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Allergic reactions to walnuts and hazelnuts can be serious. The 11S globulins (legumins) have been iden-
tified as important allergens in these and other nuts and seeds. Here we identify the linear IgE-binding
epitopes of walnut and hazelnut 11S globulins, and generate 3D 11S globulin models to map the locations
of the epitopes for comparison to other allergenic homologues. Linear IgE-epitope mapping was per-
formed by solid-phase overlapping 15-amino acid peptides probed with IgE from pooled allergic human

Keywzrds" sera. Several walnut (Jug r 4) and hazelnut (Cor a 9) 11S globulin peptides with reactivity to patient
JCL:)grra 9 IgE were identified. Comparative alignment with cashew (Ana o 2), peanut (Ara h 3), and soybean G1
Food allergy (Gly m 6.0101) and G2 (Gly m 6.0201) allergenic homologues revealed several shared allergenic ‘hot

spots’. Homology modeling was performed based on the atomic structure of the soybean glycinin. Sur-
face map comparisons between the tree nut and peanut homologues revealed structural motifs that could
be important for IgE elicitation and binding and show that, contrary to predictions, the reactive epitopes
are widely distributed throughout the monomeric subunits, both internally and externally, including
regions occluded by quaternary subunit association. These findings reveal structural features that may
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be important to allergenicity and cross-reactivity of this protein class.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Allergies to tree nuts and peanuts can be severe, are generally
not outgrown, and appear to be increasing in prevalence (Bock et
al.,, 2001; Sicherer et al., 2003). Sensitivity to walnuts, cashews and
hazelnut are the first, second, and sixth most frequent tree nut
allergies in the US, respectively (Sicherer et al., 2003). Most iden-
tified nut allergens are seed storage proteins, many of which are
members of the evolutionarily related cupin family 11S and 7S glob-
ulins, also termed legumins and vicilins, respectively (Breiteneder
and Radauer, 2004). The 11S globulins are synthesized as single
polypeptides which are most often post-translationally cleaved into
acidic (MW ~ 50-60kDa) and basic (MW ~ 20kDa) subunits that
remain joined by an intermolecular disulfide bond (Shewry et al.,

Abbreviations: MW, molecular weight; aa, amino acid.
* Corresponding author at: Department of Biological Science, Florida State Uni-
versity, Tallahassee, FL 32306-4295, USA. Tel.: +1 850 644 5037;
fax: +1 850 645 8447.
E-mail address: roux@bio.fsu.edu (K.H. Roux).

0161-5890/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
d0i:10.1016/j.molimm.2009.06.020

2003). These proteins are typically deposited in high quantities in
the maturing nut as non-glycosylated trimers or dimers of trimers
(hexamers) with molecular masses of up to 450 kDa (Shewry et al.,
2003).

Recombinant 11S proteins of walnut (Jug r 4) (Wallowitz et al.,
2006), hazelnut (Cor a 9) (Beyer et al., 2002), cashew (Ana o 2)
(Wang et al., 2003), and peanut (Ara h 3) (Rabjohn et al., 1999)
have been identified as important allergens. The amino acid (aa)
sequence of this family of proteins is fairly well conserved, and IgE
cross-reactivity between tree nuts and, to a lesser extent, between
tree nuts and peanuts has been reported (Poltronieri et al., 2002;
Asero et al., 2004; Wallowitz et al., 2006; de Leon et al., 2003; Goetz
et al., 2005; de Leon et al., 2005). Our recent studies show that the
11S globulins of these nuts are likely to be involved in this cross-
reactivity (Wallowitz et al., 2006, 2007). Based on a comparison of
peanut Ara h 3 (Rabjohn et al., 1999) and cashew Ana o 3 (Wang
et al., 2003) linear epitopes, aa homologies and molecular model-
ing, Barre et al. (2007) predicted that certain peptide segments in
the walnut and hazelnut would be IgE targets. Here, we identify
the linear IgE-binding legumin epitopes of hazelnut Cor a 9 and
English walnut Jug r 4, compare them with those previously identi-
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fied on cashew Ana o 2 and peanut Ara h 3, and, through homology
modeling, generate 3D epitope maps of all 4 allergens for structural
comparisons.

2. Methods
2.1. Human sera

Blood samples were drawn after informed consent from patients
with self-reported reactions to walnut and hazelnut and the sera
stored at —70°C until use. The study was approved by the relevant
institutional review boards. The presence of walnut- and hazelnut-
reactive IgE was confirmed by CAP FEIA assay (Phadia, Inc., Uppsala,
Sweden) and specific Jug r 4 or Cor a 9 reactivity was confirmed by
immunoblotting against nut protein extract. Clinical characteristics
of the subjects are shown in Table 1.

