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Abbreviations used

Arah 2/6:Arah 2and Arah 6

Introduction

Peanut allergy is the most prevalent food allergy in western countries. It affects 1-2 % of the
population and is the leading cause of fatal food-induced anaphylaxis [1, 2]. Despite recent
progress in desensitization based on early administration of peanuts, oral immunotherapy, and
epicutaneous administration, a generally useful, clinically approved treatment is not available
[3-6]. Currently, the only treatment is strict avoidance of peanut, but this is difficult to achieve

because of widespread use of peanut in prepared foods. [7, 8].

Life-threatening peanut allergy is clearly an IgE mediated disease [9]. The initiation of
an allergic reaction in a sensitized patient is due to interactions between specific peanut
allergens and IgE bound to the high affinity receptor for IgE, FceR1, on the surface of mast cells
leading to cell activation, degranulation and release of histamine and inflammatory mediators

that trigger allergic symptoms [10, 11]

Among the peanut allergens, Ara h 2 and Ara h 6 are the most potent allergens for IgE-
mediated mast cell activation [12-16] and IgE binding to these proteins has higher diagnostic
value than IgE binding to other peanut proteins [17-20]. Furthermore, Ara h 2 and Ara h 6 have
highly redundant allergenic activity [21] that is most likely due to the very high homology

within their IgE-binding domains [22].

Binding of IgE antibodies to specific regions of an allergen is a prerequisite for triggering
of allergic reactions. Binding sites recognized by IgE antibodies are called IgE epitopes and are
frequently categorized as linear or conformational. A linear epitope consists of continuous

amino acids, while a conformational epitope contains amino acids that are distributed
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discontinuously over the protein sequence and come close to each other only when the protein
is correctly folded. Therefore, conformational epitopes are dependent on the 3-dimensional

structure (3D) of the protein [23-26].

Considerable advances have been made in identifying and characterizing linear IgE
epitopes of peanut allergens but little is known about conformational IgE-binding epitopes.
Linear IgE epitopes of Arah 1, Arah 2, Ara h 3,and Arah 6 have been identified experimentally
[22, 27-29] and linear and conformational epitopes of Ara h 6 and other peanut allergens have
been predicted by computational methods[30]. In some studies, the diversity of linear IgE
peptides is correlated with the severity of allergic reaction [27, 29], suggesting that linear
epitopes are predominant [27, 28]. A study from our lab suggests that if peanut-specific IgE
levels are normalized, binding to linear epitopes of Ara h 2 and Ara h 6 is inversely correlated

with clinical severity of peanut allergy, suggesting a role for conformational epitopes [22].

Direct evidence to support the importance of conformational epitopes includes: 1)
reduction of Ara h 2 by DTT disrupted its secondary structure and completely abrogated its IgE
reactivity [31, 32], 2) a phase 1 study of recombinant modified peanut proteins on the basis of
linear IgE epitope data did not show promising results [33], and 3) a study using
hydroxyproline-containing epitopes of Ara h 2 to detect the relative contribution of linear and
conformational epitopes to IgE binding showed that peanut allergic patients displayed variable
levels of sensitization toward linear and conformational epitopes of Ara h 2 [34]. Taken
together, these studies strongly suggest that conformational epitopes may play an important

role in peanut allergy.

The most precise way to identify a conformational epitope is to determine the crystal
structure of an antigen-antibody complex [16, 35-38], but this method is complicated, time-
consuming, and is applicable only to monoclonal, and not polyclonal antibodies. An alternative
approach is to screen a phage display library with polyclonal peanut allergen-specific IgE

antibodies to identify mimics of allergenic IgE epitopes, called mimotopes [39]. A mimotope is
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defined as a molecule able to bind to the antigen binding site of an antibody molecule that is not
necessarily identical with the original epitope, but an acceptable mimic of the essential features
of the epitope [40]. Mimotopes and their corresponding epitopes are considered to have similar
physicochemical properties and spatial organization [41-43]. Therefore, the phage display
strategy is ideally suited for determination of individual polyclonal epitope recognition
patterns. Phage display technology has been used to identify conformational epitopes in Arah 1

and other allergens [42, 44-47].

