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a  b  s  t  r  a  c  t

Ara  h  1,  a  7S  globulin,  is  one  of the  three  major  peanut  allergens.  We  previously  reported  the crystal-
lization  of  the core  region  of recombinant  Ara  h 1.  Here,  we  present  the  crystal  structure  of the Ara  h 1
core at a resolution  of  2.43 Å. We  also  assayed  the  Ara  h  1 core  thermal  stability  and  compared  its final
structure  against  other  7S globulins.  The  Ara  h  1  core  has  a thermal  denaturation  temperature  of  88.3 ◦C
and  a structure  that is  very  similar  to  other 7S  globulins.  Previously  identified  linear  IgE epitopes  were
also  mapped  on  the  three-dimensional  structure.  Most  linear  epitopes  were  found  in the  extended  loop
domains  and  the  coils  between  the  N-  and  C-terminal  modules,  while  others  were  found  in the  less  acces-
eanut
ood allergen
gE epitope
-ray crystallography
S globulin
lectrostatic potential

sible �-sheets  of the C-terminal  core  �-barrel  domain  of  each  monomer.  Most  of  these  epitopes  become
either  slightly  or significantly  buried  upon  trimer  formation,  implying  that  allergen  digestion  in the  gut
is  required  for these  epitopes  to  be accessible  to immunoglobulins.  Our  findings  also  suggest  that  both
intact  and  partially  degraded  allergens  should  be  employed  in future  diagnostic  and  immunotherapeutic
strategies.
hermal stability

. Introduction

The peanut seed and its food derivatives belong to the “big
ight” group of foods that account for the majority of food aller-
ies worldwide, along with milk, eggs, fish, crustaceans, wheat,
ree nuts, and soybean products. Peanut allergy has a worldwide
revalence of 0.5–2%, and this prevalence appears to be increasing
Bindslev-Jensen et al., 2002; Emmett et al., 1999; Grundy et al.,
002; Osterballe et al., 2005; Sicherer et al., 1999, 2003). The symp-
oms of peanut allergy range from mild oral allergy syndrome
OAS) to anaphylactic reactions, and even death. As yet, there is
o cure for peanut allergy. Therapy focuses primarily on peanut
voidance, early recognition of symptoms brought on by accidental
ngestion, and pharmacologic treatment of adverse reactions (Bock
t al., 2001; Roberts, 2007; Skolnick et al., 2001). To date, there
re 13 listed allergens that account for peanut allergy, including
1 allergens named Ara h 1 through 11, and two recently iden-
ified allergens, agglutinin and 18-kDa oleosin (Mari et al., 2006).
he names for allergens Ara h 1–11 are officially recognized by the
llergen Nomenclature Sub-Committee of the International Union
Please cite this article in press as: Cabanos, C., et al., Crystal structu
doi:10.1016/j.molimm.2011.08.004

f Immunological Societies (IUIS).
The peanut seed contains both storage and non-storage pro-

eins. Allergens Ara h 1–4, Ara h 6, and Ara h 7 are seed storage
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proteins. The major peanut allergens are Ara h 1–3. Ara h 1 is a 7S
vicilin-like globulin also known as conarachin (de Jong et al., 1998;
Kleber-Janke et al., 1999; Wichers et al., 2004). Ara h 2 is a 2S albu-
min, also known as conglutin, and functions as a trypsin inhibitor
(Maleki et al., 2003). Ara h 3 is an 11S globulin known as arachin,
and also functions as a trypsin inhibitor (Dodo et al., 2004). The
sequence identity between Ara h 2 and Ara h 6 is 59%, while that
between Ara h 2 and Ara h 7 is 35% (Lehmann et al., 2006). Ara h
2, h 6, and h 7 are regarded as isoforms, as are Ara h 3 and Ara h 4
(Boldt et al., 2005; Koppelman et al., 2003). Non-storage proteins
contained within peanut seeds include Ara h 5, Ara h 8–11, agglu-
tinin, and 18-kDa oleosin. Ara h 5 is an actin-binding protein that
is also known as profilin. Ara h 8 is a pathogenesis-related protein,
also called PR-10. Ara h 9 is a lipid transfer protein, while Ara h 10
and Ara h 11 are oleosins, or oil body proteins. Agglutinin is a lectin
involved in cellular recognition (Mari et al., 2006).

