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b-conglycinin is one of the most allergenic proteins, and its constituent subunits a0 , a, and b are all poten-
tial allergens to humans. In the present study, we concentrated on the destructed antigenic sites of b sub-
unit of b-conglycinin after high hydrostatic pressure (HHP) treatment. In this paper, the overlapping gene
fragments of the b subunit of b-conglycinin were amplified by polymerase chain reaction (PCR) and
cloned into T7 phage vectors. After being packaged in vitro, the recombinant T7 phage was constructed,
and the overlapping fragments of the b subunit were displayed on the phage surface. The recombinant
phages that expressed the overlapping fragments of the b subunit were used to react with specific anti-
serum by indirect ELISA to identify the HHP destructed antigenic sites. After three rounds of expression
and identification, we used synthetic peptide technology to identify that the obtained fragment was a
conformational epitope. We further confirmed that HHP treatment changed the conformational structure
of b-conglycinin, which reduced the antigenicity of the protein.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Epitopes, which are also known as antigenic determinants, are
specific chemical groups that determine the specificity of an anti-
gen. Based on the structural characteristics of the epitopes, they
are divided into continuous/linear epitopes or discontinuous/con-
formational epitopes [1]. Linear epitopes consist of short-
segment contiguous amino acid residues of antigenic sequence,
and a conformational epitope is composed of residues that are dis-
tant in the primary sequence, but which are approximated by con-
formational folding of the native protein [2].

Allergies affect >25% of the European population, which
increases the demand for allergens as diagnostic, therapeutic,
and research reagents [3,4]. Soybean is a major source of high-
quality protein and is also rich in vitamins and minerals; therefore,
it is widely used in the food industry [5,6]. However, soybean also
contains many antinutritional factors, and it is one of the eight
most significant food allergens [7–10]. Approximately 25% of all
food allergens are caused by soybean, which can cause many
pathologies, such as stomach upset, intestinal damage, allergic der-
matitis, and even anaphylactic shock that can be life-threatening
[11]. The 7S storage protein b-conglycinin and the 11S storage pro-
tein glycinin are the two primary proteins in soybean [12]. These
major seed storage proteins in soybean account for 70–80% of
the total seed globulin fraction [13,14]. b-conglycinin is one of
the most allergenic proteins, and its constituent subunits a0, a,
and b are all potential allergens to humans [15]. Under Regulation
(EU) No. 1169/2011 [16] of the European Parliament and of the
Council, soybean and soybean products have to be labelled.
Investigations have shown that HHP can reduce the antigenicity
of b-conglycinin effectively [17,18] by destroying the three-
dimensional structure of b-conglycinin, which leads to depolymer-
ization, cross-linkages, and conformational changes in protein
macromolecules. However, it is unclear which sites on the b sub-
unit of b-conglycinin are destructed. What are the characteristics
of the structure and the amino acid composition of the destructed
antigenic sites?

A large number of groups have recently presented data on pre-
dictions about food allergen epitopes [19] and different epitope
mapping methodologies, such as protein fragments, peptide arrays,
and phage displays [20–22]. Phage display technology (PDT),
which is also known as epitope mapping, has been used to identify
the antibody binding sites on antigens [22,23]. Li et al. [24,25]
obtained six mimic epitopes by panning the phage display peptide
library with specific rabbit serum against buffalo b-lactoglobulin,
and seven conformational epitopes of buffalo b-lactoglobulin were
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Table 1
Primers for b subunit and its overlapping fragments.