In this study, we used affinity-purified polyclonal IgE antibodies from peanut-allergic
subjects to screen a phage display library containing 12 amino acid random peptides as fusions
to a coat protein, identified 41 unique peptide sequences, analyzed these mimotopes using

EpiSearch [46, 48], and identified novel conformational IgE epitopes of the Ara h 2 and Ara h 6.

Materials and methods

Patients and sera

All adult patients and the parents or guardians of minors signed informed consent. Minors
signed an assent. The University of Colorado Denver Institutional Review Board approved this

study. Many of these subjects were previously described [22].

Sera were collected from peanut allergic patients who met the following criteria: 1)
physician-diagnosed peanut allergy, 2) age >6 year, 3) peanut-specific IgE = 10 KAU/L
(ImmunoCap, ThermoFisher, Waltham, MA, USA), 4) no exposure to peanuts within 3 months,
and 5) not receiving therapy with anti-IgE. Patients reported symptoms after naturally
occurring exposure to peanuts were classified into grades of anaphylaxis according to criteria
established by the World Health Organization for evaluation of allergic reactions in the context

of allergen-specific immunotherapy [22]
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Sera from four subjects with particularly high anti-peanut IgE (D44, D48, D64, D103)
and known to bind a wide variety of linear IgE epitopes [22] were used to identify IgE
mimotopes for Arah 2 and Ara h 6 (Table 1). Sera from an additional 25 subjects
(Supplementary Table 1) were used to determine the frequency of binding of specific

mimotopes to IgE in a variety of sera.

Allergens and antibodies

A chromatographic fraction of 2S albumins from raw peanuts was obtained as previously
described [15], which consists of >97% Ara h 2 (79 %) and Arah 6 (18 %) . Other allergen
detected (<3% by weight) are Arah 7 and Ara h 8. Total IgE was affinity purified from peanut-
allergic sera using affinity-purified goat anti-human IgE [49] coupled to AminoLink® resin
(ThermoFisher, Waltham, MA, USA). IgE that bound to either Arah 2 or Arah 6 (Ara h 2/6-1gE)
was then purified using Ara h 2/6 coupled to AminoLink® resin. Purification of Ara h 2 and Ara
h 6 from raw peanut was as previously described [16]. Four individual rabbits were each
immunized at monthly intervals five times SQ with 500ug either purified Ara h 2 (2 rabbits) or
purified Ara h 6 (2 rabbits) with a mixture of complete Freund/incomplete Freund's adjuvant
(YenZym, Inc., South San Francisco, CA). IgG from all sera were demonstrated to recognize the

purified allergens in an ELISA assay.

Phage screening

Phage library. The Ph .D. - 12 Phage Display Peptide library (New England BioLabs, Beverly,
MA, USA), which displays 109 individual peptides was used in this study. Biotinylated mouse
anti-human IgE (Invitrogen Life Technologies, Grand Island, NY, USA) was coupled to
Dynabeads M-280 Streptavidin (Invitrogen Life Technologies, Grand Island, NY, USA) for two

hours at room temperature and blocked with 2% skim milk in PBS. Peanut allergic sera
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(subjects D44, D48, D64, and D103; Table 1) were diluted 1:3 in 0.05% Tween 20 and 0.2%

skim milk, and individually incubated with the beads overnight at 4°C.

First round of biopanning. Beads coated with human IgE were incubated with 10pl (~ 2 x
1011) of phages for overnight at 4°C, followed by extensive washing to remove unbound phages.
Phages were eluted with elution buffer (0.2 M Glycine-HCI, pH 2.2, 1 mg/ml BSA) and
neutralized with 1 M Tris-HCI, pH 9.0. The eluted phages are amplified in ER2738 E.coli for 4.5

hours, precipitated with 20%PEG/2.5 M NaCl and titrated.

