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Allergic reactions to peanuts and tree nuts aremajor causes of
anaphylaxis in the United States.We compare different proper-
ties of natural and recombinant versions of Ara h 1, a major
peanut allergen, through structural, immunologic, and bioin-
formatics analyses. Small angle x-ray scattering studies show
that naturalArah1 formshighermolecularweight aggregates in
solution. In contrast, the full-length recombinant protein is par-
tially unfolded and exists as amonomer. The crystal structure of
the Ara h 1 core (residues 170–586) shows that the central part
of the allergen has a bicupin fold, which is in agreementwith our
bioinformatics analysis. In its crystalline state, the core region of
Ara h 1 forms trimeric assemblies, while in solution the protein
exists as higher molecular weight assemblies. This finding
reveals that the residues forming the core region of the protein
are sufficient for formation of Ara h 1 trimers and higher order
oligomers. Natural and recombinant variants of proteins tested
in in vitro gastric and duodenal digestion assays show that the
natural protein is the most stable form, followed by the recom-
binant Ara h 1 core fragment and the full-length recombinant
protein. Additionally, IgE binding studies reveal that the natural
and recombinant allergens have different patterns of interac-
tion with IgE antibodies. Themolecular basis of cross-reactivity
between vicilin allergens is also elucidated.

Soybean, peanut, kidney bean, pea, lentil, and tree nuts are
sources of a significant number of food allergens (1–3). While
many types of food allergies are outgrown, the chances of out-
growing peanut and tree nut allergies are 20 and 10%, respec-

tively (4, 5). In the United States, where peanuts are used as
ingredients in many foods, the incidence of peanut allergies is
still increasing, and �1% of the population are affected (6). Not
only does peanut allergy persist in 80% of the afflicted individ-
uals, but formany of themcontactwith evenminute amounts of
the allergens results in severe reactions including anaphylaxis
(7, 8).
Globulins (7 S and 11 S) represent the majority of the total

protein in many seeds that are consumed by humans (9). Vici-
lins (7 S globulins) and legumins (11 S globulins) share similar
folds and belong to the cupin superfamily of proteins (10–12).
Vicilins and legumins are classified as bicupins because of the
presence of two domains with the characteristic cupin �-barrel
fold. Cupins form one of the most functionally diverse protein
superfamilies (12) and are unusually thermostable (13–15).
Their thermostability, in connection with their resistance to
digestion in the human gastrointestinal tract (16–18), suggests
that both vicilins and legumins should be treated as potential
allergenic proteins. In the case of peanut allergens, both Ara h 1
(a vicilin) and Ara h 3 (a legumin) are considered to be major
allergens eliciting immune responses in the majority of peanut
allergic individuals (19–21). Ara h 1 is recognized by serum IgE
from more than 90% of peanut-allergic patients (22). Ara h 1
forms homotrimers that may oligomerize further forming
larger assemblies (23). The formation of the higher molecular
weight complexes may be driven by interaction of the protein
with small molecular compounds (24, 25). Presented here are
the results of structural, immunological and bioinformatics
analyses of Ara h 1 that were performed to compare the prop-
erties of the natural allergens and their full-length and trun-
cated recombinant versions.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—Natural Ara h 1 (nAra
h 1)was purified as described previously (16). TheDNAexpres-
sion construct for recombinant full-length Ara h 1 (rAra h 1)
was synthesized by EZbiolab (Carmel, IN), and the protein was
purified using the same protocol as for nAra h 1. The insert of
rAra h 1 in the pET9a vector was used as a template for PCR
amplification of a shorter version of Ara h 1 (amino acids 170–
586), referred to as recombinant, short Ara h 1 (rsAra h 1). This
fragment of Ara h 1was chosen, as it was shown to be stable and
could be crystallized (26). The pET9a vector was used for rsAra
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h 1 production and purification of rsAra h 1 was performed
according to the protocol reported by Cabanos et al. (26).
SDS-PAGE and IgEWestern Blot Analysis—Purified proteins

