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Abstract

Background: We recently cloned and described a vicilin
and showed it to be a major cashew allergen. Additional
IgE-reactive cashew peptides of the legumin group and
2S albumin families have also been reported. Here, we
attempt to clone, express and characterize a second
major cashew allergen. Methods: A cashew cDNA library
was screened with human IgE and rabbit IgG anti-
cashew extract antisera, and a reactive nonvicilin clone
was sequenced and expressed as a fusion protein in
Escherichia coli. Immunoblotting was used to screen for
reactivity with patients’ sera, and inhibition of immuno-
blotting was used to identify the corresponding native
peptides in cashew nut extract. The identified allergen
was subjected to linear epitope mapping using SPOTs
solid-phase synthetic peptide technology. Results: Se-
quence analysis showed the selected clone, designated
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Ana o 2, to encode for a member of the legumin family
(an 11S globulin) of seed storage proteins. By IgE immu-
noblotting, 13 of 21 sera (62%) from cashew-allergic
patients were reactive. Immunoblot inhibition data
showed that the native Ana o 2 constitutes a major band
at approximately 33 kD and a minor band at approxi-
mately 53 kD. Probing of overlapping synthetic peptides
with pooled human cashew-allergic sera identified 22
reactive peptides, 7 of which gave strong signals. Sever-
al Ana o 2 epitopes were shown to overlap those of the
peanut legumin group allergen, Ara h 3, in position but
with little sequence similarity. Greater positional overlap
and identity was observed between Ana o 2 and soybean
glycinin epitopes. Conclusions: We conclude that this
legumin-like protein is a major allergen in cashew nut.

Copyright© 2003 S. Karger AG, Basel

Introduction

Allergic reactions to cashew nuts, though relatively
infrequent, are varied and can even be life threatening.
Reactions include contact or systemic dermatitis (to car-
dol and anacardic acid found in the cashew nut shell oil)
[1], flares of atopic dermatitis and IgE-mediated systemic
allergic reactions [2—-4]. Pistachios and mangos are other
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Table 1. Clinical characteristics of cashew-allergic subjects

No. Sex Age Age at onset  Other atopy history Other food allergy ImmunoCAP
years of cashew or positive
allergy, years IgE immunoblot
1 M 25 3 asthma walnut, pecan, hazel 5.66
3 F 26 2 AD, AR, asthma peanut, walnut, pistachio 9.51
4 M 27 5 asthma walnut, brazil, coconut, 6.95
hazelnut
5 F 54 10 AR, asthma walnut, pecan, hazelnut 1.62
7 F 30 10 AD, AR, asthma peanut, walnut, hazelnut 4.04
8 F 43 1 AD, AR, asthma peanut, tree nuts 41.9
9 F 35 2 AD, AR, asthma walnut, pecan, almond 35.1
10 F 31 2 AR, asthma walnut, sunflower 4.42
11 M 50 1 AD, AR, asthma tree nuts 5.19
12 F 26 3 AR, asthma peanut, tree nuts 2.41
13 F 39 1 AD, AR, asthma peanut, tree nuts 9.53
14 F 39 5 asthma pistachio, tree nuts 94.7
15 M 50 2 AR, asthma tree nuts 1.87
16 F 44 1 AD, AR, asthma peanut +blot
17 F 39 6 AR, asthma walnut, pine nut +blot
18 F 62 1 AR peanut, walnut, almond +blot
20 F 48 1 AD, AR, asthma peanut, walnut, hazelnut, +blot
chestnut
29 F 49 3 AD, AR, asthma peanut, sesame, tree nuts 0.52
30 F 53 15 AD, AR, asthma tree nuts except almond +blot
31 F 44 1 AD, AR, asthma walnut, almond, sesame +blot
32 M 38 1 AD, asthma walnut, pecan, hazelnut, +blot

pistachio

ImmunoCAP results are shown as kU/I and positive IgE immunoblot as +blot. AD = Atopic dermatitis; AR =

allergic rhinitis.

edible members of the Anacardiaceae family and are also
allergenic, with pistachios showing extensive in vitro and
possible clinical cross-reactivity with cashews [5-7]. Ca-
shew nuts are widely used in snack foods and as an ingre-
dient in a variety of processed foods such as ‘butters’ and
bakery and confectionery products.

We recently demonstrated that the major IgE-reactive
proteins in extracts of cashew nut are legumin-like pro-
teins and 2S albumins, as assessed by N-terminal and
enzymatic fragment sequencing of native proteins [8]. We
have also constructed a cashew nut cDNA library and,
upon initial screening, cloned and sequenced an allergen
in the 7S superfamily, which includes vicilin-like and
sucrose-binding proteins [9]. Here, we present the se-
quence and characteristics of a second cDNA encoding a
protein, designated Ana o 2, which is a member of the
legumin (11S globulin) family of seed storage proteins.
We also describe its ability to bind IgE from sera of
cashew-allergic patients and map its linear epitopes.
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Materials and Methods

Human Sera

Blood samples were drawn after obtaining informed consent from
patients with life-threatening systemic reactions to cashew nut, and
the sera were frozen at —70° C until use. The study was approved by
the institutional review board of the University of California at
Davis. The presence of cashew-reactive IgE was confirmed by Phar-
macia ImmunoCAP assay (Pharmacia Diagnostics, Uppsala, Swe-
den) or by Western immunoblotting. Control sera were obtained
from patients with a history of anaphylaxis to walnut, pistachio or
hazelnut who reported tolerance to cashews, and additional sera were
used from patients who had never eaten cashew but had life-threaten-
ing allergy to other tree nuts. The characteristics of the different
groups of subjects are shown in tables 1-3.