Subsequent rounds of biopanning. The amplified phages from the first round were used
in a second round of biopanning as described above except a negative selection was performed
to remove the non-specifically-bound phages before the panning. After a third round of panning,
the IgE-bound phages screened with the 4 individual sera were combined and eluted with
elution buffer. The eluted phages were amplified in ER2738 E.coli, precipitated with
20%PEG/2.5 M NaCl and titrated. Single colonies were randomly selected from the titration

plate and amplified.

Phage ELISA

Binding of IgE from peanut-allergic subjects. Microtiter plates were coated overnight at 4°C with
goat anti-human IgE at 2 pg/ml in PBS. Subsequent steps were performed at room temperature
for 1 hour. Between steps, plates were washed five times with 0.05% Tween 20 in PBS. Plates
were first blocked with 2% skim milk in PBS. Then individual sera from peanut-allergic subjects
were diluted 1:50, added to the plates and incubated with individual identified phage or wild
type phage without peptide insert. IgE-bound phage colonies were detected with mouse anti-
M13 phage conjugated HPR (GE Healthcare, Piscataway, NJ, USA). IgE positive colonies were
further tested for their reactivity to affinity-purified anti-Ara h 2/6 IgE from four sera

combined, using the same ELISA protocol. A optical density greater than OD + 3 x S.D. above the
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negative control (wild type phage) was regarded as a positive result. The Ara h 2/6 specific

colonies were sequenced.

Binding of IgG from Ara h 2 or Ara h 6 immunized rabbits. Microtiter plates were
coated with goat anti- rabbit IgG. Then rabbit anti- Ara h 2 or anti- Arah 6 (1: 5000 dilution of
sera pooled from 2 rabbits) was added, followed by individual phage, and mouse anti-M13
phage conjugated HPR. A optical density greater than OD + 3 x S.D. above the negative control

(wild type phage) was regarded as a positive result.

Sequence alignments:

Peptide sequences obtained from phage display experiments were aligned with Ara h 2 and Ara
h 6 sequences using multiple sequence alignment program, ClustalW [50, 51], to find a

consensus pattern of amino acids.

Mapping conformational epitopes

The EpiSearch method [46, 48] was used to map the potential epitope sites on the surface of Ara
h 2 and Ara h 6. This approach uses patch analysis and solvent accessible surface area of amino
acids to map peptides obtained from phage display experiments onto the 3D structure of an
antigen protein. Despite the availability of high resolution structures of Ara h2 and Ara h6, we
generated their 3D model structures because a highly disordered loop region is missing in the
crystal structure of Ara h 2 (PDB ID: 30B4) [52], and the orientation of loop regions is different
in the NMR structure of Arah 6 (PDB ID: 1W2Q) [14]. The model structure of Ara h 2 was
generated using homology modeling technique wherein the sequence of Ara h 2 was submitted
to a fold recognition server [53] and the best template structure was selected to generate a

model structure of Ara h2 using MPACK [54-56]. Two additional model structures of Ara h 2
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were generated using ROBETTA [57] and I-TASSER [58] to obtain additional information about
the Ara h 2 disordered loop region. A comparison between the modeled and X-ray structures of
Ara h 2 showed that the structures shared a similar protein fold but differed in the loop region.
Hence, all 3D model structures of Ara h 2 were used as an input for the EpiSearch analysis
(Supplement Fig. 1). We followed a similar strategy as described above for Ara h 2 to build
model structures of Ara h 6. However, only the MPACK generated model structure of Arah 6
was used for the EpiSearch analysis, since it shared a high structural similarity with its NMR

structure (data not shown).

Statistics

GraphPad Prism 5.0c for the Macintosh (GraphPad; La Jolla, CA) was used to generate graphs
and for statistical analysis. The following tests were used: Spearman rank order correlation
coefficients for correlations and Fisher’s exact test for comparing frequencies of two possible
outcomes. All comparisons were two-tailed and a p value of <0.05 was considered to be

statistically significant.

