Food Research International 46 (2012) 229-236

Contents lists available at SciVerse ScienceDirect

INTERNATIONAL

Food Research International

journal homepage: www.elsevier.com/locate/foodres

Improvement of heat-induced fibril assembly of soy 3-conglycinin (7S Globulins) at
pH 2.0 through electrostatic screening

Chuan-He Tang "*, Shang-Sheng Wang ?, Qingrong Huang ¢

2 Department of Food Science and Technology, South China University of Technology, Guangzhou 510640, People's Republic of China
b State Key Laboratory of Pulp and Paper Engineering, South China University of Technology, Guangzhou 510640, People's Republic of China
¢ Department of Food Science, Rutgers University, 65 Dudley Road, New Brunswick, New Jersey 08901, United States

ARTICLE INFO ABSTRACT

Article history:
Received 12 October 2011
Accepted 29 November 2011

Protein fibril assembly at acidic conditions has recently attracted increasing interests in the fields of biochem-
ical and food science, however, the obtained knowledge about the assembly of the proteins with complex
structure (e.g. plant 7S/11S globulins) is still limited. This study investigated the influence of NaCl addition
(0-300 mM) on the fibril assembly of soy 7S globulins (3-conglycinin), induced by heating at 80 °C and pH

gg{,"};ﬁiﬁiglydmn 2.0, with the aim of confirming the improvement of their fibril assembly by electrostatic screening. The
Protein fibril formed fibril formation was investigated by using Th T fluorescence and atomic force microscopy (AFM) tech-
Assembly niques. Heat-induced structure changes were traced by sodium dodecyl sulfate polyacrylamide gel electro-
Fibrillization phoresis (SDS-PAGE) and circular dichroism spectroscopy (CD). The results indicated that the whole fibril

assembly experienced protein dissociation/hydrolysis and subsequent fibrillization process, and increasing
NaCl concentration progressively increased the amount of formed fibrils, and even fibril length. AFM analyses
confirmed that the increase in NaCl concentration shortened the time at which the short fibrils were visually
observed, and the morphology of formed fibrils, including height of fibrils, width at half-height, and coil
periodicity, slightly varied with the added NaCl concentration. The CD analyses indicated that increasing
NaCl concentration greatly favored formation of 3-type secondary structure, as well as extensive disruption
of tertiary and/or quaternary conformations. These results confirmed that the electrostatic screening greatly
improved the heat-induced fibril assembly process of soy 3-conglycinin at pH 2.0. The improvement of fibril
formation was largely attributed to increased extent of conformational changes at higher ionic strength.
These findings would provide important information about the fibril assembly of plant oligomeric globulins
at acidic pH that have important implications for the development of protein protein-based fibrillar gels.

© 2011 Elsevier Ltd. All rights reserved.

Electrostatic screening

strength (at a comparable protein concentration; relative to tradi-
tional heat-set gels).

1. Introduction

There are growing interests in the fibril assemblies from many
food globular proteins, such as 3-lactoglobulin (3-LG, a major whey
protein), bovine serum albumin (BSA) and ovalbumin, due to their
potential applications in the food industry (i.e. thickening agents in
food matrixes) (van der Linden, 2010; van der Linden & Venema,
2007). The fibrillization of those important proteins can be induced
by heat treatment at acidic (i.e. pH 2.0) or basic environment. During
heat treatment, the fibril aggregation will follow thermal denatur-
ation. Once the protein concentration exceeds the critical gelling
point, the fibril aggregation will result in the formation of fibrillar
gels (Gasal, Clark, Pudney, & Ross-Murphy, 2002; van der Linden &
Venema, 2007). Those fibrillar gels are usually transparent, isotropic,
and exhibiting unique features such as high thermal stability and gel
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To date, there has emerged a rich variety of articles for addressing
the assembly kinetics and microstructure of heat-induced food pro-
tein fibrils, including whey proteins (i.e. 3-LG; Arnaudov, de Vries,
Ippel, & van Mierlo, 2003; Gosal et al., 2004; Arnaudov & de Vries,
2006; Bolder, Vasbinder, Sagis, & van der Linden, 2007; Akkermans
et al,, 2008; Oboroceanu, Wang, Brodkorb, Magner, & Auty, 2010),
BSA (Veerman, Sagis, Heck, & van der Linden, 2003; Vetri et al.,
2011), lysozyme (Misha et al., 2007), and legume proteins (i.e. 7S or
11S globulins from soy and kidney beans; Akkermans et al., 2007;
Tang & Wang, 2010; Tang, Zhang, Wen, & Huang, 2010). Among
those fibril-forming proteins, 3-LG is one of the most investigated
food proteins. The underlying mechanism for the fibril assembly is
still not fully understood. Arnaudov et al. (2003) studied the 3-LG
fibrillization behavior at low pH and ionic strength by in situ light
scattering (LS) and proton nuclear magnetic resonance (!H NMR).
Based on their results of LS and 'H NMR, they proposed a multistep
fibrillization model which involved initial linear aggregates formation
and then slow consolidation of existing fibrils (Arnaudov et al., 2003).
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The fibril assembly of the proteins involves acidic hydrolysis of the
polypeptides and conformational changes. By tracing the cleaved
peptide of B-LG using reversed-phase HPLC, and mass spectrometry
(MALDI-TOF), Akkermans et al. (2008) found that the peptides, re-
leased from cleavage of the peptide bonds before or after aspartic
acid residues of B-LG, shared the similarity for facilitating B-type
structure formation. The secondary structure changes from pB-LG
hydrolysis were then characterized by in situ attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
which confirmed the reduced a-helix and increased 3-sheet during
fibrillization (Oboroceanu et al., 2010). The phenomenon of peptide
hydrolysis occurring also in the fibril assembly of lysozyme (Misha
et al,, 2007) and 7S/11S globulins from kidney and soy beans (Tang
& Wang, 2010; Tang et al., 2010) seems to be a general process during
protein fibrillization, which was confirmed by Lara, Adamcik, Jordens,
and Mezzenga (2011). In our previous works, we additionally pointed
out the fibril assembly of 7S/11S globulins was accompanied by con-
siderable changes in tertiary and/or quaternary conformations (Tang
& Wang, 2010; Tang et al., 2010).

