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Abstract

Peanuts are a cause of one of the most common food allergies. Allergy to peanuts not only affects a significant
fraction of the population, but it is relatively often associated with strong reactions in sensitized individuals.
Peanut and tree nut allergies, which start in childhood are often persistent and continue through life, as
opposed to other food allergies that resolve with age. Therefore, peanut allergens are one of the most
intensively studied food allergens. In this review we focus on the structural studies of peanut allergens.
Despite the fact that these allergens are attracting a lot of interest and several of them have had their
structures experimentally determined, still some molecular properties of peanut allergens are not well
understood. Peanut allergens like other allergens belong to just a few protein families. Allergens from the
cupin superfamily (Ara h 1 and Ara h 3), 2S albumins (Arah 2 and Ara h 6), Ara h 8 (pathogenesis related
class-10 protein) and Ara h 5 (profilin) are relatively well characterized in terms of their 3D structures.
However some peanut allergens like Ara h 7 (2S albumin), Ara h 9 (nonspecific lipid-transfer protein), and
especially oleosins (Ara h 10 and Ara h 11) and defensins (Ara h 12 and Ara h 13), still are waiting for such
characterization.

Keywords: Peanut; Allergen; Peanut allergy; Food allergy; Review; Structural biology

1. Introduction

Peanut allergies are one of the leading causes of fatal and near-fatal food induced allergic reactions,
and are estimated to induce hypersensitivity reactions in 8% of children and 2% of adults (Sicherer,
2011; Sicherer et al., 1999; Sicherer et al,, 2010; Sicherer & Sampson, 2014). This allergy attracts
the attention of many due to its increasing prevalence and its identification as one of the few food-
allergies that starts in childhood and continues through life, as opposed to others that resolve with
age (Burks & Sampson, 1993). There is evidence that approximately 20% and 10% of peanut and
tree nut allergic individuals, respectively, outgrow their allergy and approximately 8% of the
peanut allergic individuals may suffer a recurrence (Fleischer, 2007). Currently the only treatment
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plan for those suffering from the allergy is avoidance (Burks et al., 2012; Lieberman & Sicherer,
2011), which is a stressful task for families (Kim & Sicherer, 2011) especially as peanuts become
increasingly popular as an economical protein source in processed foods (Shin et al., 1998). While
individuals avoid foods made directly with peanuts, accidental ingestion is common due to the high
risks of cross-contamination (Sicherer et al, 1999). Moreover, peanut and tree nut allergens are
often cross-reactive which further increases a risk of an adverse reaction (Bublin & Breiteneder,
2014; Kulis et al., 2009; Teuber & Beyer, 2004).

Table 1 All registered peanut allergens grouped according to the family to which they belong.
Please note: Ara h 4 is not included because it was renamed as a variant of Ara h 3.

Cupin (Vicillin-type, Ara h 1.0101 P43238 L34402 68.8 6.4 3SMH
7s globulin) 3S7E
3571
Conglutin Arah 2.0101 Q6PSU2 AY007229 18.0 5.5 30B4
(2s albumin)
Ara h 2.0201 Q6PSU2 AY158467 17.7 53
Arah 6.0101 Q647G9 AF092846 14.8 5.5 1W2
Arah 7.0101 Q9SQH1 AF091737 16.3 5.6
Arah 7.0201 B4XID4 EU046325 17.4 7.5
Cupin (Legumin-type, Ara h 3.0101 082580 AF093541 58.3 5.7 3C3v
11s globulin, Glycinin)
Ara h 3.0201 Q9SQH7 AF086821 61.0 5.5
Profilin Ara h 5.0101 Qosal9 AF059616 14.1 4.6 4ESP
PR-10 (Pathogenesis Ara h 8.0101 Q6VvT83 AY328088 17.0 5.0 4MAP
related Protein) 4M9B
AMOW
4MA6
Ara h 8.0201 BOYIUS EF436550 16.4 5.1
Nonspecific Lipid- Arah9.0101 B6CEX8 EU159429 9.1 9.5 N/A
transfer protein 1
(nsLTP1)
Ara h 9.0201 B6CG41 EU161278 9.1 9.3 N/A
Oleosin Ara h 10.0101 Q647G5 AY722694 17.8 9.6 N/A
Ara h 10.0201 Q647G4 AY722695 15.5 9.4 N/A
Ara h 11.0101 Q45wW87 DQO97716 14.3 10.1 N/A
Defensin Ara h 12.0101 N/A EY396089 7.9 7.7 N/A
Ara h 13.0101 N/A EY396019 8.4 7.5 N/A
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Upon ingestion of peanuts, IgE-allergen complexes form and facilitate cross-linking amongst mast
cell receptors and induce a signal transduction cascade that elicits the allergic reaction in patients
(Fung-Leung et al,, 1996; Sanchez-Mejorada & Rosales, 1998). Therefore thorough characterization
and structural analysis of peanut allergens and their complexes with antibodies may be critical for
the identification of IgE binding epitopes. It is anticipated that such studies may lead to the design
of recombinant variants of allergens with decreased IgE binding capacity for application in
immunotherapy.

In this review we focus on the current status of the structural studies of peanut allergens, however
we do not discuss in detail the cross-reactivity of these allergens, as this topic was recently
reviewed (Bublin and Breiteneder, 2014). Despite the fact that peanuts are well studied and several
peanut allergens have had their structures experimentally determined, more research is required in
order to shed light on the biological function of these proteins as well as the contribution of their
structural and physicochemical properties to allergenicity (Schein et al,, 2005). Twelve peanut
allergens are officially registered to the Allergen Nomenclature Sub-Committee of the International
Union of Immunological Societies (IUIS), and like other allergens they belong to just a few protein
families (Breiteneder & Radauer, 2004; Radauer et al., 2008) with half of them belonging to just two
superfamilies: cupin and prolamin (Table 1).

