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Peanut allergy is a significant IgE-mediated health problem because of the increased prevalence, poten-
tial severity, and chronicity of the reaction. Following our characterization of the two peanut allergens
Arah 1and Arah 2, we have isolated a cDNA clone encoding a third peanut allergen, Ara h 3. The deduced
amino acid sequence of Ara h 3 shows homology to 118 seed-storage proteins. The recombinant form of
this protein was expressed in a bacterial system and was recognized by serum IgE from [#5% of our peanut-
allergic patient population. Serum IgE from these patients and overlapping, synthetic peptides were used
to map the linear, IgE-binding epitopes of Ara h 3. Four epitopes, between 10 and 15 amino acids in length,
were found within the primary sequence, with no obvious sequence motif shared by the peptides. One epi-
tope is recognized by all Ara h 3-allergic patients. Mutational analysis of the epitopes revealed that single
amino acid changes within these peptides could lead to a reduction or loss of IgE binding. By determin-
ing which amino acids are critical for IgE binding, it might be possible to alter the Ara h 3 cDNA to encode
a protein with a reduced IgE-binding capacity. These results will enable the design of improved diagnos-

tic and therapeutic approaches for food-hypersensitivity reactions.

J. Clin. Invest. 103:535-542 (1999).

Introduction
Peanut allergy is a major health concern because of the
severity of the allergic reaction, the persistence of the
allergic response throughout the lifetime of the individ-
ual, and the ubiquitous use of peanut as a protein sup-
plement in processed foods. Food-hypersensitivity reac-
tions affect [8% of children and 1%-2% of adults (1, 2).
Peanuts, tree nuts, and shellfish are responsible for the
majority of food-hypersensitivity reactions in adults,
whereas peanuts, milk, and eggs account for the majori-
ty of reactions in children (3). The reaction to peanut is
generally more severe than the reaction to other foods,
often resulting in fatal anaphylaxis. Although most chil-
dren outgrow allergies to milk and eggs, peanut allergies
persist into adulthood, lasting the entire lifetime of the
individual (4). Currently, avoidance is the only treatment
for patients with peanut allergies. Unfortunately, the
inclusion of peanut as a protein supplement in
processed foods makes accidental consumption almost
inevitable. Despite the prevalence of peanut hypersensi-
tivity in children and an increasing number of deaths
each year from peanut-induced anaphylaxis, the identi-
fication and characterization of unique, clinically rele-
vant allergens from peanut are incomplete, limiting our
understanding of their role in the immunobiology of
hypersensitivity reactions.

Exposure to an allergen induces the production of
allergen-specific IgE antibodies and the subsequent
development of an allergic response in atopic individu-

als (5). In recent years, a number of allergens have been
identified that stimulate IgE production and cause IgE-
mediated disease (6-9). Although considerable informa-
tion exists on the identification, purification, and
cloning of inhaled allergens (pollens, dust mites, animal
danders, insects, and fungi), few food allergens have been
identified and studied.

The peanut (Arachis hypogaea) is a member of the
legume (Leguminosae) family, which includes the soy-
bean, jack bean, lima bean, and pea (10). Peanut shares
many cross-reacting proteins with these other members;
however, ingestion of these other legumes rarely elicits a
clinical reaction in peanut-allergic patients (11). To iden-
tify allergenic proteins unique to the peanut, cross-react-
ing antibodies to soybean were removed from the sera of
peanut-allergic patients. This soy-adsorbed sera, con-
taining IgE antibodies unique to peanut, identified sev-
eral allergenic fractions on immunoblots to whole
peanut protein (12). Two of these fractions, Arah 1 (63.5
kDa) and Ara h 2 (17 kDa), have been extensively char-
acterized in our laboratory. These proteins have been iso-
lated, and their corresponding cDNA has been cloned
from a mature peanut cDNA library (13, 14). Both pro-
teins are recognized by serum IgE from >90% of peanut-
allergic patients, establishing them as major peanut
allergens. Serum IgE recognition of these allergens
appears to be due primarily to amino acids comprising
linear epitopes in the absence of carbohydrates (14, 15).
Mutational analysis of these immunodominant epitopes
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Table 1
Ara h 3 IgE-binding epitopes

Epitope Amino acid sequence Ara h 3 position Recognition (%)
1 IETWNPNNQEFECAG 33-47 25

2 GNIFSGFTPEFLEQA 240-254 38

3 VTVRGGLRILSPDRK 279-293 100

4 DEDEYEYDEEDRG 303-317 38

The Ara h 3 IgE-binding epitopes are indicated as the single-letter amino acid code. The
position of each peptide with respect to the Ara h 3 protein coding sequence is indicat-
ed. The percent recognition is the percentage of patients previously shown to recognize
recombinant Ara h 3 whose serum IgE recognized that particular synthetic epitope.
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has revealed that IgE binding can be abolished by single
amino acid mutations within each epitope (14, 15).
These results indicate that recombinant protein can be
considered for use in both diagnostic and immunother-
apeutic approaches to peanut hypersensitivity.