Since the allergenicity of a particular protein largely depends
on its overall structure, the development of advanced methods for
the diagnosis and treatment of peanut allergy requires a better
understanding of the three-dimensional structure of all the aller-
gens involved. However, to date, solved structures are available for
only Ara h 2, Ara h 3, Ara h 6, and agglutinin. The objective of this
study was to elucidate the structure of the remaining major peanut
re of the major peanut allergen Ara h 1. Mol. Immunol. (2011),

allergen, Ara h 1. This 65-kDa protein has a high sequence similarity
with other plant vicilins, which implies that there is a high probabil-
ity of cross-reactivity. Ara h 1 comprises 12–16% of the total peanut
protein (de Jong et al., 1998), and affects 35–95% of peanut-allergic
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atients in different populations (Mari et al., 2006). Size exclusion
hromatography has revealed that Ara h 1 exists as a stable trimer
uring recombinant expression (Pomes et al., 2003), but exists as
n oligomer upon purification of the native protein from seeds (van
oxtel et al., 2006).

Initially, we attempted to crystallize the mature Ara h 1 pro-
ein; however, due to the difficulty in obtaining crystals with good
iffraction quality, the N-terminal extension and C-terminal flexi-
le regions that can negatively affect diffraction were removed. The
tudy thus focused on the Ara h 1 core region instead. Previously,
e reported the cloning, expression in Escherichia coli, purification,

nd crystallization of the Ara h 1 core region (Cabanos et al., 2010).
ere, we present the solved three-dimensional structure of the Ara

 1 core region and mapping of the known linear epitopes on its
olecular surface.

. Materials and methods

.1. Cloning, expression, and purification of the Ara h 1 core
egion

Details regarding the cloning, expression, and purification of
he Ara h 1 core region have been described previously (Cabanos
t al., 2010). Briefly, the Ara h 1 core region cDNA was lig-
ted to pET21d (Novagen, CA) and transformed into E. coli
L21(DE3) (Novagen). The bacteria were cultured in Luria-Bertani
LB) medium containing 0.5 M NaCl and 50 �g/ml carbenicillin and
xpression of the recombinant protein was induced with isopropyl
-d-1-thiogalactopyranoside (IPTG) (1 mM final concentration)
hen the culture reached an OD600 nm = 0.60. After induction, cul-

ures were incubated for an additional 48 h at 20 ◦C. Cells were
hen harvested, resuspended, and sonicated in buffer A [35 mM
otassium phosphate (pH 7.4), 0.4 M NaCl, 1 mM EDTA, 0.1 mM
p-amidinophenyl)-methanesulfonyl fluoride (p-APMSF), 1.2 �M
eupeptin, 0.2 �M pepstatin A, 0.02% (w/v) NaN3]. The resulting sol-
ble fraction was subjected to a three-step purification involving
mmonium sulfate [(NH4)2SO4] fractionation, ion-exchange chro-
atogaphy using a Q-Sepharose HR 26/10 column (GE Healthcare

ife Sciences, NJ), and gel-filtration chromatography using a HiLoad
6/60 Superdex 200 prep-grade column (GE Healthcare Life Sci-
nces). The purity of Ara h 1 core (47.4 kDa) fractions was  estimated
sing Laemmli (1970) 11% SDS-PAGE gels.

.2. Protein measurement

Protein concentrations were determined using a Protein Assay
apid Kit (Wako, Japan), with bovine serum albumin (BSA) as the
tandard.

.3. Analysis of self-assembly into trimers

Self-assembly of the recombinant Ara h 1 core was analyzed
sing a Hi-Prep 16/60 Sephacryl S-300 HR column (GE Healthcare
ife Sciences). The flow rate was set at 0.5 ml/min using the same
uffer described above (buffer A).

.4. Differential scanning calorimetry
Please cite this article in press as: Cabanos, C., et al., Crystal structu
doi:10.1016/j.molimm.2011.08.004

Differential scanning calorimetry (DSC) experiments were car-
ied out on a Microcal MC-2 Ultrasensitive Microcalorimeter
Microcal Inc., NJ). The software package Origin, supplied by Micro-
al, was used for data analysis and plotting. The DSC scan rate was
et at 1 ◦C/min. All DSC experiments were performed at a protein
oncentration of 0.5 mg/ml  using buffer A.
 PRESS
nology xxx (2011) xxx– xxx