(300 ng/protein) were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on a 4–20%
Novex Tris-HCl precast gel (Invitrogen) or spotted on a PVDF
membrane and allowed to dry. For IgEWestern blots and Spot
Blots, membranes were blocked in 2% Blotto (2% dry milk dis-
solved into phosphate-buffered saline (PBS) containing 0.5%
TWEEN (PBST)) for 30min and incubated overnight with 1:10
dilutions in PBST of sera from individuals with a convincing
history of peanut allergy or documented positive peanut Immu-
noCAP (Phadia, Uppsala, Sweden) and skin prick test results.
All sera were obtained in accordance with the regulations of
Tulane IRB. After the incubation with patients’ sera, the mem-
branes were washed three times with PBST and incubated with
anti-human IgE conjugated to horseradish peroxidase (HRP)-
labeled secondary antibody (Sigma-Genosys) at 1:10,000,
diluted in 2% Blotto for 30 min. The membrane was then
washed three times with PBST and 2 times with PBS and incu-
bated with ECL-Plus Western substrate (Amersham Biosci-
ences). The signal was visualized using a CCD camera system
(Fuji Photo Film Co., Ltd., Duluth, GA). SeeBlue Plus2 molec-
ular weight standard (Invitrogen) was used according to the
manufacturer’s instructions.
In Vitro Gastric and Duodenal Digestions—In vitro gastric

and duodenal digestions were performed as described by
Moreno et al. (27). In phase 1 (in vitro gastric digestion), nAra h
1, rAra h 1, and rsAra h 1 (0.5 mg/ml) were subjected to pepsin
(Porcine pepsin, enzymatic activity of 4230 units/mg protein,
Sigma-Aldrich; productNo. P6887) digestion using an enzyme/
substrate ratio of 1:20 (w/w). The digestion was performed in
simulated gastric fluid (0.15 M NaCl adjusted with 1 M HCl to
pH 2) at 37 °C, and aliquots were taken at 0, 15, and 30 s and at
1, 2, 4, 16, 30, and 60min. The digestion was stopped by raising
the pH to 6.5 by addition of 1 M NaOH.
In phase 2 (in vitro duodenal digestion) digestion was per-

formed using the 60 min gastric digesta as starting material.
The following reagents were added: 0.125 M bile salt mixture,
9.2mMCaCl2, 25mMBis-Tris-HCl, pH 6.5. Subsequently, solu-
tions of trypsin and chymotrypsin were added at ratios of pro-
tein/trypsin/chymotrypsin� 1:400:100 (w/w/w). The digestion
was performed at 37 °C, and aliquots were taken at 0 and 30 s
and at 1, 2, 4, and 16 min. The digestion was stopped by adding
a solution of a trypsin-chymotrypsin inhibitor (Sigma-Aldrich).
The samples were analyzed using manually prepared 16% Tris-
glycine polyacrylamide gels.
Crystallization—The natural and both recombinant versions

of Ara h 1 were tested for crystallization. Tracking and analysis
of the crystallization experiments were performed with Xtaldb
(28, 29). Despite testing �1500 conditions, no crystals of natu-
ral Ara h 1were obtained. At this point, crystallization attempts
concentrated on the shorter recombinant protein (rsAra h 1).
The protein was obtained and crystallized using conditions
described previously by Cabanos et al. (26). Prior to crystalliza-
tion, the protein dissolved in buffer containing 10mMTris-HCl,
500 mM NaCl, pH 7.5 was passed through a Superdex 200 col-
umn attached to anAKTAFPLC system (GEHealthcare). After

gel filtration, fractions containing rsAra h 1 were pooled and
concentrated to 7 mg/ml. Crystals were grown using the vapor
diffusion method in hanging drops. The single crystal used to
collect data for the initial structure was obtained from a drop
created after mixing 1 �l of protein solution and 1 �l of well
solution (15% v/v PEG 400, 100 mM NaCl, 100 mM sodium
citrate, pH 5.6). Crystals were grown overnight at 20–25 °C.
Prior to data collection, the crystal was transferred to a solution
containing a 2:1 mixture of well solution and ethylene glycol
and immediately cooled in a cold nitrogen stream. Further opti-
mization of the crystal growth conditions (increase of NaCl
concentration to 150 mM in well solution), application of PEG
200 instead of ethylene glycol for cryo-protection and flash-
cooling in liquid nitrogen resulted in crystals and data of better
quality.
Data Collection, Structure Determination, and Refinement—

Data collection for the initially obtained crystals was performed
using a Rigaku Corp. MicroMax 007 system equipped with a
Saturn 92CCDdetector.HKL-3000 (30, 31)was used to control
the diffractometer and process data. Analysis of diffraction
images revealed that all tested crystals diffracted in a highly
anisotropic way. Diffraction maxima up to 2.3 Å resolution
were observed at some crystal orientations, while at other ori-
entations only reflections corresponding to resolution below 3
Åwere present. After data processing, a resolution limit of 2.7Å
was chosen, and the resulting data set was used for structure
solution and refinement. Analysis of the intensities revealed
that the crystal used for data collectionwas twinned. The struc-
ture was solved by molecular replacement using HKL-3000 in
combination withMOLREP (32) with the structure of 7 S glob-
ulin from Adzuki bean (Protein Data Bank (PDB)3 code: 2ea7)
as a starting model. Refinement was done using the programs
HKL-3000, REFMAC (33), COOT (34), and CCP4 (35). REF-
MAC was used to treat twinned data (twin operator: -h-k, k, -l)
and the twin fraction refined to 0.24. NCS restraints were used
during refinement. TLS refinement (with whole protein chains
treated as distinct TLS groups) was performed in the last stages
of the refinement. Validation of the structures was performed
using MOLPROBITY (36, 37) and ADIT (38).
Whereas optimization of crystal growth and protocol for