Cashew Protein Extract

Soluble protein extract was prepared from defatted cashew nut
flour as previously described [10]. Protein concentrations were mea-
sured by use of the Bradford protein assay (BioRad Laboratories Inc.,
Hercules, Calif., USA) using bovine serum albumin as the standard
protein.
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Table 2. Clinical characteristics of cashew-tolerant subjects with life-threatening food allergy to another nut/seed

No. Sex Age Age atonset  Other atopy Food allergy ImmunoCAP
years of othernut  history or RAST
allergy, years to cashew
22 M 27 7 asthma walnut, pecan, brazil nut negative skin test
23 F 27 ‘child’ AR walnut (class 3), 0.43
macadamia (only throat
‘irritation’ to cashew)
27 M 43 2 AR, AD peanut (class 3), walnut class 0
asthma (class 3), pecan

ImmunoCAP results are shown as kU/l, RAST as class. AD = Atopic dermatitis; AR = allergic rhinitis.

Table 3. Clinical characteristics of subjects with life-threatening food allergy to other tree nuts who have never eaten

cashew
No. Sex Age Age at onset  Other atopy Food allergy RAST or
years of other nut (ImmunoCAP or ImmunoCAP
allergy, years RAST value) to cashew

33 F 42 1 AR, asthma peanut (mild), walnut (2.27), <0.35
tolerates pistachios

34 M 33 1 AR, asthma peanut, walnut, almond, 1.42
hazelnut

35 F 54 2 AD, AR, asthma walnut (class 5), pecan (class 4), class 3
hazelnut (class 3)

36 M 43 AD, AR, asthma walnut (class 3) class 0

37 M 57 1 AD, AR, asthma peanut, almond, tolerates not done
pistachio

38 F 50 2 AD, AR, asthma walnut, pecan, pine nut 12.6

39 F 52 1 AD, asthma walnut, brazil nut 3.56

ImmunoCAP results are shown as kU/], RAST as class. AD = Atopic dermatitis; AR = allergic rhinitis.

Production of Rabbit Polyclonal Antiserum

A rabbit was immunized with 5 mg of cashew extract in Freund’s
complete adjuvant and boosted 4 weeks later with 5 mg of cashew
extract in incomplete Freund’s adjuvant. The rabbit was subsequent-
ly bled and the serum was stored at —20°C. Guidelines for animal
care and welfare as set down in the ‘Guide for the Care and Use of
Laboratory Animals’ prepared by the Institute of Laboratory Animal
Resources (National Research Council, National Academy Press,
revised 1996) were followed.

Construction and Immunoscreening of the Cashew cDNA

Library

Library construction and immunoscreening have previously been
described in detail [9]. Briefly, cashew nuts in late maturation were
chopped, frozen and ground. Total RNA was extracted in TRIzol
(GIBCO BRL Life Technologies Inc., Rockville, Md., USA) and
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mRNA was isolated using a PolyATtract kit (Promega, Madison,
Wisc., USA). The cDNA library was constructed using the Uni-ZAP
XR Gigapack Cloning Kit (Stratagene Inc., Cedar Creek, Tex., USA)
and cloned into the lambda Uni-ZAP XR expression vector. The
library was amplified in Escherichia coli strain XL1-Blue and
screened with rabbit (IgG) and human (IgE) antisera. The immuno-
positive clones were picked, plaque purified and stored in SM buffer
(100 mAM NaCl, 8 mM MgSO4-7H,0, 50 mM Tris-HCI, pH 7.5,
0.01% gelatin) supplemented with 2% chloroform at 4°C.

Sequencing and Corresponding Analysis of Selected Genes

Inserts from the selected phage clones were amplified with M 13
forward and reverse primers by PCR. Both strands of the PCR prod-
ucts were then sequenced on an ABI 3100 Genetic Analyzer (Foster
City, Calif., USA) using capillary electrophoresis and Version 2 Big
Dye Terminators as described by the manufacturer. Similarity
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searches and alignments of deduced amino acid sequences were per-
formed on Genetics Computer Group software (Accelrys Inc.
San Diego, Calif., USA) using the BLAST 2.0 program (www.ncbi.
nlm.nih.gov/BLAST/). Leader peptide prediction was performed
using the SignalP V1.1 World Wide Web Prediction Server (www.
cbs.dtu.dk/services/SignalP/).

Cloning, Expression and Purification of cDNA-Encoded Proteins

As previously described in detail [9], cDNA coding sequences
were modified by the addition of a Sa/ I site at the 5 end and a Pst [
site at the 3’ end by PCR using PfuTurbo DNA polymerase (Strata-
gene Inc., Cedar Creek, Tex., USA) followed by digestion with Sal I
and Pst I and ligation to maltose-binding protein (MBP) fusion
expression vector pMAL-c2 (New England BioLabs Inc., Beverly,
Mass., USA), into which a thrombin cleavage site had been engi-
neered. The cDNA insert was produced by PCR amplification of the
portion of the sequence extending from the presumed first codon fol-
lowing the leader peptide through to the last codon prior to the stop
codon using the primers TCTAGAGTCGACCGCCAGGAATGG-
CAAC (forward) and GCTTGCCTGCAGTTAAGCATCATCCCT-
CATG (reverse).

For expression, competent E. coli BL21 (DE3) cells (Novagen
Inc., Madison, Wisc., USA) were transformed. Positive clones were
identified by PCR screening using cDNA sequence-specific primers.
Single colonies were grown and induced with isopropyl-D-thiogalac-
topyranoside. The cells were harvested, lysed with mild sonication
and centrifuged at 12,000 g. The lysate supernatant was passed over
an amylose affinity column and the fusion protein was eluted with
10 mAM maltose. A yield of 15-20 mg of soluble fusion protein per
liter of cultured cells was routinely recovered after column or batch
purification. In an attempt to avoid protein aggregation upon cleav-
age, the eluted fusion protein was dialyzed overnight in borate saline
buffer (100 mM boric acid, 25 mM sodium borate, 75 mM NaCl, pH
8.2), while changing the dialysis buffer every 4 h, prior to a 12-hour
cleavage with 0.1 U of thrombin (Sigma, St. Louis, Mo., USA) per mg
of fusion protein. The liberated recombinant protein was purified on
a Superdex 200 column (Amersham Pharmacia, Piscataway, N.J.,
USA) by high-performance liquid chromatography. Cleaved and
uncleaved recombinant proteins were concentrated and either stored
(briefly) at 4°C until use or frozen at —70°C.