Generally speaking, protein fibril assembly is affected by many
factors including pH, ionic strength, protein concentration and heating
conditions. Once pH, protein concentration and heating conditions are
kept constant, the kinetics of fibril assembly will be strongly dependent
on ionic strength. For instance, Aymard, Nicolai, and Durand (1999)
investigated the aggregation kinetics of 3-LG at pH 2.0 by light scatter-
ing with multiple sources (laser, neutron, and X-ray). Their small-angle
scattering results exhibited a strong decrease trend for persistence
length of B-LG fibrils with ionic strength increase, which was also
observed by Kavanagh, Clark, and Ross-Murphy (2000) by using trans-
mission electron microscopy (TEM). More recently, Arnaudov and de
Vries (2006) even found that ionic strength increase up to 100 mM
largely shifted the critical fibrillization concentration to low values,
which facilitates fibril formation at low protein concentration. Similarly,
Veerman, Ruis, Sagis, and van der Linden (2002) observed that increase
of ionic strength from 0.01 to 0.09 M lead to the decrease of critical
percolation concentration for the fibrillar 3-LG gels at pH 2.0. Besides,
their work also verified that fibril assembly rate of 3-LG was slower
at lower ionic strengths, which was initially stated by Aymard et al.
(1999). The impact of ionic strength on fibril assembly is different
among distinct proteins, such as human serum albumin (Juarez,
Lépez, Camboén, Taboada, & Mosquera, 2009) and Kidney bean protein
isolate (rich in 7S globulins; Zhang et al., 2010).

On the other hand, soy protein-based ingredients have attracted
much attention from food industry due to their health benefits and
processing availability. Elaboration of fibril assembly from soy protein
will magnificently deepen our understanding of the structure of soy
protein under different conditions, which facilitate the scientific
design of soy protein-based ingredients. Based upon our previous
investigation of 7S/11S globulins fibrils (Tang & Wang, 2010; Tang
et al.,, 2010), we further investigate the influence of ionic strength
on the fibril assembly of soy 3-conglycinin (7S globulins) at low pH
in a systematic way, which is scarcely reported yet. The main objec-
tive of this investigation is to study the influence of ionic strength
(0-300 mM) on the kinetics and morphology of soy 3-conglycinin
fibril assembly at pH 2.0. Ionic strength impact on protein hydrolysis
and conformation changes were simultaneously evaluated. To the
best of our knowledge, this is the first report for addressing the
improvement of fibril assembly of plant oligomeric globulins at low
pH through electrostatic screening.

2. Materials and methods
2.1. Materials

Defatted soy flakes with low protein denaturation were processed
by initial flash desolventization and vacuum drying at 60 °C by

Shandong Yuwang Industrial & Commercial Co., Ltd. The flakes were
ground in a Straub mill (Model 4E, Straub Co., Philadelphia, PA,
USA) to pass through an 80 mesh sieve. The obtained flour was stored
in sealed container at 4 °C until used. The protein content of the flour
was 55.540.4% (determined by Kjeldahl method with nitrogen
conversion factor of 6.25; on dry basis) and nitrogen solubility
index 84.0%. Congo Red, Thioflavin T (Th T), and bovine serum albu-
min (BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Other chemicals applied in the work were of analytical grade.

2.2. Preparation of soy [3-conglycinin

The soy B-conglycinin samples were prepared according to the
method described in our previous work (Tang & Wang, 2010),
which is an improvement based on the work of Nagano, Hirotsuka,
and Mori (1992).

2.3. Thermal aggregation experiments

Soy PB-conglycinin solutions (1.0%, w/v) with various ionic
strengths were prepared by dissolving the freeze-dried soy f3-
conglycinin samples into 0.1 M HCl solution with different NaCl con-
centrations (0-300 mM). The solution pH was accurately adjusted
to 2.0 by using 6 M HCI. The protein concentrations in the solutions
were determined by Lowry assay (Lowry, Rosembroug, Lewis, &
Randall, 1951), with BSA as the standard protein. Aliquots (5 pL) of
the protein solutions were poured into glass tubes with hermetic
lids. The glass tubes were heated at 80 °C for specific periods of
time in a temperature-controlled bath with temperature deviation
of less than 1 °C. After heat treatment, the samples were immediately
cooled in an ice bath and directly subject to further experiments.