cryo-protection resulted in a data set of higher quality, the Dif-
fraction Anisotropy Server still indicated it was significantly
affected by anisotropy (39). Data from optimized crystals were
collected at the 19-IDbeamline of the Structural BiologyCenter
(40) at the Advanced Photon Source. A previously determined
model was used for structure solution, and the same method-
ology used in the case of the lower resolution structure was
applied for refinement and structure validation. In this case, the
twin fraction was lower and refined to 0.05. The coordinates,
structure factors, and intensities were deposited in PDB (41).
Statistics describing the data and refinement are summarized in
Table 1.
Small Angle X-ray Scattering—SAXS data were collected at

Rigaku S-MAX3000 (� � 1.54Å) setup at 4 °C. Two dimen-

3 The abbreviations used are: PDB, Protein Data Bank; SAXS, small angle x-ray
scattering; HSP, highly scoring segment pair; HTH, helix-turn-helix; CLANS,
CLuster ANalysis of Sequences; Rg, radius of gyration.
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sional scattering data were integrated using SAXSGUI with Ag
Behenate to calibrate momentum transfer. Three versions of
Ara h 1, as well as the corresponding buffer solutions (20 mM

HEPES, pH 7.5, 150 mM NaCl for nAra h 1 and 10 mM HEPES,
pH 7.5, 500mMNaCl for rAra h 1 and rsAra h 1), were analyzed.
For nAra h 1, one samplewith a concentration of 8.8mg/mlwas
analyzed for 2 h and one sample of 2.2 mg/ml was analyzed for
4 h. For rsAra h 1, three samples with concentrations of 5
mg/ml, 2.5 mg/ml, and 1.25 mg/ml were analyzed with run
times of 2, 2.6, and 2.7 h respectively. Three concentrations (6
mg/ml, 3 mg/ml, and 1.5 mg/ml) of rAra h 1 were analyzed for
7 h, 2 h, and 2 h, respectively. Normalization of data to beam
intensity andbuffer subtractionwere conducted usingPRIMUS
(42). Sample folding was assessed using Kratky analysis by plot-
ting the square of the scattering angle times the intensity versus
the scattering angle (s2I(s) versus s) (43). Sample aggregation
was assessed with autoRg (44). The radius of gyration (Rg) and
the forward intensity (I(0)) were estimated using the Guinier
interval with sRg � 1.3. The molecular mass was calculated
using autoPOROD (44) and SAXS MOW (45). The scattering
curves for nAra h 1 and rAra h 1 were extrapolated to zero
concentration, while the average of both curves was taken for
rsAra h 1 using PRIMUS. The indirect transform program
GNOM (46) was used to calculate the distance distribution
function (P(r)) and the largest dimension (Dmax) for each ver-
sion. Ab initio bead modeling was performed with DAMMIF
(47) for each version of Ara h 1, whichwere then averaged using
DAMAVER (48). Additional bead modeling was performed on
rsAra h 1 using smaller bead sizes. These models were then
refined using SASREF (49). Scattering curves and � values were
computed for these rigid body models using CRYSOL (50).
Sequence Database Search and Sequence Clustering—The

Ara h 1 sequence was used as a query in a PSI-BLAST (51, 52)
search of the non-redundant (nr) data base. The search was run
until convergence, with the expectation (e) value threshold for
the retrieval of related sequences set to 10�3. An analysis of the
available allergen databases was conducted in order to find
related allergens, and sequences of vicilins and legumins classi-
fied as allergens were added to create the final dataset. CLANS
(CLuster ANalysis of Sequences), a Java utility that applies a
version of the Fruchterman-Reingold graph layout algorithm
(53), was used to identify subgroups of closely related sequences
and visualize pairwise similarities between andwithin the iden-
tified groups of sequences. CLANS uses the p values of highly
scoring segment pairs (HSPs), obtained from an N � NBLAST
search, to compute attractive and repulsive forces between each
sequence pair in a user-defined dataset. A 2- or 3-dimensional
representation of sequence families is achieved by randomly
seeding the sequences in the arbitrary distance space, then
moving them within this environment according to the force
vectors resulting from all pairwise interactions, and repeating
the process until convergence. Clustering of the Ara h 1 homol-
ogous sequenceswas performedbased on their pairwise BLAST
similarity scores, using CLANS (53), with a p value threshold of
10�3.
Other Computational Methods—PISA (54) was used to cal-

culate information on the oligomeric assemblies. The SSM
algorithm (55) implemented in COOT was used to superpose

macromolecular models. All figures presenting macromolecu-
lar structures were prepared with PYMOL (56).

