J OURNAL O

AGRICULTURAL AND

FOOD CHEMISTRY

pubs.acs.org/JAFC

Role of the N-Terminal Amphiphilic Region of Ovalbumin during
Heat-Induced Aggregation and Gelation

Yuki Kawachi," Rina Kameyama,T Akihiro Handa,® Nobuyuki Takahashi,” and Naoki Tanaka®*"

TDepartment of Bio-molecular Engineering, Kyoto Institute of Technology, Matsugasaki, Sakyo, Kyoto 606-858S, Japan

SR&D Division, Institute of Technology, Kewpie Corporation, 5-13-1 Sumiyoshi, Fuchu, Tokyo 183-0034, Japan
#Graduate School of Agriculture, Kyoto University, Uji, Kyoto 611-0011, Japan

© Supporting Information

ABSTRACT: Ovalbumin (OVA), a major globular protein in egg white, forms semiflexible fibrillar aggregates during heat-
induced gelation. The N-terminal amphiphilic region (pN;_,,) of OVA is removed after treatment with pepsin at pH 4 to leave a
large OVA fragment (pOVA). The conformation and thermal stability of pOVA and OVA are similar, but the rheological
strength of the heat-induced gel of pOVA is much lower compared to that of OVA. The aggregation rate of pOVA, which forms
spherical aggregates, was lower than that of OVA. These results suggest that the N-terminal amphiphilic region of OVA facilitates
the a-to-# conformational transition, which triggers OVA fibril formation. Heat treatment of OVA in the presence of pN;_,,
consistently resulted in the formation of straight fibrils. The strength of OVA and collagen gels was increased when prepared in
the presence of pN|_,,, suggesting that pN,_,, may be used to control the properties of protein gels.
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Bl INTRODUCTION

Ovalbumin (OVA), a major globular protein in egg white, is a
glycoprotein composed of 385 amino acid residues with a
molecular mass of 45 kDa and an isoelectric point of 4.5. Its
overall crystal structure contains ca. 35% a-helix and ca. 45% f-
sheet (Figure 1)."? The heat-induced aggregation and gelation
of OVA have been extensively studied due to the importance of
OVA in the food industry.® Upon heating, OVA undergoes a
two-state unfolding process with a midpoint temperature of 76

Figure 1. Schematic illustration of a 3D ribbon model of OVA (PDB
code, 10VA)* drawn with Pymol. The regions include the residues
from 1 to 22 of helix A and the residues from 32 to 43 of helix B are
colored red and cyan, respectively. Cys73 and Cys120 are shown as
orange spheres.
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°C at neutral pH* or 57 °C at pH 2.2.° However, a significant
degree of secondary structure is retained in the heat-induced
unfolded state.*® Although the heat-induced unfolding of OVA
is nearly reversible in the absence of salt at neutral pH, it is
completely irreversible in the presence of salt due to the
formation the fibrillar aggregates.””~"> The morphology of
OVA fibrils is dependent on various factors such as salt
concentration, surface charge, and reduction of disulfide
bonds.'"*7'> A recent study indicated that several types of
fibrils with clear structural and physical differences were formed
during the heat treatment at low pH and high temperature."®

The mechanism of formation of amyloid fibrils, the fibrillar
aggregates related to various human diseases such as
Alzheimer’s and Parkinson’s diseases, has been extensively
studied."®”"? The aggregation of OVA is amyloid-like owing to
the formation of a f-conformation as monitored by CD
spectroscopy as well as an increase in thioflavin T
fluorescence.*”** In a previous study, we analyzed the
mechanism of formation of OVA fibrillar aggregates by using
synthetic peptide fragments and by site-directed mutagenesis."*
The hydrophobic region composed of residues 32—43 of helix
B (IAIMSALAMVYL; cyan colored in Figure 1) was identified
as the core region that induces the a-to-f conformational
transition and triggers the formation of fibrillar aggregates. Heat
treatment of OVA at high protein concentration results in
gelation due to the formation of a network of fibrillar
aggregates.”””> The properties of the heat-induced gel are
strongly dependent on pH, with a turbid and hard gel formed
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close to the isoelectric point of OVA. In contrast, a transparent
gel is formed at pH 2 and 7 in the absence of salt, or a turbid
and hard gel is formed at higher salt concentration at the same
pH 21232