2.5. Crystallization, structure solution, and refinement

Purified recombinant Ara h 1 core in buffer A was concentrated
to 10 mg/ml. Screening for crystallization conditions was carried
out in 24-well Linbro plates using the hanging-drop vapor-diffusion
technique against a 1 ml  well solution. Diffraction-quality crys-
tals were obtained in a reservoir containing 0.1 M sodium citrate
(pH 5.6), 0.1 M NaCl, and 15% PEG400 at 20 ◦C. X-ray diffraction
images of the crystal were collected using a JUPITER 210 CCD detec-
tor (Rigaku, Japan) with synchrotron radiation at a wavelength of
1.0 Å at the BL-38B1 station of SPring-8 (Hyogo, Japan). Diffrac-
tion data were indexed, integrated, and scaled using the HKL2000
program. The initial structure was determined using the molecular-
replacement technique with the MOLREP (Vagin and Teplyakov,
2010) program from the CCP4 suite [Collaborative Computational
Project, Number 4, (1994)]  and using the rigid-body refinement
option with the �-subunit of soybean �-conglycinin (PDB: 1IPK) as
the template. Final model building and refinement were performed
using PHENIX (Adams et al., 2010) and Coot (Emsley and Cowtan,
2004), respectively.

2.6. Structural analysis

The refined model was validated with a Ramachandran plot
calculated using PROCHECK (Vaguine et al., 1999). Structural align-
ment was carried out using the Secondary Structure Matching
(SSM) Superpose program (Krissinel and Henrick, 2004) under Coot.
Secondary structures were determined using DSSP and validated
using Coot’s SSM Superpose. The surface accessibility of residues
was calculated using both DSSP (Kabsch and Sander, 1983) and
AREAIMOL (Lee and Richards, 1971). The molecular surfaces were
calculated and displayed using PyMOL. Electrostatic potentials
were calculated and displayed using GRASP2 (Petrey and Honig,
2003).

3. Results

3.1. Self-assembly of the Ara h 1 core

The purity of the recombinant Ara h 1 core was  estimated to be
above 95%, as described previously (Cabanos et al., 2010). Gel fil-
tration chromatography experiments confirmed that recombinant
Ara h 1 core exists as a trimer (∼145 kDa; data not shown), similar
to native Ara h 1.

3.2. Ara h 1 core model quality

The Ara h 1 core region amino acid sequence compared to other
7S globulins with known crystal structures is shown in Fig. 1.
The sequence of Ara h 1 is 53.0% identical to that of soybean �-
conglycinin � (PDB: 1IPK), 52.0% identical to mung bean 8S globulin
(PDB: 2CV6), 50.1% identical to both soybean �-conglycinin �′

(PDB: 1UIK) and adzuki 7S1 (PDB: 2EA7), and 49.1% identical to
adzuki 7S3 (PDB: 2EAA).

The crystal structure of the Ara h 1 core region was deter-
mined at a final resolution of 2.43 Å. The data collection and
refinement statistics are presented in Table 1. A total of 1732
(90.1%) of the amino acids were within the core favored region
and 1917 (99.7%) of the amino acids, excluding glycine (130), pro-
line (96) and terminal residues (55), were within the allowed
region of the Ramachandran plot of the refined model as cal-
culated by PROCHECK, while 0.3% (6) of the amino acids were
re of the major peanut allergen Ara h 1. Mol. Immunol. (2011),

found in the outlier region. The outlier residue His412, found in
six subunits, is clearly defined in the density map  and exists in
the middle of the �-turns. The R and Rfree values from the result-
ing model were 20.2% and 24.4%, respectively. The asymmetric

dx.doi.org/10.1016/j.molimm.2011.08.004
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Fig. 1. Structure-based sequence alignment of the Ara h 1 core with other solved structures of 7S globulins, generated using the Secondary Structure Matching (SSM)
Superpose program (Krissinel and Henrick, 2004) under Coot. Residues not found in the final model are shown in gray. Blue and red represent �-strands and �-helices,
respectively. The symbols (-) and (*) represent gaps and conserved residues, respectively, while (.) and (:) indicate the relative degree of homology among residues. Letters
a ry-stru
p erline
r

u
o
t
i

T
S

nd  numbers at the top of the alignment are the annotation of the typical seconda
arentheses refer to the name/number of previously identified linear epitopes (und
eader is referred to the web  version of this article.)

nit of the crystal contained two trimers, hence, six monomers
Please cite this article in press as: Cabanos, C., et al., Crystal structu
doi:10.1016/j.molimm.2011.08.004

r chains, which were designated as A–F, and also contained a
otal of 337 water molecules. A total of 373 residues were present
n monomers A and D, 365 residues in monomers B and E, 370

able 1
ummary of data collection and refinement statistics.

