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Pasteurization induced protein interaction
decreased the potential allergenicity of
ovalbumin and ovomucoid in egg white
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and Jinyan Gao®"

Abstract

BACKGROUND: Approximately 9.9% of young children in China suffer from egg allergies. Ovalbumin (OVA) and ovomucoid
(OVM) are both the main allergens with higher allergenicity in egg white. The previous studies mainly focused on the effects
of pasteurization on the structure and allergenicity of the isolated protein itself. The effects of the interaction between OVA
and OVM on their spatial structure and allergenicity under pasteurization are still unclear. Therefore, in this study, the spectro-
scopic, immunological, and cytological methods were used to investigate the effects on OVA and OVM by their interactions
which were induced by the following pasteurization, heating for 10 min at 60, 65, and 70 °C, respectively.

RESULTS: Results indicated that OVA and OVM could form macromolecular aggregates by their interaction at 70 °C, and their
solubility was decreased while turbidity was increased. The spatial structures of OVA and OVM were both changed by their
interaction, when pasteurization temperature was at 70 °C the exposure of their hydrophobic groups and a-helix content were
decreased while their g-sheet was increased. The potential allergenicity of OVA and OVM was also changed, which showed that
the immunoglobulin G (IgG)-binding ability of OVA and OVM could be increased, and their IgE-binding ability was decreased a
bit. The releases of interleukin 4 (IL-4), IL-6, f-HEX, histamine and tumor necrosis factor alpha (TNF-a) from OVA-OVM-induced
KU812 cells were all decreased at 70 °C.

CONCLUSION: Therefore, according to the results, if the liquid egg products were pasteurized for 10 min, the temperature of
70 °C should be carefully considered.
© 2022 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION common operation to guarantee the microbiological safety of lig-

. 6 . . .
A hen egg is rich in nutrients, and is widely used as a major ingre- uid eggs.” The temperatures and times for the pasteurization var-

dient in the food industry. However, it is also one of the eight ~ ied partly depending on the thermal sensitivity of egg white
major allergenic foods defined by the World Health Organization proteins.” These proteins tend to be aggregated when the ther-
(WHO), it was reported that 9.9% of young children in China and mal temperatures are relatively higher, and their physicochemical
2-3% of adults worldwide were allergenic.? Its majority of the ~ Properties and functional properties, such as foaming and
allergens, including ovalbumin (OVA), ovomucoid (OVM), ovo-

transferrin (OVT), and lysozyme (LYZ), are found in egg White.
Among them, OVA is the most abundant one, accounting for
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composed of 385 amino acids. It is also a phosphoglycoglobulin cn; or J Gao, College of Food Science and Technology, Nanchang University,
with a molecular weight of 44.5 kDa and there are about 3% 235 Nanjing Eastern Road, Nanchang 330047, P. R. China. E-mail:
sugar-based components, particularly, OVA is often used as a gaojy2013@ncu.edu.cn

model for the characterization of proteins structure, properties,

2 ) ! . ) a State Key Laboratory of Food Science and Technology, Nanchang University,
and food allergens.” While, OVM is the most allergenic one, it Nanchang, P. R. China

has excellent thermal stability and stability against enzymolysis,
and has a high affinity to bind with immunoglobulin E (IgE) after b College .of Food Science and Technology, Nanchang University, Nanchang,
being simulated in gastrointestinal digestion.> P. k. China

Since egg products are easily contaminated with a variety of c Jiangxi-OAl Joint Research Institute, Nanchang University, Nanchang, P. R.
pathogenic bacteria, especially salmonella, pasteurization is a China
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emulsification, can be changed.® Previous studies have mainly
focused on the impact of the allergenicity or structure of the iso-
lated or whole egg white proteins by pasteurization, while in the
whole egg white proteins, they have ignored the fact that proces-
sing might also induce the interaction of food proteins and give
rise to the possibility of changed allergenicity.”'" Pasteurization
could decrease the allergenicity of OVA, but it had little or no
effects on the allergenicity of OVM because of its heating resis-
tance.'>" However, Lechevalier et al. reported that the antigenic-
ity of OVM in the liquid whole egg was decreased after being
heated for 4-10 min at 60 °C.'° Shin et al. also reported that the
antigenicity of OVM could be decreased by heating when egg
white was mixed with wheat flour." These inconsistent results
reminded us that the changes in the spatial structure and allerge-
nicity of egg white proteins during pasteurization might be both
related to the pasteurization operations and the protein—protein
interactions as well. However, the effects on the spatial structure
and the allergenicity of proteins by the interaction between two
proteins induced by pasteurization, especially for the interaction
between OVA and OVM which are the most important allergenic
proteins in egg white, has not been well elucidated. It is worthy
of more research to draw further conclusions. There are about
40 kinds of proteins in egg white, therefore, it is very difficult to
create the possibility for a multitude of complex interactions.
Thus, OVA and OVM were chosen for the study in order to simplify
the effects of interaction on the two proteins during pasteuriza-
tion. And it was hoped that the results could be helpful to study
the more complex cases of food allergens. Based on the earlier
considerations, the effects of interaction between OVA and OVM
on their spatial structure and potential allergenicity during pas-
teurization would be researched.