RESULTS

Clustering Analysis of the Closest Ara h 1 Homologs—The
clustering classification was carried out to identify groups of
similar sequences and to determine the distribution of allergens
and proteins with known structures among the identified pro-
teins. This classification produced a separation of the
sequences into clusters corresponding to the originally defined
groups (Fig. 1). Bacterial oxalate decarboxylases, including
Bacillus subtilis oxalate decarboxylase structures (PDB codes:
2uy9, 2v09, 2uy8, 2uya, 2uyb, 1j58, 1l3j, 1uw8), created themost
distant clusters among Ara h 1 homologs. Other identified pro-
tein sequences (all seed storage globulins) were divided
between several clusters. The most compact cluster (indicated
as Legumin_1 in Fig. 1) is comprised of sequences of legumin-
like (11S) proteins, including structures of the peanut allergen
Ara h 3 (PDB code: 3c3v), soybean proglycinin and glycinin (Gly
m 6) (PDB codes: 1fxz, 1ucx, 1ud1, 2d5f, 1od5), procruciferin
(PDB code: 3kgl), pea prolegumin (PDB code: 3ksc) and pump-
kin seed globulin (PDB code: 2evx). This cluster also enclosed
known legumin-like allergens (Ana o 2, Ara h 4, Ber e 2, Car i 4,
Cor a 9, Jug r 4, Pis v 2, Pis v 5, Pru du 6, Ses i 6, Ses i 7, Sin a 2).
Adjacent the Legumin_1 cluster, there is a small dispersed clus-
ter (Legumin_2) of proteins annotated mainly as legumin-like
hypothetical proteins, with no known structural representa-
tives or any classified allergens.
The two other large, dispersed clusters are composed of vici-

lin-like (7 S) proteins. The cluster indicated as Vicilin_1 not
only encloses mostly proteins annotated as unknown or hypo-
thetical, but also the soybean allergenGlymBd28K.The largest
cluster (Vicilin_2) encloses vicilin-like proteins, including
numerous proteins with known structures: canavalin (PDB
codes: 1dgr, 1dgw, 1cau, 1caw, 1cax, 1cav, 2cau, 2cav), phaseo-
lin (PDB codes: 2phl, 1phs), soybean�-conglycinin (PDB codes:
1uik, 1ipk, 1ipj, 1uij), mungbean 8S alpha globulin (PDB code:
2cv6) and Azuki Bean 7S globulin 1 and 3 (PDB codes: 2ea7 and
2eaa, respectively). Several vicilin-like allergens can also be
found in the most dense subcluster, including Ara h 1, Ana o 1,
Cor a 11, Gly m 5, Jug n 2, Jug r 2, Len c 1, Lup an 1, Pis v 3, Pis
s 1, Pis s 2, Ses i 3. Other subgroups in this cluster, with no
structural or known allergen representatives, include vicilin-
like globulins mainly from Zea mays, Oryza sativa, and differ-
ent Theobroma species.
Structural Analysis of the Ara h 1 Core—The Ara h 1 core

(residues 170–586) crystallized in rhombohedral crystal form
and in the space group R3 with two chains in the asymmetric
unit, with each chain being a part of a different trimer. The
trimer 3-fold axis coincides with the crystallographic 3-fold
axis. While the determined crystal structures do not differ sig-
nificantly in conformation of the main chains of the protein
molecules, they differ slightly in the unit cell parameters (Table
1). Their C� atoms superpose with root mean square deviation
(rmsd) values of 0.5 Å. However, one of the molecules in the
asymmetric unit is ordered better than the other one. In the
structure reported here (PDB code: 3s7e), both chains contain
residues 171–586, with three loop regions (residues 340–359,
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381–391 and 475–491 for chain A and residues 339–360, 383–
391 and 471–492 for chain B) that are missing, likely due to
their disorder. Ara h 1 has an overall fold that is characteristic
for bicupins (Fig. 2A). Superposition of N- and C-terminal
domains results in a 1.9 Å rmsd value for 153 aligned residues
despite sequence identity of only 15% between the superposed

protein fragments. Hence, each Ara h 1 molecule may be
described as having two modules that are related by a pseudo-
dyad axis perpendicular to the 3-fold axes of the trimer. Taking
this into account, the Ara h 1 oligomer may be described as
having pseudo-D3 point group symmetry. Cupin domains are
flanked by regions containing �-helices. These regions share

