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ABSTRACT: The amyloid-like fibrillation of soy β-conglycinin subunits (α,α0, and β) upon heating (0�20 h) at 85 �C and pH 2.0 was
characterized using dynamic light scattering, circular dichroism (CD), binding to amyloid dyes (Thioflavin T and Congo red), and atomic
force microscopy. The fibrillation of all three subunits was accompanied by progressive polypeptide hydrolysis. The hydrolysis behaviors,
fibrillation kinetics, and morphologies of amyloid-like fibrils considerably varied among α, α0, and β subunits. Faster hydrolysis rates and
special fragments were observed for theα andα0 subunits compared to theβ subunit. However, the order of the fibrillation rate and capacity
to form β-sheets wasα0 > β > α, as evidenced by CD and Thioflavin T data. Moreover, sequential growth of twisted screw-structure fibrils,
leading to macroscopic fibrils with distinct morphological characteristics, was observed for β-conglycinin and individual subunits. The
different fibrillation kinetics and morphologies of α, α0, and β subunits appear to be associated with the differences in the amino acid
composition and typical sequence of peptides. Besides, the disruption of ordered structure of fibrils occurred upon further heating (6�20 h)
due to extensive hydrolysis. These results would suggest that all subunits are involved in the fibrillation of β-conglycinin, following multiple
steps including polypeptide hydrolysis, assembly to amyloid structure, and growth into macroscopic fibrils with a fibril shaving process.
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’ INTRODUCTION

Fibrillar aggregates of food proteins, especially whey protein
and β-lactoglobulin, have attracted increasing attention owing to
their potential application in food products, for example, as
effective thickeners and gelling ingredients.1 The concept of
using food protein fibrils as microcapsules has also been
established.2,3 Generally, the formation of amyloid fibril with
extensive β-sheet structure appears to be a generic property of
polypeptide chains. With respect to some globular proteins, this
process is readily triggered under conditions that promote their
partial unfolding, particularly at low pH and high temperature.4

Both whey proteins and β-lactoglobulin can aggregate into long
semiflexible fibrils with contour lengths of 1�10 μm and
thicknesses of a few nanometers after heating at low pH.5,6

To tune the properties of amyloid fibrils derived from globular
proteins, considerable attention has been directed to the growth
kinetics of fibrils. It is widely believed that the formation of fibrils
is a multistep process. Protein monomer rapidly converts into
weakly associated aggregates and subsequently undergoes a
conformational rearrangement into more organized protofibrils,
which elongate in the growth phase.5,7,8 The effects of incubation
conditions on fibril formation of globular proteins, including
protein concentration,9 ionic strength,10 and shear treatment,6

have been investigated in detail. Recently, evidence has shifted
some of the focus to the fibril component and the influence of
protein hydrolysis on the formation of amyloid fibril.11�15 The
β-lactoglobulin fibrils formed by heating at pH 2.0 are composed
of a part of peptides and not formed from intact monomers.11�13

Furthermore, Akkermans et al.11 reported that hydrophobic
peptides with low charges were frequently present in these fibrils,

and a high capacity to form β-sheets was also speculated to be
related to the presence of specific regions in the fibrils. It has been
shown that protein hydrolysis affects the formation of amyloid
fibrils derived from lysozyme and β-lactoglobulin at low pH and
elevated temperature.14,15 In fact, for other proteins, the protein
sequence and amino acid composition indeed have an important
influence on the capacity and rate of certain regions to form
amyloid fibrils.16,17

Compared with whey proteins, fibril formation of plant
proteins is less recognized due to their structural complexity.
In the previous work, the formation of heat-induced amyloid-like
fibrils of phaseolin has been confirmed.18 Both soy protein isolate
and glycinin could also convert to fibrillar aggregates with
contour lengths of approximately 1 μm and thicknesses of a
few nanometers when heated at pH 2.0 and 85 �C.19 Glycinin
fibrils exhibit excellent properties (e.g., flow properties), which
can be comparable to those of fibrils from β-lactoglobulin.
Recently, it has been reported that soy β-conglycinin exhibits a
higher capacity to form amyloid fibrils than glycinin, with lower
width at half-heights and higher coil periodicity. The processes of
soy protein fibrillation are accompanied by conformational
changes and hydrolysis.20 β-Conglycinin, as one of the major
globulins in soy proteins, is a trimer having a molecular weight of
approximately 180 kDa and is composed of three major subunits:
α (67 kDa), α0 (71 kDa), and β (50 kDa). The α and α0 subunits
consist of extension regions and core regions, whereas the β
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subunit is composed of only core regions.21 The extension regions
of these subunits exhibit 57% sequence identity, and the core
regions show high absolute homologies (90, 76, and 75% between
α and α0, betweenα and β, and betweenα0 and β, respectively).21

