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Abstract

Peanut allergy is one of the most serious food allergies. The major peanut allergens are designated Ara h 1, Arah 2 and Ara h 3. A previously
unidentified ara h3-related cDNA, ara h3-im, was isolated and its corresponding protein product confirmed in peanut seed by N-terminal
sequencing. Ara h3-im is distinct from other related allergens in having a novel N-terminal sequence, lacking two potential N-glycosylation sites,
missing most of the fourth IgE-binding epitope found in Ara h 3, and having a different predicted three-dimensional structure. Immunoblotting
showed that the 36 kDa Ara h 3-im polypeptide was not recognized by IgE from the sera of peanut sensitive patients that recognized other major
peanut allergen polypeptides. ara h 3-im is a new peanut arachin gene that encodes an expressed protein in peanut seed, Ara h 3-im, that shares
features with other 11S globulin genes. Initial results indicate that Ara h 3-im has potentially lower allergenic properties than previously

characterized peanut allergens which may aid in the production of a hypoallergenic peanut.

© 2006 Published by Elsevier Ireland Ltd.
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1. Introduction

Peanut (Arachis hypogaea L.) allergy is one of the most
serious food allergies, eliciting a reaction through immuno-
globulin E (IgE). Approximately, 1.5 million people are
allergic to peanuts and peanut allergy causes as many as 100
deaths each year in the U.S. Allergies to peanut can persist
throughout the lifetime of an individual [1,2]. Additionally, the
number of children having an allergic reaction to peanut has
nearly doubled during the last decade in the U.S. [3,4].

Most peanut allergens are seed storage proteins. Although
about 20 peanut allergens have been reported, Arah 1, Arah 2
and Ara h 3 are classified as important major allergens which
are recognized by more than 50% of peanut allergic patients
[5]. Arah 1 and Ara h 2 are recognized by 70-90% of patients
with peanut allergy [6,7], and Ara h 3 is recognized by serum
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IgE from approximately 44 to 54% of different patient
populations with a history of peanut sensitivity [8,9].

Arah 3 was originally identified as a 14 kDa glycinin whose
N-terminal sequence was determined by Edmann degradation
after separation by SDS-PAGE [7,10]. An ara h 3 gene was
cloned using degenerate cDNA probes whose sequences were
determined based on N-terminal sequence information. This
gene was expressed as a 60 kDa IgE-binding protein containing
both acidic and basic chains [8]. Independently, another peanut
allergen, Ara h 4, was described [9]. However, sequence
comparisons between ara h 3 and ara h 4 cDNAs revealed high
sequence homology, and now ara h 3 and ara h 4 are considered
to be essentially the same gene.

The nucleotide sequence of ara h 3 encodes 507 amino acid
residues and the calculated size of the deduced protein is
~60 kDa. It is a legumin-like seed storage protein that has high
sequence homology to glycinin, which is the major 11S
globulin seed storage protein in soybean [8]. The 11S globulins
are common storage proteins in legumes that function as a
source of nitrogen for the developing plant and are initially
synthesized as 60 kDa precursor globulins. Database searches
for sequence similarity revealed that there are several ara h
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3-related genes including ara h 4, ara h 3/ara h 4, and gly1 in
peanut. However, a 14 kDa protein was originally identified as
Ara h 3 [7,10]. Therefore, this suggests that the 14 kDa protein
is a processed form of Ara h 3 following translation of the
expected whole protein. In fact, it was reported that there are
several post-translational processing sites such as Asn-Gln,
Asn-Gly and cysteine residues which can form disulfide bonds
in Ara h 3 [8]. Recently, protein extracts from peanut seed run
on SDS-PAGE revealed a series of Ara h 3 polypeptides ranging
in size from 14 to 45 kDa [11]. Based on their N-terminal
sequences, the observed set of polypeptides is the result of post-
translational proteolysis [7,11,12,13].

Linear IgE-binding epitope analysis of a recombinant Ara h
3 revealed that four IgE-binding epitopes are present in the
protein and mutational analysis of these epitopes revealed that
single changes at particular amino acid residues resulted in a
significant decrease in IgE-binding [8]. An interesting finding
was that all four critical IgE-binding epitopes reside within the
40 kDa acidic subunit [8]. Previous studies also demonstrated
that the main IgE reactivity is directed toward acidic subunits,
whereas basic subunits contain only a minority of IgE epitopes
[11]. However, a recent study showed that a basic subunit of
Ara h 3 contained dominant immunoreactivity [14].

In this study, we report the cloning of a novel ara h3-related
cDNA, ara h 3-im (GenBank accession no. AY618460), along
with identification and characterization of its corresponding
protein in peanut seed. Studies of this new peanut allergen, Ara
h 3-im, indicate that it may have lower allergenicity compared
to other known Ara h 3 proteins.

