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Abstract

The formation of fibrillar aggregates by �-lactoglobulin in the presence of urea has been monitored by using
thioflavin T fluorescence and transmission electron microscopy (TEM). Large quantities of aggregated
protein were formed by incubating �-lactoglobulin in 3–5 M urea at 37°C and pH 7.0 for 10–30 days. The
TEM images of the aggregates in 3–5 M urea show the presence of fibrils with diameters of 8–10 nm, and
increases in thioflavin T fluorescence are indicative of the formation of amyloid structures. The kinetics of
spontaneous fibrillogenesis detected by thioflavin T fluorescence show sigmoidal behavior involving a clear
lag phase. Moreover, addition of preformed fibrils into protein solutions containing urea shows that fibril
formation can be accelerated by seeding processes that remove the lag phase. Both of these findings are
indicative of nucleation-dependent fibril formation. The urea concentration where fibril formation is most
rapid, both for seeded and unseeded solutions, is ∼ 5.0 M, close to the concentration of urea corresponding
to the midpoint of unfolding (5.3 M). This result indicates that efficient fibril formation involves a balance
between the requirement of a significant population of unfolded or partially unfolded molecules and the need
to avoid conditions that strongly destabilize intermolecular interactions.
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It is now well established that under physiologic conditions
proteins assume native folds that are unique to their amino
acid sequences. But it is also clear that proteins are highly
prone to form a variety of aggregated structures in vitro.

Such aggregates can accumulate in biological environments
giving rise to pathological conditions (Hurtley and Helenius
1989; Dobson 1999, 2001; Ellgaard et al. 1999). One par-
ticularly important example of these phenomena involves
the formation of specific aggregates called amyloid fibrils.
Such aggregates were first recognized in tissue taken from
a patient suffering from Alzheimer’s disease (Virchow
1853), but have now been observed in some 20 diseases
including type II diabetes and the spongiform encephalop-
athies such as Creutzfeldt-Jakob disease (Tan and Pepys
1994; Kelly 2002). Moreover, it has been shown recently
that many proteins and short peptides—whether or not they
are known to be involved in disease—can be transformed in
vitro into fibrillar aggregates identical to those associated
with disease by searching for appropriate conditions (Dob-
son 1999, 2001). In general, experiments show that
such transformations into fibrils occur under conditions that
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unfold the protein at least partially, but still favor the for-
mation of noncovalent interactions within the ensemble of
denatured conformations (Chiti et al. 1999, 2000; Bellotti et
al. 2000; Liu et al. 2000; McParland et al. 2000; Fändrich et
al. 2001).

Although there are differences in detail between the vari-
ous morphologies observed for specific amyloid fibrils,
analysis of their structures using a range of techniques in-
cluding X-ray fiber diffraction and electron microscopy re-
veals common properties of the underlying structure. In
particular, the fibrils usually have a diameter ranging from
5 to 20 nm (Vallat et al. 1979; Winer et al. 1979; Merz et al.
1983; Prusiner et al. 1983; Connors et al. 1985), a cross-�
structure consisting of a core of �-strands (Kirshchner et al.
1987), along with an affinity to bind a range of dyes such as
thioflavin T (thioT) (Naiki et al. 1989) and Congo red
(Klunk et al. 1999; Westermark et al. 1999). Experimental
data also indicate that the formation of amyloid fibrils is a
nucleation-dependent process in which initial species pro-
duced by the association of specific regions of denatured
proteins plays an important role in initiating the process
(Jarrett and Lansbury 1993; Lomakin et al. 1996, 1997;
Naiki and Nakakuki 1996; Perutz and Windle 2001). The
experimental studies suggest that the ability to form amy-
loid fibrils is a common property of polypeptide chains,
although the intrinsic propensities of sequences of amino
acids to do so under given conditions will vary widely (Chiti
et al. 2002). This observation is potentially of great impor-
tance to understand the evolved properties of native pro-
teins, including their folding behavior, and the mechanism
in which misfolding and aggregation are normally avoided
in correctly functioning living systems (Dobson 2001; Buc-
ciantini et al. 2002).