2.2. Solid-phase peptide (SPOTs) synthesis and binding to IgE

SPOTs membranes displaying either the 508 aa sequence of Jug
r 4 or the 515 aa sequence of Cor a 9, in the form of 62 or 63 15-aa
peptides, respectively, each offset by 8 residues, were synthesized
on derivatized cellulose sheets and probed as previously described
(Wang et al., 2003).

2.3. Sequence analysis and molecular modeling

Primary sequences were aligned using BLAST 2.0. For mod-
eling, aa sequences were aligned with the sequence of the
soybean glycinin A3B4 homohexamer (Adachi et al., 2003) (PDB
1od5, http://www.rcsb.org/pdb/home/home.do) using CLUSTALX
(Thompson et al., 1997) and adjusted manually to allow modeling of
target sequence regions not resolved in the crystal structure. Mod-
els were constructed by submitting the threaded and aligned PDB
files to the automatic homology server SWISS-MODEL (Schwede

Table 1
Characteristics of walnut and hazelnut-allergic subjects.

et al,, 2003). The resultant PDB models were subjected to succes-
sive rounds of Steepest Descent energy minimization (until delta E
was <0.050 kJ/M) using GROMOS96 (van Gunsteren and Berendsen,
1987) to relieve local conflicts and bond length anomalies. A single
monomer from each target was selected and superimposed over
the remaining two subunits to impose symmetry in the final trimer
model using THESEUS (Theobald and Wuttke, 2006; Theobald and
Wauttke, 2008). Final models for imaging were created using PyMol
(http://www.pymol.org) by merging a solid surface model of the
templated regions with a ribbon diagram of the un-templated
regions. Swiss-PdbViewer v4.0.1 (http://www.expasy.org/spdbv/)
was used to generate electrostatic charge models. Solvent-exposed
residues (1.4 A probe) on the monomer, trimer and hexamer were
determined based on modeling of the soybean proglycinin A3B4
homohexamer (PDB 1o0d5) and analysis using the GETAREA pro-
gram (http://curie.utmb.edu/getarea.html).

3. Results
3.1. Jugr 4 linear epitopes

The aa sequence of recombinant (r)jug r 4 was screened for
IgE-binding linear epitopes by probing 62 overlapping solid-phase
synthetic peptides with sera from 17 walnut-allergic (Table 2), rjug
r 4-IgE reactive patients (Wallowitz et al., 2006). Each was assigned
to one of four pools (3-4 sera each). As presented in Table 2,
the 17 serum samples, distributed among four pools, collectively
reacted strongly with 3, moderately with 7, and weakly with 12
peptides. It should be noted that differences in the intensity of
the reaction may reflect the affinity of the reactants, the relative
amount of IgE antibody present in the sera or a combination of
the two parameters. Many of the reactive peptides partially overlap
adjacent reactive peptides and thus may together represent single
epitopes.

No.2 Sex Age Allergy to walnut (W)/hazelnut (H) IgE reactivity on immunoblot to Other atopy Other known food reactivity
W or H
1 M 25 W, H W =weak asthma cashew, pecan
3 F 26 W W =weak AD, AR asthma peanut, cashew pistachio
4 M 27 W, H W =mod asthma cashew, brazil, coconut
H=weak
5 F 54 W, H H=weak AR, asthma cashew, pecans
7 F 30 W, H W =mod AD,AR peanut, cashew
H=strong
8 F 43 W, H W =strong AD, AR, asthma peanut, unspecified tree nuts
9 F 35 '\ W =strong AD, AR, asthma cashew, pecans, almond
10 F 31 W, H H=strong AR, asthma cashew, sunflower
14 B 39 W, H W =strong asthma unspecified tree nuts
20 F 48 W, H W =weak AD, AR asthma peanut, cashew, chestnut
H=weak
32 M 38 W, H W =mod AD, asthma cashew, pecan, pistachio
44 B 50 W, H W =strong AD, AR asthma almond, pecan, pine nut
H=strong
48 F 62 W W =weak none peanut, cashew, almond
49 F 22 Y W =weak asthma pecan, macadamia
81 M 13 W W =mod asthma almond, NE other tree nuts
82 F 24 W W =weak none peanut, walnut, almond, pine nut,
NE other tree nuts
83 M 6 W W =strong Asthma walnut, NE other tree nut
91 F 34 W, H H=strong AD cashew
92 M 4 H H=strong AD, AR NE other tree nuts
93 F 11 W, H H=strong AD, AR peanut, NE other tree nuts
94 M 20 H H=mod AD, AR peanut
95 M 2 W, H H=mod AD, AR NE other tree nuts
96 M 10 W, H H=weak AD, AR none reported

2 Patient #s 1-49 correspond to those in previous publications (Wang et al., 2002, 2003; Robotham et al., 2005) and 81-96 represent new patients. Weak = patient IgE

bound with weak intensity, mod: moderate, and strong: strong. NE: never eaten.
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Linear Jug r 4 epitopes and relative IgE-binding signal intensity.