Moreover, compared to the β subunit, the α and α0 subunits
display lower hydrophobicity due to the richness of acidic amino
acids in the extension regions.21

In our laboratory, the α, α0, and β subunits have been
successfully isolated from β-conglycinin.22 The main objective of
the present study was to characterize the formation processes of
amyloid-like fibrils derived from individual subunits (α, α0, and β)
at pH 2.0 and 85 �C using dynamic light scattering (DLS), circular
dichroism (CD), and binding to amyloid dyes (Thioflavin T and
Congo red) as well as atomic force microscopy (AFM). Sodium
dodecyl sulfate�polyacrylamide gel electrophoresis (SDS-PAGE)
was used to monitor the polypeptide hydrolysis kinetics of
β-conglycinin and its subunits. The roles of individual subunits
and the possible steps involved in fibril formation of β-conglycinin
were also discussed.

’MATERIALS AND METHODS

Materials. Defatted soy seed flour was provided by Shandong
Yuwang Industrial and Commercial Co., Ltd. (Shandong, China). The
protein content of soy flour was 47.47 ( 2.10% (determined by micro-
Kjeldahl method, N � 5.71, wet basis). The resins (DEAE-Sepharose
Fast Flow, Chelating Sepharose Fast Flow) and two columns (4.5 �
25 cm, 6 � 35 cm) were purchased from Pharmacia Co. (Uppsala,
Sweden). Thioflavin T (Th T) and Congo red (CR) were purchased
from Sigma-Aldrich (St. Louis, MO). All other reagents and chemicals
were of analytical grade.
Preparation of β-Conglycinin and Isolation of Subunits (α,

α0, and β). Soybean β-conglycinin was prepared from soy flour
according to the method of Nagano et al.23 The protein content of
β-conglycinin was 86.89 ( 1.46% (determined by micro-Kjeldahl
method, N � 5.71, wet basis). The α, α0, and β subunits were isolated
according to the method of Yuan et al.22 β-Conglycinin in the standard
buffer (0.05 M borate buffer, containing 6.0 M urea, pH 9.0) was loaded
on the column (6� 35 cm) previously equilibrated with the same buffer.
Elution was performed with the standard buffer containing NaCl in a
step gradient of 0�0.3 M at a flow rate of 5 mL/min. The purified β
subunit and the mixtures of α and α0 subunits were obtained by
collecting specific protein fractions, followed by dialysis against distilled
water at 4 �C and lyophilization. Then the mixtures of α and α0 subunits
were redissolved in 0.05 M Tris-HCl buffer (pH 7.0, containing 0.5 M
NaCl and 6 M urea) and loaded onto the IMAC column (4.5� 25 cm)
coupled with Cu2+. The column was thoroughly washed with the same
buffer to elute the unbound fraction. Elution was performed with the
same buffer containing imidazole in a linear gradient of 0�0.1 M at a
flow rate of 5 mL/min. Purified α and α0 subunits were collected,
dialyzed against distilled water at 4 �C, and then lyophilized.
Heat-Induced Aggregation at pH 2.0. Lyophilized β-congly-

cinin and its subunits (α, α0, and β) were dissolved in distilled water for
2 h at room temperature, and then the pH of protein solutions was
accurately adjusted to 2.0 with 2MHCl. Protein solutions were hydrated
at 4 �C overnight before heat treatment. The protein dispersions were
centrifuged at 10000g for 20 min in a CR22G centrifuge (Hitachi Co.,
Japan). The protein concentrations of supernatant were determined
according to Lowry’s method24 using bovine serum albumin (BSA) as
standard and adjusted to 10mg/mL. All samples were placed in hermetic
bottles and then heated at 85 �C for specific periods of time. After heat
treatment, the samples were immediately cooled in an ice bath for
further analysis.

