Identification and cloning of a
complementary DNA encoding a vicilin-
like proprotein, Jug r 2, from English
walnut kernel (Juglans regia), a major

food allergen
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Background: Walnuts and other tree nuts are important food-
allergen sources that have the potential to be associated with
life-threatening, |gE-mediated systemic reactionsin some indi-
viduals.

Objective: The purpose of this study was to characterize a
complementary (c)DNA clone encoding one of the walnut food
allergens.

Methods: A cDNA expression library prepared from walnut
somatic embryo was screened for |1gE reactivity with patient
serum. A reactive clone of 2060 bp, which encoded a protein of
593 amino acidsin length, was subcloned by excision into the
pGEX expression vector. |gE-binding inhibition experiments
were performed.

Results: A recombinant fusion protein wasinduced and shown
to bind serum IgE from 9 of 15 patients tested, thus identifying
amajor allergen. Thisclone, named Jug r 2, exhibited signifi-
cant homology with genes encoding the vicilin group of seed
proteins. An IgE-binding inhibition experiment suggested that
the encoded protein undergoes posttranslational modification
into at least one major polypeptide (47 kd) and possibly sever -
al others, which issimilar to the vicilin-like proteins char acter -
ized in cocoa bean (Theobroma cacao) and cottonseed (Gossypi-
um hirsutum). N-terminal sequencing of the 47-kd band, Jug r
2, identified it asa mature protein obtained from the precur-
sor. A second |gE-binding inhibition experiment showed that
thereisminimal or no cross-reactivity between Jug r 2 and

pea vicilin, peanut proteins, or cacao proteins.

Conclusion: Jug r 2 isthethird vicilin food allergen identified
in addition to vicilins from soy and peanut. The availability of
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recombinant food allergens should help advance studies on the
immunopathogenesis and possible treatment of |gE-mediated
food hyper sensitivity. (J Allergy Clin Immunol 1999;1311-20.)
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IgE-mediated food hypersensitivity reactions involv-
ing tree nuts are sometimes severe and can result in fatal -
ity.1 Allergies to milk, egg, wheat, and soy in infants are
usually outgrown by age 3 years, but allergies to fish,
shellfish, peanut, and tree nuts are usually permanent and
often life-threatening, with these allergens accounting for
the magjority of food hypersensitivity reactionsin adults.2
Although the precise prevalence of life-threatening tree
nut alergy is unknown, a survey suggests that 0.5% of
the US population is afflicted by various degrees of nut
allergy.3 A survey of theclinical records at our institution
has shown that the English walnut is often implicated as
the source of life-threatening nut allergy. Walnuts rank
third in per capita consumption of tree nutsin the United
States and can be found in many foods.4 Little is known
about the alergens involved in tree nut sensitivity, but
clinically, patients often report sensitivity to more than
one nut. We have recently described Jug r 1, a low-mol-
ecular-weight, 2S-albumin, seed-storage protein in wal-
nut kernels as a major alergen.> Additionally, the major
alergen in Brazil nut, Ber e 1, was also described as a
2S-albumin storage protein that exhibits significant
sequence homology to Jug r 1.5.6

Seed proteins have been characterized on the basis of
their solubility and sedimentation properties throughout
the history of their study.” Albumin proteins are soluble
in water and low salt concentrations, whereas globulins
are solublein high salt concentrations. Legume terminol -
ogy has been used by some plant geneticists to group the
globulins of higher plants.8 The 7S globulins from
legumes are referred to as vicilins and are quantitatively
important seed storage proteins, which often exist as
large trimeric oligomers in the seed protein bodies, with
individual subunits usualy 40 to 70 kd in size. In some
species there appears to be a single gene encoding the
subunits, and in others there appears to be a family of
genes, as in soybean.® Vicilin proteins have been given
other names in the course of their study: conarachin of

1311



1312 Teuber et al

Abbreviations used
GST: Glutathione-S-transferase
PDH: Pyruvate dehydrogenase

peanut (Ara h 1 from Arachis hypogoea), phaseolin of
common bean (Phaseolus vulgaris), B-conglycinin of
soybean (Glycine max), and canavalin of jack bean
(Canavalis ensiformis). Globulin proteins from several
nonlegume plant seeds have been found to have signifi-
cant sequence homology to the vicilins and can thus be
designated as part of the vicilin group of proteins or
vicilin-like proteins, such as a-globulin from cotton
(Gossypium hirsutum).8 This article describes the
cloning and sequencing of a new vicilin-like, seed-stor-
age protein precursor, Jug r 2, from a walnut comple-
mentary (C)DNA library.