Interestingly, the properties of the heat-induced gel are
affected by the truncation of the N-terminal residues from 1 to
22 of OVA.*’7* The pepsin hydrolysis of OVA at pH 4 cleaves
a single peptide bond between His22 and Ala23 to remove the
N-terminal amphiphilic peptide of helix A (acetyl-GSIGAA-
SMEFCFDVFKELKVHH (pN,_,,); red colored in Figure 1)
from a large OVA fragment called pOVA. The physicochemical
properties such as intrinsic viscosity and secondary structure
shown by the CD spectrum of pOVA were similar to those of
OVA. However, heat treatment of pOVA resulted in the
formation of a transparent gel with lower strength than the
OVA gel prepared under the same conditions.

OVA is the major secretory protein from hen oviduct, and its
secretion signal sequence is located within residues 22—41.>°7
This is unusual given that the N-terminal signal sequences of
many secretory proteins are proteolytically removed before
secretion. Residues 9—21 of helix A (EFCFDVFKELKVH) are
important for OVA translocation through the membrane.
Indeed, an engineered form of OVA lacking these residues is
sequestered in the endoplasmic reticulum and is strongly
associated with the membrane.*® Therefore, the amphiphilic
property of helix A may play a role in dissociating the newly
synthesized OVA from the membrane to facilitate secretion.

A thorough analysis of the aggregation and gelation of pPOVA
is important for understanding the mechanism of the heat-
induced gelation of OVA. However, to date, a detailed study of
the heat-induced aggregation of pOVA has not been reported.
Here, we have investigated the role of the N-terminal
amphiphilic region of OVA by analyzing the aggregation and
gelation of OVA and pOVA using electron microscopy as well
as spectroscopic and rheological measurements. Furthermore,
the effects of pN;_,, on the aggregation and gelation of OVA
were studied. Our results indicate that the N-terminal
amphiphilic region plays a significant role in the heat-induced
aggregation of OVA, and pN,_,, could potentially be used to
control the properties of protein gels in the food industry.

B MATERIALS AND METHODS

Materials. OVA (98% pure, product no. AS503) and pepsin from
porcine stomach were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and Worthington Biochemicals Co. (Lakewood, NJ, USA),
respectively. pPOVA was pre;pared by treating OVA with pepsin at pH
4.0 as reported previously.”” Briefly, OVA was incubated at 25 °C with
pepsin (1/50 w/w ratio of pepsin/OVA) in 100 mM sodium acetate
(pH 4.0) for 12 h, before the solution was neutralized (pH 7.0) to
terminate the reaction. Pepsin was then removed by passing the
solution through DEAE. The relatively small pN,_,, fragment was
subsequently eliminated by dialysis. The heat-induced gels were
prepared by incubation of a protein solution in 100 mM potassium
phosphate (pH 2.2) at 65 °C for 1 h. The acid-soluble type I collagen I
from porcine tendon (Cellmatrix Type I-A) was purchased from Nitta
gelatin (Osaka, Japan). Collagen fibrils were reconstituted according to
a modified protocol supplied by the manufacturer. Specifically, eight
parts of the collagen I solution (3.0 mg/mL, pH 3.0) were mixed with
two parts of 100 mM potassium phosphate (pH 7.5). All peptides used
in this study were synthesized and purified by GenScript (Piscataway,
NJ, USA).

Turbidity Measurement. Protein solutions were diluted in 100
mM phosphate buffer (pH 2.2) that had been preheated to 65 °C.
Dilution was performed in an optical cell placed in a spectropho-
tometer so that the final protein concentration was 0.26 mg/mL. After
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the cuvettes had been capped, the kinetics of aggregation at 65 °C
were monitored by measuring the change in the turbidity of the
solution at 320 nm.