2. Materials and Methods

According to the Allergen Nomenclature Sub-Committee of the International Union of
Immunological Societies (IUIS) (wwwe.allergen.org) (Radauer et al,, 2014), twelve allergens belong
to the Arachis hypogaea (Peanut) species. Protein sequences of allergens, including their isoforms,
were downloaded from UniProt (UniProt, 2014). Ara h 12 and 13 only had nucleotide sequences
that were downloaded from GenBank (Benson et al, 2013), and then translated using ExPASy
(Artimo et al,, 2012). Sequence alignment was done with ClustalW (Thompson et al.,, 1994) and
visualized with ESPript 3.0 (Robert & Gouet, 2014). For each alignment, the output was submitted
to the SIAS server, which calculated sequence identity (blue), those resides that are identical
between the two proteins, and sequence similarity (red), those residues that have similar

sidechains, using the default parameters (http://imed.med.ucm.es/Tools/sias.html). These data are
shown in Tables 2-7.

The peanut allergens (Arah 1, 2, 3, 5, 6, and 8) whose structures have been deposited to the Protein
Data Bank (PDB) were downloaded (Berman et al., 2002). Ara h 7, and 9-13 whose structures have
yet to be determined experimentally, were submitted for modeling to the Protein
Homology/analogy Recognition Engine v 2.0 (Phyre?) server (Kelley & Sternberg, 2009) using the
intensive modeling mode. Modeling of oleosins (Ara h 10, 11) was attempted, but failed due to lack
of a good template. Once all structures (experimental or models) were obtained, they were
submitted to the ConSurf (Celniker et al., 2013) server to map sequence conservation on the surface
of the allergen. All structural figures were created with Pymol (DeLano). Structural alignements
were performed with COOT (Emsley et al, 2010) using secondary structure matching algorithm
(Krissinel & Henrick, 2004).
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3. Cupins

Ara h 1 (vicilin, 7S globulin) (Table 2) and Ara h 3 (legumin, 11S globulin) (Table 3) share the same
overall fold and belong to cupin superfamily (Dunwell et al., 2004). While these proteins are mainly
recognized as storage proteins and an energy source for plants during germination, some reports
point to their role in plant defense as well (Candido Ede et al., 2011). Together, 7S and 11S
globulins represent the majority of the protein in many seeds that are part of the human diet. High
abundance of Ara h 1 in peanuts may allow for reliable monitoring of peanut allergen presence in
food products (Pomes et al,, 2003). However, Ara h 1 was shown to become highly aggregated and
insoluble following thermal processes such as boiling, roasting and frying and therefore may not be
reliable for detection of peanut in food products with methods that depend on allergen solubility,
such as ELISA (Schmitt et al., 2010).

Table 2 Sequence identity (blue) and similarity (red) between peanut, tree nut, and soy 7S
globulins, which are registered as allergens. Higher percentages correspond with darker

shading.
Similarity (%)
Jugn 2.01 Jugr201 Glym5.01 GlymS5.02 Glym5.03 Arahl.01 Anaol.01 Anao1.02

Jugn 2.01 100 81 47 47 55 38 48 48
- Jugr2.01 100 44 46 42 37 45 45
§ Gly m 5.01 37 33 100 88 70 49 44 44
.E’ Gly m 5.02 38 35 100 68 50 43 43
5 Gly m 5.03 45 32 66 63 100 47 41 42
=~ Arah1.01 28 28 40 40 39 100 34 34

Anao 1.01 38 34 34 32 31 25 100

Anao 1.02 38 34 34 32 31 25 100

Both Ara h 1 and Ara h 3 are classified as bicupins (Fig. 1), as they have two characteristic (3-barrel
domains present in their structures. These two proteins are also the largest peanut allergens with
molecular weights of 68.8 kDa and 58.3 kDa, per a single chain of Ara h 1 and Ara h 3 respectively.
Although Ara h 3 is synthesized as a single chain/protein, it is later cleaved by an endopepsidase
into two chains. After Ara h 6 (Lehmann et al.,, 2006), Ara h 3 is the second peanut allergen that had
its structure determined experimentally (Jin et al., 2009), and it is currently the only peanut
allergen for which the structure was determined using protein originating from the natural source.
The structure of core Ara h 1 fragment 1 was determined later and protein used for these studies
corresponds to a truncated version of the allergen (Cabanos et al., 2011b; Chruszcz et al,, 2011). As,
both Ara h 1 and Ara h 3 are bicupins, their molecules may be described as having two modules
related by a pseudo two-fold axis (Fig. 1). For example, superposition of N- and C-terminal Ara h 1
domains results in an rmsd of 1.9 A (over 153 aligned residues), while the sequence identity of the
superposed fragments is only 15% (Chruszcz et al, 2011). Helical fragments flanking the cupin
domains are involved in the formation of oligomeric assemblies in both Ara h 1 and Ara h 3. This
type of overall fold is characteristics for all 7S and 11S globulins (Tandang-Silvas et al., 2010).
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Table 3 Sequence identity (blue) and similarity (red) between peanut, tree nut, and soy 11S
globulins, which are registered as allergens. Higher percentages correspond with darker
shading.