2.4. Thioflavin T (Th T) fluorescence analysis

Th T stock solution was prepared by dispersing 8 mg Th T into
10 mL of phosphate buffer (pH 7.0) containing 150 mM NaCl
(LeVine, 1995). The dispersion was filtered with 0.2 pum syringe filter
to remove undissolved Th T. This stock solution should be stored in
dark at 4 °C and covered with aluminum foil. The stock solution was
diluted 50 times by the same buffer on the day of analysis to generate
the working solution (Koscielska-Kasprzak & Otlewski, 2003; Nilsson,
2004). Aliquots (50 pL) of the tested samples were mixed with 5 mL
Th T working solution and allowed to stand for at least 1 min.
The fluorescence spectra of the mixtures were measured using a
fluorescence spectrophotometer (HITACHI F-7000, Tokyo, Japan).
The excitation wavelength was 460 nm (slit width=10nm) and
the emission wavelength was 490 nm (slit width 5 nm), with a scan-
ning speed of 240 nm/min. The excitation wavelength at 460 nm
(rather than at 440-450 nm as applied in many previous studies)
was chosen to minimize light scattering problems (Mishra Misha
et al., 2007). The fluorescence spectrum of the Th T working solution
was subtracted from the fluorescence spectra of the samples to cor-
rect the background signal.

2.5. Zeta potential ({) measurement

The ¢ values of the proteins in the dispersions at varying NaCl con-
centrations (0-300 mM), as a function of pH were measured by a
laser doppler velocimetry and phase analysis light scattering (M3-
PALS) technique using a Malvern Zetasizer Nano ZS (ZEN 3600) in-
strument (Malvern Instruments Ltd., Malvern, Worcestershire, UK),
in connection with a multipurpose autotitrator (model MPT-2,
Malvern Instruments, Worcestershire, UK). The protein samples
were prepared in deionized water containing various concentrations
of NaCl (0-300 mM), and diluted to about 0.5% (w/v) with the corre-
sponding same NaCl solutions. The diluted protein dispersions were
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filtered with a 0.45 um Millipore membrane, prior to the analysis.
Titration was performed from pH 7.0 to pH 2.0 with 0.1 M and 1M
HCl under constant magnetic stirring. One milliliter of each diluted
sample was put in an electrophoresis cell (Model DTS 1060C, Malvern
Instruments Ltd., Malvern, Worces-tershire, UK). The temperature of
the cell was maintained at ambient temperature. The data were
reported as the average values and standard deviations of three mea-
surements performed with three individually prepared protein
dispersions.

2.6. Atomic force microscopy (AFM) analysis

AFM images were acquired in tapping mode using a Dimension
3000 microscope (Digital Instruments-Veeco, Santa Barbara, CA,
USA), equipped with a ‘G’ scanning head (maximum scan size
10 um) and driven by a Nanoscope Illa controller. A 2 pL droplet of
unheated and heated soy p-conglycinin solutions (diluted to
25 pg/mL) was spread on a freshly cleaved mica disc and dried in air
for 10 min at ambient temperature (Ikeda & Morris, 2002). For imaging
under ambient condition, single-beam uncoated silicon cantilevers
(type OMCL-AC, Olympus, and RTESP, Veeco) were used. The drive
frequency was set at 300 kHz and the scan rate was between 0.3 and
0.8 Hz. Images were processed by the Digital Nanoscope Software
(Version 5.30r3, Digital Instruments). For each preparation condition,
at least two samples were used for duplication. Approximately 10
images were obtained for each preparation.

2.7. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

SDS-PAGE was performed on a discontinuous buffered system
according to Laemmli's method (Laemmli, 1970) which utilized 12%
separating gel (pH 8.8) and 4% stacking gel (pH 6.8). The gel was
stained with 0.1% Coomassie brilliant blue (R-250) in 10% acetic
acid and 45% methanol, and destained in methanol-water solution
containing 10% (v/v) acetic acid (methanol: acetic acid:water=
1:1:8, v/v/v). The tested samples were prepared by directly mixing
the protein solutions (1%, w/v) with electrophoretic sample buffer,
namely 0.25 M Tris-HCl buffer (pH 8.0) containing 10.0% (w/v) SDS
and 2.5% (v/v) B-mercaptoethanol, in a ratio of 1:2 (v/v).

2.8. Circular dichroism (CD) spectroscopy

Far-UV and near-UV CD spectra were obtained using a MOS-450
spectropolarimeter (BioLogic Science Instrument, France). All
unheated and heated [3-conglycinin solutions from the aggregation
experiments were diluted by the same buffer (pH 2.0) with the corre-
sponding ionic strengths to protein concentrations of 0.1 and
1.0 mg/mL which were suitable for far-UV and near-UV CD measure-
ments, respectively. All the protein samples were centrifuged at
18,000 g for 20 min, prior to the analysis. The far-UV CD spectroscopic
measurements were performed in a quartz cuvette of 2 mm and the
samples were scanned from 190 to 250 nm with a scan rate of 50 nm
per minute. The near-UV CD spectroscopy measurements were per-
formed in a 1 cm quartz cuvette. The sample was scanned over a wave-
length range from 250 to 320 nm. For both measurements, the final
spectra were an average of 25 scans. The following parameters were
used during the CD measurement: step resolution, 1 nm; acquisition
duration, 1 s; bandwidth, 5.0 nm; sensitivity, 100 mdeg. The cell was
thermostated with a Peltier element at 25 °C, unless specified other-
wise. The protein concentrations were determined by the Lowry assay
using BSA as the standard (Lowry et al., 1951). The collected spectra
were corrected by subtracting the spectrum of a protein-free buffer. A
mean value of 112 for the amino acid residue was assumed in all calcu-
lations, and CD measurements expressed as mean residue ellipticity
([6]) in deg cm~2dmol .

