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A B S T R A C T   

Linear IgE epitopes play essential roles in persistent allergies, including peanut and tree nut allergies. Using 
chemically synthesized peptides attached to membranes and microarray experiments is one approach for 
determining predominant epitopes that has seen success. However, the overall expense of this approach and the 
inherent challenges in scaling up the production and purification of synthetic peptides precludes the general 
application of this approach. To overcome this problem, we have constructed a plasmid vector for expressing 
peptides sandwiched between an N-terminal His-tag and a trimeric protein. The vector was used to make 
overlapping peptides derived from peanut allergens Ara h 2. All the peptides were successfully expressed and 
purified. The resulting peptides were applied to identify IgE binding epitopes of Ara h 2 using four sera samples 
from individuals with known peanut allergies. New and previously defined dominant IgE binding epitopes of Ara 
h 2 were identified. This system may be readily applied to produce agents for component- and epitope-resolved 
food allergy diagnosis.   

1. Introduction 

The incidence of individuals experiencing food allergies has 
increased over the past two decades (Gupta et al., 2011, 2019; Kumfer 
and Commins, 2019; Sicherer et al., 2003). Nine food groups are 
recognized as major allergen sources in the US. Food allergies affect not 
only the allergic patients and their families but also the agriculture and 
food industry and the public. Although extensive research has focused 
on the disease mechanisms and searching for effective treatments for 
allergies, there is no cure (Moore et al., 2017). With few exceptions, food 
allergens are proteins, and for each allergen source, only a small number 
of proteins cause most allergic reactions. What makes these food pro
teins allergens remains to be elucidated. 

A food allergen triggers allergic reactions through its associations 
with immunoglobulin E (IgE) in individuals who were previously 
sensitized to the allergen. IgE binding epitopes of food allergens can be 
linear or conformational, and linear epitopes are regarded as the most 
responsible for severe, persistent allergies to peanuts and tree nuts 
(NIH_Expert_Panel, 2006). Defining and characterizing linear IgE 

epitopes is essential to understanding the allergenicity of food allergens 
and developing methods for allergen mitigation or treatments. The 
strategy for defining linear IgE epitopes is testing the immunoreactivity 
of overlapping peptides with the IgE repertoires in patients’ sera. Earlier 
studies approached goals with chemically synthesized peptides (15-mer, 
10-mer) bond to cellulose membranes, and the dominant linear IgE 
epitopes of peanut allergen Ara h 1, Ara h 2, and Ara h 3 were deter
mined (Burks et al., 1997; Rabjohn et al., 1999; Stanley et al., 1997) 
using selected patient sera. Whereas later studies took advantage of the 
microarray technology with a large number of patient sera (Shreffler 
et al., 2004). The results suggested that the number of epitopes recog
nized by the IgE pool in a patient’s serum was a better indicator of the 
severity of the patient’s allergy than which dominant epitopes the pa
tient’s serum recognized, suggesting the importance of IgE binding 
epitope mapping. 

The implementation of the strategy, though, is impeded by the need 
to produce overlapping peptides scanning the whole sequence of an 
allergen. As a result, most food allergens’ dominant linear IgE epitopes 
have not been determined. Chemical synthesis is currently the primary 
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method of peptide production. It is relatively expensive, and there are 
inherent challenges in scaling up the production. In addition, purifica
tion of the peptide product can be problematic, and epitope mapping 
requires highly pure peptides to prevent false positives. Spot synthesis is 
another way of producing overlapping peptides. However, in-house 
production or outsourcing costs are both high and out of the range of 
many labs. Spot synthesis can falter with challenging sequences, and 
purification is practically impossible. Systems for recombinantly 
expressing peptides have also been developed, with the E. coli system 
being the first choice. However, the expressed peptide may be unstable 
due to microbial proteases in the expression system, and the production 
yield is unpredictable. Thus, different expression systems have been 
designed to solve various problems. Such as fusing peptides with partner 
proteins to enhance the peptide yield and solubility (Lamer et al., 2022; 
Zenin et al., 2022) and using a self-aggregating tag to induce the for
mation of aggregates of the target peptide with a fusion protein (Yang 
et al., 2022). Several studies also utilized recombinantly expressing 
tandem peptide repeats for peptide production (Nagaraj et al., 2019). 