Gel Electrophoresis (SDS-PAGE), Immunoblotting and

Inhibition

Recombinant (r) Ana o 2 (at 0.5 ug/4 mm width of nitrocellulose;
NC) or total cashew extract (10-15 pg/4 mm width) samples were
boiled in reducing sample buffer and subjected to electrophoresis as
previously described [9]. Immunoblots were rinsed for 2 min in Tris-
buffered saline (TBS; 20 mA/ Tris, 137 mM NaCl, pH 7.6) containing
0.2% Tween-20 (TBS-T), blocked for 1 h at room temperature in
TBS-T containing 2% bovine serum albumin (Sigma) and then incu-
bated overnight at 4°C with diluted patient sera (1:5 to 1:20, v/v, in
TBS-T). Membranes were then washed once for 15 min, and 3 times
for 5 min in TBS-T prior to being incubated overnight at 4°C with
125]-]abeled anti-human IgE (Hycor Biomedical Inc., Garden Grove,
Calif., USA) diluted 1:10 in a mixture of PBS, 5% nonfat dry milk
and 0.05% Tween-20. Three final 10-min washes in PBS-0.05%
Tween-20 were performed, and IgE Ana o 2 reactivity was identified
after a 2-day or 1-week exposure at —70°C to Kodak Biomax X-ray
film (Kodak, Rochester, N.Y., USA). For inhibition experiments,
10 pg of rAna o 2, rAna o 1 and/or MBP were preincubated with
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human antiserum (from patient No. 9 at 1:20 dilution) for 1 h at
37°C and then incubated with NC strips containing blotted cashew
extract overnight at 4°C. The strips were then incubated with the
appropriate labeled second antibody, as described above, and ex-
posed to X-ray film.

Solid-Phase Peptide (SPOTs) Synthesis and Binding to IgE

Based on the derived amino acid sequence of the 457-amino acid
Ana o 2 protein (including the presumptive leader sequence, amino
acids 1-14), 57 overlapping 15-amino acid peptides, each offset by 8
amino acids, were synthesized. An additional peptide, corresponding
to presumptive N-terminal amino acids 15-29, was also produced.
Peptides were synthesized on derivatized cellulose sheets using 9-
fluorenylmethoxy carbonyl-derived amino acids (Genosys Biotech-
nologies Inc., The Woodlands, Tex., USA) and probed as previously
described [9]. Briefly, the peptide-containing membranes were
washed in TBS and incubated overnight at room temperature in
blocking solution, washed in TBS-T and incubated overnight at 4°C
with pooled patients’ sera diluted 1:5 (v:v). This incubation was fol-
lowed by three 5-min washes in TBS-T and an overnight (4°C) incu-
bation with !25I-anti-human IgE which had been prepared as de-
scribed above. After additional washes, IgE peptide reactivity was
identified after a 1-week exposure at —=70°C to X-ray film or a 17-
hour incubation with a Molecular Dynamics phosphoimaging screen
(Kodak). Phosphoimaging data were quantified using a Storm 860
scanner (Molecular Dynamics Inc., Sunnyvale, Calif., USA) and its
accompanying software.

Results

c¢DNA Library Screening and Gene Characterization

The cDNA library was initially screened for reactivity
with both cashew extract-specific rabbit IgG and cashew-
allergic human IgE. As previously reported, a total of 50
clones displaying dual reactivity were selected for further
analysis [9]. The first four clones selected for sequencing
all proved to encode one of two vicilin variants and were
designated Ana o 1.0101 and Ana o 1.0102. A further
analysis of the remaining 46 clones by PCR using Ana o
1-specific primers showed that 45 of the 46 were positive
for Ana o 1. The remaining clone, upon sequencing and
comparison with GenBank, proved to be homologous
with genes encoding the legumin family of seed storage
proteins (fig. 1A) and was designated Ana o 2. Table 4
lists the 11 proteins having the highest degrees of identity
(45-58%) and similarity (63-74%) to Ana o 2 and
includes proteins described as legumin-like, legumin pre-
cursor, legumin A precursor, 118 globulin and 118 globu-
lin B-subunit precursor, representing a diversity of tree
and plant species (table 4). Also included are two allergens
from the peanut, Ara h 3 (43% identity and 59% similari-
ty) and Ara h 4 (42% identity and 58% similarity).
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Protein Sequence Characterization

Analysis of the nucleotide (fig. 1A) and deduced amino
acid sequences (fig. 1B) revealed a 457-amino acid open
reading frame with a predicted leader peptide from 1 to
15. This 15-amino acid segment is homologous to leader
peptides identified in legumins of at least one other spe-
cies [11]. Comparison of the 11 most similar sequences
and the two above-mentioned allergens (listed in table 4)
with the Ana o 2 amino acid sequence shows clustered
sites of insertions (italicized segments, fig. 1B) and dele-
tions (bold segments, fig. 1B). Figure 1C shows the sites of
insertions (vertical lines) and deletions (over- and under-
lined) of three or more amino acids in the 11 compared
sequences with respect to the Ana o 2 sequence.

Multiple insertions are seen between amino acids 14
and 24, 105 and 121, 180 and 198, and 223 and 236, with
additional scattered insertions between 245 and 271. In
contrast to the 30 insertions, only four deletions are
present, all of which are clustered in the 245-270 region.

We have previously reported N-terminal and tryptic
peptide sequences for several native IgE-reactive cashew
proteins [8]. Four of these were found to have similarity to
the cDNA sequence of Ana o 2 (fig. 1D and underlined
sequence segments in fig. 1B), though none was identical,
suggesting that Ana o 2 is a member of a larger gene family
or that there is extensive polymorphism at the relevant loci.

Reactivity of the Recombinant Protein with Human

IgE and Rabbit IgG

For immunological characterization, we cloned and
expressed Ana o 2 from nucleotide 47 (after the presump-
tive leader peptide) through to nucleotide 1375. The DNA
segment was ligated into an expression vector designed to
allow for purification of the recombinant molecule via an
MBP fusion domain in conjunction with an amylose
affinity column and a thrombin-specific cleavage site.
The resulting approximately 93-kD Ana o 2 fusion pro-
tein was affinity purified as previously described and
digested with thrombin to yield a peptide of approximate-
ly 52 kD as well as the 43-kD MBP (data not shown). Both
cleaved and uncleaved peptides were reactive with spe-
cific human IgE and rabbit IgG (data not shown).

