
Introduction

Peanut allergy is characterized by a higher frequency of
severe and fatal reactions than found in other food allergies
and represents a lifelong health problem often starting in
early childhood. It represents the most common cause of fa-
tal and near fatal food-related anaphylaxis and affects a rel-
evant number of individuals with an incidence of around
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Abstract
Background: Peanut kernels contain many allergens
able to elicit IgE-mediated type 1 allergic reactions in
sensitized individuals. Sera from sensitized patients rec-
ognize variable patterns of IgE-binding proteins. The
identification of the IgE-binding proteins of peanut ex-
tract would faciliate improvement of diagnostic and im-
munotherapeutic approaches as well as development 
of sensitive test systems for the detection of hidden
peanut allergens present as additives in various indus-
trial food products and the investigation of their stabili-
ty during processing of food products. Methods: We ap-
plied the pJuFo cloning system based on the phage
surface display of functional cDNA expression products
to clone cDNAs encoding peanut allergens. Sera (n = 40)
of peanut-allergic individuals were selected according
to case history, radioallergosorbent test and im-
munoblot analysis to demonstrate IgE binding towards
the newly identified recombinant allergens. Results: In
addition to the known allergens Ara h 1 and Ara h 2 we
were able to identify four allergens with estimated
molecular weights of 36, 16, 14.5 and 14 kDa. Three of
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them formally termed Ara h 4, Ara h6 and Ara h 7 show
significant sequence similarities to the family of seed
storage proteins and the fourth (Ara h 5) corresponds to
the well-known plant allergen profilin. Immunoblotting
of the six expressed recombinant allergens with 40 pa-
tients sera shows 14 individual recognition patterns and
the following frequency of specific IgE binding: Ara h 1
was recognized by 65%, Ara h 2 by 85%, Ara h 4 by 53%,
Ara h 5 by 13%, Ara h 6 by 38% and Ara h 7 by 43% of
the selected sera. Conclusions: All of the selected
peanut-positive sera can detect at least one of the six
identified recombinant allergens which can be used to
establish individual patients’ reactivity profiles. A com-
parison of these profiles with the clinical data will possi-
bly allow a further insight into the relationship between
clinical severity of the symptoms and specific IgE levels
towards the six peanut allergens.
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1% of the children [1–3]. Moreover, this particular food al-
lergy is complicated by the common use of peanuts as a hid-
den additive in various foods [4, 5]. Hidden allergens are
not obviously recognizable as such by allergic patients and
therefore difficult to avoid.

In order to understand the relationship between clinical
manifestation and the severe and complex immune respons-
es, the allergenic components of peanuts need to be identi-
fied and fully characterized. Peanuts have a complex pro-
tein chemistry containing over 30 different proteins [6] and
more than half of these are able to bind serum IgE from sen-
sitized individuals [7]. Therefore, crude peanut extracts
contain a mixture of nonallergenic and allergenic proteins
not quantifiable at a single protein level. Consequently, the
contribution of each single allergen to the severity of the
anaphylactic reactions cannot be assessed and might ac-
count for the lack of relationship between the clinical sever-
ity of the symptoms and polyclonal peanut-specific IgE lev-
els measured in single individuals [7]. The quantitative
determination of specific IgE raised against a single aller-
gen in serum requires the availability of highly pure protein
[8]. The establishment of patients’ reactivity profiles opens
up new possibilities of immunotherapeutic approaches.
Molecular biology and biotechnological methods allow,
starting from the cloned complementary DNA (cDNAs),
the production of allergenic proteins in virtually unlimited
amounts [9, 10]. These technologies have been extensively
used to clone, produce and characterize allergens from dif-
ferent sources as recently reviewed [10–12] and to charac-
terize the two highly abundant allergenic glycoproteins Ara
h 1 [13–15] and Ara h 2 [16, 17]: Ara h 1, a 66-kDa protein,
belongs to the vicilin family of legume storage proteins [13]
and Ara h 2, a 17.5-kDa protein, is a member of the con-
glutin family of seed storage proteins [17]. These two pro-
teins are recognized by serum IgE from over 90% of
peanut-sensitized patients and, according to the commonly
accepted rules, considered as major allergens [11]. Recent-
ly a third peanut allergen (Ara h 3), supposedly correspond-
ing to a family of seed storage proteins called glycinins, has
been reported [18]. However, the availability of an extend-
ed panel of perfectly standardized recombinant allergens
can substantially contribute to improving the development
of sensitive methods for the detection of hidden allergens
added to foods and to studying their stability.