In this article, we report the cloning of the cDNA encod-
ing a third peanut allergen, Ara h 3. Sequencing of the
Ara h 3 cDNA identified this allergen as a legumin-like
seed-storage protein. The recombinant form of this pro-
tein has been expressed in a bacterial system and is recog-
nized by serum IgE from 44% (8/18) of our peanut-hyper-
sensitive patient population. The derived amino acid
sequence has been used to construct synthetic peptides for
use in performing a detailed analysis of the linear IgE-bind-
ing epitopes of this protein. These results will enable the
design of improved diagnostic and therapeutic approach-
es to treat individuals with peanut hypersensitivity.

Methods

Patients. Serum from patients with documented peanut hyper-
sensitivity was used to probe recombinant protein and identify
the Ara h 3 IgE-binding epitopes. Each patient had a positive
immediate skin prick test to peanut and either a positive dou-
ble-blind, placebo-controlled food challenge or a convincing his-
tory of peanut anaphylaxis (laryngeal edema, severe wheezing,
and/or hypotension). One individual with elevated serum IgE
levels (who did not have peanut-specific IgE or exhibit peanut
hypersensitivity) served as a control in these studies. In some
instances a serum pool, consisting of equal aliquots of serum
IgE from each of the patients, was used in immunoblot analysis
experiments to determine the IgE-binding characteristics of the
population. Details outlining the challenge procedure and col-
lection of IgE serum have been discussed previously (16). All
studies were approved by the Human Use Advisory Committee
at the University of Arkansas for Medical Sciences.

Isolation and amino acid sequence analysis of peanut allergen Ara b 3.
Gel slices containing Ara h 3 were sent to the W.M. Keck Foun-
dation (Biotechnology Resource Laboratory, Yale University,
New Haven, Connecticut, USA) for amino acid sequencing. The
NH,-terminal amino acid sequence of Ara h 3 was determined
by performing Edman degradation on an Applied Biosystems
Inc. (Foster City, California, USA) gas-phase sequencer with an
online HPLC column that was eluted with increasing concen-
trations of acetonitrile.

Identification of Ara b 3 cDNA clones. A mature peanut cDNA
library was screened using a y-ATP, 5’ end-labeled, degenerate
23-bp oligonucleotide derived from the NH,-terminal amino
acid sequence (ISFRQQPEENA). Positive plaques were subject-
ed to in vivo excision to remove phagemid from the vector using
the R408 Helper Phage (Stratagene, La Jolla, California, USA)
according to a protocol supplied by the manufacturer. Super-

natants containing the excised phagemid pBluescript packaged
as filamentous phage particles were decanted into sterile tubes.
For DNA preparation, rescued phagemids were plated on LB-
ampicillin plates using XL-1 Blue cells and incubated overnight
at 37°C. Colonies appearing on the plate contain the pBlue-
script double-stranded plasmid with the cloned insert. DNA
was prepared using the Plasmid Spin Miniprep kit (QIAGEN
Inc., Valencia, California, USA) and sequenced as described later
here. Several clones were identified in this manner, all of which
were lacking (300 bp of the 5’ end.

Amplification of glycinin cDNA ends. The CapFinder PCR cDNA
Library Construction Kit (CLONTECH Laboratories Inc., Palo
Alto, California, USA) was used to selectively amplify the 5’ por-
tion of the cDNA encoding Ara h 3. Poly (A)* RNA was isolated
as described previously (13). For first-strand cDNA synthesis, 0.5
Mg poly (A)* RNA, 1 pl CapSwitch oligonucleotide, 5 pmol of
3FA.S. (GCACCTTCTGGTGACTATC), an antisense primer
derived from a conserved nucleotide sequence present in
glycinins, were incubated at 72°C for 2 min, then placed on ice
for 2 min before being added to a mixture of 5 first-strand
buffer,2 mM DTT, 1 mM dNTP, and 100 U of Moloney murine
leukemia virus reverse transcriptase. This reaction proceeded at
42°C for 1 h and was placed on ice. To amplify double-stranded
cDNA, 2 pl of first-strand cDNA and 5 pmol each of 3FA.S. and
H1 (to serve as primers) were added to a reaction mixture con-
taining 1% KlenTaq PCR buffer, 0.2 mM dNTP, 1x KlenTaq
Polymerase Mix, and dH,O. The PCR reaction commenced with
a 1-min denaturation at 95°C, followed by 22 cycles of denatu-
ration at 95°C and annealing/elongation for S min at 68°C. The
amplified 5" portion of the Ara h 3 cDNA was cloned into a
PGEM-T vector by standard protocols supplied by Promega
Corp. (Madison, Wisconsin, USA).