Primer Sequence Enzyme
introduced

A up 50-TACGAATTCAAGGTGAGAGAGGATGAG-30 EcoRI

A down 50-CTCAAGCTTTTCCTCTCCAAACAAAAC-30 HindIII

B up 50-GCGGAATTCGATTTCTTCTTATCTAGC-30 EcoRI

B down 50-CCTAAGCTTGTTCAATGTTTGCATCT-30 HindIII

C up 50-ACCGAATTCTTGGATATCTTCCTCAGT-30 EcoRI

C down 50-ACTAAGCTTGTAGAGAGCACCTAAGATTG-3 HindIII

C1 up 50-ACCGAATTCTTGGATATCTTCCTCAGT-30 EcoRI

C1 down 50-ATCAAGCTTTGCTGGAATTACAAATACA-30 HindIII

1288 J. Xi et al. / International Journal of Biological Macromolecules 141 (2019) 1287–1292
produced. Tordesillas et al. [26] panned the conformational mimo-
tope of the allergen Pru p 3 from a phage display 12 mer peptide
library and identified two conformational epitopes using electro-
static and solvent exclusion surface properties as parameters.
However, using PDT to identify other allergens in soybeans has
not been reported, especially in antigen epitopes that have been
destructed. Therefore, here we investigated the identification of
destructed antigenic sites of the b subunit of b-conglycinin by
HHP treatment. Our research not only provides food companies
with the theoretical basis of processing methods, but it also further
develops the products to detect the desensitization effect of pro-
cessed foods rapidly.
C2 up 50-ACCGAATTCTACAGAGCTGAATTGTCT-30 EcoRI

C2 down 50-TACAAGCTTATCTTGTGCAGACCCAG-30 HindIII

C3 up 50-ACCGAATTCTTGGATATCTTCCTCAGT-30 EcoRI

C3 down 50-ATCAAGCTTTGCTGGAATTACAAATACA-30 HindIII

C2–1 up 50-ACCGAATTCTACAGAGCTGAATTGTCT-30 EcoRI

C2–1 down 50-AATAAGCTTTTTGAGGTAGCGTTGAC-30 HindIII

C2–2 up 50-ATTGAATTCTCCATTTGTTGTCAACG-30 EcoRI

C2–2 down 50-ATTAAGCTTTGCCTTACCACATTGTCT-30 HindIII

C2–3 up 50-ACCGAATTCAGACAATGTGGTAAGG-30 EcoRI

C2–3 down 50-TACAAGCTTATCTTGTGCAGACCCAG-30 HindIII
2. Materials and methods

2.1. Materials

The sequence of the b subunit of b-conglycinin was obtained
from NCBI Genbank (accession number: LOC547465), which was
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) and
stored in a PUC57 plasmid vector. Ex-Taq DNA premix, E. coli
JM109, pMD18-T vector, and the restriction enzymes EcoRI and
HindIII were procured from Takara Bio Co., Ltd. (Dalian, China).
X-Gal, and isopropyl b-D-1-thiogalactopyranoside (IPTG) were pro-
cured from Sangon Biotech Co., Ltd. (Shanghai, China). E. coli
BLT5615 and the T7Select10-3b cloning kit were purchased from
Novagen Company (USA). 3, 30, 5, 50-tetramethylbenzidine (TMB),
AEC, and goat anti-rabbit IgG-HRP were obtained from Sigma
Chemical Co., St. Louis, MO.

2.2. Identification and construction of recombinant phages of the b
subunit and its overlapping fragments

The b subunit was divided into three overlapping fragments (A:
73–600 bp; B: 78–930 bp; C:808–1317 bp), and a series of primers
(Table 1) were designed and synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China). The overlapping fragments were amplified
by PCR, and the products were ligated into a pMD18-T vector
and transformed into E. coli JM109 to construct the cloning vector.
Then, the b subunit and its overlapping fragments were digested by
EcoRI and HindIII. After being separated by agarose gel and purified
by a gel recovery kit, the b subunit gene and its overlapping frag-
ments were ligated to T7 vector arms, packaged with T7 select
packaging extract, and the T7 phage expression system of the b
subunit and its overlapping fragments were constructed. The T7
phage expression system was transformed into E. coli BLT5615
and cultured in M9 TB medium at 37 �C, and the recombinant b
subunit and its overlapping protein fragments were expressed in
the presence of IPTG. Bacteriophage packaging products were
diluted serially to determine the phage titers, and some plaques
were chosen randomly. After being dissolved in TE buffer (Tris-
EDTA buffer solution), heated at 65 �C for 10 min, and centrifuged
at 12000 r/min, the supernatant was used as a template for PCR
identification. Agarose gel (1%) electrophoresis was used to detect
the size of inserts and the rate of phage recombination.