Results

Identification and alignment of Ara h 2/6 IgE-mimotopes

Forty-one individual peptide sequences were identified using affinity-purified anti-Arah 2/6
IgE from four peanut allergic sera with relatively high levels of specific-IgE for peanut allergens
(Table 1). The Ara h 2/6 mimotope sequences were then aligned to the primary sequences of
Arah 2 and Ara h 6. The sequence alighment results revealed the presence of four different
patterns of peptides according to their amino acid composition and distribution (Fig. 1). The

highly conserved residues for group 1- 4 are D; Q,P; DP(Y/F)XAP and (W/F) PXR. Of note, none

This article is protected by copyright. All rights reserved.



of the mimotope sequences match a linear segment of >3 amino acids of the Arah 2 or Arah 6
sequences and most likely, mimic conformational epitopes of these allergens. All four peptide
groups poorly aligned with different parts of Ara h 2 and Ara h 6 sequences. However, the
peptides in group 3 showed the presence of a consensus sequence “DPY/F” that aligned with the

linear sequence DPY in Ara h 2 and DSY in Ara h 6, respectively.

The mimotopes bind IgE from a variety of peanut allergic sera.

We tested reactivity of the identified Ara h 2/6 mimotopes to the four sera that were used to
screen the phage library and to 25 additional sera from peanut allergic subjects (Table 2 and
Supplementary Table 1). Of the 4 sera used to screen the phage library, serum D103 recognized
the most mimotopes (98%), whereas D48 recognized only 44%. Among all sera assayed (n=29;
Supplementary Table 1), D78, D80, and D103 recognized the largest numbers of mimotopes
(98%) whereas D63 and D213 recognized the fewest (41%). Each serum had distinct IgE
recognition patterns but the patterns were not correlated to the concentration of peanut

specific IgE (data not shown).

Eight mimotopes (numbers: 10, 45, 49, 68, 69, 208, 353 and 371) were recognized
by >90% of the sera and 4 of these (numbers: 49, 69, 208, 371) were recognized by 100% of the
sera. Among the four groups of mimotopes, those from group 1 showed higher frequency of
recognition by these sera (79%) compared to the other groups (46-67%) (p=<0.03)

(Supplementary Table 1).

The mimotopes bind IgG from rabbits immunized with either Ara h 2 or Ara h 6

The mimotopes were tested for their ability to bind rabbit IgG that was raised against either Ara

h 2 or Ara h 6 IgG. All mimotopes were reactive to anti-Ara h 2 and Ara h 6 IgG but not to pre-

This article is protected by copyright. All rights reserved.



immune serum IgG. The mimotopes have similar binding intensity to both anti-Ara h 2 and anti-
Arah 6 IgG (Fig. 2A) and the binding intensities of the anti-Ara h 2 and anti-Ara h 6 IgG for the
mimotopes were highly correlated (r= 0.8746;p< 0.0001, Fig. 2B). This further supports

previous observations of high antigenic homology between Arah 2 and Arah 6.

Mapping conformational epitopes in 3D model structures of Ara h 2 and Ara h 6

Potential epitope sites on the surface of Ara h 2 and Ara h 6 were mapped using EpiSearch. For
Arah 2, the mimotopes in all groups of peptides mapped to a surface patch centered on Y-63
(Fig. 3). In addition, mimotopes in group 1 and group 3 also mapped to surface patches centered
on Y-44 and S-52 respectively (Fig. 4). For Ara h 6, the mimotopes in group 1 mapped to surface
patches centered on M-80 and M-31, the mimotopes in group 2 mapped to surface patches
centered on H-29, S-52 and Q-32, the mimtiopes in group 3 to surface patches centered on C-73
and those in group 4 mapped to a surface patch centered on T-68 (Fig. 5). All mimotopes
represent conformational epitopes, as the surface areas consist of two or more sequential

regions that are not neighboring in the primary sequences.

