
Immunology Letters 100 (2005) 153–158

Homology modelling of the major peanut allergen Ara h 2 and surface
mapping of IgE-binding epitopes

Annick Barre, Jean-Philippe Borges, Raphaël Culerrier, Pierre Rouǵe∗
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Abstract

Three-dimensional models built for the peanut Ara h 2 allergen and other structurally-related 2S albumin allergens of dietary nuts exhibited
an overall three-dimensional fold stabilized by disulphide bridges well conserved among all the members of the 2S albumin superfamily.
Conformational analysis of the linear IgE-binding epitopes mapped on the molecular surface of Ara h 2 showed no structural homology
with the corresponding regions of the walnut Jug r 1, the pecan nut Car i 1 or theBrazil nut Ber e 1 allergens. The absence of epitopic
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ommunity does not support the allergenic cross-reactivity observed between peanut and walnut or Brazil nut, which presumab
n other ubiquitous seed storage protein allergens, namely the vicilins. However, the major IgE-binding epitope identified on the
urface of the walnut Jug r 1 allergen shared a pronounced structural homology with the corresponding region of the pecan nut Car i 1 allergen
ith the exception of peanut, 2S albumins could thus account for the IgE-binding cross-reactivity observed between some other d

.g. walnut and pecan nut.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Peanut allergy has been recognized as the most worrying
ood hypersensitivity responsible for extremely severe aller-
ic reactions in children, adolescents and adults[1]. In fact,
eanut and peanut-containing food products cause more fatal
naphylactic shocks than any other foodstuffs[2]. Sensitiza-

ion to peanut generally occurs during the infancy and very
ften persists throughout the life[3]. In this respect, peanut
llergy actually differs from other current food allergies, e.g.

Abbreviations:Ana o 3,Anacardium occidentale(cashew) allergen 3;
ra h 2,Arachis hypogea(peanut) allergen 2; Ber e 1,Bertholletia excelsa

Brazil nut) allergen 1; Cari 1,Carya illinoinensis(pecan) allergen 1; CDD,
ross-reactive carbohydrate determinant; HCA, hydrophobic cluster analy-
is; IgE, immunoglobulin E; Jug r 1,Juglans regia(walnut) allergen 1; LTP,
ipid transfer protein; Ses i 3,Sesamum indicum(sesame) allergen 3
∗ Corresponding author. Tel.: +33 05 62 19 35 02;

ax: +33 05 62 19 35 02.
E-mail address:rouge@scsv.ups-tlse.fr (P. Rougé).

to milk or egg proteins, which prevail in children but u
ally vanish in adults[4]. Until now, the strict avoidance
peanut and peanut by-products into the diet constitute
best way to prevent the allergic manifestations in sensi
individuals. However, peanut proteins often occur as hid
allergens in many (inadequately labelled) food products
the accidental consumption of offending food allergen
very difficult to avoid. In addition, closely-related allerge
occurring in other dietary seeds, e.g. tree nut[5], are sus
ceptible to trigger allergic reactions in individuals previou
sensitized to peanut proteins. Obviously, this allergic cr
reactivity drastically complicates the food avoidance r
of peanut-sensitive patients[6] and inevitably impacts upo
their quality of life [7]. Peanut allergy depends on three
lergens Ara h 1[8], Ara h 2[9] and Ara h 3[10] that occur in
seeds as storage proteins. Ara h 1 and Ara h 2 are of paramou
importance since serum IgE from >90% of peanut-sens
individuals recognize these two major allergens[11,12]. Lin-
ear IgE-binding B-cell epitopes have been identified a
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the amino acid sequence of Ara h 1[11] and Ara h 2[12].
Ara h 2 consists of an extremely ubiquitous 2S albumin seed
storage protein also present in many other dietary seeds, in-
cluding soybean[13], walnut [14], cashew nut[15], Brazil
nut [16], sunflower[17] or sesame seeds[18] (seeFig. 3).
Although these nut allergens are moderately similar (≤35%
of amino acid sequence similarity) to Ara h 2, they appar-
ently share a conserved three-dimensional fold[19]. Some
of them could therefore exhibit B-cell epitopes very similar
to those recognized on the surface of Ara h 2 and thus ac-
count for the IgE-binding cross-reactivity observed between
peanut and other dietary nuts. To check this hypothesis, three-
dimensional models of Ara h 2 and other nut allergens were
built by homology modelling and checked for the presence of
epitopes with conformation similar to the Ara h 2 B-cell epi-
topes. The major IgE-binding epitopes of the walnut Jug r 1
and pecan Car i 1 allergens shared a very similar conformation
but exhibited no structural homology with the corresponding
region of the peanut allergen. Although 2S albumins offer a
molecular basis for the IgE-binding cross-reactivity observed
between some dietary nuts, e.g. walnut and pecan nut, they
apparently do not account for the cross-reactions reported
between peanut and other dietary nuts.