2.3. Amplification and purification of phage lysates

Recombinant phages were purified by liquid-phase lysis. BLT
5615 bacterial cells were cultured at 37 �C, induced by IPTG, and
infected with the recombinant phage. After incubation for 2–3 h,
the phage lysate was centrifuged, the precipitate was discarded,
and the supernatant was stored at �80 �C with 10% glycerol added.
DNase Ι and RNase A (1 mg/mL) were added to the phage lysate,
digested at room temperature for 30 min, and PEG 8000 and NaCl
were added at concentrations of 10% (m/v) and 1 M, respectively.
Phage particles were precipitated in an ice bath for >1 h, and the
phage pellets were collected by centrifugation (4 �C, 11000 g,
10 min) and resuspended in sterile SM solution (20 mM Tris-HCl,
pH 8.0, 100 mM NaCl, 6 mM MgSO4). After 1 h at room tempera-
ture, an equal volume of chloroform was added for extraction.
After mixing gently for 30 s, the phage was separated by centrifu-
gation (4 �C, 3000 g, 15 min).
2.4. Preparation of site-specific antiserum

We had reported the effect of HHP treatment on the antigenic-
ity and structural properties of b-conglycinin, and we found that
after HHP treatment, the secondary structure of b-conglycinin
changed. The content of the random coil increased considerably,
which corresponded with a significant decrease in antigenicity.
However, the helix1 and strand1 content decreased with the
reduction in antigenicity. [18] The optimal process conditions for
reduced antigenicity of b-conglycinin were determined as follows:
with HHP treatment pressure of 455 MPa, HHP treatment time of
18 min, and b-conglycinin concentration of 15 mg/mL, the anti-
genicity inhibition rate of b-conglycinin was 49.59%. The site-
specific antiserum was prepared by adding an excess of HHP-
treated b-conglycinin antigen to rabbit antiserum against b-
conglycinin, incubating for 1 h at 37 �C, and removing the precipi-
tate by centrifugation (10,000 g, 30 min, 4 �C). The supernatant was
the specific antiserum that recognized HHP-destructed sites.
2.5. The identification of the destructed antigen sites

All recombinant phages that expressed the overlapping frag-
ments of the b subunit were coated in a 96-well microtiter plate
overnight at 4 �C. Plates were washed five times with PBST
(0.05% Tween 20 in 0.01 M pH 7.2 phosphate-buffered saline (i.e.,
PBS)) and blocked with 200 lL/well blocking buffer (5% skim milk
in 0.01 M pH 7.2 PBS), followed by incubation for 1 h at 37 �C. The
solution was then discarded, and the plates were washed five times
with PBST. Site-specific antiserum was added at 100 lL/well, and
the plates were incubated for 30 min at 37 �C; rabbit antiserum
against b-conglycinin was used as control. After washing, goat
anti-rabbit IgG-HRP diluted 1:3000 with PBST was added at
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100 lL/well followed by incubation for 30 min at 37 �C. The plates
were washed, and freshly prepared substrate TMB was added at
100 lL/well. After incubating at room temperature for 10 min,
the reaction was stopped using 50 lL/well of 2 mol/L H2SO4. The
absorbance in each well was measured at 450 nm, and all experi-
ments were carried out in triplicate. The larger the optical density
(OD) value was for HHP treated antigen-absorbing antiserum, the
more significant the destruction was.

Then, the segment that was most destructed was further
divided into three fragments with 30 amino acid residue overlaps,
amplified by PCR, ligated with T7 phage vector, and expressed on
the surface of T7 phage; then, we measured its binding character-
istics with site-specific antiserum. After 3 rounds of overlap, the
precise site of the b subunit that was destructed by HHP treatment
was identified.
2.6. Confirmation of site type by peptide synthesis