Bovine �-lactoglobulin (�-LG) is one of the major com-
ponents of the whey of cow’s milk. The protein assumes a
dimeric structure at neutral pH, but dissociates into mono-
mers at an acidic pH. The conformation of the protein at
both neutral and acidic pH has been determined by X-ray
crystallography (Brownlow et al. 1997; Qin et al. 1998,
1999) and NMR spectroscopy (Kuwata et al. 1999;
Uhrinova et al. 2000). The structures at the different pH
values possess the same basic topology, having nine anti-
parallel �-strands and one short and one long �-helix at the
carboxyl terminus (Fig. 1). Although the biological function
of �-LG is still unknown, the protein has the ability to bind
to extended hydrophobic compounds such as retinol (Dodin
et al. 1990; Dufour et al. 1991; Hambling et al. 1992).
Interestingly, the amino acid sequence suggests a significant
propensity for �-helical structure despite the highly �-rich
fold (Nishikawa and Noguchi 1991). In accord with this
observation, an early intermediate state of the protein during
refolding has been found to form non-native �-helical struc-
tures (Hamada et al. 1996; Kuwajima et al. 1996; Hamada

and Goto 1997) in the vicinity of the amino-terminal region
of the sequence, a region corresponding to the A-strand in
the native structure (Kuwata et al. 2001).

The �-LG is known to form gels in solution under various
conditions in which the protein is likely to be at least par-
tially unfolded, for example, at high temperatures (Langton
and Hermansson 1992; Bauer et al. 1998; Relkin et al.
1998), under high hydrostatic pressure (Zasypkin et al.
1996; Dumay et al. 1998), or in the presence of chemical
denaturants (Katsuta et al. 1997; Dufour et al. 1998; Renard
et al. 1999). Because the gels formed under certain condi-
tions have different characters, there has been increasing
interest in the utilization of �-LG gels to improve the qual-
ity of food products (Smithers et al. 1996). Importantly,
similar gelation phenomena have been observed for several
proteins under conditions where amyloid fibrils are formed
(Charge et al. 1995; Guijarro et al. 1998; Chiti et al. 1999,
2000; Goda et al. 2000). Furthermore, electron micrographs
of heat-induced gels of �-LG indicate the existence of net-
work structures composed of long filaments with diameters
of 4–10 nm (Hermansson 1986; Langton and Hermansson
1992; Kavanagh et al. 2000).

In the present work, we show that fibrillar structures can
be readily formed by incubating bovine �-LG in the pres-
ence of urea at pH 7.0 and 37°C for 10–30 days. Transmis-
sion electron microscopy (TEM) of the solutions reveals the
existence of well-defined fibrils with diameters of 8–10 nm.
The solutions enhance the fluorescence of thioT, indicative
of the presence of amyloid structures. Furthermore, the ad-
dition of aliquots of solutions containing preformed fibrils
(i.e., seeding) dramatically reduces the lag time for the ini-
tiation of fibril formation and promotes fibril growth. The
results indicate that bovine �-LG is converted into amyloid
structures by incubating the protein under conditions where
the protein is substantially unfolded but the formation of
noncovalent interactions within the ensemble of denatured
protein molecules is permitted.

Fig. 1. Schematic representation of the native structure of bovine �-LG
drawn using WebLab Viewer Lite, Molecular Simulations Inc. (San Diego,
CA). The �-strands and �-helices are colored in cyan and red, respectively.
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Results

Urea-induced unfolding of �-lactoglobulin

It has been established for a number of proteins that forma-
tion of amyloid fibrils occurs in the region of the protein
unfolding transition (Stevens et al. 1995; Guijarro et al.
1998; Chiti et al. 1999, 2000; Bellotti et al. 2000; Liu et al.
2000; McParland et al. 2000; Fändrich et al. 2001). There-
fore, we explored possible conditions for the conversion of
�-LG into ordered aggregates by monitoring the urea un-
folding transition of �-LG using intrinsic tryptophan fluo-
rescence at pH 7.0 and 37°C.

For �-LG at a concentration of 0.05 mg/mL, a coopera-
tive transition with a midpoint at a urea concentration of 3.1
± 0.1 M was obtained by monitoring the fluorescence in-
tensity at 343 nm (Fig. 2A, circles). This value is signifi-
cantly lower than the midpoint of the transition (5.3 ± 0.1
M) obtained from the plot of the peak position of these
spectra as a function of urea concentration (Fig. 2B, tri-
angles). The difference in the transition midpoints obtained
by fluorescence intensity and peak position suggests that at
least one conformational species, other than the native
dimer or the fully unfolded state, is present under at least
some denaturing conditions.

