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A B S T R A C T

Sesame is one of the eight major allergens that cause food allergies. Study of the epitopes of sesame allergens 
is important for understanding their sensitization mechanisms. Currently, less information is available on the 
epitope studies of sesame allergens. In this study, we analyzed the molecular characteristics, structure and 
homology of Ses i 3, one of the important sesame allergens. We predicted the B-cell linear epitopes of Ses i 3 
using bioinformatics tools and characterized them by slot blot immuno-microarrays technology. Eight 
peptides as B-cell linear epitopes of Ses i 3 were identified, in addition, key amino acids in these epitopes 
were predicted and leucine 422 was identified as a key amino acid. The present work will contribute to further 
understanding of the sesame allergen and provide some help in the prevention and treatment of sesame allergy.

© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.　Introduction

Sesame has a high nutritional value which is rich in fat, protein 

and other nutrients and is one of the main oil crops[1]. In 2019, global 

sesame cultivation was 12.8 million hectares and production was 

6.5 million tons[2]. However, sesame seeds can also cause severe 

allergic reactions, the main symptoms of sesame allergy include: rash, 

urticaria, asthma, etc., which can seriously lead to anaphylaxis or 

even death[2-3]. According to the 2022 recommendations of the Food 

and Agriculture Organization of the United Nations and the World 

Health Organization (FAO/WHO), sesame is listed as one of the eight 

new categories of allergens[4].

Sesame seeds mainly contain seven allergens, which are named 
Ses i 1-Ses i 7 by International Union of Immunological Societies 
(IUIS)[3]. Among them, Ses i 3 is recognized by the serum of 75% of 
sesame allergic patients and is a very important sesame allergen[4]. 
Ses i 3 is a 7S-like pea globulin[5], belonging to the Cupin superfamily. 
Pea globulin is a flattened trimer of three individual peptide chains 
bound into a triangle and the Cupin superfamily is characterized by a 
three-dimensional structure with a β-folded barrel-shaped protein 
supersecondary structure. Ses i 3 consists of 585 amino acid residues, 
of which amino acids 1–23 are signal peptides. Ses i 3 has a 
molecular weight of 45 kDa and is resistant to trypsin digestion[6-7].

Sesame allergy is a type I hypersensitivity reaction mediated by 
immunoglobulin E (IgE)[8], which is divided into a sensitizing phase 
and an effector phase[9]. When the sesame allergen comes into contact 
with the body for the first time, the body is stimulated to produce 
specific immunoglobulin E (sIgE), which is the sensitization phase[10]. 
When the same allergenic food re-enters the organism, it is recognized 
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and bound by IgE antibodies on the surface of mast cells and basophils, 
this leads to the release of pro-inflammatory factors, causing an 
allergic reaction, a phase known as the elicitation phase. sIgE binds to 
the receptor on the surface of mast cells or basophils, and when the 
body is exposed to the allergen again, it will stimulate the release of 
various inflammatory mediators from this binding body, thus leading 
to an allergic reaction in the body, which is the effector phase[11-13].

Allergen sensitization is closely related to epitope[14]. Epitopes 
are antigenic determinants on the surface of a protein, usually 
consisting of 5‒17 amino acid residues or 5‒7 polysaccharide 
residues[15]. Epitopes can be classified into T-cell epitopes and 
B-cell epitopes according to immunological properties[16], and 
linear epitopes and conformational epitopes according to structural 
properties, respectively[17]. The main techniques for localizing 
antigenic epitopes include bioinformatics technology, peptide 
scanning techniques and bacterial surface display techniques, 
etc[17-18]. Among these methods, bioinformatics techniques are used 
to predict antigenic epitopes based on the physicochemical 
properties of proteins such as hydrophilicity, flexibility and 
secondary structure, and have been gaining more and more 
attention in recent years due to their rapidity, accurate and easy to 
operate features[19]. Fu et al.[20] predicted B-cell linear epitopes in 
tropomyosin and arginine kinase in Chinese shrimp by 
bioinformatics tools, and identified them by dot blot, enzyme-
linked immunosorbent assay (ELISA), etc. In addition, epitopes of 
allergens were screened using bioinformatics tools, such as shrimp 
allergen Lit v 1[21], Exo m 1[22], walnut allergen Jug r 1[23], etc. So 
far, the epitope identification of the sesame allergen Ses i 3 has not 
been reported.