Peanuts represent a complex allergenic source contain-
ing many IgE-binding molecules and classical screening of
cDNA expression libraries might not be optimal to ap-
proach such complex systems [19, 20]. To isolate a panel of
peanut allergens efficiently we have applied a recently de-
scribed technology based on the phage surface display of

cDNA expression products [9, 19–24]. The major advan-
tage of the cloning system termed pJuFo [21, 22] results
from the physical linkage between gene products displayed
on the phage coat and the genetic information required for
their production [21–23]. The direct linkage of cDNA gene
products via the phage surface to the DNA encoding the
products itself allows screening of as much as 1011 single
clones on a single well of a microtiter plate coated with a
ligand. This semifluid screening approach which keeps the
library in a fluid phase allows the specific enrichment of
clones interacting with the solid-phase immobilized ligand
by repeated rounds of clonal selection [20, 24]. The aim of
this study was the isolation and characterization of IgE-
binding proteins of Arachis hypogaea. In the present paper
we report isolation and sequencing of a panel of cDNAs en-
coding six different peanut allergens. The frequency of spe-
cific IgE binding of the sera of 40 individual patients and
the individual IgE reactivity pattern were studied to esti-
mate the immunological relevance of these allergens.

Methods

RNA Isolation and Northern Analysis
Peanuts (A. hypogaea, Virginia) were obtained from Internut Han-

dels GmbH (Hamburg, Germany). Total RNA of raw peanuts was iso-
lated according to a previously described method [25] except 2.5%
(w/v) sodium dodecyl sulfate (SDS) was added to the extraction
buffer. The isolated RNA was quantified spectrophotometrically, frac-
tionated on 1.1% (w/v) agarose gels containing 15% formaldehyde
and 1EMOPS buffer (20 mM MOPS, 1 mM EDTA, 5 mM sodium ac-
etate, pH 7.2) and transferred onto positively charged nylon mem-
branes (Hybond N+; Amersham, Braunschweig, Germany) by capil-
lary blotting. After prehybridization of the membranes [25]
hybridization was carried out with radiolabeled polymerase chain re-
action (PCR)-amplified cDNA probes specific for Ara h 1 (1,400 bp)
and Ara h 2 (630 bp). Radiolabeling was performed with a random-
primed labeling kit (Amersham, Braunschweig, Germany).

mRNA Isolation, λ-ZAP cDNA Library Construction, Plaque and
Immunoscreening
Messenger RNAs were isolated from total RNA derived from 

raw peanuts using the ‘PolyATtract mRNA Isolation System IV’
(Promega/Serva, Heidelberg, Germany). cDNA was synthesized us-
ing the ‘ZAP-cDNA Synthesis Kit’ (Stratagene, LaJolla, Calif., USA)
and was cloned undirectionally into a λ-ZAPII vector with the ‘Predi-
gested λ-ZAPII/EcoRI/CIAP-Cloning Kit’ (Stratagene). In order to
determine the frequency of the Ara h 1 and Ara h 2 messages within
the constructed λ-ZAP cDNA library specific DNA probes were pre-
pared by random-primed labeling with DIG-11-dUTP and used to
screen 5E104 plaque-forming units (PFU) of the amplified cDNA
library as described in the ‘DIG System User’s Guide for Filter 
Hybridization’ (Boehringer, Mannheim, Germany). Positive plaques
were detected with the chemiluminescent substrate for alkaline phos-
phatase ‘CSPD’ (Boehringer) and visualized by exposure to X-ray
films.
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Expression at protein levels was demonstrated by immunoscreen-
ing [26] of 5E104 plaques with monoclonal antibodies [27] raised
against the Ara h 1 allergen.

