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Abstract Predicted by an antigenic program, full-
length tartary buckwheat allergen (TBa) is divided
into six fragments: E1, E2, E12, E3, E4 and E34.
Immunological assays revealed that El1 has the
greatest binding activity to patients’ serum IgE. Five
mutants of E1 gene (L39R, L42R, L47R, V52R and
L54R) were constructed using site-directed mutagen-
esis and each protein was expressed in Escherichia
coli BL21. Following purification by Ni** affinity
chromatography, ELISA and dot-blot were performed
for wild type El and its mutants using sera from
buckwheat allergic patients and healthy controls.
Mutants L42R, L47R, and L54R had weaker IgE
binding activity to patient’s sera than wild-type El
implying that Leud42, Leud47, and Leu54 might be
involved in the allergic activity of TBa.
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Introduction

Buckwheat is one of the traditional crops cultivated
in Asia, central and eastern Europe. It is especially
popular in China, Japan and Korea. As a healthy
food, buckwheat seeds contain abundant proteins that
are rich in essential amino acids, such as lysine,
methionine and tryptophan (Eggum 1980). However,
food prepared from buckwheat seeds can trigger
allergic reactions resulting in clinical symptoms
including asthma, dermatitis, eczema and even ana-
phylactic shock. These effects limit the use of
buckwheat as an alternative food and popular addi-
tive. Therefore, it is urgent to identify allergen
molecules, to investigate the mechanism of buck-
wheat allergy, and to develop methods for accurate
diagnosis and safer immunotherapy treatment of
diseases caused by use of buckwheat.

Epitope analysis of allergens is a key method to
reveal the reason why different allergens cause
hypersensitive reactions. Typically, an epitope con-
sists of a few amino acids or regions that may
located on different subunits to form a linear or
conformation structure. Systematic research has been
carried out to determine the cause of hypersensitive
reactions. Based on the updated Allergome database
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(http://www.allergome.org) (Mari et al. 2009), aller-
gens with different biochemical and structural
characteristics were divided into different families,
such as an inhibitor of trypsin globin, albumin etc.
(Ivanciuc et al. 2009). Buckwheat allergen belongs
to the cupin family, of which the notable structural
characteristic is the conserved barrel domain that is
comprised of 11S and 7S plant seed storage proteins
(Dunwell et al. 2000).

Yoshioka et al. (2004) reported cDNA cloning and
IgE binding characteristics of a major allergen, Feg
e 1, from common buckwheat, and identified eight
epitopes. However, some details still remain unclear.
Previously, we had isolated and identified an allergen
from tartary buckwheat by biotechnical method
(Wang et al. 2004, 2006). In the present study, site-
directed mutagenesis method in combination with
ELISA and dot blot assays was employed to evaluate
epitopes on a central region in fragment E1 of TBa.

Materials and methods
Materials

Thermostable Pfu DNA polymerase for site-directed
mutagenesis was from Tiangen Biotech (Beijing,
China). Tag DNA polymerase for PCR was obtained
from TaKaRa (Dalian, China). Restriction endonu-
cleases and other enzymes for molecular cloning
were purchased from Sangon (Shanghai, China).

Cloning of TBa epitope fragments

Based on the previous work on cloning of TBa, El
and E2 (Wang et al. 2006; Cai et al. 2006), DNA
sequences encoding other epitopes (E3, E4, E12,
E34) in TBa were PCR-amplified from plasmid pET-
32m-TBa by using the primers listed in Supplemen-
tary Table 1. The PCR products were digested and
ligated between BamH 1 and Hind III multi-cloning
sites into the pET-32m expression vector.

Bioinformatics
An amino acid sequence alignment was carried out

with BLAST software (http://www.ncbi.nlm.nih.gov/
BLAST) and displayed with MegAlign program in
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DNAStar software for homologous amino acid resi-
dues. Secondary structure prediction was performed
using Protean program in DNAStar software, adopt-
ing Chou—Fasman method.

Site-directed mutagenesis of E1

Overlap extension PCR method was used to introduce
site-specific substitutions. Two pairs of primers were
used to direct synthesis of two fragments with a CTC
to CGC or CGT to CGC mutation in each mutant
(Supplementary Table 1). The fragments were gel
purified and subsequently used for overlap extension
PCR with 5'- and 3'-flanking primers. The PCR
products were then digested and ligated between
BamH I and Hind III multi-cloning sites into the pET-
32m expression vector. The resulting mutations in E1
were confirmed by sequence analysis (TaKaRa
Biotech, Dalian, China).