The OVA and OVM were isolated from the white egg and were
purified by ion-exchange chromatography. Then the two proteins
and their mixture OVA-OVM were separately heated for 10 min at

three different temperatures (60, 65, and 70 °C) to simulate the
pasteurization operations. The ratio (w/w) of the two proteins in
the mixture was as their original ratio in egg white. The interaction
of the two proteins was evaluated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), the changes in
their physicochemical properties were defined by both turbidity
and solubility, the effects on their spatial structures were then
characterized by ultraviolet (UV), fluorescence and circular dichro-
ism (CD) spectroscopy, and the changes of their antigenicity and
potential allergenicity were characterized by the binding ability
with IgG/IgE and the cytokines being released from the activated
basophilic cells KU812, respectively.

MATERIALS AND METHODS

Materials

White shell hen eggs were purchased from the local market
(Nanchang, China). Bovine serum albumin standard products were
purchased from Shanghai Bioengineering Co. (Shanghai, China);
Coomassie Brilliant Blue R-250, 8-anilino-1-naphthalenesulfonate
(ANS), horseradish peroxidase (HRP)-labeled sheep anti-rabbit IgG,
and avidin-labeled sheep anti-human IgE were purchased from
Sigma-Aldrich Chemical Co. (Burlington, MA, USA); HRP-labeled
streptavidin and commercial ELISA kit were purchased from Neo-
bioscience Co. (Shenzhen, China); anti-OVM rabbit polyclonal anti-
body was purchased from Aviva systems biology Co. (San Diego,
CA, USA); rabbit polyclonal antibody against egg allergen OVA was
supplied by our own laboratory. All chemical reagents used in this
study were of analytical grade.

Human sera

Human sera from 19 patients who were all allergic to eggs
(Table 1) were collected together as a human sera pool and each
patient of them had egg protein-specific IgE levels ranging from

Table 1. Information of egg-allergic patients’ sera

S-IgE to egg
Patient number Sex Age Symptoms white (IU mL™")
1 Female 74 Health check-up 1.6
2 Female 1 Bronchial asthma 100
3 Female 23 Contact dermatitis 32
4 Female 30 Chronic urticaria 24
5 Female Chronic cough 1.5
6 Male 3 Eczema 1
7 Male 30 Eczema 2.2
8 Male 4 Asthma 2.7
9 Male Pneumonia 13
10 Female 3 Cough 2.6
1 Male N? Urticaria 3.2
12 Male 6 Rhinoconjunctivitis 1.9
13 Male 8 Rhinoconjunctivitis 33
14 Male 71 ND® 12
15 Female 23 Eczema 3.8
16 Male 27 Chronic urticaria 1.2
17 Male 31 Urticaria 2.6
18 Male Allergic purpura 2.1
19 Female 3 Abdominal pain 19.9
2 N, unknown.
® ND,not done.

____________________________________________________________________________________________________________|
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1t0 100 IU mL™". All serum samples were from the First Affiliated
Hospital of Guangxi Medical University (Nanning, China) and were
stored at —80 °C.

Purification of OVA-OVM and sample preparation

OVA and OVM in egg white were purified by anion exchange
chromatography according to the following methods described
by Ma et al."® The purified OVA and OVM were respectively diluted
with 0.01 mol L™ phosphate-buffered saline (PBS) to a concentra-
tion of 1.58 and 0.323 mg mL™", the OVA-OVM were prepared
according to the ratio 54:11 (OVA-OVM) and the volume of the
mixed solution was 1 mL. All solutions of OVA, OVM, and OVA-
OVM were separately heated for 10 min at 60, 65, and 70 °C,
respectively. The temperatures being chosen were to simulate
the pasteurization temperature of 60, 65, and 70 °C, and the heat-
ing time of 10 min adhered to any pasteurization standards for lig-
uid egg white. The sample (25 °C) was used as the control.

Identification of molecular weight of the subunit of OVA-
OVM by polyacrylamide gel electrophoresis

The spatial structures of samples were analyzed using SDS-PAGE
method. Samples (1.0 mg mL™") were mixed with 2 x SDS loading
buffer containing 10% p-mercaptoethanol and heated to 100 °C
for 5 min, and then 10 pL was added into polyacrylamide gel pore.
The gel was run for 30 min at 12 mA, then 90 min at 24 mA, next,
it was stained with Coomassie Brilliant Blue R-250, and the image
was recorded by Quantity One-4.6.2 (BIO-RAD Co., Hercules,
CA, USA).