PCR amplification of the Ara h 3 mRNA sequence. Two oligonu-
cleotides — Rab-1 (CGNCAGCAACCGGAGGAGAACGCQ),
derived from nucleotide sequence obtained from selective ampli-
fication of the 5" end of peanut glycinins, and T7+ (CGACT-
CACTATAGGGCGAATTGG), an oligonucleotide derived from
the pBluescript vector sequence — served as primers for a PCR
reaction to selectively amplify the nucleotide sequence encoding
the Ara h 3 protein. Our mature peanut cDNA library served as
template and was concentrated by standard phenol/chloroform
extraction followed by ethanol precipitation. Each PCR reaction
consisted of 1 pl of concentrated cDNA library, 5 pmol of each
primer, 0.2 mM dNTP, and 1.25 U of Tzqg DNA polymerase.
These reactions were carried out in a buffer containing 3 mM
MgCl,, 500 mM KCI, and 100 mM Tris-HCI (pH 9.0). After an
initial denaturation cycle at 94°C for 2 min, 30 cycles of PCR
consisting of a 30-s denaturation step at 94°C followed by
annealing at 60°C for 30 s and elongation at 72°C for 1 min
were carried out in a thermocycler (Perkin-Elmer Corp., Nor-
walk, Connecticut, USA). After separating by electrophoresis on
a 1% agarose gel and purification, products of the appropriate
size were inserted into a pGEM-T vector.

DNA sequencing and analysis. Sequencing was performed
according to the methods of Sanger et al. (17) using oligonu-
cleotide primers directed to different regions of the clone and
the femtomole DNA Cycle Sequencing System (Promega
Corp.). Sequence analysis was performed on the University of
Arkansas for Medical Science’s Vax computer using the Wis-
consin DNA analysis software package (18).

Bacterial expression and purification of recombinant Ara b 3. A
cDNA corresponding to the Ara h 3 sequence was amplified by
PCR and cloned into a pET vector. This plasmid allowed expres-
sion of a recombinant protein that included the addition of
Alal, Ser?, and Phe? at the NH,-terminus, three amino acids not
encoded by our clone. Ser? and Phe? coincide with amino acids
in the native protein; however, Ile! in the native protein was
altered to Ala! in the recombinant for ease of expression (19).
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Figure 1
s F = 0o o0 » # & ~ a c F 0 R L N A 0 R P D|N Nucleotide sequence of an Ara h 3 cDNA
CGG CAG CAA CCG GAG GAG AAC GCG TGC CAG TTC CAG CGC CTC AAT GCG CAG AGA CCT GAC AAT 72 . .
clone. The nucleotide sequence is on the
R I E § E 6 G Y I E T W N P N N Q@ E F E ¢ A G V p S .
CGC ATT GAA TCA GAG GGC GGT TAC ATT GAG ACT TGG ARC CCC AAC AAC CAG GAG TTC GAA TGC GCC GGC GTC 144 second line. The first line is the derived
amino acid sequence. Boxed amino acids
A L S R L v L R R N A L R R P F Y 8 N A P Q E I . .
GCC CTC TCT CGC TTA GIC CTC CGC CGC AAC GCC CTT CGT AGG CCT TTC TAC TCC AAT GCT CCC CAG GAG ATC 216 correspond to the amino acid sequence
P I @ @ ¢ R 6 Y F 6 L I F P G € » R H Y E E P H determined from the NH,-terminus of the
TTC ATC CAG CAR GGA AGG GGA TAC TTT GGG TTG ATA TTC CCT GGT TGT CCT AGA CAC TAT GAA GAG CCT CAC 288 Ara h 3 protein. The numbers on the right
T Q@ G R R S @ § @ R P P R R L Q@ 6 E D Q § Q@ 0 Q side of the figure indicate the position of
ACA CAA GGT CGT CGA TCT CAG TCC CAA AGA CCA CCA AGA CGT CTC CAA GGA GAA GAC CAA AGC CAA CAG CAA 360 . .
the nucleotide sequence relative to the first
R D 8§ ¥ @ K v ¥ R F D E G D L I A V P T G V A F
CGA GAT AGT CAC CAG AAG GTG CAC CGT TTC GAT GAG GGT GAT CTC ATT GCA GTT CCC ACC GGT GTT GCT TTC 432 nucleotide in the insert. The numbers on
the left side of the figure indicate the
¥ L Y N D H D T D V V A VvV § L T D T N N N D N Q o e
TGG CTC TAC AAC GAC CAC GAC ACT GAT GTT GTT GCT GIT TCT CTT ACT GAC ACC AAC AAC AAC GAC AAC CAG 504 position of the amino acid sequence rel-
L p ¢ F P R R F N L A & N T E Q@ E F L R Y Q@ @ @ ative to the first determined amino acid
CTT GAT CAG TTC CCC AGG AGA TTC AAT TTG GCT GGG AAC ACG GAG CAA GAG TTC TTA AGG TAC CAG CAA CAA 576 from the protein. The underlined amino
s R @ S R R R § L P Y S§ P Y S$§ P Q S Q P R Q E E acids are found at the NH,-terminal end
AGC AGA CAA AGC AGA CGA AGA AGC TTA CCA TAT AGC CCA TAC AGC CCG CAA AGT CAG CCT AGA CAA GAA GAG 648 .
of the Ara h 3 protein, but are not encod-
R E F s P R G Q H s R R E R A G Q E E E N E G G
CGT GAA TTT AGC CCT CGA GGA CAG CAC AGC CGC AGA GAA CGA GCA GGA CAA GAA GAA GAA AAC GAA GGT GGA 720 ed by the cDNA clone. The stop codon
TAA is indicated by an asterisk. Ara h 3
N I F 8 G F T P E F L E Q A F Q v D D R Q I v Q .
ARC ATC TTC AGC GGC TTC ACG CCG GAG TTC CTG GAA CAA GCC TTC CAG GTT GAC GAC AGA CAG ATA GTG CAA 752 GenBank accession no. AF093541.
N L R G E T E § E E E G A I V T V R G 6 L R I L
AAC CTA AGA GGC GAG ACC GAG AGT GAA GAA GAG GGA GCC ATT GTG ACA GTG AGG GGA GGC CTC AGA ATC TTG 864
S P D R K R R A D E E E E Y D E D E Y E Y D E E
AGC CCA GAT AGA AAG AGA CGT GCC GAC GAA GAA GAG GAA TAC GAT GAA GAT GAA TAT GAA TAC GAT GAA GAG 936
D R R R G R G s R G R G N G I 'E E T I C T A s A
GAT AGA AGG CGT GGC AGG GGA AGC AGA GGC AGG GGG AAT GGT ATT GAA GAG ACG ATC TGC ACC GCA AGT GCT 1008
XK X N I ¢ R N R § P P I Y N P Q A G § L K T A N
AAA AAG AAC ATT GGT AGA AAC AGA TCC CCT GAC ATC TAC AAC CCT CAA GCT GGT TCA CTC AAA ACT GCC AAC 1080
D L N L L I L R w L G P s A E Y G N L Y R N A L
GAT CTC AAC CTT CTAR ATA CTT AGG TGG CTT GGA CCT AGT GCT GAA TAT GGA AAT CTC TAC AGG AAT GCA TTG 1152
F v A H Y N T N A H s I I Y R L R G R A H v Q v
TTT GIC GCT CAC TAC BAC ACC AAC GCA CAC AGC ATC ATA TAT CGA TTG AGG GGA CGG GCT CAC GTG CAA GTC 1224
v D § N 6 N R V Y D E E L Q@ E ¢ H VvV L V VvV P Q N
GTG GAC AGC AAC GGC AAC AGA GTG TAC GAC GAG GAG CTT CAA GAG GGT CAC GTG CTT GTG GTG CCA CAG AAC 1296
F A vV A 6 K § Q § E N F E Y V A F K T D § R P §
TTC GCC GTC GCT GGA AAG TCC CAG AGC GAG ARAC TTC GAA TAC GTG GCA TTC AAG ACA GAC TCA AGG CCC AGC 1368
1 A N L A G E N s v I D N L P E E v v A N S Y G
ATA GCC AAC CTC GCC GGT GAA AAC TCC GTC ATA GAT AAC CTG CCG GAG GAG GTG GTT GCA AAT TCA TAT GGC 1440
L @ R E A R @ L X N N N P F K F F V P P S Q Q
CTC CAA AGG GAG CAG GCA AGG CAG CTT RAG AAC AAC AAC CCC TTC AAG TTC TTC GTT CCA CCG TCT CAG CAG 1512
s P R A v A *
ICT CCG AGG GCT GTG GCT TAA 1533