METHODS
Human sera

The study reported herein was initiated after approval by the
Human Subjects Review Committee at the University of California,
Davis. Sera from 15 patients with clear, convincing histories of
potentially life-threatening systemic alergic reactions to walnuts
were used for this study. The clinical characteristics of these
patients have been described.5 Control sera were obtained from
patients with no history of walnut food allergy but who did have a
history of allergic rhinoconjunctivitis and high specific IgE levels
(class 4 or above as determined by Pharmacia|mmunoCAP) to mul-
tiple aeroallergens.

Construction and screening of a cDNA
expression library

The cDNA library used in this experiment was constructed and
screened as previously described.> One of the clones, designated
Jug r 1, was previously evaluated. A second clone was designated
Jug r 2 by following the published guidelines of the International
Union of Immunological Societies' Allergen Nomenclature Sub-
committeel® and is the subject of the studies reported herein.

Excision and subcloning of cDNA

The recombinant Bluescript phagemids containing the cDNA
of interest were excised from the A Uni-Zap phage by using the
ExAssist helper phage (Stratagene) and plated onto Escherichia
coli strain SOLR (Stratagene) cells. The SOLR cells containing
the plasmid with the cDNA insert were grown in Luria-Bertani
ampicillin broth overnight at 37°C. The plasmid DNA was isolat-
ed by using the QIAprep Spin Plasmid Miniprep Kit (Qiagen) and
submitted for sequencing (see below). The insert was isolated by
using a partial digest because of an internal Xhol site in the cDNA
insert. The 2-kb EcoR1-Xhol fragment was purified from a 0.9%
agarose gel by using the QIAquick Gel Extraction Kit (Qiagen).
The purified insert was subcloned in the correct reading frame into
the pGEX-4T-3 plasmid (Pharmacia Biotech) and transformed
into protease-deficient E coli strain BL21 (Pharmacia). The plas-
mid-cDNA transition site was sequenced to ensure that the cDNA
was inserted in the right orientation and in frame. The pGEX
plasmid expression vector results in the synthesis of foreign pro-
teins as a fusion product with a 26-kd glutathione-S-transferase
(GST).
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Nucleotide sequence determination of cDNA

The plasmid cDNA was isolated and purified from transformed
E coli strain SOLR (Stratagene) by miniprep. The cDNA underwent
dideoxy sequencing with Sequenase (United States Biochemical
Corp) from double-stranded DNA by using dye, labeled primers,
and terminators.11 Gels were run on an Applied Biosystems 373A
sequencer (Applied Biosystems, Inc). Nucleotide and protein data-
bases were searched by using the BLAST 2.0 program accessible at
the Web site of the National Center for Biotechnology Information
(National Library of Medicine, National Institutes of Health:
www.nchi.nlm.nih.gov).12 Deduced amino acid sequences were
aligned by using MacDNASis software (Higgins-Sharp program,
Hitachi).

Expression and purification of recombinant
Jug r 2 fusion protein

Because of the partial insolubility of the fusion protein, the
induction and purification of the recombinant (r)Jug r 2 fusion pro-
tein was based on the protocol described by Frangioni and Neel13
using E coli strain BL21. The fusion protein was then isolated from
the cell supernatant after lysis by using the Bulk GST Purification
Module (Pharmacia Biotech). The protein concentration was deter-
mined by using the Bio-Rad Protein Assay Kit (Bio-Rad). The reac-
tivity and specificity of the fusion protein was checked with patient
and control sera; approximately 1 ug of fusion protein was loaded
per lane for immunoblotting, as described below. Recombinant
human pyruvate dehydrogenase (rPDH), an irrelevant GST fusion
protein purified in a similar manner, was likewise loaded at 1
pg/lane as a control.

Western immunoblotting with patient sera

SDS-PAGE, transfer to nitrocellulose membranes, and
immunoblotting were performed as previously described, with the
modificationsthat 12% acrylamide gelswere also used and serawas
diluted 1:10 for genera use.5

Western immunoblotting of E coli lysate
containing rJug r 2 by using anti-GST

SDS-PAGE, transfer, and blocking were carried out as described
previously.S Twenty microliters per lane of a 1:100 dilution of each
of thefollowing cell lysateswas used: rJugr 2 in E coli strain BL21
(Pharmacia), rdug r 2 in E coli strain DH5a (Promega), pGEX-4T-
3 aonein strain BL21 (ie, GST without fusion protein), or E coli
strain BL21 alone. Strips were incubated for 60 minutes at room
temperature with a 1:1000 dilution of goat anti-GST antibody
(Pharmacia Biotech), washed as above, and incubated for 60 min-
utes at room temperature with a 1:500 dilution of rabbit anti-goat
1gG conjugated to akaline phosphatase (Sigma). The strips were
washed and then developed with nitroblue-tetrazolium (Sigma), at
330 pg/mL, and 5-bromo-4-chloro-3-indolyl phosphate-p-toluidine
salt (Sigma) at 164 pg/mL in a diluent of 100 mmol/L TRIS (pH
9.5), 100 mmol/L NaCl, and 5 mmol/L MgCl,. The development
was stopped by washing the stripsin 1 mmol/L EDTA.