Generation and Screening of a pJuFo Phage Surface Display 
Library
Inserts for the construction of a cDNA phage surface library were

prepared from pBluescript phagemids excised in vivo from the peanut
λ-ZAP cDNA by XbaI/KpnI restriction [22]. The ligation mixture
consists of purified cDNA inserts and XbaI/KpnI restricted pJuFo at a
ratio of 2:1 and was transformed by electroporation into electrocom-
petent Escherichia coliXL1-Blue cells (Stratagene, La Jolla, Calif.,
USA) to generate a phage surface display library by helper phage su-
perinfection. Determination of the primary library size and further
steps for the generation of a cDNA phage library construction were
carried out as described [22, 23]. Phages displaying peanut allergens
were selectively enriched from the library by consecutive rounds of
phage growth and selection on microtiter plate wells [21] coated with
captured serum IgE from peanut-sensitized individuals as ligand [19].

To obtain an allergen-specific IgE-coated surface, antihuman IgE
mAb TN-142 (Novartis, Basel, Switzerland) was coated to microtiter
wells (Maxisorb, Nunc). Free sites were blocked and the sera ex-
pressing high titers of IgE antibodies to peanuts were added to each
well.

Selection of Sensitized Patients
Patients sensitized to peanut were selected according to case his-

tory, skin test reactivity to peanut extracts and radioallergosorbent
tests (RAST). Only sera of patients with convincing clinical symp-
toms after peanuts ingestion, positive skin test reactions and positive
RAST (c3) were included. A pooled serum (S1), supplied by Dr.
Sally Kilburn of the Southampton General Hospital, Southampton,
UK, was prepared with sera from a group of 34 individuals (17
female, 17 male) sensitized to peanuts with an average age of 11.4
years and an average total IgE of 1,000 kU/l.

Additionally, three individual sera (S2-4) were used to screen the
phage surface display library: S2 was supplied by Dr. P. Thomas, Der-
matologische Klinik und Poliklink der Ludwig-Maximilians-Univer-
sität München, Germany. S2 is a serum of a 40-year-old health care
worker with a documented latex allergy and with sensitization to
peanut (24.60 kUA/l peanut-specific IgE; A = Allergen specific anti-
bodies) and grasses. S3 (RASTc100 kUA/l) was supplied by Dr. U.
Lepp, Klinik Borstel, Germany and S4 (RASTc100 kUA/l) was sup-
plied by Dr. Helbling, Bern, Switzerland. Additional sera used to de-
termine the percentage of peanut-allergic patients that are sensitized
to Ara h 1 to Ara h 7 (RASTc3) were provided by Dr. W.-H.
Boehncke, Klinikum der Johann-Wolfgang-Goethe-Universität,
Frankfurt/Main, Germany and by Dr. B. Niggemann, Zentrallabor
Virchow-Klinikum, Berlin, Germany.

Isolation and Analysis of Phages Displaying IgE-Binding
Proteins
After the sixth round of panning on wells coated either with the

pooled serum S1 or one of the three individual sera S2–4, single
phages were used to infect E. coli XL1-Blue cells in order to isolate
the replicative form of phagemids [28]. Restriction analysis of 250 se-
lected clones of each of the four independent panning experiments
showed different restriction patterns. All clones with different insert
sizes were used for Southern hybridization experiments (Qiabrane,
manufacturer’s instruction, Qiagen, Hilden, Germany) with digoxy-

genin (DIG)-labeled Ara h 1 and Ara h 2 clones as probes. Focusing
on new allergens, only DNA sequences of inserts that are not identi-
cal with Ara h 1 or Ara h 2 clones were determined.