Gel Permeation Chromatography (GPC) Assay. OVA (0.26
mg/mL) in 100 mM potassium phosphate (pH 2.2) was incubated at
65 °C for various periods of time and then cooled to room
temperature. The solution was then subjected to centrifugation at
15000g for S min to remove large aggregates. Monomers and small
aggregates in the supernatants were separated by gel filtration
chromatography using a Superdex 200 column (GE Healthcare,
Piscataway, NJ, USA). The concentration of OVA monomers in the
supernatant was determined from the intensity of the monomer peak
in the chromatogram as reported previously.>> The self-association of
pN,_,, was monitored by gel filtration chromatography using a
Superdex Peptide column (GE Healthcare).

Circular Dichroism (CD) Spectroscopy. The secondary structure
of OVA was monitored by CD spectroscopic measurements using a
Jasco J-720 instrument (Tokyo, Japan). An optical quartz cell with a 1
mm path length was used. Far-UV spectra were obtained at 25 °C
using a scan speed of 20 nm/min.

Transmission Electron Microscopy (TEM). TEM images of
OVA aggregates and amyloid fibrils of peptides were acquired with a
JEM-1200EX II instrument (JEOL, Tokyo, Japan) using an
acceleration voltage of 85 keV. One millimolar potassium phosphate
(pH 2.2) was used as the solvent. Heat-induced aggregates were
obtained by heat treatment of 1.0 mg/mL protein or peptide solution
at pH 2.2 at 65 °C. The samples were negatively stained with 1.5—
2.0% phosphotungstate adjusted to pH 7.5 using sodium hydroxide.

Rheology. Rheological experiments were conducted on an AR-
1000 rheometer (TA Instruments, Leatherhead, UK) at 25 °C.
Measurements were performed using a 2° cone geometry (diameter =
40 mm) with a solvent trap. All experiments were conducted in
oscillatory mode with a strain amplitude of 0.5%, which is in the linear
viscoelastic regime.

FTIR Spectroscopy. FTIR spectra were recorded using a Spectrum
GX FT-IR (PerkinElmer Inc, Waltham, MA, USA). Spectral
resolution was 2 cm™, and the spectra of 64 scans were averaged.
The OVA and pOVA were dissolved in D,0, and the pD was adjusted
to 2.2. The solution was heat-treated at 65 °C for 1 h, and the
precipitates were washed twice with D,0O. The spectra of protein and
peptide samples dried on a CaF, window were then measured.

DSC. Calorimetric measurements were performed using a Nano-
DSC II model 6100 calorimeter (Calorimetry Science Co., Provo, UT,
USA). All experiments were carried out at a scan rate of 1.0 °C/min
and protein concentrations of 1.0 mg/mL in 100 mM potassium
phosphate (pH 7.5 and 2.2). Data analysis (baseline subtraction and
concentration normalization) was performed using software from
Calorimetry Science.

B RESULTS AND DISCUSSION

Heat-Induced Gelation and Aggregation of OVA and
pPOVA. Previous studies reported that the conformation of
pOVA is similar to that of OVA.>”*® We confirmed that the
secondary structures of pOVA at pH 2.2 and 7.5 are similar to
those of OVA based on far-UV CD spectroscopy (Supporting
Information, Figure S1). In addition, the thermal transition
temperatures of pOVA monitored by DSC were almost the
same as those of OVA (Supporting Information, Figure S2;
ca.77 °C at pH 7.5 and ca. 55 °C at pH 2.0). Thus, the native
conformations of pOVA and OVA display similar thermal
stabilities, indicating that the N-terminal amphiphilic region of
OVA does not significantly contribute to the stabilization of the
remainder of the protein.

