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Resistance to proteolytic enzymes and heat is thought to be a
prerequisite property of food allergens. Allergens from peanut
(Arachis hypogaea) are the most frequent cause of fatal food al-
lergic reactions. The allergenic 2S albumin Ara h 2 and the homo-
logous minor allergen Ara h 6 were studied at the molecular level
with regard to allergenic potency of native and protease-treated
allergen. A high-resolution solution structure of the protease-re-
sistant core of Ara h 6 was determined by NMR spectroscopy, and
homology modelling was applied to generate an Ara h 2 struc-
ture. Ara h 2 appeared to be the more potent allergen, even though
the two peanut allergens share substantial cross-reactivity. Both
allergens contain cores that are highly resistant to proteolytic di-
gestion and to temperatures of up to 100 ◦C. Even though IgE anti-
body-binding capacity was reduced by protease treatment, the
mediator release from a functional equivalent of a mast cell or

basophil, the humanized RBL (rat basophilic leukaemia) cell,
demonstrated that this reduction in IgE antibody-binding capacity
does not necessarily translate into reduced allergenic potency.
Native Ara h 2 and Ara h 6 have virtually identical allergenic
potency as compared with the allergens that were treated with di-
gestive enzymes. The folds of the allergenic cores are virtually
identical with each other and with the fold of the corresponding
regions in the undigested proteins. The extreme immunological
stability of the core structures of Ara h 2 and Ara h 6 provides
an explanation for the persistence of the allergenic potency even
after food processing.
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INTRODUCTION

Peanuts (Arachis hypogaea) are a major cause of severe IgE-medi-
ated food allergy in children and adults. According to studies in
Great Britain and the U.S.A., approx. 0.6% of the population is af-
fected by peanut allergy [1,2]. Compared with other food allergies,
peanut allergy is characterized by particularly severe symptoms.
A large fraction of all food-induced anaphylactic reactions and of
all lethal reactions as a result of food allergy are caused by peanuts
[3]. Although the typical peanut dose causing allergic reactions
is in the range 100–1000 mg, in some sensitive patients, very low
doses of approx. 100 µg of peanut protein can trigger adverse
reactions [4]. In contrast with many other food allergies such as
milk, soya bean (Glycine max) and wheat (Triticum aestivum)
allergies, peanut allergy is rarely outgrown after childhood and
often shows lifelong persistence [5]. Specific immunotherapy,
which is effective for several respiratory and insect venom aller-
gies [6], is complicated by serious side effects in the case of
peanut allergy [7]. Since no treatment to cure type I food aller-
gies is yet available, avoidance is the only option for peanut-
sensitive persons – an approach that is complicated by the wide-
spread application of peanuts as food ingredients and by the
omnipresence of peanut contamination in processed food.

To date, three major allergens, Ara h 1, Ara h 2 and Ara h 3
[8–10], and four minor allergens, Ara h 4, Ara h 5, Ara h 6 and Ara
h 7 [11], have been identified in peanuts. With the exception of
the profilin Ara h 5, these allergens are seed storage proteins. Very
recently, Ara h 8, a homologue of the major birch (Betula alba)
pollen allergen, Bet v 1, was identified as a major allergen in

birch-pollen-allergic patients with concomitant peanut allergy
[12]. The major allergens are responsible for IgE binding in 45–
90% of peanut-sensitized individuals [8,10,13]. The sequence
identity between Ara h 2 and Ara h 6 is 59 %, and is 35% be-
tween Ara h 2 and Ara h 7. Both Ara h 2 and Ara h 6 contain a
high proportion of nitrogen- and sulphur-containing amino acids
(glutamine, arginine and cysteine). Ara h 2 is synthesized as a pre-
cursor protein with an additional N-terminal 21-residue signal se-
quence, typical for proteins transported from the cytoplasm to tar-
get organelles. A second isoform of Ara h 2, Ara h 2.02, is largely
identical with Ara h 2, but possesses a 12-residue insert in the
middle of the sequence [14]. In contrast with the thoroughly stud-
ied Ara h 2, little is yet known about Ara h 6 and Ara h 7. In
Ara h 2, initially isolated from peanuts [8], ten linear IgE-binding
peptides were identified that are located throughout the length
of the amino acid sequence [13]. Three of these epitopes (amino
acid positions 27–36, 57–66 and 65–74) appeared to be immuno-
dominant, because peptides containing these epitopes bound IgE
antibodies of all sera tested [13]. Single amino acid changes,
especially in the centre of the epitopes, can result in loss of peanut-
specific IgE binding [15].

In contrast with the majority of 2S albumins, Ara h 2 is not
post-translationally modified, except for disulphide formation,
and the protein occurs in peanut seeds as one single polypeptide
chain without subunit structure. This special feature allowed the
development of an Escherichia coli-based expression and puri-
fication strategy for the large-scale production of properly folded
Ara h 2 [16]. The recombinant form of Ara h 6 (rAra h 6) including
a hexahistidine tag was shown to be recognized by 38% of peanut
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allergic patient sera [17], but no information is available about
linear or structural IgE-binding epitopes.