Nevertheless, mapping IgE binding epitopes requires large numbers 
of peptides, and none of the expression strategies has been reported to be 
suitable for such applications. We sought to develop a strategy to pro
duce peptides using an E. coli system with the help of a TL1A expression 
tag. TL1A was expressed without a tag and yielded high protein levels in 
both the soluble and the inclusion partitions (Jin et al., 2007b). For IgE 
binding epitope mapping, it would be regarded as successful when a 
TL1A fused peptide is expressed either in the soluble partition or the 
insoluble partition because the peptide would be used to assess the 
linear IgE epitopes, not conformational epitopes. Here, we report an 
expression system for producing peptides sandwiched between a 
His-Tag and TL1A and its application to mapping IgE binding epitopes of 
peanut allergen Ara h 2. 

2. Materials and methods 

2.1. Plasmid construction 

All DNA oligo were custom synthesized by IDT DNA Technologies 
(Coralville, IA). A forward primer (ccaaatGGATCCagagcagacggagataag) 
and a reverse primer (ccaaatCTCGAGctatagtaagaaggctccaaaga) was 
used to amplify the coding sequence for TL1A using pDEST-TL1A (Jin 
et al., 2007b) as a template. The PCR product was digested with BamH I 
and Xho I and cloned into the pTMS1 vector (Zhang and Fan, 2017) to 
make pNH-TL1A for an unrelated study. pNH-TL1A was digested with 
Pml I and Xho I, and the released sequence coding for TL1A with a 
His-tag was inserted into pTGS1 (an in-house vector similar to pTMS1 
with different cloning sites) prepared with the same enzymes to make 
pNHH-TL1A. pNHH-TL1A expresses TL1A with a long His-tag with 12 
histidine residues, and the sequence coding the tag has a Pml I site. The 
sequence of the cloning sites or pNHH-TL1A is shown in the supple
mental information (supplemental Fig. S1). 

Nineteen pairs of DNA oligos were synthesized to make 16-residue 
peptides covering the entire sequence of the peanut allergen Ara h 2 

(supplemental Table S1). Adjacent peptides have 9-residue overlaps. 
Each oligo pair were mixed at 10 µM concentrations and heated to 96 ◦C 
for 2 min using a PCR machine. The PCR machine was then turned off, 
and the samples were kept in the PCR machine for half an hour. The 
annealed oligo pairs were ligated with pNHH-TL1A prepared with Pml I 
and BamH I, and the ligation product was transformed into dH5α E. coli. 
The transformation products were spread on LB plates containing 
kanamycin. Colonies were picked to inoculate 5 mL cultures for DNA 
miniprep using QIAprep Spin Miniprep Kit (QIAGEN Valencia, CA), 
following the manufacturer’s protocols. DNA sequencing (performed by 
Elim Biopharm, Hayward, CA) was used to confirm the presence of the 
correct coding sequences. Nineteen plasmids were obtained and named 
pNH-H2Px-TL1A, where x is a number from 1 to 19, indicating the 
numbering of the peptide derived from peanut allergen Ara h 2. 

The oligo pair for peptide 10 was also cloned into pDim1CH to make 
pDim1-H2P10 using the same strategy applied to the constructs with 
pNHH-TL1A. pDim1CH has the same vector backbone as pNHH-TL1A 
but expresses human dim1 and has cloning sites 3′ to the coding 
sequence of dim1 (supplemental Fig. S2). The correct sequence coding 
peptide 10 of Ara h 2 fused to the C-terminal of human dim1 was also 
confirmed by DNA sequencing. 

2.2. Peptide production 

The plasmids were transformed into BL21 Bacteria (BL21 Star™ 
(DE3), Thermo Fisher Scientific, Waltham, MA) for protein expression. 
For each peptide, a single colony was picked and used to inoculate a 50 
mL BL culture containing kanamycin (50 µg/mL). After incubating in a 
shaker at 37 ◦C overnight, 25 mL of the culture was used to start (1 L) 
larger cultures. When the OD at 600 nm of the larger cultures reached 
about 1, the shaker temperature was set to 18 ◦C, and the cultures were 
allowed to grow for one hour while the temperature settled down. The 
production of the peptides was induced by adding IPTG (Isopropyl β-D- 
1-thiogalactopyranoside) (GoldBio, St Louis, MO) to a final concentra
tion of 1 mM. The cultures were harvested after 16 h the next day by 
spinning at 3900 g and collecting the pellets. The pellets were resus
pended in 30 mL of buffer HB (20 mM imidazole, pH 8.0, 500 mM NaCl) 
and stored in 50 mL falcon tubes at − 20 ◦C. 