Similarity (%)

Arah3.01 Arah3.02 Glym6.01 Glym6.03 Glym6.02 Pisv2.01 Pisv2.02 Bere2.01 Jugr4.01 Cari4.01 Cora9.01 Anao2.01 Pisv5.01 Prudué6.01 Glym6.04 Glym 6.05
Arah3.01 53 59 60 58 61 60 53 49 54
Arah3.02 54 59 60 59 60 59 52 49 54
Glym 6.01 60 65 65 64 65 65 56 57 62
Glym 6.03 61 66 66 64 67 67 57 57 62
Gly m 6.02 61 65 65 64 66 66 56 56 61
Pisv2.01 67 65 66 64 69 69 57 51 55
65 66 64 70 71 58 50 56

Pisv2.02

Bere2.01 69 67 58 50 55
Jugr4.01 75 75 64 55 60
Cari4.01 75 75 63 55 61

Cora9.01

Conserved n Variable

Fig. 1. Top: Overall structure of Ara h 1 monomer (PDB ID: 3S7I). Secondary structural elements
are colored separately where o-helices are colored cyan, [3-sheets are colored in red, and
loops are colored magenta. Bottom: Ribbon representation of Ara h 1 showing residue
conservation derived from an alignment of related protein sequences. Conservation was
calculated using the ConSurf server. The most conserved residues are shown in blue while
the more variable residues are shown in red.
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The high molecular weight and the fact that both Ara h 1 and Ara h 3 form oligomeric assemblies
distinguish these cupins from other peanut allergens. Ara h 1 was shown to form stable trimers,
while Ara h 3 forms hexamers (Fig. 2) (Shin et al, 1998). The oligomers are stabilized by large
interfaces between monomers (Maleki et al,, 2000b). The unusual stability of this form of protein
allows them to survive during food digestion and has a direct link to their allergenicity (Koppelman
et al, 1999; Maleki et al., 2000a; Sen et al.,, 2002; van Boxtel et al.,, 2008). In solution, and possibly in
peanuts too, trimers of Ara h 1 undergo an additional association, and they form assemblies that
may be described as trimers of trimers and/or as tetramers of trimers (Chruszcz et al, 2011;
Schmitt et al,, 2010; van Boxtel et al,, 2006). The ability of Ara h 1 to form such higher order
oligomeric assemblies is not affected by protein glycosylation (Kolarich & Altmann, 2000), and the
core fragment of Ara h 1 is sufficient to promote formation of such assemblies (Chruszcz et al,
2011).

Fig. 2. Top: structure of Ara h 1 trimer. Bottom: structure of Ara h 3 hexamer. Secondary structural
elements are colored separately where a-helices are colored cyan, B-sheets are colored in
red, and loops are colored magenta. Molecular surface of the oligomers is shown in grey.

4. Conglutins (2S Albumin)

Conglutins (2S albumins) together with non-specific lipid transport proteins (nsLTP1) belong to the
prolamin superfamily and are one of the biggest groups of plant allergens (Breiteneder & Radauer,
2004; Radauer & Breiteneder, 2007). 2S albumins form a major group of storage proteins, which is
characteristic for Dicotyledons. These proteins are water-soluble and are rich in glutamine and
cysteine residues. They are encoded by a multigene family, which together with posttranslational

6
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modification (especially proteolysis) results in the generation of many isoforms. However, these 2S
albumins not only function as storage proteins, but also play a role in plant defense (Candido Ede et
al, 2011).

Peanut allergens Ara h 2, Ara h 6 and Ara h 7 (5 total isoallergens) are classified as 2S albumins.
Among themselves these proteins are characterized by a high level of sequence conservation (Table
4), but in terms of sequence and structure they also are very similar to allergenic 2S albumins
originating from tree nuts and soy. Although Ara h 2 is considered to be a major culprit in peanut
allergy, recently it was shown that Ara h 6 is also a very potent allergen (Chen et al., 2013; Koid et
al, 2013). Additionally, Ara h 6 was the first peanut allergen to have its structure determined
experimentally (Fig. 3) (Lehmann et al,, 2006). The structure was determined using NMR and it was
revealed that Ara h 6 is composed of five a helices and several loop fragments. The loop regions are
highly flexible and disordered. Four disulfide bridges are localized in the core fragment of the
molecule and significantly improve stability of the molecule (Lehmann et al., 2006). For both Ara h
2 and Ara h 6, it was found that disruption of the disulfide bonds decreases protein stability, trypsin
resistance, as well as allergenicity of these proteins (Hazebrouck et al.,, 2012; Starkl et al.,, 2012).
One study showed that even a partial disruption of disulfide bonds may lead to increased trypsin
inhibitory activity and this mimics the effects of roasting on Ara h 2 (Maleki et al,, 2003). The
structure of Ara h 2, designed with a customized maltose-binding protein-fusion system, was
determined later (Mueller et al, 2011) using X-ray crystallography. Both Ara h 2 and Ara h 6
structures are very similar and the models align with 2.4 A rmsd over 79 aligned Ca atoms. The
structure of Ara h 7, however is not yet experimentally determined.

Table 4 Sequence identity (blue) and similarity (red) between peanut, tree nut, and soy 2S
albumins, which are registered as allergens. Higher percentages correspond with darker

Identity (%)

shading.
Similarity (%)
Arah7.01 Arah7.02 Arah2.02 Arah2.01 Arah6.01 Glym8.01 Jugn 1.01 Jugr1.01 Cari1.01 Coral4.01 Berel.01 Anao3.01 Pisv 1.01
Arah7.01 100 80 44 49 54 44 36 40 42 43 40 44 44
Arah7.02 79 100 53 59 65 48 39 44 43 45 43 45 46
Arah2.02 39 47 100 68 46 29 34 33 35 55 37 38
Arah2.01 44 52 100 73 51 35 40 39 41 89 42 44
Arah6.01 50 59 63 69 100 53 41 47 47 47 47 48 51
Gly m 8.01 36 41 41 46 46 100 28 33 35 35 89 39 37
Jugn1.01 30 32 24 29 36 22 100 88 85 71 56 57 54
Jugr1.01 34 37 28 28] 42 28 100 76 61 60 58
Cari1.01 34 36 27 33 41 29 100 75 62 62 58
Cora14.01 37 38 30 35 42 29 68 73 73 100 63 65 60
Bere 1.01 36 39 29 34 42 31 49 57 56 59 100 54 52
Anao3.01 38 37 32 37 43 33 48 54 55 58 50 100 81
Pisv 1.01 34 37 31 37 44 33 46 51 49 53 48 76 100