2.9. Statistics

An analysis of variance (ANOVA) of the data was performed, and a
least significant difference (LSD) test with a confidence interval of
95% was applied, if needed.

3. Results and discussion
3.1. Zeta potential ({) analysis

Since the isoelectric point (pl) of native soy 3-conglycinin is about
pH 4.5, it will carry positive charges on the protein surface at pH 2.0.
In the absence of NaCl, the ¢ of native B3-conglycinin at pH 2.0 was
about 21.5mV (Fig. 1) which exhibited strong positive charges on
the protein surface. When NaCl concentration increased from 0 to
300 mM, the ¢ dramatically decreased to 7.7 mV, suggesting the
increased electrostatic screening by salt. The electrostatic screening
can affect the profile of protein-protein interactions involving elec-
trostatic repulsion and thus the fibril assembly. Positive influences
of increasing NaCl concentration or ionic strength on fibrillization
have been observed for 3-lactoglobulin (Arnaudov & de Vries, 2006;
Veerman et al., 2002) and human serum albumin (Juarez et al.,
2009) heated at low pH values.

3.2. Fibril formation kinetics

The formation of highly-ordered amyloid-like fibrils can be gener-
ally monitored by using Th T fluorescence spectroscopy, since Th T
has a high selectivity for amyloid fibrils (Fodera et al., 2008; Nilsson,
2004; Zerovnik et al., 2007). More importantly, Th T does not affect
or only slightly affects the early formation of fibrils, making this tech-
nique suitable for in situ fibril detection (Fodera et al., 2008). Fig. 2
displays the NaCl concentration impact upon the relative maximum
fluorescence intensity profiles of 3-conglycinin. The fluorescence in-
tensity of Th T for unheated samples at pH 2.0 was relatively low.
However, heating for 0.5 h or above resulted in considerable increase
in fluorescence intensity. At any NaCl concentration (0-300 mM), the
maximal fluorescence intensity remarkably increased by 6-7 times
after a short period of heating (0.5 h). After 3-hour heating, the fluc-
tuation of maximal fluorescence intensity was small compared with
the intensity increase in the first 0.5 h period. These results are in
consistence with our previous observations (Tang & Wang, 2010)
about the fibril assembly of soy B-conglycinin, glycinin, and their
mixtures. These data also gave support to the multi-step fibril
model put forward by Arnaudov et al. (2003). In their model, fibril
formation involves initial formation of linear aggregates and slow
consolidation process. For soy [3-conglycinin fibrils, most profibrils
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Fig. 1. Zeta potential (¢) profiles of soy 3-conglycinin at pH 2.0 as a function of NaCl
concentration. Each data is a mean value with standard deviation of triplicates.
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Fig. 2. Heating period evolution (0-16 h) of relative maximal fluorescence intensity of
Th T in the presence of soy 3-conglycinin (1.0%, w/v) at various NaCl concentrations
(0-300 mM Nacl). Each data is a mean value with standard deviation of duplicates
which is normalized based on the Th T fluorescence of unheated sample. Each data is
a mean value with standard deviation of duplicates.

(building blocks) needed for fibril assembly are generated within a
short period (~0.5 h) of heating at pH 2.0. Longer period of heating
(up to 16 h) facilitates those initially-formed profibrils to further
assembly into highly-ordered fibrils with longer length.

On the other hand, it is generally observed that increasing NaCl
concentration resulted in an increase in magnitude of maximal fluo-
rescence (Fig. 2). This observation suggests that the decrease of elec-
trostatic repulsion caused by increasing ionic strength was favorable
for fibril assembly of 3-conglycinin. For example, at 300 mM Nacl
concentration, a heating with an incubation period above 10 h almost
resulted in fibrillar gel formation of B-conglycinin (1%), which made
the fluorescence determination impossible.

3.3. Morphological analysis

Fibril morphologies of soy 3-conglycinin at various NaCl concen-
trations (0-300 mM) upon heating were characterized by tapping
mode AFM, as shown in Fig. 3. We can see that the heating resulted
in the fibril formation of 3-conglycinin at all-tested NaCl concentra-
tions (0-300 mM), if the heating period was enough. However, the
minimal time for fibril formation, fibril flexibility, and fibril length
varied with different NaCl concentrations (Fig. 3). For example, at
0 mM NaCl concentration, short fibrils were visually observed only
after heating up to 10 h, while it just took 5h at 50-100 mM and
2 h at 200-300 mM, respectively. Thus, less time is needed for initia-
tion of the fibril assembly at higher ionic strength.