In this study we predicted the secondary structure, hydrophilicity, 
surface accessibility, flexibility, and antigenicity of the sesame 
allergen Ses i 3 and analyzed its homology, as well as predicted and 
mapped the spatial structure of Ses i 3. Furthermore, we used 
bioinformatics methods to predict B-cell linear epitopes and key 
amino acids of Ses i 3. Finally, we identified the predicted epitopes by 
slot blot immuno-microarrays and key amino acid was selected in 
these epitopes. These studies will provide a reference for the 
resolution of sesame allergen sensitization mechanisms.

2.　Materials and methods

2.1　Reagents and instruments

Horseradish peroxidase (HRP) labeled mouse anti-human IgE, 
antibody diluent and enhanced chemiluminescence (ECL) were 
obtained from BioHuge BioTechnology Co., Ltd. (Beijing, China). 
3,3'-diaminobenzidine (DAB) chromogenic kit was purchased 
from Solarbio Co., Ltd. (Beijing, China). Other reagents were all 
analytical grade. Sesame allergy protein Ses i 3 with purity ³ 85% 
(1 mg/mL) was synthesized by Huaan Biotechnology Co., Ltd. 
(Hangzhou, China). All peptides with purity ³ 95% were provided 
by Guoping Pharmaceutical Co., Ltd. (Anhui, China). Sesame 
allergy patient serum and healthy adult serum were provided by 
Beijing Shijitan Hospital (Table S1). ChemiDocTM imaging system 
and electrophoresis instrument (Bio-Rad, USA), molecular 
hybridization spotter were purchased from Popular Science 
Instrument Factory (Beijing, China).

2.2　 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and IgE binding capacity analysis of Ses i 3

The molecular weight of synthetic Ses i 3 was characterized by 
SDS-PAGE. The protein was diluted 5 times with double distilled 
water and mixed with dithiothreitol (DTT) at a volume ratio of 1:1, 
and the loading volume was 10 µL per well. Electrophoresis time was 
first 80 V, 20 min, and then 120 V, 70 min. Subsequently stained with 
coomassie brilliant blue staining solution for 2 h, after that, decolorized 
for 24 h with 2–4 changes of decolorization solution in between.

The IgE binding capacity of Ses i 3 was characterized by Western 
blot. Serum pools were made with 10 sera from sesame allergic patients as 
primary antibody (serum and bovine serum albumin (BSA) diluted at a 
ratio of 1:100, V/V) and incubated the polyvinylidene fluoride (PVDF) 
membrane with primary antibody at 4 ℃ overnight. After that, remove the 
PVDF membrane and wash it with phosphate buffered saline with Tween-20 
(PBST) 3 times for 5 min each time. Mouse anti-human IgE (HRP) 
diluted in skim milk at a volume ratio of 1:2 000 was used as secondary 
antibody and the PVDF membrane was incubated with the secondary 
antibody at 37 ℃ for 2 h. Then the PVDF membrane was removed and 
washed 3 times with PBST for 5 min each time. DAB staining solution 
was added dropwise to the PVDF membrane and left at room temperature 
for 15 min. Finally, took pictures with ChemiDocTM imaging system.

2.3　Analysis of the properties and structure of Ses i 3

The amino acid sequence of sesame allergen Ses i 3 were 
downloaded through the uniprot website. Hydrophilicity, surface 
accessibility, antigenic index and flexibility of Ses i 3 were analyzed 
by the subroutine protean of DNAStar software (DNASTAR, Inc., 
Madison, WI, USA). The secondary structure of Ses i 3 was predicted 
by the SOPMA secondary structure prediction website (https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa%20_sopma.html).
Homology modeling of Ses i 3 was performed through the SWISS-
MODEL online website (https://swissmodel. expasy. org) and its 3D 
structural model was drawn through pymol software (DeLano 
Scientific, San Carlos, CA, USA). The stability of the model was 
assessed by Ramachandran plots. Proteins for species with high 
homology to Ses i 3 were retrieved from the NCBI website (https://
www.ncbi.nlm.nih.gov/), and the amino acid sequences of these 
species were analyzed using Bioedit 7.2 software (Borland Limited, 
USA). In addition, phylogenetic tree was constructed by MEGA 7.0 
software (Mega Limited, Auckland, New Zealand).