Protein extracts

Juglans regia (cultivar Chandler) nuts were obtained from the
University of California, Davis, Pomology Department, and peanuts
(Arachis hypogea, Spanish) were purchased raw from alocal store;
protein extracts were made as previously described.5 Purified pea
vicilin was a gift from the laboratory of Shridhar K. Sathe (Florida
State University, Tallahassee, Fla). Perennial ryegrass (Lolium
perenne) pollen was purchased from Bayer (Bayer Inc), and a 1:10
wt/vol extract was prepared by suspension of the pollen in PBS at
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4°C overnight on a rocker followed by centrifugation. Theobroma
cacao glycerinated extract (1:10) was purchased from Meridian
Bio-medical, Inc, and was verbally confirmed by the company to be
an extract from the unprocessed cacao seed.

Absorption of human sera with rJug r 2
polypeptide and immunoblotting against
walnut kernel extract

Four human sera were diluted 1:5 in blocking buffer and incu-
bated with the purified rdug r 2 fusion protein (70 pg/mL) or, for
purposes of control, GST-PDH fusion protein (rPDH) overnight at
room temperature. Immunoblotting against walnut kernel extract
was carried out as described above.

Absorption of human sera with peanut, pea
vicilin, ryegrass pollen, and cacao extracts
and blotting against walnut kernel extract

Serafrom the 4 patients used in the absorption experiment above
were titrated (1:5, 1:10, 1:20, 1:40, 1:80, and 1:160) against walnut
kernel extract to determine an appropriate further dilution to usein
experiments that would favor detection of cross-reactivity with
other vicilin proteins (ie, more dilution than 1:5 while still showing
IgE binding clearly to Jug r 2). Sera were then preabsorbed with
increasing amounts of walnut kernel protein (1, 2, 5, 10, 20, 40, 80,
160, 320, and 640 pg/mL ) to determine the minimum amount need-
ed to absorb out al IgE binding to walnut, after which sera were
preabsorbed with that same amount of walnut, peanut, pea vicilin,
cacao extract, and 10 times the amount of each overnight at 4°C.
Immunoblotting was carried out against walnut kernel extract as
above, except that 15% acrylamide was used. Preabsorption with
the identical concentrations of perennial ryegrass pollen protein
extract was used as a control (ie, not expected to have a vicilin-like
storage protein).

N-terminal amino acid sequencing

SDS-PAGE was carried out as above on the walnut kernel
extract, and the proteins were transferred to Trans-Blot PVDF mem-
brane (0.2 um; BioRad). The N-terminal sequencing was deter-
mined from the blot on an ABI 477A sequencer with an on-line
120A HPLC system (Applied Biosystems, Inc). Data was collected
by using the ABI 610 software (Applied Biosystems, Inc).

RESULTS
Identification of an IgE-reactive clone from
the J regia cDNA library

The clone described herein was designated Jug r 2 and
was submitted to the International Union of Immunolog-
ical Societies’ Allergen Nomenclature Sub-Committee.10
A partial digest of the plasmid DNA by EcoR1 and Xhol
produced a fragment approximately 2060 bp in length
(data not shown).

Nucleotide and deduced amino acid
sequence of Jug r 2

The nucleotide sequence for the 2057 base pairs and
the corresponding deduced sequence of 593 amino acids
from the longest open-reading frame is shown in Fig 1.
The recovered fragment has an intact poly-A tail but is
missing the start codon. There is a nontranslated region
containing the polyadenylation consensus sequence
AATAAA at position 2000. A GenBank search revealed
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TABLE |. The percentage identity and similarity between
the deduced amino acid sequence of the walnut vicilin-
like precursor and others

NCBI

accession % %
Source No. Identity  Similarity
Cotton (Gossypium hirsutum)1> 137578 51 73
Cacao (Theobroma cacao)16 418908 44 69
Peanut (Arachis hypogoea)l4 1168390 36 70
Pea (Pisum sativum)7 137582 39 64
Soybean (Glycine max)18 121282 37 64