Determination of solubility and turbidity

BCA Protein Quantitative Analysis Kit (Shanghai Bioengineering
Co., Shanghai, China) was used to measure the soluble protein
content. The supernatants of OVA, OVM and OVA-OVM treated
at different temperatures were centrifugated at 10 000 x g for
20 min at 4 °C, and then the soluble protein content in them
was analyzed. The bovine serum albumin was used as the stan-
dard protein for drawing the standard curve, the solubility of sam-
ples was calculated with Eqn (1), where the P; was the soluble
protein content in the supernatant of heated samples, and the
P, was that of the control.

S=P, /Pyx100% (1)

Solution turbidity was measured following the method of Van
der Plancken et al., and the turbidity of 0% corresponding to a
totally clear solution (transmittance in comparison to the blank
was 100%).'® The transmittance was measured at 650 nm using
a ultraviolet-visible (UV-vis) spectrophotometer (TU-1901; Shi-
madzu Co., Shanghai, China).

Structural analysis of protein

Ultraviolet-visible (UV-vis) spectroscopic analysis

UV-vis analysis was performed by TU-1901 UV-vis spectrophotom-
etry (Shimadzu Co.) to examine the tertiary structure of all sam-
ples. The samples were diluted to 0.1 mg mL™" with 0.01 mol
L™" PBS (pH 7.0), and then detected at wavelength range from
250 to 350 nm and response time of 0.2 s.

Exogenous fluorescence spectrum

The surface hydrophobicity of all samples was evaluated by their
fluorescence intensity data, and ANS was used as hydrophobic
fluorescence probe. Samples were initially diluted to the

concentration of 0.1 mg mL™" by PBS buffer. Then 4 mL of each
diluted sample was mixed with 40 pL of ANS solution (5 mmol
L™") and incubated in darkness for 1 h at room temperature. Fluo-
rescent spectra of the treated samples were recorded on the F-
4500 fluorescence photometer (HITACHI, Tokyo, Japan). The set-
tings for testing were as follows: wavelength of excitation at
390 nm and emission at 400-650 nm, speed at 1200 nm min~"',

slit width 0.5 nm, light path 1.0 cm, and response time 0.5 s.

Circular dichroism (CD) spectrum

Far-UV (190-240 nm) CD was performed by MOS-450/AF-CD (Bio-
Logic, Paris, France) to detect the secondary structure of samples
which should be diluted to 0.1 mg mL™" with 0.01 mol L™' PBS
(pH 7.0) before being tested. The spectra of samples were
recorded at the speed of 100 nm min~' with a bandwidth of
0.1 nm. And their smoothed spectra were represented as mean
residue ellipticity (deg cm? dmol™") based on the mean residue
molecular weight, and the contents of different secondary struc-
tural items were calculated online (https://dichroweb.cryst.bbk.
ac.uk/html/home.shtml).

Antigenicity assessment

In order to analyze the influence of the interaction on samples'
antigenicity and potential allergenicity, the ability of their binding
IgG and IgE were performed by competitive ELISA according to
the procedure described by Meng et al. with some modifica-
tions.'” For detecting the influence of interaction on the antige-
nicity and potential allergenicity of OVA, the samples of OVA
and OVA-OVM heated at different temperatures were used as
competitive proteins, the anti-OVA rabbit sera (diluted 1:20 000,
for IgG-binding ability) and the egg-allergic patients' sera pool
(diluted 1:20, for IgE-binding ability) were used as the primary
antibody, respectively. For the OVM samples, OVM and OVA-
OVM heated at different temperatures were used as competitive
proteins, the anti-OVM rabbit sera were sensitized by OVM
(diluted 1:15000, for IgG-binding ability), and sera pool of egg-
allergic patients (diluted 1:20, for IgE-binding ability) was used
as the primary antibody. The sheep anti-rabbit IgG conjugated
with HRP (diluted 1:5000) and biotin conjugated with sheep
anti-human IgE (diluted 1:5000) were used as the second anti-
body, respectively. The IgG-/IgE-binding ability was calculated
by each samples' optical density (OD) value at 490 nm with the
Egns (2) and (3).

IgG binding ability=(1-B/B,)x100% (2)
IgE binding ability=(1-8/B,)x100% (3)

where B represents the OD value corresponding to competitive
protein and By represents the OD value corresponding to non-
competitive protein.

Potential allergenicity assessment

KU812 cells were purchased from the cell bank at the Chinese
Academy of Sciences (Shanghai, China) and were cultured in
RPMI-1640 complete medium at 37 °C in a 5% carbon dioxide
(CO,) humidified atmosphere. Specific description is reported in
the Supporting Information, Methods S1.

Data analysis

All experiments were performed in triplicate, and every final value
was presented as the mean + standard deviation (SD). Error bars
indicated the SD of three measurements. Statistical analysis of the
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data was carried out by one-way analyses of variance (ANOVA),
SPSS software (version 13; IBM software, Armonk, NY, USA) was
for correlation analysis and the least significant difference (LSD)
test for multiple comparisons with a significance level of 0.05.