Previous studies reported that the strength of the heat-
induced gel of pOVA was lower than that of an equivalent gel
formed from OVA.*”*® To confirm the different strengths of
these two types of gel, the storage modulus (G’) and loss
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modulus (G”) were obtained by rheological measurements. In
the heat-denatured state of OVA at neutral pH, thiol—disulfide
exchanges of the single disulfide bond between Cys,; and
Cysyy (orange spheres in Figure 1) and the other four free
cysteines have been shown to occur.* To avoid the thiol—
disulfide exchanges and simplify analysis of the results, the
aggregation and gelation processes of OVA and pOVA were
studied under acidic conditions. Heat-induced gels were
prepared by incubation of a 2 wt % protein solution in 100
mM potassium phosphate (pH 2.2) at 65 °C for 1 h. It is clear
from Figure 2 that the OVA gel displays a much higher G’ value
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Figure 2. Angular frequency dependence of G' and G” of OVA gel
(black curves) and pOVA gel (red curves): open circles, G'; solid
circles, G”. The protein gels were prepared by incubation of a 2 wt %
protein solution in 100 mM phosphate (pH 2.2) at 65 °C for 1 h.

than G” value, indicating it possesses a typical elastic gel
network structure. In contrast, the pOVA gel (red plot in
Figure 2) shows that G’ and G” are dependent on frequency
and have a higher G” value than G’ value in the low angular
frequency region, indicating the absence of a gel-like network.
Indeed, the G’ value of the OVA gel is much higher than that of
the pOVA gel at all angular frequencies. These results indicate
that the strength of the pOVA gel is much lower than that of
the OVA gel as reported previously.””*

Next, we analyzed the likely mechanism of gel formation for
OVA and pOVA by studying their respective aggregation. The
progress of heat-induced aggregation was monitored by
changes in monomer concentration in the protein solution as
estimated from the GPC chromatogram.® As shown in Figure
3a, the monomer concentrations of pPOVA and OVA decreased
at the same rate, indicating that monomers of pOVA and OVA
display the same heat-induced unfolding rate. The major
fraction of the monomers was unfolded and irreversibly
aggregated within 3 min after starting the heat treatment.
Heat-induced aggregations of OVA and pOVA were also
monitored by measuring the turbidity of the solution during the
aggregation process. As shown in the inset of Figure 3b, the
aggregation rates of OVA and pOVA were similar during the
first 3 min of aggregation. On the other hand, the turbidity of
pOVA increased to a lesser extent compared with that of OVA
in the later stage of aggregation (Figure 3b), in which small
aggregates may associate to increase the size. The lower
aggregation rate for pOVA may be because the interaction
between the pOVA aggregates is lower than that of OVA
aggregates.

The structures of heat-induced aggregates of OVA and
pOVA were also monitored by TEM. Heat treatment of OVA
solution resulted in the formation of semiflexible fibrils (Figure
4a) as reported previously. However, spherical aggregates
(Figure 4b) were detected upon heat-induced denaturation of
pOVA. The secondary structures of the OVA and pOVA
aggregates were analyzed by FTIR spectroscopy. As shown in
Figure §, the profile of the amide I band of the OVA aggregate
displayed a maximum at 1625 cm™", which was not observed in
that of intact OVA. This observation indicates that the fS-sheet
content of the protein is increased upon fibril formation. In
contrast, the intensity of the maximum at 1625 cm™" was
reduced in the amide I of the pOVA aggregates, suggesting that
the f-sheet content of pOVA aggregates is lower than that of
OVA aggregates. Thus, reduced formation of semiflexible fibrils
in pOVA appears to be due to the lower frequency of the a-to-
f conformational transition of the N-terminal amphiphilic
region.