Primers for PCR were designed to include an Nbel site at the 5’
end of the cDNA and a Sall site at the 3" end of the cDNA. The
primers used were 5'-“TATGGCTAGCTTCCGGCAGCAACCG-
GAGGAG-3' (5" primer) and 5'-CCGTCGACAGCCACAGCC-
CTCGGAGA-3' (3' primer). PCR products were cloned into the
Nbel/ Sall restriction sites of the plasmid pET 24(B)* under the
control of the T7 lac promoter. This expression vector contains
the gene encoding kanamycin resistance and coding sequence
for a Hisg tag produced at the COOH-terminus of the recom-
binant protein. Protein expression in the Escherichia coli strain
BL21 (DE3) was induced by the addition of isopropyl-B-D-thio-
galactopyranoside to a final concentration of 1 mM once the
culture reached Agoo = 0.6. The cells were harvested at 1-h inter-
vals, resuspended in SDS sample buffer containing DTT, and
boiled at 100°C for 5 min. Samples were either used immedi-
ately for immunoblot analysis, or samples were pelleted,
washed with 50 mM Tris-HCl, and stored for later use as a
frozen pelletat -70°C.

Recombinant Ara h 3 was purified from bacterial lysates
under denaturing conditions using the His-Bind Purification
Kit (Novagen Inc., Madison, Wisconsin, USA). Cell extracts
were resuspended in 4 ml of cold Binding Buffer (5 mM imida-
zole, 0.5 M NaCl, 20 mM Tris-HCl, and 6 M urea; supplied with
Novagen kit), sonicated to shear DNA, and incubated on ice for
1 h. Next, the lysate was centrifuged at 12,000 g for 45 min to
remove cellular debris. The postcentrifugation supernatant was

prepared for loading onto the column by passing it through a
0.45-um membrane using a syringe-end filter. A His-Bind
Quick Column (Novagen) was packed with His-Bind metal
chelation resin, washed with deionized H,O, and charged until
saturation with Charge Buffer (50 mM NiSOy; Novagen). After
equilibration of the column with Binding Buffer, 2 volumes of
supernatant were loaded onto the column. The column was
washed with 10 volumes of Binding Buffer and 6 volumes of’
Wash Buffer (20 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI,
and 6 M urea). Elution was achieved with 5 volumes of Elution
Buffer (1 M imidazole, 0.5 M NaCl, 20 mM Tris-HCl, and 6 M
urea; Novagen). Fractions collected over the course of the exper-
iment containing recombinant Ara h 3 were Iyophilized and
stored in 1x PBS.

