3 ml with a mass of the
monomer can be observed up to 180 min of heating (Fig. 1).
This could be a reactive monomer with the cysteine exposed
for disulfide formation (Manderson et al., 1999). Much
work has focused on the role of the free thiol group (cys121)
in �-lactoglobulin (see for example Sawyer, 1967; Shimada
and Cheftel, 1989; Xiong et al., 1993; Hoffman and van
Mil, 1997). The aggregation kinetics and the aggregate
structure also differ with the presence or absence of the thiol
blocking group N-ethylmaleimide (Hoffmann and van Mil,
1997). The proposed mechanism of the free thiol group is
that after heat activation it is capable of building oligomers
by disulfide bond switch with one of the two disulfide
bridges in �-lactoglobulin. A mechanism based on this has
been proposed (Roefs and de Kruif, 1994). Griffin and
Griffin (1993) have proposed that at elevated temperatures
the monomer becomes dominant such that in the model
presented by Roefs and de Kruif (1994), the starting point is
monomer-monomer interaction. This is in agreement with
the observations made here.

From Fig. 1 it is seen that with an initial concentration of
10 g/l, most of the sample material has been converted to
metastable oligomers before aggregation begins. This is
also the case at 20 g/l (Fig. 3). Under these conditions, the
rate of aggregation directly reflects the process of building
aggregates from oligomers. An explanation of the slope of
4.3 of the linear fit to the first three points in Fig. 10 could
be that below 50 g/l the reaction mechanism of aggregate
formation from the metastable oligomers exhibits a coop-
erativity of 4.3, suggesting that the rate limiting step in
aggregation is the formation of a nucleus of 4 metastable
oligomers.

When the initial concentration is increased to 50 or 105
g/l, we move into conditions where a steady-state between
production of oligomers from monomers and conversion
into aggregates is rapidly reached. In this case, the rate of
aggregation is limited by the production of oligomers,
which proceeds by a reaction of order 2 or lower. This
transition can be seen by the drop below the straight line for
the rate for 105 g/l in Fig. 10, although the present data do
not permit a quantitative analysis. The similar steady-state
concentrations of oligomers (18 � 4 g/l and 21 � 7 g/l) at
total concentrations of 50 and 105 g/l reflects the high order
of the aggregation reaction: When the rate of oligomer
production is increased, only a small increase in the steady-
state concentration is necessary to obtain a corresponding
rate of aggregation. Taken together these data indicate the
existence of a critical oligomer concentration of about 20 g/l
needed for changing the rate limiting step from aggregation
of oligomers to production of oligomers from monomers.

The hypothesis that aggregates are built from oligomers
explain all our kinetic data. It is further supported by the fact
that metastable oligomers in isolated form, rapidly aggre-
gate without a lag phase upon heating (Fig. 11). All obser-
vations indicate that the aggregation mechanism is: mono-
mer/dimer equilibrium3 activated monomer3 metastable
disulfide linked dimers, trimers, and tetramers 3 large
aggregates.

This deviates from the model proposed by Roefs and de
Kruif (1994) in which aggregates grow by addition of
monomers through intermolecular disulfide bonds.

Aggregates

At a concentration of 10 g/l aggregates with radius of
gyration of 30 and 20 nm appear for the A and B variants,
respectively (Fig. 4). In the time regime where the radius is
constant the mass varies a factor of 1.8 and 1.6 for the A and
B variant, respectively (Fig. 4), indicating compaction with
increasing time. From Fig. 12 difference in behavior at pH
6.7 and 8.7 without NaCl is observed for the formation of
the metastable oligomers and the formation of aggregates
from the metastable oligomers. This indicates that these two
processes proceed by different mechanisms in contrast to
the model of Roefs and de Kruif (1994). The increase in the
rate of formation of the metastable oligomer from pH 6.7 to
8.7 is consistent with cross-linking via disulfide bridges as
discussed above, since disulfide bridge formation in general
increases with pH. This is, however, not the case for the
formation of the aggregates. As suggested by Manderson et
al. (1999) other mechanisms such as hydrogen bonding and
hydrophobic interactions are likely responsible for aggre-
gate formation. The absence of metastable oligomers larger
than the tetramer for the A variant supports this assertion.

FIGURE 12 Time dependencies of the refractive index signals inte-
grated in three different areas. The data shown are from the samples
collected from 10 g/l �-lactoglobulin A heated at 67.5°C in 10 mM
phosphate buffer pH 6.7 (solid lines) and pH 8.7 (dotted lines) for different
lengths of time. The signals are integrated in three different areas. The sum
of the three areas is normalized to 1.
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CONCLUSIONS

We have established that an important prerequisite for heat
aggregation of �-lactoglobulin is the formation of heat-
modified small oligomers ranging from dimers to tetramers.
We have also shown that formation of the aggregates is
different for the A and B variant. Whereas the A variant
forms aggregates only after a lag time, the B variant starts
immediately to form aggregates which gradually increase in
size with increasing heating time until the size of about 21
nm is reached. We have further shown that the kinetics of
formation of metastable oligomers are different from the
kinetics of aggregate formation which suggests that the
metastable oligomers are cross-linked by disulfide bonds
and that the aggregates formed from the metastable oli-
gomers most likely only contain the cross-links already
present in the oligomers.

Although it is demonstrated that the aggregates at the
conditions tested in this work need the same metastable
oligomers to be formed, work from other groups have
demonstrated that, in particular, the amount of salt present
affects the nature of the aggregates formed. Thus, aggre-
gates formed at low ionic strength appear to be open, thin
stranded structures (Foegeding et al., 1995) in contrast to
structures formed at salt concentrations larger than 0.1 M
appearing much denser. It is thus possible that the aggre-
gates formed at pH 8.7 where no salt is present have fibrillar
structures formed from �-sheet rich structures like amyloid
but for high salt concentration this might be different.
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