Recognition of Ana o 2 as an Allergen

The prevalence of reactivity to rAna o 2 among
cashew-allergic patients by Western immunoblotting is
shown in table 5. IgE from 13 of 21 sera (62%) from
patients with a history of life-threatening reactions to
cashews bound the recombinant protein. In six cases, the
intensity of the signal was strong, but in seven cases it was
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weak. None of the three sera from patients tolerant of
cashew but with clinically life-threatening reactions to
other tree nuts reacted with the rAna o 2, while 1 of 7 sera
from subjects who had never eaten cashew but had other
tree nut allergy were positive for IgE to the recombinant.

Identification of Native Ana o 2 by SDS-PAGE

Immunoblotting

Having established that Ana o 2 is a major cashew
allergen, we next sought to identify the band or bands in a
typical total cashew immunoblot that correspond(s) to the
cloned polypeptide storage protein precursor. Figure 2A
shows NC strips in which the total soluble cashew extract
has been blotted and probed with serum from allergic
patient No. 9. The first strip (left lane) shows this serum
reacting with three major bands at approximately 53, 36
and 33 kD. The second through fourth lanes were incu-
bated with the same human sera preincubated with rAna
02, rAnao 1 plus rAna o 2, and the fusion protein, MBP,
respectively. Note that Ana o 2 inhibited the strong band
at approximately 33 kD and weakened the band at
approximately 53 kD, suggesting that there were two poly-
peptides at this higher molecular weight — both the vicilin
and a small quantity of legumin group protein (most likely
an intact precursor protein). The addition of Ana o 1
inhibited the residual signal at approximately 53 kD.
MBP had no inhibitory effect, as expected. The remaining
band at approximately 36 kD is as yet unidentified. The
last lane (right) shows no reactivity with sera from a
patient with allergies to agents other than cashew.

Figure 2B shows reactivity of the human sera with
rAna o 2 (approximately 53 kD) and its inhibition with
purified rAna o 2 but not rAna o 1 nor MBP. The band
at approximately 120 kD is presumed to be a dimer of
rAnao 2.

Identification and Recognition of IgE-Reactive Linear

Epitopes on Ana o 2 and Comparison to Peanut and

Soybean Legumin Epitopes

The entire amino acid length of Ana o 2 was studied by
probing 58 overlapping solid-phase synthetic peptides
with sera from 12 patients assigned to three pools. Each
pool consisted of sera from 4 patients and included sera
from at least 1 patient that reacted strongly to the rAnao 2
in our Western blots and from 3 other patients with vary-
ing degrees of reactivity. Collectively, the three pools
reacted weakly (phosphoimaging score from 2.0 to 3.9 x
10-3) with 12, moderately (4.0-6.9 x 10-3) with 3 and
strongly (=7.0 x 10-3) with 7 linear IgE-binding epi-
topes. The 22 reactive epitopes were distributed through-
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81
161
241
321
401
481
561
641
721
801
881
961

1041
1121
1201
1281
1361
1440
1521
1601

1
61
121
181
241
301
361
421

TCTTTCTGITTGCTTTTTAATTCTCTTTCATGGT TGCCTAGCT TCTCGCCAGGAAT GGCAACAACAAGAT GAGT GCCAAA
TCGATAGGCTGGATGCCCT TGAACCCGATAACCGAGT TGAGTAT GAAGCCGGTACGGT GGAAGCCT GGGATCCTAACCAT
GAGCAATTCCGATGCGCTGGT GI TGCCTTGGT TAGGCATACCAT CCAACCTAATGECCTTCTCTTGCCTCAATATTCTAA
TGCTCCTCAACTTATTTACGT TGT CCAGGGT GAGGGT AT GACAGGAATAT CATAT CCAGGAT GCCCAGAAACT TACCAAG
CGCCCCAACAGGGACGACAACAGEGACAGAGT GGTAGGT TCCAGGACCGGECAT CAAAAGAT TCGACGCT TCCGT CGAGEC
GATATCATCGCAAT CCCCGCCGGAGT AGCACACT GGT GCTACAACGAGGECAAT TCCCCGGTCGTCACTGI TACTCTTCT
AGACGT CTCAAACAGT CAAAAT CAGCT TGATAGGACCCCACGAAAAT TCCAT CTGECTGGTAACCCAAAAGATGTGITCC
AGCAGCAGCAACAACACCAAT CTCGECCEECGTAACCTTTTTTCTGECTTCGATACAGAGT TATTGGCTGAGCCTTTCCAA
GTI'GGACGAACGT CTCATAAAGCAGCT CAAAAGCGAGGACAACAGGEGEGT GECAT TGT TAAGGT GAAGGATGACGAACT TCG
GGT GATCCGCCCAT CAAGGAGT CAGAGCGAGCGT GGAAGT GAGAGT GAAGAGGAAAGT GAGGAT GAAAAACGCCGAT GGG
GACAGCGT GACAAT GGGATTGAAGAGACCAT TTGCACTATGAGACT CAAAGAGAATATCAATGATCCTGCTCGCGCTGAC
ATTTACACCCCAGAAGT CGGT CGT CTTACCACACT CAACAGCCT CAACCT CCCAATCCTCAAATGGECTTCAACTCAGT GT
TGAAAAGGGT GT GCTATACAAAAAT GCTCTAGT GCTGCCACACT GGAACCT CAACT CGCACAGCATAATATACGGGT GCA
AGGGTAAAGGCCAGGT TCAAGTAGTAGACAACT TCGECAACAGAGT GT TCGACGECGAAGT CCGCGAGGGACAGATGI TG
GT'GGTGCCACAAAACT TTGCAGTAGT GAAACGT GCAAGAGAGGAAAGAT TCGAATGGATTTCTTTCAAGACCAATGATCG
GGCCATGACGAGT CCTCT CGCTGGACGCACCT CGGT GCT TGGT GGCAT GCCAGAGGAAGT GT TAGCCAATGCGT TCCAGA
TCTCAAGAGAAGAT GCTAGGAAGAT CAAGT TCAACAAT CAGCAGACAACT TTGACAAGT GGAGAGT CAAGCCACCACATG
AGGGATGATGCTTAAATTTTAAGTAATT TGAGCTGAGCTAGT GGT GAT TTAAAGCCGAAT GCATGT GGTGTACGTACTAT
GITTTTTGTTTTGCTTTGIAAGGGCGATAGGTAATGAATAATAAAGGAGACCT TGGATAGT CTCT GCTGT GAGAGGEGGAG
AAGAAAGCAGGGAGCAGAGAGCAGAGACCTTGTATGTAGT TAAGT TAATATTACTACTACTACTACTACGATGT GAATGA
ACTCTTGATGAGI TCTGT CCAATAAAAAACTACT TTTCCTACT CAAAAAAAAAAAAAAAAAAAAAAAAAAA