As members of the 2S albumin family, Ara h 2, Ara h 6 and
Ara h 7 belong to the prolamine protein superfamily [18] that ad-
ditionally contains nsLTPs (non-specific lipid-transfer proteins),
α-amylase/trypsin inhibitors and puroindolines [19]. This super-
family is characterized by the conserved cysteine pattern CXnCXn-
CCXnCXCXnCXnC. 2S albumins are proteins with a molecular
mass of 12–15 kDa, generally containing eight or more disul-
phide-bridged cysteine residues. The physiological function of
these proteins is still unclear, but a role as a nitrogen and sulphur
donor was suggested on the basis of their amino acid composition,
their high abundance in seeds and their mobilization during
germination [20,21]. The majority of 2S albumins are synthesized
as long precursor proteins that undergo one or more post-trans-
lational modification steps. Napins, for example, a group of rape-
seed (Brassica napus) 2S albumins, are synthesized as 20 kDa pre-
cursors and are subsequently cleaved at four positions, resulting
in two subunits of 4.5 kDa and 10 kDa that are linked by di-
sulphide bonds [22–24].

Structural data on 2S albumins are available from a low-re-
solution solution structure of BnIb, a napin type 2S albumin from
rape seeds [25], from the solution structure of RicC3, a storage
protein from castor bean (Ricinus communis) [26], and from the
solution structure of SFA-8 from sunflower (Helianthus annuus)
seeds [27]. Crystal or solution structures are available for members
of the related class of bifunctional inhibitors and nsLTPs: RBI
[ragi bifunctional inhibitor: trypsin/α-amylase inhibitor from ragi
or Indian finger millet (Eleusine coracana)]; [28], α-amylase
inhibitor from wheat [29], HPS (hydrophobic protein from soya
bean) [30] and nsLTP from wheat [31], maize (Zea mays) [32,33],
barley (Hordeum vulgare) [34], rice (Oryza sativa) [35,36] and
onion (Allium cepa) [37]. The sequence identity of less than
17–20% between 2S albumins and nsLTPs renders homology
modelling difficult. The known structures of the 2S albumins, the
napins and the nsLTPs identified these proteins as belonging to
the class of all-α proteins, differing only in the α-helix arrange-
ment in their compact hydrophobic cores.

Despite the fact that many food allergens or stable allergen frag-
ments have been shown to resist conditions of the gastrointestinal
tract, little is known about the structures that survive digestion
and thus have the potential to sensitize the immune system.

Features such as post-translational modifications or stability
have turned out to be important for the severity of the allergic re-
action or cross-reactivity [38–40], and the protein tertiary struc-
ture plays a prominent role for the molecular mechanisms of an
allergic reaction, i.e. activation of sensitized basophils. In fact,
thorough knowledge of the structure of IgE-binding epitopes
seems to be key to the development of hypoallergenic variants of
use as vaccines for specific immunotherapy [41]. In the present
study, we solved a high-resolution structure of a protease-stable
core fragment of the 2S albumin-type food allergen Ara h 6 and
demonstrated that partial digestion of the allergen does not abolish
the allergenic potential of either Ara h 2 or Ara h 6.

EXPERIMENTAL

Expression and purification of Ara h 6 and Ara h 2

Ara h 6 (GenBank® accession number AY871100) and Ara h 2
(GenBank® accession number AAM78596) were expressed as
thioredoxin-fusion proteins in E. coli Origami cells (DE3;
Novagen) and were purified as described for Ara h 2 [16]. For
uniform (>95%) 15N and 13C/15N labelling, rAra h 6 was isolated
and purified from E. coli cultures grown in M9 minimal medium

enriched with 15NH4Cl or 15NH4Cl/[13C]glucose using the ident-
ical purification protocol. 15N-labelled leucine (Novagen) was
added to the medium according to the manufacturer’s instructions.
Natural Ara h 2 was purified as described in [16].

Proteolytic digestion

Proteolytic reactions with trypsin and chymotrypsin were per-
formed in 50 mM Tris/HCl, pH 8.0, over a period of 2–4 h at 37 ◦C
using 1 µM enzyme for 50 µM protein. The reaction was stopped
by adding SDS- and DTT (dithiothreitol)-containing buffers and
incubation at 95 ◦C for 10 min. The fragments were subsequently
purified using size-exclusion chromatography or reversed-phase
chromatography.

CD spectroscopy

CD studies were performed on a Jasco 600 spectropolarimeter
equipped with a CDF-426S Peltier temperature-control system
interfaced with a Julabo F200 water bath. Far-UV CD spectra
were recorded at 20 and 100 ◦C in a 1-mm-pathlength quartz
cuvette (200 µl) (Hellma) at protein concentrations of 5–10 µM
with and without 1 mM DTT. Spectra were recorded with a scann-
ing speed of 20 nm/min, and control buffer spectra were sub-
tracted. Thermal denaturation was monitored by recording the
[θ ]222 (molar ellipticity at a fixed wavelength of 222 nm) while
heating or cooling at 1 ◦C/min. Measurements were performed in
1-cm- or 1-mm-pathlength quartz cuvettes at protein concen-
trations of 0.8–1.5 µM and 15–20 µM with and without 0.5 mM
DTT. All samples were dissolved in 10 mM potassium phosphate,
pH 7.0. The results are expressed as mean residue weight (MRW)
molar ellipticity [θ ]MRW = θ /(c × d × N), where θ is the observed
ellipticity, c is the protein concentration, d is the optical pathlength
and N is the number of amino acid residues.