2.3. Peptide purification 

A frozen cell suspension was thawed by placing the 50 mL tube in a 
beaker containing room temperature water. The thawed cell suspension 
was transferred to a 100 mL plastic beaker, and 35 mL of buffer HB 
containing 1 mM benzamidine was added. The bacteria were sonicated 
for 3 min in the beaker surrounded by ice and water. The lysate was 
cleared by centrifugation at 20,000g for 40 min at 18 ◦C. The His-tag 
protein was purified using an AKTA FPLC system (GE Healthcare, Pis
cataway, NJ) equipped with a 5-mL HisTrap FF Crude column (GE 
Healthcare). The column was equilibrated with 25 mL of Buffer HB, 
loaded with the supernatant, washed with 25 mL of buffer HB, and 
further washed with 25 mL of buffer HW (45 mM Imidazole, pH 8.0, 500 

Fig. 1. Production of TL1A fused peptides. The SDS-PAGE 
analyses of the expression and purification of two Ara h 2 
peptides are shown (left, P3; right P8). Lanes labeled U, I, 
P, and S represent uninduced, induced, pellet, and super
natant, respectively. F denotes the flowthrough of the 
metal chelating chromatography. The nickel column puri
fied peptide-TL1A fusions were loaded to the last well of 
the gel. A pre-stained protein ladder (Thermo Fisher, cat
alog BP36031) containing protein molecular weight stan
dards of 11, 17, 26, 34, 43, 50, 72. 95, 130, 170 kDa were 
used as references.   
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mM NaCl). The protein was eluted with buffer HE (300 mM Imidazole, 
pH 8.0, 500 mM NaCl). 

2.4. Purification of peanut allergen Ara h 2 

Ara h 2 was purified from raw peanut by buffer extraction and 
ammonium sulfate precipitation (Masityama et al., 2014) followed by 
gel filtration with a Superdex 200 preparative column (GE Healthcare). 

2.5. SDS PAGE analyses 

Purified peptide-TL1A samples were mixed 1:1 with an SDS sample 

buffer (50 mM Tris-HCl, pH6.8, 2% SDS, 0.1% bromophenol blue, 10% 
glycerol) containing 100 mM β-mercaptoethanol and incubated at 96 ◦C 
for 10 min. SDS-PAGE was carried out using gradient polyacrylamide 
gels (4–20%) with a HEPES-Tris running buffer (100 mM HEPES, 100 
mM Tris, pH 8.0, 3 mM SDS). Gels were stained as previously described 
(Zhang et al., 2014) and documented with an ImageQuant LAS 400 
Imager (GE Healthcare). ImageJ (Abramoff et al., 2004) was used to 
estimate the concentration of purified Ara h 2 peptide-TL1A fusions. 

2.6. Spotting the peptides and controls onto membranes 

For dot blot, Ara h 2, peptide 10 fused with dim1, and the peptide- 
TL1A fusions were prepared with 8 M urea to about the same concen
tration based on the ImageJ results. Two hundred nanoliters of the 
samples were spotted on nitrocellulose membranes using an NT8 Drop 
Setter (Formulatrix, Bedford, MA). The membranes were let dry at room 
temperature overnight for at least 16 h. 

2.7. Peptide recognition by serum IgE 

Serums 1 and 2 (with de-identified patient codes 5422 and 6202, 
respectively) were collected from patients with a history of IgE- 
mediated pecan and peanut allergies and with a positive oral food 
challenge to peanut and pecan. The patients were enrolled in the food 
allergy study at Stanford University under institutional review board 
approval with informed consent. Serums 3 and 4 were acquired from 
PlasmaLab International (Everett, WA), and the samples were collected 
from patients with peanut allergies. The sample IDs are 32342-DG and 
29984-JD, respectively. Four sera samples collected from patients with 
milk allergies (with sample IDs 25284 SC, 24235 M, 27508 K, 24317 BB) 
were also acquired from PlasmaLabs and used as negative controls. 