IgE Binding Intensity

Epitope AR AA sequence
position Pool 1* Pool 2 Pool 3 Pool 4
il 1-15 MAKPILLSIYLFLIV ++ + + ++
2 57— IESWDPNNQQFQCAG +
3 HS#1 89-103 YSNAPQLVYIARGRG + + +
4 105-119 TGVLFPGCPETFEES ++
5 121-135 RQSQQGOSREFQQODR +
6 129-143 REFQQDRHQKIRHFR + + +
7 145-159 GDIIAFPAGVAHWSY + +
8 201-215 QGQQEYEQHRRQQQR + + +
9 209-223 HRRQQORQQRPGEHG + +
10°HS#2 233-247 VFSGFDADFLADAFN e
11 HS#3 257-271 QSENDHRRSIVRVEG ++ b +
12 HS#3 265-279 SIVRVEGRQLQVIRP + ++ +
13 273-287 QLQVIRPRWSREEQE + + + +
14 281-295 WSREEQEREERKERE +++ + +++ ++
15 313-327 DDNGLEETICTLRLR + ++ +
16 ST =2 PHWNLNAHSVVYALR + +
17 385-399 SVVYALRGRAEVQVV ++
18 417-431 LTIPQNFAVVKRARN ++ +
19 425-439 VVKRARNEGFEWVSF ++ +++ ++
20 HS#4 465-479 LATAFQIPREDARRL ++ +
e 481-495 FNRQESTLVRSRPSR
22 489-503 VRSRPSRSRSSRSER +

2Pool 1 included patients 1, 3, 32, and 44; pool 2 included patients 4, 7,9, and 20; pool 3 included patients 8,
48, and 49; and pool 4 included patients 14, 81, 82, and 83.

bRed denotes those epitopes bound by sera from all four patient pools.

“Bold print denotes strongly reacting epitopes. HS #1-4 refer to peptides overlapping hot spots indicated in

Fig. 1.

3.2. Cor a9 linear epitopes

Sera from 12 patients with IgE reactive with native and recom-
binant Cor a 9 (Table 1) (Beyer et al., 2002), were similarly screened
for IgE-binding to linear epitopes by probing 63-overlapping solid-
phase synthetic Cor a 9 peptides. As presented in Table 3, the 12
serum samples, distributed among three pools, collectively reacted
strongly with 3, moderately with 2, and weakly with 20 peptides.

3.3. Primary sequence comparison of linear epitopes of allergenic
11S globulins

To compare the IgE-binding peptides of the walnut (Jug r 4) and
hazelnut (Cor a 9) 11S globulins with each other and those previ-
ously identified on cashew (Ana o 2)(Wang et al.,2003), peanut (Ara
h3)(Rabjohnetal., 1999; Rouge et al.,2009), and soybean G1 (Gly m
6.01)and G2 (Gly m6.02) (Zeece et al., 1999; Holzhauser et al.,2009;
Helm et al., 2000) 11S globulins, we aligned the sequences and
highlighted the corresponding IgE-binding regions (Fig. 1). Many
of the epitopes identified in the various allergens were localized
to homologous regions. Reactive peptides not showing at least 50%
homologous positional overlap with reactive peptides in another
allergen were the exception. For ease of discussion, we have high-
lighted 4 allergenic ‘hot spots’ (HS #1-4, boxed in black dots, Fig. 1)
which we define as IgE-binding peptides which displayed positional
overlap in 4 or more or of the 5 aligned allergens. Those peptides
which reacted strongly with at least one of the tree nut-allergic
patients’ serum pools are also boxed in blue (Fig. 1).

Most strongly reactive epitope-bearing peptides are in regions
also identified as epitopes in one or more other allergens and some
are in allergenic ‘hot spots’. For hot spot #3, all compared aller-
gens express reactive IgkE-binding peptides in this region, several
of which are strongly reactive. Hot spot #2 shows 4 of 6 compared
allergens are reactive including strongly reactive peptides for Jug r
4 and Cor a 9 (Tables 2 and 3). Interestingly, the homologous region

for Ana o 2 is not recognized by any of the patient pools even though
there is considerable sequence similarity and identity compared to
Jugr4and Corad.

