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Seed storage proteins are accumulated during seed development and act as a reserve of nutrition for
seed germination and young sprout growth. Plant seeds play an important role in human nutrition by
providing a relatively inexpensive source of protein. However, many plant foods contain allergenic
proteins, and the number of people suffering from food allergies has increased rapidly in recent years.
The 11S globulins are the most widespread seed storage proteins, present in monocotyledonous and
dicotyledonous seeds as well as in gymnosperms (conifers) and other spermatophytes. This family of
proteins accounts for a number of known major food allergens. They are of interest to both the public
and industry due to food safety concerns. Because of the interests in the structural basis of the
allergenicity of food allergens, we sought to determine the crystal structure of Pruil, the major
component of the 11 S storage protein from almonds. The structure was refined to 2.4 A, and the
R/Rfree for the final refined structure is 17.2/22.9. Prul is a hexamer made of two trimers. Most of the
back-to-back trimer—trimer association was contributed by monomer—monomer interactions. An o
helix (helix 6) at the C-terminal end of the acidic domain of one of the interacting monomers lies at the
cleft of the two protomers. The residues in this helix correspond to a flexible region in the peanut
allergen Ara h 3 that encompasses a previously defined linear IgE epitope.
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INTRODUCTION

Seed storage proteins are accumulated in developing seeds.
They are believed to act as a reserve for nitrogen (/,2). Plant seeds
play an important role in human nutrition by providing a
relatively inexpensive protein source. However, many plant foods
contain proteins that elicit allergic responses in a subset of the
human population. The number of people suffering from food
allergies has increased in recent years (3—5). Inadvertent exposure
to allergens has become an important food safety issue faced by
both the consumer and the food industry.

There are thousands of proteins in mature seeds of a plant (6,
7), but only a few of them are known to elicit allergic reactions in
susceptible patients. These include the seed storage proteins, with
the 118 globulins being the most widespread. The 118 proteins are
present in both monocotyledonous and dicotyledonous seeds as
well as in gymnosperms (conifers) and other spermatophytes.
This family of proteins includes many known major food
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allergens, including Ara h 3 and Ara h 4 in peanut (Arachis
hypogaea) (8), Cor a 9 in hazelnut (Corylus avellana) (9), Jug r 4 in
English walnut (Juglans regia) (10), Ana o 2 in cashew nut
(Anacardium occidentale) (11), Sin a 2 in yellow mustard
(Sinapis alba) (12), Ses 1 6 and Ses i 7 in sesame (Sesamum
indicum) (13), and amandin in almond (Prunus dulcis) (14).

Almonds are fruit seeds but are often classified as tree nuts (15).
Tree nuts are one of the eight major sources of food allergies (16—
18), affecting approximately 1% of the general population in the
United States (19). Unlike allergies to other foods, such as egg and
milk, which mostly affect children and tend to disappear in adults,
nut-induced allergies are often permanent (20—23). In a study of
54 patients with tree nut allergies (24), almond was the second
highest cause of allergic reactions.

The most abundant storage protein in almond is amandin,
which has been reported as a major allergen (/4, 25). Amandin
belongs to the 11S globulin family (26). Sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of
amandin showed the presence of peptide bands of molecular
masses of 44, 42, and 28 kDa (27) or 41, 39, 22, and 21 kDa (26).
c¢DNAs encoding two almond seed storage proteins designated
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prunin-1 (Prul) and prunin-2 (Pru2) have been cloned and
sequenced (29). Prul and Pru2 are each composed of two
polypeptides, a 40 kDa N-terminal subunit and a 20 kDa
C-terminal subunit, which are linked by a disulfide bond (29).
Recently, Prul was identified as the major component of the
almond allergen amandin (30). The characterization of the acidic
and basic polypeptides of this almond allergen (37) has been
reported.