IgE binding of the peptides was assessed by dot blot. The membranes 
with sample spots were washed for 5 min with TBST (25 mM Tris, pH 
7.4, 137 mM NaCl, 2.7 mM KCl, 0.1% Tween 20) three times. The 
spotted membranes were blocked with 10% nonfat dry milk in TBST for 
1 h at room temperature. In the meantime, individual sera were diluted 
25 times with TBST containing 1% nonfat milk. Blocked membranes 
were incubated with a particular serum (at 1:25 dilution with TBST) for 
1 h at room temperature. The membranes were washed with TBST for 5 
min, repeated three times, followed by incubating with a secondary 
antibody for 1 h at room temperature. The secondary antibody was 
horseradish peroxidase (HRP) labeled goat antibody against human IgE 
(SeraCare, Milford, MA), and it was diluted 5000 times with TBST 
containing 1% nonfat milk. The membranes were washed with TBST for 
5 min, repeated three times, and the SuperSignal West Femto Substrate 
(Thermo Fisher) was used for detection using the ImageQuant LAS4000 
imaging system in chemiluminescence mode. As a positive control, a 
membrane was blotted similarly but probed using a mouse monoclonal 
antibody against His-tag (QIAGEN) as the primary antibody, and an HRP 
conjugated goat anti-mouse antibody was used as the secondary 
antibody. 

3. Results and discussion 

3.1. Peptide expression and purification 

TL1A is a tumor necrosis factor (TNF) superfamily member. In pre
vious studies of the TL1A cytokine, we found that it can be recombi
nantly produced in bacteria (Jin et al., 2007a, 2007b). When the 
bacteria were lysed with freezing and sonication in aqueous solutions, 
high levels of TL1A were present in both the soluble and insoluble 
partitions (data not shown). In light of the known possible effects of 
fusion tags in expressing exogenous proteins in bacteria and the need for 
the production of overlapping peptides covering the sequences of 
various food allergens, we considered using TL1A to aid the expression 
of peptides. 

Fig. 2. Comparison of the soluble partitions of Ara h 2 peptide fusions. Equal 
volumes of nickel column purified peptide fusions H2P1-TL1A to H2P19-TL1A 
were loaded to different wells of gradient SDS gels. The gel lanes are labeled on 
top of the gel. Lane 1 was loaded with H2P1-TL1A, lane 2, H2P2-TL1A, and so 
on. Lane M was loaded with the EZ-Run Rec Protein ladder (Fisher, BP36021), 
which contained protein standards with molecular weights of 200, 150, 120, 
100, 85, 70, 60, 50, 40, 30, 25, 20, 15, and 10 kDa. 

Y. Zhang et al.                                                                                                                                                                                                                                   



Molecular Immunology 153 (2023) 194–199

197

To facilitate the expression of TL1A fused to a series of peptides, we 
generated the pNHH-TL1A vector that includes Pml I and BamH I re
striction sites and a His-tag (Fig. S1). The vector was prepared with Pml I 
and BamH digestion and used to construct expression plasmids for 
peptide expression. For a particular peptide, a DNA oligo pair for the 
peptide could be annealed to form a short double-stranded DNA with a 
blunt end and a BamH I sticky end and ligated with the prepared vector 
without further modification. 

As an example of the application of this method, we constructed 
plasmids to express 19 overlapping peptides covering the protein 
sequence of peanut allergen Ara h 2. The plasmids were named pNH- 
H2Pn-TL1A, where n is a number counting from 1 to 19 and represent 
the peptide number in the series. Expression of the peptide-TL1A fusions 
was carried out using the BL21 bacteria, and all 19 peptide fusions were 
successfully expressed and purified from the soluble partition using 

nickel columns. The purified products were named H2Pn-TL1A, where n 
is the numbering of the peptide in the series. They will be referred to as 
peptides 1–19 (P1 to P19) hereafter. Among the peptides, numbers P1, 
P2, P3, P16, P17, and P18 had similar levels in the soluble partition 
when the bacteria were lysed by freeze-thaw and sonication. The 
expression and purification of P3 are shown in the left panel of Fig. 1. 
The rest of the peptides in the series had higher levels in the soluble 
partition. As a representative, the expression and purification of P8 are 
shown in the right panel of Fig. 1. Similarly, the His-tag at the C-terminal 
of the dim1-peptide10 was utilized to purify the dim1-peptide fusion. 
The purified product will be referred to as D10 hereafter. 