NCBI, National Center for Biotechnology Information.

that the Jug r 2 cDNA codes for avicilin-like protein that
has a significant similarity score of 70% to the deduced
vicilin protein in peanuts encoded by Ara h 1, the vicilin
cDNA from peanuts.14 The vicilin-like precursor from
cacao (Theobroma cacao) is also related (Table 1).15-18
Fig 2 is a comparison of the deduced amino acid
sequences of cacao, peanut, and walnut vicilin precursor
proteins. The molecular weight of the newly defined pro-
protein was calcul ated to be approximately 66 kd, which
is similar to the 67-kd molecular weight previously
described for the cacao precursor protein. It islikely that
the missing sequence encompasses a very small segment
that includes nucleotides coding for a hydrophobic signal
sequence peptide. This deduction is supported by analo-
gy to the available complete sequence of the related pea
vicilin and French bean phaseolin. The short hydropho-
bic leader peptide in the case of the pea vicilin and
French bean phaseolin is cleaved as the polypeptide is
transported across the endoplasmic reticulum, leaving an
initial hydrophilic region, as seen in the hydropathy plot
of Jug r 2 (Fig 3).91920 We can also deduce from Fig 3
that the mature native walnut vicilin will possibly be
approximately 48 kd (not 66 kd aswith Arah 1) because
the hydrophilic 170 amino acid region is cleaved in the
nonlegumes cotton and cacao.1516

Expression of rJug r 2 fusion protein

The Jug r 2 cDNA was subcloned into the frame-shift-
ed plasmid expression vector pGEX-4T-3. The fusion
protein was induced, purified, and then run on SDS-
PAGE and detected as a band of approximately 92 kd
along with multiple truncated proteins. The GST portion
of the fusion protein has a molecular weight of 26 kd,
and therefore the deduced molecular weight of rdug r 2
was estimated to be 66 kd, which is in agreement with
the estimate from the cDNA sequence. Immunablotting
of the fusion protein products with sera from 15 patients
with a history of walnut food allergy showed that the
fusion protein bound IgE from 9 (60%) of 15 patients
(Fig 4). The specificity of the reactivity of our patient
serawas demonstrated because none of the control atopic
seranor secondary antibody alone showed detectable IgE
binding to rJug r 2. In addition, no evidence of binding of
serum IgE to the irrelevant recombinant control fusion
protein (rPDH) was noted, suggesting specificity for the
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1 GACGTGGCAGAGACGACGATGACGAGGAGAATCCGCGTGACCCACGAGAACAGTATCGCC 60
R G R D DDDEENUPRDUPURE Q Y R Q