LSVCFLI LFH GCLASRQEWQ QUDECQ DRL DALEPDNRVE YEAGTVEAWD PNHEQFRCAG
VALVRHTI QP NGLLLPQYSN APQLI YWQG EGMTG SYPG CPETYQAPQQ GRQQGQSGRF
QDRHQKI RRF RRGDI | Al PA GVAHWCYNEG NSPWTVTLL DVSNSQNQLD RTPRKFHLAG
NPKDVFQQQQ QHQSRGRNLF SGFDTELLAE AFQVDERLI K QLKSEDNRGG | VKVKDDELR
VI RPSRSQSE RGSESEEESE DEKRRWGQRD NG EETI CTM RLKENI NDPA RADI YTPEVG
RLTTLNSLNL Pl LKW.QLSV EKGVLYKNAL VLPHWNLNSH SI | YGCKGKG QVQUVDNFGN
RVFDGEVREG QVLWPQNFA VWKRAREERF EW SFKTNDR AMISPLAGRT SVLGGVPEEV
LANAFQ SRE DARKI KFNNQ QTTLTSGESS HHVRDDA 457

Fig. 1. Nucleotide and derived amino acid sequence analysis of Ana
02 cDNA clone Ana o 2. A Nucleotide sequence with the stop codon
underlined and in bold. B The derived amino acid sequence of the
Ana o 2 coding region, with sites of sequence insertions (italics) and
deletions (bold) in the 11 most similar sequences in GenBank (see
table 4) as compared to Ana o 2 indicated. Sequences similar to pre-
viously reported cashew legumin group proteins derived by amino
acid sequencing [8] are underlined. € Details of the sites of insertion
and deletion as described in B. The vertical line between residues
indicates the sites of insertions in homologous proteins with the size
(number of amino acids) and plant species (two- or three-letter
code) shown above the insertion site. Deletions are under- and/or
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overlined. Only deletions and insertions of three or more residues are
included. Rc = Ricinus communis;, Cav = Corylus avellana, Qr =
Quercus robur;, Ahy = Amaranthus hypochondriacus; Si = Sesamum
indicum; Ms = Magnolia salicifolia; Vs = Vicia sativa; Cp = Cucurbi-
ta pepo; Car = Coffea arabica; G1 = Glycine max (G1 subunit); G2 =
Glycine max (G2 subunit); Ah3 = Arachis hypogaea (Ara h 3); Ah4 =
Arachis hypogaea (Ara h 4). D Comparison of cDNA-derived Ana o 2
sequences with N-terminal and tryptic peptide fragments from
cashew legumin proteins previously shown to be reactive to patient
IgE [8]. Variant residues are underlined and the residue numbers
are adjacent to the sequence. Accession number for Ana o 2 is
AF453947.
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Cav Ms Car Cp Cp
514 411 5

14 A|S|RQE[WQQQDIE 24

Car Ah3,4-Ms Ahy Ahy Cav
17 12-4 6 9 17

105 Y|QAPQQGR|QQG|QSGIRF|Q 121

Mg  CavG2 GIReQrSi G2 V Ah3,4 Cp-Re-Ahy
5 203 157 8 6 12 7 41 9-10-7

180 GINPKD|V| F |Q|Q|Q|QQ|HQISR|G R | N 198

G2 Ah3-4 Qr
3 3-4 7

223 K|S E | DNRGGIVKVK|D 236

Ah3 Vs G2 G2 Ah3,4 Cav-Vs-G1

4 Ms 19 4 3 Cp 4 8-7-15
245 SRS|QSERGSES|EEES|EDEK|RRWGQ|R D [N 271

Ahy Si
D
cDNA segnent 30 LDALEPDNR 38
33 kD Tryptic fragnent L DALEPDNK
cDNA segnent 72 GLLLPQYSNAPQLI YWQG 91
47 kD Tryptic fragnment GLLVPSYNN- PELVYWQG
30 kD Tryptic fragment GLLVPSYNN- PELVYWQ
cDNA segnent 272 QG EETI CTMR 281
28 kD N-termi nal fragnent GLEETI CTML
M

Table 4. Proteins showing identity and similarity to Ana o 2

Protein Organism Accession AA Identity  Similarity Report

description No. overlap! % %

Legumin-like protein Ricinus communis (castor bean) AAF73007 1-446 58 74 Shearer et al. [unpubl. results]

118 globulin-like protein Corylus avellana (hazelnut) AF449424 2-444 55 71 Beyer et al., 2002 [28]

Legumin precursor Quercus robur (English oak) CAA67879 2-445 55 72 Fischer [unpubl. results]

11S globulin Sesamum indicum (sesame) AAK15087 20-451 51 69 Tai and Tzen [unpubl. results]

Legumin precursor Magnolia salicifolia S54206 1-454 50 68 Fischer [unpubl. results]
S54208 1-441 50 68

11S globulin Amaranthus hypochondriacus S49422 1-454 48 68 Barba de la Rose et al.