2.4　Epitope prediction of Ses i 3 by bioinformatics tools

Antigenic epitopes of Ses i 3 were predicted by 3 bioinformatics tools, 
including the DNAStar software, SOPMA secondary structure prediction 
website and BCPreds antigen epitope prediction website (http://ailab-
projects1.ist.psu.edu:8080/bcpred/). Prediction of protein properties of 
Ses i 3 was used protean, a subroutine of DNAStar software, predicted 
hydrophilicity by Kyte-Doolittle scheme, flexible regions by Karplus-
Schulz scheme, antigenic index by Jameson-Wolf scheme, surface 
accessibility with the Emini solution. Meanwhile, we used SOPMA 
secondary structure prediction website and BCPreds online sites to predict 
Ses i 3 antigen epitopes. Finally, the prediction results of the 3 tools were 
combined to analyze the possible antigenic epitope regions of Ses i 3.
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2.5　Epitope identification of Ses i 3 by slot blot immuno-microarrays

The protein and carbonate buffer solutions (CBS) were mixed in 1:2 
(V/V) ratio and the peptides were dissolved to 2 mg/mL with CBS. 
Nitrocellulose membrane was moistened in double-distilled water for 
15 min, and installed in the extraction molecular hybridization spotter. 
Spotted 10 μL per well in extraction molecular hybridization spotter and 
incubated at constant temperature for 2 h. Subsequently, 20 µL of PBST 
was added to each well to wash off the proteins that were not bound to the 
nitrocellulose membrane. Then 10 μL BSA was add into per well for 
closure and leave at room temperature for 2 h. The serum of patients with 
sesame allergy was diluted with BSA in a ratio of 1:10 (V/V) as primary 
antibody (serum pools were made by mixing three healthy adult sera in 
equal proportions, and were mixed with BSA at a ratio of 1:10 as a 
negative control), added 10 μL per well and incubated at 37 ℃ for 2 h. 
Afterwards, 20 μL of PBST was added to each well to wash off the 
primary antibody that was not bound to the protein. HRP-labeled mouse 
anti-human IgE was diluted at 1:2 000 with antibody diluent as secondary 
antibody, added 10 μL per well and incubated at 37 ℃ for 2 h. 
Subsequently, the nitrocellulose membrane was removed and washed for 
3 times with PBST for 5 min each time, stained with ECL. Finally, the 
nitrocellulose membrane was photographed with the ChemiDocTM 
Imaging System and its grayscale values were analyzed by the ImageJ 
software (National Institute of Health, Bethesda, MD, USA). All spiking 
and cleaning operations were carried out under vacuum filtration. The 
maximum grayscale value of the protein bound to serum was considered 
as 100%, while 0%–10% of the maximum grayscale value was considered 
as 0 point, 10%–40% as 1 point, 40%–70% as 2 points, and 70%–100% 
as 3 points. In addition, some peptides with a grayscale value greater than 
that of the protein after binding to serum were considered as 3 points.

2.6　Identification of key amino acids of Ses i 3

Amino acid sequences for 10 allergens with high homology to 

Ses i 3 were searched on the UniProt website, sequence alignment 

was performed by MEGA software to identify conserved amino acids. 

At the same time, amino acids appeared more frequently in epitopes 

than in the whole allergen were researched[24]. The amino acids that 

are conserved in the epitopes and occur with high frequency were 

considered as key amino acids, which were mutated to alanine and 

verified by slot blot[25-26]. Incubated the peptide before and after mutation 

on the nitrocellulose membrane and 10 parts of sesame-allergic 

patient serum were diluted with antibody diluent at a ratio of 1:100 to 

form a pool of serum as the first antibody, and the rest of the steps 

were the same as in 2.5, trials were conducted in triplicate.