2. Materials and methods
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castor bean allergen Ric c 3[23] (RCSB Protein Data Bank
code 1PSY) were used to build the three-dimensional model
of the allergens. The percentages of both identity (∼35%) and
homology (∼75%) Ric c 3 shares with Ara h 2 (Fig. 1) and
other dietary 2S seed albumins allowed us to build rather ac-
curate three-dimensional models using the RMN coordinates
of the castor bean 2S albumin as a template. The extended
N-terminal region, which is extremely desordered in the 20
RMN models, was necessarily omitted in the model building.
Accordingly, the model built for Ara h 2 starts at residue Glu5.
Two out of the 10 linear IgE-binding epitopes identified along
the amino acid sequence of Ara h 2 fall into the N-terminal
region that has been neglected in the model building. How-
ever, they do not correspond to the three immunodominant
epitopes characterized in Ara h 2. Ara h 2 readily differs from
Ric c 3 by an extra-loop corresponding to a Pro-rich repeat
occurring in the N-terminal portion of the polypeptide. An-
other less extended extra-loop occurs at the C-terminal end of
the polypeptide chain. These two extra-loops were tentatively
modelled using the best geometrical fitting with the core do-
main as a criterion for choosing among the different loop
conformations available in the PDB. Steric conflicts were cor-
rected during the model building procedure using the rotamer
library [24] and the search algorithm implemented in the Ho-
mology program[25] to maintain proper side-chain orienta-
tion. The geometry of loop regions was corrected using the
r n
o pest
d s run
t erpo-
s CK
[ hree-
d es of
C ctly
a ndran
p usly
a urs
i ere
d

with
G e
r d

F . Stretc
b y an as
m t1].
Multiple amino acid sequence alignments were
ied out with CLUSTAL-X [20] and displayed with ES
ript [21]. The hydrophobic cluster analysis (HCA)[22]
as performed to delineate the conserved secondary

ural features (stretches of�-helix) along the amino ac
equence of Ara h 2 and other 2S albumins by co
arison with the castor bean (Ricinus communis) 2S al-
umin allergen Ric c 3[23] used as a model. HC
lots were generated using the program drawhca o
anard (http://www.lmcp.jussieu.fr/∼soyer/www-hca/hca

orm.html).
Molecular modelling of Ara h 2 and other 2S albumins w

arried out on a Silicon Graphics O2 R10000 workstation
ng the programs InsightII, Homology and Discover 3 (
elrys, San Diego CA, USA). The atomic coordinates of

ig. 1. Structural alignment of Ara h 2 to thecastor bean Ric c 3 2S albumin
een indicated. The putativeN-glycosylation site of Ara h 2 isindicated b
odified according to the HCA plots[22], and representeed with ESPrip[2
efine option of TurboFrodo[26]. An energy minimizatio
f the final models was carried out by 150 cycles of stee
escent using Discover 3. The program TurboFrodo wa

o draw the Ramachandran plot and to perform the sup
ition of the model with the template protein. PROCHE
27] was used to assess the geometric quality of the t
imensional models. As an example, 62% of the residu
ari i 1 (54% for 1PSY used as template) were corre
ssigned on the best allowed regions of the Ramacha
lot, the remaining residues being located in the genero
llowed regions of the plot except for Glu57 which occ

n the non allowed region (result not shown). Cartoons w
rawn with PyMOL W.L. DeLano (http://www.pymol.org/).