As discussed, �-LG assumes a dimeric structure at a neu-
tral pH. There is, therefore, a possibility that the dimer can
be dissociated by an increase in urea concentration into
either native or at least only partially unfolded monomers
before the formation of fully unfolded structures. In com-
parison with the unfolding transition observed at a �-LG
concentration of 0.05 mg/mL, the transition observed by the
change in fluorescence intensity at 343 nm for the solution
containing 1 mg/mL of �-LG is shifted to a much higher
urea concentration. In contrast, no significant shift could be
observed for the transition curve obtained from the change
in the position of the fluorescence maximum. This differ-
ence suggests that the transition detected by the change in
fluorescence intensity, which occurs at a lower urea con-
centration, is the result of the dissociation of the native
dimer into native monomers, whereas the transition re-
vealed by the shift of the peak position corresponds to un-
folding of such monomers into partially or fully unfolded
species (Fig. 2).

The hydrophobic dye ANS shows an intense fluorescence
signal at ∼ 480 nm when it binds to exposed hydrophobic
clusters on the surface of partially folded intermediate states
of proteins (Semisotnov et al. 1987). In contrast, significant
fluorescent changes are rarely observed for ANS molecules
in the presence of native or fully unfolded proteins. Excep-
tionally, native �-LG stimulates an increase in ANS fluo-
rescence due to its intrinsic property to bind to hydrophobic
molecules (Collini et al. 2000). Nevertheless, ANS binding
can detect the presence of a partially folded intermediate

with non-native �-helical structure during the folding and
unfolding of this protein at pH 2.0 (D. Hamada and Y. Goto,
unpubl.).

In the present work, it has been found that the fluores-
cence intensity of ANS decreases with increasing concen-
tration of urea (Fig. 2B). The transition midpoint obtained
by monitoring this fluorescence change is highly consistent
with the unfolding curve obtained from the shift of the
intrinsic tryptophan fluorescence peak. This observation
suggests that the dissociation of ANS from �-LG occurs
when the protein transforms into its fully unfolded state at
high urea concentrations. Although ANS may affect the
equilibrium among conformational states, it is rather likely
that ANS stabilizes the partially folded states, if it exists,
relative to the native state. It is, therefore, highly unlikely
that a significant amount of a partially folded species is

Fig. 2. Urea-induced unfolding of �-LG at pH 7.0 and 37°C. (A) Data
obtained by monitoring the fluorescence intensity at 343 nm in the pres-
ence of 0.05 (�) or 1.0 (�) mg/mL of �-LG. The ordinate is the relative
value to the fluorescence of unfolded protein in 8.0 M urea. (B) Data
obtained by monitoring the frequency shift of the fluorescence maximum
in the presence of 0.05 (�) and 1.0 (�) mg/mL of �-LG, and the fluores-
cence intensity of ANS (�) in the presence of 0.05 mg/mL of �-LG. (C)
Fractions of native dimeric, native monomeric, and unfolded states as a
function of urea concentration in the presence of 1 mg/mL of �-LG. The
curves were drawn using the parameters shown in the text.
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populated during the urea unfolding of �-LG at pH 7.0 and
37°C. The same conclusion has been drawn from the analy-
sis of far- and near-UV circular dichroism spectra during
unfolding of �-LG by urea at pH 7.0 and 25°C (M. Yagi, K.
Sakurai, and Y. Goto, pers. comm.).

According to these observations, the unfolding transition
of �-LG by urea are considered in the following scheme:

Ndimer

KDM

⇀↽ 2Nmonomer

KMU

⇀↽ 2U

Scheme 1.

where Ndimer, Nmonomer, and U refer to the native dimeric,
native monomeric, and unfolded states. On the basis of this
scheme, the parameters for urea unfolding of �-LG are es-
timated and they are �GDM,0 � 50.3 ± 0.3 (kJ/mol);
mDM � 4.9 ± 0.1 (kJ/mol/M); �GMU,0 � 20.1 ± 2.4 (kJ/
mol); mMU � 3.8 ± 0.4 (kJ/mol/M). Importantly, the mMU

value obtained here at neutral pH was relatively consistent
with the value (5.0 ± 0.1 kJ/mol/M; Apenten 1998) obtained
at pH 3.0, where the protein predominantly stabilizes the
native monomer. This further supports the idea that the
conformational state that accumulates during the transition
of �-LG induced by urea is likely to be the native monomer.

