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A B S T R A C T

Many individuals with peanut (PN) allergy have severe reactions to tree nuts (TN) such as walnuts or cashews.
Although allergenic proteins in TN and PN have overall low identity, they share discrete sequences similar in
physicochemical properties (PCP) to known IgE epitopes. Here, PCP-consensus peptides (cp, 13 aa and 31 aa)
were identified from an alignment of epitope rich regions of walnut vicilin, Jug r 2, leader sequence (J2LS) and
cross-reactive epitopes in the 2S albumins of peanut and synthesized. A peptide similarity search in the
Structural Database of Allergenic Proteins (SDAP) revealed a network of peptides similar (low property distance,
PD) to the 13 aa cp (13cp) in many different plant allergens. Peptides similar to the 13cp in PN and TN allergens
bound IgE from sera of patients allergic to PN and TN in peptide microarray analysis. The 13cp was used to
produce a rabbit consensus peptide antibody (cpAB) that detected proteins containing repeats similar to the 13cp
in western blots of various nut extracts, in which reactive proteins were identified by mass spectrometry. The
cpAB bound more specifically to allergens and nut extracts containing multiple repeats similar to the 13 cp, such
as almond (Pru du 6), peanut (Ara h 2) and walnut (Jug r 2). IgE binding to various nut extracts is inhibited by
recombinant J2LS sequence and synthetic 31cp. Thus, several repeated sequences similar to the 13cp are bound
by IgE. Multiple similar repeats in several allergens could account for reaction severity and clinically relevant
cross-reactivity to PN and TN. These findings may help improve detection, diagnostic, and therapeutic tools.

1. Introduction

Up to 30 % of individuals with a clinically significant peanut (PN)
allergy are also clinically allergic (not just sensitized) to at least one tree
nut (TN) species (Bublin and Breiteneder, 2014; de Leon et al., 2007,
2003; Glaspole et al., 2011; Kulis et al., 2009; Maloney et al., 2008;
Sicherer et al., 2003; Uotila et al., 2018). While the major TN and PN
allergens can be grouped into similar protein families (PFAM) (Ivanciuc
et al., 2009a; Schein et al., 2010), the overall sequence identity even
within the same PFAM is quite low. For example, the peanut 2S albumin
allergen, Ara h 2, is< 35 % identical to the related walnut allergen, Jug
r 1 (Smeekens et al., 2018). This suggests their allergenicity lies in
discrete sequence areas. Previously, the peptide similarity search pro-
gram, in the Structural Database of Allergic Proteins (SDAP) (Ivanciuc

et al., 2009a, a; Ivanciuc et al., 2009b, 2002) was used to identify se-
quences with similar physicochemical properies (PCPs) to an im-
munodominant epitope of the 2S albumin, Ara h 2 and predict potential
epitopes in other allergens (Maleki et al., 2011, 2012). The PD search
revealed similar IgE epitopes in the leader sequence (LS) of the walnut
allergen, the 7S globulin Jug r 2 (J2LS). These repeated sequences were
recognized by serum IgE of both walnut and peanut allergic individuals.
Therefore the walnut allergen Jug r 2, whose mature region has a vicilin
fold similar to Ara h 1, has several IgE reactive sequences in its LS that
are similar (low property distance, PD) to an immunodominant epitope
of Ara h 2, a 2S albumin. Here we address the question of whether
repeats with similar PCPs to a consensus sequence could play a role in
IgE binding, and cross reactivity of peanuts and nuts.

Plant proteins are known to contain repeated sequences, due to the
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action of transposons and the polyploidy of their genomes. For example,
repeated sequences account for as much as 67 % of cotton genomes (Li
et al., 2015) and microsatellite repeats are used to classify cultivars of
plants such as peanuts (Wang et al., 2016), rice (Kaur et al., 2015)
flowering cabbage (Chen et al., 2017) and many others. Plant selection
can also contribute to gene duplications if the sequences enhance
characteristics such as stability to temperature fluctuation, growth rate
or resistance to environmental stresses. One would expect that the
genes of rapidly growing, short lived plants such as peanuts would
evolve at a faster rate than the genome of TN (Luo et al., 2015) and
therefore contain more repeats.