2. Materials and methods
2.1. Southern blot hybridization

Genomic DNA was extracted from peanut leaf tissue
(Arachis hypogaea L. cv. Georgia Green) by a modification of
the CTAB method [15]. Twenty micrograms of genomic DNA
was digested with EcoRI, HindIIl, Dral and BamHI (Promega,
Madison, WI). After staining with ethidium bromide (0.5 g/
ml) and destaining, gels were transferred onto Hybond-N
membranes (Amersham-Pharmacia Biotech, Inc., Piscataway,
NIJ) by capillary transfer with 6 X SSC after depurination (0.2N
HCl), denaturation (1.5 M NaCl, 0.5N NaOH), and neutraliza-
tion (1 M Tris (pH 7.4), 1.5 M NaCl) for 15, 30, and 45 min,
respectively. After overnight transfer, the membranes were UV
cross-linked at 120 J/cm? for 5 min (SpectroLinker XL-10000,
Spectronics Co., Westbury, NY).

A partial cDNA fragment of ara h3 (576 nucleotides) was
generated from a Agtll cDNA library constructed with RNA
from developing peanut seeds of F78-1339 (Dr. A. Abbot,
Clemson University) by PCR amplification with gene-specific
primers (forward: 5GTGCAAAACCTAAGAGGCGAG?,
reverse: 5’CCTTGAGTCTGTGTTGAATGC3') for use as a
probe. PCR mixture consisted of 2 wl of concentrated cDNA
library as template, 1 pM of each primer, 0.2 mM dNTP, 1x
ExTaq Buffer and 5 U of Ex7aq DNA polymerase (Takara,
Japan) in a total volume of 30 pl. After an initial denaturation

cycle at 94 °C for 2 min, there were 30 cycles 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 and this was
performed using a GeneAmp PCR System 2400 (Perkin-Elmer
Corp., Norwalk, Connecticut, USA). The 32P—labeled probe for
ara h 3 was synthesized using the Prime-a Gene™ Labeling
System (Promega, Madison, WI) as suggested by the
manufacturer.

Blots were prehybridized for 1h at 65°C in sodium
phosphate buffer (Na,HPO, and NaH,PO,, pH 7.2) containing
7% SDS and denatured salmon sperm DNA (100 pg/ml).
Hybridization was in the same buffer for 16-18 h at 65 °C.
Blots were washed once for 15 min at 65 °C in 20 mM sodium
phosphate buffer (pH 7.2) containing 5% SDS, and then twice
for 15 min at 65 °C with 20 mM sodium phosphate buffer (pH
7.2) plus 1% SDS. Autoradiographic images were obtained
after exposure to X-ray film, X-Omat™ XFS-1 (Eastman
Kodak Co., Rochester, NY) using intensifying screens for 3—
10d at —70 °C.

2.2. ¢cDNA library screening and cloning of ara h 3-im

The same °’P-labeled 576 bp ara h 3 PCR product
described above was used to screen the seed-derived cDNA
library by plaque hybridization. Positive signals from
duplicated membranes were compared to the original plates.
Once the signals were confirmed, positive plaques were
removed from the plate and diffused in 1 ml SM buffer
(NaCl, MgSO,, 1 M Tris—HCI; pH 7.5) with one drop of
chloroform and stored for 1-2 h at 4 °C. The selected positive
plaques were screened two additional times. After the third
screening, 15 positive plaques were selected for further
analysis. Instead of in vivo excision procedures, the target
DNA from the 15 positive plaques were amplified by PCR
reactions with Agtll forward and reverse primers (New
England BioLabs, Beverly, MA). The PCR products were
cloned into pCR2.1 (Invitrogen, Carlsbad, CA) and
sequenced as described below.

2.3. Sequence and structural analyses

The putative ara h 3 cDNAs were sequenced in both
directions (Interdisciplinary Center for Biotechnology
Research, DNA Sequencing Core Lab, University of Florida,
Gainesville, FL). DNA sequences were analyzed to find
homologous sequences using the standard nucleotide—nucleo-
tide BLAST (blastn) (Basic Local Alignment Search Tool on
NCBI web site, http://www.ncbi.nlm.nih.gov/) search. Trans-
late (http://au.expasy.org/tools/dna.html) on an ExXPASy Mole-
cular Biology server (http://au.expasy.org/tools/) at the Swiss
Institute of Bioinformatics was used to translate the nucleotide
sequences to protein sequences. Nucleotide and amino acid
sequence alignments were carried out using T-COFFEE (http://
www.ch.embnet.org/software/TCoffee.html) [16] and Pairwise
Sequence Alignment Programs (http://genome.cs.mtu.edu/
sas.html) with the gap program [17]. The prediction of putative
post-translational modification sites was performed by predic-
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tion tools such as NetNGlyc (http://www.cbs.dtu.dk/services/
NetNGlyc/) found on the ExPASy Molecular Biology server.
The amino acid sequences for Ara h 3-im and Ara h 3 were
submitted for modeling of monomeric structures to SWISS-
MODEL (http://www.expasy.org/swissmod/SWISS-MOD-
EL.html) [18] using the soybean glycinin G1 structure (PDB
ID:1FXZ) [19] as a template.

2.4. N-terminal sequencing and analysis

Peanut proteins were extracted from seeds by a modification
of the method by Koppelman et al. [5]. After separation of
peanut protein extracts by SDS-PAGE, the separated proteins
were electrophoretically transferred to PVDF membranes
(BioRad, Hercules, CA) generally as described by Towbin
et al. [20]. After Coomassie blue staining, the protein bands
were cut from a PVDF-blot membrane and their N-termini were
sequenced (Interdisciplinary Center for Biotechnology
Research, Protein Chemistry Core Facility, University of
Florida, Gainesville, FL).