Data collection
Wavelength (Å) 1.0
Temperature (K) 100
Space group C2
a, b, c (Å) 156.49, 89.01, 158.97,

90.00,107.15, 90.00
Resolution limits (Å) 2.43 (2.46–2.43)
Number of observed reflections 757113 (70174.2)
Number of unique reflections 122061 (12099)
Completeness (%) 100 (99.9)
Mean I/I(�) 14.0 (5.45)
Rmerge(%) 7.9 (43.6)

Structure refinement statistics
Resolution range (Å) 15.0–2.43 (2.46–2.43)
Number of reflections 76734 (2554)
Working set 72875 (3616)
Test set(5.03%) 3859 (130)
Number of atoms

Protein 18099
Water 596
R/Rfree(%) 20.2/24.4 (26.7/34.4)

Rmsd from ideal geometry
Bond lengths (Å) 0.008
Bond angles (◦) 1.072

Ramachandran plot (%)
Number of residues in favored region 1732 (90.1% of non-Gly and

non-Pro)
Number of residues in allowed region 185 (9.6% of non-Gly and

non-Pro)
Number of residues in outlier region 6 (0.3% of non-Gly and

non-Pro)
cture elements of 7S proteins, adopted from Maruyama et al. (2001).  Numbers in
d) of Ara h 1. (For interpretation of the references to color in this figure legend, the

residues in monomer C, and 364 in monomer F. In all of the
Ara h 1 core monomers, the N-termini (residue 1 of monomer A
and residues 1–2 of monomers B–F) and C-termini (residue 417
of monomers A–D, and F and residues 417–418 of monomer E)
were not included in the final models. Furthermore, three major
regions were not included in most of the monomers due to their
diffused 2|Fo| − |Fc|  maps, leading to difficulty in tracing the cor-
rect residues in these regions. These regions also generally coincide
with the missing regions in the crystal structures of other 7S glob-
ulins (Fig. 1). Most of the residues in the missing regions are
hydrophilic and probably located at the surface, indicating that
these are highly disordered regions. The first missing region cor-
responds to residues 172–190 of monomer A, residues 173–191
of monomer C, residues 172–191 of monomers B and D, residues
172–192 of monomer E, and residues 172–193 of monomer F.
The second missing region corresponds to residues 215–218 of
monomer A, residues 215–221 of monomer B, residues 216–220 of
monomer C, residues 219–222 of monomer D, residues 214–217 of
monomer E, and residues 214–220 of monomer F. The third miss-
ing region corresponds to residues 306–325, 304–326, 304–324,
305–322, 303–326, and 304–325 of monomers A–F, respectively.
Each monomer also includes an oxidized cysteine at position 266
(Fig. 2C). In this study, monomer D was used in all figures as it had
the most visible electron density map  and fewest missing regions.

3.3. Overall structure

The overall trimeric structure of the Ara h 1 core region is
shown as a ribbon model in Fig. 2A. The core region has approx-
imate dimensions of 95 Å × 95 Å × 40 Å, and a monomeric model
re of the major peanut allergen Ara h 1. Mol. Immunol. (2011),

is shown in Fig. 2B. The monomer can be divided into two very
similar modules, the N- and C-terminal modules, separated by a
pseudo-dyad axis. Each module contains the conserved �-barrel
core (jelly roll-like) domain and an extended loop domain con-

dx.doi.org/10.1016/j.molimm.2011.08.004
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Fig. 2. Overall structure of the Ara h 1 core. (A) Trimer structure. (B) Monomer structure. (C) Oxidized cysteine (CSW) at position 266 of each monomer. Strands of �-sheets and
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tretches of �-helices are shown in yellow and red, respectively. The gray line repres
f  the references to color in this figure legend, the reader is referred to the web ver

aining several helices. Each �-barrel core domain consists of
wo �-sheets made up of A′ABIDG and J′JCHEF segments (Fig. 1).
hese secondary-structure elements were named according to the
trands and helices in soybean �-conglycinin � (Maruyama et al.,
001).