3.4. Molecular modeling and surface mapping

The 11S globulins are typically homohexameric proteins consist-
ing of two trimers assembled in a face-to-face fashion as depicted in
Fig. 2. The, IA (hexamer-exposed) and IE (hexamer-occluded) faces
of each trimeric subunit refer to those faces of the trimer that are
“solvent accessible” and “solvent occluded” when in the hexam-
eric form, respectively. To assess the relationship between solvent
exposure and epitope exposure we indicated those residues on the
atomic model of the glycinin homohexamer (upon which the other
models are based) that are solvent exposed in the monomer, trimer
and hexamer (=), the monomer and trimer but occlude in the hex-
amer (=), and those only exposed in the monomer (—) in Fig. 1
(labeled “Solv Exposed”). Residues not exposed in the monomer
(i.e., are buried) have no symbol and (") indicates those residues
lacking atomic coordinates. Because of the uncertainty of the exter-
nal loop structure on the modeled tree nut homologues, these were
not subjected to surface exposure calculations. Consequently, some
residues identified as being on the surface would likely be occluded
by the unmodeled loops leading to an overestimation of their abun-
dance.

The data indicate that most epitope-bearing peptides are likely
to have a substantial number (>50%) of exposed residues, at least
in the monomer. The patterns of peptide exposure range from a
predominance of residues exposed at all higher order configura-
tions (monomer, trimer and hexamer, =) to those exposed in the
monomer but occluded in the trimer and hexamer (—) and to mixed
exposure patterns (—, =, and =). A minority of epitopes, such as
Ana o 2 peptide 137A-N151 and Jug r 4 peptide 145G-Y159, dis-
play minimal surface exposure (unmarked residues, <35% surface
exposed residues). Even one of the hot spots (#1) shows just 8 of 23

Please cite this article in press as: Robotham, J.M,, et al., Linear IgE-epitope mapping and comparative structural homology modeling of
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dx.doi.org/10.1016/j.molimm.2009.06.020

G Model
MIMM-3186; No.of Pages 10

4

Table 3

J.M. Robotham et al. / Molecular Immunology xxx (2009) XxX—xXX

Linear Cor a 9 epitopes and relative IgE-binding signal intensity.

IgE Binding Intensity

Epitope AA AR sequence
position Pool 1° Pool 2 Pool 3
e L=atls MAKLILVSFSLCLLV + + +
2 57-71 CQIESWDHNDQQFQC +
3 HS#1 89-103 PQYSNAPELIYIERG +
4 97-111 LIYIERGRGITGVLF + +
5 Lz L= 2L PQQOSOQGOROGQGO + +
6 129-143  QRQGOGOSORSEQDR "
7, L2 7=l 510 QRSEQDRHQKIRHFR ++ +
8 153-167 GDIIALPAGVAHWCY +
9 169-183 DGDSPVVTVSLLHTN +
10 185-199  YANQLDENPRHFYLA + + +
Ll 201-215 NPDDEHQRQGQQQFG o +
152 209-223 QGOOOFGORRROQQH ++
13 HS#2 241-255 FSGFDAEFLADAFNV et 44
14 HS#3 273-287 IVKVEGRLQVVRPER +
15 HS#3 281-295 QVVRPERSRQEWERQ 4+ 44 4+
16 289-293 RQEWERQERQERESE + +
A7 27 =21LaL ROERESEQERERQRR + +
18 305-319 ERERQRRQGGRGRDV +
19 2Lz 22y GGRGRDVNGFEETIC +
20 361-375 VLRWLQLSAERGDLQ +
21 433-447 RAESEGFEWVAFKTN +
22 HS#4 473-487 AFQISREEARRLKYN + +
23 481-495 ARRLKYNRQETTLVR +
24 489-503 QETTLVRSSRSSSER + +
25 497-511 SRSSSERKRRSESEG + +

2Pool 1 included patients 10, 91, 94, and 96; pool 2 included patients 4, 5, 44, and 93; pool 3 included

patient 7, 20, 92, and 95.

bRed denotes those epitopes bound by sera from all three patient pools.
¢Bold print denotes strongly reacting epitopes. HS #1-4 refer to peptides overlapping hot spots indicated

in Fig. 1.

residues exposed which are clustered into two separate groups. Lin-
ear epitopes are in regions showing alpha helices (e.g., HS #3 and
#5) as well as beta turns (e.g., HS #2) (data not shown). Perhaps
equally significant, regions that are not identified as expressing lin-
ear epitopes also display a range of solvent exposure and secondary
structural motifs.