FIGURE 1. Two-dimensional projection of the CLANS clustering results. Proteins are indicated by dots. Lines indicate sequence similarity detectable with
BLAST and are colored by a spectrum of gray shades according to the BLAST p value (black: p value � 10�225, light gray: p value � 10�5). Sequences
corresponding to structures in the PDB are indicated by blue dots, sequences of known allergens are indicated by red dots. Peanut allergens Ara h 1 and Ara h
3 are marked with arrows. Because the sequences were downloaded as they are in the nr database, sequences of separate, nonidentical chains in PDB deposits
are represented separately. For example, Jack Bean canavalin structures were obtained by crystallization of the proteolytic product of the protein, and both
domains are represented by separate sequences, which is why they moved away from the central cluster containing the full-length protein.

TABLE 1
Data collection and refinement statistics
Ramachandran plot was calculated using MOLPROBITY. Numbers in parentheses refer to the highest resolution shell. In both cases, calculations of the Rfree values were
performed using a subset containing 5% of the total number of reflections, chosen at random.

PDB code 3s7e 3s7i
Data collection
Wavelength (Å) 1.5418 0.9792
Unit cell (Å) a � b � 93.4, c � 237.1 a � b � 92.9, c � 231.6
Space group R3 R3
Solvent content (%) 41 39
Resolution range (Å) 50.0–2.7 50.0–2.35
Highest resolution shell (Å) 2.70–2.75 2.39–2.35
Unique reflections 19169(680) 31048(1563)
Redundancy 3.1(3.1) 5.6(5.3)
Completeness (%) 92.1(64.8) 100.0(100.0)
Rmerge (%) 5.3(15.9) 8.8(62.8)
Average I/�(I) 18.5(6.6) 30.6(3.4)

Refinement
R (%) 23.6 20.5
Rfree (%) 26.0 24.4
Mean B value (Å2) 29.0 54.1
B fromWilson plot (Å2) 34.1 49.3
RMS deviation bond lengths (Å) 0.011 0.019
RMS deviation bond angles (°) 1.3 1.7
Number of amino acid residues 732 733
Number of water molecules 28 133
Number of ions/ligands 2 2

Ramachandran plot
Most favored regions (%) 95.1 98.3
Additional allowed regions (%) 4.9 1.7
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similaritieswith helix-turn-helix (HTH)motifs that often inter-
act with DNA. Analysis of the Ara h 1 structure performedwith
PROFUNC (57) identified a fragment composed of residues
555–576 as a possible HTHDNA-binding motif on the basis of
its similarity to the DNA binding motif from an initiator bind-
ing protein (PDB code: 1pp7). Moreover, it was shown that the
corresponding region in the 7 S globulin-1 from Adzuki bean
(structure with PDB code: 2ae7) binds a calcium ion though
carbonyl oxygen atoms from the main chain. Comparison of
these regions in both Ara h 1 and 7S globulin-1 shows that the
conformations of the main chain are very similar, indicating
that Ara h 1 could bind calcium ions as well.
Helical regions flanking the cupin domains are important for

trimer formation. They interact through their hydrophobic
parts (Fig. 2B) with helical regions from the other molecules
forming trimers, and they also interact with residues forming
cupin domains (Fig. 3). Monomer-monomer interfaces in the
trimer are very large as many residues participate in their for-
mation. In its crystalline state, Ara h 1 molecules form trimeric
assemblies and the buried area after trimer formation is
�15,000 Å2. This corresponds to an interface area of almost
2500 Å2 per chain, which is similar to the interface area values
observed for other 7 S and 11 S globulins reported in the PDB.
In addition, the trimer is stabilized bymultiple hydrogen bonds.
Soybean beta-conglycinin, Gly m 5, is the closest known

homolog of Ara h 1whose structure is reported in the PDB. The
proteins have 51% sequence identity and their overall fold is
very similar (Fig. 4A). The sequence identity for the corre-
sponding regions of the proteins’ core is even higher (57%) and
their structures superpose with rmsd value of �1 Å. Similarly,
comparison of Ara h 1 and Ara h 3 structures reveals that,
despite significantly lower sequence identity (21%), the overall
fold of the core region is quite similar, and the structures super-
pose with 2.5 Å rmsd value (Fig. 4B). Similar rmsd values are