61 AATGCCAGGAGTACTGCCGGAGGCAAGGGCAAGGACAGCGTCAACAGCAGCAATGCCAAA 120
¢ 0O E Y CRROQGOQG QR QO OQ OQ Q C O I

121 TCAGGTGCGAGGAGCGGTTAGAAGAGGACCAAAGAAGTCAAGAAGAAAGGGAGCGCCGAC 180
R ¢ E ERL E ED QR S Q E E R E R R R

181 GCGGCAGAGACGTAGACGACCAGAATCCGCGAGACCCAGAACAGCGGTATGAGCAGTGTC 240
G R DVDDQNUPRD?PE QR Y E Q C O

241 AGCAACAGTGTGAAAGGCAACGAAGGGGTCAGGAGCAAACACTATGCCGGAGAAGGTGTG 300
Q 0 ¢ E R Q R R G Q E Q T L C R R R C E

301 AGCAACGGAGACAACAAGAAGAAAGAGAGCGCCAACGTGGCAGAGACCGACAAGATCCCC 360
Q R R Q Q E E R E R Q R G R DR Q D P Q

361 AACAACAGTACCACAGATGCCAACGCCGATGCCAGATACAAGAGCAAAGCCCGGAAAGGC 420
Q Q Y H R ¢ O R R C Q I Q E Q S P E R Q

421 AAAGGCAATGCCAGCAACGATGCGAACGACAATACAAGGAGCAGCAAGGCAGAGAACGGG 480
R Q ¢ 0 O R C E R Q ¥ K E Q Q G R E R G
U

481 GACCAGAGGCAAGCCCGCGCAGAGAAAGCAGAGGCCGGGAAGAGGAGCAACAGAGGCACA 540
P E A s P R R E S R G R E E E Q Q R H N

541 ATCCCTACTACTTTCACTCCCAGAGCATTAGGTCGAGACATGAGTCCGAGGAAGGTGAAG 600
P Y Y FH S Q s I R S R HE S EE G E V

601 TTAAATATCTTGAGAGGTTCACGGAGAGAACCGAGCTCCTTCGTGGCATTGAGAATTACC 660
K ¥y L ERF T EIRTETLULIRGTI E N Y R
L

661 GTGTGGTTATCTTGGATGCAAATCCTAACACCTCCATGCTCCCACATCACAAAGATGCGG 720
v v IlIL DANUPNTS ML P HH K D A E

721 AATCTGTTGCCGTAGTCACAAGAGGAAGGGCGACCCTCACCTTAGTATCTCAAGAGACAA 780
s v AV YV TR RGIRATULTUL V S Q E T R

781 GAGAGTCGTTCAACCTCGAGTGTGGAGATGTTATAAGGGTTCCTGCGGGTGCTACCGTGT 840
E S F NL ECGDV IRV P AGA ATV Y

841 ATGTGATTAACCAAGACAGTAACGAGAGGCTAGAGATGGTGAAACTCCTCCAGCCCGTCA 900
v I N Q D S N ERL EMV KL L Q P V N

901 ACAATCCTGGCCAATTTAGGGAATACTATGCAGCTGGTGCTAAAAGTCCTGATCAATCAT 960
N P G Q F R EY Y AAGA AU K S P D Q S Y

961 ATCTCAGGGTATTCAGCAATGATATTCTCGTCGCAGCTCTAAATACCCCGAGGGACAGGT 1020
L RV F S NDILV AAULNTPRDRL

1021 TAGAGAGGTTCTTCGACCAGCAGGAGCAGCGGGAAGGAGTAATCATCAGAGCCTCACAAG 1080
E RF F D QOQE QR E GV I I RA S Q E

FIG 1. Nucleotide and deduced amino acid sequence for Jug r 2. The largest open-reading frame, beginning
at position 1, encodes a polypeptide 593 amino acids in length. The cleavage site for processing of the 47-kd
IgE-binding allergen Jug r 2 (44 kd on 12% acrylamide) is indicated by an arrow at amino acid position 173.
The C-X-X-X-C motifs are underlined. The single potential N-linked glycosylation site at position 230 is indi-
cated by a diamond above the sequence N-T-S (GenBank accession humber: AF066055).

reactivity of patient IgE with epitopes present on the rjug The magjority of fusion protein expressed was smaller
r 2 part of the fusion protein but not present on GST. than 55 kd, which, combined with likely differences in
Immunoblots showing a lack of reactivity against rPDH serum IgE titer to Jug r 2, may be the reason why only 4
(and hence GST) of sera from 4 patients with a high of the patient sera demonstrated IgE binding to the small
spectrum of IgE reactivity to rdug r 2 are shown on the quantities of the full-length fusion protein. Absence of
left side of Fig 4. certain conformational epitopes on the full-length recom-