Electrostatic potentials were calculated and displayed
RASP using the parse3 parameters[28]. The solvent prob

adius used for molecular surfaces was 1.4Å and a standar

hes of�-helix (�l–�5) occurring along the polypeptide chain of Ric c 3 have
terisk (* ). The alignment was performed with CLUSTAL-X[20], manually
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2.0Å-Stern layer was used to exclude ions from the molecu-
lar surface[29]. The inner and outer dielectric constants ap-
plied to the protein and the solvent were, respectively, fixed
at 4.0 and 80.0 and the calculations were performed keep-
ing a salt concentration of 0.145 M. No even distribution of
the net negative charge of the carboxylic group of negatively
charged residues was performed between their two oxygen
atoms prior to the calculations.

B-cell epitopes were predicted from the hydropathic pro-
files as being the most hydrophilic, flexible and surface ex-
posed regions. Different scales of hydrophilicity[30], flex-
ibility [31], exposition to the solvent[32] and antigenicity
[33], were used to build the hydropathic profiles with the
MacVector (Kodak) software.

The surface occupied by the previously identified or pre-
dicted sequential B-cell epitopes[14] along the amino acid
sequence of Ara h 2 wascalculated and displayed on the
molecular surface of the proteins with PyMOL. The overall
conformation of the sequential B-cell epitopes on the molec-
ular surface of the 2S albumins was displayed with PyMOL.

3. Results and discussion

Homology-based molecular modelling of Ara h 2 and
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(Fig. 2C and D) and possess an overall three-dimensional
conformation distinct from that found in the corresponding
shorter extra loops of other nut allergens, e.g. Jug r 1 or Car
i 1. Even though they are better conserved in other nut aller-
gens (seeFig. 3), other minor epitopes #8, 9 and 10 located
at the C-terminus of the Ara h 2 polypeptide also differ by
their three-dimensional conformation from the correspond-
ing regions of Ric c 3 (Fig. 2E and F) and other allergens
(results not shown). Most of these epitopes seems specific
for Ara h 2 and hence unsuitable for promoting IgE-binding
cross-reactivity with other nut allergens.

Similarly, no conformational similarity could be detected
between the experimentally characterized or predicted B-cell
epitopes of other nut allergens and the major or minor B-
cell epitopes of Ara h 2. In this respect, although B-epitope
8 103RLQGRQQEQQFK114 of Ara h 2 overlaps the core
domain (bold letters) of the immunodominant linear B-cell
epitope QGLRGEEMEEMV characterized in Jug r 1[35],
both regions exhibit rather distinct amino acid sequences and
overall conformations (Fig. 4). However, this linear B-cell
epitope of Jun r 1 is well conserved (identical or homolo-
gous residues are underlined) in the pecan nut Car i 1 al-
lergen (EGIRGEEMEEMV), the cashew nut Ana o 3 al-
lergen (EQIKGEEVRELY), and the Brazil nut Ber e 1 al-
lergen (EM(Q)PRGEQMRRMM) (Fig. 3). Accordingly, its
overall conformation is very similar in Car i 1 but rather
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S albumins share a common three-dimensional struc
caffold made of five�-helices arranged in a right-hand
uperhelix and connected by more or less extended
Fig. 2A and B). This three-dimensional conformation, s
ilized by four conserved disulphide bridges, is reminis
f that found in type 1 LTP which constitute another grou

mportant food allergens[34]. However, 2S albumins diffe
rom LTP by the topology of the disulphide bridges[23]. Ara

2 readily differ from other 2S albumins by two additio
oops located at the N- and C-terminal ends of the poly
ide chain, respectively. The more extended N-terminal e
oop roughly corresponds to a tandem repeat of a Pro
exapeptide DPYSPS which has no equivalent in Ric
r coincides with the less conserved region of all othe
lbumins sequenced so far. Ara h 2 contains a putativeN-
lycosylation site Asn88-Gln-Ser. Although well expos

ts location at the end of the main�4 helix suggests it i
ot actually glycosylated. Other modelled nut allergens
specially, Jug r 1 and Car i 1, exhibited a very similar thre
imensional fold but the N-terminal extra loop correspond

o the tandem Pro-rich repeat of Ara h 2 isless extended (re
ults not shown).