2.5. Peanut-positive human patient sera and Western blot
analysis

In order to study the immunoreactivity of Ara h 3-im, a
modified method of Xiang et al. [2]1] was used for
immunoblotting. Sera (#18500-DB and #9735-RE) from
two patients with a history of peanut allergy were purchased
from Plasma-Lab International (http://allergicdonorinfo.com/
Everett, WA). The IgE level of these sera were 192 IU/ml
(#18500-DB) and more than 5000 IU/ml (#9735-RE). One
patient serum (#18140-KT) with a high IgE level (approxi-
mately 1000 IU/ml), but no reported soybean- or peanut-
allergic reactions was used as a negative control. After
application of the peanut patient serum, blots were incubated
with horseradish peroxidase conjugated to goat anti-human
IgE (Bethyl-Labs, Montgomery, TX) and bound IgE was
detected by staining for peroxidase activity using the ECL plus
reagent (Amersham-Pharmacia Biotech, Inc., Piscataway, NJ)
and imaged using Biomax ML film (Eastman Kodak Co.,
Rochester, NY).

3. Results
3.1. Genomic Southern analysis

Southern blot analysis was used to determine ara h 3 copy
number. As shown in Fig. 1, multiple bands hybridized with the
probe in all digests. Four hybridization bands ranging from 2 to
6.5 kb were observed in the EcoRI digested genomic DNA and
the hybridization intensity was strongest for the 5 kb fragment.
When hybridization was done with genomic DNA digested
with HindIll and Dral, five (1.7-6 kb) and seven (1.2-6 kb)
fragments were detected, respectively. Three strong bands of
~6, 7 and 8 kb were detected in the BamH I digest. Collectively,
these results indicate that there are more than two copies of ara
h 3 in the tetraploid peanut genome.

9.4

!

Fig. 1. Copy number determination for ara h 3. E: EcoRI, H: HindIIl, D: Dral,
B: BamHI. Numbers on the left of the panel refer in kb to the 1 kb ladder size
marker (Promega, WI, USA).

3.2. Cloning and characterization of a novel peanut
allergen gene

Because the genomic Southern blot analysis indicated the
existence of multiple ara h 3 genes in peanut, a cDNA library
was screened to identify previously uncharacterized ara h 3-
related genes. From this screening, ara h 3-im (GenBank
accession no. AY618460) was cloned. The nucleotide and the
deduced amino acid sequences of ara h 3-im are shown in
Fig. 2. The cDNA is 1,533 nucleotides in length. Sequence
homology at the nucleotide level among glyl, ara h 3, and ara h
4 genes is 85% or greater, but the percent identity between ara h
3-im and these genes are 75, 73, and 71% for glyl, ara h 3 and
ara h 4, respectively. Because ara h 3/ara h 4 is a genomic
clone, it was not used for nucleotide sequence comparison.

This ara h 3-im cDNA has an open reading frame coding for
510 amino acids (Fig. 2). However, it is lacking the initiator
methionine at the N-terminus, similar to the previously cloned
ara h 3 [8]. Thus, this is a partial cDNA clone missing a portion
of the 5’ end. The reading frame begins with an AAG (Lys; K)
codon and ends with an UAA stop codon. The calculated size of
the protein encoded by this open reading frame is ~58 kDa.
The percent identity among the deduced amino acid sequences
for Ara h 3/Ara h 4, Ara h 4, Glyl, and Ara h 3 is more than
87%. However, sequence homology between Ara h 3-im and
these four proteins is 73% for Arah 3/Arah 4, 71% for Arah 4,
70% for Glyl, and 67% for Ara h 3.