Gel electrophoresis

Protein purity and apparent molecular mass were routinely moni-
tored by SDS/PAGE using 19% polyacrylamide gels. Samples
were diluted with Roti-Load 1 reducing sample buffer (Roth)
and were denatured for 5–10 min at 95 ◦C. Commercial 10% and
12% NuPAGE® Bis-Tris polyacrylamide gels (Invitrogen) were
used to analyse proteolytic products. Samples were diluted in
NuPAGE® LDS (lithium dodecyl sulphate) sample buffer [10 %
(w/v) glycerol, 141 mM Tris base, 106 mM Tris/HCl, 2% (w/v)
LDS, 0.51 mM EDTA, 0.22 mM SERVA Blue G250, 0.175 mM
Phenol Red] in the presence or absence of 2.5 mg/ml DTT
respectively and denatured as described.

N-terminal sequencing

Digested and undigested Ara h 2 and Ara h 6 were subjected to
SDS/PAGE and transferred on to a PVDF membrane by semi-
dry blotting. Protein bands were stained with Coomassie Brilliant
Blue, excised, and N-terminally sequenced by the Edman degrad-
ation method.

NMR spectroscopy

Uniformly 15N or 15N/13C-labelled Ara h 6 samples in 50 mM
potassium phosphate buffer, pH 7.0, in 1H2O/2H2O (9:1) were
used for structure determination. All NMR spectra were acquired
on Bruker DRX 600 MHz and DMX 750 MHz spectrometers with
pulsed-field gradient capabilities at 25 ◦C. In addition to the triple-
resonance experiments described previously [42], the following
set of heteronuclear edited NOESY experiments were conducted
in order to obtain distance restraints: 3D (three-dimensional) 15N-
NOESY-HSQC (heteronuclear single-quantum coherence)
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(120 ms mixing time), 3D 13C-NOESY-HSQC (120 ms mixing
time), 3D 15N-HMQC-NOESY-HSQC (150 ms mixing time),
3D 13C/13C-HMQC-NOESY-HSQC (120 ms mixing time), 3D
13C/15N-HMQC-NOESY-HSQC (120 ms mixing time), 2D (two-
dimensional) [1H,1H] aromatic 13C-edited NOESY and 13C-filtered
2D NOESY. Scalar 3JHNHA coupling constants were obtained using
the HNHA experiment. Slowly exchanging amide protons were
identified from a series of 15N-HSQC spectra recorded after the
sample freeze-dried from 1H2O had been dissolved in 2H2O.
{1H}15N NOE (nuclear Overhauser effect) values were measured
using a standard pulse sequence [43] with a relaxation delay of
6 s, for proton saturation a train of 120 ◦C high-power pulses was
applied for the final 3 s of the relaxation delay. DNH residual dipolar
couplings were obtained from a series of J-modulated HSQC
spectra of uniformly 15N-labelled prAra h 6 (protease-resistant
core of Ara h 6) weakly aligned by addition of 40 mg/ml Pf1 fila-
mentous phage [44]; the 1JNH scalar coupling contribution as
observed in reference spectra of the unaligned sample was sub-
tracted. The NMR data were processed using in-house-written
software and analysed with the program packages NMRView [45]
and NDEE (SpinUp, Dortmund, Germany).

Structure calculation

On the basis of the assignment of the 1H, 13C and 15N resonances
of prAra h 6, a total of 384 interresidual distance restraints could
be derived from the 2D- and 3D-NOESY spectra in an iterative
procedure. NOE cross-peaks were manually classified as strong,
medium or weak according to their intensities and were converted
into distance restraints d < 2.7 Å (1 Å = 0.1 nm), d < 3.5 Å, and
d < 5.0 Å, respectively. Of the 36 measured 3JHNHA scalar coup-
ling constants [42], 23 were smaller than 6.0 Hz, indicating back-
bone torsion angles between −80◦ and −40◦. A hydrogen bond
was postulated if the acceptor of a slowly exchanging amide
proton could be identified from the results of preliminary structure
calculations. For the 22 thus derived hydrogen bonds, the distance
between the amide proton and the acceptor was restrained to
d < 2.3 Å, and the distance between the amide nitrogen and the
acceptor to d < 3.3 Å. In addition to the four canonical cystines of
2S albumins, a disulphide bond between the additional two cys-
teines was suggested by the results of a standard Ellman reaction.
For all disulphide bonds, an S–S distance restraint of d = 2.02 Å
was included. These experimental restraints served as inputs for
the calculation of 60–320 structures using restrained molecular
dynamics with X-PLOR 3.851 (http://xplor.csb.yale.edu/xplor/).
To this end, a three-stage simulated annealing protocol was carried
out as described in [47], with the following modifications. For
conformational space sampling 40 ps of molecular dynamics
with 2 fs time steps were simulated at a temperature of 2000 K,
followed by 30 ps of slow cooling to 1000 K and 15 ps of cooling
to 100 K, both with a time step of 1 fs. A conformational database
term for both backbone and side-chain dihedral angles [48] was
included in the target function in order to improve the stereo-
chemical properties of the structures. After simulated annealing
the structures were subjected to 200 steps of Powell minimization
of the full target function, followed by 1000 steps without recourse
to the conformational database potential.