obtained after superposing Ara h 1 and oxalate decarboxylase
(OxdC) from Bacillus subtilis (58).
Oxalate decarboxylase is a manganese-dependent enzyme

that decomposes oxalate into formate and carbon dioxide. The
metal ion is coordinated by three histidine residues and one
glutamic acid residue. Ara h 1 is unable to bind metal ions the
way oxalate decarboxylase does, as the corresponding regions
of these proteins differ significantly in amino acid composition.
Only one of these metal binding residues is conserved in Ara h
1. However, Ara h 1 His229 from the first cupin domain, which
corresponds to His95 of Bacillus subtilis oxalate decarboxylate,
does not point toward the center of the domain but in the oppo-
site direction. In contrast, the side chain of His447 (equivalent
of OxdC His273) faces the inside of the second cupin domain.
Moreover, in the structure of rsAra h 1, His-447 together with
Arg-540 are involved in binding of a chloride ion.
Oligomeric State of Ara h 1 in Solution—The structures of

nAra h 1, rAra h 1, and rsAra h 1 in solution were investigated
using small angle x-ray scattering. Estimates of the molecular
mass given by autoPORODand SAXSMOW indicate that both
nAra h 1 (Molecular Mass (MM) � 610 kDa, 560 kDa) and
rsAra h 1 (MM � 465 kDa, 475 kDa) form large oligomers in
solution. However, according to both methods, it is plausible
that rAra h 1 ismonomeric in solution (MM� 76 kDa, 61 kDa).
As shown in Fig. 5B, the “closed” nature of both the nAra h 1
(blue, k/l) and rsAra h 1 (red i/j) curves indicate that they are
folded (43). The “open” nature of the rAra h 1 (black, m/n)
curve suggests that in solution, this version is partially
unfolded.
In addition to changes in molecular masses, the radius of

gyrations and the largest diameter of each version also differed,
with the radius of gyration of nAra h 1 being the largest at
56.6 � 0.3 Å (Dmax 177Å), followed by rsAra h 1 at 49.8 � 0.4
Å (Dmax 133Å) and rAra h 1 at 34.0� 0.7 Å (Dmax 108Å). The

FIGURE 2. Structure of rsAra h 1. A, ribbon diagram of the Ara h 1 core fragment presented in two different orientations. Numbers indicate the ends of
fragments that could be traced. �-Helices are shown in red, �-strands in yellow, and loop regions are shown in green. B, molecular surface of Ara h 1 with
hydrophobic residues are shown in olive. Orientation of the molecules is the same as for the ribbon diagrams. Figures from the right side of the panel show
molecules as seen from the center of trimer.
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radius of gyration of both the rsAra h 1 trimer and monomer
were calculated using CRYSOL and found to be 32.2 Å and 24.5
Å, respectively.
The average normalized spatial discrepancy (NSD) of 10 runs

of DAMMIF for each version of Ara h 1 are 0.78 � 0.03, 1.22 �
0.08, and 0.77 � 0.02 for nAra h 1, rAra h 1 and rsAra h 1,
respectively. The fit of themost probable run for each version is
plotted along with the scattering curves in Fig. 5A for nAra h 1
(Fig. 5,Ai), rAra h 1 (Fig. 5,Aii), and rsAra h 1 (Fig. 5,Aiii). The
most probable bead models for nAra h 1 and rsAra h 1 were

aligned using SUPCOMB (59) and are depicted in Fig. 5C. After
rsAra h 1 models were filtered with DAMFILT, triangular fea-
tures were observed. The scattering curves were computed
using CRYSOL for both the four (� � 1.22) and three (� � 2.71)
subunit models (please see supplemental Fig. S1) and are
depicted in Fig. 5, Aiii, curves g and h, respectively.
Digestion of Ara h 1 with Gastric Enzymes—The digestion

studies indicate that nAra h 1 is the most stable form of the
protein, followed by rsAra h 1 and rAra h 1 (Fig. 6), as shown
during the in vitro gastric digestion test. However, from the 4th

FIGURE 3. Trimer formed by rsAra h 1. Ara h 1 trimer shown in three different orientations corresponding to 0°, 90°, and 180° rotation along the horizontal axis.
Part A of the panel shows the trimer in ribbon representation with one protein molecule in the same orientation and color schema as in Fig. 2A, and two other
molecules are shown in blue and gray. B, molecular surface of Ara h 1 trimer.