Food allergies are mostly IgE-mediated hypersensitivity dis-
eases and are potentially life-threatening (32). In recent years,
animal models and clinical studies have helped understand the
pathophysiology of food allergies (33). However, to date, no
effective treatment for food allergies is available. The recom-
mended care for individuals with food allergies focuses on
avoidance of the offending food, recognition of early symptoms
of an allergic reaction, and prompt administration of epinephrine
injection (34) in cases of accidental ingestion.

The concept of utilizing blocking IgG antibodies to compete
with IgE for binding with allergens and to prevent IgE-mediated
responses has existed for more than 70 years (35). The clinical
benefits of specific-allergen immunotherapy are also well-docu-
mented (36). However, immunotherapy with food allergen ex-
tracts is associated with high anaphylactic risk and is not
advised (37, 38). Nevertheless, treatments with short peptides
based on dominant T-cell epitopes, allergen fragments, and
mutant hypoallergenic recombinant allergens in combination
with Thl-inducing adjuvants appear to be the most promising
approaches for treating allergies (37, 39).

Knowledge of the molecular nature of allergen—antibody
interactions is crucial for understanding the mechanism of con-
ventional immunotherapy as well as for designing alternative
immunotherapeutic strategies. Molecular characterization of
food allergens along with increased understanding of the patho-
physiology and immunologic mechanisms of food allergy should
lead to more effective and safer ways of combating allergy-
related diseases. As information concerning the IgE reactive sites
is crucial in this regard, major research efforts have been made
during recent years to characterize allergen epitopes (40, 41).
Although most of these studies have focused on linear epitopes,
the importance of conformational epitopes has also been recog-
nized (42). Determination of the three-dimensional structures of
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allergens is required for the understanding of conformational
epitopes of food allergens. In this paper, we report the X-ray
crystal structure of Prul.

MATERIALS AND METHODS

Structure Refinement. The purification, crystallization, and charac-
terization of the crystals of Prul have been reported (30). Since then, new
data have been collected at the SER-CAT 22BM beamline at the
Advanced Photon Source (APS), Argonne National Laboratory. Molec-

Table 1. X-ray Crystallographic Statistics and Refinement

data collection

wavelength (A) 1.0
temperature (K) 110
space group P4,
a=bc(A) 151.02, 165.37
resolution limits (A)? 36.08—2.40 (2.49—2.40)
no. of observed reflections 826259
no. of unique reflections? 142516 (13994)
completeness (%)? 99.2 (97.7)
meanl(o)? 7.78 (1.63)
Raym(%) ab 12.9 (60.8)
refinement

resolution range (A) 36.08—2.40
no. of reflections

working set 122566

test set® 3818

no. of atoms

protein 19199

water 743

ligands and ion 15
R/Riree (%) 17.2/22.9

rmsd from ideal geometry
bond lengths (A) 0.015
bond angles (deg) 2.001

2The numbers in parentheses are in the outer shell. ”Rsym => "> ilIChkl) —
CIChKIDITS a1 (hkI), where [(hkl) is the th observation of reflection hkf and (/(hki))
is the weighted average intensity for all observations i of reflection hkl. °Three percent
of the total reflections from thin shells in the center of each reflection bin.

Figure 1. Stereoview of a shake-and-omit Fo-Fc electron density map contoured at 3.0 ¢. The map was calculated with Q335, P336, and P337 from protomer
E and Q352 and P385 from protomer B (which are the closest residues to P337/E, the last residue can be located for the N-terminal domain of protomer E)
omitted. The omitted residues in the final structure are shown in a stick representation with the CPK coloring scheme.
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Figure 2. Structure of Pru1. (A) A ribbon diagram of protomer F. The N-terminal domain is shown in cyan, and the C-terminal domain is shown in magenta.
Strands are labeled alphabetically, and helixes are numbered. Element labels in the C-terminal domain are primed. The first strand in the N-terminal peptide is
part of a 3-sheet of the C-terminal domain and is double-primed. Similarly, the first strand in the C-terminal peptide is double-primed. Strands | and J in the
N-terminal domain are also double primed because they would become part of a 3-sheet of the C-terminal of another protomer in the hexameric native allergen.
(B) A schematic diagram shows the N- and C-terminal domain cupin fold. The coloring and labeling schemes are the same as in part A. Dotted lines indicate
unlocated flexible loops, and the broken line indicates that the peptide connection between the N- and C-terminal domains was cleaved. The residue positions

of the starts and ends of the helixes and strands are indicated.

ular replacement calculations were carried out using the program Pha-
ser (43,44), implemented in CCP4i (45). The model was first refined using
CNS (46) with simulated annealing and then using the program RE-
FMACS (47) implemented in CCP4i (45). Structure refinement was
alternated with model building and model improvement using Coot (48).