3.2. Peptide spotting 

To assess the binding of the peptides with IgE molecules in patient 

Fig. 3. Mapping linear IgE binding epitopes with peptide fusions. Areas of membrane spotted with the same pattern of peptide fusions and controls as shown in A) 
were used in dot blot experiments. B), The membrane was probed with an anti-His-tag antibody to assess the relative amount of peptide spotted. C-F), Membranes 
probed with serum 1, 2, 3, and 4, respectively. G), A representative of negative controls with sera of patients with milk allergy (see text). 

Table 1 
Recognized of Ara h 2 and its peptide by IgEs In individual serum.   

Ara h 2 Peptide 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Serum 1 þ þ þ þ þ

Serum 2 þ þ þ þ þ þ þ

Serum 3 þ þ þ þ þ þ þ þ þ þ þ þ þ

Serum 4 þ þ
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sera, equal volumes of purified peptides were loaded into separate wells 
of three homemade gradient gels. P9 and P15 were each in two gels to 
assess the relative concentrations of the purified peptides (Fig. 2). For 
each gel, the relative strength of the peptide bands in different lanes was 
analyzed with the ImageJ software. P9 and P15 were used to estimate 
the relative strength of the peptide bands in different gels. 

Based on the ImageJ estimation of the relative concentrations of the 
purified peptides, final peptide samples were prepared in 4 M urea. The 
19 overlapping peptides along with Ara h 2 (h2) and D10 were then 
spotted on nitrocellulose membranes. The protein concentrations of 
samples were about 27 µM, and 200 nL of the solutions was spotted for 
each dot. The dots were spotted in a pattern similar to the well pattern of 
a 384-well plate. Each membrane contained 10 identical sub-patterns 
separated by dots of Coomassie brilliant blue R. Using the blue dots as 
guides, we cut the membrane into pieces, each having a dot pattern as 
shown in Fig. 3A. 

3.3. IgE recognition of the peptides 

To assess the suitability of the peptide fusions for determining IgE 
epitopes, the His tag of the peptide fusions was used to evaluate the 
relative amount of peptide spotted onto the membrane. An anti-His tag 
antibody was used to blot one of the membranes as a positive control, 
and the results are shown in Fig. 3B. All 19 TL1A fused Ara h 2 peptides 
and peptide 10 fused to human dim1 were detected by the anti-His tag 
antibody, while Ara h 2 purified from peanuts was not recognized by the 
antibody. 

Serum IgE recognition of the peptides was demonstrated with four 
patient sera, as shown in Fig. 3C-F and summarized in Table 1. All four of 
the sera recognized the natural allergen, although the amount of IgE 
molecules bound differs considerably, as expected. Serum 3 had the 
highest level of Ara h 2 specific IgE antibodies. It also contained IgE 
molecules associated with more peptides than the other sera. All the sera 
recognized more than one peptide at the current experiment’s sensitivity 
level. Fig. 3G shows that serum 24235 M did not associate with any 
peptide spots, nor did any of the other control sera (data not shown). 

Ten distinct Ara h 2 IgE binding epitopes were determined to be 
dominant more than 30 years ago with peptides synthesized on deriv
atized cellulose membranes (Stanley et al., 1997). Whereas in a study 
with peptide microarrays (Shreffler et al., 2005), nine Ara h 2 dominant 
IgE binding epitopes were defined, with two of the epitopes residing in a 
longer one. These two studies had seven epitopes in common. With the 
TL1A fusions, five peptides were recognized by at least half of the sera. 
Three of these (P6, P7, and P16) encompassed previously identified 
epitopes, while the other two (P9, DRRGAGSSQHQERCCN; and P12, 
ENNQRCMCEALQQIME), including a peptide recognized by all four 
sera, were not identified as Ara h 2 dominant IgE binding epitopes in the 
previous studies (Fig. 4). Possible reasons why the epitope contained in 

P9 was not previously reported include differences in the serum sets 
used. It is also possible that the property of the peptides covering this 
part of Ara h 2 could cause issues in synthesizing the peptides on the 
membrane or printing microarrays. Unlike the method described here, 
where the His-tag is used as an internal positive control, previous spot 
synthesizing and microarray experiments had no positive controls. 