To determine whether other plant allergens contain peptides with
similar potential epitopes (or repeats), the corresponding areas in
peanut 2S albumin allergens (Ara h 2, h 6, and h 7) were aligned with
the three long repeats of the J2LS (Fig. 1). The PCPcon program
(Danecek et al., 2010; Danecek and Schein, 2010; Schein et al., 2012)
was then used to calculate a PCP-consensus peptide (cp) for a 31 con-
sensus peptide (31cp) and a shorter 13cp from the most conserved re-
gion of the trimeric repeat. Extending the search for peptides similar to
the 13cp in SDAP revealed a network of similar peptide repeats in many
other allergens, from different protein families. Further, rabbit poly-
clonal antibodies to the 13cp (cpAB) detected allergens predicted to
contain repeated sequences in nut extracts. We empirically determined
the binding of a specific antibody and IgE from patient sera to similar
peptides from PN and TN allergens synthesized on microarrays. We
found that the most reactive peptides were indeed those with the
highest similarity (lowest PD) (Ivanciuc et al., 2004) to the 13cp.

The high similarity of the cross-reactive, repeated sequences in al-
lergens from strikingly different plants and trees indicates they must
have arisen from an ancient common ancestor. These results provide
evidence that the 13cp represents an evolutionarily conserved region
that may account for clinically significant cross-reactivity. This
knowledge may be useful in anticipating proteins with high allergenic
potential and improving diagnosis of cross-reactivity.

2. Methods

2.1. Patient sera

Sera from individuals allergic to PN and TN were collected at the
Clinical and Translational Unit (CTU) of Tulane University School of
Medicine, New Orleans, LA in accordance with the rules and regulations
of the institutional review board of this institution and in accordance
with US federal policy for the protection of human subjects. The pa-
tients are mostly over the age of 18, who have experienced recurrent
severe, systemic, allergic reactions to peanut, walnut, cashew or al-
mond. Adult sera was used, where their allergy is unlikely to change,
involving relevant IgE epitopes. The patients were referred to the study
based on their convincing history of food allergy and did not undergo
food challenge for research purposes due to the potential severity of
reactions Table 1 summarizes the allergic characteristics of the patient
sera used in this study.

2.2. Microarray analysis

Synthetic overlapping 15 mer peptides, offset by five amino acids,
covering the amino acid sequence of selected PN and TN allergens, were
synthesized and printed onto microarray slides by JPT Peptide
Technologies (JPT Peptide Technologies GmbH, Berlin, Germany). The
slides were placed into a HS400 Pro TM (Tecan, San Jose, CA) where
they were blocked in filtered Superblock (Thermo, Rockford, IL) for 30
min, at room temperature (RT), under agitation. The slides were wa-
shed with Tris-buffered saline containing 0.5 % Tween -20 (TBST).
After centrifugation, 200 μl of patients’ sera were injected into in-
dividual chambers containing the slides and incubated at 4 °C overnight
(16 h) with agitation. The slides were washed and injected with 170 μl
of mouse anti-human IgE (Life Technologies, Grand Island, NY), diluted
in filtered Superblock, for 30 min at RT. The slides were washed, dried
and scanned on a GenePix-4000B. IgE-binding was measured by the
Cy3, green fluorescence at 532 nm.

Fig. 1. Derivation of a PCP-consensus of epitope regions of 2S albumins and the J2LS. A. The J2 LS contains 3 cysteine-rich repeat sequences shown in red,
green and blue. B. These can be aligned with similar, epitope rich regions of the 2S albumins, Ara h 2,6,7. The black, underlined regions correspond to the peptide
sequences with low PD to the immunodominant epitope of Ara h 2, DRRCQSQLER (purple box). The 31aa consensus peptide (31cp) sequence (DPQQQYHQCQQ-
QCQRQEQGQRQQQQCQQRCE) indicated by the arrows. Underlined amino acid (aa) indicates that it is shared with at least one other J2LS region, conserved aas in
the alignment are in bold, and cysteines (C) are in red. The grey, boxed region on the last line of sequences, labeled Consensus (in left column), is the 13cp sequence
(CQRQEQGQRQQQQ) used to generate cpAB and to perform PD searches in SDAP.
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2.3. Computational tools