RESULTS

Effects of the interaction on the solubility and turbidity of
OVA-OVM

The solubility of all samples heated at different temperatures was
analyzed by BCA kit (Fig. 1(A)) and the solubility at 25 °C was the
control. The solubility of OVA was slightly decreased being heated
at 60 and 65 °C, being reduced to 94% at 70 °C; the solubility of
OVM was also only slightly decreased at 60 and 65 °C, but it dra-
matically decreased to 92% at 70 °C. The solubility of OVA-OVM
continuously decreased with heating temperature increasing,
which was 94%, 92% and 86% at 60, 65, and 70 °C, respectively.
The results showed that the variation tendencies of OVA-OVM
solubility were similar to their own monomer, indicating it could
be influenced by their interaction, but the pasteurization temper-
ature played the critical factor.

Turbidity is a useful indicator that can directly show food pro-
tein aggregation during thermal processing. The turbidity of all
samples heated at different temperatures was analyzed (Fig. 1
(B)), and the turbidity at 25 °C was the control. The turbidity of
OVA was both increased by 50% being heated at 60 and 65 °C,
while there was a 250% increase at 70 °C. Moreover, the turbidity
of OVM being heated at 60 °C was comparable to the control, but
there were 200% and 400% increases at 65 and 70 °C, respec-
tively. The turbidity of OVA-OVM being heated at 60 °C was sim-
ilar to the control, while it was increased by 400% at 65 °C and
there was a sharp increase at 70 °C. Taken as a whole, the turbid-
ity of OVA-OVM was almost the same as their own monomer
when pasteurization temperature was below 65 °C, but was sig-
nificantly increased at 70 °C, which might be caused by the inter-
action induced by pasteurization.

Effects of the interaction on the reduced and non-reduced
SDS-PAGE patterns of OVA-OVM

All samples heated at different temperatures were separately ana-
lyzed by reduced and non-reduced SDS-PAGE (Fig. 2). f-Mercapto-
ethanol was used as the reductive reagent and could cleave the
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& 1 e e
o
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=X
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.’E
=
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disulfide bonds in protein structure to generate free sulfhydryl
groups. For the OVA samples, there were more dimers available in
the non-reduced state but only one band in the reduced state, which
indicated the linkage of disulfide bond could make OVAs form dimers
hardly by the pasteurization. For the OVMs, their bands in the
reduced and non-reduced states were the same at all pasteurization
temperatures, indicating that the free sulfhydryl groups and disulfide
bonds in OVM structure were still in their natural state, pasteur-
ization treatment had almost no effects on them. For the OVA-
OVM mixture, electrophoretic patterns of samples being
heated at 60 and 65 °C were the same as the control, however,
when heated at 70 °C, there were some new macromolecular
polymers formed with a molecular weight above 170 kDa on
the top of non-reduced and reduced SDS-PAGE (Fig. 2(C,F)).
The results showed that OVA and OVM could form a kind of
macromolecular aggregates by their interaction at 70 °C, and
the interaction was partly bound by disulfide bonds.

Effects of the interaction on the structural changes of
OVA-OVM
The tertiary structural changes of all samples heated at different
temperatures were analyzed (Fig. 3(A-C)). Compared with the
control, the spectral shape of OVA heated at 60 and 65 °C was
similar to its control, and the maximum absorption value was
approximately 0.09, indicating that the tertiary structure of OVA
displayed negligible changes as the temperature was below
65 °C, but it was increased to 0.19 as the temperature was at
70 °C, indicating that the tertiary structure of OVA was further
expanded. The UV spectra of OVM heated at 60, 65, and 70 °C
showed almost no changes and were the same as its control,
and the maximum absorption value was about 0.2, indicating that
the tertiary structure of OVM exhibited insignificant changes with
temperature increasing. However, the maximum absorption of
OVA-OVM increased with the temperature increasing, which
was 0.091, 0.096, and 0.102 at 60, 65, and 70 °C, respectively.
The tertiary structural changes of OVA-OVM were various under
different pasteurization temperatures compared with their own
monomer.

The hydrophobicity of all samples heated at different tempera-
tures was analyzed by exogenous fluorescence spectroscopy
(Fig. 3(D-F)). Compared with the control, there was a small

(B)
OVA
[ ovA-ovm
0.012]

= =} =)
1=y =Y =)
S S =
o &

Turbidity (600nm)

25 60 65 70

Figure 1. Solubility (A) and turbidity (B) of OVA, OVM, and OVA-OVM at 25, 60, 65, and 70 °C, respectively. All measurements were conducted at 25 °C.
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Figure 2. (A-C) Reduced SDS-PAGE patterns of OVA (A), OVM (B) and OVA-OVM (C). (D-F) Non-reduced SDS-PAGE patterns of OVA (D), OVM (E) and

OVA-OVM (F). Lane M: Marker, 1: 25 °C, 2: 60 °C, 3: 65 °C, 4: 70 °C.

difference among the maximum fluorescence intensity of sam-
ples, the hydrophobicity of OVAs were slightly increased at 70 °
C; however, the OVMs showed a visible increase when heated at
60 and 65 °C, but a sharp decrease at 70 °C; and the OVA-OVM

mixture displayed a 500% increase at 65 °C and 140% at 70 °C.
Therefore, the maximum fluorescence intensity change of OVA-
OVM was neither the same as OVA or OVM at different pasteuriza-
tion temperatures.