Discussion

Characterization of conformational IgE-epitopes of important peanut allergens is of
fundamental importance for understanding mechanisms underlying allergic reactions to foods.
In this study, we screened a phage peptide display library that displays 12-mer peptides and
identified IgE mimotopes of the most potent peanut allergens, Ara h 2 and Arah 6. We used this
phage library, because it has been demonstrated that the majority of binding interfaces of
protein heterodimers is larger than 600 A2, which suggests that the minimum length an epitope
should be 8 amino acids [59, 60]. Thus, compared to other libraries that use 7-mer peptides, use

of 12-mer peptides ensures a higher affinity interaction and increases the ability to detect
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important conformational epitopes. Because we are interested in the specificity and diversity of
the IgE response to Ara h 2 and Ara h 6, a specific challenge is the identification of epitopes to
which the concentration of cognate IgE is low in sera. We have optimized the methods by using
avidin-biotin system to increase the detection sensitivity so that signal intensity. Also in this
study, we performed acidic elution instead of competitive elution as described by Bogh and
colleagues [61], because in our preliminary experiments (not shown), we identified more
allergen-specific mimotopes with acidic elution than with competitive elution. By screening this
phage peptide library with affinity-purified IgE from 4 peanut allergic patients, we identified 41

individual mimotopes of native Arah 2 and Ara h 6.

The 3-dimensional structures of Ara h 2 and Ara h 6 have been determined by X- ray
crystallography of an Ara h 2 - maltose binding protein fusion protein [52] and by nuclear
magnetic resonance for Ara h 6 [14]. Arah 2 and Ara h 6 share a compact conformation
characterized by five a-helical structures and are stabilized by a network of four (Ara h 2) or
five (Ara h 6) conserved disulfide bridges [62]. The fifth disulfide bond in Ara h 6 links the C-
terminus to the core structure whereas the equivalent region in Ara h 2 is flexible and without
regular secondary structure elements[14, 52]. The compact structure of both Ara h 2 and Ara h
6[14] contributes to the high resistance of these peanut allergens to proteolytic cleavage and
their thermodynamic stability [14], and possibly leads to the importance of conformational

epitopes [22].

In addition to their folding pattern, Ara h 2 and Ara h 6 share 59% of sequence
homology and 75% a-helical structural identity [14]. Furthermore, 5 of 7 IgE-binding linear
epitopes of Ara h 2 are highly homologous (70-93%) to similar regions of Ara h 6 and binding of
IgE to each of these 5 linear epitope pairs is highly correlated [22]. In assays of IgE/FceR1
cross-linking, Ara h 2 and Ara h 6 have similar potency and do not show either additivity or

synergy, suggesting that their allergenic function is highly redundant [63].
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The 41 mimotopes that we identified segregated into 4 groups. Mimotopes from group
1 were recognized by more sera compared to each of the other 3 groups (p<0.03). Four
mimotopes, numbers 49 and 69, (group 1) and numbers 371 and 208 from groups 3 and 4
respectively, were recognized by all the tested sera. An additional 4 mimopes (numbers: 10, 45,
68, and 150) were recognized by 90-93% of the sera, suggesting immunodominance. However,
we found that recognition of these mimotopes was not related to either peanut-specific IgE
levels or to clinical histories. Nonetheless, it is likely that these mimotopes are the mimics of

epitopes that are important for the allergenicity of Ara h 2 and Ara h 6.

Because of the sequence homology and structural identify of these two allergens, the
mimotopes were screened with anti-Ara h 2/6 IgE that was purified from patient sera. We then
tested rabbit anti-Ara h 2 or anti-Ara h 6 sera to determine if there is significant cross-reactivity
of the identified mimotopes. The mimotopes were recognized by IgG from both anti-Ara h 2 and
anti-Ara h 6 sera and this binding was highly correlated, further confirming that these
mimotopes are mimics of both Ara h 2 and Ara h 6 epitopes. The cross-reactivity of the
mimotopes is consistent with the findings from the structural analysis that all mimotope

sequences mapped to overlapping surface patches on both Arah 2 and Arah 6.

Although several mimotopes were recognized by 290% of the sera tested, each serum

had a distinct recognition pattern indicating a broad variation in IgE conformational epitopes
among patients suffering from peanut allergy. Similarly, the analysis of IgE binding to linear
epitopes of Ara h 2 and Ara h 6 demonstrated a high degree of heterogeneity of the IgE binding
patterns among peanut allergic patients [22, 27]. Such results likely reflect the individual
development of antibody repertoires, the diverse polyclonal nature of specific antibody

responses, and individual progression of affinity maturation in peanut allergic patients.