The peptide similarity (PD search) (Ivanciuc et al., 2009b; Oezguen
et al., 2008; Schein et al., 2005a) is one of several validated compu-
tational methods developed to enable searches within SDAP to identify
sequences similar to known IgE epitopes (Ivanciuc et al., 2003a, 2004;
Ivanciuc et al., 2002, 2003b). PD values< 8–10, depending on peptide
length and overall composition, are statistically significant and have
been shown to correlate with immune recognition (Maleki et al., 2011).
Additional statistical measures (z-scores) are calculated to indicate the
significance of the match relative to a random match (Ivanciuc et al.,
2009b; Schein et al., 2005a, b). Peptides with identical sequences have
a PD value of 0. In our validation tests, cross-reacting peptides generally
have PD values below 9, although peptides with recognizable identity
may occur up to about PD of 10 when longer search peptides are used
(where the significance will be reflected in higher z scores).

2.3.1. Property distance graph (PD-graph)
Property distance graph (PD-graph) calculates the interpeptide PD

for a group of sequences and graphically presents their similarity to one
another at the PCP level (Braun, B.A. et al. submitted). The program
produces a graphic optimizing a metric of how the distances between
peptides relate to one another using gradient descent from random
initial placement of the peptides. PD-graph produces reproducible
graphics using a helper script that normalizes the orientation (rotation
and reflection) of each graphic to show a consensus of multiple runs.
The graph labeling and other features are customized by the user.

2.3.2. The PCPcon program
The PCPcon program, which was developed to define rational re-

ference sequences for flaviviruses that would avoid numerical bias
(Danecek et al., 2010; Danecek and Schein, 2010), was used to de-
termine a PCP-consensus sequence of the three repeat areas of the J2LS,

as further described below. PD-graphs are alignment free and depend
only on the linear sequence, without regard to structure. These factors
may be better accounted for in PCPcon, whereby the alignment should
be manually edited to remove fragments and insure that conserved
residues, especially cysteines, are within the same column. Validation
tests have shown that PCP-consensus sequences are closest in value
(and % identity) to all members of the sequence set used to derive them,
thus representing a true mean. A PCP-consensus envelope protein do-
main bound antibodies to all four Dengue virus serotypes (Bowen et al.,
2012) and a PCP-consensus VPg was recognized by three diverse en-
terovirus polymerases (Schein et al., 2015).

2.4. Peptides and antibody

A PCP-consensus was calculated from the similar cysteine-rich re-
peats of the J2LS (Fig. 1). A 31cp (DPQQQYHQCQQQCQRQEQGQR-
QQQQCQQRCE) was synthesized (Yale Peptide Synthesis Facility) for
western blotting and competitive inhibition ELISA (ciELISA). A 13 aa
central region (13cp = CQRQEQGQRQQQQ), was used to make an
anti-consensus sequence antibody in rabbits (cpAB) (Immunotech, Ra-
mona, CA).

2.5. Purified proteins

Jug r 1-Walnut protein was extracted from walnut flour with a 20
mM Tris, 100 mM NaCl buffer at pH 8.5. This extract was then sub-
jected to ammonium sulfate fractionation, followed by standard gravity
flow, chromatograpy with Mono-Q High prep resin (BioRad
Laboratories, Hurcules, CA). The 70 % ammonium sulfate pellet was
dissolved and loaded on the column in a 20 mM Tris, 50 mM NaCl
buffer at pH 8.5 and eluted with a salt gradient of 50 mM–400 mM
NaCl. Fractions containing of purified Jug r 1 was used here.

Jug r 2LS-The cDNA clone for Jug r 2 LS was synthesized by
EZbiolab (EZBiolab Inc., Parsippany, NJ), cloned into pET-9A expres-
sion vector and expressed in BL21 E. coli. The soluble protein was ex-
tracted from bacterial pellet by standard means and subjected to am-
monium sulfate precipitation. The 75 % ammonium sulfate pellet was
dissolved in a 50 mM Tris, 100 mM NaCL, 1 mM EDTA buffer at pH 7
and loaded onto a Mono-S High prep resin (BioRad Laboratories,
Hurcules, CA) and eluted with a salt gradient of 100 mM–400 mM NaCl.
Fractions containing of purified Jug r 2LS were used here.