The peptide that contained the precise site of the b subunit that
was destructed by HHP treatment was synthesized using solid-
phase peptide synthesis, as described previously [27]. We added
cysteine residue to the end of the N-terminal of the peptide. The
purity of the peptide was 99%, as assessed by high-performance
liquid chromatography (HPLC), and the molecular mass of the pep-
tide was confirmed by mass spectrometry (MS). The peptide was
conjugated to a carrier protein of IgG-free bovine serum albumin
(BSA, Sigma) using a hetero-bifunctional cross-linker Sulfo-SMCC
(Thermo, San Jose, CA, USA) [28]. First, a total of 5 mg IgG-free
bovine serum albumin (BSA, Sigma) protein was dissolved in con-
jugation buffer (0.15 M NaCl, 0.1 M PB pH 7.2, 1 lM EDTA), and a
total of 1 mg Sulfo-SMCC was dissolved in 50 lL of DMSO and then
mixed with BSA solution (37 �C, 30 min). The reaction mixture was
then dialyzed extensively, and the protein concentration was
adjusted to 5 mg/mL using conjugation buffer. Next, a total of
2 mg synthetic peptide was dissolved in 50 lL of DMF, and
150 lL of PB buffer (pH 7.2) was added. Then, we diluted the pep-
tide solution with an equal volume of PB buffer, and added two
volumes of SMCC-BSA solution. After mixing, we allowed the mix-
ture to react at room temperature for 30 min (or 4 �C for 2 h).
Finally, we adjusted the peptide concentration to 1 mg/mL in PB
buffer for epitope identification. The conjugated peptide was iden-
tified by SDS-PAGE to see whether it conjugated to BSA. A 20 lL
aliquot of 1 mg/mL conjugated peptide and BSA solution were
mixed with an equal volume of 2� SDS-PAGE loading buffer, and
the details were the same as described previously [29].

During synthesis, a cysteine residue was added to the
N-terminal of all peptides, unless it was already present for later
conjugation. Peptides were conjugated to a carrier protein
of IgG-free bovine serum albumin (BSA, Sigma) using a hetero-
bifunctional cross-linker Sulfo-SMCC (Thermo, San Jose, CA, USA),
according to the manufacturer’s instructions. The conjugated
peptides were stored at �20 �C until used.
2.7. Dot-blot assay

The conjugated peptide (2 lL) was spotted on the nitrocellulose
membrane, dried at room temperature for 30 min, and BSA and
b-conglycinin were used as a blank and positive control, respec-
tively. After washing with PBST, the membrane was incubated
for 2 h in a blocking solution with 0.2% gelation added to PBST at
37 �C. The membrane was washed and incubated with rabbit
antiserum against b-conglycinin for 30 min at 37 �C, washed
with PBST, and incubated with goat anti-rabbit HRP-IgG at 37 �C
for 30 min. Then, we washed the membrane and incubated it with
AEC.
2.8. Structural analysis

The three-dimensional crystal structure of the b subunit of b-
conglycinin was analyzed by the PDB database to know the spatial
position of the amino acid sequence, and a GOR IV online server
was used to analyze the secondary structure of the damaged anti-
gen epitope region. The server only required the amino acid
sequence of the protein, and it provided the a-helix, b-turn, and
random coil content.

2.9. Statistical analysis

Each experiment was performed three times. An analysis of
variance (ANOVA) was performed using SPSS 16.0 (IBM Corpora-
tion, NY, USA), and a significance level of p � 0.05 was adopted.
Duncan’s multiple range tests were used to detect for discrepancies
between means.
3. Results and discussion

3.1. Identification and construction of recombinant phages of the b
subunit and its overlapping fragments

The synthetic plasmid vector pUC57 from Sangon Biotech Co.,
Ltd. was used as a template. The b subunit and its overlapping gene
fragments were obtained by PCR and agarose gel electrophoresis
(Fig. 1a1). Strips that were consistent with the size of the expected
fragment were observed, and no nonspecific bands were observed.
PCR and double-enzyme digestion of the b subunit and its overlap-
ping segments showed the same size bands (Fig. 1a2, Fig 1a3),
which indicated that the b subunit and its overlapping fragments
were inserted successfully into the pMD18-T vector, and the
sequence of the inserted fragment was consistent with its gene
sequence. The b subunit gene and its overlapping fragments were
digested with EcoRI and HindIII and ligated with a T7 phage vector
arm. Phage packaging extract was added and transformed into
BLT5615 for 2–3 h to form a plaque. Multiple plaques were chosen
at random and amplified by PCR. Agarose gel electrophoresis
showed that the recombination rate was >90% (Fig. 1a4). DNA
sequencing results showed that the exogenous DNA fragment
was correct.