Expression and purification of the epitopes
and the mutants

The constructed vectors containing the gene of
epitopes or mutants were transformed into E. coli
strain BL21 (DE3) and expression of fusion proteins
was induced by adding IPTG at 1 mM in LB liquid
medium. After 3 h of continuous shaking at 37°C,
cells were harvested, and each fusion protein was
purified under denaturing conditions using a HisTrap
affinity purification kit. Each recombinant epitope
fragment was analyzed by SDS-PAGE using a 12.5%
(v/v) polyacrylamide gel.

Sera from patients and healthy controls

The sera of two patients were obtained from the Blood
Center of Taiyuan, China, and with a history of
respiratory, dermatologic, or gastrointestinal symp-
toms occurring within 1 h following ingestion of
buckwheat. The CAP in vitro examination (CAP
system; Pharmacia, Uppsala, Sweden) gave a value
of 42.3 and 18.5 kilo units/l, respectively, for buck-
wheat-specific IgE (normal value < 0.35 kilo units/l).
Healthy sera from volunteers not allergic to buck-
wheat were used as negative control.
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Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed to detect the IgE-binding
activity of the epitope fragments and El mutants.
After coating 96-well plates with each protein (1 pg
in 50 pl 50 mM Na,COj; buffer/well, pH 9.6) and
incubating them at 4°C overnight, they were washed
with phosphate-buffered saline (PBS, pH 7.5) con-
taining 0.05% Tween 20 (PBS-T), followed by
blocking with 1% bovine serum albumin for 1 h at
37°C. The plates were then washed with PBS-T and
incubated at 4°C overnight with serum samples
diluted to 5% (1:20 dilution). After further washing
with PBS-T, horseradish-peroxidase (HRP)-conju-
gated mouse anti-human IgE antibodies (Southern
Biotech, Birmingham, AL), diluted in PBS-T, was
added in wells and incubated for 1 h at 37°C, and then
reacted with chromogen and o-phenylene diamine.
The OD values of the mixtures were measured at
490 nm with a microtiter plate reader.

Human IgE dot blot analysis

To test the specific IgE-binding capacity of the
recombinant epitopes and mutants, an immuno dot-
blot assay was performed. Purified proteins were
applied to a nitrocellulose (NC) membrane and
blocked with PBS (pH 7.5) containing 5% skim milk.
Both pooled and individual allergic sera were diluted
to 1:5 in PBS-T and incubated with the dot-blots for
1 h at room temperature. Incubation of the membranes
with the secondary antibody was performed with a
1:500 dilution of horseradish-peroxidase (HRP)-con-
jugated mouse anti-human IgE for 1 h. The bound
human IgE was detected by incubating with colori-
metric substrates 3,3’-diaminobenzidine (Boster Biotech,

Wuhan, China), and allowing the color signal on the
membranes to develop. The membranes were exten-
sively washed with PBS containing 0.1% Tween 20
after each step throughout the protocol.

Results

Expression, purification, and IgE-binding
of epitopes in TBa

On the basis of antigenic epitope prediction (Zhang
et al. 2008), TBa sequence was divided into the
following six fragments that can bind to IgE: E1, E2,
E3, E4, El12, E34 (Fig. 1). Four of these six
fragments (E12, E3, E4 and E34) were expressed
and purified as 6x His-tagged proteins as per man-
ufacturer’s instructions (Qiagen, Inc., Valencia, CA).
Result of SDS-PAGE showed that the molecular
weight of each recombinant fragment was in good
agreement with theoretical prediction, with a purity
being >90% (Fig. 2a).

To determine the IgE reactivity of these epitopes
and identify the most significant region in TBa,
ELISA was performed with each recombinant protein
using two IgE-positive sera and a healthy control. As
shown in Fig. 3a, E1 exhibited the strongest IgE
reactivity among all tested fragments, whereas the
IgE binding activity of two overlap fragments E12,
E34 were in between E1 and the others. Additional
evaluation on the IgE binding activity was performed
by dot blot method. As expected, results in Fig. 4a
showed that E1 exhibit the strongest reaction with
patients’ serum IgE compared to the other fragments.
Similar results were obtained for serum samples from
both patients allergic to buckwheat.