3.　Results and discussion

3.1　SDS-PAGE and IgE binding capacity analysis of Ses i 3

The molecular mass of Ses i 3 was analyzed by SDS-PAGE, and 

the results were shown in Fig. 1A, the relative molecular mass of the 

synthesized Ses i 3 is approximately 60 kDa, which is somewhat 

larger than its theoretical molecular weight, probably due to the 

vector and tag in the process of prokaryotic expression. The IgE 

binding ability of recombinant Ses i 3 was characterized by Western 

blot (Fig. 1A), the recombinant Ses i 3 had a pronounced immunoblot 

against the sesame allergic patient serum, which indicated that 

recombinant Ses i 3 was with a strong IgE binding ability to the 

serum pool of sesame allergic patients.
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Fig. 1　Structural and property analysis of Ses i 3. (A) Results of SDS-PAGE and Western blot. M, Protein marker. S, SDS-PAGE. W, Western blot. (B) Analysis results of 
DNAStar. (C) Predicted results for the secondary structure of Ses i 3. (D) Spatial structure model of Ses i 3. (E) Ramachandran plot for the Ses i 3 model.
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3.2　Property, structural and cross-reactivity analysis of Ses i 3

The properties of Ses i 3 were analyzed with DNAStar software, 
and the results were shown in Fig. 1B. The hydrophilicity represents 
the ability of the protein to attract water molecules or dissolve in 
water[27], the hydrophilic region of Ses i 3 was more evenly distributed, 
and the longer continuous hydrophobic region was mainly 
concentrated in the first half of the amino acid sequence. Protein 
flexibility refers to the ability of a protein to stretch physical traits by 
physical means[28], and the analysis of DNAStar software showed that 
Ses i 3 was with a strong flexibility. The antigenic index is the region 
in the protein predicted by DNAStar with the Jameson-Wolf 
algorithm where antigenic epitopes may exist, and the results 
indicated that the antigenic index was greater than 0 and the regions 
that may form longer epitopes were mainly concentrated at the ends 
of the protein. Surface accessibility refers to the possibility of amino 
acid residues in protein antigens being contacted by solvent 
molecules[29], and it reflects the distribution of amino acid residues in 
the internal and external layers of the protein. The results of DNAStar 
analysis indicated that the regions with surface accessibility greater 
than 1 in Ses i 3 were distributed in the whole protein, however, the 
distribution was relatively dispersed. In general, sequences with 
strong hydrophilicity and surface accessibility are more likely to form 
epitopes when exposed to the protein surface[19]. Meanwhile, 
sequences with flexibility and high antigenicity index are more likely 
to form epitopes[23]. The secondary structure of Ses i 3 was predicted 
through the SOPMA, the results exhibited that among the secondary 
structures of Ses i 3, the α-helices accounted for the highest 

proportion at 36.75%, followed by random coils with 34.36%, β-folds 
and β-turn accounted for 18.97% and 9.91%, respectively (Fig. 1C).

By retrieving protein models with highly similar sequences to Ses i 3 
on SWISS-MODEL online website as a template for 3D modeling, 
the 3D models were then drawn with PyMOL software. The 
three-dimensional structure of Ses i 3 was shown in Fig. 1D. 
Meanwhile, Ramachandran plot was used to assess the stability of the 
plotted tertiary structure. Ramachandran denotes the dihedral angle 
adjacent to the α carbon, and the plotted tertiary structure is stable 
only when the position of the dihedral angle of the α carbon is within 
a reasonable range[30]. As shown in Fig. 1E, the dihedral angle of α 
carbon is basically in the red acceptable region, indicating that the 
tertiary structure map of Ses i 3 is basically stable and reliable.

The presence of the same or similar epitopes between different 
allergens can easily cause allergic cross-reactivity. Allergens with 
highly similar amino acid sequences or tertiary structures are also 
prone to cross-reactivity. In general, if the homology between two 
allergens is higher than 35%, then it can be assumed that these two 
allergens may cause cross-reactivity[31]. In this work, 27 proteins of 
species with high homology to Ses i 3 were retrieved and screened on 
NCBI. The results were shown in Fig. 2A, it was found that Ses i 3 
was homologous with some proteins in perilla, matsumoto, tobacco 
and azalea with higher homology of 56.9%, 58.7%, 52.5%, 50%, 
respectively. People who are allergic to sesame seeds may also be 
allergic to the above species. At the same time, the phylogenetic tree 
was constructed to further illustrate the homology between Ses i 3 
and the other species (Fig. 2B).
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Sesame (vicilin-like antimicrobial peptides 2-2 precursor, NP_001291343.1)
Perilla (hypothetical protein, KAH6799641.1) 0.569