2.6. SDS-PAGE and western blot

All nut flours were purchased from Oh! Nuts (www.ohnuts.com) as
nut meals and defatted in our laboratory by the Soxhlet standard mode
of a Buchi-B-811 extraction unit (Buchi Corp., New Castle, DE) for 2 h
for each 10 g of nut flour. Defatted nut flour samples were mixed with
3x sample loading buffer (Invitrogen Corp., Carlsbad, California), in-
cubated for 10 min at 65 °C, subjected to SDS-PAGE (Invitrogen Corp.),
stained with Gel-Code Blue stain (Pierce, Rockford, IL), destained and
photographed. Following SDS-PAGE, the samples were transferred to a
PVDF membrane, which was blocked with 2 % nonfat dried milk dis-
solved in phosphate buffered saline containing 0.5 % Tween 20 (PBST)
and incubated for one hour with a 1:5000 dilution of cpAB, washed and
incubated for 30 min with anti-rabbit IgG (1:100,000) horseradish
peroxidase (HRP)-labeled secondary antibody (Sigma Chemical
Company, St. Louis, MO) diluted in blocking buffer. The membranes
were washed and incubated with ECL-Plus Western substrate
(Amersham Bioscience Corp., Piscataway, NJ). The signal was visua-
lized using a CCD camera system (Fuji Photo Film Co., Ltd., Duluth,
GA). Magic Mark (MM), molecular weight marker (Invitrogen
Corporation, Carlsbad, California) was used.

Table 1
Patient allergies.

Allergy Age/ Sex PN W C A Other Nut Other allergy

PN 36/M √ coconut, strawberry
PN 14/M √
PN 32/F √ soy
PN 44/F √ pumpkin seed, shellfish,

fish, eggplant
PN 35/F √ shellfish
PN 36/F √ shrimp*
PN 30/M √*
PN 33/F √
TN 35/F √ po, pi mango
TN 56/M √ √ pc, b, pi, h, m
TN 58/M √ pi, m shellfish
TN 35/F √ √ pc, b, pi fruit
TN 47/F √ √ pc fruit, carrots, sesame
TN 30/F √ *
PN/TN 41/F √ √ √ √
PN/TN 26/F √ all mango, peach, plum
PN/TN 25/M √ √ √ √ all shellfish, soy, flax
PN/TN 34/F √* √ √ pi sesame, poppy, coconut,

berries
PN/TN 44/M √ √ √ pc, po, b, pi,

h, m
shellfish

PN/TN 45/F √ √ Shrimp, dairy
PN/TN 24/F √ √ √ pc
PN/TN 32/F √ √ pi, h, po
PN/TN 54/M √ √ √ √
PN/TN 47/F √ TN, avoids all
PN/TN 35/M √ √ √ soy
PN/TN 35/M √ √ √ √ pc, pi shellfish

Symbols: *= anaphylactic.
Acronyms: PN=peanut; W=walnut, C=cashew, A=Almond, pc = pecan, po
= pistachio, pi = pine nut, h = hazelnut, m = macadamia, b = brazil nut.

J.B. Nesbit, et al. Molecular Immunology 122 (2020) 223–231

225

http://www.ohnuts.com


2.7. Indirect ELISA

Peanut, walnut, almond, cashew, pistachio extracts and purified Jug
r 1 (as negative control), in 0.1 M NaHCO3 (pH 9.5), were added to a 96
well plate, at the indicated amounts and allowed to bind overnight at 4
°C. The plate was washed three times with PBST, blocked with 3 % dry
milk in PBS for 2 h at 37 °C, and then washed with PBST three times.
The extract-bound plates were incubated with cpAB (1:100) for one
hour at 37 °C and then washed with PBST. The plates were then in-
cubated for 1 h at 37 °C with a 1:5000 dilution in PBST of anti-rabbit
IgG-HRP and then washed with PBST. The plates were incubated with
the HRP substrate 3, 3', 5, 5'-tetramethylbenzidine (KPL, Gaithersburg,
MD). The absorbance at 450 nm was determined in a Tecan Sunrise
plate reader (Tecan US, San Jose, CA).