(grain amaranth) [unpubl. results]

Glycinin G2 subunit Glycine max (soybean) AAB23210 1-450 47 66 Nielsen et al., 1989 [35]

Glycinin G1 subunit Glycine max (soybean) AAB23209 2-439 47 65 Nielsen et al., 1989 [35]

118 storage globulin Colffea arabica (coffee) AAC61881 1-457 46 64 Acuna et al., 1999 [36]

Legumin A precursor Vicia sativa (spring vetch) S44294 1-439 45 65 Nong et al. [unpubl. results]

11S globulin B-subunit Cucurbita pepo (winter squash) AAA33110 3-455 45 64 Hayashi et al., 1988 [11]

precursor
Glucinin Arah 3 Arachis hypogaea (peanut) AF093541 21-439 43 59 Rabjohn et al., 1999 [12]
Glucinin Arah 4 Arachis hypogaea (peanut) AF086821 4-439 42 58 Kleber-Jankeet al., 1999 [25]

AA = Amino acid. 'Ana o 2 residue numbers.
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Fig. 2. Identification of native Ana o 2 pep-
tide in cashew extract by means of Western
blotting. NC blots of total cashew extract (A)
and rAna o 2 (B) were probed with serum
from a cashew-allergic patient (No. 9) and
tagged with 125]-labeled anti human IgE. The
first (left) lane in each blot was incubated
without inhibition. The second through
fourth lanes were incubated with rAna o 2,
rAna o 1 and/or MBP as indicated. The right
lanes were incubated with control human
sera. Arrowheads indicate locations of na-
tive Ana o 1 (top), Ana o 2 (acidic subunit;
bottom) and an, as yet, unidentified band
(middle). The lower and upper bands in B
represent the uncleaved (precursor) form of
rAna o 2 in its monomer and presumptive
dimer configurations, respectively. M = Mo-
lecular mass markers.

18 —

IgE + Ao2

IgE + Ao1 + Ao2
IgE + MIBP
Control

IgE + Ao2

IgE + Ao1

IgE + MBP
Control

IgE

213
128

85

42.6

31.2

Cashew extract rAna o 2

Table 5. IgE Western blot reactivity with rAna o 2

Cashew- Reactivity Cashew-  Reactivity Unexposed Reactivity

allergic tolerant subjects

subjects subjects
1 - 22 - 33 -
3 - 23 - 34 -
4 +++ 27 - 35 -
5 +++ 36 -
7 + 37 -
8 +++ 38 +++
9 +++ 39 -

10 +++

11 +

12 -

13 +

14 +++

15 -

16 -

17 -

18 +

20 +

29 +

30 +

31 -

32 -

Subjects numbered 1-27 correspond to those described in reac-
tivity studies with rAna o 1 [9]. Unexposed subjects are those who
reported that they had never eaten cashew nuts.
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out the length of the protein (table 6), with 68% (15/22) of
all epitopes residing on the acidic chain region of the pro-
tein, including 86% (6/7) of those epitopes that were
found to react strongly with pooled patient IgE. Only two
of the identified epitopes were bound by patients’ sera
from all three pools. Epitope No. 6 was bound strongly by
pools 1 and 3, and moderately by pool 2, whereas epitope
No. 3 was bound strongly by pool 1, and moderately by
pools 2 and 3.

To compare the linear epitopes of cashew legumin
(Ana o 2) to those of peanut (Ara h 3) [12] and the soybean
legumins (G2 and G1 glycinin) [13, 14], we aligned the
sequences using the BLAST 2.0 program and highlighted
the corresponding linear epitopes (fig. 3). Of the regions
included in the BLAST alignment, only 2 of the 22 Ana o
2 linear epitope-bearing peptides (No. 13 and 15) showed
significant (>7 amino acids) positional overlap with any
of the four previously identified peanut Ara h 3 epitope-
bearing peptides (fig. 3) [12]. Even among these two over-
lapping regions, there was little identity or similarity
between the Ana o 2 and Ara h 3 epitopes [12]. A much
greater degree of correspondence was observed when the
sequences of Ana o 2 and G2 glycinin were aligned; 9 of
the 11 previously identified G2 glycinin epitopes (82 %)
showed significant positional overlap with the Ana o 2
epitopes. All 9 showed a significant degree of similarity
(=60%) and two were quite similar in sequence to Ana o
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Table 6. Linear Ana o 2 epitopes and IgE

binding intensity Epitope aa position

aa sequence Phosphoimaging values, x 10-3

pool 1 pool 2 pool 3

1 1-15 LSVCFLILFHGCLAS 2.1 < <

2 9-23 FHGCLASRQEWQQQD < < 2.4
3 15-29 SRQEWQQQDECQIDR 38.5 2.1 3.8
4 17-31 QEWQQQDECQIDRLD 2.7 < <
5 89-103 QGEGMTGISYPGCPE 3.3 < <
6 105-119 YQAPQQGRQQGQSGR 395 4.1 16.2
7 113-127 QQGQSGRFQDRHQKI 3.1 < 2.5
8 121-135 QDRHQKIRRFRRGDI 3.3 < <

9 137-151 AIPAGVAHWCYNEGN < < 5.6
10 169-183 LDRTPRKFHLAGNPK < 6.3 <
11 185-199 VFQQQQQHQSRGRNL 10.0 < <
12 217-231 RLIKQLKSEDNRGGI 4.6 2.9 <
13 233-247 KVKDDELRVIRPSRS 2.2 11.6 <
14 241-255 VIRPSRSQSERGSES 17.6 < <
15 257-271 EESEDEKRRWGQRDN 8.6 51.4 <
16 313-327 LKWLQLSVEKGVLYK 3.0 < <
17 329-343 ALVLPHWNLNSHSII < < 2.8
18 337-351 LNSHSIITYGCKGKGQ 2.3 < <
19 377-391 QNFAVVKRAREERFE 2.6 < 2.0
20 385-399 AREERFEWISFKTND 3.0 < <
21 417-431 PEEVLANAFQISRED 2.4 3.6 <
22 425-439 FQISREDARKIKFNN < 93 <

Phosphoimaging data were obtained from SPOTSs probings with the three random pools
of patient sera. A score from 2.0 to 3.9 was considered weak, from 4.0 to 6.9 moderate, and
=>7.0 strong. Scores of <2.0 are indicated as ‘<’. Bold print denotes strongly reacting epitopes,
and underlining denotes those epitopes bound by sera from all three serum pools. aa = Amino

acid.