Fig. 1 Mapping of IgE
binding regions on TBa.
Schematic location of the 1-196 TBa
each fragment is shown
27-67 E1
87-137 E2
27-137 E12
120-156 E3
155-191 —— E4
120-191 E34
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Fig. 2 SDS-PAGE analysis of purified proteins. Protein
samples were subjected to 12.5% SDS-PAGE gel and stained
with Coomassie Brilliant Blue. a Epitope fragments of TBa.
Mr.: low molecular weight protein marker; lane I: E12-Trx;
lane 2: E3-Trx; lane 3: E4-Trx; lane 4: E34-Trx. b The purified
El and its mutants. Mr.: low molecular weight protein marker;
lane I: E1-Trx; lane 2: L39R-Trx; lane 3: L42R-Trx; lane 4:
L47R-Trx; lane 5: V52R-Trx; lane 6: L54R-Trx

Amino acid sequence homology analysis,
alignment and secondary structure prediction

The homology between the amino acid sequence of
TBa and other proteins was determined by comparing
their sequences in all non-redundant GenBank
CDS translations + PDB + SwissProt + PIR + PREF,
excluding environmental samples from WGS projects,
using BIASTp in the NCBI website. The schematic
location of putative conserved domain in TBa
(Fig. 5a) indicated that the region that contains amino
acid 20-160 and El fragment (amino acids 27-67)
which belongs to cupin super family, was most
important. This family represents the conserved
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barrel domain of the cupin super family (‘cupa’ =
Latin for small barrel), containing 11S and 7S plant
seed storage proteins (Dunwell et al. 2000). Based on
our BLASTp search results, alignment of the amino
acid sequences of El and other plant seed storage
proteins were presented in Fig. 5b.

Expression and purification of E1 and its mutants

Five variants of E1 were generated with a mutation at
positions 39, 42, 47, 52 or 54, in which each Leu was
replaced by an Arg residue. These mutants, referred
to L39R, L42R, L47R, V52R, and L54R, respec-
tively, were expressed as 6 x His-tagged proteins per
manufacturer’s instructions. After one-step purifica-
tion by affinity chromatography, SDS-PAGE analysis
showed that the molecular weight of each mutant was
the same as that of wild type E1, with a purity > 95%
(Fig. 2b).

IgE reactivity of El and its mutants measured
by ELISA

El and its five mutant proteins were compared for
their IgE binding activity by ELISA using two serum
samples from patients with positive IgE binding
activity to buckwheat, and one serum sample from a
healthy donor as a negative control. As shown in
Fig. 3b, all five mutants had decreased IgE binding
activity in comparison with WT E1, suggesting that
Leu residues in these positions may play a role in the
IgE binding activity of TBa. Among these mutants,
L42R, L47R and L54R showed remarkable decrease
(nearly 50%) in IgE binding activity, indicating that
Leu42, Leud7 and Leu54 each has significant contri-
bution to the IgE binding of the allergen TBa.

Dot-blot analysis of E1 and its mutants

To evaluate the IgE reactivity of TBa, fragment E1
and its mutants, purified proteins were applied to
nitrocellulose membranes and probed with serum
sample collected from two allergic individuals. The
dot blot results comparing the IgE binding of WT El
and its five mutants are shown in Fig. 4b: the mutants
L42R, L47R and L54R had much weaker signals.
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Fig. 3 Binding of proteins
to IgE in the sera from
patients allergic to
buckwheat and a healthy
control measured by 02|
ELISA. a Statistically
significant differences
between patients and a
healthy control and between
the six epitopes in their IgE
reactivity were detected.

b Statistically significant
differences between
patients and a healthy
control and between the
mutants and the wild type
El in their IgE reactivity 0.05
were detected
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Discussion

Since the first case report of buckwheat hypersensi-
tivity Smith (1909), proteins with molecular masses
of 89, 22-24 16, 19, and 56 kDa have been
identified in buckwheat with IgE-binding activity in
allergic patients. However, most of these studies on
buckwheat allergen just focused on the whole natural
proteins or the corresponding recombinants, and
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detailed information on key amino acids residues
that cause allergic reaction in buckwheat is very
limited.