2.8. Competitive inhibition ELISA (ciELISA)

Walnut and almond extracts (at the amounts indicated) in 0.1 M
NaHCO3 (pH 9.5) were added to a 96 well plate and allowed to bind
overnight at 4 °C. The plate was washed three times with PBST, blocked
with 3 % dry milk in PBS for 2 h at 37 °C, and then washed with PBST
three times. Increasing amounts of the cp31 or J2LS were mixed with
equal volumes peanut and tree nut allergic patients’ sera (1:5). After the
mixtures were rotated at 4 °C for 2.5 h, they were added to the nut
extract-bound plates and incubated for 1 h at 37 °C. The plates were
washed with PBST and incubated with a 1:1500 dilution of HRP-con-
jugated mouse anti-human antibody (Sigma Chemical Company, St.
Louis, MO) for one hour at 37 °C and bound HRP determined as de-
scribed for indirect ELISA. T-tests were used to characterize how J2LS
inhibition (Fig. 5C) and 31cp inhibition (Fig. 5D) influenced O.D. 450
intensity (a proxy for IgE binding) as compared to uninhibited controls
in the competitive inhibition ELISA (ciELISA). Welch’s unequal var-
iances t-tests were performed in R (version 3.6.0; R Development Team,

available at www.r-project.org) using the t-test function.

2.9. Liquid chromatography–mass spectrometry (LC–MSMS)

In-gel digestion with trypsin was carried out according to
Chassaigne et al. (2009) with slight modifications. Bands were de-
stained in 200 mM ammonium bicarbonate, washed with 50:50 acet-
onitrile:dH2O, reduced with 10 mM DTT in 50 mM ammonium bi-
carbonate (pH 8.6) buffer for 30 min and alkylated in 55 mM
iodocetamide in 100 mM ammonium bicarbonate for 20 min. Trypsin
(Promega, Sunnyvale, CA) in ammonium bicarbonate at 20 ng/μl was
added to cover gel pieces and incubated overnight at 37 °C. The digests
were analyzed via LC/MS/MS, using an Agilent 1200 LC system, an
Agilent Chip-cube interface and an Agilent 6520 Q-TOF tandem mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA). Data files
were transferred to an Agilent workstation equipped with Spectrum
Mill software (Agilent Technologies). The raw MS/MS data files were
extracted, sequenced, and searched against the NCBInr, TrEMBL, and
SwissProt databases.

3. Results

3.1. Determining a consensus sequence based on similar immunodominant
IgE epitopes of walnut and peanut allergens

A sequence similar (PD = 5.9) to an immunodominant IgE epitope
of Ara h 2 (DRRCQSQLER), QRQCQQRCER in the J2LS was identified
by the peptide similarity tool of SDAP. These IgE epitopes were em-
pirically confirmed to be cross-reactive between walnut and peanut
allergic individuals (Maleki et al., 2011). Upon further examination, we
found that J2LS consists of three long cysteine rich repeats (Fig. 1A)
that can be aligned with IgE epitope rich regions of the PN-2S albumin
allergen Ara h 2, as well as its related allergens, Ara h 6 (de Jong et al.,

Fig. 2. A web of allergens with sequences similar to the 13cp shows this consensus represents a common feature among nut and seed allergens, many of which
have overall low identity to one another. A. The table shows the sequences identified by PD search starting with the 13cp (CQRQEQGQRQQQQ) listed from lowest PD
value (most similar) to highest. The number of repeats indicate the number of sequences similar to the 13cp that are found within that allergen. B. The PD-graph was
generated using the sequence in each allergen that was most similar (lowest PD) to the 13cp. Visible lines have inter-peptide PD<10, where darker lines indicate
higher pairwise similarity (PD values between 0 and 7).
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2018) and Ara h 7 (Fig. 1B).
The PCPcon program was used to define a PCP-consensus region

based on the three repeats in the J2LS (P1 (highlighted in green), P2
(highlighted in red) and P3 (highlighted in blue) in Fig. 1). The middle
and most conserved region of this consensus, a 13 amino acid peptide
(13cp, CQRQEQGQRQQQQ) was synthesized and used for antibody
production. A peptide similarity (PD) search starting with the 13cp
identified similar peptide sequences in many allergens from nuts and
seeds (Fig. 2A). The predicted peptides span several protein families,
including the 2S albumins: Ric I 1 (castor bean), Ber e 1 (Brazil nut),
Cor a 14 (hazelnut), Ana o 3 (cashew); the 7S globulins: Ses i 3 (se-
same), Ara h 1 (peanut), and the 11S globulins: Pru du 6 (almond) and
Ana o 2 (cashew). Fig. 2A also shows that many allergens contain
several discrete sequences with a low PD to the 13cp. In the most ex-
treme example, Pru du 6 contains more than 10 non-overlapping se-
quences with PD values 4.95–9.25, spanning residues 96–339 (Fig. 2A).
A PD-graph displays the interrelatedness of the peptides in each al-
lergen with the lowest PD (Fig. 2B). As anticipated, the 13cp lies in the
middle of the minimized distance plot, which links allergens from quite
different PFAM, such as the vicilins (Ara h 1, Ara h 3, Pis v 3, etc.) and
2S albumins (Ara h7, Ric c 1, Cor a 14, etc.) The figure does not include
the many similar sequences in the glutamine (Q) rich wheat gliadins
and soy glycinins, which are also allergens.