Amino acid sequences of these five proteins were aligned
(Fig. 3). They are composed of two polypeptide domains, an
acidic and a basic chain, which can be separated through the
cleavage of an Asn-Gly (N-G) peptide bond. An Asn-Gln (N-Q)
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1 AAG CTT CTT GCG CTT TCG CTT TGC TTT TGC GTA CTG GTT CTG GGC GCC AGT AGC GTC ACC TTC AGG CAG GGG 72
1 K L L A L S L €€ F € Vv L v L 6 A S S VvV T F R Q@ @G 24
73 GGG GAG GAG AAT GAG TGC CAG TTC CAG CGC CTC AAT GCC CAG AGA CCC GAC AAC CGC ATT GAG TCT GAA GGC 144
25 G E E N E @ o F ¢ R L N A Q R P D N R I E S E G 48
145 GGT TAC ATT GAG ACT TGG AAC CCC AAC AAC CAG GAG TTC CAG TGC GCC GGC GTC GCC CTC TCT CGC ACC GTC 216
49 G!IETWN-E]NQEFQCAGVALSRTV 72
217 CTC CGC CGC AAT GCC CTT CGC AGG CCT TTC TAC TCC AAT GCT CCC CTC GAG ATC TAC GTT CAG CAA GGA AGC 288
73 L R R N A L R R P F Y S N A P L E I Y V Q@ Q@ G S 96
289 GGA TAC TTT GGG TTG ATA TTC CCT GGT TGT CCT AGT ACA TAT GAA GAG CCT GCA CAA GAA GGA CGC CGA TAT 360
97 6 Y F € L I F P ¢ @ p s T Y E E P A Q E G R R ¥ 120
361 CAG TCC CAA ARG CCA TCA AGA CGT TTT CAA GTA GGG CAG GAC GAC CCA AGC CAA CAG CAA CAG GAT AGT CAC 432
122 ©@ S @ K P S R R F Q@ V 6 @ D D P S © © ©@ @ D S H 144
433 CAG ARG GTG CAC CGC TTC GAT GAG GGT GAT CTC ATT GCA GTT CCC ACC GGT GTT GCT TTC TGG ATG TAC AAC 504
145 © K VvV H R F D E 66 D L I A V P T G V A F W M Y N 168
505 GAC GAA GAC ACT GAT GTT GTT ACC GTT ACT CTT AGT GAC ACT AGC AGT ATC CAC AAC CAG CTC GAC CAG TTT 576
169 Db E D T D VvV v T v T L s b T s s 1 H B . p @9 F 192
577 CCC AGG AGA TTC TAT CTG GCC GGA AAC CAA GAG CAA GAG TTC TTA AGG TAC CAG CAG CAG CAA GGT AGT CGT 648
193 P R R F Y L A €6 N Q@ E © E F L R ¥ © @ ©0 @ €@ S R 216
649 CCA CAT TAT CGA CAA ATT AGC CCA AGG GTA CGA GGT GAC GAA CAA GAA AAC GAA GGT AGC AAT ATC TTC AGC 720
217 P H Y R @ I S P R V R 6 D E @ E N E G S N 1 g s 240
E2
721 GGC TTIT GCA CAG GAG TTC CTT CAA CAC GCC TTC CAG GTT GAT AGA CAA ACC GTA GAA AAT CTA AGA GGA GAG 792
241 6 Jr 2 o EJJf L. ¢ H A F Q@ V D R © T V E N L R G E 264
793 AAC GAG CGC GAG GAA CAA GGA GCC ATT GTT ACA GTC AAG GGA GGC CTC AGA ATC TTA AGC CCA GAT GAA GAA 864
265 N E R E E Q@ 6 A I V T Vv K @ ¢ [ R s B o E E 288
E
865 GAT GAG AGC TCG AGG TCG CCT CCC AGC AGA CGA GAG GAA TTC GAT GAG GAT CGA TCT AGG CCA CAA CAA CGT 936
2889 p E S S R S P P S R R E E F D E D R S R P Q@ Q0 R 312
E4
937 GGT AAA TAC GAT GAG AAC CGC AGA GGC TAC AAA AAT GGT ATT GAG GAA ACC ATC TGC TCT GCC AGT GTT AAG 1008
313Z. 6 K Y D E N R R G Y K N 6@ I E E T 1 @ s A s VvV K 336
1009 AAG AAC CTT GGC AGA TCC TCA AAC CCT GAC ATC TAC AAC CCT CAA GCT GGT AGC CTC AGA AGC GTC AAC GAA 1080
337 K N L 6 R S S N P D I Y N P @ A 6 S L R 8 V N E 360
1081 CTC GAC CTC CCA ATT CTC GGC TGG CTC GGT CTC AGT GCT CAA CAT GGA ACA ATC TAT AGG AAT GCA ATG TTT 1152
31 L p» L P I L 6 W L €€ L S A @ H 6 T I Y R N A M F 384
1153 GTG CCT CAC TAC ACC CTC AAC GCA CAC ACC ATC GTT GTG GCA TTG AAC GGA CGG GCA CAT GTG CAA GTG GTG 1224
38 Vv P H Y T L N A H T I VvV VvV A L N G R A H V @ V V 408
1225 GAC AGC AAC GGT AAC AGA GTG TAC GAC GAG GAG CTT CAA GAG GGT CAC GTG CTT GTG GTG CCA CAG AAC TTC 1296
409 D S N 6 N R VvV Y D E E L © E €€ H V L V VvV P Q N F 432
1297 GCC GTC GCA GCA AAG GCC CAG AGC GAG AAC TAC GAA TAC TTG GCG TTC AAG ACA GAC TCA AGG CCC AGC ATA 1368
433 A Vv A A X A © S E N Y E Y L A F K T D S R P S§ I 456
1369 GCC AAC CTG GCC GGC GAA AAC TCC ATC ATA GAT AAC TTG CCG GAG GAG GTG GTT GCA AAT TCT TAC CGC CTC 1440
47 A N L A 6 E N S I I D N L P E E VvV V A N S ¥ R L 480
1441 CCA AGG GAG CAG GCA AGG CAA CTT AAG AAC AAC AAC CCC TTC AAG TTC TTC GTT CCA CCT TTC GAT CAT CAG 1512
481 P R E ©@ A R © L K N N N P F K F F V P P F D H @ 504
1513 TCT ATG AGG GAG GTG GCT TAA 1533
505 S M R E V A * 510