SDS-PAGE, Western blots, and IgE-binding assay. Purified recom-
binant Ara h 3 was analyzed by SDS-PAGE using precast 12%
Tris-glycine gels (Novex, San Diego, California, USA). Samples
were electrophoresed for 90 min at 125 V. Proteins were visual-
ized by either Coomassie blue staining or by using Gelcode Blue
Stain Reagent (Pierce Chemical Co., Rockford, Illinois, USA)
according to the manufacturer’s protocol. For immunoblot
analysis, proteins were electroblotted onto nitrocellulose at 30 V
for 90 min. After transfer, blots were blocked using a solution
containing Tris-NaCl and 3% BSA. Alternatively, cellulose mem-
branes containing synthetic peptides were blocked in a solution
provided by Genosys Biotechnologies, Inc. (The Woodlands,
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Figure 2

Bacterial expression and immunoblot analysis of recombinant Ara h 3. (a) 10-pl samples of bacterial extract were electrophoresed in a 12% Tris-
glycine gel. Proteins were visualized by Coomassie blue staining. Lane A, 4-h induction of vector containing no insert; lane B, uninduced Ara h 3 (vec-
tor with inset); lane C, 1-h induction; lane D, 2-h induction; lane E, 3-h induction; lane F, 4-h induction. (b) Immunoblot of @ with a pool of patient
serum as described in Methods. (¢) Immunoblot of purified recombinant Ara h 3 with serum IgE from individual patients (lanes A—R were patients
with documented peanut hypersensitivity) and a pool of serum IgE from peanut-hypersensitive patients (lane S). A nonallergic patient with elevated

serum IgE served as a negative control (lane T).
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Texas, USA). All blots were incubated with a serum pool from
patients with documented peanut hypersensitivity or individual
sera diluted (1:5) in a solution containing Tris-NaCl and 1% BSA
for 16 h at 4°C. Primary antibody was detected with 12]-labeled
anti-IgE antibody (Sanofi Diagnostics Pasteur Inc., Paris, France).

Peptide synthesis. Individual peptides were synthesized with
Fluorenylmethoxycarbonyl (Fmoc) amino acids on a deriva-
tized cellulose membrane containing free hydroxyl groups
according to manufacturer’s instructions (Genosys Biotech-
nologies). Briefly, synthesis of each peptide began by esterify-
ing an Fmoc amino acid to the cellulose membrane. Coupling
reactions are followed by acetylation with acetic anhydride in
N,N-dimethylformamide to render peptides unreactive during
the subsequent steps. After acetylation, Fmoc protective groups
are removed by the addition of piperdine to render nascent pep-
tides reactive. The remaining amino acids are added by this
same process of coupling, blocking, and deprotection, until the
desired peptide is generated. Upon addition of the last amino
acid, the side chains of the peptide are deprotected with a
1:1:0.05 mixture of dichloromethane/trifluoreacetic acid/tril-
isobutylsilane and washed with methanol. Membranes con-
taining synthetic peptides were either probed immediately with
serum IgE or stored at -20°C until needed.

Results

Molecular cloning and sequence of the Ara h 3 cDNA. The
NHo,-terminus of a purified 14-kDa protein identified by
soy-adsorbed IgE serum from peanut-hypersensitive
patients was used for amino acid sequencing (12).
Degenerate oligonucleotides derived from the amino
acid sequence were used to screen a mature peanut
cDNA library. Details concerning the procedures used to
clone the Ara h 3 cDNA are outlined in Methods. The
sequence of the Ara h 3 cDNA and the deduced amino
acid sequence are shown in Fig. 1. The Ara h 3 cDNA is
an open-reading frame of 1,530 nucleotides, coding for

A B C D E I
90 kD —
64 kD —
50 kD —— *'
36 kb ——
30 kD —
16 kb ——
J KL M N O P Q R § 1
. — - - -

510 amino acids. This reading frame starts with a CGG
codon and ends with a TAA stop codon at nucleotide
position 1,533. The calculated size of the protein encod-
ed by this open reading frame is [57 kDa. The 24 amino
acids obtained from NHy-terminal sequencing of the 14-
kDa protein correspond to the amino acids encoded by
the nucleotides located at the 5’ end of the cDNA clone.
The 14-kDa protein appears to be an NH,-terminal
breakdown product of a larger allergen. This cDNA
clone appears to be lacking the extreme 5' end that
would encode a signal peptide and the initiator methio-
nine. Database searches for sequence similarity revealed
that the Ara h 3 cDNA encoded an 118 seed-storage pro-
tein. Ara h 3 showed 62%-72% sequence identity to
glycinins from Glycine max (soybean) and legumins from
Pisum satvium (pea). In particular, 24 of 26 residues
thought to be important for the tertiary structure of
these storage proteins (20) are present in the Ara h 3 pri-
mary sequence, including a conserved cleavage site at
Asn-325 and Gly-326. There was no homology noted
between this allergen and the other major peanut aller-
gens already identified (Arah 1 or Ara h 2).