When the microarray techniques were well developed and applied to 
mapping linear IgE binding epitopes of allergens, peptides with 1 or 2 
overlapping amino acids were often used to print the microarrays to 
locate the epitopes more precisely. Earlier studies used peptides with 
larger overlapping regions to determine dominant linear epitopes. The 
present study developed an inexpensive method that more laboratories 
with limited budgets can adapt and demonstrated its application to 
mapping IgE binding epitopes of peanut allergen Ara h 2. Future 
development of the technique into a high throughput method will 
enable it to use a short offset of the overlapping peptides and locate the 
epitopes as precisely as the microarray technology. 

Besides epitope mapping, the TL1A fused peptides can also be used to 
study the responses of mast cells and basophils when they are cross- 
linked by IgE antibodies. If the IgE antibody specific to an epitope is 
isolated/produced, mast cells (such as the LAD2 cells) can be loaded 
with the IgE. Because three copies of the same epitope are displayed on 
TL1A, the TL1A-peptide fusion can activate the cells. The same epitope 
fused with Dim1 can be used as a negative control because Dim1 is a 
monomeric protein in solution (Zhang et al., 2003). Thus, the 
Dim1-peptide cannot cross-link the IgE antibodies. Dim1 behaved 
similarly to TL1A regarding their expression levels in the soluble and 
insoluble partitions of the bacteria when lysed. Although we have not 
made a large number of Dim1-peptide fusions, we expect that Dim1 can 
also be used to produce peptides with different properties. 

It is worth noting that using overlapping peptides to map IgE binding 
epitopes of food allergens only applies to linear epitope mapping. 
Various studies about determining conformational IgE binding epitopes 
of food allergens were reported in the literature. To our knowledge, 
however, these only apply to a limited number of targeted IgEs, and a 
method to map conformational epitopes on the surface of an allergen 
that bind the repertoire of IgE antibodies in a serum remains to be 
developed. 

In summary, the results showed that TL1A could be used as a fusion 
partner to facilitate the production of peptides in E coli. The method’s 
utility was demonstrated with its application to expressing overlapping 
Ara h 2 peptides. In addition, the peptide fusions were present in both 
the soluble and the insoluble partitions (data not shown), indicating the 
method’s potential utility in producing peptides with even more diverse 
properties. Information about IgE binding epitopes can be used for ac
curate and reproducible diagnoses of allergies (Suarez-Farinas et al., 
2021). Epitope-specific IgE antibody profiling can be used to predict the 
probabilities of tolerating discrete doses of food protein for food 

Fig. 4. Linear IgE binding epitopes of Ara h 2. 
Peptides with binding activity to IgE molecules 
in at least half of the sera are shown by green 
bars on top of the Ara h 2 sequence. These 
include peptides 6, 7, 9, 12, and 16. The 
thickness of the bar corresponds to the number 
of sera they bound. Previously identified Ara h 
2 epitopes (Stanley et al., 1997) are also shown 
and are indicated by red letters in the sequence. 
The starting and ending residues of overlapping 
epitopes are shown by red arrows pointing to 
the right and left, respectively. Epitopes next to 
each other are separated by a red arrow point
ing downward. Blue bars underneath the 
sequence indicate the positions of the linear 
epitopes previously identified in a study 
(Shreffler et al., 2005) using microarrays with 

synthesized peptides of different lengths and different numbers of overlapping residues.   
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challenges (Suprun et al., 2022). However, the dominant IgE binding 
epitopes of most food allergens, and pollen allergens, have not been 
identified. The method of producing peptide TL1A fusions developed in 
this study offers another approach for researchers to obtain information 
about IgE binding epitopes of allergens for better diagnosis and pre
diction of the prognosis of allergies and for understanding better the 
allergenicity of proteins. 
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