.4. Structural comparison

The C� backbone superimposition of Ara h 1 with other known
tructures of 7S globulins is shown in Fig. 3. Although there are
inor differences, the Ara h 1 core backbone structure is very sim-

lar to those of �-conglycinin �′, �-conglycinin �, adzuki 7S1 and
S3, and mung bean 8S�.  The Ara h 1 core has root mean square
eviations (RMSD) of 1.15 Å compared to the 358 C� atoms of �-
onglycinin �′, 1.01 Å for the 359 C� atoms of �-conglycinin �,
.04 Å for the 367 C� atoms of adzuki 7S1, 1.00 Å for the 361 C�
toms of adzuki 7S3, and 1.04 Å for the 352 C� atoms of mung bean
S�. Minor differences among 7S globulins (Figs. 1 and 3) are found
Please cite this article in press as: Cabanos, C., et al., Crystal structu
doi:10.1016/j.molimm.2011.08.004

t the N-termini, N-terminal extended loop domains (between seg-
ents 0 and 0′), variable region in between segments 3 and J′ of
-terminal modules, random coils in between N- and C-terminal
odules (segments 4 and Z), between segments A and 0′ of C-
he pseudo-dyad axis in between the N- and C-terminal modules. (For interpretation
f this article.)

terminal modules, the variable region in between segments E and
F of C-terminal modules, and at the C-termini.

3.5. Ara h 1 thermal stability and surface character

The thermal stability of the Ara h 1 core in terms of its midpoint
denaturation temperature (88.3 ◦C) compared to other globulins
(Fukuda et al., 2008) is shown in Table 2. As shown, the Ara h
1 core Tm falls within the range observed for other 7S globulins
(77.5–90.8 ◦C) and is above the average (87.5 ◦C), indicating that it
has a fairly high thermal stability. The order of Tm values was adzuki
7S3 ≥ adzuki 7S1 > �-conglycinin � > Ara h 1 core > �-conglycinin
�′ > mung bean 8S�.

The distributions of aromatic (Phe, Tyr, and Trp) and aliphatic
(Ala, Gly, Ile, Leu, Met, Pro, and Val) hydrophobic residues on the
surface of the Ara h 1 core and its surface electrostatic potential
in the trimeric and monomeric forms are shown in Figs. 4 and 5,
respectively. Overall, the surface distribution of both aromatic and
re of the major peanut allergen Ara h 1. Mol. Immunol. (2011),

aliphatic hydrophobic residues (Figs. 4A and 5A) in the Ara h 1
core is very similar to that of the other 7S proteins, as previously
shown by Fukuda et al. (2008).  However, in terms of surface elec-
trostatic potential, Ara h 1 seems to possess the largest distribution

dx.doi.org/10.1016/j.molimm.2011.08.004
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Fig. 3. C� backbone superimposition of the Ara h 1 core with other 7S globulins. Ara
h  1 core, �-conglycinin �′ , �-conglycinin �, adzuki 7S1, adzuki 7S3 and mungbean
8S�  are shown in orange, red, green, blue, yellow, and magenta, respectively. 1:
N-terminus; 2: N-terminal extended loop domain (between segments 0 and 0′); 3:
variable region in between segments 3 and J′ of the N-terminal module; 4: random
c
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Table 2
Thermal stability of the Ara h 1 core and other 7S globulins.

7S globulins Tm values (◦C)

Ara h 1 core 88.3
�-Conglycinin �′ 83.3#

�-Conglycinin � 90.8#

Adzuki 7S1 92.4#

Adzuki 7S3 92.5#

Mung bean 8S� 77.5#
oil in between the N- and C-terminal modules (segments 4 and Z); 5: random coil in
etween A and 0′ of the C-terminal module; 6: variable region in between segments

 and F of the C-terminal module; 7: C-terminus.

f electropositive surface at the center of one of the sides (Fig. 4B) of
ts trimeric form, which is then followed by �-conglycinin �′ and
-conglycinin � (data shown in Fukuda et al., 2008). In all three
roteins, the center and periphery of one surface have well-defined
ositive and negative potentials, respectively, and the center and
eriphery of the other surface have negative and positive poten-
ials, respectively. The other 7S globulins appear to have a less
oncentrated distribution of either electropositive or electroneg-
tive potentials on their surfaces.