Fig. 2. Nucleotide and deduced amino acid sequences of ara h 3-im (GenBank accession no. AY618460). Top line is the nucleotide sequence, and the lower line is the
corresponding amino acid sequence. Sequences (E1-E4) highlighted in yellow show predicted IgE-binding epitopes, and the predicted critical amino acids for IgE-
binding are highlighted in red as determined from a previous Ara h 3 epitope study [8]. Four cysteine residues are highlighted in green. Two peptide bonds, Asn (N g7)-
Gln (Qgg) highlighted in pink, and Asn (N3p4)-Gly (Gsps) highlighted in light blue are shown. An asterisk (*) indicates the stop codon.

peptide bond and four conserved cysteine residues, which can
form inter- and intra-disulfide bonds, are also present.
Specifically, Ara h 3-im has an acidic (36 kDa) and a basic
(20 kDa) chain based on the presence of an Asnsps-Glysps
peptide bond that is critical for acidic and basic chain
separation. There are four cysteine residues (Cyszg, Cysgs,
Cysjos, and Cysz3;) and one dominant post-translational
cleavage site, Asn;g7-Glngsg.

However, Ara h 3-im has several divergent regions when
compared to the other Ara h 3-related proteins that make it
distinct. Its N-terminal sequence (VTFRQGGEENEC) shares
only 7 of the first 12 amino acid residues in common with Ara h
3 and the other proteins (Fig. 3) which was confirmed by N-
terminal sequencing (Fig. 4). Additionally, the potential N-
glycosylation site found in the acidic (NES) chain of Ara h 4,
Gly1 and Ara h 3/Ara h 4, and the potential N-glycosylation site
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E1l
Ara h 3 | == ISFROQPEENACQFQRLNAQRPDNRIESEGG A 49
Ara h 4 -MAKLLELSFCFCFLVLGASSISFRQQPEENACQFORLNAQRPDNRIESEGG A 69
Glyl MIRGRLALSVCFCFLVLGASSISFRQOPEENACQFQRLNAQRPDNRLESEGG A 70
Ara h 3/4 -MGKLLALSVCFCFLVLGASSISFRQOQPEENACQFQRLNAQRPDNRIESEGG A 69
Ara h 3-im| ---KLLALSLCFCVLVLGASSVTFRQGGEENECQFQRLNAQRPDNRIESEGG A 67
Ara h 3 LSRLVLRRNALRRPFYSNAPQEIFIQQGRGYFGLIFPGCPRHYEEPHTQGRRSQSQRPPRRLQ-GEDQ-S 117
Ara h 4 LSRLVLRRNALRRPFYSNAPQEIFIQQGRGYFGLIFPGCPSTYEEPAQQGRRYQSQRPPRRLQ-EEDQ-S 137
Glyl LSRLVLN---LRRPFYSNAPQEIFIQQGRGYFGLIFPGCPSTYEEPAQQGRRHQSQRAPRRFE-GEDQ-S 135
Ara h 3/4 LSRLVLRRNALRRPFYSNAPQEIFIQQGRGYFGLIFPGCPSTYEEPAQQGRRHQSQRPPRRFQ-GQDQ-S 137
Ara h 3-im| LSRTVLRRNALRRPFYSNAPLEIYVQQGSGYFGLIFPGCPSTYEEPAQEGRRYQSQKPSRRFQVGQODDPS 137
Ara h 3 QQQR-DSHQKVHRFDEGDLIAVPTGVAFWLYNDHDTDVVAVSLTDTNNN DQFPRRFNLAGNTEQEF 186
Ara h 4 QOQQ-DSHQKVHRFNEGDLIAVPTGVAFWLYNDHDTDVVAVSLTDTNNN DQFPRRFNLAGNHEQEF 206
Glyl QOOQODSHQKVRRFDEGDLIAVPTGVALWMFNDHDTDVVAVSLTDTNNN DQFPRRFNLAGNHEQEF 205
Ara h 3/4 QOQQ-DSHQKVHRFDEGDLIAVPTGVAFWMYNDHDTDVVAVSLTDTNNN DQFPRRFNLAGNHEQEF 206
Ara h 3-im| QQQQ-DSHQKVHRFDEGDLIAVPTGVAFWMYNDEDTDVVTVTLSDTSSI DQFPRRFYLAGNQEQEF 206
E2
Ara h 3 LRYQQOSRQOSRRRSLPYSPYSPQSQPRQEEREFSPRGQHSRRERAGQEEENE 256
Ara h 4 LRYQQOSRQOSRRRSLPYSPYSPHSRPRREEREFRPRGQHSRRERAGQEEEDE 276
Glyl LRYQQQS---RRRSLPYSPYSPQSQPRQEEREFSPRGQHSRRERAGQEEENE 272
Ara h 3/4 LRYQQQS—---RRRSLPYSPYSPQTQPKQEDREFSPRGQHGRRERAGQEQENE 273
Ara h 3-im| LRYQQQQ---GSRP-HY----- ==—RQISPRVR——=———- GDEQENE 252
E3
Ara h 3 VDDRQIVONLRGETESEEEGATL 317
Ara h 4 VDDRQIVQNLWGE EEGAT 337
Glyl VDDRQIVQNLRGE EEGAIL 333
Ara h 3/4 VDDRQILQNLRGE EQGAT 343
Ara h 3-im| VD-RQTVENLRGENEREEQGAI DESSRSPPSRREEF] IR-SRPQ----QRGKYD 316
Ara h 3 RGSRGRG TASAKKNIG! [PDIYNPQAGSLKTANDL--NLLILRWLGPSAEYGNLYRNALF 385
Ara h 4 TACVKKNIG PHIYDPQRWFTQNCHDL--NLLILRWLGLSAEYGNLYRNALF 405
Glyl TASVKENIG! PDIYNPQAGSLKTANDL--NLLILRWLGLSAEYGNLYRNALF 401
Ara h 3/4 TASFKKNIG! [PDIYNPQAGSLKTANELQLNLLILRWLGLSAEYGNLYRNALF 413
Ara h 3-im SASVKENLGRSSNPDIYNPQAGSLRSVNEL--DLPILGWLGLSAQHGTIYRNAMF 384
Ara h 3 VAHYNTNAHSIIYRLRGRAHVQVVDSNGNRVYDEELQEGHVLVVPQONFAVAGKSQSENFEYVAFKTDSRP 455
Ara h 4 VPHYNTNAHSIIYALRGRAHVQVVDSNGNRVYDEELQEGHVLVVPONFAVAGKSQSENFEYVAFKTDSRP 475
Glyl VPHYNTNAHSIIYALRGRAHVQVVDSNGNRVYDEELQEGHVLVVPONFAVAGKSQSDNFEYVAFKTDSRP 471
Ara h 3/4 VPHYNTNAHSIIYALRGRAHVQVVDSNGDRVFDEELQEGHVLVVPONFAVAGKSQSENFEYVAFKTDSRP 483
Ara h 3-im VPHYTLNAHTIVVALNGRAHVQVVDSNGNRVYDEELQEGHVLVVPONFAVAAKAQSENYEYLAFKTDSRP 454
Ara h 3 SIANLAGENSVIDNLPEEVVANSYGLQREQARQLKNNNPFKFFVPP-SQQSPRAVA 510
Ara h 4 SIANFAGENSFIDNLPEEVVANSYGLPREQARQLKNNNPFKFFVPP-FQQSPRAVA 530
Glyl NIANFAGENSIIDNLPEEVVANSYGLPREQARQLKNNNPFKFFVPP-SQQSLRAVA 526
Ara h 3/4 SIANLAGENSFIDNLPEEVVANSYGLPREQARQLKNNNPFKFFVPP-SEQSLRAVA 538
Ara h 3-im SIANLAGENSIIDNLPEEVVANSYRLPREQARQLKNNNPFKFFVPPFDHQSMREVA 510