Fig. 3 shows a 3D depiction of the relative positions of the pep-
tides expressing the newly identified IgE-binding epitope-bearing
peptides of both Jug r 4 (Fig. 3A-E) and Cor a 9 (Fig. 3F-]). Most
regions of the modeled Jug r 4 and Cor a 9 were based on the soy-
bean homohexamer crystal structure (depicted as solid surfaces).
For regions that were not templated on the atomic structure, we
applied energy minimization to asses their likely conformation. We
depicted these regions as ribbons to indicate a lower level of struc-
tural certainty. Epitopes are highlighted based on the strength of
the signals generated and the number of serum pools of binding:
epitopes which yielded stronger signals with all pools of patient
sera (purple) appear to be localized to the hexamer-occluded faces
of Jug r 4 and Cor a 9 (Fig. 3A and F), whereas those reacting
strongly by only one pool of patient sera (red) are localized to the
hexamer-exposed faces (Fig. 3B and G). Those peptides that reacted
moderately or weakly by all pools of patient sera (orange) and that
reacted weakly to moderately by at least one but not all pools of
patient sera (yellow) are distributed somewhat diffusely about the
trimer surfaces (Fig. 3A, B, F and G).

To assess the epitope distribution from the perspective of
the monomer, three orientations are shown for each of the two
allergens (Fig. 3C-E and H-J]). The data indicate that epitopes
with varying degrees of binding are found on all faces (exposed
and occluded) of the legumin hexamers, trimers, and monomers.
Although primary aa sequence homology was high among the com-
pared legumin sequences (Table 4), the conformations of some
surface features were found to vary. We highlighted the identified

epitope-bearing peptides of Jug r 4 (Table 2), Cor a 9 (Table 3), Ana
o 2 (Wang et al.,, 2003), and Ara h 3 (Rabjohn et al., 1999), on the
monomeric subunits on both the trimer-exposed (top row, Fig. 4)
and trimer-occluded (bottom row, Fig. 4) faces of the molecules
and color-keyed them according to the degree of pooled patient IgE
reactivity as explained above. In general, the epitopes mapped to
a variety of locations scattered over the monomeric subunit. Here
again, the distribution appeared independent of solvent exposure
in the trimeric or hexameric form.

To determine if the mapped linear epitopes correspond to
structural motifs common to the 11S globulin allergens, those
epitope-containing peptides that occupy homologous positions
among the legumin allergens, i.e., allergenic ‘hot spots’ indicated
in Fig. 1, were highlighted and coded (Fig. 5) using a color scheme
unrelated to that used in Figs. 3 and 4. Similarity of charge distri-
bution within the epitope ‘hot spots’ was also assessed (Fig. 6). The
‘hot spots’ in Fig. 6 were circumscribed in colors coordinated with
the highlighted peptides in Fig. 5 to assist in comparison.

For the four mapped epitope hot spots, several structural and
biochemical similarities and differences among the tree nut aller-
gens can be noted. HS #4 (blue, Figs. 5 and 6), for example, is
situated mainly on the trimer-exposed face, is IgE-reactive in each
of the four modeled legumins and displayed a fairly conserved
structure and charge distribution pattern though it is less so for
the peanut as compared to the three tree nuts. HS #2 (orange),
in contrast to HS #4, is on the trimer-occluded face and showed
pronounced primary sequence, structural, and charge distribution
similarity between the walnut Jug r 4 and hazelnut Cor a 9. It would
be interesting to test for cross-reactivity between these two epi-
topes. The homologous region (HS #4) on cashew Ana o 2 though
similar in sequence surprisingly is not recognized by patient IgE.
Patients allergic to peanut Ara h 1 and Gly m 6.1 also have IgE which
binds to this region but the sequences of these two legumes dif-
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Fig. 1. Amino acid sequence and linear epitope comparison of cashew (Ana o 2), walnut (Jug r 4), hazelnut (Cor a 9), soybean (Gly m 6.1 =Gly m 6.0101 and Gly m 6.2 =Gly
m 6.0201), and peanut (Ara h 3) legumins. Segments corresponding to peptides testing positive in IgE SPOTs assays are highlighted. Peptides giving strong signals in the
newly reported Jug r 4 and Cor a 9 maps are boxed in blue. Biochemically similar residues are indicated with “|”, identical amino acids with; “.”, positions where a space
was added to enhance alignment with “-”, and sequences deleted to maximize alignment with “/”. Numbered dotted black boxes represent allergenic “hot spots” (HS). Those
residues solvent-exposed in the monomer, trimer and hexamer (=), the monomer and trimer but occlude in the hexamer (=) and those only exposed in the monomer (—)
of the modeled core structure of the Gly m1 homohexamer (PDB 10d5) are indicated in the “Solv Exposed” line. Residues not exposed in the monomer (i.e., are buried) have
no symbol. Those residues for which there are no atomic coordinates are also indicated (*). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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Fig. 2. Atomic structure of soybean glycinin A3B4 homohexamer, PDB 1o0d5, showing face-to-face (IE-to-IE) interaction between two trimers as viewed from the planar
solvent-accessible IA and solvent-occluded IE faces (A and C) and sides (B and D) of the molecule. The six identical monomeric subunits are individually colored for clarity.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