.6. Map  of the linear epitopes on the Ara h 1 core surface

To date, 24 Ara h 1 linear epitopes have been identified (Burks
t al., 1997; Shin et al., 1998; Shreffler et al., 2004). Based on the
ecently reported correct N-terminal sequence of native Ara h 1
Wichers et al., 2004), the first three previously identified epi-
opes are now considered irrelevant because they are located in
he signal peptide region. Relative to mature Ara h 1, there are
1 epitopes (numbered 1–21) that span the entire sequence. The
ata listed in Table 3 show the previously reported linear epi-
opes (see also Fig. 1) found in the Ara h 1 core region, as well
s their corresponding solvent accessible surface areas (these are
pitopes 7–21, excepting epitope 10, which is located in the disor-
ered region, and epitope 20, which is in the omitted C-terminal
exible region). The localization of these epitopes on the molecu-
Please cite this article in press as: Cabanos, C., et al., Crystal structu
doi:10.1016/j.molimm.2011.08.004

ar surface of the Ara h 1 trimeric and monomeric forms is shown
n Figs. 4C and 5C,  respectively. Upon trimer formation (Fig. 4C;
able 3), all epitopes except epitope 12 become partially (<50%) to
ignificantly (≥50%) buried. Significantly buried epitopes include
# These data are cited from Fukuda et al. (2008), Itoh et al. (2006) and Maruyama
et al. (1998).

numbers 7 (63.0% burial), 13 (56.6%), 17 (64.6%), and 18 (61.2%),
while epitopes 8 (46.5% burial), 9 (28.3%), 11 (17.8%), 14 (7.0%), 15
(8.9%), 16 (43.7%), 19 (6.6%), and 21 (10.2%) are partially covered
but still solvent accessible. Epitopes 7, 13, 17, and 18 contain a high
number of hydrophobic residues (Fig. 4A and C; Table 3), and closer
inspection revealed that these epitopes are also located in regions
where actual monomer–monomer interactions occur during trimer
formation (Figs. 4C and 5C).

Epitope 15 (shown in orange in Figs. 4C, 5C and D) is already
significantly buried inside the C-terminal �-barrel domain (Table 3;
Fig. 5C and D) in the monomeric form of Ara h 1, with 80% of its
residues buried and only 2 of its 10 residues accessible to solvent
(underlined residues in Table 3). The accessible surface area (ASA)
of epitope 15 is one of the lowest among the Ara h 1 epitopes, at
only 194.2 Å2. Epitope 21 has the largest ASA (1703.6 Å2), while the
ASA of epitope 13 (179.8 Å2) is the lowest. Epitope 13 is located in
one of the outer �-sheets of the C-terminal �-barrel core domain,
while epitope 21 is located in the �-sheet-coil-helix segment on
the periphery of the N-terminal �-barrel core domain. The linear
epitopes (nos. 7–12, 14–19) are reported to contain residues that
are critical for IgE binding (Burks et al., 1997), and although most
of these critical residues are generally accessible to solvent in the
monomer form, some are completely inaccessible.

Epitopes 7–9 and 17–19 are located in the conserved N- and
C-extended loop regions, respectively. Some epitopes are located
in the �-sheets on the periphery of the C-terminal �-barrel core
(nos. 12, 14, and 16), while epitope 11 is located in the coils in
between the two �-barrel core domains (Fig. 5D). Except for epi-
topes 7, 13, 15, 17, and 18, most of the epitopes are located in
relatively hydrophilic regions on the surface of the Ara h 1 core
(Figs. 4A and 5A). Moreover, epitopes 9, 14, 19, and 21 are located
in relatively neutral to electropositive regions of the Ara h 1 surface,
while the remaining epitopes are located in neutral to electroneg-
ative regions.

4. Discussion

The peanut 7S globulin Ara h 1 was  the first peanut allergen
identified (Burks et al., 1991) and the first of the three immun-
odominant peanut allergens described. Elucidating the structure of
Ara h 1 is critical for understanding the allergenicity and possible
cross-reactivity of Ara h 1 with other 7S globulins. The mature Ara h
1 protein has three major structural characteristics in common with
other 7S globulins (Fukuda et al., 2008; Itoh et al., 2006; Maruyama
et al., 2001, 2004): the N-terminal extension region (residues 1–86,
based on the correct N-terminal sequence of native Ara h 1 reported
by Wichers et al. (2004)), the core region (residues 86–504), and
the C-terminal flexible region (residues 504–536). The sequences
of both terminal regions are variable, while that of the core region
is highly conserved among 7S globulins.
re of the major peanut allergen Ara h 1. Mol. Immunol. (2011),