The final structure was refined with all data to 2.40 A resolution, and
the final model was checked by PROCHECK (49) and Molprobity
Validation (50). The quality of the structure model was also checked with
a shake-and-omit protocol by first introducing random errors up to
03 A to the coordinates of the final refined structure using the
program pdbset distributed with CCP4 (45). Each region to be tested
was manually omitted from the shaken structure. Then, 20 cycles of
restrained refinements were carried out using REFMACS (47). This was

followed by inspecting the Fo-Fc map together with the final refined
structure. The atomic coordinates and structure factors for Prul were
deposited in the Protein Data Bank (3FZ3). Molecular graphic figures
were prepared using the programs Rasmol (57), MolScript (52), Ras-
ter3D (53), and Pymol (54). Structure alignment was carried out with the
program MUSTANG (59).

Preparation of Crude Protein Extract from Tree Nuts for SDS-
PAGE Analysis. Crude protein extracts from hazelnut, pecan, walnut,
and almond were prepared separately using a common protocol. The nuts
were first ground and then extracted in 1 M NaCl at 60 °C for 20 min. The
extract was centrifuged at 20199¢ for 5 min, and the aqueous layer was
collected and centrifuged again. The crude protein extracts were mixed
with two volumes of 8§ M urea to denature the proteins. The samples were
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Figure 3. Ribbon diagram presentation of Pru1 trimers. (A) Protomers A (gray), B (cyan), and C (magenta) form a trimer with only protomer A lacking helix 6.
The trimer is viewed from the trimer—trimer interface. (B) Protomers D (yellow), E (pink), and F (green) form a trimer with only protomer F containing helix 6.
This trimer is viewed from the side opposite to the trimer—trimer interface. The N- and C-terminal of the Pru1 structure as well as helix 6 are labeled.

then mixed with an equal volume of 2x SDS sample buffer [SO mM Tris— RESULTS

HCL, pH 6.8, 2% (v/v) SDS, 0.1% (w/v) bromophenol blue, 10% (v/v) ) )
glycerol, and 100 mM dithiothreitol] and boiled for 5 min. The samples Structure of Prul. Although the data could be indexed in the
space group P4,22/P4322 (30), processing the data in the lower

were centrifuged at 20199¢ for 1 min and were analyzed by SDS-PAGE
using homecast 4—20% gradient gels. symmetry space group P4, resulted in a slightly lower Ryyy,,. Using
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Figure 4. Ribbon diagram of a Pru1 hexamer. (A) The hexamer is formed by the “back-to-back” association of two trimers. (B) The hexamer viewed after part

A is rotated 90° about a vertical axis pointing down.

the initial structure model of the old data set (30) as a template, a
Prul hexameric structure in the P4; asymmetric unit was
obtained by molecular replacement calculation. The final model
of the Prul structure determined at 2.40 A gave R/Ry. values of
17.2%/22.9% (Table 1 and Figure 1). It included a total of 2394
amino acid residues, 743 water molecules, 6 Ca>*, and 9 Na’*.

The rmsd for bonds was 0.015 A from ideal small molecule values,
and all covalent bonds lie within a 6.0 o range from the standard
values. The rmsd for angles was 2.00° with two angle deviations
slightly larger than 6.0 o from the standard values. On the
Ramachandran plot for nonglycine or nonproline residues,
85.6% of the residues were in the most favored regions, 13.5%
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Figure 5. Ribbon diagram showing helix 6 situated at the cleft of two interacting protomers from different trimers in the hexamer. The N- and C-terminal
domains of protomer A are shown in red and green, respectively, and the N- and C-terminal domains of protomer F are shown in cyan and magenta,

respectively.

were in the additional allowed regions, and 0.9% were in the
generously allowed regions, with one outlier falling just outside of
the allowed regions.