3.2. IgE binds to sequences similar to the 13cp

We next determined how well patient IgE bound to sequences si-
milar to the 13cp in different PN and TN allergens. To best determine
their binding ability in the context of the original allergen, overlapping
15mer peptides offset by 5 aa were printed on microarray slides. The
microarray was designed to identify IgE epitopes of PN and TN allergic
individuals, so many peptides contain all or part of the similar areas. As

Fig. 3A shows, while the 13cp itself was only recognized by one serum,
the naturally occurring peptides most similar to the 13cp in a number of
PN and TN allergens are among those with the most frequent binding to
IgE from PN, TN and PN + TN allergic sera. A PD-graph between the
most IgE-reactive peptides (Fig. 3B) shows that once more, the 13cp lies
at the center of the relationship web. This illustrates the interrelation-
ship between these naturally occurring, IgE reactive sequences and the
13cp.

3.3. An antibody generated to the 13cp binds to allergens in nut extracts

To further test the consensus approach, a rabbit antibody against
the 13cp (cpAB) was used to probe extracts of various nuts in western
blots (Fig. 4). We hypothesized, based on validation of the PCP con-
sensus method, that even though this polyclonal cpAB was made
against a single peptide, it would bind proteins containing regions of
similar PCPs (i.e, sequences with low PD to the 13cp). Despite the high
amounts of protein loaded in the gel lanes, the cpAB showed both
strong and weak reactivity with specific protein bands. These were
excised and the proteins identified by LC-MSMS, except for bands we
had previously identified in similar experiments, such as those for the
2S albumins of peanut. The identified proteins (Fig. 4C shows the %
coverage of the tryptic fragments) correlated well with allergens pre-
dicted to contain multiple copies of sequences with low PD to the 13cp.
Binding of the cpAB to the nut extracts was quantified in an indirect
ELISA (Fig. 4D). The binding order (almond> pistachio> cashew/
walnut/peanut) was consistent with allergens with the most repeats
similar to the 13cp (Fig. 2A), particularly Pru du 6 (prunin) from al-
monds, Pis v 2 from pistachio and the J2LS.

Fig. 3. IgE from sera of patients with peanut (PN) and tree nut (TN) allergies recognize peptides from PN and TN allergens similar to the 13cp. A. Fifteen
amino acid peptides that were recognized by IgE in sera from at least one PN or TN patient. The last three columns indicate the number of patients allergic to PN, TN
PN + TN whose sera showed significant IgE binding to peptides containing the identified sequences from Fig. 2A, according to microarray analysis. The 13cp and
peptides recognized by at least 9 of the nut allergic patient sera are in bold. Sequences that are nearly identical in different allergens, such as those of cashew (Ana o 1
and Ana o 3) and pistachio (Pis v 1 and Pis v 3), which occur in different areas of the microarray and in different context in the individual peptides, have similar
reactivity. B. The PD-graph shows the relationship between the 13cp and the reactive peptides in panel A. Individual lines represent inter-peptide PD values between
2 and 10 where the thicker the line, the higher the similarity (lower the PD value). Dark lines are PD values up to 6.
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3.4. cpAB mimics the binding pattern of allergic patient IgE to almond and
walnut extracts

The cpAB binding pattern on the western blots mimicked that we
observed for the binding of IgE from almond allergic sera to almond
extracts (Fig. 5). This, coupled with our other assays, strongly suggests
that at least some fraction of IgE in the patient sera is specific for the
13cp repeats. This was further confirmed by ciELISA, which showed
recombinant J2LS, which contains three long repeat areas similar to the
consensus (Fig. 1) interfered with IgE binding to nut extracts, using sera
from three almond and walnut allergic individuals (Fig. 5C). The J2LS
inhibited IgE binding significantly for all three sera according to the
calculated p-values (Fig. 5C). The 31cp significantly inhibited the
binding of a walnut allergic patient sera (patient #3) to walnut extract
with the calculated p-values indicated in Fig. 5D. The inhibition ob-
served for almond extracts, at the concentration of the 31mer achiev-
able in this experiment, was either marginally or not significant.