________________________________________________________________________________________________________________________]
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Figure 3. (A-C) UV-vis absorption spectra of OVA (A), OVM (B), and OVA-OVM (C) at 25, 60, 65, and 70 °C. (D-F) ANS fluorescence spectra of OVA (D), OVM

(E), and OVA-OVM (F) at 25, 60, 65, and 70 °C, respectively.

The secondary structures of samples were detected via their CD
spectroscopies and were analyzed online (Fig. 4 and Tables 2-4).
Compared with the control, the peak shape of OVA showed a typ-
ical a-helix and p-sheet structure (Fig. 4), but the spatial structure
of OVA became disordered to a certain extent after being pasteur-
ized. The negative peak value of OVM was increased and the curve
was significantly fluctuated after being pasteurized at 70 °C.
Moreover, the peak shape of OVA-OVM was more similar to
OVA than OVM as a whole. The contents of the samples’ second-
ary structure were also affected. For the OVA, the a-helix content
was decreased by 0.7% at 60 °C but was increased by 1.6% and
0.7% at 65 and 70 °C, respectively; the p-turn content was also
increased at 60, 65, and 70 °C, while the random coil content
was increased to the maximum at 70 °C. For the OVM, its

secondary structure changed more severely at 70 °C, the a-helix
content was decreased by 6.6% and the random coil content
was also decreased, while the f-sheet and f-turn contents were
both increased. For the OVA-OVM, the a-helix content was
decreased while the p-sheet was increased as the temperatures
became higher, but the fp-turn and random coil contents were
both less changed.

IgG-binding ability and IgE-binding ability of OVA-OVM

The IgG-binding ability of all samples was assessed by competi-
tive inhibition ELISA assays to evaluate the effects on their antige-
nicity at different temperatures, and the sample at 25 °C was the
control. For OVA monomer, the IgG-binding ability was decreased
10 43% at 60 °C, 42.4% at 65 °C and 40.4% at 70 °C (Fig. 5(A)). For
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Figure 4. Far-UV CD spectra of OVA (A), OVM (B), and OVA-OVM (C) at
25, 60, 65 and 70 °C, respectively. The contents of each secondary struc-
ture of the samples are shown in the top right corner.

OVA complex (OVA-OVM), the IgG-binding ability was signifi-
cantly higher than that of OVA, indicating that the binding ability
of OVM to IgG could be reduced with heating temperature
increasing. For OVM monomer, the IgG-binding ability was
decreased by 1.1%, 0.1% and 1.4% (Fig. 5(B)) after being heated
at 60, 65, and 70 °C, respectively. However, the IgG-binding ability
of OVM complex (OVM-OVA) was higher than that of OVM at
65 and 70 °C, indicating that IgG-binding ability of OVM could
be enhanced by the interaction between OVM and OVA at
65 and 70 °C.

The IgE-binding ability of all samples was measured by compet-
itive inhibition ELISA assays to evaluate the effects on their poten-
tial allergenicity and the sample at 25 °C was the control. The IgE-
binding ability of OVA was 17.2% at 60 °C, 16.4% at 65 °C, and
15.1% at 70 °C; that of OVM was decreased to 15.3% at 60 °C,
15.9% at 65 °C and 9.8% at 70 °C; that of OVA-OVM was signifi-
cantly decreased at 70 °C compared to the one of OVA or OVM.
Hence, IgE-binding ability of OVA-OVM could be significantly
reduced by the interaction of OVA and OVM, but the degree of
reduction was different.

Cytokine release of OVA-OVM-induced KU812 cells

All cytokines released in the culture supernatants were deter-
mined by ELISA kit (Fig. 6). Compared with the control, the release
of interleukin 4 (IL-4) from OVA-induced KU812 cells was
decreased at 70 °C (Fig. 6(A)); that from OVM-induced had no sig-
nificant change; while that of OVA-OVM-induced was decreased
with heating temperature increasing, and there was a maximum
decrease at 70 °C compared to monomer, indicating that the
release of IL-4 from basophilic granulocytes could be further
reduced by the interaction of OVA and OVM at 70 °C.

There was no significant change in the release of IL-6 from OVA-
induced KU812 cells after being pasteurized (Fig. 6(C)); that from
OVM-induced KU812 cells was decreased substantially at 60, 65,
and 70 °C; and that from OVA-OVM-induced KU812 cells was
decreased with heating temperature increasing (Fig. 6(D)), and it
would be significantly decreased at 70 °C compared to monomer,
indicating that the release of IL-6 from basophilic granulocytes
could be reduced by the interaction between OVA and OVM.