Interestingly, the fibrils of soy 3-conglycinin that formed at 0 mM
NaCl concentration after 16 h heating were in an isolated form with a
‘ball of strings’ shape. At high NaCl concentrations (50-300 mM), all
the fibrils exhibited wormlike shape after a period of heating (i.e.
16 h). The mean fibril length increased with increasing NaCl concen-
tration (in the range of 50-300 mM), e.g. up to 100-200 nm with long
heating periods at 300 mM NaCl concentration (Fig. 3). The morpho-
logical difference can be attributed to the differences in inter-
molecular interaction pattern for the formed fibrils. At 0 mM Nacl
concentration, intermolecular electrostatic repulsion caused by fi-
bril charges plays a dominant role which might greatly decrease
the flexibility of the formed fibrils. As a result, the fibrils them-
selves coiled to minimize fibril-fibril repulsion. Charge screening
by presence of 50-300 mM NacCl resulted in reduction of intermo-
lecular electrostatic repulsion between fibrils and thus increase of

fibril flexibility. The increased fibril flexibility can be verified by
long and entangled fibrils observed at 200 or 300 mM NacCl after
16 h of heating (Fig. 3).

In general, the maximal persistence length of the fibrils formed at any
prolonged specific period gradually increased with increasing NaCl
concentration (Fig. 3). For example, the maximal persistence length
of the fibrils formed after 16 h of heating increased from around
400-600 nm to about 2000 nm, as the NaCl concentration increased
from O to 300 mM. This phenomenon also indicates that increasing
ionic strength (or electrostatic screening) improves the fibril assembly
of B-conglycinin at pH 2.0 by the heating. Besides, the height (or
thickness) of the fibrils varied with NaCl concentration (Fig. 4).
The mean height of the formed fibrils at 0 mM NaCl was approxi-
mately 2.7-2.8 nm, which were similar to that (about 2.7 nm) at
300 mM NacCl but significantly (p<0.05) higher than that (about
1.7nm) at 100 mM (data not shown). The height of the fibrils
formed at 100 mM NaCl is similar to that (1.4-1.8 nm) previously
reported for B-conglycinin fibril at a comparable ionic strength
(Tang & Wang, 2010). However, the width at half-height of the fi-
brils (approximately in the range 23-25 nm) was similar at various
NaCl concentrations (data not shown).

On the other hand, all the fibrils formed at various NaCl concentra-
tions exhibited a periodic or twisted coil structure, as evidenced by
periodic alteration of height along with the axis of the fibrils, which
might account for the diversity of the measured height results, even
at a same NaCl concentration (Fig. 4). One typical example of this
periodic fibril structure can be observed in Fig. 4 C (b), where the
coil periodicity (or the interval of two adjacent peak heights) was ap-
proximately estimated to be around 26 nm. A similar periodic fibril
structure has been observed using AFM in B-LG at pH 2.0 after
200 min of heating (Oboroceanu et al., 2010). The 3-LG fibrils had a
periodic structure with a periodicity of 30-40 nm and heights of
2-3 nm. Thus, it can be suggested that the fibril assembly is not di-
rectly related to the initial structural state (e.g. tertiary and/or quater-
nary conformations) of the proteins, but the state of the last products,
e.g. released peptides by acid hydrolysis.

3.4. Composition analysis of hydrolyzed peptide

Polypeptide hydrolysis induced by heating at pH 2.0 has been con-
firmed to play an important role in the fibril assembly of soy 7S/11S
globulins (Tang & Wang, 2010). Currently, the hydrolysis of peptide
fragments of B-conglycinin during heating at various NaCl concentra-
tions (0-300 mM) was also analyzed by reducing SDS-PAGE. At 0 mM
Nadl, the polypeptide components (a, o and 3) of 3-conglycinin, with
molecular weights of about 80, 75 and 50 kDa, respectively, were pro-
gressively hydrolyzed into peptide fragments with molecular weight
of 24-26 kDa and even less than 10 kDa as the heating proceeded
(Fig. 5 A). It can be observed that among all three polypeptides (¢,
o' and (), a and o’ polypeptides were more easily hydrolyzed by
heating at pH 2.0 than the 3 polypeptide. For instance, the former
polypeptides were almost completely disrupted after 5h heating,
while the latter completely disappeared after more than 10 h heat-
ing (Fig. 5 A). Similar results have been observed in our previous
work (Tang & Wang, 2010). The polypeptide hydrolysis patterns of
B-conglycinin by heating were similar at various NaCl concentra-
tions (0-300 mM). Fig. 5 B displays the SDS-PAGE profiles of 3-
conglycinin formed at various NaCl concentrations after 5 h of heat-
ing. The SDS-PAGE patterns of the protein samples at different NaCl
concentrations were almost identical. This phenomenon suggested
that the polypeptide hydrolysis of 3-conglycinin at pH 2.0 was inde-
pendent of ionic strength. Thus, fibril assembly might be mainly rel-
evant to the hydrophilicity and hydrophobicity balance of the
peptides, released during the hydrolysis, which is affected by ionic
strength.
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Fig. 3. AFM height images of soy 3-conglycinin fibrils formed at pH 2.0 under different conditions combining various NaCl concentrations (0-300 mM) and heating periods (2, 5, 10,

and 16 h). The heating temperature was set at 80 °C.