4. Discussion

The prevailing theory is that cross-reactive allergens resemble one
another closely in sequence and/or structure (Aalberse et al., 2001;
Aalberse and Stadler, 2006; Soman et al., 2000). However, experi-
mental data has shown that there is little relationship between overall
% identity of known food allergens and their ability to bind IgE from
patient sera or cause clinical cross reactivity (Schein et al., 2007;

Smeekens et al., 2018). This study shows the power of combining
computational methods with IgE binding assays to determine common
characteristics of distantly related allergens. Our results show that a
PCP-consensus peptide, calculated initially based on repeats in the
J2LS, which has high similarity to an IgE epitope rich region of peanut
2S albumins, can be used to define similar sequences in many seemingly
unrelated allergens (Figs. 1 & 2). By microarray (Fig. 3) and ciELISA
assays (Fig. 4), using sera from patients severely allergic to PN and TN,
we experimentally confirm that peptides with low PD to the 13cp bind
to serum IgE. Antibodies to 13cp also recognize the predicted allergens
in nut extracts. Indeed, at least for almond extract, the pattern of pro-
tein binding by the cpAB in a western blot is essentially identical to that
of patient IgE binding. This strongly suggests that these similar se-
quences play a role in clinically observed cross-reactivity (Schein et al.,
2007).

Our finding, that the cpAB recognized whole allergens that contain
repeats similar to the consensus in nut extracts (Figure 2A & 4) in-
dicates that our PCP-based computational methods can indeed detect
common regions in allergens from many sources. Further, our data in-
dicate that we are able to identify sequences that react with patient IgE
consistent with their similarity to the consensus. We have thus identi-
fied common, cross-reactive regions in these allergens that could ac-
count for both the high reactivity of the allergens in which they occur,
and for the clinically observed cross-sensitivity between PN, TN and
other plant foods. Other common areas of allergens, such as the PCP-
motifs we defined previously (Lu et al., 2018) may also contribute to

Fig. 4. The cpAB detects allergens with repeats similar to the 13cp in peanut and tree nut extracts. A. Coomassie-stained SDS-PAGE of the indicated nut extract
proteins separated on a 4–20 % SDS-PAGE gel. B. The consensus peptide antibody (cpAB) binds to distinct bands at various molecular weights (MW) as shown by the
western blot. C. ELISA measuring direct binding of cpAB to nut extracts where the binding is measured by absorbance at 450 nm (y-axis) as a function of the
increasing concentration of proteins from the indicated nut extract coating the wells of the ELISA plate (x-axis). The purified Jug r 1 was used as a negative control. D.
Table showing proteins excised, subjected to tryptic digest and identified by LC-MSMS, as well as the % coverage of the tryptic fragments found. The number of 13cp
repeats pertains to the number of sequences within the allergen that have PD score less than 9 to the 13cp in a SDAP peptide similarity search. PI indicates these
bands were previously identified.
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cross-reactivity and the severity of responses in sensitive individuals.
The occurrence of repeat sequences, similar to the 13cp. in allergens

from plants that evolved from one another more than 300 million years
ago (Fisher and Nawrocki, 2016) suggests that they are ancient in
origin, and may serve a functional role in the seed. For example, pro-
teins containing cysteine rich repeats, isolated from macadamia nuts,
were shown to have antimicrobial properties (Marcus et al., 1997,
1999). Even more repeats similar to those we identified may be present
in the edible plants that cause allergic reactions, due to transposons and
their polyploidy (Nicolas et al., 2016). Their presence in many different
allergenic proteins within the same food (i.e. in five different PN al-
lergens, Ara h 1, 2, 3 6 and 7) can also account for why peanuts are so
reactive, and why removing a single protein may not significantly re-
duce allergenicity (Chen et al., 2011; Hazebrouck et al., 2019).