2S albumin from brazil nut (Ber e 1) is the only tree nut conglutin with an experimentally
determined structure (Rundgqvist et al., 2012). Ber e 1 is similar to both Ara h 2 and Ara h 6 and

7
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their models superpose with rmsds of 2.7 A (over 82 aligned Ca atoms) and 3.1 A (over 82 aligned
Ca atoms), respectively. Interestingly, due to a high content of methionine and cysteine Ber e 1 was
used to boost sulfur content in transgenic plants. This resulted in a transfer of this major Brazil nut
allergen into soy (Nordlee et al., 1996). Structural studies of Ber e 1 also revealed that this protein
binds Cu?* ions with a 1:1 stoichiometry. This feature of Ber e 1 is quite unusual as 2S albumins
were not associated with aligand binding properties. As already mentioned, both 2S albumins and
nsLTP1 belong to the same protein superfamily. Their structure is formed by four or five a helices
linked by disulfide bonds. For example, despite very low sequence identity and similarity,
structures of Ara h 2 and Pru du 3 (nsLPT1 from almond) superpose well with 3.1 A rmsd over 67
aligned Ca atoms.

The biological function of Ara h 2, Ara h 6 and Ara h 7 is still not fully understood. While Ara h 2 and
Ara h 6 are very abundant, Ara h 7 is present in peanuts only in small quantities and the natural
forms of the allergen were identified only recently (Schmidt et al., 2010). Analysis of sequence and
structures of peanut 2S albumins suggests that they may function as trypsin or/and amylase
inhibitors (Maleki et al., 2003; Schmidt et al., 2010). It was experimentally shown that Arah 2 is a
weak trypsin inhibitor and roasting increased this activity (Maleki et al., 2003). Arah 2 and Arah 6
purified from roasted peanuts not only retain their structure and function, but also retain IgE-
binding activity of the native protein (Vissers et al., 2011).

é
é

Fig. 3. Top: Overall structure of Ara h 6 (PDB ID: 1W2Q). First model from an ensemble deposited
to PDB is shown. Secondary structural elements are colored separately where a-helices are
colored cyan, and loops are colored magenta. Bottom: Ribbon representation of Ara h 6
showing residue conservation derived from an alignment of related protein sequences.
Conservation was calculated using the ConSurf server. The most conserved residues are
shown in blue while the more variable residues are shown in red.

Conserved Variable
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5. Profilins

Profilins are small (12-17 kDa) ubiquitous eukaryotic proteins that are involved in regulating the
actin cytoskeleton (Carlsson et al., 1977). These proteins are capable of binding actin and poly-L-
proline (Lindberg et al., 1988; Schutt et al, 1993; Tanaka & Shibata, 1985), can interact with
membrane phospholipids (Lassing & Lindberg, 1985, 1988; Machesky et al, 1990), and also
regulate various cellular processes (Birbach, 2008). The profilin family shares highly conserved
sequences, which can be over 75% identical and 85% similar even between distantly related
sources, as well as highly conserved three-dimensional structures (Table 5). The overall fold
consists of two terminal a-helices and one short a-helix that sandwich a central seven-stranded
antiparallel  sheet. High sequence and structure conservation are the two factors that satisfy the
requirements for cross-recognition and led to the designation of profilins as ‘panallergens’ (Hauser
et al,, 2010). Panallergens are minor allergens responsible for IgE cross-reactivity to a variety of
allergenic sources and have been proposed to be indicators of sensitization to several pollens (Mari,
2001; Tinghino et al,, 2002).

Table 5 Sequence identity (blue) and similarity (red) between peanut, tree nut, and soy profilins.
Higher percentages correspond with darker shading.
Similarity (%)
| Arah5.01 Glym3.01 Cora2.01 Cora2.02 Prudu4.01

;\3 Arah 5.01 89 88 89 86
; Gly m 3.01 87
e Cora2.01 89
§ Cor a 2.02 89

Prudu4.01 100

One peanut profilin, Ara h 5.0101 (Q9SQI9) has been officially registered to the IUIS. Wang et al.
(2013) determined the structure of Ara h 5 (PDB ID: 4ESP) and found that its overall fold is similar
to other reported profilins (Fig. 4). It was also discovered that Ara h 5 is structurally more similar to
Bet v 2 (birch pollen profilin), while it shares a higher sequence similarity with Hev b 8 (natural
rubber latex profilin)(Wang et al., 2013). Cabanos and colleagues (Cabanos et al., 2010) determined
that 9.1% (three out of thirty-three peanut allergic patients) of patient sera had IgE reactivity to
recombinant Ara h 5. They also performed structure based epitope prediction and found that Ara h
5 has eight-surface exposed epitopes.

Currently (September 2014) the IUIS has 43 registered profilins. Of those, only one belongs to
peanuts, while three belong to either tree nuts or soy (Cor a 2 (hazelnut), Gly m 3 (soybean), and
Pru du 4 (almond)). Furthermore, of those 43, only two profilin allergens, aside from Ara h 5, have
had their structures determined. These allergens are: Bet v 2 (PDB ID: 1CQA) and Hev b 8 (PDB ID:
1G5U). Fig. 5 shows a sequence alignment of Betv 2, Hev b 8, and Ara h 5.
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ConservedgVariable

Fig. 4. Top: Overall structure of Ara h 5 (PDB ID: 4ESP). Secondary structural elements are colored
separately where a-helices are colored cyan, (-sheets are colored in red, and loops are
colored magenta. Bottom: Ribbon representation of Ara h 5 showing residue conservation
derived from an alignment of profilin related protein sequences. Conservation was
calculated using the ConSurf server. The most conserved residues are shown in blue while
the more variable residues are shown in red.