90°

<l

90°

g:

Fig. 3. Homology modeling and reactive peptide surface mapping of the Jug r 4 and Cor a 9 homotrimers and monomer subunits. Epitopes are highlighted based on the
strength and frequency of pooled sera binding: yellow, weak to moderate binding by some pools and no binding by at least one pool; orange, binding with similar strength
by all pools; red, strong binding by at least one pool; purple, strong binding by all pools. (A) Jug r 4 trimeric IE, also termed ‘occluded’, and (B) IA, also termed ‘accessible’,
faces. (C) Monomer oriented as in (B), (D) rotated to show the trimer solvent-occluded face and (D) rotated to show the trimer solvent-accessible face (i.e., the faces that are
occluded/exposed when the subunits are in the trimeric state). (F-]) Corresponding Cor a 9 models oriented as described above. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)
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Table 4
Amino acid sequence comparison of allergenic legumins.

Gly m 6.0201 Anao2 Jugr4 Cora9 Arah3.1

Glycinin 100% 45/65 (474)? 46/64 (489) 45/64 (499) 56/72 (510)
Anao?2 100% 57/73 (478) 53/69 (494) 42/59 (485)
Jugr4 100% 73/84 (494) 45/60 (484)
Cora9 100% 45/60 (493)
Arah3 100%

2 Percent identity/similarity. The number of amino acids included in each alignment is shown in parentheses.
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Fig.4. Comparative homology modeling and reactive peptide surface mapping of Jug r 4, Cor a9, Ana o 2, and Ara h 3 monomers. Epitopes highlighted based on pooled patient
reactivity as in Fig. 3. The trimer solvent-accessible faces shown in the top row and the trimer solvent-occluded faces on the bottom. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article.)

fer significantly from those of the tree nuts as does the modeled
structure and charge distribution (for Ara h 3). HS #3 (burgundy)
represents a region targeted by IgE on all four modeled legumins.
AgainJugr4and Cor a9 share considerable sequence, structural and
charge similarity whereas Ana o 2 and, to an even greater extent,
Ara h 3 differ. It is worth noting that 3 of the 4 hot spots (#2-4)
are comprised primarily of solvent-exposed residues, at least at
the level of the free monomer (see Fig. 1). HS #1 (green), in con-
trast, is largely buried within the monomer. It is also worth noting
that none of the hot spots were coincident with the untemplated
loops even though such loops would be expected to repre-
sent protruding surface features readily accessible for antibody
recognition.

4. Discussion

The structural properties which distinguish those proteins that
are allergenic in some foods but are typically non-allergenic in other
foods and the structural bases for food allergen cross-reactivity
are incompletely understood (Aalberse et al., 2001; Jenkins et al.,
2005; Roggen, 2006; Breiteneder and Mills, 2006; Radauer and
Breiteneder, 2006; Untersmayr and Jensen-Jarolim, 2006). We have
selected the 11S globulins as a model system to further investi-

gate these issues, in part, because several allergenic legumins have
already been analyzed for their structure and IgE epitope distri-
bution (Stanley et al., 1997; Zeece et al., 1999; Helm et al., 2000;
Adachi et al., 2001; Beyer et al., 2002; Teuber et al., 2003a; Wang et
al.,2003; Barre et al., 2007; Rouge et al., 2009). Here we report linear
epitope maps of 11S globulins in two widely consumed allergenic
tree nuts, walnut and hazelnut, and compare the epitope maps at
the primary sequence level and in 3D molecular models to each
other and to those previously described for cashew, peanut, and
soybean.

Taken together, 11S globulins of the analyzed tree nuts and
legumes display from ~8 to 15 linear epitope-bearing peptide
regions that are scattered throughout the length of the acidic
and basic subunits (Fig. 1). The newly identified epitopes on Jug
r 4 and Cor a 9 display varying degrees of patient IgE reactivity
(Tables 2 and 3). For most tree nut 11S globulin epitopes, there
seems to be no correlation between either the breadth, or inten-
sity of patient IgE reactivity and the location of the epitopes with
respect to accessible or occluded faces of the Jug r 4 or Cor a 9
hexamers or trimers (Figs. 1 and 3, Tables 2 and 3).