Fibril Formation of pN;_,, and Its Effect on the Heat-
Induced Aggregation of Proteins. Next, we aimed to
confirm the role of the N-terminal amphiphilic region of OVA

0.5

Fraction of non-denatured protein

0 1 2 3 4
Time (min)

Turbidity (A,,)

01
b OVA .-~
pOVA |
0.05 I
.I:é‘!
i ova o
- oo ot
7 i
/ Fap
I/ oo A pOVA
’
I g
ol of iz 3 4 s
0 30 60 [0 120
Time (min)

Figure 3. Kinetics of aggregation of OVA and pOVA. (a) The monomer concentration of pPOVA and OVA decreased with aggregation. The relative
change of monomer concentration was estimated from the monomer peak of GPC analysis of heat-treated OVA solution: black solid circles, OVA;
red solid circles, pPOVA. (b) The turbidity increased with aggregation at 65 °C: white open circles, OVA; red open circles, pOVA. (Inset) Early stage
of aggregation. OVA solution was diluted in 100 mM phosphate buffer (pH 2.2) preheated to 65 °C. The final protein concentration was 0.26 mg/

mL.
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Figure 4. TEM images of heat-induced aggregates of OVA, pOVA, and
pN;_»: (a) semiflexible fibrillar aggregates of OVA; (b) particle
aggregates of pOVA; (c) fibrillar aggregates of pN;_,,. (d) Straight
fibrillar aggregates formed in the mixed solution of OVA and pN,_,,
(molar ratio of OVA/pN,_,, = 1:10). Scale bar = 200 nm.
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Figure 5. Amide I band of FTIR spectroscopy of OVA and pOVA.
The spectra of heat-induced aggregates obtained from OVA and
pOVA were compared with that of the spectrum of the intact OVA.

in the formation of the fibrillar aggregates. We therefore studied
the effect of pN|_,, on the heat-induced aggregation of OVA.
pN_, is soluble in aqueous solution, and the absence of self-
association at room temperature was confirmed by GPC. The
region corresponding to the sequence of pN,_,, is known to
adopt an a-helical conformation in the native structure of OVA
(Figure 1). Figure 6 shows the far-UV CD spectrum of pN;_,,
in aqueous solution. The profile of this spectrum with a
negative peak at 213 nm indicates that the secondary structure
of pN,_,, is rich in J-sheet, and the o-helical content was
calculated to be only 5% on the basis of the molar value at 208
nm.** Therefore, the conformation of pN,_,, in solution is
significantly different from that in the native structure of OVA.

The effect of heat treatment on the self-association of pN;_,,
at pH 2.2 was monitored by the turbidity measurement
method. As shown in Figure 7, heat treatment of 1.0 mg/mL
PN_5, at 65 °C induces an increase in the turbidity with the
sigmoidal profile having a lag time of ca. 8 min. TEM analysis
showed that a few short fibrils were formed (Figure 4c),
whereas the morphology of most of the aggregate was random.
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Figure 6. Far-UV CD spectrum of 1.08 mM pN,_,, in 100 mM
potassium phosphate (pH 2.2) monitored at 25 °C.
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Figure 7. Changes in the turbidity of the solution with the aggregation
of 1.0 mg/mL pN,_,, in 100 mM sodium phosphate (pH 2.2) at 65
°C.

These results suggest that pN,_,, itself has the potential to
form amyloid-type aggregates.

The heat-induced aggregation of OVA at pH 2.2 was
monitored in the presence of various concentrations of pN_,,
by the turbidity measurement method at 65 °C. As shown in
Figure 8a, the heat-induced turbidity increase of the OVA
solution was accelerated in the presence of pN,_,,, indicating
that this peptide facilitates the heat-induced aggregation of
OVA. Because the turbidity changes seen in this figure are not
sigmoidal, the increase in aggregation is not due to the self-
association of pN,_,,. The effect of pN;_,, on the morphology
of the OVA aggregates was also studied by TEM measure-
ments. As shown in Figure 4d, straight fibrils, which were
distinct from the semiflexible fibrils of OVA, were formed when
OVA was co-incubated with pN,_,,. These fibrils were much
longer than those formed by pN|_,, on its own, suggesting that
they are distinct from the fibrils of pN,_5,. pN,_,, may bind
with heat-denatured OVA to form straight fibrils composed of
OVA and pN_,.