Fig. 3. Amino acid sequence alignment of Ara h 3-im and related proteins. The position of amino acids is indicated in the right column. Four epitopes (E1-E4) are
indicated with the critical amino acids highlighted in red within each epitope region. The NG di-peptide, highlighted in yellow, is the predicted cleavage site for the
acidic (the sequences inside of the black box) and basic chains. Four conserved Cys residues, highlighted in green, are shown. Ara h 4 has an additional Cys residue
instead of Ser residue at position 355. In addition to the conserved NQ peptide bond, highlighted in blue, two regions (NES and NRS) are indicated in purple as

potential N-glycosylation sites.

found in the basic (NRS) chain in Ara h 3, Ara h 4, Gly1l and
Ara h 3/Ara h 4, are absent in Ara h 3-im (Fig. 3).

A previous study using a recombinant Ara h 3 discovered
four IgE epitopes containing critical amino acid residues [8].
Ara h 3-im contains IgE epitopes designated EI-E3,
represented by amino acid residues 51-65, 236-249, and
274-288, and is missing most of E4 (Fig. 3). According to the
identified E4 [8], it is composed of 15 amino acid residues
(DEDEYEYDEEDRRRG), recognized by serum IgE from
38% of peanut patients tested and the underlined amino acid
residues, particularly the sixth residue, glutamic acid (E), are
the critical residues for IgE-binding of E4. However, Ara h 3-im
has only the first three amino acid residues (DED) (303-305),

therefore missing the critical residues for IgE-binding of E4
found in all of the other Ara h 3-related proteins (Fig. 3).

3.3. Identification of peanut seed proteins by N-terminal
sequencing

Fig. 4A shows a peanut seed protein profile displaying 12
polypeptide bands. The molecular weights of these polypep-
tides are approximately 63, 44, 40, 36, 30, 26, 25, 22, 20, 17, 16,
and 14 kDa, respectively. N-terminal sequencing was per-
formed on eight of the bands to determine their identity. For the
30, 26, 25, and 16 kDa polypeptides, the amount of protein
recovered was inadequate for sequencing. The 63 kDa band
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(A) (B} h 3 [8]. The 36 kDa band contained sequences identical to the
amino acid sequences of the N-terminus of Ara h 3-im, and this
was the calculated size of the Ara h 3-im acidic chain based on
63 kD: Arah | the deduced amino acid sequence.