The final refined structure of Prul contained six protomers in
the crystallographic asymmetric unit. Each protomer consisted of
an N-terminal subunit and a C-terminal subunit that are known
to be separated into two peptide chains by post-translational
peptidase cleavage. Both the N- and the C-terminal domains
contained a cupin fold, and each cupin structure was connected
with a helical region containing three short helixes. The N-and C-
terminal domains were related by a pseudodyad axis (Figure 2A,
B). For the N-terminal domain, two flexible loops (S118—F184
and Q255—G286) could not be located in the electron density
map and were not included in the model. In addition, the N-
terminal residues A21—L26 and the C-terminal residues R338—
N367in protomers A, D, and E and G360—N367 in protomers B,
C, and F were also not located in the electron density map
(Figure 2A). For the C-terminal domain, eight residues at its
C-terminal (S544—V551) were not located in the electron density
map. For the side chains of residues R394/A, N287/B, R340/B,
N287/C, Q341/C, N287/F, and R340/F, only the -carbon could
be located and included in the final structure, and for residue
R394/E, only the - and y-carbons of its side chain were located
and included.

The six protomers formed a tightly packed hexamer that could
be considered as two trimers associated back-to-back. One trimer
consisted of two protomers with helix 6 and one protomer
without helix 6 (Figure 3A), while the other trimer consisted of
two protomers without helix 6 and one protomer with helix 6
(Figure 3B). Within a trimer, the helical regions of the adjacent
protomers were packed against each other, and they contribute
significantly to the interactions between adjacent protomers
(Figure 3). Head-to-tail associations between monomers result
in a doughnut-shaped trimer with a pseudo noncrystallographic
3-fold axis.

The back-to-back association of two trimers formed the native
Prul hexamer (Figure 4). Most of the trimer—trimer interaction
was contributed by monomer—monomer interactions. As shown

in Figure 5, the two associating monomers were coupled by
B-strands paring between the N-terminal domain of one mono-
mer and the C-terminal domain of the other. They were also
related by a pseudo noncrystallographic 2-fold axis, but only one
of them had helix 6 occupying the groove at their interface
(Figures 4 and 5). This monomer—monomer interaction buried
2932 + 66 A% solvent accessible areas. In comparison, the solvent
accessible areas involved in intermolecular surfaces for each
monomer within the doughnut-shaped trimer was 5343 + 44
A?. Implementation of noncrystallographic symmetry relation-
ships in the refinement did not lead to an improvement of the
structural factor.

Comparison with the 11S Seed Storage Proteins from Other
Organisms. The 11S seed storage protein is known to be a
hexamer in its native state (56). The structures of one isoform
of Ara h 3, an 11S storage protein and a major allergen from
peanut (57), and of the soybean glycinin A3B4 produced in a
genetically modified soybean (58) have been reported. Structure
alignment using the program MUSTANG (55) showed that
without helix 6, the overall structure of Prul was very similar
to that of Ara h 3 and glycinin A3B4 (data not shown). However,
neither of these two structures contained a helix corresponding to
helix 6 in Prul.

As shown in Figure 6A, multiple sequence alignment of the 11S
seed storage proteins from different species indicated that the C
terminus of the N-terminal domain was not conserved. In pistachio
and Brazil nuts, this region was very short, while in the 11S proteins
of some other species, including soybean and peanut, it was
much longer. SDS-PAGE analyses (Figure 6B) showed that the
N-terminal domain of Prul, as well as the 11S proteins in hazelnut,
pecan, and walnut migrated as two bands, whereas previous
reports had shown that the N-terminal domains of peanut Ara h
3 and Brazil nut Ber e 2 appeared to be a single band (59, 60).