Initially, our group attempted to recombinantly produce and
crystallize the Ara h 1 mature protein. However, after several
months of screening trials, no diffraction-quality crystals were
obtained. After removing the extension and flexible regions of Ara

dx.doi.org/10.1016/j.molimm.2011.08.004
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Fig. 4. Surface character and mapping of previously identified linear IgE epitopes on the molecular surface of the Ara h 1 core trimer. (A) Distribution of aromatic (Phe, Tyr,
and  Trp) and aliphatic (Ala, Gly, Ile, Leu, Met, Pro, and Val) hydrophobic residues on the molecular surface are shown in pink and cyan, respectively. (B) Ara h 1 core trimer
surface electrostatic potential as calculated using GRASP2 and rendered from the −10 (red; electronegative) to +10 kT (blue, electropositive) range, where k is the Boltzmann
constant and T is the absolute temperature (K). (C) Map  of previously identified linear IgE epitopes. Epitopes are shown in different colors: no. 7: red; 8: pale green; 9: blue;
11:  yellow; 12: magenta; 13: pale yellow; 14: cyan; 15: orange; 16: light pink; 17: dark gray; 18: brown; 19: green; and 21: purple. Structures are represented as white
molecular surface models using Pymol. The center and rightmost diagrams represent views after 90◦ and 180◦ rotation around the vertical axis, respectively, of the leftmost
diagram. (For interpretation of the references to color in this figure legend, the reader is referred to the web  version of this article.)

Table 3
Known linear IgE epitopes in the Ara h 1 core region and their corresponding solvent accessible surface areas (ASA) in the monomeric and trimeric forms.

Epitope no.* Epitope sequence Residue no. based
on Ara h 1 core
sequence

Trimer ASA (Å2) Monomer ASA (Å2) % buried area in
trimeric form

7a PGQFEDFF 126–133 136.5 369.1 63.0
8a YLQGFSRN 143–150 360.9 675.2 46.5
9a FNAEFNEIRR 156–165 600.9 837.5 28.3

10a QEERGQRR 176–183 (disordered)
11a DITNPINLRE 224–233 309.5 376.4 17.8
12a NNFGKLFEVK 240–249 458.4 458.4 0.0
13a GNLELV 294–299 78.0 179.8 56.6
14a RRYTARLKEG 329–338 609.9 655.6 7.0
15a ELHLLGFGIN 356–365 177.0 194.2 8.9
16a HRIFLAGDKD 370–379 314.3 558.5 43.7
17a IDQIEKQAKD 382–391 264.7 746.9 64.6
18a KDLAFPGSGE 390–399 256.7 661.7 61.2
19a KESHFVSARP 409–418 566.1 606.2 6.6
21b NEGVIVKVSKEHVEELTKHAKSVSK 192–216 1529.8 1703.6 10.2

Bold face letters are the critical residues for IgE binding (Shin et al., 1998).
Underlined residues are surface-exposed or solvent accessible in monomer determined using DSSP (Kabsch and Sander, 1983) and AREAIMOL (Lee and Richards, 1971).

a Determined by Burks et al. (1997).
b Determined by Shreffler et al. (2004).
* Numbered according to van Boxtel et al. (2008).
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Fig. 5. Surface character and mapping of previously identified linear IgE epitopes on
the  Ara h 1 core monomer, and their secondary structural features. (A) Distribution
of  aromatic (Phe, Tyr, and Trp) and aliphatic (Ala, Gly, Ile, Leu, Met, Pro, and Val)
hydrophobic residues on the Ara h 1 core monomer molecular surface. (B) The Ara
h  1 core monomer surface electrostatic potential. (C) Map  of previously identified
linear IgE epitopes. (D) Secondary structural features of the epitopes. The left and
right diagrams represent the 0◦ and 180◦ rotations, respectively, around the vertical
axis. The hydrophobicity, surface electrostatic potential, map  of epitopes on surface,
and secondary structure views were rendered in the same manner as those of Fig. 4.
 PRESS
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h 1, the crystal quality improved, and we recently reported the
expression and crystallization of the Ara h 1 core region (Cabanos
et al., 2010). In this study, we present the refined crystal struc-
ture of the Ara h 1 core region at a resolution of 2.43 Å (Table 1).
The Ara h 1 allergen was  found to exist in trimeric form (Fig. 2;
gel-filtration data not shown) and its topology and basic structure
are very similar to other known structures of 7S globulins, namely,
soybean �-conglycinin �′ and �, adzuki 7S1 and 7S3, and mung
bean 8S� (Figs. 1 and 3). Ara h 1 was  also found to have a sur-
face distribution of hydrophobic residues very similar to that of the
above-mentioned globulins (Figs. 4A and 5A). Obviously, these sim-
ilarities indicate that there is a high possibility of cross-reactivity
between 7S globulins.