Finally, we used EpiSearch [46, 48] to analyze the best matches between the amino acid
composition of the mimotopes and surface-exposed patches on the 3D model structures of Ara

h 2 and Ara h 6. (Figs. 4 and 5). In the case of Ara h2, the EpiSearch analysis using four different
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input peptide groups predicted high scoring patches in the vicinity of a patch centered on Y63
(Fig. 3). In case of Ara h 6, the EpiSearch analysis predicted four top scoring patches centered on
M80, T68, C73 and H29, three of which, the patches centered on M80, T68, and C73 share
several overlapping residues. Further, structural alignment between Arah 2 and Arah 6
showed that the patch centered on H29 in Ara h 6 partially overlaps with the high scoring patch
centered on Y63 in Ara h 2 (Figs. 3 and 5). Of note, the mimotopes in group 3 have a consensus
sequence DPY/F that aligns with the linear sequence DPY in Ara h 2 and DSY in Ara h 6 also
reported using computational analysis[30]. These unique consensus sequences were also
predicted by EpiSearch analysis and are likely part of conformational epitopes on Ara h 2 and

Ara h 6, respectively.

In conclusion, the mimotopes selected by the phage-display technology are most likely
to be conformational. This argument is supported by the finding that the mimotopes map to the
surface exposed areas of Ara h 2/ 6 and the finding that linear sequences were not observed.
This study provides a new approach to identify epitopes that are potentially important for

initiation of allergic reactions.
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Legends

Fig. 1 Sequence alignment of the mimotope. Consensus residues are colored in red.

Fig. 2 The mimotopes were reactive to anti-Ara h 2 and Ara h 6 IgG. A). The mimotopes
have similar binding intensity to both anti-Ara h 2 and Ara h 6 sera. B). Correlation of the

mimotopes binding to Ara h 2 and Ara h 6 IgG.

Fig. 3 Molecular surface representation of Ara h 2 showing a consensus epitope site

centered on Y63 (red).

Fig. 4 Mapping mimotopes on Ara h 2 based on high scoring patch centered on: A) Y63,

B) Y44 and C) S52.

Fig. 5 Mapping conformational epitopes on Ara h 6 based on high scoring patch centered

on: A) M80, B) C73, C) T68 and D) H29.

Table 1. Sera used for phage library screening

Serum Peanut- IgE Ara h Z epitopes* | Ara h 6 epitope®*
(kU/L) binding binding

D4 65 6/8 447

D48 71 7/8 5/7

D4 1591 6/8 | 4/7

D103 787 3/8 0/7

* The numbers of Ara h 2 and Ara h 6 linear epitopes recognized by serum IgE
compared with the total possible numbers of epitope in the allergens (22)

Table 2. Mimotopes from Group 1 are more frequently recognized by
peanut-allergic sera (Summary of data shown in supplementary table 1)

Group Mimotopes | Sera Positive Negative Yo

i | 6 29 137 37 78.7
2 4 29 71 45 45.5
3 25 29 415 310 57.2
4 7 29 135 68 66.5
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Mimotope ID Sequences

Group 1

|

Group 2

104
119
126
147
150
167
171
174
194
212
239
248
329
353
371

57
82
99
122
164
203
208

Group 3

Group 4

Fig. 1
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Fig. 4
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Fig. 5
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Supplementary Table 1. The mimotopes bind IgE from a variety of peanut sera

Group Phage Sequence/ Serum 19 44 48 50 53 59 60 62 63 64 65 66 68 69 70 72 74 77 78 80 82 98 103 105 112 114 119 124 213

10 KIGDVWNYMLTV + + + + + + - + - + + + - + + + + + + + + + + + + + + + +
13 LPKMGDVFLSPD + + - + + - + + + - + + + + - + + + + -