Sodium Dodecyl Sulfate�Polyacrylamide Gel Electro-
phoresis. A time course analysis of the molecular composition of
amyloid fibrils from β-conglycinin and its subunits was assessed by SDS-
PAGE. Proteins (40 μL) incubated at different time points were quickly
mixed with SDS sample buffer (120 μL, 150 mM Tris-HCl, 20%
glycerol, 1% SDS, 4% 2-mercaptoethanol, pH 6.8) and heated at
95 �C for 5 min. SDS-PAGE was performed on a discontinuous buffered
system according to the method of Laemmli25 using 12.5% separating
gel and 5% stacking gel. The gel was stained using Coomassie brilliant
blue (R-250) stain solution (45% methanol, 10% acetic acid, and 0.25%
R-250) and destained in methanol�water solution containing 10%
acetic acid (methanol/acetic acid/water = 1:1:8, v/v/v).
Dynamic Light Scattering. The heated protein samples at

different points were diluted to 1 mg/mL with distilled water (pH
2.0) filtered through a 0.22 μm filter (Millipore, Fisher Scientific) before
measurement. The sample was placed in a 1 cm � 1 cm cuvette. DLS
analysis was performed at a fixed angle of 173� using a Zetasizer Nano-
ZS instrument (Malvern Instruments, Worcestershire, U.K.) equipped
with a 4 mW He�Ne laser (633 nm wavelength) at 25 �C. The
appropriate viscosity and refractive index parameters for each solution
were set. The time-average (or “total”) intensity (kcps) of the scattered
light at different points was collected to obtain qualitative information
about the time required for the formation of aggregates using Dispersion
Technology Software (DTS) (V4.20).26

Circular Dichroism Spectroscopy. Far-UV CD spectra of
proteins heated at different time points were obtained using an MOS-
450 spectropolarimeter (Bio-Logic Science Instruments, Grenoble,
France) in cylindrical cells (2 mm path length) at 25 �C. The following
parameters were used: step resolution, 0.5 nm; acquisition duration, 1 s;
bandwidth, 5.0 nm; sensitivity, 100 mdeg. The protein dispersions were
diluted to 0.1 mg/mL with distilled water (pH 2.0). The spectra in the
far-UV (190�250 nm) region were an average of six scans. The
spectrum of distilled water (pH 2.0) as a control was subtracted from
spectra of the samples. CD measurements were expressed as mean
residue ellipticity in deg cm2 dmol�1.
Thioflavin T Fluorescence Assay. A Th T stock solution was

prepared at a concentration of 0.8mg/mL (2.5mM) in phosphate buffer
(5 mM potassium phosphate containing 150 mM NaCl, pH 7.4) and
filtered through a 0.22 μm filter to remove undissolved Th T before
use.27 This stock solution was diluted 50-fold in the phosphate buffer to
generate the working solution (50 μM). Aliquots (40 μL) of samples
were mixed with 4mLworking solution and then allowed to bind the Th
T for 2 min. The fluorescence intensity of the heated protein�Th T dye
mixtures was measured at 440 nm (excitation, slit width 5 nm) and
482 nm (emission, slit width 5 nm) using an F7000 fluorescence
spectrophotometer (Hitachi Co., Japan). The fluorescence intensity of
the Th T working solution as a control was subtracted from the
fluorescence intensity of protein samples.
Curve-Fitting Program. The aggregation kinetic in the initial

stage of amyloid-like fibril formation was obtained by monitoring the
changes in mean residue ellipticity at 216 nm by far-UV CD and Th T
fluorescence intensity. The kinetics of amyloid-like aggregation were fit
to a single-exponential rate equation

y ¼ q þ A expð�ktÞ ð1Þ
where A is the total change in mean residue ellipticity or fluorescence
intensity during the exponential phase and k is the apparent rate
constant.28