Of the 320 structures resulting from the final round of structure
calculation, the 14 structures with the lowest overall energies and
fewest experimental restraint violations were selected for refine-
ment using additional restraints from residual dipolar couplings.
Refinement comprised simulated annealing with a harmonic
X-PLOR potential energy term for the dipolar couplings included
in the target function of the simulated annealing protocol during
the cooling stages. The axial and rhombic alignment tensor com-

ponents were estimated from the distribution of the residual
dipolar couplings. The force constant of the alignment tensor was
increased gradually from 0.01 to 1.0 kcal · mol−1 · Hz−2 (1 kcal =
4.184 kJ). After refinement, the 14 structures with the lowest
overall energies and restraint violations were used for further
characterization. Structures were visualized with MOLMOL [49]
and VMD [50]. The structure was deposited in the PDB under
accession number 1W2Q.

Homology modelling

For the homology model of Ara h 2 based on the experimental
structure of prAra h 6, the programs Swiss-Pdb Viewer
[51] and Swiss-Model (http://www.expasy.ch/swissmod/SWISS-
MODEL.html) were used. The modelled structure was energy-
minimized (1000 steps, conjugate gradient) using SYBYL version
6.5 (Tripos, St. Louis, MO, U.S.A.).

Human sera

Sera were drawn from ten peanut-allergic patients who showed
IgE binding to Ara h 2 on peanut extract immunoblots [52]. Serum
from a non-allergic individual was used as a negative control. Sera
were collected from patients after giving informed consent, at the
Medical Hospital Borstel, Borstel, Germany.

EAST (enzyme allergosorbent test) and EAST inhibition

rAra h 2 and rAra h 6 were coupled to CNBr-activated paper discs
(Schleicher & Schuell) at 0.5 µg of protein per disc [53]. After
blocking, the discs were incubated with 50 µl of serum from
peanut-allergic patients overnight. Specific IgE bound to the discs
was determined with a commercial EAST (Allergopharma Spez.
IgE ELISA) according to the manufacturer’s instructions. IgE
concentrations were expressed as units/ml. For statistical com-
parison of IgE antibody reactivities to wild-type or processed Ara
h 2 and Ara h 6, one-way ANOVA analysis according to Tukey
was performed using the SigmaStat (Systat, Erkrath, Germany)
software package.

For investigation of cross-reactivity, allergen discs were incu-
bated overnight with a serum pool from five peanut-allergic sub-
jects and 50 µl of inhibitor (final concentration at 100 µg/ml to
0.1 ng/ml) overnight at room temperature (22 ◦C). Discs were
incubated without inhibitor and without serum to determine TSB
(total specific binding) and NSB (non-specific binding) respect-
ively. For the preparation of the serum pools, serial dilutions of
the individual sera were tested for IgE antibody reactivity to Ara
h 2 and Ara h 6 respectively. Since the individual IgE antibody
reactivities varied considerably, individual sera for the pools were
adjusted to the same IgE antibody reactivity before the pools
were prepared. After serum incubation, the discs were washed
three times with TBS-T (100 mM Tris/HCl, pH 7.4, 100 mM
NaCl, 2.5 mM MgCl2 plus 0.5% Tween 20), and the assay was
continued as described above. Inhibition levels were calculated
using the equation:

Inhibition (%) = ATSB − Ainhibitor

ATSB − ANSB

× 100

Mediator release from humanized RBL (rat basophilic leukaemia)
cells

Activation of mast cells and basophils by allergen-specific cross-
linking of IgE bound to high-affinity receptors on these cells is
an essential event of the immediate-type allergic reaction. Thus
mediator-release assays utilize the same principle as the skin prick
test and, in contrast with IgE-binding assays, determine the bio-
logical potency of allergens. The mediator-release assays followed
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Figure 1 Thermal stability of reduced and oxidized Ara h 2

Far-UV CD spectra of Ara h 2 (10 µM) in the absence (A) and presence (B) of 1 mM DTT at 20◦C (�), 90◦C (���) and 20◦C (�) after cooling in 10 mM potassium phosphate buffer (pH 8). A
1 mm pathlength was used with a scanning speed of 20 nm/min, 6-fold accumulation rate, corrected for buffer effects. Denaturation (�) and refolding (�) of Ara h 2 (1.5 µM) in 10 mM potassium
phosphate buffer (pH 8) in the absence (C) or presence (D) of 0.5 mM DTT. Transitions were monitored with a CD signal at 222 nm with a 1 cm pathlength and heating rate 1◦C/min. deg, degrees.