(RHPPGERTRGRQ) —> “ 63 kD (Arah 1)

44,40 kD: Ara h 3 Acidic Chain —_—

(ISFRQQPEENAC) -~ ﬁ

36 kD: Ara h 3-im Acidic Chain=—=7 W
(VTFRQGGEENEC)

4440 kD (Ara h 3)

30kD

26 kD
24 kD

22 kD: Ara h 3 Basic Chain—y,
(GIEETICSAS) - i
20, 17kD: Arah2 —>

(RQQGELQGDDRN) ™= - 20, 17 kD (Ara h 2)

16 kD

14kD: Arah3
(ISFRQQ)

Fig. 4. N-terminal sequence analysis of peanut seed polypeptides (A) and
immunoblot with a peanut-allergic patient serum (B). Protein was extracted
from Georgia Green seed (developmental stage 3). The IgE source was 18500-
DB, however, 9735-RE gave similar results (Plasma Lab International, Everett,
WA). Protein molecular weights were estimated based on SDS-PAGE using a
protein size marker (Novagen, Madison, WI).

corresponded to the amino acid sequence of the N-terminus of
Ara h 1 [22]. The 20 and 17 kDa bands have identical amino
acid sequences of Arah 2 [23]. The 44, 40, 22 and 14 kDa bands
contain amino acids that correspond to those deduced from
DNA sequences previously reported for Ara h 3 [§-10]. The
two larger polypeptides (44 and 40 kDa), as well as the 14 kDa
polypeptide, have identical N-termini to the acidic chain of Ara

Acidic chain
v

@A)

(B)

3.4. IgE-binding tests for peanut seed proteins

In order to begin characterizing the IgE-binding properties
of the Ara h 3-im polypeptide, immunoblotting was performed
with two different peanut-specific patient sera. The IgE
reactivity of these two human sera was predominantly directed
toward Ara hl, Ara h2, and the 44 and 40 kDa polypeptides
corresponding to Ara h 3, with Ara hl being the most reactive
(Fig. 4B). However, the 36 kDa band of Ara h 3-im was not
recognized by either of the tested human sera (Fig. 4B).

3.5. Three-dimensional molecular modeling

Computer-assisted, three-dimensional models of Ara h 3-im
and Ara h 3 were generated using the crystal structure for
soybean glycinin G1 (PDB ID:1FXZ) [19] as a template
(Fig. 5). The IgE epitopes found in Ara h 3-im (Fig. 5A) and
Ara h 3 (Fig. 5B) are displayed based on their corresponding
positions in the primary structures. It is evident that Ara h 3-im
has a different predicted secondary structure compared to Ara h
3, particularly in the acidic chain region. Ara h 3 has an alpha
helical region following the E3-containing region and the E4-
containing region clearly extends out from the body of the
protein; these secondary motives are missing in Ara h 3-im.

4. Discussion

Based on the peanut genomic Southern blot analysis, it is
clear that there are several genes with high homology to ara h 3
in the peanut tetraploid genome. This is not a surprise based on
the fact that Ara h3 probably functions as a hetero-hexamer and
several ara h 3-related genes such as ara h 4, glyl, ara h 3/lara h
4 having more than 85% sequence homology have been cloned.

Fig. 5. Molecular models of Arah 3-im (A) and Arah 3 (B). The structures were modeled using soybean glycinin G1 as a template by SWISS-MODEL. Four epitopes
(E1-E4) are shown. The acidic chain is displayed in blue, and the basic chain is displayed in red.
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Recently, two additional cDNA clones encoding Arah 412 [24]
and a peanut putative BBTI [25] were reported as Ara h 3
isoforms with more than 90% homology at the amino acid level
to Ara h 3. However, ara h 3-im shows much less sequence
similarity (less than 75%) with these other ara h 3 clones at both
the nucleotide and deduced amino acid levels.

Ara h 3 and related proteins belong to the 11S globulin
storage protein family that is characterized by three common
features. The first one is that they contain an acidic and basic
chain separated by a conserved Asn-Gly (N-G) peptide bond.
Secondly, the formation of intra- and inter-disulfide bonds is
observed due to four conserved cysteine residues. Thirdly, an
Asn-Gln (N-Q) peptide bond is present that serves as a potential
proteolytic cleavage site. It has been demonstrated that the
vacuolar processing enzymes (VPE) mediate Asn-specific
proteolytic processing in legumin-type globulin proteins and
that seed-type proteolytic enzymes, including VPEs, can
process storage proteins into chains capable of stable
accumulation in mature seeds [26-29]. It has been shown that
the assembly of soybean glycinin is regulated in part by the
activity of an asparaginyl endopeptidase that cleaves aspar-
agine (Asn; N) and glycine (Gly; G) peptide bonds [30,31].
Also, it has been demonstrated that post-translational cleavage
of soybean glycinin precursors into acidic and basic polypep-
tides can regulate the aggregation of subunits in trimers into
hexamers [27,28]. Therefore, these potential proteolytic
processing sites should be essential for legume-type 11S
globulin proteins [29], and accordingly are found in Ara h 3-
related proteins, including the newly identified Ara h 3-im.