For the release of histamine from OVA-induced KU812 cells,
there was no noticeable change observed after being pasteurized
(Fig. 6(E)), but that from OVM-induced was significantly decreased
just at 70 °C, and that from OVA-OVM-induced KU812 cells was
decreased with heating temperature increasing (Fig. 6(F)), and
were substantially decreased at 65 and 70 °C compared to
monomer.

The release of tumor necrosis factor alpha (TNF-a) from OVA-
induced KU812 cells was decreased profoundly after being pas-
teurized at 70 °C (Fig. 6(G)), showing that the release of pro-

Table 2. Secondary structure content of ovalbumin (OVA)

Sample Heating parameters (°C min~") a-Helix content (%) B-Sheet content (%) B-Turn content (%) Random coil content (%)
OVA 25 °C/10 min 29.60 + 0.30° 20.35 + 0.55° 23.55 + 0.25% 27.20 + 0.80°

60 °C/10 min 30.10 + 1.50° 20.75 + 1.85° 22.55 + 0.25° 27.20 + 0.30°

65 °C/10 min 25.55 + 5.35° 26.65 + 5.45%¢ 21.00 + 0.40° 26.65 + 0.05°

70 °C/10 min 31.00 + 0.00° 19.60 + 0.80° 2245 + 0.15° 30.90 + 0.60*

Note: Different lowercase letters of the same protein in the same column indicated a significant difference (P < 0.05).
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Table 3. Secondary structure content of ovomucoid (OVM)

Sample Heating parameters (°C min~") a-Helix content (%) p-Sheet content (%) B-Turn content (%) Random coil content (%)
OovM 25 °C/10 min 19.25 + 0.55° 24.90 + 0.40° 19.60 + 0.50° 36.70 + 0.30°

60 °C/10 min 19.15 + 0.45° 24.65 + 0.35° 19.15 + 0.15¢ 36.95 + 0.45°

65 °C/10 min 19.50 + 0.50° 25.00 + 0.10° 19.80 + 0.30P 36.80 + 0.10°

70 °C/10 min 13.70 + 0.50° 31.85 + 0.45%¢ 2215 + 0.15%¢ 34.60 + 0.60°

Note: Different lowercase letters of the same protein in the same column indicated a significant difference (P < 0.05).

Table 4. Secondary structure content of ovalbumin-ovomucoid (OVA-OVM)

Sample Heating parameters (°C min~") a-Helix content (%) p-Sheet content (%) p-Turn content (%) Random coil content (%)
OVA-OVM 25 °C/10 min 26.50 + 0.50°¢ 19.15 + 0.65¢ 22.80 + 0.80° 30.75 + 0.65°

60 °C/10 min 23.65 + 1.15° 23.95 + 0.05° 21.95 + 0.95° 31.65 + 0.35°

65 °C/10 min 20.60 + 0.30° 25.90 + 0.50° 23.60 + 0.50° 30.70 + 0.10°

70 °C/10 min 1535 + 0.25¢ 27.60 + 0.20°¢ 23.75 + 0.25% 32.85 + 0.45%¢

Note: Different lowercase letters of the same protein in the same column indicated a significant difference (P < 0.05).

inflammatory cytokines from OVA would be reduced at this pas-
teurization temperature; in contrast, that from OVM-induced
KU812 cells displayed some negligible change after being pas-
teurized; that from OVA-OVM-induced KU812 cells was decreased
with heating temperature increasing (Fig. 6(H)), and were signifi-
cantly decreased at 65 and 70 °C compared to monomer.

There was no significant change in the release of g-HEX from
monomer-induced KU812 cells after being pasteurized (Fig. 6(1)),
while that of OVA-OVM-induced was substantially lower than that
of monomer after being heated at 70 °C (Fig. 6(J)).

Hence, the release of cytokines from basophils could be
reduced by the interaction between OVA and OVM induced by
pasteurization at 70 °C.

DISCUSSION

Both solubility and turbidity were related to the thermo-sensitive
stability of proteins.'® According to the results, as the pasteuriza-
tion temperature was increased, the solubility of all the samples
was decreased, while their turbidity was increased. Moreover,
especially for the OVA-OVM, its influence was dependent on the
interaction between OVA and OVM, but more closely related to
the pasteurization temperature. This was mainly due to the nature
of OVA and OVM. The OVA contains four free sulfhydryl groups
which are located in the hydrophobic core, two of them, respec-
tively located between Cys73 and Cys120, could form disulfide
bonds.'® The OVM is composed of three tandem domains and
each one is bound by interior disulfide bonds, which could pro-
mote OVM against thermal denaturation and digestion.?® Pasteur-
ization operation could not only cause globular protein structure
to be unfolded but also lead to the distribution of some charges
on the molecular surface being rearranged, and damage the
hydrophilic/hydrophobic balance, as a result of the solubility
was decreased.?’ The unfolded structures of OVA and OVM
caused by pasteurization could also make the hydrophobic
groups more exposed and the molecular motion speed was accel-
erated, thus the chances of their thermal aggregation were
increased. The difference between reduced and non-reduced