In a previous study, we reported that the hexapeptide
IAIMSA, a soluble peptide fragment corresponding to residues
32—37 of OVA, changes the morphology of the heat-induced
aggregates of OVA."* TAIMSA corresponds to the N-terminal
sequence of helix B (cyan colored in Figure 1), which is
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Figure 8. Increase in turbidity with the process of aggregation of OVA (a) and pOVA (b) at 65 °C in the presence of various concentrations of
PNi_;- The molar ratio of OVA/peptide is indicated in the figure. The protein solution was diluted in 100 mM phosphate (pH 2.2) preheated to 65
°C. The final protein concentration was 1.0 mg/mL. The red plot is in the presence of pNy_,,.
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Figure 9. Angular frequency dependence of G’ (2) and G” (b) of the heat-induced OVA gel prepared in the presence of various concentrations of
pPNi_5: O and @, 2 wt % OVA; O and B, +0.3 wt % pN,_,, (molar ratio of OVA/peptide = 1:2.7); /A and A, +0.6 wt % pN;_,, (OVA/peptide =

1:54); V and ¥, +1.2 wt % pN,_,, (OVA/peptide = 1: 10.8) .

identified as the core region of fibril formation of OVA. Long
straight fibrils, which are distinct from the semiflexible fibrillar
aggregates of OVA, were formed when OVA was co-incubated
with TAIMSA (1:1S molar ratio) at 80 °C under neutral pH
conditions. The effect of IAIMSA on OVA aggregation is well
explained by its interaction with heat-denatured OVA, which
promotes the a-to-f conformational transition. Similarly,
pN,_», may bind with heat-denatured OVA to change the
morphology of the OVA aggregates to straight fibrils by
promoting the a-to-# conformational change of the N-terminal
region.

The effect of pN;_,, on the morphology of the pOVA
aggregates was studied by TEM measurements. When pOVA
was co-incubated with pN|_,,, straight fibrils that are similar to
the fibrils formed in the mixed solution of OVA and pN,_,,
(Figure S3 in the Supporting Information). The effect of
pN|_,, on the aggregation of pOVA at pH 2.2 was also studied.
The turbidity measurement of pOVA at 65 °C in the presence
of pN,_,, indicates that the aggregation of pOVA is also
accelerated by pN,_,, (Figure 8b). However, the turbidity of
pOVA aggregates in the presence of pN,_,, fluctuated, which is
in contrast to the stable turbidity of OVA aggregates in the
presence of pN;_,,. In a solution of pOVA, the formation of
large visible aggregates was detected, and the unstable turbidity
may be due to sedimentation of these large aggregates. These
results suggest that the effect of pN,_,, on the heat-denatured
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pOVA is similar to that on OVA, but the properties of the
pOVA fibrils formed in the presence of pN,_,, are distinct from
those of OVA fibrils formed in the presence of pN,_,,.

The effect of pN;_,, on the aggregation of other proteins has
been studied by analyzing the heat-induced denaturation of
alcohol dehydrogenase (pI = 5.4), firefly luciferase (pI = 6.8),
and lysozyme (pI = 11.0) in the presence of pN;_,, as reported
previously for @A-crystallin.*® pN,_,, promoted the aggregation
of these proteins, which have different charges at neutral pH
(Supporting Information, Figure S4), suggesting that electro-
static interaction may not be the driving force for protein
aggregation. Here, we carried out similar experiments using
pNy_», to confirm whether this peptide fragment, which lacks
the N-terminal hydrophobic region, has an effect on the
aggregation of OVA. As shown in Figure 8a, pNy_,, did not
significantly promote the heat-induced aggregation of OVA,
suggesting that the amphiphilic structure is necessary for the
promotion of protein aggregation. Similar papers have
suggested that amphiphilic peptides induce soluble proteins
to aggregate.*® Indeed, pN,_,, may promote the aggregation of
other proteins by acting as a surfactant.