DISCUSSION

A number of plants are known to contain different isoforms
of the 11S globulins, and it is known that each of the isoforms



Article J. Agric. Food Chem., Vol. 57, No. 18,2009 8649
B& Jelly rig F DS O DY S = Y D ) e D08 S DRI SN SN S AT S SR =T e BN B N EI MR DUM
tick bean RQEEDEDEDEKEERQPSHHKSRRGEDEDDKEKRHSQKGESRRHGDNGLEETV(
soybean RPQEEEEEEEDEKPQ=====~ CKGKDKHCQRPRGS(Q-SKSRR---NGIDETI(
peanut -EEEEYDEDEYEYDE--------—-- EDRRRGRGSRGSG——--—~ NGIEETI(
almond —————- RGRQEREH----——~~| EERQQEQLOQERQQQOGEQ-LMANGLEETF(
walnut ~~WSREEQEREERKE=======~ RERERE-SESERRQSRRGGRDDNGLEETI(
Pecan ~-WSREEQEHEERKE---—-——-~ RERERE-SGSERROSRRGGRDDNGLEETI(
hazelnut --RSRQEWERQERQE--—-——-—- RESEQE-RERQRRQGGRG-RDVNGFEETI(
rice =————- SLOEQEQGQ-——————= VOSRERYQEGOYQQSQYGSGCSNGLDETF(
castor bean  ---PRTQQEREEQRE--—----~ REQEGR-PGR-—========~ YNGVEETE(
cotton ~-~RMEEEEREERQQ-~=~~=~~ EQRYRHTRGGSQ-===~===~ DNGLEETE(
coffee = = ==e—ee= EQEQQPQ~—===semm QOQEQQQHGVGR————— GWRSNGLEETL(
rape  ————e= PLRQPYE-——======—= SEQWRHPRGPPQ-~--—~ SPQDNGLEETI(
winter squash ------ DEEER-—-—==—======-= SRGRYIESE------- SESENGLEETI(
pistachio —-—-—- QEKE Y = = e mm e o e SDNGLERTF(
sesame = —————= OREEYG-—————m—mm——mm e ROEEEPYY-—-—— GRRDNGLEETI(
Brazil nut  —----- IREELE---—--=========== QQE---—====== GGGYNGLEETI(

250
150

100
75

50
37

25
20

15
10

Figure 6. Comparison of the 11S seed storage proteins from different spec

ies. (A) A portion of a ClustalW multiple sequence alignment of the 11S proteins

covering helix 6 in Pru1 (red bold face letters) and the corresponding regions in the orthologues: The database access IDs are as follows: jelly fig (Ficus
pumila), ABK80751; tick bean (Vicia faba), CAA38758; soybean (Glycine max), P04776; peanut (A. hypogaea), ACHI1862; almond (P. dulcis), CAA55009;
English walnut (J. regia), AAW29810; pecan ( Carya illinoinensis), ABW86979; hazelnut (C. avellana), AAL73404; rice (Oryza sativa), 1210248A; castor bean
(Ricinus communis), AAF73007; cotton (Gossypium hirsutum), P09802; coffee (Coffea arabica), AAC61983; rape (Brassica napus), P33525; winter squash

(Cucurbita maxima), P13744; pistachio ( Pistacia vera), ABU42022; sesame

(S. indicum), ABB60055; and Brazil nut ( Bertholletia excelsa), AAO38859. Linear

IgE epitope 4 in peanut Ara h 3 as defined by Rabjohn et al. (8) is shown with a shaded background. (B) SDS-PAGE analysis suggests the presence of helix
6 in a subset of the 11S seed storage proteins. Crude protein extracts from almond, pecan, walnut, and hazelnut (lanes 1—4, respectively) were analyzed by
SDS-PAGE using 4—20% gradient gels. On the basis of the property and the abundance of the 11S seed storage proteins, the double bands at ~35—43 kDa
indicate the presence of different post-translationally processed N-terminal domains. The molecular masses (in kDa) of the protein standards (lane 5) are given
at the right side of the gel image. Arrows point to the doublets in the proteins.