a well-established protocol [54]. Briefly, RBL 30/25 cells express-
ing the α-chain of the human FcεRI (high-affinity IgE recep-
tor) [55] were plated in flat-bottomed 96-well cell-culture plates
(Nunc) at 1.5 × 105 cells per well. The cells were passively sen-
sitized overnight with IgE-containing human sera diluted 1:10–
1:40. Optimal dilutions were determined by testing dilution series
(1:5–1:80) of the individual sera for maximal release using three
peanut extract concentrations (1.0, 0.1 and 0.01 µg/ml) as chal-
lenge antigen. For the mediator-release experiments with Ara h
2 and Ara h 6, the sensitized RBL 30/25 cells were challenged
with allergen concentrations ranging from 1 µg/ml to 0.1 ng/ml.
The antigen-specific release was quantified by measuring β-
hexosaminidase activity and was expressed as a percentage of
the total β-hexosaminidase content that was obtained by lysing the
cells with Triton X-100. For measurements of spontaneous release
and possible non-specific effects, naı̈ve RBL cells were incubated
with Tyrode’s buffer, cell culture medium and patients’ sera re-
spectively. Sensitization with purified polyclonal human IgE (Bio-
design) and subsequent stimulation with anti-(human IgE)
(Nordic Immunology Laboratories) served as a positive control.

RESULTS AND DISCUSSION

Thermal and proteolytic stability of the peanut allergens Ara h 2
and Ara h 6

Thermal stability of rAra h 2 and rAra h 6 was investigated at
the secondary-structure level using CD spectroscopy (results for

Ara h 2 are shown in Figure 1). The spectral minima at 208–
210 nm and 222 nm combined with the maximum at 190–193 nm
(Figures 1A and 1B) indicates a largely α-helical protein. In the
absence of DTT, no [θ ]222 thermal transition was observed in
the temperature range 20–90 ◦C (Figure 1C), and [θ ]222 decreased
only slightly and reversibly during heating. Three far-UV-CD
spectra recorded at 20 ◦C, 90 ◦C and, after cooling, 20 ◦C were
virtually identical. The 90 ◦C spectrum of Ara h 6 shows a slight
decrease at θ 208 and θ 222 that reverses on cooling to 20 ◦C. This
marginal loss of ellipticity at high temperatures is most likely to
be caused by reversible melting of terminal α-helical regions.
In the presence of DTT, both allergens show a co-operative
unfolding transition with transition temperatures between 60 and
70 ◦C, typical for single-domain proteins (Figure 1D). Unfolding
is irreversible as indicated by the cooling graph.

Samples of rAra h 2 and rAra h 6 were incubated with trypsin or
chymotrypsin, or a mixture of both, and analysed by SDS/PAGE
under reducing and non-reducing conditions (Figure 2). After
DTT reduction, two distinct bands appeared in all samples after
combined trypsin and chymotrypsin digestion. For rAra h 2, SDS/
PAGE showed an additional band with poor intensity probably
caused by contamination or by a second variant of the small frag-
ment. The molecular masses of the two fragments were estimated
as 4 and 9 kDa from comparison with molecular-mass standards.
rAra h 2 and rAra h 6 fragment sizes were highly similar, and
no protease-dependent variability was detected. In the absence of
DTT, only one band was observed after electrophoretic separation,
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Figure 2 Digestion products of Ara h 2 and Ara h 6

Intact and digested protein samples were separated by SDS/PAGE under reducing (in the presence of DTT) and non-reducing conditions using 10 % Coomassie Brilliant Blue-stained NuPAGE®

Bis-Tris SDS/polyacrylamide gels (Invitrogen). The proteins were digested with trypsin and/or chymotrypsin for 10 min in 50 mM Tris buffer, pH 8, at 37◦C. The reaction was stopped by adding
NuPAGE® SDS buffer containing 2.5 mg/ml DTT as required and by incubating at 90◦C for 5 min. Mark12 (Invitrogen) was used as molecular-mass standards (MW). Sizes are indicated in kDa.
Lanes 1 and 2, undigested Ara h 2 and Ara h 6 in DTT-containing sample buffer; lanes 3 and 4, trypsin- and chymotrypsin-digested Ara h 2 in DTT-free and DTT-containing sample buffer; lanes 5
and 6, trypsin- and chymotrypsin-digested Ara h 6 in DTT-free and DTT-containing sample buffer; lanes 7 and 8, trypsin-digested Ara h 2 and Ara h 6 in DTT-containing sample buffer; lanes 9 and
10, chymotrypsin-digested Ara h 2 and Ara h 6 in DTT-containing sample buffer.

Figure 3 Alignment of Ara h 2 and Ara h 6

Sequences of the light and heavy chains of the digestion products are indicated + and X respectively; identical amino acids have a dark-grey background; similar amino acids have a light-grey
background.

suggesting the formation of a proteolytic product composed of
two fragments connected by disulphide bonds. These proteolytic
fragments were stable in the presence of trypsin and chymotrypsin
for at least 15 h.