Spontaneous fibril formation in urea solutions

The �-LG solutions containing a variety of concentrations
of urea were incubated at 37°C and the existence of amyloid
fibrils was probed by TEM and thioT fluorescence.

When solutions of the protein containing 3–5 M urea
were incubated for periods of 10–30 days, opalescent pre-
cipitates became visible, and the presence of fibrillar aggre-
gates was shown by TEM (Fig. 3). The electron micro-
graphs reveal that these aggregates are unbranched, twisted
fibrils with diameters of 8–10 nm (Table 1), comparable to
the diameters of typical amyloid fibrils (4–20 nm) (Vallat et

al. 1979; Winer et al. 1979; Merz et al. 1983; Prusiner et al.
1983; Connors et al. 1985; Chamberlain et al. 2000). Inter-
estingly, micrographs of the fibrils formed in 3 M urea
indicate the presence of some thicker fibrils, with diameters
of 15 nm, relative to those formed at the higher urea con-
centrations.

The solutions containing the fibrils exhibited an increase
in thioT fluorescence indicative of the formation of amyloid
structures (Fig. 4A). No significant increase in thioT fluo-
rescence was, however, observed for solutions containing
0–2 M urea even after 70 days of incubation. At the protein
concentrations used in these experiments (1 mg/mL), �-LG
assumes the native dimer structure at 0–2 M urea, whereas
it dissociates into the native monomers at 2–4 M urea before
the formation of fibrils (see Fig. 2C). Therefore, it appears
that the presence of the native dimer can efficiently prevent
the formation and extension of fibril nuclei. This result is
consistent with the observation that the stabilization of the
native tetramer by substrate binding inhibits the formation
of transthyretin fibrils (Miroy et al. 1996).

For the samples in 3–7 M urea, plots of thioT fluores-
cence as a function of incubation time produce sigmoidal
curves showing a clear lag phase (Fig. 4B). Similar kinetic
behavior has been found to occur for many amyloidogenic
proteins (Jarrett and Lansbury 1993; Lomakin et al. 1996;
Naiki and Nakakuki 1996; Perutz and Windle 2001). Im-

Fig. 3. TEM images of aggregates formed by incubating �-LG for 30 days at 37°C in (A) 3.0, (B) 4.0, (C) 5.0 M urea at pH 7.0. The
scale bars represent 100 nm.

Table 1. Diameters of spontaneously formed �-LG fibrils

Urea concentration (M) Diameter of fibrilsa (nm)

3.0 9.30 ± 1.41
15.90 ± 1.67b

4.0 9.50 ± 1.21
5.0 8.23 ± 2.06

a Determined from the diameters at more than 100 randomly selected sec-
tions of different fibrils.
b Average diameter of the minor population of the thicker fibrils shown in
Fig. 3.
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portantly, the urea concentrations showing the largest in-
crease of thioT fluorescence (Fig. 4A) are low (3–5 M) in
comparison with the transition region for urea unfolding
monitored by intrinsic tryptophan fluorescence (3–7 M) (see
Fig. 2). Below the transition region (<3 M urea), the for-
mation of aggregates is efficiently suppressed. Above the
transition region where the protein begins to unfold (>3 M
urea), the formation of fibrils is clearly observed. As the
urea concentration increases, the rate and yield of fibril
formation initially increase, reflecting the greater popula-
tion of unfolded molecules able to aggregate. Above 5 M
urea, however, both the rate and yield of fibril formation
decrease substantially, a result that can be explained by the
increased ability of urea to solvate the unfolded state. This
result supports the idea that the fibrillogenesis of proteins is
inhibited when noncovalent interactions are destabilized
within the ensemble of unfolded structures (Chiti et al.
1999, 2000).

The sigmoidal curves such as these shown in Figure 4B
were analyzed by nonlinear least squares curve-fitting to a
stretched exponential function: F � F� + �F exp(−[ksp � t]n)
(Alvarez et al. 1991; Morozova-Roche et al. 1999; Jund et
al. 2000). In this equation, F, F�, and �F are the observed
fluorescence intensity at time t, the final fluorescence in-
tensity, and the fluorescence amplitude, respectively. ksp is
the rate of spontaneous fibril formation. Although the in-
terpretation of the parameters involved in this equation is
not straightforward, these parameters are useful in empiric
descriptions of complex reactions whose kinetics are not
easily modeled (Morozova-Roche et al. 1999; Jund et al.
2000). For example, when the n value is close to 1, the curve
can be expressed by a single exponential function with a
rate constant of ksp. For 0 < n < 1, the kinetics can be ap-
proximated to multiple exponential functions indicative of
multiple events. On the other hand, for n > 1, the curves
represent a sigmoidal transition with an initial lag phase,
suggestive of the involvement of intermediate species. The
inverse of the rate constant ksp gives the relaxation time, that
is, the time when the 1/e ( ∼ 36.8%) of the reaction is com-
pleted (where e is Euler’s constant). For n > 1, a reaction
becomes more cooperative as the value of n increases.