Expression, antigenicity, and purification of recombinant Arah 3.
The Arah 3 cDNA was cloned into a pET 24 plasmid and
expressed in a bacterial system. Optimal expression was
obtained following a four-hour induction by isopropyl B-
D-thiogalactopyranoside (Fig. 24, lane F). The immunoblot
in Fig. 2b was performed using serum IgE from a pool of
patients with peanut hypersensitivity to determine the
molecular weight and specificity of IgE binding. From the
blot, the estimated size of the recombinant protein pro-
duced by bacterial cells is [57 kDa, which corresponds to
the predicted molecular mass encoded by the clone. Figure
2¢ shows 20 immunoblot strips of purified recombinant
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Ara h 3 incubated with different patient sera. Forty-four
percent (8/18) of the patients tested had IgE that recog-
nized the recombinant protein (Fig. 2¢, lanes A-R). The dif-
ference in binding intensities between Ara h 3-allergic
patients could be due to the amount of peanut-specific IgE
in each individual or differences in affinity of patient-spe-
cific IgE to this allergen.

Multiple IgE-binding regions located throughout the Ara b 3
protein. Sixty-three overlapping peptides were synthe-
sized to determine which regions of the Ara h 3 protein
were recognized by serum IgE. Each peptide synthesized
was 15 amino acids long and offset from the previous
peptide by eight amino acids. This approach allowed the
analysis of the entire Ara h 3 primary sequence in large,
overlapping fragments. These peptides were probed
with a serum pool of IgE from peanut-hypersensitive
patients who had previously been shown to recognize
recombinant Ara h 3. Figure 3 shows the four IgE-bind-
ing regions and their corresponding location within the
Ara h 3 primary amino acid sequence. These IgE-bind-
ing regions were represented by amino acid residues
21-55, 134-154, 231-269, and 271-328.

To determine the exact amino acid sequence of the IgE-
binding regions, synthetic peptides (15 amino acids oft-
set by two amino acids) representing the larger IgE-bind-
ing regions were generated and probed with a serum

pool of IgE from patients who recognize recombinant
Ara h 3. This process made it possible to distinguish
individual IgE-binding epitopes within the larger IgE-
binding regions of the Ara h 3 protein. Figure 44 is an
immunoblot of six synthetic peptides, whereas Fig. 4b
shows the amino acid sequence representing this region
and the amino acid sequences represented by each indi-
vidual peptide. The shaded area in Fig. 4b represents the
core epitope. The four IgE-binding epitopes identified in
this manner are shown in Table 1, with the epitopes
ranging from nine to 13 amino acids in length.
Immunodominance and characterization of the Ara b 3 epitopes.
To determine whether any of the four epitopes were
immunodominant (within the Ara h 3-allergic population),
each set of four peptides was probed individually with
serum IgE from the eight patients previously shown to rec-
ognize recombinant Ara h 3 (results summarized in Table
1 as percentage recognition). Epitope 1 was recognized by
serum IgE from 25% (2/8) of the patients tested, whereas
epitopes 2 and 4 were recognized by serum IgE from 38%
(3/8) of the eight patients tested. Interestingly, epitopes 2
and 4 were recognized by the same three patients. Epitope
3 was recognized by serum IgE from 100% (8/8) of the Ara
h 3-allergic patients, classifying it as an immunodominant
epitope within the Ara h 3-allergic population. Sixty-eight
percent of the amino acids constituting the epitopes were

a Amino acids
1-103 -
97-199 P
193-295 L >
289-391 X B
385-487
481-510 .
4+ -
R R
ISFROQPEEN ACOFORLNAQ REDNRIESEGEGYTETWNENNEOEEECAGVET 50
Figure 3 SELVIORRNAL RRFFYSNAPQ EIFIQQGRGY FGLIFPGCPR HYEEPHTQGR 100
Multiple IgE-binding regions identified on RSOSQRPPRR LOGEDQRSQQ0 RDSHOKVHRFE DEGDIEVEIE B2 — ;
the Ara h 3 allergen. (a) The Ara h 3 pri- ISR COEEVEISCURENTNNDH 150
mary sequence was synthesized as 15 DIDUVAVSLT DTNNNDNQLD QFFRRFNLAG NTEQEFLRYQ QQSROSRRRS 200
amino acid-long peptides offset from each T
other by eight residues. These peptides LEYSPYSPQS QPRQEEREFS PRGQHSRRER LGOEEENEGGINTIESGETEEE 250
were probed with a pool of serum IgE from N o I e R -
peanut-hypersensitive patients. The posi- LEQREEQVDDR OIVONLRGET ESEEHG&IVT{EH_G(_;LBI_LS:P__[TEERB&DEE_E 300
tion of the peptides within the Ara h 3 pro- EYDEDEYEY B—— S——
tein are indicated on the left. (+) indicates DEDEYE¥D FEDRRRGRGSNRGRCNGIEET ICTASRKKNI GRNRSPDIYN 350
an |mmunodom|nan'§ Peptlde from Ara h POAGSLKTAN DLNLLILEWL GLSAEYGNLY RNALFVAHYN TNAHSITYRI 400
2 that served as a positive control, and (—) - :
indicates a peptide synthesized to serve as BEGRAHVOQVVD SNGNRVYDEE LQEGHVLVVE QNFAVAGKSD SENFEYVAFK 450
a negative control. (b) The amino acid
sequence of the Ara h 3 protein is shown. TDSRPEIANL AGENSVIDNL PEEVVANSYG LOREQARQLE NNNPFKFEVE 500
The shaded areas (R7—R4) correspond to
the IgE-binding regions shown in a. PEQQSPRAVA 510
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Figure 4