Analysis by N-terminal sequencing of products of the proteo-
lytic cleavage of rAra h 2 yielded two major and several minor
products, suggesting spurious inhomogeneity of the fragments.
The sequence GAGSSQH was identified as the sequence ranging
from Gly62 to His69 of the Ara h 2 large fragment (Figure 3),
indicating proteolytic cleavage preceding Gly62. The sequence
ELQGDF could be identified as the sequence stretching from
positions Gly7 to Phe12, indicating proteolytic shortening of the
N-terminus. Both sequences correspond to products expected of
tryptic and chymotryptic reactions. Because of the approx. 4 kDa
decrease in molecular mass due to proteolysis, it is likely that,
in addition to these six N-terminal residues, other amino acids
were removed in the region preceding Gly62. The existence of
minor fractions suggests partially unspecific cleavage in addition
to cleavage at well-defined sequence regions.

In the case of rAra h 6, the sequences GRQGDSSE-E and
SQDQQQR were obtained for the major fragments. The first

sequence corresponded to sequence Gly8–Glu17, again indicating
shortening of the N-terminus. The second sequence corresponded
to proteolytic cleavage preceding Ser53 (Figure 3). The masses of
the two fragments estimated by comparison with molecular-mass
standards are 4 and 10 kDa respectively. The combined molecular
mass of 14 kDa is only slightly lower than the mass of intact Ara
h 6 of 14.9 kDa. Thus it is most likely that all cystines were intact
in the proteolytic products, forming stable disulphide-bonded
cores. Although Ara h 2 possesses 41 potential chymotrypsin- and
trypsin-cleavage sites (Ara h 6 has 36) distributed almost evenly
in the sequence, only small regions were apparently accessible to
proteases, whereas the rest of Ara h 2 and Ara h 6 remained intact
under chymotrypsin and trypsin treatment.

rAra h 2 and rAra h 6 exhibited significant stability against
temperature and proteolytic digestion under non-reducing con-
ditions, a prerequisite for a protein to retain its allergenic proper-
ties during food processing and digestion in the gastrointestinal
tract [40]. Indeed, thermal stability and resistance to proteases
of at least a core structure has been suggested as a predictive me-
asure in the context of safety assessments of genetically modified
plants, and stability in simulated gastric fluid [38] and against
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Figure 4 Conformational features of Ara h 2 and Ara h 6

(A) Secondary-structure elements of rAra h 6 (Asp12–Glu39; Ser50–Asp118) based on the lowest
energy structure. Disulphide bonds are indicated in yellow. The proteolytically digested protein
consists of two subunits connected by disulphide bonds, H1 and H2, H3, H4 and H5. The Figure
was generated using VMD [50]. (B) Secondary-structure elements of an Ara h 2 model structure
based on the experimental structure of prAra h 6. The Figure was generated using MOLMOL [49]
(C) Superposition of the helical regions of Ara h 6 (red) with RicC3 (blue) and SFA-8 (green)
[26,27]. The Figure was generated using MOLMOL [49].

food-processing procedures such as heating, cooking or roasting
[56] demonstrated the integrity against these influences for a num-
ber of food allergens. The significantly lower transition tempera-
ture of the reduced proteins emphasizes the contribution of the
intact disulphide bonds to protein stability.

Structural characterization of the protease-resistant cores of rAra
h 6 and rAra h 2

Comparison of the 1H/15N-HSQC spectra of prAra h 6 and the
intact rAra h 6 showed a virtually perfect overlay of all well-
resolved resonances, indicating highly similar tertiary structures
of the two protein species (see the Supplementary Material at
http://www.BiochemJ.org/bj/395/bj3950463add.htm). The back-
ground of unresolved broad signals in the centre of the spectrum of
the intact protein is in the spectral region of random coil chemical
shifts. These signals are thus attributed to amide resonances
undergoing chemical exchange intermediate on the NMR time
scale or reflecting the conformational heterogeneity typical for
less structured regions. The absence of this ‘unstructured hump’

Figure 5 Comparison of IgE antibody reactivities to wild-type and
processed rAra h 2 and rAra h 6

The broken line represents identical IgE antibody reactivities: (A) wild-type Ara h 2 compared
with wild-type Ara h 6; (B) wild-type Ara h 2 compared with processed Ara h 2; (C) wild-type
Ara h 6 compared with processed Ara h 6.

in prAra h 6 indicates that the cleavage affects mostly the un-
structured regions of the protein, leaving the folded core intact.
An analogous result was obtained for rAra h 2. The NMR spectra
of prAra h 2 allowed iterative derivation of a total of 414 experi-
mental distance restraints and 23 dihedral angle restraints based
on the known sequence-specific assignments [42] from a set of
multidimensional heteronuclear edited NMR experiments (see the
Supplementary Material).