Congo Red Binding Assay. TheCR stock solution was prepared by
dissolving thedye inpotassiumphosphate buffer (5mMpotassiumphosphate
containing 150mMNaCl, pH 7.4) at a concentration of 0.7mg/mL (1mM)
and filtering through a0.22μmfilter.27Theprotein samplesweremixedwith a
solution of CR to yield a final CR concentration of 50 μM and a final protein
concentration of 75 μg/mL and then incubated at room temperature for at
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least 30 min. Absorption spectra were recorded from 400 to 600 nm on a
UV2300 spectrophotometer (Techcomp, China). The differential spectra
were obtained by subtracting the blank spectrum (CR dye alone) from the
sample spectra.
Atomic Force Microscopy. AFM images were recorded at room

temperature in tapping mode at a drive frequency of approximately 320
kHz, and the scan rate was 1.0 Hz using a MultiMode SPM microscope
equipped with a Nanoscope IIIa Controller (Digital Instruments, Veeco,
Santa Barbara, CA). PointProbe NCHR silicon tips of 125 μm in length
with a spring constant of 42 N/m were purchased from NanoWorld

(Arrow NC cantilevers, Nanoworld, Switzerland). Typical resonant
frequencies of these tips were about 290 kHz. Aliquots (2 μL) of heated
protein dispersions (diluted to 10 μg/mL with distilled water filtered
through a 0.22 μm filter, pH 2.0) were placed on a freshly cleaved mica
disk and air-dried for 10 min at ambient temperature. Control samples
(freshly cleavedmica) were detected to exclude possible artifacts. Images
were analyzed using Digital Nanoscope software (version 5.30r3, Digital
Instruments, Veeco).
Statistics. Unless specified otherwise, three independent trials were

performed, each with a new batch of sample preparation. All of the tests
were carried out in duplicate or triplicate, and an analysis of variance
(ANOVA) of the data was performed using the SPSS 13.0 statistical
analysis system. A least significant difference (LSD) test with a con-
fidence interval of 95% was used to compare the means.

’RESULTS AND DISCUSSION

ProteinHydrolysis As Assessedby SodiumDodecyl Sulfate�
Polyacrylamide Gel Electrophoresis.The α, α0, and β subunits
with >80% protein purity were successfully isolated from β-
conglycinin, as identified by SDS-PAGE (Figure 1). The molec-
ular weights of the α, α0, and β subunits were calculated to be
about 67.0, 71.0, and 50.0 kDa, respectively. Figure 2 shows a
time course analysis of polypeptide hydrolysis of β-conglycinin
and individual subunits. The typical polypeptide bands were
observed for all unheated samples. Besides the major bands, new
bands with lower molecular mass (MW) were found in the α and
α0 subunits before heat treatment (Figure 2B, b2; Figure 2C, b1),

Figure 2. Hydrolysis kinetics during fibril formation of β-conglycinin (A) and α (B), α0 (C), and β (D) subunits monitored by reducing SDS-PAGE.
Molecular mass markers (in kDa) are shown on the left-hand side of the gels.

Figure 1. SDS-PAGE profile for isolated subunits of β-conglycinin.
Lanes: 1, protein makers; 2, β-conglycinin; 3, α subunit; 4, α0 subunit; 5,
β subunit.



11273 dx.doi.org/10.1021/jf202541m |J. Agric. Food Chem. 2011, 59, 11270–11277

Journal of Agricultural and Food Chemistry ARTICLE

which might be released fragments of subunits at acidic pH.
Upon heating, as expected, the density of the major bands
progressively decreased for all samples, and some bands (e.g.,
b3�7) with smaller molecular mass simultaneously appeared,
which further hydrolyzed into peptides with MW < 20 kDa after
extended incubation. Previous papers have shown that β-con-
glycinin undergoes a fragmentation process at pH 2.0 and 80 �C,
which promotes the formation of amyloid-like fibrils.20