Although there are many similarities among these proteins,
some differences were also found, particularly in regard to thermal
stability and electrostatic potential. In this study, we  also deter-
mined the thermal denaturation temperature (Tm) of the Ara h 1
core (Table 2) and compared it to the reported Tm values for other
7S globulins (Fukuda et al., 2008; Maruyama et al., 1998). The Tm of
the Ara h 1 core is 88.3 ◦C, which falls within the range reported for
other 7S globulins (77.5–90.8 ◦C). This value is also above the aver-
age Tm (87.5 ◦C) of the other 7S proteins, indicating that Ara h 1 has
a relatively high thermal stability. A high thermal stability can also
be taken to indicate high overall protein stability. It is known that a
protein’s stability can greatly influence its resistance to digestion.
Since resistance to digestion is particularly relevant to a protein’s
role as an allergen, a high stability implies high allergenic potency
(Astwood et al., 1996; Mills et al., 2002; Sen et al., 2002). The order of
7S globulin thermal stability can be summarized as follows: adzuki
7S3 ≥ adzuki 7S1 > �-conglycinin � > Ara h 1 core > �-conglycinin
�′ > mung bean 8S�.  This could also mean that Ara h 1 may  have
a higher allergenicity than the other 7S globulins with lower Tm

values.
In terms of surface electrostatic potential profile, among the five

7S globulins Ara h 1 (Figs. 4B and 5B)  has the largest distribution
of electropositive surfaces at the center of one of its sides, which
is then followed by that of �-conglycinin �′ and �-conglycinin �.
Variation in the electrostatic potential of a protein can influence
the affinity and specificity of IgEs directed against these proteins.
Moreover, since most of the IgE epitopes tend to be located within
the electropositive portions of an allergen (Rouge et al., 2009), the
presence of a large electropositive patch on the Ara h 1 surface
could indicate the presence of a relatively high density of epitopes,
including either linear or conformational epitopes. We  showed the
localization of the linear epitopes by mapping the electrostatic
potential of the Ara h 1 core monomer. Four epitopes (nos. 9, 14, 19,
and 21; Fig. 5B and C) are found in relatively neutral to electroposi-
tive regions, while the remaining epitopes are located in neutral to
electronegative regions on the Ara h 1 surface. Although detailed
data regarding epitopes of the other 7S proteins remain unclear,
the data presented here will shed light on the relationship between
electrostatic properties and epitopes in 7S globulins.

We  also mapped the previously identified epitopes on the Ara h
1 core surface and found that most epitopes either become slightly
(<50% burial; epitopes 8–11, 14–16, 19, and 21) to significantly
(≥50%) buried (epitopes 7, 13, 17, and 18) upon trimer formation.
Only epitope 12 remains uncovered upon trimerization (Table 3;
Fig. 4C). The significantly buried epitopes are actually located in
regions with high hydrophobicity (Figs. 4A and 5A) and in the N-
and C-terminal extension regions, which are points of contact dur-
ing trimer assembly (Fig. 5C). In the monomeric form, epitope 15
was found to be already significantly buried inside the �-barrel
re of the major peanut allergen Ara h 1. Mol. Immunol. (2011),

domain (Table 3; Fig. 5C), with 80% of its residues buried. Epi-
tope 15 also has one of the lowest ASA values (194.2 Å2) among
the epitopes. In addition, some of the reported residues critical
for IgE binding (Burks et al., 1997) are completely inaccessible to

dx.doi.org/10.1016/j.molimm.2011.08.004
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olvent. For example, in the case of epitope 15, none of the five
ritical residues (H, L, G, F, and G) are exposed on the surface of
he molecule. These data indicate that for most of the Ara h 1 epi-
opes to become completely accessible to immunoglobulins, the
llergen has to be completely or partially fragmented, at least in
he monomeric form, in the gut.

Our findings may  also be very relevant for designing new ther-
peutic desensitization strategies and even in the diagnosis of
eanut allergy, which normally employs only skin and blood test-

ng. Although our knowledge on the localization and accessibility
f all epitopes of all allergens, peanut allergens in particular, is
ot yet complete, this study suggests that the current desensi-
ization approach using intact allergens may  be inadequate. The
se of both whole allergens and partially degraded components
hould be seriously considered in the design of future diagnostic
nd immunotherapeutic strategies.
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