Bet_v_2|P25816
Hev_b_8|Q9M7M8
Ara h_ 5|Q9SQI9

Bet_v_2|P25816
Hev_b_ 8|Q9M7M8
Ara_h 5|09SQI9

Bet_v _2|P25816
Hev_b_8|QSM7M8
Ara_h_5|Q9SQI9

1 1 20 40 50

0 30 60
MSWQTY VDNH LIEIC|8] T |8]GeFSSIN SRS A T WG| ElVWAQSSHEIF P QF KiJe|E IlNe M)y Ejopde
MSWQTY VD] HLEICS I 8]G B0 AuN IV A T By G 3| SVAIENCEEIG IR 4 S DY V|A A VIZIK BEPG
MSWQTY VDN HLIMCJ T |G |nR:RS] IENEFN A T i G(¢] [€VWAQS SEIF P QF KIS E Biyw:\R§ M)\ BEP G

70 80 90 100 110 120

BILAP TGLEILGGMKYMVIQGENGAMTIINGKKGEGGMTISKTEOALMIAGI Y)MINPWTP GQCNMW
S LAPTGLEILGGINKYMVIQGEIMGANMIINGKKGEGGITIINK T[EOALNIG I Y|BINPMTP GQCNMpS
BILAPTGLMLGGIKYMVIQGE|JGANTIHGKKGEGGUTIMINKTNOALIIG I YBINPIUTP GQCNM)

130

VERLGD Y Ljgs)e]Gj#
VERLGD Y LjmAe] Gl
VERLGD Y LEgsyyGj#

Fig. 5. Sequence alignment of profilin allergens, whose structures have been determined. Out of 43
registered profilins to the IUIS, only three, Bet v 2 (birch), Hev b 8 (natural rubber latex),
and Ara h 5 (peanut) have had their structures determined.
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6. Pathogenesis Related Class 10 (PR-10) Proteins

Pathogenesis-related protein class 10 class of proteins, or PR10s, belongs to the birch pollen Bet v
1-like superfamily of proteins, which are extensively dispersed among higher plants (Liscombe &
Facchini, 2008). Protein expression occurs in high concentrations in reproductive tissues such as
pollen, seeds and fruits and is thought to be induced by pathogen attack or abiotic stress
(Fernandes et al, 2013). The function of PR10s however, is not fully understood. It has been
suggested that some PR10s may play a role in ribonuclease activity (Moiseyev et al., 1997; Park et
al, 2004), while other PR10s may be steroid hormone carriers (Hurlburt et al., 2013; Markovic-
Housley et al,, 2003). The overall structure of PR10s is highly conserved and generally consists of
three a-helices that flank a seven-stranded, anti-parallel -sheet. These proteins typically have a
large, hydrophobic cavity that is able to bind small hydrophobic ligands (Fernandes et al.,, 2013).
Table 6 indicates that among peanut, tree nut, and soy PR10s, the sequence similarity is 59% or
greater, while the sequence identity is 41% or greater.

Table 6 Sequence identity (blue) and similarity (red) between peanut, tree nut, and soy PR10s.
Higher percentages correspond with darker shading.

Similarity (%)
Arah8.01 Glym4.01 Cora1.0401 Cora 1.0404 Cor a 1.0402 Cor a 1.0403 Cora1.01 Coral1l.02 Coral.03 Cass1.01 Arah8.02
Arah8.01 00 [ 79 65 65 65 65 60 63 64 63 70
Gly m 4.01 71 | 100 | 68 68 67 66 63 65 63 63 66
< Coralo401f 53 57 100 73 80 76 71 60
S coralosod 53 57 100 73 80 76 71 60
B Coral0402] 52 55 100 73 80 76 71 60
S Coral.0403[ 52 55 100 73 80 76 71 59
S  coravo1 43 47 63 63 62 62 | 100 | 85 77 69 59
S  Coral.o2 49 50 70 70 69 69 75 [ 100 | 81 70 60
Cora1.03 50 52 71 71 70 70 65 71 |10 | 74 61
Cass1.01 47 50 59 58 59 59 58 58 64 | 100 | 6l
Arah 8.02 53 49 42 42 42 42 41 42 44 46 100

Allergens belonging to the Bet v 1 allergen family are the main cause of pollen-related food
allergies. Contact with these allergens can result in many kinds of allergic reactions, ranging from
isolated oral allergy syndrome to life-threatening anaphylactic shock (Glaumann et al, 2013;
Kleine-Tebbe et al., 2002). In general, Bet v 1 related allergens are characterized as labile proteins,
in contrast to other food allergens, which are more stable upon heating and digestion (Bollen et al,
2010). However, it is worth mentioning, that despite this general characteristic, Ara h 8 which is a
peanut PR-10 is stable during purification which involves heating up to 70°C (Hurlburt et al., 2013;
Petersen et al.,, 2014).

Two PR-10 proteins, which originate from peanut, are officially registered to the IUIS. These
proteins are Arah 8.0101 (Q6VT83) and Ara h 8.0201 (BOYIU5). Ara h 8 is considered to be a minor
peanut allergen (Riecken et al.,, 2008). However, in the case of birch pollen allergic patients, Ara h 8
is more significant due to its cross-reactivity with Bet v 1 (Mittag et al., 2004). Interestingly, isolated
Ara h 8 sensitization was suggested as being associated with no or mild symptoms among peanut-
sensitized patients (Asarnoj et al.,, 2012; Glaumann et al., 2013; Klemans et al,, 2014). However,
severe reactions have been reported with Ara h 8 recognition by IgE. Also, it is important to note
that reactivity to Ara h 8 and 9 are geographically dependent and the severity of the reaction in
monosensitized patients to either of these cannot be predicted accurately (Glaumann et al., 2013;
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Klemans et al., 2014). Until recently, the function of Ara h 8 was completely unknown. Hurlburt et
al, demonstrated that Ara h 8.0101 has indeed an overall fold similar to Bet v 1 (Fig. 6) and is able

to bind different ligands (Hurlburt et al., 2013). Ara h 8.0201, the second isoform, was discovered
relatively late (Riecken et al., 2008) and is not well characterized.