Our previous study has identified a protein in
tartary buckwheat as the major allergen (Wang et al.
2004, 2006), and an antigenic program was used to
predict the epitopes in TBa. IgE binding activity
demonstrated that the region containing amino acids
39-59 was the most important antigenic determinant,
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Fig. 4 Dot blot A

TBa E1 E2 E12 E3 E6 E36

immunoscreening of
recombinant proteins.
Purified recombinant fusion
proteins were applied onto a
nitrocellulose membrane.
Dot blot was probed with

Patient 1

Patient 2

. . k] @ a i

® 9 ©

sera from two buckwheat
allergic patients. a The
crude allergen extracted

B NC TBa

El L39R L42R I47R V52R LS4R

from tartary buckwheat ®

seeds was used as the
positive control (PC), while
PBS buffer served as
negative control (NC).

b TBa was used as the

positive control, while PBS L]

Patient 1 (&)

[&] @ - e & a

buffer served as negative
control (NC)

Patient 2

20-160

[ Cupin superfamily
B E1 sequence

Anao2
Arah4
Bere2
Cora9
Jugrd
Sesi6
Fegel
El

Fig. 5 Alignment of the amino acid sequences of E1 and other
plant seed storage proteins. a Schematic location of putative
conserved domain in TBa. The shadow portion of the bar
represents the conserved domain of cupin superfamily. The E1
fragment is illustrated as the gray portion of the bar.
b Alignment of the amino acid sequences of El and other
plant seed storage proteins. The homological regions have been
aligned by DNAStar software using ClustalW method. The
gray portion indicates the conserved amino acid residues.
The mutation residues are indicated in white against black
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background. Abbreviations: Ana o 2, cashew (Anacardium
occidentale, GenBank AAN76862); Ara h 4, peanuts (Arachis
hypogaea, GenBank AAD47382); Ber e 2, Brazil nuts
(Bertholletia excelsa, GenBank AAO38859); Cor a 9, hazel-
nuts (Corylus avellana, GenBank AAL73404); Jug r 4, black
walnuts (Juglans nigra, GenBank AAW29810); Ses i 6,
sesame seeds (sesamum indicum, GenBank AADA42944);
Fag e 1, buckwheat (Fagopyrum esculentum, Swiss-Prot
Q9XFM4). The arrow and the square represent f3-sheets and
o-helix, respectively
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in which the central amino acid is Val52 (Zhang et al.
2008). In the present study, four recombinant epitope
fragments were expressed and purified to analyze
their immunity. Sordet et al. (2009) suggested that
one of the 11 continuous IgE binding epitopes (amino
acids 312-338) on the molecular surface of the 13S
globulin allergen weakly interacted with IgE from the
allergic patients. However, our results of ELISA and
dot blot showed that the main fragment E1, bearing
some overlapping sequence with this epitope, has the
strongest IgE binding reactivity of all epitopes, which
is in accordance with the theoretical prediction.

The region containing amino acids 20-160 in TBa
(Fig. 5a) belongs to cupin super family, and it
represents the conserved barrel domain of the cupin
super family which is built up from a tight packing of
f-sheets. Cupin motif is widely distributed as seed
storage proteins (Dunwell et al. 2004) in many other
major food allergens. It is reported that f-sheets and
random coils in the structure play a more important
role in the reaction to allergy (Zhang et al. 2008).
Alignment of E1 and other plant seed storage proteins
mentioned above indicated that Leu39, Leud2, Leu47
and Leu54 were homologous, while the prediction of
secondary structure also revealed that these amino
acids are located in this region.

Site-directed mutagenesis has been used succes-
sively to produce low IgE reactive recombinant forms
for some allergens. The mutants of birch pollen major
allergen Bet v 1 with single or multi nonpolar amino
acid substitutions exhibited reduced IgE binding
capacity with sera from birch pollen allergy patients
(Ferreira et al. 1998). Son et al. (1999) suggested that
the serine in position 111 of apple allergen, Mal d 1,
was essential for IgE binding. Moreover, Satoh et al.
(2008) proposed that replacement of only a few key
amino acids within an allergen molecule can signif-
icantly reduce the human IgE reactivity of these
allergic proteins. We hypothesized that the positively
charged arginine substitute would possibly form
electrovalent bond with other negative charged amino
acids, thus altering the tertiary structure to achieve a
decrease in hypersensitivity. The results of ELISA
and dot blot demonstrated that, compared to WT El,
there was a significant decrease in IgE binding to
mutants L42R, L47R and L54R. The above findings
indicated that the Leu residues, especially Leu42,
Leud7 and Leu54, affect the allergenicity of TBa.
Based on these results, we believe that modified

allergens displaying decreased allergenicity seem to
reduce the risk of allergy symptoms, and our research
may provide a clue to treat buckwheat allergy.
Furthermore, application of our experiment may
contribute to the development of a transgenic hypo-
allergenic crop.
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