Identification of a core IgE-binding epitope on the Ara h 3 allergen. (a)
Detailed epitope mapping was performed on IgE-binding regions by syn-
thesizing overlapping peptides 15 amino acids in length offset from the
previous peptide by two residues. These peptides were probed with a pool
of serum IgE from eight patients previously shown to recognize recombi-
nant Ara h 3. The data shown represents amino acids 299-321. (b) The
amino acid sequence (residues 299-321) of Ara h 3 that was tested in a
is shown. Residues in boldface correspond to common IgE-binding
amino acids of the spots shown in a.

either polar uncharged or apolar residues. However, there
was no obvious sequence motif with respect to position or
polarity shared by the individual epitopes.

Mutations at specific residues eliminate IgE binding. The
amino acids essential for IgE binding to the Ara h 3 epi-
topes were determined by synthesizing multiple peptides
with single amino acid changes at each position. These
peptides were probed with a pool of serum IgE from
patients who had previously recognized the wild-type
peptide, to determine whether amino acid changes
affected peanut-specific IgE binding. Fig. 5 shows an
immunoblot strip containing the wild-type and mutant
peptides for epitope 4. The pool of serum IgE did not
recognize the peptide, or a decrease in binding was
observed when alanine was substituted for the wild-type
amino acid at positions 308,309, 310,311,312, and 314.
Interestingly, it appears as if an alanine substitution
increases IgE binding at positions 304 and 305. The
remaining Ara h 3 epitopes were analyzed in the same
manner. In general, each epitope could be altered to a
non-IgE-binding peptide by the replacement of the wild-
type amino acid residue with alanine. The critical
residues for IgE binding within each Ara h 3 epitope are
shown in Table 2. It appears that the central amino acids
within each epitope are favored for mutation. All muta-
tions that led to a significant decrease in IgE binding
were located at residues found within each core epitope
(as identified in Fig. 4). There was no obvious consensus
in the type of amino acid that, when mutated to alanine,
leads to complete loss or a decrease in IgE binding.

Table 2
Amino acids critical to IgE binding

Epitope Amino acid sequence Ara h 3 position
1 IETWNPNNQEFECAG 33-47
2 GNIESGETPEFLEQA 240-254
3 VTVRGGRIL SPDRK 279-293
4 DEDEEYDEEDRG 303-317

The Ara h 3 IgE-binding epitopes are indicated as the single-letter amino acid code.
The position of each peptide with respect to the Ara h 3 primary sequence is indi-
cated in the right column. The amino acids that, when altered, led to a decrease in
IgE binding are shown as the bold, underlined residues.

EEEYDEDE
EEEYDEDE
EYDEDE
DEDE

DE

YDEEDRRRGRGSRGR

Discussion

We have reported the cDNA cloning, expression, and epi-
tope analysis of Arah 3, an allergenic, 11S storage protein
from the peanut, A. hypogaea. Although these are pre-
dominant proteins in legumes, this is the first time that
the cDNA from an 118 storage protein has been cloned
and shown to encode an allergenic protein in the peanut.
118 storage proteins are initially synthesized as 60-kDa
preproglobulins consisting of covalently linked acidic
and basic polypeptides. The precursors are deposited in
storage bodies where they aggregate into trimers, before
being cleaved by an asparagine-dependent endopeptidase
(21, 22). This results in an NH,-terminal acidic chain of
[BS kDa and a COOH-terminal basic chain of [20 kDa,
which later become linked by a disulfide bridge (23). 11S
storage proteins are then assembled into their mature
form as hexameric oligomers consisting of six similar
subunits (24). The Ara h 3 cDNA represents the coding
region for the 60-kDa preproglobulin.