electrophoresis was dependent on the presence of f-mercaptoetha-
nol, which was a kind of reducing agent that could break down disul-
fide bonds into free sulfhydryl groups, resulting in some proteins
aggregations bound by the disulfide bonds being split. In the non-
reduced electrophoresis of OVA, there was one polymer band with
a molecular weight of about 95 kDa, which could be the dimer of
the OVA via disulfide bonds being aggregated during pasteurization.
For the OVM, the reduced and non-reduced electrophoresis pattern
were the same, indicating that its molecular weight was not affected
by pasteurization even after being heated at 70 °C. However, for the
OVA-OVM, in its reduced and non-reduced electrophoresis,
there were both a new band with molecular weight of 170 kDa
after being pasteurized at 70 °C. The reason for the differences
was mainly related to the intermolecular sulfhydryl-disulfide
bonds in the structure of OVA and OVM. The OVA structure con-
tains one disulfide bond and four free sulfhydryl groups, while
OVM structure contains eight disulfide bonds with no free sulf-
hydryl groups. Pasteurization temperature at 70 °C could pro-
mote the unfolding of monomer, which could increase free
sulfhydryl groups formation and enhance the possibility of some
new disulfide occurrence, finally leading to some polymers of
OVA-OVM formation.

The pasteurization temperature was a dominating factor that
affected the interaction between OVA and OVM. The maximum
UV absorption of OVA was increased after being pasteurized at
70 °C, indicating that the aromatic rings in OVA side chains were
changed and made the tertiary structure of OVA more unfolded.
While the spectral shapes and maximum absorption of OVM at
any heating temperatures were almost similar to each other and
the tertiary structure of OVM was not significantly changed. How-
ever, the maximum absorption of OVA-OVM was increased with
the increasing heating temperature, indicating that the aromatic
rings in their side chains could be profoundly affected by the
interaction of OVA and OVM, and the tertiary structure would be
more unfolded with temperature increasing.

The fluorescence intensity of OVA was slightly increased with
the heating increasing temperature, while that of OVM was
increased at 60 and 65 °C, but decreased at 70 °C. This was due
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Figure 5. Effects of interaction of OVA-OVM heated at 25, 60, 65 and 70 °C for 10 min on IgG and IgE-binding abilities of OVA and OVM. (A, B) Effects of
interaction of OVA-OVM at different temperatures on IgG-binding ability of OVA (A) and OVM (B). (C, D) Effects of heating at different temperatures on IgE-
binding ability of OVA (C) and OVM (D). (E, F) The influence of OVA-OVM interaction on IgE-binding ability of OVA (E) and OVM (F). Different letters denote

that the variance of the two samples was significant.

to the different denaturation temperatures of OVA and OVM, they
are separately at 84 and 77 °C.**** When the pasteurization tem-
peratures were below the denaturation temperature of OVA, its
structure was slowly unfolded, and the internal hydrophobic
groups were gradually exposed, leading to an increase in

fluorescence intensity. Since the denaturation temperature of
OVM was lower than that of OVA, a large number of hydrophobic
groups in its structure were exposed when the heating tempera-
ture was close to its denaturation temperature such as 60 or
65 °C. The maximum fluorescence intensity of OVA-OVM was

I EEEEEEEEE———
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Figure 6. Releases of IL-4 (A, B), IL-6 (C, D), histamine (E, F), TNF-« (G, H) and g-HEX (1, J) from KU812 cells stimulated with OVM, OVA and OVA-OVM treated
at 25, 60, 65 and 70 °C, respectively.

dramatically increased at 65 °C, while sharply decreased at 70 °C.  through the hydrophobic groups present, finally the fluorescence
It should be noted that the molecular moving speed and the  intensity was decreased.

chance of collisions were accelerated when the pasteurization The most significant change in the secondary structure of OVA
temperature was up to 70 °C, leading to an enhancement of the  was the random coil content at 70 °C, while in OVM the content
molecular aggregation of the two proteins by their interaction ~ was a-helix at 65 °C and p-sheet at 70 °C. Nevertheless, the
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Figure 6 (Continued)

structure of OVA-OVM displayed dynamic changes with heating
temperature increasing, in which the reduced a-helix and the
increased p-sheet were both significant, as a result, its original
ordered secondary structure was broken. Hydrogen bonding
was the primary force that maintained the secondary structure
of proteins, in which a-helix and f-sheet were the most typical
and abundant structural elements in the protein. The hydrogen
bonds in the secondary structure could be influenced by pasteur-
ization. OVA was a phosphoglycoprotein containing about 3%
carbohydrates, while OVM was a glycoprotein, about 20-25%
carbohydrates with a lot of hydroxyl groups, and could benefit
from the formation of hydrogen bonds between OVA and
OVM.?* The hydrogen bonds originally maintaining the secondary
structure of the two proteins might be broken down or re-formed
with other groups, resulting in significant changes in a-helix and
p-sheet of OVA-OVM at various pasteurization temperatures.
Therefore, the secondary structural types of OVA-OVM could
be changed a lot because of the interaction induced by
pasteurization.