The �F, ksp, and n values determined in this way for the
different urea concentrations are shown in Figure 5. Values
of n more than 5 were obtained for all the samples showing
a significant increase of thioT fluorescence; this result in-

Fig. 4. Increases in thioT fluorescence upon binding to aggregates of
�-LG. (A) The fluorescence intensity of thioT versus urea concentration.
(B) ThioT fluorescence at 0 ( ��), 3 (�), 4 (�), 5 (�), 6 (�) and 7 (�)
M urea as a function of incubation time. Inset of B is the expansion to
represent the data at 0, 6, and 7 M urea.

Fig. 5. Kinetic parameters for spontaneous fibril formation by �-LG. The
data were fitted to stretched exponential functions F � F� + �F exp
(−[ksp · t]n). (A) Rate constant (ksp) versus (urea). (B) Exponent (n) versus
(urea). (C) Amplitude (�F) versus (urea).

Amyloid formation by �-lactoglobulin in urea
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dicates the presence of a lag phase and the relatively high
cooperativity of the growth phase that follows. The maxi-
mum ksp value (0.058 d−1) was found for the fibril growth in
5.0 M urea. This concentration of urea is close to the mid-
point (5.3 M) of the unfolding transition of the monomeric
species shown in Figure 2. Thus, at this concentration of
urea, there is a substantial population of unfolded protein
molecules in which the polypeptide chain is exposed so as
to permit efficient aggregation. At higher urea concentra-
tions, the urea molecules can solvate the denatured state and
destabilize aggregated species. This effect is likely to reduce
significantly the propensity for fibril formation.

The amplitude (�F) of the fluorescence can indicate the
approximate quantity of fibrils formed in each solution, be-
cause fluorescence intensity is associated with fibril forma-
tion and is unlikely to vary substantially with urea concen-
tration under these conditions. As in the case for the ksp

value, the absolute value of �F is maximum in solutions
containing 5.0 M urea. The differences in �F for the solu-
tions containing varying urea concentrations suggests that
the system is fairly closely balanced between polymeriza-
tion and depolymerization. Interestingly, the plot of ksp ver-
sus �F is approximately linear, with a correlation coeffi-
cient of 0.94 (Fig. 6). Although a range of factors (e.g., the
rates of fibril nucleation, extension, and depolymerization)
will affect ksp, it appears to be primarily influenced by the
length of the lag phase. As the latter reflects the rate of
nucleation in the nucleation-dependent conversion process,
the correlation found in Figure 6 implies that the total
amount of protein molecules converted into the fibrils in-
creases when the rate of nucleation becomes more rapid.
Such a result may reflect the increased probability of the
formation of organized fibrils rather than amorphous aggre-
gates.

The effect of seeding on the kinetics of fibril formation

Experimental data for other proteins suggest that the reac-
tion associated with amyloid formation can be approxi-
mated by a nucleation-dependent model and that the reac-
tion can be decomposed into at least two steps, namely the
nucleation and the extension processes (Jarrett and Lans-
bury 1993; Lomakin et al. 1996, 1997; Naiki and Nakakuki
1996). This idea is supported by observations that the ad-
dition of preformed fibrils (seeds) promotes the fibril ex-
tension reaction. If the nucleation step has been achieved by
the seeding process, provided that the lag phase has been
completely abolished, the seeding experiments can provide
information concerning the intrinsic rate of extension of
fibrils under different conditions. To explore a further as-
pect of the process of fibril formation by �-LG, the effects
of seeding on the kinetics were examined.