1 20 RPDDSMYMVDLI + + + + - + + + - + + + + - + + + + + - + + + + + + +

49 GKLGDIWTIPPW + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

69 YEELRRYDGSKV + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

270 YYSLDAMDQNKR + + - + - + - + - + + - - - - + - - + + - + - - + + + + -

33 ARQGDYPGQHAF + - + + + + + + - + + + + + + + - + + + + - +

2 36 FFSERSRQESMP + + + + - + - + - + + - - - - + - - + + - + + + + + + + +
56 DFMRERQEASPR + + - + - + - + - + + + + + - + - - + + - - + + + +

356 SQYTGYNPANI + - + - + + + + + - + - - - - + + - + - + + + + - +

19 QDGSSDPYAPAA - - - + - - + - + - + - - + + - - + - + - - - - -

24 DRDPFAPSFGAW + + - + - + + - + + + - - + - + + + - - + + + + - - +

39 HYDPYAPSISTV + - - - - - - - - - - + + - + - + + + - - + - - - - - -

42 ASPRDPYMPSPT - - - - - - - - - - + - - - - + - - + + - + + - + + + + -

45 DPYGGPKFHLRV + + - + + + + + + + + + + + + + + + + + + + + + + + + +

52 SHDPYAPSDSSV + + + + + + - + + + - + + - + + + + + + + + + + + - - -

68 YLPWDPYGGPQR + + + + + + + - + + + + + + + + + + + + + + + + + + + +

74 TPPTIRDPYAPL + - + - + - + - - + - - + - + + - + + - - + + + + + -

93 VERDPYAPAPEY + + - + - + - + + + + - + + - + + - + + - + + - + + + - -

104 EDVTQDPFAPTR - + - - - + - + - + + - - + - - - - - - + + - - - + - -

119 ASHTLMADPYAP - - - - - - + - + + + + - - - - - - - - - + + - - - + - -

126 ANRNVYADPYKP - - - - - - - - - - - - - - - - - - - - - - + - - - - - -

3 147 LLDPYAPRAWTK + + + + + + + + - + + + + + + + + + + + + + + + + + + - -

150 THQDPYAPRLGS + + - + + + + + + + + + + - + + + + + + + + + + + + + + -

167 SNWDPFAPRAAG + + - + - + + + - + + - - + - + + - + + - - + + + + + - -

171 EFPTLTRDPYRP + + + + - + - + + + - - + + + + - + + + + + + + + + + -

174 APYWPGADPYRP - + - + + - + + - + - - - - + - + + + + - - + + - -

194 HFHTVDPFAPSG + + + + - + + - + + + + + + + + - + + - + + - + + + - -

212 GPDPYAPSMISN + + - + + + - + + + + + + + + + + + + + - + + + + - - +

239 GGSSGDPYAPS + - + - + - + - - - - - - + + - + + - + - - + - - -

248 GVPTRDPYAPRM - - + + + - - - + - - - + + + - - + - + + - - + + -

329 YDPRQVYGPTPR + + - + - + - + - + - + + + - + + - + + + + + + - +

353 ASTYSSPDPYRP - - - - - - - - - - + - - - - + + - - + - - + - -

371 VNAHDPFAPSLP + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

57 NPWNEAWPARFY + + - + - - - + - + + + + + + + - - + + - - + + + - + - -

92 LNLTSWPSRY + + - + + + - + - - + - + + + + + + + + + - + + + + + + -

99 AFGNFPLRFYAM + - - + - + - + - - + - + + - + + + - + + - - - + - -

4 122 YGYAQREDHQRW - + - - - - - + - - + + + - - + - + + - + + - -

164 NDSLVDWPARWS + + + + - + + + + + + - + + + + + + + + + -

203 WTPDWLLTEYVT + + + + + + - + - + + + + + + + + + + + + + + + + + + - -

208 VTSPLDSWPLRH + + + + + + + + + + + + + + + + + + + + + + + + + + + + +




Supplement Fig. 1 Model structure of Ara h 2 obtained from three different
methods: A) [-TASSER (green), B) Robetta (slate blue), C) MPACK (red), and D)
structure alignment between three model structures of Ara h 2. Superimposed
structure shows similar fold but differences in the loop regions.
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