It has been shown that legumin-like proteins show higher
sequence homology than other seed storage proteins; glycinin

Table 1
Amino acid sequence identity among 11S globulin subunits

Protein Al Gl G4 LA 12 LV Ha Ca Se Ri Oa
A3 67 54 37 49 50 583 42 39 32 31 30
Al — 56 36 52 63 65 42 40 33 34 30
Gl — — 44 1 60 62 61 44 44 36 34 30
G4 — — — 45 43 44 40 35 32 31 31
LA —_ — — — | 86 86 44 41 35 32 31
L2 — — — — — 93 47 42 37 34 30
LV —_ —_ - — — — 48 42 3B 34 30
Ha — — - - — — — 49 47 45 40
Ca —_ - - - = = = — 43 41 33
Se — _- - - = = = = — 41 36
Ri —_ - - - - - - — — — &8

A3: Ara h 3 from peanut (A. hypogaea L.) [8]. Al: Ara h 3-im protein from
peanut (A. hypogaea L.). G1: Glycinin subunit G1 from soybean (Glycine max
L.) [38]. G4: Glycinin subunit G4 from soybean (Glycine max L.) [32]. LA:
Legumin A subunit from pea (Pisum sativum L.) [39]. L2: Legumin A2 subunit
from field bean (Vicia faba L.) [40]. LV: Legumin A subunit from vetch (Vicia
sativa L.) (Accession no. S44294). Ha: 118 globulin-like protein from Hazelnut
(Corylus avellana L.) [41]. Ca: Allergen Ana 02 from cashew (Anacardium
occidentale L.) (Accesion #AAN76862). Se: 115 globulin from sesame (Sesa-
mum indicum L.) [42]. Ri: Glutelin from rice (Oryza sativa L.) [43]. Oa: 11S
globulin from oat (Avena sativa L.) [44]. Homologies >80% are shaded purple,
50-70% in green, and <50% in yellow.

subunits of soybean have been well characterized in this regard
[32,33]. There are several glycinin and glycinin-like genes in
the soybean genome [32], and it has been reported that other
plants such as pea [34], field bean [35], and cotton [36] have
several legumin-like globulin proteins. Ara h 3 and Ara h 3-im
show higher sequence homology with soybean G1 and other
legume LegA proteins than with soybean G4 and other 11S
globulin proteins (Table 1). In fact, a study reported that Arah 3
exhibits 62-72% sequence identity with soybean and pea
homologs [8] The soybean glycinin subunits can be separated
into at least two distinct subfamilies. One subfamily includes
the G1, G2 and G3 subunits, and the other subfamily contains
G4 and G5 [32]. Homologies within the same family range
from 80 to 90%, but sequence identities between the two
families are less than 50%. Two subunits of legumin-like
proteins are also present in pea [34]. Interestingly, the
homology between the LegA subunit of pea and the soybean
G1 subunit is higher than the similarity between two soybean
glycinin subunit families [32]. Our data show that Ara h 3-im
and Ara h 3 are more related to the soybean G1 subunits than to
the soybean G4 subunits. Based on the fact that the existence of
two distinct subfamilies is common in legumin-like proteins, it
can be said that all tested Ara h 3-related proteins belong to one
subfamily of peanut legumin-like proteins. Therefore, it can be
suggested that another protein group homologous with soybean
G4 subunits may be present in peanut.

Previous studies showed that the major IgE-binding epitopes
in Ara h 3 are located in the acidic chain. The basic subunits of
Ara h3 contain incomplete IgE-binding sites; only two amino
acid residues in E4 reside in the basic chain [8,11]. We also
observed a lack of binding of the 22 kDa Ara h3 basic chain by
IgE. Therefore, the acidic subunits are dominantly recognized
by IgE and are important in formation of the multimeric
structures at least in peanut and soybean. Another study
reported the same results for soybean glycinin G1, which shares
similar IgE-binding epitopes with Ara h 3 [37]. However, a
recent paper reported that a basic domain showed major
allergenic properties in a study using a group of children
allergic to peanut [14].

Although the overall predicted three-dimensional structures
are similar between Ara h 3-im and Ara h 3, Ara h 3-im lacks
most of E4, including the critical amino acid residues for IgE-
binding. This results in a clearly different predicted secondary
structure for Ara h 3-im in that region. The effect that this
deletion may have on allergenicity could be important. It has
been reported that mutations of any critical amino acid in an
epitope leads to a significant decrease in IgE-binding [8].
Although the serum of only two patients was used, our
immunoblotting recognized the major allergen polypeptides,
but failed to recognize the 36 kDa protein band of Ara h 3-im.
Additionally, based on the structures of soybean glycinin GI,
G2 and Ara h 3, it was shown that an IgE epitope is accessible in
the trimeric and hexameric state, because trimers stack upon
one another with their large surface areas at the interface [21].
Therefore, we can hypothesize that there may be multiple Ara h
3 hexamers having different allergenic properties due to the
variable allergenicities of the Ara h 3 monomers comprising it.
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Consequently, we conclude that Ara h 3-im may have altered
allergenicity which could be lower than other Ara h 3 and
related proteins. However, further studies using a larger
sampling of peanut patient serum IgE along with purified
natural or recombinant Ara h 3-im will be conducted to test this
hypothesis. If it is true that Ara h 3-im has lower allergenic
properties than other Ara h 3 proteins, this study may provide
the information necessary to produce a hypoallergenic peanut
through silencing of the major allergens and selecting for the
reduced allergenic polypeptides via mutational breeding and/or
genetic engineering.
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