In agreement with the nucleation model, the initial lag
time for �-LG fibrillogenesis was found to be significantly
diminished when seeding was carried out with aliquots of
the solutions incubated at the various concentrations of urea
(Fig. 7A). In contrast to the results for spontaneous fibril-
logenesis, small but distinctive increases in thioT fluores-
cence could be monitored even for the solutions containing
low concentrations of urea (0–2 M); this finding suggests
that spontaneous formation of fibrils can occur under these
conditions, but at a very slow rate. The experimental data,
therefore, suggest that the conversion of soluble �-LG into
amyloid fibrils in urea proceeds, as in other cases, according
to a nucleation-dependent manner. Under ideal conditions,
the rate of fibril extension can be obtained by fitting the data
to a single exponential function (Naiki and Gejyo 2000).
However, the kinetics shown here, even after seeding, are
relatively slow and there could be a contribution to the
extension kinetics from spontaneously formed nuclei, par-
ticularly at the later stage of fibrillogenesis. Therefore, to
provide a more accurate description of the rate of intrinsic
fibril extension, the initial slope for the reaction (dF/dt)t � 0

was considered in our analysis.
Figure 7B shows a plot of (dF/dt)t � 0 determined from

the rates of fibril formation measured by thioT fluorescence
under the seeding conditions as a function of the urea con-
centration. In this situation, the value of (dF/dt)t � 0 corre-
lates well with the rate of fibril extension. The intrinsic
extension rate can be seen to become faster with increasing
urea concentrations up to 5 M, but then to decrease as the
urea concentration is increased. Interestingly, logarithms of
(dF/dt)t � 0 in both the acceleratory and deceleratory re-
gions are approximately linearly dependent on the urea con-
centration. The results of seeding experiments also indicate
that the maximum rate of fibril extension is obtained under
conditions where the rate of fibril nucleation is optimum
(i.e., ∼ 5 M urea) (Figs. 4 and 7). In Figure 8, the values of
(dF/dt)t � 0 for the seeding experiment are plotted against

Fig. 6. Rate constant of spontaneous fibril formation (ksp) versus the final
quantity of protein incorporated into fibrils (�F). Experimental data are
represented by circles. The line corresponds to the best fit of experimental
data to a straight line.
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the ksp values obtained for spontaneous fibrillogenesis. The
plot shows a high correlation between these parameters (the
correlation coefficient is 0.96), indicating that the two pro-
cesses are closely related.

Analysis of the protein in the fibrils

It has previously been shown that the formation of a mis-
folded dimer containing non-native intermolecular disulfide
bonds plays a role in the thermally induced aggregation of
�-LG (Shimada and Cheftel 1989).The protein contains five
cysteine residues, one of which is free (C121) and the other
four are involved in the formation of two disulfide bridges
(C66–C160 and C102–C124) (see Fig. 1) (Brownlow et al.
1997). To examine whether such dimeric species are in-
volved in the fibril formation by �-LG in the presence of
urea, and more generally to probe for any degradation of the

protein molecules during the time taken for fibril formation
to occur, we used matrix associate laser disorption-time of
flight (MALDI-TOF) mass spectrometry to characterize
�-LG after its extraction from the fibrillar structures.

To find conditions where �-LG incorporated into the
fibrils formed in 5 M urea could be solubilized, we tested a
range of denaturants including 8 M urea, 8 M guanidium
hydrochloride, and 95% (v/v) acetonitrile/H2O containing
0.05% trifluoroacetic acid; only the acetonitrile/H2O mix-
ture was found to dissolve the fibrils and then only to a
limited extent. The mass spectrum obtained for the protein
solubilized using this procedure shows the presence of a
single species with a molecular mass of 18,432.3 ± 9.2 dal-
tons. This value is close to the molecular mass of mono-
meric �-LG (18,463.2 ± 9.2 daltons) determined from a ref-
erence spectrum of native �-LG in water. Thus, it is un-
likely that any misfolded dimeric species play a significant
role in fibril formation by �-LG in the presence of urea, or
that any significant degradation of the protein takes place
during this process.

Discussion

An increasing body of evidence suggests that the ability to
form amyloid fibrils is a generic property of polypeptide
chains, although the propensity of different proteins and of
different regions of proteins to form such structures varies
substantially (Dobson 1999, 2001). Therefore, if a given
polypeptide is incubated under appropriate conditions, it
should be possible to promote its conversion into amyloid
fibrils. An important, but by no means sufficient, charac-
terization of such conditions is likely to be that the native
structure of a globular protein is substantially destabilized.