Restrained molecular dynamics calculations resulted in an en-
semble of 14 structures with all distance violations smaller than
0.25 Å and all violations of dihedral restraints smaller than 2.2◦

(see the Supplementary Material). Inclusion of the 28 residual
dipolar couplings in the final refinement reduces the rmsd (root
mean square deviation) of the backbone heavy atoms of the re-
gion of regular secondary structure from 1.1 to 0.65 Å without
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Figure 6 Inhibition of IgE antibody reactivities to rAra h 2 (A) and rAra h 6 (B) by wild-type and processed rAra h 2 and rAra h 6 respectively

significantly affecting other experimental restraints and geometric
parameters (bonds and angles). Except for the first short and flex-
ible helix, all α-helices are well defined. Heteronuclear {1H}15N
NOE experiments (see the Supplementary Material) indicate
significant flexibility on the picosecond to nanosecond timescale
for the N-terminus as well as Gly38 to Ser53, indicating that the
ill-defined structure in these regions is at least not solely caused
by the lack of experimental distance restraints. These experiments
further indicate slightly increased flexibility of the C-terminus in
spite of its fixation by two disulphide bonds.

prAra h 6 structure

prAra h 6/rAra h 6 consists of several α-helices connected by
disordered loops (Figure 4A). The light chain is split into α-helices
H1 (Cys16–Val20) and H2 (Cys28–Met37), joined by a central six-
residue loop at the top of an α-helix bundle formed by H4 (Met74–
Glu84) and H5 (Val95–Cys109). H3 (Ser53–Met67) is followed by a
short loop, and H4 is connected to the N-terminus of the light
chain via cystine Cys16–Cys73 and with the C-terminus of the
heavy chain via cystines Cys86–Cys126 and Cys75–Cys117. H4 and
H5 are linked by a ten-residue loop with an interhelical angle of
145◦. The C-terminus of H5 has 310-character. H5 is followed by a
loop connected to the termini of H4 by two disulphide bonds. H1 to
H5 and the connecting loops define a right-handed superstructure.
The compact hydrophobic core is formed mainly by H2, H4 and
H5. This core is expected to generally define the global fold of
2S albumins, and the four conserved disulphide bonds stabilize
further the protein, as shown by the results of the experiments on
thermal stability. The observation of 29 slowly exchanging amide
protons in a 1H/15N-HSQC recorded 30 min after dissolving a
sample of freeze-dried Ara h 6 in 2H2O (pH 6.4) confirms further
the rigidity of the protease-resistant core.

Homology-based model of Ara h 2

Experimental determination of the 3D structure of Ara h 2 was
seriously hampered by the low quality of the NMR spectra, with
broad and overlapping signals in the random coil region indicating
a high percentage of flexible areas without regular secondary
structure. The α-helical regions of Ara h 6 show 75% sequence
identity with the corresponding regions of Ara h 2, suggesting
that the folded parts of these proteins are highly similar. On the
basis of the experimental structure of prAra h 6, a 3D model
of the major peanut allergen Ara h 2 could thus be calculated
(Figure 4B), resulting in a backbone rmsd of 0.3 Å between Ara
h 2 and Ara h 6 for the helical regions. According to this model,
Ara h 2 also shows a right-handed α-helical superstructure. The

extension of the loop element connecting H2 and H3 of Ara h 6 is
almost doubled in Ara h 2. Ara h 2 possesses only four disulphide
bonds, and the missing cystine (Cys86–Cys126 in Ara h 6) prevents
anchorage of the C-terminus, which is most likely to be flexible
and without any regular secondary-structure elements. The loop
between H2 and H3 extended by ten additional residues in Ara h
2 as compared with Ara h 6 is probably affected by proteolytic
digestion, as the corresponding two fragments of Ara h 2 and Ara
h 6 are of similar size, in agreement with the flexible character of
this loop.

Comparison with other 2S albumins

Superposition of the backbones of the helical regions of Ara h
6, RicC3 from R. communis [26], and SFA-8 from sunflower
seeds [27] results in atomic rmsds of 2.5 and 2.6 Å respectively
(Figure 4C), of the same order as the rmsd between the RicC3 and
SFA-8 backbones. The three proteins indeed differ mainly in the
length of the helices and in the interhelical angles, but not in their
general arrangement as a right-handed superstructure.

Compared with RicC3 and SFA-8, Ara h 6 contains a fifth
disulphide bond, Cys86–Cys126, linking the C-terminus to the
compact fold. The region Asn110–Ser127, however, does not seem
to form a regular secondary structure or pack against the stable
core of Ara h 6, as suggested by the complete lack of long-range
NOESY cross peaks. Therefore it is not expected that this region
strongly contributes to the stability of the global fold of Ara h 6
in spite of the additional disulphide bond.

IgE-binding capacity of Ara h 2, Ara h 6 and their protease-
resistant cores

Sera from ten peanut-allergic patients that had IgE binding to Ara
h 2 on peanut extract immunoblots were used to determine the
IgE-binding capacity of rAra h 2, rAra h 6, prAra h 2 and prAra
h 6 by an EAST (Figure 5). In contrast with Western blotting,
EAST keeps the allergens under native conditions during the entire
procedure. Wild-type Ara h 2 had a higher IgE antibody-binding
capacity than Ara h 6 (Figure 5A). prAra h 2 and prAra h 6 retained
substantial portions of their IgE antibody reactivity (Figures 5B
and 5C).