Whether these repeats play a role in inducing allergic responses may
be dependent on their degree of exposure in the plant protein. For ex-
ample, a crystal structure of Pru du 6 indicates the areas where the 13cp
repeats occur should be surface exposed (Fig. 5B). They are probably
also very flexible in structure, as these regions were not clearly resolved
in the electron density maps. This suggests the repeats are located in
areas of high mobility that are more likely to be susceptible to digestive

enzymes (Maleki et al., 2014), which, in turn, will affect their ability to
interact with the immune system. The sequence of the consensus itself,
which is both glutamine rich and positively charged, may also indicate
why the related peptides are detected by an activated immune system.
Glutamine repeats (polyQ) are known to contribute to transcription
factor activity, but are also implicated in mammalian disease (Schein,
2019). For example, polyQ proteins in wheat contribute to celiac dis-
ease (gluten sensitivity) and allergenicity and contain many repeats
similar to our consensus. The secondary and tertiary structure sur-
rounding the peptides is likely to play a role in their reactivity. The
13mer and the reactive peptides discussed in this paper are too short to
form the disulfides anticipated from the NMR structure of Ara h 6 (PDB
file 1W2Q) (Lehmann et al., 2006) and the crystal structure of Ara h 2
(PDB file 3OB4) (Mueller et al., 2011). However, we anticipate that by
careful preparation of the input alignment, the properties of residues
that contribute to correct disulfide bonding and other features essential
to a stable 3D-structure will be maintained.

These results are important for both diagnosis and therapy of severe
allergy. Recombinant J2LS, which contains three long sequences similar
to our 31cp, inhibited the binding of IgE from three nut allergic sera to
total almond and walnut extracts (Fig. 5C). This, coupled with the fact

Fig. 5. The binding of cpAB mimics the binding of IgE from sera of almond allergic patients to almond extract. A. Comparison of the protein bands recognized
by the cpAB in a western blot with an extract of almond to that bound by IgE in sera from a representative almond allergic patient (lane on right). B. The hexamer of
the crystal structure of Pru du 6, where the magenta areas mark the locations of the 13cp repeats (straight lines indicate strings of missing residues in these areas of
unresolved structure). The 13cp repeats mark surface areas of high mobility, whose atomic structure could not be ascertained from the electron density map. C.
ciELISA in which J2LS competes for IgE binding by 3 different patient sera to almond or walnut extracts. Shown are the average O.D. 450 of IgE binding with
standard errors (y-axis). Results of Welch’s t-tests used to test for differences in mean O.D 450 between no inhibitor (green bars) and J2LS inhibited samples (blue
bars) are shown. D. ciELISA in which indicated amounts of 31cp compete for IgE binding by serum of patient #3 with almond and walnut extracts. This assay was
performed for one patient due to limited amounts of synthetic 31cp. Results of Welch’s t-tests used to test for differences in mean O.D. 450 between no inhibitor
(green bar) and 0.2 ug 31cp (blue bar) or 2.0 ug 31cp (red bar) are shown.
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that the 13cp is not as reactive with patient IgE as the natural sequences
similar to it, suggests that further decomposition of the component
repeats of the J2LS should be done. This could provide a novel way to
inhibit IgE binding, and aid in designing treatments or for assessing the
specificity of patient responses. Analogous to ongoing trials with spe-
cifically selected regions of grass pollen allergens (Niederberger et al.,
2018), peptides from this region could aid in safe desensitization
without the risk of inducing anaphylaxis.

5. Conclusions

Overall, these results indicate how a combined experimental and
bioinformatics approach to protein and peptide recognition by the
immune system, can be useful for identifying new epitopes and motifs
thereof. Our previous studies (Ivanciuc et al., 2009b; Maleki et al.,
2011; Schein et al., 2005a) validated the peptide similarity search
based on PD values for use in predicting areas of homologous proteins
that could be cross-reactive. The ramifications for this work are sig-
nificant for the detection of potentially cross-reactive allergenic pro-
teins, and for generating or selecting new diagnostic and im-
munotherapeutic peptides or proteins.
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PD: P
SDAP: S
PCP: P
cp: C
13cp/31cp: 13 aa or 31 aa consensus peptide
cpAB: C
IgE: Immunoglobulin E
sIgE: S
LC-MSMS: Liquid Chromatography-Mass Spectrometry
PFAM: Protein family
PN: Peanut PN
TN: Tree nut
ELISAE: nzyme-linked immune assay
ciELISA: C
J2LS: Jug r 2 leader sequence
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