Fig. 7. Seeding effects on fibril extension monitored by thioT fluores-
cence. (A) ThioT fluorescence intensity as a function of time. Data were
obtained at 0 ( �� ), 1 (�), 2 (	), 3 (�), 4 (�), 5 (�), 6 (�), and 7 (�)
M urea. (B) Initial rates of fibril extension (dF/dt)t � 0 in the seeding
experiments, as described in the text, as a function of these urea concen-
trations.

Fig. 8. Comparison of the rate of fibril formation for unseeded (ksp) and
seeded (dF/dt)t � 0 solutions. Experimental data are represented by circles.
The continuous line corresponds to the best fit of experimental data to a
straight line.
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The present results for �-LG support this idea and indicate
that controlled variation of the concentrations of common
chemical denaturants such as urea can be a valuable ap-
proach to find the appropriate conditions under which fibrils
are formed. A range of urea concentrations could be iden-
tified such that large quantities of bovine �-LG fibrils were
formed. These fibrils were shown to be amyloid in character
from their appearance in TEM images, and from their ability
to enhance the fluorescence intensity of thioT.

Fibril formation was found to be particularly rapid in the
transition region for the unfolding of �-LG by urea, prob-
ably due to the increased population of unfolded protein
molecules. However, the rate of formation decreased more
than 5 M urea, although the population of unfolded protein
molecules increased (Fig. 2C). This observation can be at-
tributed to the need for a high population of unfolded pro-
teins for aggregation to occur and for these unfolded mol-
ecules to interact strongly with each other. The former prop-
erty increases with the concentration of a denaturant such as
urea, whereas the latter decreases (Chiti et al. 1999; Bellotti
et al. 2000). It is, however, still unclear which conforma-
tional species is a direct precursor for fibril formation. There
is a possibility for the involvement of partially folded spe-
cies that accumulates only to a small amount. Such confor-
mational species is more likely to be stabilized under the
conditions where the unfolded state is populated and still
promote the protein aggregation. As with other amyloid
fibrils, the rate of formation was found to be promoted by
the addition of preformed fibrils, a finding indicative of a
nucleation-dependent process. The present results indicate
further that the rate of nucleation correlates well with the
rate of fibril extension, a finding suggesting that the inter-
actions required for the nucleation event of fibrillogenesis
are similar to those required for fibril extension.

Polymorphism of the structural morphology of amyloid
fibrils has been demonstrated for several proteins (Ionescu-
Zanetti et al. 1999, Chamberlain et al. 2000; Zurdo et al.
2001). Consistent with these studies, different morphologies
were found for fibrils formed at the various urea solutions.
In addition, the existence of a variety of network structures
composed of filaments with diameters ranging from 4 to 10
nm has been reported for heat-induced �-LG gels (Her-
mansson 1986; Langton and Hermansson 1992; Kavanagh
et al. 2000). Such polymorphism in the fibril structures
formed from a single protein could be caused by differences
in the number of protofilaments assembled into the mature
fibrils. It could also, however, result from the incorporation
in different regions of the sequence of the polypeptide chain
with various types of fibrils. Although this latter possibility
cannot be eliminated at this stage, the fact that the addition
of fibrils formed at 5.0 M urea to the protein solutions at
other concentrations of urea successfully promoted fibril
extension suggests that the regions of the amino acid se-
quence that are incorporated into the core region of fibrils

are essentially the same in the solutions at different urea
concentrations.

Summary

The present results indicate that amyloid fibril formation by
bovine �-LG is promoted under conditions where signifi-
cant accumulation of unfolded proteins occurs, but is inhib-
ited under conditions where higher denaturant concentra-
tions destabilize intermolecular interactions. These experi-
mental data support strongly the hypothesis that the ability
to form amyloid fibrils is an intrinsic property of polypep-
tide chains, although the propensity to form such fibrils is
strongly dependent on the amino acid sequence, and as dem-
onstrated clearly here, on the solution conditions under
which the proteins are incubated.

Materials and methods

Chemicals and EM grids

The A variant of bovine �-LG was purchased from Sigma (St.
Louis, MO). Other chemicals of reagent grade were purchased
from Nacalai Tesque, Inc. (Kyoto, Japan). The polyvinylformal-
carbon-coated 200-mesh copper grids (200-A) were obtained from
Oken Shoji Co.,Ltd. (Tokyo, Japan).