3.2. The identification of the destructed antigen sites

The reaction between phage-expressed proteins and antiserum
against b-conglycinin showed that b subunit, recombinant phage-
expressed proteins were antigenic, which indicated that the b sub-
unit and its overlapping fragments were expressed successfully.
The reaction of phage-expressed proteins to HHP treated,
antigen-absorbing antiserum was lower than that of antiserum
against b-conglycinin, which indicated that HHP destroyed all of
A, B, and C fragments, and among these three fragments, the C frag-
ment showed relatively stronger antigenicity (Fig. 2a). The reaction
between phage-expressed proteins and site-specific antiserum
showed that the OD of the C fragment was higher than that of
the A and B fragments, which indicated that the antigenic site for
the C fragment was destructed more obviously (Fig. 2a).

After further segmented expression of the C fragment (Fig. 1b),
the reaction of the phage-expressed proteins and site-specific anti-
serum (Fig. 2b) showed that the most destructed fragment of HHP
was in the C2 fragment. After further segmented expression of the
C2 fragment (Fig. 1c), the reaction of the phage-expressed proteins
and site-specific antiserum (Fig. 2c) showed that the most destruc-
ted fragment of HHP was in the C2–3 fragment. Taliercio et al. [8]
studied the antigenic epitopes of the b subunit of b-conglycinin in



Fig. 1. Construction of recombinant phages of the b subunit and its overlapping fragments (a: b subunit and its overlapping fragments; b: C fragment and its overlapping
fragments; c: C2 fragment and its overlapping fragments) (a1: PCR amplification of b subunit and its overlapping fragments; a2: PCR identification of recombinant plasmid;
a3: double-enzyme digestion identification of recombinant plasmid; a4: PCR identification of recombinant phages) (M: DNA Marker; 1–8: recombinant phages) (b1: PCR
amplification of C fragment and its overlapping fragments; b2: PCR identification of recombinant plasmid; b3: double-enzyme digestion identification of recombinant
plasmid; b4: PCR identification of recombinant phages) (M: DNA Marker; 1–12: recombinant phages) (c1: PCR amplification of C2 fragment and its overlapping fragments;
c2: PCR identification of recombinant plasmid; c3: double-enzyme digestion identification of recombinant plasmid; c4: PCR identification of recombinant phages) (M: DNA
Marker; 1–9: recombinant phages).

Fig. 2. The reaction of the recombinant phages and epitope-specific antiserum (a: b subunit and its overlapping fragments; b: C fragment and its overlapping fragments; c: C2
fragment and its overlapping fragments) (The reaction with antiserum against b-conglycinin indicates the antigenicity of recombinant phages, and the reaction with HHP
treated, antigen-absorbing antiserum indicates the degree of destruction. The larger the optical density (OD) value of processed HHP treated, antigen-absorbing antiserum,
the more significant the destruction was.) (All values were mean ± standard deviation of three values; different superscripts a-d/A-C in the same color indicate they are
significantly different at the p < 0.05 level).
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multiple species of animals, and they found that one of the most
important regions (250 N-293I) across species was located in the
B fragment. At the same time, a particularly antigenic region was
found for both pigs and rabbits, and the amino acid was
49QNGRIRLLQRFNKRSP64 [8]. Compared to their study, we found
that the C2–3 fragment did not react with any of the animal spe-
cies, probably because we used phage display technology to
express the b subunit.
3.3. Confirmation of site type by peptide synthesis

To study whether the obtained antigenic fragment had a linear
antigenic site, we used synthetic peptide technology. The identifi-
cation of the synthesized peptide using HPLC (Fig. 3a) and MS
(Fig. 3b) showed that the synthesized peptide was correct, and
its purity reached 99.27%. The analysis from SDS-PAGE gel elec-
trophoresis showed that the conjugated peptide exhibited larger



Fig. 3. Identification of synthesized and conjugated peptides (1: HPLC; 2: MS; 3: SDS-PAGE) (3: M: marker; 1: BSA; 2: BSA-peptide).