Effect of pN,_,, on the Strength of the Protein Gels.
We found that the N-terminal amphiphilic region of OVA plays
an important role in the aggregation of OVA. Here, we studied
the role of the N-terminal amphiphilic region of OVA on the
gelation of the protein by analyzing the effect of pN,_,, on the
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Figure 10. Angular frequency dependence of G’ (a) and G” (b) of the pH-induced gel of collagen I prepared in the presence of various
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+ 0.3 mg/mL pN;_,, (collagen type I/peptide = 1:20). The molecular mass of the triple helix of collagen I (ca. 400 kDa) was used for the calculation

of the molar ratio.

elasticity of the gel. The G’ and G” values of the heat-induced
OVA gel prepared in the presence of various concentrations of
pN|_,, were measured. As shown in Figure 9, the G’ and G”
values were increased with increasing concentrations of pN;_»,
(in the range of 0.3—1.2 wt %). These results clearly show that
the N-terminal amphiphilic region of OVA plays an important
role in the gelation of OVA by promoting fibril formation. The
effect of pN,_,, on the gel formation of pOVA was studied
under the same conditions. Heat treatment of 2 wt % pOVA in
the presence of pN;_,, induced the formation of large visible
aggregates. Thus, a stable gel for performing reproducible
rheological measurements could not be obtained. This may be
because the N-terminal amphiphilic region of OVA is necessary
for the connected gel network between fibrils, and pOVA fibrils
formed in the presence of pN|_,, are not sticky enough to form
a comprehensive gel-like structure.

To establish whether pN,_,, affects the gelation of other
proteins, we investigated its effect on the gelation of collagen,
one of the most abundant food proteins. Monomeric collagen
undergoes self-assembly to generate fiber networks®” in the
form of a gel. A solution of cold type acid-soluble collagen I
readily forms a gel when the pH of the solution is neutralized
by mixing with reconstitution buffer. To study the effect of
pN_,, on elasticity of the collagen I gel, the G" and G” values
of the reconstituted gels were measured. As shown in Figure 10,
the G’ and G” values were increased in the presence of pN,_,,,
indicating that pN,_,, increases the gel strength of the collagen
I gel. The fiber network of the collagen I gel formed in the
absence and presence of pN;_,, was monitored by TEM. As
shown in Figure 11a, collagen I in the absence of pN,_,, forms
a well-established network of separated fibrils with a diameter
of <10 nm. However, thick and flexible fibrils were formed
when collagen I was reconstituted in the presence of pN;_,,
(Figure 11b). pN,_,, may induce the association between
triple-stranded collagen molecules and assemble them into the
higher ordered fibrils, which would increase the strength of the
gel. A detailed study aimed at investigating the molecular
mechanism by which pN,_,, induces morphological changes in
the collagen fibrils is currently underway. Our results indicate
that pN, ,, could potentially be used as a method for
noncovalent cross-linking of collagen gels. Given that pN;_,,
is a nontoxic peptide derived from food protein, it should be
readily applicable to a wide range of uses in the food industry.
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Figure 11. TEM images of fibril of 2.4 mg/mL collagen I reconstituted
at neutral pH in the absence (a) and presence (b) of 0.3 mg/mL
PNi_5. Scale bar = 200 nm.

In conclusion, we found that the heat-induced aggregation
and gelation of pOVA, which lacks the N-terminal amphiphilic
region of OVA, are strikingly different from those of OVA.
Moreover, pN;_,,, a peptide fragment of this amphiphilic
region, accelerated the aggregation rate of OVA and induced
the formation of straight fibrillar aggregates. pN,_,, could bind
to the denatured OVA and promote the a-to-f conformational
change of the N-terminal region to form straight fibrils. These
results support the idea that the N-terminal amphiphilic region
plays a significant role in the aggregation process of OVA. The
strength of the heat-induced gel of OVA was increased when
pN,_», was present during the gelation process. Importantly,
the presence of pN;_,, during the gelation of collagen was
found to increase the strength of the gel. These findings are
directly applicable to a wide range of uses in the food industry.
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