Overall, the hydrolysis fragments of β-conglycinin appeared to
be a mixture of peptides released from three individual subunits
(Figure 2A, b1�7), clearly indicating that the separation process
of subunits had no influence on their hydrolysis behaviors at acid
condition, compared with the hydrolysis of a trimer. The protein
hydrolysis behaviors considerably varied among various subunits
based on the differences in the molecular mass of fragments and
the kinetics of fragmentation. In the initial of hydrolysis, it
seemed that the α and α0 subunits disappeared in 2 h
(Figure 2B,C, lanes 2�5), whereas the β subunit was completely
disrupted in 4 h (Figure 2D, lanes 2�7). These phenomena
suggest that theα andα0 subunits may bemore easily hydrolyzed
than the β subunit (Figure 2). Tang et al.20 proposed a similar
viewpoint based on the hydrolysis of β-conglycinin. However,
interestingly, heated α subunit showed a fragment with a
molecular mass of 50.0 kDa (Figure 2B, b2), which was similar
to the β subunit. Moreover, the intensity of this band gradually
increased during initial heating (0�1 h) and then decreased
until disappearing at 4 h, which probably guided researchers to
make an inaccurate deduction based on the hydrolysis of a
trimer. Thus, the results of individual subunit hydrolysis further
support the viewpoint of easier disruption of the α and α0
subunits. This may be explained by the difference in amino acid
composition of the subunits. That is, the α and α0 subunits are
rich in charged acidic amino acids, especially aspartic acid
residues, which can be preferentially hydrolyzed under acid
pH when the β-carboxyl group is protonated.29 This is further
confirmed by cleavage of the peptide bonds before or after Asp
residues for β-lactoglobulin.11

On the other hand, almost all fragments appearing in the
β subunit (Figure 2D) were also observed in the α and α0
subunits (Figure 2B,C, b5�7). However, the typical bands were
found in the α and α0 subunits (Figure 2B,C, b1�4). These
various hydrolysis behaviors among the α, α0, and β subunits
may be related to the differences in the heat-induced cleavage
sites due to their specific amino acid sequences. Because of the
structural characteristics of three subunits, such as high homol-
ogy of amino acid sequences among the core regions and the

richness of acidic amino acids in the extension regions of the α
andα0 subunits,21 it could be speculated that the extension regions
of the α and α0 subunits may be responsible for the different
hydrolysis behaviors.
Aggregates Formation As Assessed by Dynamic Light

Scattering. DLS as a quantitative technique has been proved
to be a sensitive and powerful method in monitoring the
formation of aggregates and the growth of fibrils. The scattering
intensity of an aggregate is proportional to the mass and number
of particles.30 Figure 3 shows the temporal evolution of the
scattering intensity of β-conglycinin and its subunits. In all cases,
there were similar changes in scattering intensity. In the initial
stage, heating resulted in a decrease of scattering intensity, which
might be attributed to the fact that β-conglycinin and its subunits
converted into some fragments due to the progressive polypeptide
hydrolysis. The increases of scattering intensity were distinctly
observed upon further heating, although further hydrolysis se-
quentially occurred, as evidenced by SDS-PAGE (Figure 2). The
changes in the apparent hydrodynamic radii for all samples are in
accordance with the scattering intensity (data not shown). Tang
et al.20 reported the fibril formation of β-conglycinin by heating at
pH 2.0. If so, this increase indicates the formation of aggregates or
fibril using these peptides as building blocks. It has been reported
that the β-lactoglobulin fibrils formed at pH 2.0 are composed of
peptides and that the formation of peptides precedes their
incorporation into the fibrils.11,15

It is noteworthy that the lowest scattering intensity of
β-conglycinin and its subunits appeared at different incubation
times, suggesting that all samples showed various transition rates
from peptides to larger aggregates. β-Conglycinin exhibited the
fastest transition of the scattering intensity (at 2 h), and the
increase rate gradually decreased in the later stage of aggregation
(12 h). By contrast, for the individual subunits, the rates and
strengths of increase in scattering intensity were all lower than
those of β-conglycinin, and no plateau was observed even after
heating for 20 h. These results indicate that all individual subunits
may be involved in the fibril formation of β-conglycinin, accom-
panied by cooperation with each other, but still not rejecting the
influence of urea-induced denaturation on the capacity to form
fibrils during the isolated process of subunits.
Considerable various changes in scattering intensity were