We have demonstrated high-level expression of recom-
binant Ara h 3 in a bacterial system. Serum IgE from 44%
(8/18) of our peanut-allergic patient population recog-
nized recombinant Ara h 3, designating it as a minor
allergen. This is in contrast to the other peanut allergens,
Arah 1 and Ara h 2, both of which are major allergens
(25), recognized by >90% of the patient population. All
three of these allergens share similar functional proper-
ties; they are all seed-storage proteins with no enzymatic
activity. However, no direct evidence exists as to why only
a portion of the patient population recognizes Ara h 3.
The ability of 11S storage proteins to oligomerize into
hexamers and the position of the epitopes at the tertiary
level of protein structure may provide insight into this
issue. Another possibility is the level of sequence similar-
ity retained between these proteins from different
legumes. Ara h 3 exhibits higher sequence identity with
legume storage proteins from soybean and pea
(62%-72%) than Ara h 1 exhibits with vicilins (40%) or Ara
h 2 exhibits with conglutinins (39%) (14, 15). The per-
centage of patients with allergen-specific IgE may depend
on unique sequences not conserved between protein fam-
ilies of different legume species. This would account for
the lower percentage of peanut-allergic patients with IgE
to Ara h 3 and the smaller number of linear, IgE-binding
regions found within this allergen. Several characteristics
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have been proposed to justify why particular proteins are
allergenic. These reasons include their increased abun-
dance in the food supply, their durability during food
processing (blanching), and their resistance to digestion
in the gastrointestinal tract (26, 27). Whether these traits
play a role in why this particular protein is a minor aller-
gen still needs to be investigated.

Given that allergen-specific IgE plays such a critical
role in the etiology of allergic disease, determination of
allergen-specific, IgE-binding epitopes is an important
first step toward understanding the complexity of hyper-
sensitivity reactions. By generating synthetic, overlap-
ping peptides representing the entire primary sequence
of the protein, we were able to determine that there are
four distinct IgE-recognition sites distributed through-
out the primary sequence of the protein. One of these
sites (epitope 3) was recognized by serum IgE from every
Ara h 3-allergic patient, designating it as an immun-
odominant epitope. Interestingly, epitopes 3 and 4 are
located within the hypervariable region of the acidic
chain, a stretch of amino acids that is highly variable in
length among 118 storage proteins. This region contains
a high proportion of glutamate, aspartate, and arginine
residues and will tolerate large, naturally occurring inser-
tions or deletions. Computer predictions from other
studies suggest that this region is exposed on the surface
of the protein (28), making it accessible to IgE binding.
Multiple IgE-binding epitopes have been identified for
allergens from cow milk (29), codfish (30), hazel (31),
soybean (32), shrimp (33), and others. The observation
of multiple IgE-binding sites probably reflects the poly-
clonal nature of the immune response and may be a nec-
essary step in establishing a protein as an allergen. Also,
cross-linking of IgE on the surface of the allergen is
required for mast-cell degranulation, leading to the
release of histamine and other mediators of the immune
response. For cross-linking to occur, multiple IgE-bind-
ing sites would have to be present.

Soybean glycinins have long been the target of genetic
engineering studies aimed at improving their nutrition-
al value (34-37). Initial experiments revealed that muta-
tions within the 35-kDa acidic subunit had little effect
on the ability of glycinins to oligomerize into higher-
order structures. We chose alanine for our mutational
analysis based on its ability to be tolerated in both a-
helix and -sheet secondary structure. All four Arah 3
epitopes reside within the 35-kDa acidic subunit.
Because there is no overlap between the amino acids con-
sidered to be important for glycinin structure (20) and
the critical residues required for IgE binding, we feel con-
fident that the Ara h 3 cDNA can be altered to encode a
nonallergenic protein that retains its native structure
and function. This altered gene could be used to modify
peanut plants, and the expressed protein could be used
for recombinant immunotherapy (38).

Currently, the only therapeutic option available for the
prevention of food allergic reactions is food avoidance.
Because peanut is used as a protein supplement in a wide
variety of processed foods, accidental consumption is
almost inevitable (39). Recombinant allergens represent
promising tools for diagnosing and treating food-hyper-
sensitivity patients. Characteristics of recombinant aller-

Figure 5
Ara h 3 epitopes can be mutated to non-IgE-
binding peptides. Epitope 4 was synthesized

with an alanine residue substituted for one of E3 04n
the amino acids at each position in the pep-
tide. The synthesized peptides were probed D305A

with a pool of serum IgE from peanut-hyper-
sensitive patients whose IgE has previously
been shown to recognize this peptide. The
letters to the right of each lane indicate the
one-letter amino acid code for the residue

normally at that position and the amino acid
substituted for that residue. The numbers
indicate the position of each residue in the
Ara h 3 protein. WT indicates the wild-type
peptide with no amino acid substitutions.

D303Aa

E306A
Y307a

E308Aa
Y309A

D310A
E311A

E312A

D313A

R314A

. R315a
©  R316A
. G317a
© WT

gens that would make them useful in a clinical setting
include a reduced capacity to bind serum IgE, ensuring
a lower risk of IgE-mediated anaphylactic side effects,
and retention of their T-cell epitopes, allowing modula-
tion of the immune response. The elucidation of the
major IgE-binding epitopes on Ara h 3 and the determi-
nation of which amino acids within these epitopes are
critical for IgE binding provides the information neces-
sary to alter the Ara b 3 gene by site-directed mutagene-
sis to encode a protein that escapes IgE recognition.
Because of the extensive use of peanut protein in con-
sumer foods and the potential severity of a peanut-
induced allergic reaction, our future studies are aimed at
producing a cDNA that encodes a nonallergenic 118
storage protein for both immunotherapeutic purposes
and stable transformation into plants to produce a
hypoallergenic peanut.
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