IgG-binding ability of OVA and OVM was slightly decreased
with temperature increasing, while the binding ability of OVA-
OVM was overall gradually increased. This could possibly be since

(H)

TNF-o (pg/mL)

B2 ova-ovm
J) e0- NYowm
ey B OVA

55

B -HEX release rate (%)
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the globulin structure of OVA and OVM could be partly folded
when pasteurization temperature was increased and their
lgG-binding sites would be partially buried. This was especially
evident when the temperature was above 65 °C, the number of
IgG-binding sites was significantly decreased, resulting in OVA-
OVM inability to bind to the variable region of IgG (Fab) through
hydrophobic interaction or hydrogen bonds. But for OVA-OVM,
the interaction between the two proteins induced by pasteuriza-
tion could help some new IgG-binding sites be exposed. There-
fore, the IgG-binding ability of OVA-OVM was significantly
higher than that of the pasteurized monomer alone at the same
temperature.

As for the IgE-binding ability of all samples, they all decreased
with heating temperature increasing, especially at 70 °C. The
dominating reason could be the same as that of the IgG-binding
ability. Golias et al. has stated that the secondary structure, digest-
ibility, and antigenic epitopes formation of OVA could be changed
by heating at 70 °C, which ultimately led to its allergenicity being
reduced.® Jiménez-Saiz et al. also mentioned that when OVA was
heated its allergenicity tested by egg allergy patients sera would
be reduced, and its immunogenicity tested by rabbit sera
was reduced as well.'”> Moreover, the IgE-binding ability of
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OVA-OVM was decreased with heating temperature increasing
due to the change of the spatial structures of the two proteins.
Since the IgE antibody of OVA was usually recognized by part of
its conformational epitopes, the antibody of OVM was mainly rec-
ognized by the linear epitopes, finally, their different epitopes
might bring some various changes during pasteurization.

To further understand the influence on OVA and OVM poten-
tial allergenicity by the interaction of OVA and OVM, the cyto-
kines related to allergenicity were tested. There were no
significant changes in the releases of histamine, IL-6, and
B-HEX from OVA-induced KU812 cells, but the releases of TNF-«
and IL-4 were significantly decreased after being pasteurized at
70 °C; for OVM, the release of histamine from the induced
KU812 cells was dramatically decreased at 70 °C, while the
releases of TNF-q, IL-4, and f-HEX were not significantly chan-
ged, but the release of IL-6 was decreased with temperature
increasing. As previously mentioned, the spatial structures of
OVA and OVM were altered at different degrees by the various
pasteurization temperatures, which resulted in the burial or
destruction of IgG and IgE binding epitopes and inhibition of
cytokine releases from the induced basophil.*®?” It was shown
that the releases of TNF-a and IL-4 from OVA were decreased sig-
nificantly after being heated at 70 °C, which might be because of
the unfolding of the spatial structure of OVA, or because of the
increasing destruction or burial of conformational epitopes,
therefore, the cytokines induced by OVA were decreased. Claude
et al. also reported that the aggregated OVA showed a lower
ability of Ig-binding and basophil activation.® The decrease in
cytokines release induced by OVM might be owing to the expo-
sure of hydrophobic groups of OVM, resulting in the destruction
or burial of epitopes. However, the secondary and tertiary struc-
tures of OVM were less affected at being pasteurized at 60 and
65 °C, and the releases of cytokines showed no significant
changes except for IL-6. The results implied that the IgE-binding
ability of OVA or OVM although could not be entirely damaged
by the pasteurization operations, their ability to trigger basophil
activation and degranulation would be reduced. However, for
the OVA-OVM, the release of histamine and TNF-a were signifi-
cantly reduced at 65 and 70 °C, and the release of IL-4, IL-6
and p-HEX were all dramatically reduced at 70 °C, the reasons
were all because of the interaction of OVA and OVM induced
by pasteurization.

CONCLUSIONS

The interaction of OVA and OVM induced by pasteurization would
indeed change their spatial structure and potential allergenicity,
and the interaction had obviously occurred at 70 °C. Specifically,
when the temperature was at 70 °C, the spatial structure of OVA
was unfolded, its hydrophobic groups were partially exposed
and its random coil content was increased, while the hydrophobic
groups of OVM were buried and its f-sheet content was increased.
Furthermore, the IgG-binding ability of OVA and OVM could
be significantly increased, and their IgE-binding ability was
decreased. The releases of IL-4, IL-6, f-HEX, histamine and TNF-«
from OVA-OVM-induced KU812 cells were all decreased at 70 °
C. Altogether, these results suggested that if liquid egg products
are to be pasteurized for 10 min, the temperature of 70 °C should
be a good choice because it could ensure food safety and security,
but also less egg allergy. This study provides a basis for further
study on the allergenicity of egg white proteins during multicom-
ponent food mixture processing.
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