observed among the three subunits. The α and α0 subunits
showed lower scattering intensity than the β subunit in the initial
heating (0�4 h). This is probably a result of the higher decreases
in the mass of fragments by disruption of the extension region of
the α and α0 subunits. The extension regions are considered to
form a projection on the surface of the core region and contribute
to the molecular dimension.21 These results also further support
the hypothesis that the α and α0 subunits are more easily
disrupted than the β subunit, as observed by SDS-PAGE
(Figure 2). In addition, the β subunit exhibited a slower transi-
tion rate (8 h) and a higher scattering intensity at 20 h than the α
and α0 subunits (Figure 3). As a result, it is speculated that
various subunits possibly play different roles in the fibril forma-
tion of β-conglycinin. The β subunit may be in charge of the
increase in the amount of conversion from peptides to aggre-
gates. In compliance with the polypeptide hydrolysis (Figure 2),
differences in hydrolysis sites could largely account for these
differences in aggregation behaviors.
Structural Transition during Amyloid-like Fibril Formation.

More details in structural transition are desired to better delineate
the steps involved in the fibril formation of β-conglycinin and

Figure 3. Temporal evolution of the scattered intensity of β-conglyci-
nin and α, α0, and β subunits at pH 2.0 and 85 �C monitored by DLS.
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subunits, because the DLS approach cannot gain information
about the common amyloid traits (e.g., staining properties).
Molecular conformational changes, especially the formation
of ordered β-type secondary structure, are usually correlated
with the formation of amyloid fibrils. In addition, amyloid
dyes such as Th T and CR have been widely used to identify
the presence of amyloid structure.27

Circular Dichroism Assay. The secondary structural changes
of unheated and heated samples were characterized using far-UV
CD spectra, as shown in Figure 4A. The spectra for unheated α
and α0 subunits showed significant dips at 208 nm, whereas the
spectra for unheated β-conglycinin and β subunit exhibited
significant dips at 216 nm, indicating conformational differences
among various samples (Figure 4A). Heating for 0�20 h at pH
2.0 led to remarkable increases in the magnitude of the negative
bands for all samples, particularly for β-conglycinin, suggesting
the formation of more ordered structures (Figure 4A). In all
cases, the prominent conformational changes occurred during
initial heating (e.g., <6 h), and then the transition rates slowed
upon further heating (6�20 h) (data not shown).
The mean residue ellipticity at 216 nm, indicative of β-type

secondary structure, was thereby used to quantitatively monitor
the initial kinetics of amyloid-like fibril formation. Figure 4B
presents the changes of mean residue ellipticity as a function of
incubation time. Single-exponential fitting was used to obtain the
kinetic parameters (see eq 1), because no obvious lag phase was
visible for any of the samples. The apparent rate constant (k) and
amplitude (A) of conformational changes considerably varied
among β-conglycinin and the three subunits. The order of the

total changes in mean residue ellipticity was β-conglycinin
(2169) > α0 (1342) > β (1253) > α (1144), whereas the order
of the apparent rate constant was α0 (0.2861) > β-conglycinin
(0.1307) >β (0.0150) >α (0.0103). These results clearly suggest
different capacities to form extensive β-sheets and fibrillation
rates. Moreover, three subunits probably play different roles in
the formation of amyloid-like structure by involving different
pathways of fibrillation. In view of the protein sequence of three
subunits (http://www.ncbi.nlm.nih.gov/protein, BAB64304.1,
BAB64303.1, and BAB64306.1), the amino acid proline is rich
in the extension regions of the α and α0 subunits. Proline has
been reported to be energetically unfavorable for the formation
of β-sheets.31 However, this information appears to be contra-
dictory to the fact that the α0 subunit has the fastest rate and the
highest capacity to form extensive β-sheets among three subunits
(Figure 4B). Thus, we could properly not only speculate that the
local complexity of amino acid sequences for various subunits
probably interferes with the formation of amyloid-like fibrils but
also infer that the extension regions of the α and α0 subunits may
be bound with the conformational transition.
It should be noted that the magnitude of the negative bands