90°

90°

C
N
ConservedQVariable

Fig. 6. Top: Overall structure of Ara h 8 (PDB ID: 4M9B). Secondary structural elements are
colored separately where a-helices are colored cyan, 3-sheets are colored in red, and loops
are colored magenta. Bottom: Ribbon representation of Ara h 8 showing conserved
residues derived from an alignment of PR10 related protein sequences. Conservation was
calculated using the ConSurf server. The most conserved residues are shown in blue while
the more variable residues are shown in red.

As of September 2014, the IUIS has 23 registered PR10 proteins and an additional 18 registered
proteins that belong to the Bet v 1 superfamily. Of the PR10s, Arah 8.0101 and Ara h 8.0201 belong
to peanuts, while three belong to either tree nuts or soy (Cor a 1 (hazelnut), Cas s 4 (chestnut), and
Gly m 4 (soybean)). Furthermore, only six PR10 allergens, aside from Ara h 8.0101, have had their
structures determined. These allergens are: Api g 1 (celery) (PDB ID: 2BK0), Bet v 1 (birch) (PDB
ID: 4A88, 4BK7, 4A84, 1B6F, 4A81, 4A83, 4A86, 4A87, 4A8G), Dau c 1 (carrot) (PDB ID: 2WQL), Fra
a 1 (strawberry) (PDB IDs: 2LPX, 4C9C, and 4C9I), Gly m 4 (soybean) (PDB ID: 2ZK7H), and Pruav 1
(sweet cherry) (PDB Ids: 1E09, and 1H20). Fig. 7 shows a sequence alignment of PR10 proteins that
are allergens and have had their structures determined.
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Ara_h 8.0101|Q6VT83
Gly m_4|P26987
Ara_h_8.0201|BOYIUS
Fra a 1|Q5ULZ4
Pru_av_1|024248
Bet_v_1|P1549%4
Api_g_1|P49372
Dau_c_1.0103|004298

Ara_h_8.0101|Q6VT83
Gly m_4|P26987
Ara_h 8.0201|BOYIUS
Fra_a_ 1|Q5ULZ4
Pru_av_1|024248
Bet_v_1|P15494
Api_g_1|P49372
Dau_c_1.0103|004298

HOFEHHHQQQQ
HHEHHOR BB
%)
=

Ara_h _8.0101|Q6VT83 LFRAI
Gly_m_4|P26987 LFKAI
Ara_h_8.0201|BOYIUS IFKAI
Fra a 1|Q5ULZ4 LFKLI
Pru_av_1|024248 LFKLI
Bet_v_1|P15494 LLRAV
Api_g 1|P49372 LFKAI

Dau_c_1.0103|004298 LFKAT

Fig. 7. Sequence alignment of PR10s allergens, whose structures have been determined. Out of 23
registered PR10s to the IUIS, only seven, Ara h 8.0101 (peanut), Gly m 4 (soybean), Fraa 1
(strawberry), Pru av 1 (sweet cherry), Bet v 1 (birch), Api g 1 (celery), and Dau c 1 (carrot)
have had their structures determined. Ara h 8.0201 was included to show the differences
between isoforms of Arah 8.

7. Nonspecific Lipid-transfer Proteins (nsLTP1)

Nonspecific lipid-transfer proteins (nsLTP), first named for their ability to mediate the transfer of
phospholipids between membranes in vitro, are basic proteins with molecular masses of 9 kDa
(nsLTP1) and 7 kDa (nsLTP2), which are stabilized by four disulfide bonds (Kader et al, 1984;
Douliez et al, 2000). The nsLTP1 family is expressed throughout plants, most notably in the
peripheral cell layers surrounding aerial organs (Salcedo et al.,, 2007). It has been suggested that
both families of nonspecific lipid-transfer proteins are involved with defense mechanisms, more
specifically the formation of the waxy and polymeric cutin and suberin layers of tissues, and are
believed to play a crucial role in protecting plants from bacterial and fungal pathogens (Egger et al.,
2010). The 9 kDa plant nsLTPs, or nsLTP1s, became correlated with human allergies after two IgE-
binding components in peach and apple were identified as part of the nsLTP1 family, which lead to
the identification of allergenic nsLTP1s in other fruits of the Rosacea family (Salcedo et al., 2007).
Additional members of the family have been detected in other foods including citrus fruits, tomato,
vegetables, nuts, and maize and found to participate in IgE cross-reactions; however, sensitization
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to these nsLTP1s seems to be strongly associated with geographical location (Egger et al, 2010;
Salcedo et al., 2007).

Table 7 Sequence identity (blue) and similarity (red) between peanut and tree nut nsLTP1. Higher
percentages correspond with darker shading. Whole sequences, including signal peptides
were used to generate statistics.

Similarity (%)
- Prudu3.01 Cora801 Arah9.01 Arah9.02 Jugr3.01
§ Prudu 3.01 100 69 60 49 60
g Coras.01 60 100 66 59 70
£  Arah9.01 51 53 100 76 67
< Arah9.02 42 48 74 100 60
~  Jugr3.01 51 60 54 48 100

ConsewedgVariable

Fig. 8. Top: Overall structure of modeled Ara h 9. Secondary structural elements are colored
separately where a-helices are colored cyan, loops are magenta, and disulfide bonds are
shown in blue. Bottom: Ribbon representation of Ara h 9 showing conserved residues
derived from an alignment of nsLTP related sequences. Conservation was calculated using
the ConSurf server. The most conserved residues are shown in blue while the more variable
residues are shown in red.