Cross-reactivity of Ara h 2 and Ara h 6 by EAST inhibition analysis

Cross-inhibition experiments of IgE binding were performed
with solid-phase-bound Ara h 2 and Ara h 6. Almost complete
self-inhibition was obtained with rAra h 2 (Figure 6A). Ara h
6 also showed dose-dependent inhibition of the IgE antibody
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Figure 7 Mediator release induced by peanut extract, natural Ara h 2 (nAra h 2), wild-type and processed rAra h 2 and rAra h 6

(A–D) Peanut-allergic patients; (E) non-allergic control subject.

reactivities to Ara h 2. However, the maximal inhibition obtained
was approx. 60% of that of Ara h 2, and the slope of the inhibition
curve was different (Figure 6A). This indicated substantial partial
cross-reactivity, but also epitope differences between the two
homologous allergens.

In the reverse experiment with rAra h 6 immobilized at the solid
phase, again, complete inhibition was obtained with the homo-
logous inhibitor Ara h 6 (Figure 6B). In contrast, the inhibition
by rAra h 2 reached a plateau at approx. 70 %, indicating that at
least one epitope of Ara h 6 is lacking on Ara h 2 and thus, again,

indicating partial immunological identity of the two allergens. In
conclusion, the EAST inhibition clearly demonstrated significant
cross-reactivity of the two peanut allergens Ara h 2 and Ara h 6.

Biological potency of Ara h 2 and Ara h 6 assessed by mediator
release from RBL 30/25 cells

The results of the mediator-release assay performed with sera from
four peanut-allergic subjects showed that Ara h 2 is a more potent
allergen than Ara h 6 with regard to the ability to induce mediator
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release. Ara h 2 always induced higher mediator releases and at
lower antigen concentrations compared with those effects induced
by Ara h 6. The maximal Ara h 6-induced release reached only up
to 50% of the maximal Ara h 2-induced release (Figures 7A–7D).

To assess whether rAra h 2 shared similar allergenic properties
with its natural homologue, natural Ara h 2 was included in the
mediator-release experiments. Comparison of the release induced
by rAra h 2 and natural Ara h 2 revealed a trend towards a some-
what lower allergenic potential for rAra h 2 (Figures 7B–7D).
The observed effect was most likely not due to inadequate folding
of rAra h 2, but to the fact that natural Ara h 2 represents at
least two different isoforms [14] that might have slightly different
allergenic potential. Taken together, the results of the allergen-
induced mediator-release experiments confirmed that both
rAra h 2 and rAra h 6 have considerable allergenic activity, and
support further the notion that Ara h 2 and Ara h 6 are highly
cross-reactive allergens.

Influence of proteolytic processing on the allergenicity of rAra h 2
and rAra h 6

Both analytical methods showed that proteolytic treatment with
trypsin and chymotrypsin did not influence the IgE antibody-
binding capacity to any extent. The inhibition curves (Fig-
ures 6A and 6B) demonstrated that both processed Ara h 2 and
Ara h 6 inhibited human IgE antibodies to the same extent, regard-
less of homologous (e.g. inhibition of IgE antibody reactivities to
Ara h 2 by Ara h 2) or heterologous (e.g. inhibition of IgE antibody
reactivities to Ara h 2 by Ara h 6) inhibition.

Wild-type and prAra h 2 were similar in their ability to induce
mediator release (Figures 7A and 7D). One experiment (Fig-
ure 7C) showed a significantly higher release induced by one
of six concentrations (1 ng/ml) of processed Ara h 2, whereas un-
processed Ara h 2 induced higher release in one case (Figure 7B)
at higher (� 10 ng/ml) challenge concentrations. The mediator
release caused by Ara h 6 (Figure 7A–7D) demonstrated that
wild-type and prAra h 6 were virtually indistinguishable in their
ability to induce mediator release.

Conclusion

In summary, the results of the immunological characterization of
Ara h 2 and Ara h 6 provide evidence that, in addition to similar
structural properties, these two peanut allergens share substantial
cross-reactivity with regard to IgE antibody-binding capacity as
well as in their allergenic potency, as shown by the results of
the mediator-release experiments. However, the results also show
that rAra h 2 did not always have the same allergenic potency
as compared with its natural counterpart. And, most importantly,
partial digestion yielded stable immunologically active core struc-
tures. Even though the IgE antibody-binding assay showed reduc-
tion of antibody-binding capacity, the functional assay (mediator
release from a functional equivalent of mast cells or basophils,
the humanized RBL cells) demonstrated that reduction in IgE
antibody-binding capacity does not necessarily translate into
reduced allergenic potency. Wild-type Ara h 2 and Ara h 6 have
virtually identical allergenic potency as the allergens that were
treated with digestive enzymes. It is tempting to speculate whether
these stable core structures, prAra h 2 and prAra h 6, represent the
molecular entities that are responsible for sensitization of atopic
subjects to 2S albumins from peanut.
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