decreased in all samples when the incubation time was prolong
up to 20 h (data not shown). This finding is in agreement with
previous results on β-lactoglobulin.12 This may be attributed
to the disruption of the ordered secondary structure by further
hydrolysis of formed amyloid fibrils, which is called the “fibril
shaving process” for other proteins.32 Thus, it could be
deduced that the growth of the amyloid-like fibrils also
involves the disruption and reorganization of the ordered
secondary structures.
Thioflavin T and Congo Red Assays. The growth kinetics of

the amyloid fibrils fromβ-conglycinin and its subunitsmonitored
by Th T fluorescence is shown in Figure 5. All unheated samples
showed relatively low fluorescence intensity. In the initial stage,
heating led to a sharp increase in fluorescence intensity before
finally leveling off (about 1 h), suggesting that the transition of
the amyloid fibrillar structures was completely finished within a
short time. This result is well consistent with the changes
in secondary conformation for all samples (Figure 4). Similar
to the CD data, the fibril formation of β-conglycinin and
subunits displayed single-exponential kinetics (Figure 5). In
addition, the apparent rate constant and the total change in
fluorescence intensity considerably varied among β-conglycinin
and subunits (Figure 5). The order of apparent rate constant was

Figure 4. (A) Far-UV CD spectra of amyloid-like fibrils from
β-conglycinin and α, α0, and β subunits. (B)Mean residue ellipticity
(at 216 nm) monitored kinetics of the amyloid-like fibril formation.
Mean residue ellipticity at 216 nm versus time (0�6 h) is well
described as a single exponential.

Figure 5. Th T fluorescence-monitored kinetics of amyloid-like fibril
formation of β-conglycinin and α, α0, and β subunits. Th T fluorescence
intensity versus time (0�4 h) is well described as a single exponential.
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α0 (0.4246) >β-conglycinin (0.1112) >β (0.0386) >α (0.0291),
and the order of the total change in fluorescence intensity was
β-conglycinin (990) > α0 (788) > β (675) > α (520), indicating
the different transition rates and capacities to form the amyloid
structure binding to Th T. These observations are in a fairly good
agreement with CD data (Figure 4B).
The samples heated for different incubation periods were

subjected to the CR assay to determine the capacity of binding to
this dye, as shown in Figure 6. The appearance of maximum
absorption at approximately 520�540 nm in the differential
spectra suggests the CR binding to the amyloid-like fibrils of β-
conglycinin and its subunits (Figure 6A). However, considerable
differences in absorption in all samples may indicate the different
structural properties of formed amyloid fibrils. In addition, the
CR dye binding was accompanied by a significant increase in
absorption intensity when the incubation period was increased,
whereas prolonged heating decreased their magnitudes (at 6, 16,
16, and 12 h for β-conglycinin and the α, α0, and β subunits,
respectively) (Figure 6B). These results probably suggest the
decrease in amyloid structure during the later stage of amyloid
fibril formation, consistent with CD data (Figure 4). The proper
explanation is that, at this stage, the fibrils are further packed
together, leading to the masking of binding sites for CR on the
fibril’s surface. Additionally, excessive hydrolysis may be another
possible reason, as evidenced by SDS-PAGE (Figure 2).
Sequential Growth of Aggregates AsMonitored by Atom-

ic Force Microscopy. The morphological details of fibrils
derived from β-conglycinin and its subunits were investigated

by AFM. Figure 7 shows the tappingmode AFMheight images of
fibrillar aggregates obtained by heating at 85 �C for different
incubation times (e.g., 8, 12, and 20 h). The heating induced the
formation of flexible fibrils with periodic or twisted coil structure,
and their contour lengths were highly dependent on heating
time. The macroscopic fibrils or rod-like aggregates formed for
β-conglycinin and subunits at 8 h of heating and their lengths
gradually increased upon prolonged heating (8�20 h) (Figure 7).
At 20 h of heating, β-conglycinin and individual subunits