Preparation of seeding solutions

Fibrils for seeding experiments were prepared by centrifuging pro-
tein solutions (1 mg/mL) in 5.0 M urea containing fibrils at 20,000
g for 10 min. The pellets were resuspended in water and centri-
fuged again, and the process repeated twice. The resulting precipi-
tates were resuspended in distilled water, and used for seeding
experiments. The amount of protein incorporated into fibrils was
determined by measuring the weight of dried protein in the tube
after lyophilizing aliquots of the solutions.

Urea unfolding by tryptophan and ANS fluorescence

All experiments were carried out in 10 mM sodium phosphate
buffer at pH 7.0 and 37°C. The fluorescence intensity of either
tryptophan or ANS was monitored using a F4500 fluorimeter (Hi-
tachi, Tokyo, Japan). For intrinsic tryptophan fluorescence, protein
solutions of 0.05 or 1 mg/mL with varying concentrations of urea
were excited at 290 nm and the fluorescence at 300–400 nm was
monitored. For ANS-binding analysis, solutions of 5 �M ANS in
0.05 mg/mL �-LG and various concentrations of urea were excited
at 398 nm and the fluorescence intensity at 500–600 nm was
monitored. For each experiment, the protein sample was incubated
for 5 min at 37°C before taking the measurement.

Analysis of the unfolding transitions

The unfolding transition of �-LG by urea are considered to follow
the scheme 1. Thus, the fractions of Ndimer, Nmonomer, and U ( f D,
f M, and f U, respectively) can be expressed as:
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fD = 2 � � � KDM � KMU
2 � fU

2 (1)

fM = KMU � fU (2)

fU =
−�1 + KMU� + ��1 + KMU�2 + 8 � � � KDM � KMU

2

4 � � � KDM � KMU
2 (3)

where � is the total protein concentration (M) in the solution.
Provided that the free energy differences between the dimeric

and monomeric native states (�GDM) and between the monomeric
native and unfolded states (�GMU) are dependent on urea concen-
tration, they can be expressed as:

�GDM = �GDM,0 − mNM �urea� (4)

�GMU = �GMU,0 − mMU �urea� (5)

where �GDM,0 and �GMU,0 are �GDM and �GMU in the absence
of urea, mDM and mMU are the measures of cooperativity of tran-
sitions between the dimeric and monomeric native states and be-
tween the monomeric native and unfolded states, respectively.
�GDM,0, �GMU,0, mDM, and mMU were calculated by full decon-
volution of all the tryptophan fluorescence spectra obtained at
different urea concentrations according to the functions shown in
eqs. 1–5.

Thioflavin T assay

Solutions (1.2 mL) of 1 mg/mL protein and various concentrations
of urea were prepared in 1.5-mL plastic tubes with lids, and the
tubes were then tightly sealed to prevent evaporation. The samples
were placed in an air incubator at 37°C. For each incubation time,
40-�L aliquots of the solutions were taken and mixed with 360 �L
of 5 �M thioT solution in 10 mM sodium phosphate buffer at pH
7.0. The fluorescence at 465–665 nm was monitored using 5-mm
cuvettes. The excitation wavelength was 450 nm. A stretched ex-
ponential function, expressed as F � F� + �F exp(−[ksp · t]n),
was used in the curve-fitting analysis of the kinetics of spontane-
ous fibril formation determined from thioT fluorescence. The ksp

and n values are the rate constant (day−1) and heterogeneity pa-
rameter, respectively (Morozova-Roche et al. 1999; Jund et al.
2000). The F� and �F values are the fluorescence intensity at the
end of reaction and the amplitude change during the reaction. For
the seeding experiments, 10 �g of aliquots of preformed fibrils
were added to the protein solutions (1 mg/mL) containing various
amounts of urea. The initial rates of fibril extension were deter-
mined to eliminate possible errors due to spontaneous nucleation.

TEM imaging

TEM images of samples showing a typical fluorescence increase
by thioT were acquired with a JEM 1010 or JEM-1200EX II
transmission electron microscope (JEOL, Tokyo, Japan). The ac-
celeration voltage was 80 or 85 kV. The samples were negatively
stained by either uranium acetate or phosphotungstate.

Mass spectroscopy

Mass spectra of resolubilized fibrils formed by �-LG were ob-
tained using a Voyager DE MALDI-TOF mass spectrometer from
PerSeptive Biosystems (Framingham, Massachusetts, USA).

Sinapinic acid was used to form the matrix complex. Fibrils pre-
pared as described above were resolubilized using 95% acetoni-
trile/5% H2O, containing 0.05% trifluoroacetic acid.
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