1
1

1
1
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1

Matsumoto (vicilin-like antimicrobial peptides 2-2, GF981981.1) 0.587 0.550
Tobacco (vicilin-like antimicrobial peptides 2-2, XP_016464014.1) 0.525 0.493 0.572

Azalea (hypothetical protein, KAF7152949.1) 0.500 0.428 0.424 0.428
Chinese kiwi (antimicrobial peptide 2d like, PSR94812.1) 0.489 0.481 0.521 0.546 0.541

Potato (vicilin-like antimicrobial peptides 2-2, XP_006349767.1) 0.476 0.449 0.520 0.751 0.389 0.505 1
1

1
1

1
1

1
1

1
1

1
1

1
1

1

Tomato (vicilin-like antimicrobial peptides 2-2, XP_004247186.1) 0.480 0.455 0.520 0.727 0.395 0.509 0.901
Yamanashi kiwi (hypothetical protein, GFY98810.1) 0.480 0.486 0.514 0.545 0.535 0.872 0.501 0.503
Eucalyptus (vicilin Jug r 6.0101, XP_010054529.2) 0.450 0.426 0.421 0.426 0.413 0.422 0.419 0.422 0.424

Pomegranate (sucrose-binding protein, XP_031395409.1) 0.432 0.400 0.399 0.413 0.387 0.388 0.400 0.401 0.402 0.598
Quinoa (vicilin-like antimicrobial peptides 2-2, XP_021764389.1) 0.433 0.435 0.428 0.420 0.392 0.425 0.408 0.410 0.425 0.410 0.407

Orange (vicilin Pis v 3.0101, XP_015386223.3) 0.416 0.411 0.392 0.385 0.345 0.373 0.344 0.340 0.357 0.447 0.437 0.401
Citrus (vicilin-like antimicrobial peptides 2-2, XP_024043329.1) 0.416 0.411 0.392 0.385 0.345 0.373 0.344 0.340 0.357 0.447 0.437 0.401 0.998

Pistachio (sucrose-binding protein, XP_031253067.1) 0.421 0.419 0.417 0.406 0.383 0.420 0.386 0.386 0.415 0.482 0.470 0.408 0.612 0.612
Beet (hypothetical protein, KMT_10201.1) 0.437 0.439 0.426 0.429 0.390 0.427 0.423 0.415 0.431 0.412 0.407 0.756 0.431 0.431 0.435

Spinach (vicilin-like antimicrobial peptides 2-2, XP_021843200.1) 0.427 0.422 0.424 0.425 0.383 0.397 0.409 0.404 0.411 0.411 0.410 0.791 0.406 0.406 0.423 0.742
Hickory (hypothetical protein, KAG6700344.1) 0.435 0.440 0.449 0.437 0.400 0.429 0.412 0.415 0.442 0.487 0.477 0.421 0.450 0.450 0.508 0.443 0.438

Rubber tree (vicilin-like antimicrobial peptides 2-2, XP_021680546.1) 0.417 0.418 0.420 0.417 0.384 0.409 0.408 0.402 0.407 0.464 0.448 0.405 0.487 0.485 0.517 0.436 0.424 0.529
Hickory (vicilin Jug r 6.0101, XP_042990782.1) 0.437 0.440 0.447 0.437 0.400 0.429 0.413 0.417 0.442 0.487 0.477 0.423 0.450 0.450 0.504 0.445 0.439 0.990 0.533

Walnut (sucrose-binding protein, XP_018814692.1) 0.437 0.440 0.447 0.440 0.406 0.436 0.413 0.417 0.449 0.478 0.470 0.416 0.456 0.456 0.516 0.442 0.430 0.926 0.525 0.926
Orange (Globulin-1 S allele, KAH9729775.1) 0.401 0.393 0.378 0.368 0.332 0.361 0.338 0.335 0.345 0.437 0.424 0.400 0.952 0.950 0.602 0.424 0.400 0.444 0.483 0.446 0.450 1

1
1

1
1

1
1

Citrus (hypothetical protein, ESR57273.1) 0.400 0.392 0.378 0.367 0.331 0.360 0.338 0.334 0.344 0.436 0.423 0.399 0.948 0.950 0.601 0.424 0.399 0.443 0.481 0.445 0.450 0.996
Orange (Globulin-1 S allele, KAH9785791.1) 0.401 0.393 0.378 0.368 0.332 0.361 0.338 0.335 0.345 0.437 0.424 0.400 0.950 0.952 0.602 0.424 0.400 0.444 0.482 0.446 0.450 0.998 0.998