2 epitopes No. 1 (77%) and the adjacent pair, No. 10 and
11 (80%) (fig. 3). Two IgE-binding linear epitopes have
been identified on G1 glycinin [14], both on the acidic
chain. Sequence alignment revealed that only the second
glycinin epitope displayed significant positional overlap
and no significant identity with a cashew legumin epitope
(No. 13). Interestingly, this epitope (No. 13) is the only
one identified that displays positional overlap with an
epitope in each of the other three 11S globulins compared
(fig. 3), suggesting the possibility of a shared structural
motif favoring immunogenicity.

Comparison of rAna o 2 to Native Peptides

We recently reported the N-terminal and tryptic pep-
tide sequences of four native legumin protein bands [8].
In comparing these sequences to those of rAna o 2, we
note that none are identical in sequence (fig. 1D). One
tryptic peptide from a 33-kD protein matched at 8 of 9
positions. Two other nearly identical tryptic peptides
matched rAna o 2 at only 13 of 19 positions (from a 47-kD

Ana o 2, a Major Cashew Nut Allergen

protein) and 12 of 18 positions (from a 30-kD protein).
An N-terminal peptide matched at 7 or 8 of 10 positions
beginning at residue 272 of rAna 02. Together, these data
suggest that the legumins represent a complex family of
differentially processed proteins.

Discussion

Approximately 0.5% of the US population is believed
to be allergic to tree nuts [15], and the data from a volun-
tary registry of peanut- and tree nut-allergic US patients
shows that 20% of those reporting allergy to tree nuts list
sensitivity to cashews, the second highest percentage for
any tree nut following walnut [16]. In another study
restricted to pediatric patients (n = 54) at Johns Hopkins
(Baltimore, Md., USA), cashew reactivity ranked fourth
(11%) behind walnut (26%), almond (13%) and pecan
(13%), perhaps reflecting a delayed dietary introduction
of cashews relative to other nuts [17].
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Ana o 2: 1 RVEYEAGTVEAWDPNHEQFRCAGVALVRHTIQP 70

G2 glyc: 6 _L. _A.. PR .l-s-G-Fl.T.I--'[P.] ...... s-c-lN’R 73

Ara h 3: 2 --F|loel||a- - |-s-g-x|-m-|--|||-B:vv--. s-w||r 57

Gl glyc: 7 _-l-- |FSGC -!‘-sl-QP--l----Ql-' I -I-S-G-I‘l-T-I--IIP-] ------ S-C-IN'R 76
e —

Ana o 2: 71 QGEGMTGISYPGCPENYQAPQ QGRQ-QGQSGRFQDRHQKIRRFRRGDI 136

G2 glyc: 74 Slxgepre]sereres 139

Ara h 3: 58 . Il r-¥F-|x|----RH- 136

Gl glyc: 77 -A-RR-S.I.G. -E-- IQ-. | .IF- lI ------------ m. E 142

Ana o 2: 137 SPVVTVTLLDVSNSQNQIfis) kg3 83008 Nei 1) V 198

G2 glyc: 140 -|-T---W-M--NE||---a-|||-2||z] - [m- Jor-7eens 215

Ara h 3: 137 -|-7---F-L--|&||D--A-| 77| |D---- T|QE- /Y- - -SR- - 241

Gl glyc: 143 -|-T---w-M--NE||---a-|||-¢||z]---- M- --gloe-/|H--|E| |E- 219

Ana o 2: 199 LFSGFDTELLAEAFQUVDES 256

G2 glyc: 216 |L---AP-F-K---G-|M|- . -.Q-EDD|D- 276

Ara h 3: 242 |----7P-F-E|:---- |-ol||n-|1g-/|EE-A--T- -K/|E-EYD-D- 306

Gl glyc: 220 -la-n-|d- || -pE--Q| -PQ-E- 280

€ Acidic Subunit 4 Basic Subunit >

Ana o 2: 257 IEETICTMRLKENINDPARADIYTPEVGRLTTLNS 307

G2 glyc: 277 - - ‘l ........ ||"GQN|SP"'N'IA'SI"AT' 336

Ara h 3: 307 ¥- !-II 35 s L [ R - ] PRSP ASA- |- -GRNRSP- - -N- |A-LSK-A-D 360

Gl glyc: 281 --E------P|CRG-|-/|--|---cc--- |- -cor|sp---N-|a-s|--aT- 346

Ana o 2: 308 QVVDNFGNRVEDGEVREGQM 372

G2 glyc: 337 M JeNEeeees [l--a| a01

Ara h 3: 361 :--L--|:'G--A-¥-N--|---F|a-|--|-----RL|-|AR----- |w----|-E-||--H|] 426

Gl glyc: 347 lew-ge----- [l--1] 406

Ana o 2: 373 L 442

Gz glyc: 402 -------------- 470

Ara h 3: 427 ......... . Is.PsI[N.. .N.. 493

Gl glyc: 407 -|----- v-ma-||s|n-|]oenene TP-IGT- - -AN- I NAl |Q|'.l‘ lesIQ | 478

Fig. 3. Comparison of the IgE-binding epitopes of various 118 globu-
lins with those of the cashew legumin, Ana o 2. The bracketed and
numbered regions indicate the locations of the reactive peptides in
Ana o 2 (also listed in table 6). Colored segments indicate regions
expressing linear epitopes on the different allergens. Identical amino
acids are indicated with a dot (-), while similar residues are depicted
with a vertical line (|). A slash (/) shows where a portion of a sequence
was deleted and a long dash (=) represents where a space was added
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in the sequence to maximize alignment. The presumed cleavage site
between the acidic and basic subunits (between amino acids 271 and
272) is shown in blue text above the sequence. The blue boxes denote
regions where numerous insertions and deletions are found when
comparing multiple legumin sequences (fig. 1C). Soybean G1 and G2
glycinin and peanut Ara h 3 epitopes have been described previously
[12-14].
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A number of plant, animal and fungal allergenic pro-
teins have been identified by biochemical and molecular
genetic means in recent years, reflecting the hope that the
detailed information provided by such studies will lead to
the development of hypoallergenic foods, new therapeutic
and diagnostic tools and an increased understanding of
the properties that render some proteins more allergenic
than others [18-22].