A comparison of the epitope distribution among the compared
nut and seed 11S globulins reveals four regions most frequently
recognized by patient IgE (Fig. 1). We termed these common IgE-
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Fig. 5. Topological comparison of allergenic “hot spots” on the surface of Jug r 4, Cor a 9, Ana o 2, and Ara h 3. Hot spot (HS, #'s correspond to Fig. 1): #1, green; #2, orange;
#3, burgundy; #4, blue. Orientations as in Fig. 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 6. Comparison of surface charge distribution maps of Jug r 4, Cor a 9, Ana o 2, and Ara h 3. Red = negatively charged, blue = positively charged,and white = neutral regions.
Ovals circumscribe IgE-binding “hot spots” and are color-coded as depicted in Fig. 5. Orientations as in Figs. 4 and 5. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)
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binding epitopes, ‘hot spots’, and mapped the antigenic surfaces
onto our 3D models (Fig. 5). HS #2 (orange) and #4 (blue), for exam-
ple, share primary sequence similarity between Jug r 4 and Cor a 9
(100% for HS #2 and 86% for HS #4) and appear structurally related
as evidenced by similarities in the surface topology maps (Fig. 5)
and corresponding charge distribution maps (Fig. 6). HS #1 (green)
was identified as an epitope on all three tree nuts, and soybean but
not the peanut, even though soybean and peanut share consider-
able homology in this region. The surface charge distribution of this
region was similar for walnut and hazelnut but less so for cashew
(Fig. 6). An interesting aspect of this hot spot is that the majority
of the residues are buried in the interior suggesting that denatu-
ration and/or fragmentation of the monomeric subunit is needed
to expose the epitope and that the resultant IgE antibodies would
probably not be reactive with intact undenatured monomeric or
higher order molecular forms.

Barre et al. (2007) predicted that HS #3 would be a common
epitopic region among the tree nut allergens based on their analysis
of the previously identified IgE-binding epitopes of Ana o 2 (Wang
etal.,, 2003) and Ara h 3 (Rabjohn et al., 1999) and our data bear this
out.

The shared structural homology in HS #2 (orange, Fig. 5) and
HS #4 (blue, Fig. 5) represents a likely candidate for the observed
cross-reactivity among some tree nut allergens (Wallowitz et al.,
2006). A comparison of the peanut Ara h 3 hot spots to those of
the tree nuts revealed that peanut-allergic patients recognized 3
of the 4 hot spot regions (HS #2-4, Fig. 1). However, homologous
regions in the peanut differ significantly from those of the tree
nuts in sequence and charge with the exception of HS #4 in which
the peanut and hazelnut shares 86% similarity. Rouge et al. used
SPOTSs analysis to identify eight Ara h 3 epitopes (Rouge et al., 2009).
They too noted that the homologous sequence for most peanut epi-
topes were divergent from the tree nuts but singled out two regions
(their peptides #1, 49ALSR-LRRP63 and #7, 337ICTA-IYNP357) with
conserved sequence and predicted that these might account for
peanut-tree nut cross-reactivity. Interestingly, with one partial
exception, neither homologous region was recognized in either the
tree nuts or even in the more closely related soybean sequence.
Together these data may help explain the low incidence of reported
clinical cross-reactivity between tree nuts and peanut, especially
if similar patterns of discordant epitope sharing are observed for
other in-common allergenic proteins (Teuber et al., 2003b).

It should be noted that the various highlighted segments repre-
sent epitope-containing peptides and not the actual epitope contact
residues. Because the boundaries of the linear epitope-bearing pep-
tides screened with patients’ sera varied between allergens, the
color-coded hot spot patches depicted in Fig. 5, for example, would
not necessarily match up even if the actual contact residues were
homologous, i.e., differences in the position and extent of the high-
lighted peptides should not be construed as evidence for structural
differences between epitopes. Also, a lack of recognition may reflect
the allergenic status of the particular patient population sampled
rather than an intrinsic inability to elicit an IgE response—other
patient sera may yet be identified which recognize these regions.