Lei Gong vine (vicilin Jug r 6.0101-like, XP_038693642.1) 0.418 0.410 0.415 0.405 0.366 0.411 0.400 0.400 0.406 0.476 0.462 0.408 0.500 0.500 0.521 0.420 0.403 0.484 0.554 0.485 0.490 0.492 0.491 0.492
Bud bulb chicory (hypothetical protein, KAI3749408.1) 0.407 0.355 0.367 0.378 0.348 0.385 0.371 0.374 0.377 0.346 0.314 0.385 0.357 0.356 0.371 0.405 0.377 0.360 0.387 0.362 0.356 0.348 0.345 0.346 0.372

Pineapple (Globulin-1 S allele, OAY78952.1) 0.370 0.360 0.339 0.342 0.342 0.353 0.331 0.328 0.354 0.394 0.373 0.380 0.357 0.357 0.379 0.389 0.384 0.365 0.374 0.366 0.363 0.353 0.352 0.353 0.361 0.320
Cherries (sucrose-binding protein-like, XP_021830373.1) 0.396 0.397 0.387 0.393 0.348 0.376 0.387 0.381 0.388 0.493 0.462 0.390 0.414 0.414 0.458 0.409 0.396 0.557 0.469 0.563 0.554 0.409 0.408 0.409 0.443 0.337 0.326

Citrus (hypothetical protein, ESR57273.1)
57
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Orange (globulin-1 S allele, KAH9785791.1)

35 Orange (globulin-1 S allele, KAH9729775.1)
100 Citrus (vicilin-like antimicrobial peptides 2-2, XP_024043329.1)

100 Orange (vicilin Pis v 3.0101, XP_015386223.3)
79

83
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Pistachio (sucrose-binding protein, XP_031253067.1)
Rubber tree (vicilin-like antimicrobial peptides 2-2, XP_021680546.1)

97 Lei Gong vine (vicilin Jug r 6.0101-like, XP_038693642.1)
Eucalyptus (vicilin Jug r 6.0101, XP_010054529.2)
Pomegranate (sucrose-binding protein, XP 031395409.1)
Cherries (sucrose-binding protein-like, XP_021830373.1)

48 Walnut (sucrose-binding protein, XP_018814692.1)
100 Hickory (hypothetical protein, KAG6700344.1)

100 Hickory (vicilin Jug r 6.0101, XP_042990782.1)
Pineapple (globulin-1 S allele, OAY78952.1)

47 Beet (hypothetical protein, KMT_10201.1)
100 Quinoa (vicilin-like antimicrobial peptides 2-2, XP_021764389.1)

100 Spinach (vicilin-like antimicrobial peptides 2-2, XP_021843200.1)
100 Chinese kiwi (antimicrobial peptide 2d like, PSR 94812.1)

100 Yamanashi kiwi (hypothetical protein, GFY98810.1)
Azalea (hypothetical protein, KAF7152949.1)

88 Sesame (vicilin-like antimicrobial peptides 2-2 precursor, NP_001291343.1)
84
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Perilla (hypothetical protein, KAH6799641.1)
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100 Potato (vicilin-like antimicrobial peptides 2-2, XP_006349767.1)
100 Tomato (vicilin-like antimicrobial peptides 2-2, XP_004247186.1)

Bud bulb chicory (hypothetical protein, KAI3749408.1)

Fig. 2　Homology analysis of proteins from 27 species with Ses i 3 (A) and phylogenetic tree (B).
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3.3　Epitope prediction results by bioinformatics tools

Prediction of antigenic epitopes of Ses i 3 was through 
3 bioinformatics tools. In the analysis results of DNAStar, the regions 
with hydrophilicity > 0, surface accessibility index > 1, flexibility > 0, 
and antigenic index > 0 were used as the predicted basis of antigenic 
epitopes[24]. Since in the secondary structure of proteins, α-helices and 
β -folds are more stable and not easily deformed, so it is difficult to 
bind with antibodies to form epitopes[31]; while β-turns and random 
coils are easier to bind with antibodies due to their prominent 
structure, so it is easy to form epitopes, which are selected as the basis 
for epitope prediction in SOPMA secondary structure prediction. 
Submitted the amino acid sequence of Ses i 3 to the BCPreds online 
website, which gives antigenic epitope prediction results directly.