Our previous screening of a cashew nut cDNA library
with human cashew-allergic sera primarily yielded clones
encoding an IgE-reactive vicilin-like protein, designated
Ana o 1 [9]. Here, we describe the product of the single
identified clone encoding a legumin family (11S globulin)
seed storage protein, designated Ana o 2.

The legumins are large (300-450 kD), generally hex-
americ, nonglycosylated members of a complex family of
proteins. Individual subunits are found both as intact pre-
cursor proteins (50-60 kD) and as processed acidic (30-
40 kD) and basic (20 kD) subunits that generally remain
covalently associated in seeds [23]. Legumins represent
the major storage protein in cashew, accounting for ap-
proximately 50% of the total seed protein [10, 24]. In
addition to Ana o 2, several other legumins have been
identified as food allergens. These include Ara h 3 [12]
and Ara h 4 [25] of the peanut, the soybean G1 and G2
glycinins [26, 27], Cor a 9 of the hazelnut [28] and possi-
bly a legumin from buckwheat [29, 30]. The legumins are
related to each other structurally and are believed to share
ancestors in common with vicilin-like 7S proteins. The
vicilins, or 7S globulins, are also multimeric, digestion
resistant, seed storage molecules found in many edible
plants and are frequently allergenic.

In the present study, more than 50% of the sera from
cashew-allergic patients (13 of 21, 62%) reacted with rAna
0 2. Six of the sera (29%) reacted strongly. Because of the
known complexity of the legumin family and the differ-
ences observed between the single recombinant cashew
legumin cDNA-derived sequence reported here and the
sequenced cashew peptide fragments from IgE-reactive
proteins previously reported [8], it would not be unex-
pected if additional reactivity to legumin epitopes not
represented on our cloned and expressed version were yet
to be discovered. Also, we compared a recombinant pre-
cursor protein to the native protein that has been cleaved
into acidic and basic chains, a process that could poten-
tially affect epitope complexity. Nevertheless, at least for
the patients’ sera tested, it appears that the recombinant
protein fully inhibited reactivity to the native extracted
protein, suggesting that most or all members of the cashew
legumin family share common allergenic epitopes with

Ana o 2, a Major Cashew Nut Allergen

each other and with the recombinant form used in this
study. However, further investigations comparing addi-
tional cloned versions of the legumins to each other and to
highly purified native molecules for reactivity to human
IgE will be needed to adequately determine if this Ana o 2
clone expresses the full range of cashew legumin allergenic
epitopes. The unique IgE-binding patterns of each pool of
sera to the Ana o 2 linear epitopes suggests a heterogeneity
of recognition patterns between patients, though some
peptides were recognized by members of two or all three
pools.

Linear epitope mapping has shown that the soybean
G1 glycinin acidic chain may share cross-reactive epi-
topes with the peanut Ara h 3 [14]. Both mapped epitopes
of the G1 acidic chain show a considerable degree of iden-
tity (60 and 70%) with the overlapping region of the
homologous Ara h 3 epitopes, though differences were
noted in the critical amino acids [14]. It has been shown
that the IgE-binding regions of the soybean G2 glycinin
also bind IgE from peanut-sensitive patients [13]. Such
findings are not surprising when one considers that both
are members of the legume family and patients allergic to
one sometimes have serum IgE antibodies that immuno-
logically cross-react with other legumes [31]. While no
such direct analysis has been performed to determine if
there is cross-reactivity between our cashew legumin (Ana
0 2) and that of peanut (Ara h 3) and soybean (G1 and G2
glycinin), the BLAST alignment of these protein se-
quences and subsequent analysis of the positional rela-
tionship and degree of homology between linear epitopes
on each protein have been informative. The major find-
ings are that there is considerable positional overlap and
some shared sequence identity between Ana o 2 and soy-
bean G2 glycinin but little in common between Ana o 2
and peanut Ara h 3 linear epitopes. We have shown that
the majority of Ana o 2 linear epitopes (68% overall and
83% of the most strongly reactive) are on the acidic chain
of the protein. Previous studies have also observed stron-
ger reactivity with the acidic chain than with the basic
chain of allergenic legumins [12-14, 32, 33].

It is worth noting that the majority of Ana o 2 epitopes
are located in the same areas of the protein sequence that
is evolutionarily least conserved with respect to insertions
and deletions among a variety of legumins (compare
fig. 1C with the acidic chain of Ana o 2 in fig. 3), features
that would further minimize cross-reactivity between
plant legumins.

It should be borne in mind though that these various
results represent only those reactions between a subset of
legumin sequences in each of the compared plant seeds
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and the IgE from a limited set of patients. The inclusion of
more versions of the legumins and a broader pool of
patient sera in future analyses could change our views of
these various relationships.

Clinical information regarding cross-reactivity be-
tween cashews and legumes has not been well docu-
mented, but based on our findings, we can predict that
while there may be a basis for cross-reactivity between
cashew and soybean, it is unlikely that such cross-reactivi-
ty exists between cashew and peanut legumins, at least
with regard to linear epitopes. Interestingly, none of our
subjects were allergic to soy, while 9 of 21 were allergic to
peanuts. Similarly, we previously reported that cross-reac-
tivity between the vicilin linear epitopes of cashew (Ana
o 1) and peanut (Ara h 1) would also be unlikely [9], obser-
vations which, together, further explain the lack of cross-
reactivity between tree nut- and peanut-reactive patient

To date, no common structural characteristics of linear
IgE epitopes have been identified, but our finding that all
four legumins analyzed share an epitope with positional
overlap suggests that epitope mapping can provide impor-
tant clues to the nature of allergenicity [34]. Three-dimen-
sional modeling of our cashew legumin is under way, and
when compared to the models of G2 glycinin [13] and oth-
er homologous allergens, may provide additional in-

sights.
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