Molecular mapping of the 10 linear B-cell epitopes p
iously characterized along the polypeptide chain of A
[12] showed a fairly well exposition on the molecular s

ace of the three-dimensional model (Fig. 2D and F). This
s especially true for the two major epitopes #6 and 7 w
orrespond to the protruding N-terminal Pro-rich extra l
f Ara h 2. This extra loop has no counter-part in Ric
ifferent in Ana o 3 or in thecastor bean Ric c 3 allergen
94GQLHGEESERVA104) (Fig. 4). This absence of ep
opic community among 2S albumins from distinct plant fa
lies does not support the allergenic cross-reactivity obse
etween peanut (Fabaceae) and Brazil nut (Juglanda
howing that pre-incubation of sera from peanut-sens
atients with a Brazil nut extract resulted in a decrease i

gE-binding to peanut extract in ELISA measurements[36].
imilarly, no decrease occurred after pre-incubation w
ashew nut (Anacardiaceae) extract.

Seed storage 2S albumins thus appear as ubiquito
ergens distributed in plants belonging to distinct mono
nd dicot families. Although their overall three-dimensio
tructure stabilized by disulphide bridges is well conse
mong all the members of the 2S albumin superfamily,
mino acid sequences is highly variable, especially in th
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4Asn-Gln-Ser exists along the amino acid sequence o
2 but it is located into helix�3 that occurs at the C-termin
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Fig. 2. Ribbon diagram of the castor bean 2S albumin Ric c 3 allergen (A) and Ara h 2 (B). The two N- and C-terminal extra loops of Ara h 2 are indicated by
stars ( and ). N and C indicate the N- and C-termini of the polypeptide chains, respectively. Molecular surfaces of Ric c 3 (C) and Ara h 2 (D) showing the
areas occupied by the major B-epitopes 3 (pink), 6 (blue) and 7 (green); N-termini are oriented left. Molecular surfaces of Ric c 3 (E) and Ara h 2 (F) showing
the areas occupied by the major B-epitopes 8 (orange), 6 (green blue) and 7 (light pink); N-termini are oriented right.

Fig. 3. Structural alignment of Ara h 2 with Ses i from Sesame seeds and other tree nut allergens Ana o 3, Ber e 1, Car i 1 and Jug r 1. The major B-cell epitopes
(numbered 3, 6 and 7) and the minor B-cell epitopes (numbered 1, 2, 4, 5, 8–10) of Ara h 2 and the corresponding regions of other 2S allergens are open boxed.
The major B-cell epitope of Jug r 1 and the corresponding regions of other allergens is dashed boxed.
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Fig. 4. Molecular surfaces of Jug r 1 (A), Car i 1 (B), Ric c 3 (C) and Ara h 2
(D) showing the three-dimensional conformation of the major B-cell epitope
(gray) characterized on the surface of Jug r 1 and the corresponding regions
on the surface of other 2S albumin allergens. All 2S albumins are similarly
oriented and N indicates the N-terminal end of the polypeptide chains.

end of the molecule. In addition, it is poorly exposed on the
molecular surface in such a way that Ara h 2 may be supposed
to be unglycosylated. According to[12] the allergenic char-
acter of Ara h 2, which do not contain significant amounts of
carbohydrate, appears to be solely due to epitopes. TypeO-
glycans have also been shown to behave as CCD of the Mug-
wort pollen allergen Art v 1[37]. However, sera of patients
allergic to grass pollen with significant levels of anti-peanut
IgE but without positive skin prick tests and no symptom of
peanut allergy were extremely poorly reactive when tested
for the presence of anti-CDD IgE[38]. Similarly, one can-
not exclude that true conformational B-cell epitopes distinct
from continuous epitopes participate in some cross-reactivity
between Ara h 2 and other tree nut allergens even though their
continuous epitopes do not share sequence or structural sim-
ilarities. In this respect, the use of mimotopes from phage
display libraries, allowed to identify compact patches of se-
quence motifs on the molecular surface of the Bet v 1[39] and
Phl p 5[40] allergens that most likely represent the true con-
formational B-cell epitopes. The coalescence of linear epi-
topes 6–7 and 9–10 on the molecular surface of Ara h 2 (see
Fig. 2D and F) could create more surface-extended confor-
mational epitopes responsible for some cross-reactivity with
other tree nut allergens.
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