FIGURE 4. Stereoviews showing alignment of Ara h 1 (blue) with (A) �-conclycinin (green) and (B) Ara h 3 (gray). For �-conclycinin and Ara h 3 structures
with PDB codes 1uij and 3c3v, respectively, were used.
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minute of the test the differences become significantly smaller,
and all forms of the allergen are hydrolyzed in the duodenal
digestion.
Immunologic Properties of Ara h 1—Purified, nAra h 1, rAra h

1, and rsAra h 1 were subjected to SDS-PAGE and IgEWestern

blot analysis (Fig. 7A) with sera from 6 peanut allergic individ-
uals (indicated as 1–6). For all patients the linear native Ara h 1
bound higher levels of IgE than both recombinant versions (r
and rs) (Fig. 7A). In all cases where the rAra h 1 was recognized,
rsAra h 1 showed equal or reduced IgE binding, due to having a
reduced number of IgE binding sites. In two cases (3 and 6), the
patients only recognized nAra h 1. Spot blot analysis (Fig. 7B) of
folded n, r, and rsAra h 1 showed similar results, with the excep-
tion of patient number 5, whose IgE boundwith higher levels of
the recombinant Ara h 1 proteins than the native Ara h 1.

DISCUSSION

The structural analysis revealed that the overall fold of the
Ara h 1 core is very similar to the reported structures of other
vicilins and legumins. These proteins share a bicupin fold,
which most likely arose from the duplication and fusion of a
single cupin domain (12). Despite the fact that many proteins
having cupin folds are involved in enzymatic reactions (11, 12),
there are no reports of vicilins having catalytic activity. While
Ara h 1 cannot bind metal ions in the same way as OxdC, it is
possible that Ara h 1 binds some small molecular ligands (24,
25). Moreover, as the binding cavities of both cupin domains
are different, it is also possible that Ara h 1 bindsmore than one
ligand.
In its crystalline state only trimeric rsAra h 1 assemblies

could be identified. The structures reported here were deter-
mined in space group R3 with two protein chains in the asym-

FIGURE 5. Summary of SAXS data. A, experimental scattering data of each version of Ara h 1 (in gray, black axes) along with the fits of the most probable bead
models (in green) and the particle distance distribution functions (in blue, blue axes). Aiii, in addition, shows the theoretical scattering curves of the four trimer
(g) and the three trimer (h) SASREF models. B, Kratky plot with experimental points for each version. Where i, k, and m represent rsAra h 1, nAra h 1, and rAra h
1, respectively, along with the corresponding trend lines (j,l,n) determined with the smooth bezier function in GNUplot. C, representation of the most probable
bead models of rsAra h 1 (in blue) and nAra h 1 (in gray mesh). The dimensions in Angstroms of each are given in blue and black, respectively. The bottom figure
was obtained by rotating the top figure 90 degrees around the specified axis.

FIGURE 6. Gastric (phase 1) and duodenal (phase 2) digestion of nAra h 1,
rAra h 1 and rsAra h 1. Three micrograms of each sample taken at the indi-
cated times were analyzed by 16% SDS-PAGE under reducing conditions and
detected by Coomassie staining.
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metric unit, whereas Cabanos et al. (26) reported that crystals
obtained under very similar conditions belonged to the mono-
clinic space group C2 and contained two trimers of Ara h 1 in
the asymmetric unit. However, SAXS data strongly support
that this variant of the protein forms higher order oligomers,
with the oligomeric states most likely being between nine and
twelve. Similar composition of the oligomers is observed for the
natural allergen, with assemblies that could be described as
trimer of trimers or tetramer of trimers. This result is consist-
ent with observation made by van Boxtel et al. (23) for native
Ara h 1 purified from peanuts. Such results permit speculation
that the core fragment of the protein is sufficient for trimer
formation and formation of higher order oligomeric assem-
blies. It was also reported that the formation of the higher order
oligomeric assemblies is promoted by the presence of some
small molecules, whereas higher ionic strength promoted their
dissociation into trimers (23). The SAXS results also show that
rAra h 1 used in our experiments is most likely partially folded
and, in the condition used for measurements, exists predomi-
nantly as a monomer. This degree of folding is consistent with
the results of digestion studies that indicate that nAra h 1 is the
most stable, followed by rsAra h 1 and rAra h 1.
Despite a significant difference in the length of the protein