Although sequence conservation among the members of this family is not very high (Table 7), they
do share structural characteristics that contribute to a distinct fold and a large, internal cavity that
is able to expand and accommodate binding with a variety of lipid types (Salcedo et al., 2007). This
fold is typified by an a-helical compact domain made up of four a-helices connected by short loops
and a non-structured C-terminal tail and is held together by a network of four disulfide bonds in
addition to large numbers of intracellular hydrogen bonds that provide additional stability (Egger
et al,, 2010; Salcedo et al., 2007). This structure also allows these proteins to withstand protease
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and thermal treatment, which is the proposed reasoning behind the prolonged systemic reactions
in affected patients (Krause et al., 2009).

The nsLTP from peanuts is Ara h 9. Due to its molecular mass of 9.1 kDa, Ara h 9 belongs to the
nsLTP1 family. Two isoforms of the protein, designated as Ara h 9.0101 and Ara h 9.0201, were
found to have 90% sequence identity (without signal peptides) and reported to have an important
role in peanut allergies, especially in people of the Mediterranean area (Bublin & Breiteneder, 2014;
Lauer et al, 2009). Although the structure of Ara h 9 is yet to be determined, its sequence was
submitted for modeling and the modeled three-dimensional structure is shown in Fig. 8. The IUIS
(as of September 2014) has 34 registered nsLTP1 proteins. Of the nsLTP1s, Arah 9.0101 and Ara h
9.0201 belong to peanuts, while five allergens belong to tree nut (Jug r 3 (English walnut), Pru du 3
(almond), Cor a 8 (hazelnut), and Cas s 8 (chestnut)).

8. Oleosins

1 10 20

Q647G5
Q647G4 .. .
Q6J1J8 ATAT|DR . APPHQV|QIVH|T|PTTQR[VDVPRRGYDVSG|GGIK|TILLPERGPSTS|QI I|A|VLIVG|V|P TG T LIAL L|S[ea#
Q9AXI1 MATIATIDR.APHQV|QVHTPTTQRVDVPRRGYDVSGGIGIKTILLPERGPSTS|QI I|AVL[VG|V|P TG T LIALL|S[ead
Q9AXIO0 MATAT|DR.APHQV|IQVHT|IPTTQRVDVQRRGYDVSGGIGVK|T|IFLPDRGPSTS|QI I|A[VLIVG|V|P TG T LIAL L|S[ea
Q45W87

Q45W86
Q647G3
99 109 119 129

Q647G5 G S V|ALE{FIAT S[EIAIC[E/T|T G|L|IS S|IF S VIMN Y IR Q T)z{G| . S VP[E Q)#
Q647G4 G S V|ALE{FIAT S[elAIC[e]T|T G|L|S S|F SWVIMN Y TR Q T)z4G|. SV P[E Qp#
Q6J1J8 G A V|TLe{IAT AfACLEL|T G|LMS|L SWMIINF IR QV{G|T T VPD Qp#
Q9AXTI1 GPAA V|T] I PAT Ale/AIC[E LT GLMS|L SYMIIN F I[R Q Vj:{G|T T V PD QS
Q9AXIO GIA V|I[eIpAT Ale/AICIE LT GILMS|L SYMIN F I[R Q Vj:{G|T T V P[D Q)8
Q45W87 AL GL{EFIAA S[EG|FEVIAATITVIL TYI|YRY VT GKEIP|. PGAN QA
Q45W86 AL GILEFIAA S[EGIFEVIAATITVIL TYTI|YRY V|IT GKEIP|. PGANQpH
Q647G3 ARA AIGIEFIHF S[E|G|CIEVIAATIAA|L SIULIY[S Y VT GKE{P| . AGS|DR}H

139 149 159 169

Q647G5 EMAKHRMADVENGY|VIGQK|T|KD[VGIQKTKEVGQEIQTKAQDSKRT . .
Q647G4 EMAKHRMADVENGYVIGQK|T|IKD[VG|Q[. « « « v v v v v oo ] oo v v oo v

Q6J1J8 D|S[VKRRMADMEYD Y|V|GQK|T|KDAG|Q[. . . . . . . EIQTKAQDVKRSSS
Q9AXI1 D|S[VKRRMADMEYD Y|VIGQK|TKDAG|Q[. . . . . . . QIQTKAQDVKRSSS
Q9AXIO0 D|SAKRRMADMEYDY[V|GQK|TKDAG|Q. . . . . . . EIQTKAQDVKRSSS
Q45W87 DITARHKLMGKEIRE|I[KD|FIGIQQQT|S|. . . . . . . .. GAQAS
Q45W86 DITARHKLMSKENRE|IKD[Y|GQQQT|S|. . . .. . ... GAQAS
Q647G3 D|IYAKGVIADKEIRDVIKDR[AKDIYAG. ... ... .. AGRAQEGTPGY.

Fig. 9. Sequence alignment of oleosins from peanuts (Ara h 10.0101 (Q647G5), Ara h 10.0102
(Q647G4) and Ara h 11.0101 (Q45W87)). The green bar corresponds to SDQTRTGY
sequence of IgE epitope responsible for cross-reactivity between peanut and buckwheat.
Light blue and purple bars (respectively) correspond to GXSXG and HX4D motifs found in
oleosin 3. Blue bar corresponds to proline knot (PXs;SPX3P), and orange bar to a
transmembrane region predicted for Q647G5 by TopPred (von Heijne, 1992).
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Oleosins, are small plant proteins which are responsible for the formation and stability of oil bodies
containing triacylglycerides, and they may make up to 20% of total protein in oil rich seeds (Abell et
al, 2004). These proteins form a barrier on the surface of oil bodies and prevent them from
contacting and coalescing with other oil droplets. Oleosins are composed of three distinct parts
which include N-terminal and C-terminal hydrophilic fragments and the central hydrophobic core
that is usually composed of ~70 conserved residues (Fig. 9). The central hydrophobic part contain
so-called proline knot motif (PXsSPX3P) that is highly conserved across oleosins (Ratnayake &
Huang, 1996). This motif has been show to be critical for oil body targeting and insertion (Abell et
al, 2004). The N- and C-terminal domains are significantly less conserved than the hydrophobic
domain, however sequence analysis of the C-terminal lead recently to a new classification of
oleosins (Fang et al., 2014). In the case of peanut oleosin (OLE3; Q647G3) it was demonstrated that
the protein has both monoacylglycerol acyltransferase and phospholipase activities (Parthibane et
al, 2012). These activities were correlated with the presence of HX4D motif (signature of an
acyltransferase) in the C-terminal part and a GXSXG motif (signature motif of phospholipase) in the
N-terminal part of the protein (Fig. 9). It was shown that 14 kDa and 16 kDa peanut oleosins melt at
approximately 50 °C, while 18 kDa oleosins melt at 59 °C (Cabanos et al., 2011a). This indicates that
the thermal stability of these peanut allergens is not as pronounced as for Ara h 1 and Ara h 2.
Unfortunately, currently there is no experimental 3D model of any oleosin reported to the PDB.