J ALLERGY CLIN IMMUNOL

VOLUME 104, NUMBER 6

Teuber et al 1315

1081 AGAAGCTCAGGGCATTGAGCCAACACGCCATGTCTGCCGGCCAGAGGCCATGGGGCCGCC 1140
K L R AL S Q H A M S A G Q R P W G R R

1141 GCTCCTCTGGGGGTCCTATCAGTCTAAAAAGCGAAAGTCCGTCCTACTCGAATCAGTTTG 1200
s s 6 G P I §$ L K S E S P S Y S N Q F G

1201 GGCAGTTCTTCGAGGCTTGCCCCGAGGAGCACAGGCAACTGCAAGAGATGGATGTCCTTG 1260
Q F F E A C P E EHR QUL Q EM DV L V

1261 TCAATTACGCCGAAATCAAACGAGGAGCTATGATGGTGCCCCACTACAATTCTAAAGCCA 1320
N Y A E I K R G A MMV P H Y N S K A T

1321 CAGTTGTAGTGTATGTGGTAGAAGGGACTGGACGCTATGAAATGGCCTGCCCACATGTTT 1380
vV Vv Y v V. EGT G R Y EMA AT C P H V S

1381 CAAGCCAGAGCTACGAAGGCCAAGGGAGAAGAGAACAAGAGGAGGAAGAGAGCACTGGGC 1440
S Q9 S Y E G Q GR R E QEEEE S T G R

1441 GATTCCAGAAGGTAACGGCTCGTTTGGCACGTGGAGATATATTTGTAATCCCGGCAGGGC 1500
F Q K VvV T"A R L A R G D I F V I P A G H

1501 ATCCGATTGCGATAACTGCCTCTCAGAATGAGAATCTGCGCTTACTCGGCTTCGACATTA 1560
P I A I TA S QN ENTILIRTILULGF DI N

1561 ATGGCGAGAACAACCAGAGAGACTTCCTTGCCGGGCAAAACAACATAATTAACCAGTTAG 1620
G E NN OQ R D F L A G Q N NI I N Q L E

1621 AGAGAGAAGCAAAGGAGCTGTCGTTCAACATGCCACGAGAAGAGATAGAAGAGATATTTG 1680
R E A K E L S F NM PR EE I E E I F E

1681 AAAGCCAGATGGAATCTTATTTTGTGCCCACGGAAAGGCAGAGCCGACGTGGCCAAGGGA 1740
S QM E S Y F VvV P TEIRIOQS U RIR G Q G R

1741 GAGACCACCCATTGGCATCAATTTTGGACTTCGCTTTCTTCTAAGTAGGCTAGCAAAGTA 1800
D H P L A S I L DVF A F F

1801 TGTTCCAAATTATCCATATCATGCAATGCTTTGTTGGTTTTGTTATGTAATAATGTCTTA 1860

1861 ATAATATAAGATAGTACTAGATCAGACGGATGAGTACTGAGGCGCTGTGTTAAAAGTTTG 1920

1921 TAAGCAGCCTTATGGAGTACTTAAGTACTACTTCTGTATTCGGATGAAGTTGTCTAGCTT 1980

1981 TTGATGATCAGTATGCATAAATAAAACAAAGTTCCATGTGTTTGCTCAAAAAAAAAAAAA 2040

2041 AAAAAAAAADDAAAAAA 2057

FIG 1. CONT

binant protein and fragments could also be a reason for
the variation in IgE binding. Truncation is aknown short-
coming of bacterial expression systems, in which, for
instance, rare arginine codons have been shown to be the
cause of truncated expression of arelated vicilin, Arah
1.21 To verify that the multiple low-molecular-weight
polypeptides binding IgE were indeed truncated prod-
ucts, immunoblotting with anti-GST as the primary anti-
body instead of sera was performed (Fig 5). It showed a
small amount of full-length fusion protein and a large
quantity of low-molecular-weight proteins. These results
support the notion that the fusion protein is truncated at
the time of trandation rather than undergoing nonspecif-
ic degradation in the bacterial cell or in solution.

Determination of the N-terminal cleavage
site of the proprotein Jug r 2

Absorption experiments were performed to determine
the molecular weight of the mature vicilin-like protein to
be targeted for amino acid sequencing because Jug r 2
encodes a proprotein, which, by analogy with cacao and
cotton, is likely cleaved just after the highly hydrophilic
sequence containing C-X-X-X-C repeats, which are
characteristic of vicilin proteins, to give a protein of
about 48 kd. Preabsorption of sera from 4 patients with
rdug r 2 abolished IgE binding to a walnut kernel protein
at approximately 44 kd in all 4 sera (approximately 47 kd
on 15% acrylamide, data not shown; Fig 6). Also, IgE
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FIG 2. Alignment of the deduced amino acid sequence of the Jug r 2 precursor with the peanut Ara h 1 pre-
cursor (Swiss Prot accession number: P43237)14 and the cacao vicilin-like precursor (PRF accession number:
1905429A).16 Thirty-six percent identity exists between Jug r 2 and Ara h 1, and 44% identity exists between
Jug r 2 and the cacao vicilin precursor. Areas of identity are shaded. The cleavage site for the mature protein
is indicated by an arrow.
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FIG 3. Hydropathy plot. Amino acid position is indicated on the horizontal axis, and the hydropathy score, as
per Kyte and Doolittle,20 is on the vertical axis. Positive values are hydrophobic; negative values are
hydrophilic. The cleavage site for the mature protein is approximated by an arrow.
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FIG 4. IgE immunoblots against recombinant proteins are shown. On the left, rPDH is probed with 4 sera (4,
7, 8, and 12), which refer to the corresponding patient sera used on the right side of the illustration. On the
right (rdug r 2), lanes 1-15 refer to sera from 15 individual patients, and lane C refers to pooled control atopic
sera control strip. MW, Molecular weight. rPDH is an irrelevant protein used as a control.

binding was inhibited in 3 of the patient sera to another
band at approximately 48 kd on an immunoblot from a
12% acrylamide gel, suggesting that this protein also
cross-reacts with rdug r 2. Some inhibition of IgE bind-
ing to proteins at about 52 and 28 kd was seen with
serum from patient 4. The lack of IgE-binding inhibition
with sera preabsorbed with rPDH GST-containing fusion

protein provides further evidence that all absorption was
caused by specific binding of patient IgE to the recombi-
nant walnut vicilin-like protein.