of the 118 globulin is genetically encoded by a single gene (13, 29).
Its protein precursor is post-translationally cleaved by an aspar-
aginyl endopeptidase, leaving a disulfide bond between the
N-terminal and the C-terminal subunits as the only interchain
link (67). The cleavage site between Asn-Gly peptide bond is well-
conserved among a wide variety of plant species (62). Prul and
several other 118 allergens from tree nuts and peanut possess the
NGXEET motif: NGLEET in Prul from almond and Jug r 4

from walnut, NGFEET in Cor a 9 from hazelnut, and NGIEET
in both Ana o 2 from cashew and Ara h 3 from peanut.

With N-terminal amino acid sequencing using Edman degra-
dation, we have shown that purified Prul is the result of a single
gene prul and the mature Prul starts from residue A21 of the
proprotein translated from the open reading frame of the prunin—1
gene (30). We have also shown that the NGLEET sequence is a
bona fide recognition site for post-translational cleavage by an
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endopeptidase that cleaves it between N367 and G368 (30). In the
Prul structure, three of the protomers did not contain helix 6. The
C terminus (P337) of the N-terminal domain of these protomers
was not buried inside the native hexamer. Although it is pos-
sible that residues 337—367 are flexible in these protomers, the
structural data would support the possibility that 30 residues at
the C terminus may have been cleaved from the N-terminal
domains of these protomers. As a result, the N-terminal domains
of three protomers are 30 residues shorter than those of the other
three protomers in the native hexamer. This is consistent with the
N-terminal domain of Prul migrating at two distinctive rates in
SDS-PAGE gels (30). Data on the C terminus of the N-terminal
domains are not available as a large amount of the two forms of
the N-terminal domain is needed to determine their C-terminal
amino acid sequences by C-terminal peptide sequencing. As
the sequences flanking the peptide bond between P337 and
R338 are not conserved, it seems unlikely that there is a conserved
peptidase that is responsible for the cleavage of the peptide bond.
Nonetheless, the N-terminal domains of the 11S seed storage
proteins from a number of different species also migrated with
two distinct rates in SDS-PAGE gels. Assuming that Prul and
the 11S proteins in a subset of plant species are processed to
have different N-terminal domains, it remains to be determined
whether the C-terminal peptide of the N-terminal domain exists
in the seed as a separate unit. In addition, it remains to be
investigated whether the truncation of the C terminus of this
domain is caused by an endopeptidase-catalyzed cleavage or by
stepwise C-terminal degradation.

The crystal structures of the soybean glycinin A3B4 and the
peanut major allergen Ara h 3 have been reported (57, 58). In both
proteins, the residues corresponding to those in helix 6 of Prul
(Figure 6A) were not located in the electron density map. Whether
these residues were cleaved in the seed and not present in the
crystals remains to be determined. In the case of peanut Ara h 3,
four dominant linear IgE epitopes were previously defined (§),
and one of these epitopes (the last one in the peptide sequence)
resides in the region corresponding to helix 6 in Prul in the
sequence alignment (Figure 6A). This suggests that the C terminus
of the N-terminal domain of Ara h 3 may be present in the seed
regardless of whether it is an integral part of the Ara h 3 molecule
or as a free peptide. The property of this region may need to be
considered when the allergenicity of the 11S proteins in different
seeds is assessed (63).

In summary, the crystal structure of Prul was determined at
2.40 A. Analysis of the structure provided a possible explanation
for the phenomenon whereby the N-terminal peptides of many
11S seed storage proteins appear as doublets in SDS-PAGE gels.
The IgE epitopes of Prul or amandin have not been identified,
and it remains to be determined whether any IgE binding
epitope(s) resides in helix 6. The information regarding Prul
obtained in this study along with the crystal structures of other
11S allergens in peanut and tree nuts will facilitate future
characterization of IgE binding epitopes of the 11S allergens
and may also help in characterizing the cross-reactivity between
these proteins.
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