3.5. Conformational analyses

3.5.1. Secondary conformation

The formation of highly-ordered PB-type secondary structure
(especially B-sheet) is one of the basic features for amyloid fibrils
(Nilsson, 2004). The secondary structures of soy [-conglycinin
by heating at various NaCl concentrations (0-300 mM) were charac-
terized by using far-UV CD spectroscopy. All the unheated soy (3-
conglycinin at various NaCl concentrations exhibited similar far-UvV
spectra with prominent negative bands at 205, 210 and 215 nm, as
well as a positive band at 200 nm (data not shown), suggesting the ex-
istence of B-type highly-ordered structure (Kelly & Price, 1997; Yang,
Wau, & Martinez, 1986). From Fig. 6 A, we can see that heating resulted
in remarkable decrease of ellipticity magnitude ([6]) in the negative
bands, indicating the considerable increase in 3-type secondary struc-
ture of 3-conglycinin upon heating. This phenomenon provides indirect
evidence to the formation of amyloid-like fibrils during heating at pH
2.0. The changes in [6] of the negative band at 215 nm ([6]x =215 nm)
upon heating at various NaCl concentrations (0-300 mM) are pre-
sented in Fig. 6 B. In all cases, the changes during initial heating period
(i.e. <2 h) were much more remarkable than further heating (up to

16 h), as shown in Fig. 6 B. The CD results are in consistence with the
Th T fluorescence results (Fig. 2), further indicating that most of build-
ing peptides with high 3-type secondary structure, needed for the fibril
assembly, were released during initial heating (e.g. less than 2 h).
With the increase of NaCl concentration till 100 mM, the extent of
decrease in [0]x =215 nm Within initial 3 h progressively increased.
However, the extent of decrease in [6]x =215 nm Within initial 3 h
dropped when NaCl concentration increased from 100 to 300 mM.
The changes of secondary structures at 0-100 mM are consistent
with the Th T fluorescence results shown in Fig. 2, suggesting in-
creased formation of 3-type rich fibrils at higher ionic strength. How-
ever, the changes of [0]x—=215.m at 200-300 mM seem to be
inconsistent with the Th T fluorescence results (Fig. 2), and also be
contrasting from the viewpoint that the fibril assembly of soy globu-
lins is closely related to the formation of its 3-type secondary confor-
mation (Tang & Wang, 2010). Factually, similar observations have
been observed human serum albumin (HSA) fibrils which were
formed in acidic environment (Juirez et al., 2009), where the
[0]x = 215-220 nm Value of HSA fibril was reduced at high salt concen-
tration (>50 mM). Although electrostatic screening enhanced the
fibrillization at 0-100 mM, excessive amount of salt (e.g. 200-300 mM)
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Fig. 4. Typical AFM height profiles of soy 3-conglycinin fibrils formed at pH 2.0 and
NaCl concentrations of 0 (A), 100 (B) and 300 (C) mM, after 16 h of heating.

greatly favored the fibril-fibril attractive interaction, especially the hy-
drophobic interactions, thus leading to reduced [0]x =215 nm. Thus, the
far-UV CD data are still well in accordance with the AFM observations
(Fig. 3), reflecting that increase of ionic strength was favorable for the fi-
bril assembly of 3-conglycinin.

3.5.2. Tertiary and/or quaternary conformation

Near-UV CD spectroscopy was utilized for probing the tertiary
and/or quaternary conformational changes of 3-conglycinin by heat-
ing at various NaCl concentrations (0-300 mM). The actual shape
and magnitude of the near-UV CD spectrum of a protein depend on
the amount of aromatic amino acids, their mobility, and their envi-
ronmental nature (hydrogen bonding, polarity and polarizability)
(Yang et al, 1986). The near-UV CD spectrum of unheated (-
conglycinin (control) exhibited a prominent positive dichroic band
at 280 nm under all NaCl concentration conditions (0-300 mM)
(data not shown). This prominent band is a typical near-UV CD fea-
ture for Tyr residue (Yang et al., 1986). The magnitude of Tyr residue
elliticity decreased dramatically after a short period of heating (Fig. 7
A). The decreasing rate of Tyr residue elliticity slowed down upon
further heating up to 16 h. The phenomenon indicated progressive
exposure of Tyr residue hydrophobic clusters to polar microenviron-
ment, clearly as a result of heat-induced protein structural unfolding,
as well as the polypeptide hydrolysis. The tertiary and quaternary
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Fig. 5. (A) Reducing SDS-PAGE profiles of soy 3-conglycinin at 0 mM NaCl with differ-
ent heating periods (0-16 h); (B) Reducing SDS-PAGE profiles of soy (3-conglycinin
heated for 5 h at various NaCl concentrations (0-300 mM). First lane (A or B) displays
standard protein markers; Lanes 1-6 (panel A) represent samples heated for 0, 0.5, 2, 5,
10 and 16 h, respectively. Lanes 1-5 (panel B) represent samples treated at NaCl con-
centrations of 0, 50, 100, 200 and 300 mM, respectively.

conformation changes were similar to the secondary conformation
alteration.

With the NaCl concentration increase, the extent of decrease in
the ellipticity at 280 nm upon heating progressively increased
(Fig. 7 B). Especially at the NaCl concentration of 300 mM, the elliptic-
ity at 280 nm decreased from 20 to —40 deg cm?>dmol~ ' upon 12-
hour heating. This observation suggested that the changes in tertiary
and quaternary conformations more favorably occurred at higher
ionic strength. Together with the results of Th T fluorescence and
AFM, it can be reasonably put forward that the formation of highly
ordered fibrils of 3-conglycinin at pH 2.0 is closely relevant to the
extent of changes in its tertiary and quaternary conformations.