The prediction results of 3 bioinformatics tools were shown in 
Table S2. Since the length of epitopes is usually 5–17 amino acid 
sequences, predictions that were too long or too short were excluded. 
Sequences identified by all three software simultaneously were 
considered as the final predicted epitopes. The final 10 predicted 
epitopes were screened, which were peptide 1 with 11 amino acids 
(AA38-48, KAQQQISKEQK), peptide 2 with 12 amino acids 
(AA61-72, QKHQGEHGRGGG), peptide 3 with 12 amino acids 
(AA110-121, RCQEEYQREKGR), peptide 4 with 12 amino acids 
(AA122-133, QDDDNPTDPEKQ), peptide 5 with 10 amino acids 
(AA142-151, RRQGEGGGFS), peptide 6 with 16 amino acids 
(AA157-172, RRREEKYREQQGREGG), peptide 7 with 16 amino acids 
(AA178-193, EGREREEEQEEQGRGR), peptide 8 with 10 amino acids 
(AA399-408, QQRPTHSNQY), peptide 9 with 10 amino acids 
(AA414-423, VDASQYRQLR), and peptide 10 with 18 amino acids 
(AA469-486, SRSRGSYQGETRGRPSYQ) (Table 1).

3.4　Epitope identification results by slot blot immuno-microarrays

The IgE binding ability of the predicted epitopes was detected by 
slot blot immuno-microarrays, and the grayscale values were scored 
using ImageJ software. Peptides that bound to more than half of the 
serum or scored greater than the mean plus standard deviation were 
considered as epitopes. The results were shown in Fig. 3A, the 
sesame allergen Ses i 3 was recognized by all sera, the binding bands 
of serum No. 1 and No. 10 were lighter, while serum No. 5, No. 6 and 
No. 9 had darker binding bands with protein, the binding of different 

sera to protein and peptides varied widely. Peptides 1, 2, 3, 5, 6, 7, 9, 
and 10 could be recognized by more than half of the sera. However, 
peptide 4 was barely bound to serum and only mildly bound to serum 
No. 5; in addition, peptide 8 was bound to serum No. 2, No. 3, No. 6, 
and No. 9 with the shallow band, indicated a low binding capacity to 
serum. Therefore, peptide 4 and peptide 8 were not considered as 
epitopes of Ses i 3. It is worth noting that some of the sera were 
weakly bound to the IgE of the protein and more strongly bound to 
the peptides, such as serum No. 1, No. 2 and No. 10. However, these 
serums did not bind to all peptides. And the negative control (N) had 
no visible binding bands, indicating that neither the sesame allergen 
Ses i 3 nor the peptides produced IgE binding to the serum of healthy 
adults. Subsequently, the grayscale values of these strips were scored, 
in which the maximum grayscale value was 121 542.000 and 
considered as 100%. An immunization scoring matrix was created, 
where the score of peptide 3 was greater than the mean plus the 
standard deviation, indicated the strongest ability to bind IgE from 
serums. Peptide 10 bound weakly to IgE from serums, but still bound 
to more than half of the serum. According to the scoring criteria 
described in 2.5, peptides 1, 2, 3, 5, 6, 7, 9 and 10 were finally 
identified as B-cell linear epitopes of Ses i 3 (Fig. 3B). The results of 
epitope identification showed that the B-cell linear epitopes of Ses i 3 
were mainly concentrated in the amino acid sequences of 1–200 and 
400–500. In the prediction results of DNAStar, these regions were the 
more antigenic regions, indicating that the prediction results of 
DNAStar were accurate. Predicting the spatial structure of allergens 
aimed to better understand the correlation between antigenic epitopes 
and structure. The spatial structure of an allergen is critical to its 
immunogenicity, and binding of antibodies to epitopes usually 
requires a stable spatial structure of the allergen. In addition, in order 
to better understand the link between epitopes and structures, we labeled 
the exact location of epitopes in the spatial structure of Ses i 3. We 
found that these epitopes are on the surface of the spatial structure of 
Ses i 3, which may contribute to the specific binding of these epitopes 
to the antibody. The results were shown in Fig. 4.