converted into the worm-like fibrils with average lengths of∼800
and ∼300 nm, respectively. However, the distribution of fibrils
derived from β-conglycinin was more relatively regular than that
of individual subunits, which contained a mixture of small
particles/aggregates and fibrils. This result suggests that it is
easier for β-conglycinin to form fibrils and that the growth rate of
β-conglycinin fibril is much faster than that of individual subunits
upon this incubation condition, which are in accordance with the
DLS observations (Figure 3). On the other hand, all samples
exhibited similar heights (approximately 2 nm) after heating for
20 h (Figure 7). However, the coil periodicity and the width
at half-heights of formed fibrils varied considerably among
β-conglycinin and its subunits (Table 1). β-Conglycinin fibrils
presented a width at half-height of 50.0 nm and a coil periodicity
of 43.0 nm, which were higher than those of the fibrils derived
from individual subunits. Particularly, the α0 subunit showed the
smallest width at half-height (28.3 nm) and coil periodicity
(23.4 nm). These findings indicate that various individual
subunits may undergo different pathways of thermal aggrega-
tion, leading to macroscopic fibrils with distinct morphological
characteristics.
General Discussion. In this work, heating at pH 2.0 and 85 �C

led to fibril formation of β-conglycinin and α, α0, and β subunits
with twisted coil structure. Typical amyloid characteristics, such
as extensive β-sheet structure and binding to amyloid dyes (Th T
and CR), are also present in these fibrils (Figures 4�6). More-
over, β-conglycinin has a higher ability to form amyloid-like

Figure 6. (A) CR spectroscopic profiles binding to amyloid-like fibrils
derived from β-conglycinin and α, α0, and β subunits by heating at pH
2.0 for 20 h. (B) Temporal evolution of CR absorption at 541 nm for
heated samples.

Figure 7. Tapping mode AFM height images of fibrils derived from β-
conglycinin and α, α0, and β subunits obtained at different incubation
times. All of the images correspond to a sample area of 2 � 2 μm. The
height profiles of the fibrils located at red lines (within the figures) are
presented below the AFM images.
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fibrils than the individual subunits. These phenomena suggest
the involvement of all individual subunits in amyloid fibril
formation of β-conglycinin, accompanied by cooperation with
each other.
In the initial stage of heating, DLS results showed that the

scattering intensity gradually decreased due to protein hydrolysis
upon heating (Figure 3). However, no lag phase was simulta-
neously found in the formation of amyloid structure in this stage,
a precursor of macroscopic fibrils, as evidenced by CD and Th T
data (Figures 4 and 5). Correspondingly, in all cases, this fibrillar
process is accompanied by progressive polypeptide hydrolysis
(Figure 2). These findings suggest that protein hydrolysis may be
a requisite step for amyloid-like fibril assembly. Recently, protein
hydrolysis has also been observed in the fibril formation of other
proteins, including lysozyme,14 β-lactoglobulin,11�15 and
glycinin.20 Besides, during the later stage of amyloid fibril
formation (12�20 h), the disruption of amyloid ordered
structure was observed due to further hydrolysis of the
peptides. Taking all results together, the formation of amyloid
fibrils of β-conglycinin is considered to follow multiple steps
involving protein hydrolysis, assembly to amyloid-like fibrils,
and growth into macroscopic fibrils with reorganization of
amyloid-like structure.
It is noteworthy that the growth kinetics of the aggregate

process and the morphology of formed fibrils considerably varied
among various subunits, suggesting the different roles or path-
ways involved in amyloid fibril formation. Because of the distinct
hydrolysis behaviors among the three subunits, including hydro-
lysis rates and cleavage sites, these phenomena not only suggest
a close relationship between the polypeptide hydrolysis and
the kinetics of amyloid fibril formation but also confirm that
the amino acid composition and sequence of peptides affect the
formation of amyloid structure. This is consistent with the
previous viewpoint on β-lactoglobulin fibril formation.11,15

The α and α0 subunits exhibited remarkable differences in
polypeptide hydrolysis (Figure 2). Interestingly, in terms of
amyloid traits, the α0 subunit showed the highest capacity and
the fastest rate during formation of amyloid-like structure, and,
oppositely, the α subunit had the lowest capacity and the slowest
rate (Figures 4 and 5). In view of the high absolute homologies
(90%) between the core regions of the α and α0 subunits, these
observations indicate that the disruption of theα andα0 subunits,
particularly their extension region, may play an important role in
affecting the rate of structural changes in fibril formation. Work
on the identification of peptide sequences hydrolyzed from

β-conglycinin is in progress to disentangle further steps during
amyloid fibril formation.
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