chain, rAra h 1 and rsAra h 1 display very similar patterns of
interactions with IgE from sera of peanut allergic patients.
Although rAra h 1does not exhibit fully native structure/con-
formation and is partially unfolded, it is recognized to a greater
extent as it contains three additional IgE epitopes (19) that are
missing in rsAra h 1, which was designed mainly for structure
determination purposes. It seems that the presence of three
additional epitopes is more important for IgE binding than the
folding of rAra h 1. IgE from patient #5 binds to rAra h 1 at a
higher level than to nAra h 1, which implies that fewer confor-
mational epitopes are preferentially recognized by the IgE of
some patients. The recombinant variants of the allergens are
not recognized by two out of six analyzed sera (Fig. 7). This lack
of recognition may be of consequence for the newly emerging
component-resolved diagnostic methods that rely on the use of
recombinant allergens, and may be explained by the lack of a
carbohydrate component of the allergen (60) or by the presence
of modified amino acids that have been shown to be present in
food proteins, including peanut allergens (61). This difference
in the interactionwith IgE indicates that the recombinant aller-

FIGURE 7. IgE binding to folded and unfolded, native and recombinant Ara h 1. A, SDS-PAGE and Western blot analysis of patient sera (1– 6) IgE binding to
linear native (n), full length recombinant (r), and recombinant shortened version of Ara h 1 (rs). B, spot blot of patient sera-IgE binding to folded n, r, and rsAra
h 1 according to the template shown in the bottom left box.

FIGURE 8. Composite of the antibody binding studies and sequence con-
servation mapped on rsAra h 1 structure. A, sequence conservation
between different allergens belonging to the vicilin group (Ana o 1, Ara h 1,
Cor a 11, Gly m 5, Jug n 2, Jug r 2, Len c 1, Lup an 1, Pis s 1, and Ses i 3) are
mapped onto the molecular surface of the rsAra h 1 trimer. Invariant residues
are shown in red, and conserved residues are shown in blue. B–D, molecular
surface of rsAra h 1 trimer is depicted with peptides that were shown to
interact with human antibodies. B, epitopes identified by Burks et al. (19):
each epitope is shown using a different color. Immunodominant epitopes are
shown in shades of purple and blue, and other epitopes in shades of green. C,
epitopes identified by Cong et al. (20): immunodominant epitopes are col-
ored using different shades of gray, and other epitopes in shades of red,
orange, and yellow. D, amino acids from an IgM binding epitope as reported
by Shinmoto et al. (67) are shown in green. Only residues present in the rsAra
h 1 structure are labeled.
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gen may not always be an adequate replacement of the natural
protein in allergy diagnostics.
Peanuts and tree nuts are responsible for a significant num-

ber of anaphylactic reactions in the U.S (62, 63). It is estimated
that 34% of patients with peanut allergies also react with tree
nuts (9). It was demonstrated that vicilin allergens of peanut
and tree nuts share IgE-binding epitopes (3), in agreement with
bioinformatics analyses presented here (Fig. 1), which show
that the cross-reacting proteins cluster together. Moreover,
molecularmodeling studies and clinical reports show that there
is a structural basis for the cross-reactivity betweenAra h 1, Len
c 1 (lentil) and Pis s 1 (pea) (64, 65). It was also shown that Ara
h 1 is cross-reactive with an allergen from lupine (66). Struc-
tural analysis of the rsAra h 1, sequence conservation analysis of
the vicilin group allergens (Fig. 3C), and the results of IgE-bind-
ing studies (Fig. 8) reveal several regions that are both con-
served in terms of the sequence and interaction with IgE anti-
bodies. These regions are located close to the center and are
also found on the “edge” of the Ara h 1 trimer. For example,
residues 294–303 identified by Burks et al. (19) are partially
conserved in vicilin allergens analyzed in this report and are
located close to the center of the Ara h 1 trimer (Fig. 8B, left
part). IgE-binding regions comprising residues 311–320, 325–
334, 409–418, 498–507, 561–568, 578–587 are also partially
conserved between vicilin allergens and are located on the
“edge” of the trimer (Fig. 8B, central part). Some of these frag-
ments (i.e. 409–418, 498–507 and 525–534) were identified as
immunodominant epitopes (21). Two epitopes identified by
Burks et al. (19) (residues 525–534) and Cong et al. (20) (resi-
dues 448–458), are almost completely buried and are not visi-
ble in Fig. 8. In addition, another epitope which was identified
by both Burks et al. (residues 344–353) and Cong et al. (resi-
dues 342–353) is also not shown in Fig. 8, as the loop fragment
on which it is located could not bemodeled in the crystal struc-
ture of rsAra h 1. In summary, it is possible that the Ara h 1
fragments listed here, both of which bind IgE and are conserved
between vicilin allergens, are at least partially responsible for
the cross-reactivity between peanuts and tree nuts.
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