3.5　Identification of key amino acids of Ses i 3

Amino acids that occur more frequently in epitopes than in the 
entire protein was screened (Fig. 5A). At the same time, through the 
conservative analysis of amino acid sequences of 11 allergens 
(Fig. 5B), the amino acids with conserved nature were identified. The 
part where the results of the two methods coincide was used as the 
prediction results of key amino acids. The results showed that most of 
the amino acids appeared more frequently in epitopes than in protein, 
conserved amino acids appeared essentially after amino acid 
sequence 212. At last, leucine 422 in peptide 9, tyrosine 485 in 
peptide 10 were identified as the candidates for key amino acids. 
These two amino acids were replaced with alanine, and the replaced 
amino acid sequences were shown in Table S3. Key amino acids were 
verified by slot blot immuno-microarrays, and grayscale values were 
also analyzed. The analysis revealed that when leucine 422 was 
mutated to alanine, a significant decrease in IgE binding capacity of 
peptide 9 occurred, indicating it was the key amino acid of peptide 9. 
When tyrosine 485 was mutated to alanine, there was no significant 
change in the IgE binding capacity of peptide 10 (Fig. 6). In 
summary, leucine 422 was identified as a key amino acid of Ses i 3.

Table 1
Predictive results of B-cell linear epitopes of Ses i 3.

Number

1

2

3

4

5

6

7

8

9

10

Location

38-48

61-72

110-121

122-133

142-151

157-172

178-193

399-408

414-423

469-486

Amino acid sequence

KAQQQISKEQK

QKHQGEHGRGGG

RCQEEYQREKGR

QDDDNPTDPEKQ

RRQGEGGGFS

RRREEKYREQQGREGG

EGREREEEQEEQGRGR

QQRPTHSNQY

VDASQYRQLR

SRSRGSYQGETRGRPSYQ
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P-1 (AA:38-48) P-2 (AA:61-72) P-3 (AA:110-121) P-5 (AA:142-151)

P-6 (AA:157-172) P-7 (AA:178-192) P-9 (AA:414-423) P-10 (AA:469-486)

Fig. 4　Position of the epitopes of Ses i 3 in its three-dimensional structure.
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Fig. 5　Predicted results of key amino acids. (A) Comparison of the frequency of occurrence of amino acids in proteins and epitopes. (B) Conservative analysis of 
amino acid sequences of selected allergens. The UniProt login number is in parentheses.
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7 1 2 2 3 0 0 1 0 0 2 1
8 2 3 3 2 0 3

3
1 3 0 3 1

9 3 3 2 3 0 1 1 1 3 2
10 1 2 2 3 0 2 1 0 0 3 3

Positive 10 10 10 9 1 9 10 6 4 9 9subjects, n

Intensity 18 24 21 26 1 23 13 8 4 24 13

> 50% of + + + + + + + + +subjects

> Mean
intensity +

+ SD

Fig. 3　Epitope identification results for Ses i 3. (A) Slot blot-immunomicroarray results for Ses i 3. Ses i 3, Slot blot-immunoblotting of the sesame allergen 
Ses i 3 with 10 sesame allergy sera. N, Slot blot-immunoblotting of sesame allergen Ses i 3 and 10 predicted epitope peptides (from left to right were Ses i 3, 

peptides 1-10) with a pool of three healthy adult sera. 1-10, Slot blot-immunoblotting of 10 predicted epitope peptides with 10 sera from sesame-allergic patients. 
(B) Immunization score matrix of sesame allergen Ses i 3 and ten predicted epitopes.
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4.　Conclusions

In the present work, we have analyzed the physicochemical 
properties, structure and homology of the sesame allergen Ses i 3. The 
amino acid sequences of Ses i 3 had a long hydrophobic region and 
with high antigenic index and easy epitope formation. Also, Ses i 3 is 
highly flexible, which may be one of the important reasons for the 
allergen formation. Combined with bioinformatics methods and 
immune-microarray techniques, 8 peptides were identified as B-cell 
antigenic epitopes of Ses i 3. By analyzing the amino acid 
conservativeness, the frequency of amino acid occurrence, and the 
further verification by slot blot immuno-microarrays, leucine 422 was 
identified as the key amino acid for the epitope. These findings will 
help further improve our understanding of sesame allergens.
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