Three oleosins that are currently registered as allergens by the WHO/IUIS Allergen Nomenclature
Sub-committee and originate from peanuts are: Ara h 10.0101 (Q647G5), Ara h 10.0102 (Q647G4)
and Ara h 11.0101 (Q45W87). The other officially registered allergens from this family include
hazelnut allergens (Cor a 12 and Cor a 13) and sesame (Ses i 4 and Ses i 5). Some peanut oleosins
were clearly identified as candidates for IgE-mediated reactions (Pons et al., 2002) there are other
peanut oleosins that are still not well characterized in terms of their immunologic properties. OLE3
(Q647G3), which is not yet officially registered as an allergen, contains in the N-terminal part a
peptide SDQTRTGY that was identified as an IgE epitope (Kobayashi et al., 2012). In addition, it was
shown that this peptide is responsible for cross-reactivity between peanut and buckwheat. Oleosins
do not only pose a challenge for structural studies, but due to their hydrophobicity are also
problematic from the diagnostic point of view, as they are underrepresented in diagnostic extracts
(Zuidmeer-Jongejan et al., 2014). Therefore, recombinant versions of these allergens (Cabanos et
al, 2011a; Pons et al,, 2005) may become especially important in diagnosis of peanut, hazelnut and
sesame allergies.

9. Defensins

Plant defensins are cysteine-rich, highly stable, small peptides that make up part of the innate
immune system against fungal pathogens (Lay & Anderson, 2005). They are expressed in a variety
of organs and act as the first line of protection against pathogen attack. Furthermore, they possess
antibacterial, antifungal, insect amylase inhibitory, or protease inhibitory activity. Aside from these
activities, defensins are also involved in cellular signaling, and growth regulation (Okuda et al,,
2009; Stotz et al., 2009; Takayama et al., 2001).

Arah 12.0101 and Ara h 13.0101 are the two peanut defensins that are registered by the WHO /IUIS
Allergen Nomenclature Sub-committee. To date, neither Ara h 12 nor Ara h 13 have had their 3D
structures determined experimentally, so both were modeled using Phyre? (Kelley & Sternberg,
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2009) and were modeled at 90% accuracy. Both models of Ara h 12 and Ara h 13 revealed that they
are structurally similar with a three-stranded anti-parallel (-sheet sandwiched between two a-
helices. The modeled structure of Ara h 12 is shown in Fig. 10.

conserved [l Variable

Fig. 10. Top: Overall structure of modeled Ara h 12. Secondary structural elements are colored
separately where a-helices are colored cyan, B-sheets are colored in red, and loops are
colored magenta. Bottom: Ribbon representation of Ara h 12 showing conserved residues
derived from an alignment of defensin related protein sequences. Conservation was
calculated using the ConSurf server. The most conserved residues are shown in blue while
the more variable residues are shown in red.

10. Conclusions

Peanut allergens are one of the best characterized group of allergens. However, despite this fact
some of the proteins, like oleosins and defensins, are still waiting for structural characterization.
This is also true for several isoallergens which structures were not studied. In some cases, due to
the high sequence identity/similarity between these molecules it is possible to calculate reliable 3D
models and use them, for example, for epitope mapping (Barre et al., 2005a; Barre et al., 2005b;
Cabanos et al, 2010; Power et al, 2013). However, one has to remember that even when a
relatively good template for homology modeling is present some regions of a protein, like loops and
disordered fragments cannot be modeled accurately.

Analysis of available experimental models of peanut allergens reveals that currently, only the model
of Ara h 3 was derived from a protein sample purified from the natural source, while all other
structures were determined using recombinant, and sometimes heavily engineered proteins. Use of
recombinant proteins in NMR, but also in X-ray crystallography is necessary due to different
limitations of these techniques. These limitations are mainly related to a requirement of isotope
labeling for NMR samples and crystal formation for X-ray diffraction. However, use of recombinant
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proteins does not allow for easy explanation of the impact of posttranslational modifications on
protein structure and molecular properties. In addition, some allergens carry various small
molecule ligands or metal ions that may additionally affect protein properties like stability and
allergenicity. Identification of such physiological ligands is not easy and requires a complex, multi-
technique approach.

Currently, there is no single structure of a peanut allergen in complex with an antibody or its
fragment. Studies of such complexes in combination with information on ability of the complexed
antibody to interfere with IgE binding provides an elegant method for characterization of antigenic
determinants involved in IgE antibody binding. This approach not only allows for identification of
allergen residues that are critical for IgE binding, but also provides an excellent starting point to
design recombinant versions of allergens for application in immunotherapy. Having this in mind,
we believe that the next step in structural characterization of peanut allergens should involve
studies of peanut allergens-antibodies complexes, which is especially important after the recent
discovery of IgE cross-reactivity between major peanut allergen Ara h 2 and nonhomologous Ara h
1 and Ara h 3 (Bublin & Breiteneder, 2014).
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