4. Conclusions

The fibril assembly of B-conglycinin at pH 2.0 upon heating
was greatly improved by electrostatic screening. The increase in
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Fig. 6. (A) Typical stacked Far-UV CD spectra of unheated (control) and heated soy 3-
conglycinin at 0 mM NaCl; (B) Changes in magnitude of the negative ellipticity at
215 nm of soy B-conglycinin at various NaCl concentrations (0-300 mM) upon heating.
Heating was carried out at 80 °C and at pH 2.0.

NaCl concentration within the range of 0-300 mM shortened
the time needed to initiate fibril assembly and resulted in the
formation of fibrils with larger dimensions (persistence length).
The conformational changes during the fibril assembly, espe-
cially at tertiary and/or quaternary levels, were more favorable
at higher NaCl concentrations. The improvement of the fibril
assembly by electrostatic screening could be attributed to de-
creased intermolecular electrostatic repulsion interactions, as
well as increased molecular flexibility (as a result of disruption
of tertiary and/or quaternary conformations). These findings
provide us with further understanding the fibril assembly of
plant oligomeric globulins at acidic conditions that may have
great implications for the development of plant protein-based
fibril gels.

Acknowledgment

This work is supported by the National Natural Science Founda-
tion of China (serial numbers: 30972049 and 31171632), the Funda-
mental Research Funds for the Central Universities (SCUT; serial
numbers: 2009220034 and 2011ZG0019) and Program for New
Century Excellent Talents in University (NCET-10-0398).

Phe Tyr Trp

——0 h (control)
—0.5h
—2h
—5h
——10h
——16h
1 "

50 P R R R B I
250 260 270 280 290 300 310 320

Wavelength (nm)

30 —{— 0 mM (control)
—O—50 mM

20 —/\—100 mM
—/~200 mM

10 —=300 mM

0 3 6 9 12 15

Ellipticity at 280 nm (deg.cm2.dMol') B3  Mean Residue Ellipticity (deg.cm2.dMol"') 3>

Heating time (h)

Fig. 7. (A) Typical stacked near-UV CD spectra of unheated (control) and heated soy 3-
conglycinin at 0 mM NaCl upon different heating period (0-16 h); (B) Heating period
evolution of Tyr residue ellipticity at 280 nm upon heating at various NaCl concentra-
tions (0-300 mM).

References

Akkermans, C., van der Goot, A. J., Venema, P., Gruppen, H., Vereijken, J. M., van der
Linden, E., et al. (2007). Micrometer-sized fibrillar protein aggregates from soy
glycinin and soy protein isolate. Journal of Agricultural and Food Chemistry, 55,
9877-9882.

Akkermans, C., Venema, P., van der Goot, A. ]., Gruppen, H., Bakx, E. ]., Boom, R. M., et al.
(2008). Peptides are building blocks of heat-induced fibrillar protein aggregates
of B-lactoglobulin formed at pH 2. Biomacromolecules, 9, 1474-1479.

Arnaudov, L. N., & de Vries, R. (2006). Strong impact of ionic strength on the kinetics of
fibrillar aggregation of bovine B-lactoglobulin. Biomacromolecules, 7, 3490-3498.

Arnaudov, L. N., de Vries, R., Ippel, H., & van Mierlo, C. P. M. (2003). Multiple steps
during the formation of B-lactoglobulin fibrils. Biomacromolecules, 4, 1614-1622.

Aymard, P., Nicolai, T., & Durand, D. (1999). Static and dynamic scattering of [3-
lactoglobulin aggregates formed after heat-induced denaturation at pH 2. Macro-
molecules, 32, 2542-2552.

Bolder, S. G., Vasbinder, A. ], Sagis, L. M. C., & van der Linden, E. (2007). Heat-induced
whey protein isolate fibrils: Conversion, hydrolysis, and disulphide bond forma-
tion. International Dairy Journal, 17, 846-853.

Fodera, V., Groenning, M., Vetri, V., Librizzi, F., Spagnolo, S., Cornett, C., et al. (2008).
Thioflavin T hydroxylation at basic pH and its effect on amyloid fibril detection.
The Journal of Physical Chemistry. B, 112, 15174-15181.

Gasal, W. S, Clark, A. H., Pudney, P. D. A., & Ross-Murphy, S. B. (2002). Novel amyloid
fibrillar networks derived from a globular protein: beta-lactoglobulin. Langmuir,
18, 7174-7181.

Gosal, W. S., Clark, A. H., & Ross-Murphy, S. B. (2004). Fibrillar 3-lactoglobulin gels: Part
1. Fibril formation and structure. Biomacromolecules, 5, 2408-2419.

Ikeda, S., & Morris, V. (2002). Fine-stranded and particulate aggregates of heat-
denatured whey proteins visualized by atomic force microscopy. Biomacromole-
cules, 3, 382-389.

Juérez, J., Lopez, S. G., Cambén, A., Taboada, P., & Mosquera, V. (2009). Influence of
electrostatic interactions on the fibrillation process of human serum albumin. The
Journal of Physical Chemistry. B, 113, 10521-10529.


image of Fig.�6

236 C.-H. Tang et al. / Food Research International 46 (2012) 229-236

Kavanagh, G. M., Clark, A. H., & Ross-Murphy, S. B. (2000). Heat-induced gelation of
globular proteins: Part 3. Molecular studies on low pH [-lactoglobulin gels. Inter-
national Journal of Biological Macromolecules, 28, 41-50.