On the basis of the above, the 44-kd band (on 12%
acrylamide, otherwise a 47-kd band on 15% acrylamide)
was targeted for sequencing. The 44-kd band had high
background for the first position (*), but thereafter a
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FIG 5. Anti-GST immunoblot against cell lysates. The GST protein
is a single band at 26 kd. Lane 1, Jug r 2 cDNA in pGEX-4T-3 plas-
mid, E coli strain BL21; lane 2, Jug r 2 cDNA in pGEX-4T-3 plas-
mid, E coli strain DH5q; lane 3, pGEX-4T-3, E coli strain BL21; lane
4, E coli strain BL21 alone. MW, Molecular weight.

clean sequence was obtained: * EEEQQRHNPYYFH.
From this sequence information, it was deduced that the
44-kd protein corresponds to a mature protein obtained
by cleavage of the precursor at amino acid position 173;
arrows in Figs 1 to 3 indicate the site. Thisisin concor-
dance with the hydropathy plot (Fig 3), which predicts,
on the basis of processing in cacao and cotton, that the
cleavage site for the mature protein should be around
amino acid 170. The estimated molecular weight of the
mature protein, on the basis of this cleavage site, is 48.3
kd. To reconcile this with the estimated molecular weight
of this protein from the gel of 44 kd, it is possible that
there is also processing occurring at the carboxy termi-
nus, as in the 2S-albumin seed-storage proteins,5 but as
indicated, we have found that the 44-kd band appears as
a 47-kd protein on a gel with a higher percentage acry-
lamide content (Fig 7). In any case this sequenced band
can, with certainty, be called Jug r 2, whereas the others
to which IgE from patient serais partially absorbed out
by rdug r 2 await further studies.

Thefact that binding of seralgE to more than one pro-
tein band was partially absorbed out by rdug r 2 suggests
that the native vicilin-like protein may consist of several
subunits derived from a single precursor molecule or per-
hapsthat different degrees of glycosylation occur in vivo.
It is also possible that multiple isoforms exist that are
encoded by different genes or that related gene super-
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FIG 6. IgE immunoblots against walnut kernel extract separated
on 12% acrylamide, reducing conditions, before (¢) and after
absorption of the sera with an irrelevant fusion protein rPDH
(PDH), or the recombinant of interest, rJug r 2 (W1). Sera from 4
patients (4, 7, 8, and 12 from Fig 4) were used. Arrows indicate the
bands that were attenuated or absorbed out by the vicilin-like
recombinant. MW, Molecular weight.

family products (eg, sucrose-binding proteins) have
cross-reactive I1gE epitopes recognized by some patients.
There is precedence in other species both for the pro-
cessing of the precursor protein into subunits of different
sizes, as well as for the existence of avicilin gene fami-
ly encoding several different vicilin isoform precur-
sors.89.15 Further studies beyond the scope of the data
presented here are needed to delineate the posttransla-
tional processing and the possible presence of isoforms
encoded by related vicilin genes.

Cross-reactivity with other plant seed vicilins

Relatively small amounts of walnut kernel extract (1, 2,
and 5 pg/mL) were able to completely absorb out most, if
not all, walnut-specific IgE in the sera from patients 4, 8,
and 7, respectively (Fig 7). Sera from patient 12, howev-
er, still had faint IgE binding after absorption at 20 pg/mL
(to protein bands at 22 and 36-38 kd, which do not repro-
duce well in Fig 7), which was not decreased further by
increasing the concentration to 640 pg/mL. Therefore 20
pg/mL was used as the first absorption. The IgE-binding
patterns are different than those shown in Fig 6 because of
differencesin seratiter (more diluted), longer radiograph-
ic film exposure time, and percentage of acrylamide used
for SDS-PAGE, which aters protein migration (15% here
compared with 12% in Fig 6). Of note, patients 4, 7, and
12 are also dlergic to peanut, and none are clinically reac-
tive to pea or chocolate. Sera IgE from patients 4 and 8
showed no easily discernible cross-reactivity with other
seed proteins in the concentrations used. IgE binding
from serum of patient 7 to proteins at 6, 31, and 40 kd was
partially absorbed out by preincubation with 50 pg/mL
peanut extract, but the binding of IgE to walnut Jug r 2
was basically unaffected. Somewhat similarly, in the case
of patient 12, sera IgE binding to all walnut proteins
except Jug r 2 was absorbed out by preincubation with
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FIG 7. IgE immunoblots against walnut kernel extract run on 15% acrylamide, reducing conditions, before (¢
and after absorption of the sera with walnut kernel extract (W), peanut kernel extract (PN), pea vicilin (P),
perennial ryegrass pollen extract (G), or cacao seed extract (C) with the same 4 patient sera (4, 7, 8, and 12)
used in Fig 5, but sera were diluted differently. On the bottom of each series of strips is the concentration in
micrograms per milliliter of protein extract used in the absorption.