Fig. 4. Binding of antiserum to b-conglycinin, recombinant phages, and conjugated
peptide (1: b-conglycinin; 2: C fragment recombinant phage; 3: C2 fragment
recombinant phage; 4: C2–3 fragment recombinant phage; 5: BSA-C2-3 peptide; 6:
BSA) (the images shown were original and not previously cropped).

Fig. 5. The structure of the C2–3 fragment (the PDB database was used to analyze
the spatial structure of C2–3 fragment).
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molecular weights than BSA (Fig. 3c, the bands of molecular mar-
ker, BSA, and BSA-peptide), which indicated that the peptide was
conjugated successfully to the BSA protein. Furthermore, the num-
ber of BSA-linked peptides was not constant and, under normal
conditions, a BSA molecule can bind to 30–35 peptides [30]. The
molecular weight of the peptide was identified as 2603 D by MS,
and the molecular weight of BSA was 66.2 kD. The molecular
weight of the heavy conjugate peptide was approximately 148
kD, and the number of linked peptides was estimated to be 31.
However, the molecular weight of the light conjugate peptide
was approximately 75 kD, and it only combined with three or four
peptides, which suggested that it still had the ability to conjugate
with more peptides.

3.4. Dot-blot assay

The reaction color of b-conglycinin and antiserum against
b-conglycinin was most intense, and the antigenicity was stronger
than recombinant phages (Fig. 4). The results showed that
recombinant phages can react with rabbit antiserum against
b-conglycinin, and the antigenicity of the C fragment phage was
greater than that of the C2 and C2–3 fragment phages. However,
the peptide of the C2–3 fragment that we synthesized did not react
with the antiserum, which indicated that there was no linear
epitope in this fragment and that the identified HHP-destructed
antigenic region of the C2–3 fragment was conformational. As we
know, HHP treatment did not lead to the destruction of the linear
epitope of the protein, and what we found in this research
confirmed this further.

3.5. Structural assay

The position of the C2–3 fragment in the spatial structure
showed that the middle part of C2–3 fragment was a-helix, and
the end of this fragment was random coil (Fig. 5). It confirmed that
the b-turn and random coil were mostly located on the surface of
the protein and were easily bound to the antibody, which made
themmore likely to become antigenic epitopes [31]. The secondary
structure of the C2–3 fragment was analyzed using the GOR IV
online server, which showed that the content of the a-helix, b-
sheet, and random coil were 31.82%, 13.64%, and 54.55%, respec-
tively. The main structure at the end of this fragment was random
coil, which was consistent with the results from the analysis of ter-
tiary structure.
4. Conclusions

In our research, the b subunit was segmented, and after phage
display, indirect ELISA assay was used to identify the destructed
antigenic sites. After several rounds of segmenting and displaying,
we eventually found the main antigenic sites of HHP treatment
destructed. When this antigenic region was subjected to synthetic
of the peptide, we found that the peptide did not react with the
antiserum against b-conglycinin; that is, this region did not contain
a liner epitope, which further confirmed that HHP treatment chan-
ged the conformational structure of b-conglycinin and, thus,
reduced the antigenicity of the protein. The position of the C2–3
fragment in the spatial structure showed that the middle part of
the C2–3 fragment was a-helix, and the end of this fragment was
random coil (Fig. 5). It confirmed that the b-turn and random coil
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were mostly located on the surface of the protein and were easily
bound to the antibody, which made them more likely to become
antigenic sites. The contents of the a-helix, b-sheet, and random
coil of the C2–3 fragment were 31.82%, 13.64%, and 54.55%, respec-
tively, and the main structure at the end of this fragment was
random coil.

The phage display technique can not only identify antigen epi-
topes of soybean, but also identify destructed antigenic epitopes of
soybean, which can be used to provide a new method for allergen
research. Research on the identification of HHP-destructed anti-
genic sites of the b subunit of b-conglycinin is relevant for the iden-
tification of the molecular mechanism that causes food allergies
and for the development of application products for rapid detec-
tion of the desensitization effect of processed foods.
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