The distribution pattern of the identified linear epitopes on (in)
an allergenic food protein may provide clues to the degree of its
in vivo digestion, denaturation, and cellular processing prior to its
exposure to B cells (Untersmayr and Jensen-Jarolim, 2006). The
structural complexity of the typical legumin presents an interesting
opportunity to gauge the structural state of the protein as it interacts
with the humoral immune system. As a dimer of homotrimers, each
succeedingly smaller molecular form (hexamer, trimer, monomer,
acidic and basic monomeric subunits, or peptide fragments thereof)
displays more solvent- and thus antibody-accessible surface. It has
been reported that for soybean G2 glycinin, most linear epitopes
were localized to the hexamer-exposed (IA) face of the trimer sug-

gesting that the hexamers may remain intact upon interaction with
the humoral immune system (Helm et al., 2000). In contrast, the
broad distribution of the cognate IgE-binding epitopes on tree nut
and peanut 11S globulins in both exposed and cryptic sites that we
present suggests a significant degree of processing by the gut, or
perhaps by antigen presenting cells, prior to immune recognition,
an area that needs further investigation. Complicating our inter-
pretation of the data to some degree is the fact that maturational
processing (i.e., proteolytic cleavage) of 11S globulins into forms
that hexamerize within plants is incomplete resulting in residual
unprocessed preprotein that remains in the trimeric configuration
in nut/seed tissues prior to consumption (Shewry et al., 2003).
Also, because soybean has 5 genes encoding 11S globulin proteins
(Nielsen et al., 1989), other, as yet undescribed isoforms may exist
in peanut and the tree nuts.

Various other molecular forms are present in the nut/seed tis-
sues as indicated by multiple products of varying molecular weight
observed upon Western blot analysis of nut/seed extract (Teuber et
al., 2002). Also, surface exposure, per se, does not appear to ensure
IgE recognition as several such regions (e.g., the segments homol-
ogous to Ana o 2 aa 356-372) are devoid of epitopes for all of the
nuts and legume seeds compared.

The question is thus raised as to whether or not epitopes are
being assayed in biologically relevant molecular forms. For exam-
ple, an allergen may be largely digested, denatured or fragmented in
the induction phase of the immune response but remain in a more
native configuration at the site of mast cell triggering. Thus, aniden-
tified linear epitope may be strongly reactive when assayed with
patients’ sera but concealed within an allergen in its native con-
figuration. Knowledge of the allergen’s structure as it is presented
to the effector arm immune system is essential when considering
which epitopes will have the greatest potential for contributing to
a clinical reaction. Such information is generally lacking for most
systems (Untersmayr and Jensen-Jarolim, 2006). Because patient
gut-associated mast cells and tissue IgE profiles cannot be readily
assayed, this question will be difficult to address. Perhaps animal
models can be exploited in this regard (Untersmayr and Jensen-
Jarolim, 2006).

Complete food allergens (capable of both sensitization and
symptom elicitation) have been considered resistant to digestion by
the gut (Astwood et al., 1996; Bredehorst and David, 2001; Taylor
and Hefle, 2001). A recent report indicates that peanut and soy-
bean 11S globulins are readily digested by pepsin at low pH (van
Boxtel et al., 2008) despite predictions to the contrary (Rouge et
al., 2009). However, susceptibility to digestion does not preclude
the 11S globulins from serving as sensitizers as a number of other
examples of readily digestible allergens capable of directly sensitiz-
ing patients have been reported (Untersmayr and Jensen-Jarolim,
2006). It is not known if cashew, hazelnut and walnut 11S globu-
lins are similarly labile but, if so, this might explain the widespread
topological distribution of their liner IgE-reactive epitopes includ-
ing the hexamer- and trimer-occluded surfaces as well as those
largely internal peptides of the monomer.

It is important to note that we and others have only mapped
the linear nut epitopes primarily because of technical difficulty
in identifying conformational epitopes (Roggen, 2006; Gershoni et
al,, 2007; Oezguen et al., 2008). Although conformational epitopes
are sometimes considered of greater significance in allergic condi-
tions as compared to linear epitopes, there are situations where
the reverse appears to be true. For example, early responses to
milk allergens are primarily to conformational epitopes but later
responses are to linear epitopes (Untersmayr and Jensen-Jarolim,
2006). In other examples of food allergy, conformational epitopes
are generally associated with mild reactions and linear epitopes
with more intense persistent allergy (Beyer, 2003; Sicherer and
Sampson, 2006). Because of the extent to which the legumin sur-
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faces that we have mapped are comprised of linear epitopes, it is
likely that there is considerable overlap with any conformational
epitope footprints.

Defining common structural features among specific cross-
reactive epitopes may enhance our ability to predict, a priori,
whether homologous regions on other molecules of interest are
likely to be similarly recognized and could inform as to the
mutations that might best reduce allergenicity in, for example,
genetically engineered allergen homologues developed for allergy
vaccine application (Roggen, 2006; Gershoni et al., 2007). A broad
compilation of examples of both cross-reactive and non-cross-
reactive epitopes from a variety of sources might eventually reveal
molecular motifs which favor the elicitation of IgE antibody should
such motifs exist.
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