200 pg/mL peanut extract. Preabsorption of serawith the
highest concentration of cacao protein extract globally
inhibited binding. Overall, however, these results suggest
that there is little high-affinity cross-reactivity between
these seed-storage proteins because preincubation of sera
with the minimal concentration of protein that had com-
pletely absorbed out IgE binding to walnut had no effect
on the IgE-binding pattern to walnut when other protein
sources were used. Because of the frequent concurrence
of multiple tree nut and peanut alergies, future detailed
immunoblot inhibition studies with more patient sera are
indicated.

DISCUSSION

Vicilins in legumes are important seed-storage pro-
teins that not only play arole as nitrogen reserves for the
germinating seedling but also appear to serve adua role

as plant defense—related proteins. In cowpea, (Vigna
unguiculata), vicilin storage proteins have been demon-
strated to inhibit fungal growth and may do so by bind-
ing to chitin, a homopolysaccharide of N-acetyl-p-glu-
cosamine, in the cell wall of phytopathogenic fungi.22 In
addition, cowpea vicilin binds to chitin-containing struc-
turesin the midgut of insects, and variationsin thevicilin
structure may influence the resistance or susceptibility of
the seed to the cowpea weevil (Callosobruchus macula-
tus)_23,24

The vicilins show significant heterogeneity in the pro-
cessing of the mature protein. Cacao and cotton both pos-
sess a hydrophobic signal sequence followed by a
markedly hydrophilic region, asseenin Jug r 2, which is
cleaved in cotton and presumed to be cleaved in cacao to
give an approximately 47-kd mature subunit.1516 Cacao
and cotton both have a higher number of the C-X-X-X-C
motifs (4 and 5, respectively) in the hydrophilic region
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than seen in the legume vicilins (eg, soy vicilin with 2),
which usually retain the hydrophilic sequence.1516 Con-
sidering that the walnut vicilin has an unprecedented 6 C-
X-X-X-C motif, our finding that this section is cleaved
from the dominant mature protein seen at 47 kd (44 kd in
12% acrylamide) is consistent with known vicilin post-
translational processing. French bean, soy, and cotton
vicilins all occur in glycosylated and nonglycosylated
forms; glycosylation patterns in walnut have not been
reported, but the walnut vicilin has one potential N-
linked glycosylation site at amino acid position 230 (N-
T-9).9.15

Jug r 2 isamajor alergen because serum IgE from 9
(60%) of 15 patients bound to the recombinant protein.
In the walnut protein body Jug r 2 is probably part of a
complex trimeric structure like most other vicilins. Lin-
ear and conformational epitope mapping remain to be
performed. None of the previously described nonlegume
vicilins have been identified as allergens. In fact, choco-
late allergy is vanishingly rare (proteins in processed
chocolate are in an insoluble complex formz25), whereas
the alergen in cottonseed has been shown to be a 2S
albumin, with sequence homology to Jug r 1.26 To date,
only the vicilin proteins of peanut, soy, and now walnut,
have been shown to be allergens.14.27

Only one of our serum samples tested showed evidence
of cross-reactive IgE between walnut and cacao proteins,
and the cross-reactivity was only evident when ahigh pro-
tein concentration was used for the absorption studies. In
the preliminary immunoblot-inhibition studies shown
herein, minimal in vitro cross-reactivity does exist
between peanut and walnut proteins (as judged by IgE
binding inhibition with 2 of the 4 sera used), but no serum
IgE exhibited cross-reactivity with purified peavicilin.

In summary, an essential step has been accomplished
by cloning 2 of the mgjor alergensin thewalnut, Jugr 1
and Jug r 2.5 These recombinant allergens can be used to
learn more about the immunopathogenesis of food
hypersensitivity. Complete molecular characterization of
the walnut allergens will be necessary to research poten-
tial treatments for severe hypersensitivity, such as pack-
aged plasmid DNA immunizations for walnut allergy and
potentialy allergy to other closely related tree nuts in
animal models.

We thank Claudio Bandera for assistance with sequencing and
Tom Kenny for his help with database analysis.
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