Kelly, S. M., & Price, N. C. (1997). The application of circular dichroism to studies of
protein folding and unfolding. Biochimica et Biophysica Acta, 1338, 161-185.

Koscielska-Kasprzak, K., & Otlewski, ]J. (2003). Amyloid-forming peptides selected
proteolytically from phage display library. Protein Science, 12, 1675-1685.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature, 227, 681-685.

Lara, C. C., Adamcik, J., Jordens, S., & Mezzenga, R. (2011). General self-assembly mech-
anism converting hydrolyzed globular proteins into giant multistranded amyloid
ribbons. Biomacromolecules, 12, 1868-1875.

LeVine, H., Il (1995). Thioflavine T interaction with amyloid 3-sheet structures. Amy-
loid, 2, 1-6.

Lowry, O. H., Rosembroug, H. J., Lewis, A., & Randall, R. J. (1951). Protein measurement
with the folin phenol reagent. The Journal of Biological Chemistry, 19, 265-275.
Misha, R, Sorgjerd, K., Nystrom, S., Nordigarden, A, Yu, Y. -C., & Hammarstrém, P. (2007).
Lysozyme amyloidogenesis is accelerated by specific nicking and fragmentation but
decelerated by intact protein binding and conversion. Journal of Molecular Biology,

366, 1029-1044.

Nagano, T., Hirotsuka, M., & Mori, H. (1992). Dynamic viscoelastic study on the gelation
of 7S globulin from soybeans. Journal of Agricultural and Food Chemistry, 40,
941-944.

Nilsson, M. R. (2004). Techniques to study amyloid fibril formation in vitro. Methods,
34, 151-160.

Oboroceanu, D., Wang, L., Brodkorb, A., Magner, E., & Auty, M. A. E. (2010). Characteriza-
tion of B-lactoglobulin fibrillar assembly using atomic force microscopy, polyacryl-
amide gel electrophoresis, and in situ fourier transform infrared spectroscopy.
Journal of Agricultural and Food Chemistry, 58, 3667-3673.

Tang, C. H., & Wang, C. -S. (2010). Formation and characterization of amyloid-like
fibrils from soy 3-conglycinin and glycinin. Journal of Agricultural and Food Chemis-
try, 58, 11058-11066.

Tang, C. H., Zhang, Y. H., Wen, Q. B., & Huang, Q. R. (2010). Formation of amyloid fibrils
from kidney bean 7S globulin (phaseolin) at pH 2.0. Journal of Agricultural and Food
Chemistry, 58, 8061-8068.

van der Linden, E. (2010). From peptides and proteins to micro-structure mechanics
and rheological properties of fibril systems. Food Hydrocolloids, doi:
10.1016/j.foodhyd.2010.11.019.

van der Linden, E., & Venema, P. (2007). Self-assembly and aggregation of proteins.
Current Opinion in Colloid and Interface Science, 12, 158-165.

Veerman, C., Ruis, H., Sagis, L. M. C,, & van der Linden, E. (2002). Effect of electrostatic
interactions on the percolation concentrations of fibrillar 3-lactoglobulin gels. Bio-
macromolecules, 3, 869-873.

Veerman, C,, Sagis, L. M. C., Heck, J., & van der Linden, E. (2003). Mesostructure of fibril-
lar bovine serum albumin gels. International Journal of Biological macromolecules,
31, 139-146.

Vetri, V., D'Amico, M., Fodera, V., Leone, M., Ponzoni, A., Sberveglieri, G., et al. (2011).
Bovine serum albumin protofibril-like aggregates formation: Solo but not simple
mechanism. Archives of Biochemistry and Biophysics, 508, 13-24.

Yang, J. T., Wu, C. -S., & Martinez, H. M. (1986). Calculation of protein conformation
from circular dichroism. Methods in Enzymology, 130, 208-269.

Zerovnik, E., Skarabot, M., Skerget, K., Giannini, S., Stoka, V., Jenko-Kokalj, S., et al.
(2007). Amyloid fibril formation by human stefin B: Influence of pH and TFE on
fibril growth and morphology. Amyloid, 14, 237-247.

Zhang, Y. H., Tang, C. H., Wen, Q. B,, Yang, X. Q,, Li, L., & Deng, W. L. (2010). Thermal
aggregation and gelation of kidney bean (Phaseolus vulgaris L.) protein isolate at
pH 2.0: Influence of ionic strength. Food Hydrocolloids, 24, 266-274.


http://dx.doi.org/10.1016/j.foodhyd.2010.11.019

	Improvement of heat-induced fibril assembly of soy β-conglycinin (7S Globulins) at pH 2.0 through electrostatic screening
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Preparation of soy β-conglycinin
	2.3. Thermal aggregation experiments
	2.4. Thioflavin T (Th T) fluorescence analysis
	2.5. Zeta potential (ζ) measurement
	2.6. Atomic force microscopy (AFM) analysis
	2.7. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
	2.8. Circular dichroism (CD) spectroscopy
	2.9. Statistics

	3. Results and discussion
	3.1. Zeta potential (ζ) analysis
	3.2. Fibril formation kinetics
	3.3. Morphological analysis
	3.4. Composition analysis of hydrolyzed peptide
	3.5. Conformational analyses
	3.5.1. Secondary conformation
	3.5.2. Tertiary and/or quaternary conformation


	4. Conclusions
	Acknowledgment
	References