Sequencing and DNA Sequence Analysis
Plasmid sequencing was carried out following the dideoxynu-

cleotide chain-terminating method as described [29] with the ‘Taq
Dye Deoxy™ Terminator Cycle Sequencing Kit’ (Applied Biosys-
tems, Weiterstadt, Germany). Electrophoresis of dye-labeled frag-
ments was performed in the ABI 373A DNA sequencer (Applied
Biosystems). Homology searches were performed with BLAST and
the Genetics Computer Group program FASTA [30].

Production and IgE Immunoblot Analysis of Recombinant
Proteins
Inserts coding for so far unknown peanut allergens were sub-

cloned into the high level expression vector pDS56/RBSII [31] to pro-
duce (His)6-tagged fusion proteins in E. coli M15 cells as described
[19]. The IgE-binding capacity of the recombinant (His)6 fusion pro-
teins was tested by Western blotting of whole cell lysates prepared
from cultures of transformants by boiling pellets in reducing sample
buffer [20 mM Tris, pH 6.7, 2 mM EDTA, 2% (w/v) SDS, 25% (v/v)
glycerin, 3% (v/v) â-mercaptoethanol, Bromophenolblue]. After
SDS-polyacrylamide gel electrophoresis (PAGE) using 5% stacking
gels and homogenous 15% separating gels [32] separated proteins
were transferred to a nitrocellulose membrane (Schleicher & Schüll,
Dassel, Germany) using a semidry device [33]. After blocking pa-
tients’ sera were diluted 1:50 in 0.1 M Tris-buffered saline (pH 7.4)
and used as first antibody. The specific binding of the patients’ IgE to
the recombinant proteins was detected by incubating the membrane
for 2 h with alkaline-phosphatase-conjugated antihuman IgE (Aller-
gopharma, Reinbek, Germany) as second antibody and bands were vi-
sualized with nitroblue tetrazolium chloride (Merck) including 5-bro-
mo-4-chloro-3-indolyl phosphate potassium salt (Serva, Heidelberg,
Germany) [34].

To visualize the patients’ IgE-binding reactivity against raw and
roasted peanuts (160°C, 40 min, roasted by Sorematec, Arlon, Bel-
gium), 10µg/cm peanut extract [27] were separated by SDS-PAGE
(5% stacking gel, 12% separating gel) and incubated with patients’
sera. Bound IgE antibodies were also detected with alkaline-phos-
phatase-conjugated anti-human IgE (Allergopharma, Reinbek, Ger-
many).

Results

Construction and Screening of a Phage-Displayed cDNA
Library
In order to prepare a cDNA library that represents genes

coding for peanut proteins including all allergenic proteins,
RNA as well as poly(A)+-RNA preparations isolated from
raw peanuts were tested for transcript levels of the two ma-
jor allergens Ara h 1 and Ara h 2 using radiolabeled PCR
products of the two genes for hybridization of Northern
blots. Although most patients are sensitized to roasted
peanuts, we have to use raw peanuts as a source of mRNA
because only raw peanuts contain intact mRNA and only in-
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tact mRNA will lead to intact proteins on the phage surface.
As shown in figure 1, Ara h 1 (2.3 kb) and Ara h 2 (0.7 kb)
represent abundant transcripts within the isolated RNA and
mRNA. Plaque screening of 104 PFU of the λ-ZAP cDNA
library with a primary size of 4E106 independent clones,
100% inserts and an average insert size of 1,100 bp using
DIG-labeled PCR products as hybridization probes yielded
about 200 positive signals (2%) both for Ara h 1 and for Ara
h 2, respectively. An immunoscreening of 5E104 plaques
with mAbs raised against Ara h 1 [27] yielded 48 positive
signals. After these quality controls of the λ-ZAP cDNA li-
brary a cDNA phage surface library was prepared. Titering
of this library showed a primary library size of 5E106 inde-
pendent clones with an average insert size of 750 bp and a
phagemid titer of 1012 colony-forming units/ml after ampli-
fication.

Selective Enrichment and Characterization of Human
IgE-Binding Clones
The peanut cDNA phage surface display library was

screened for the presence of IgE-binding gene products
with one pooled serum (S1) and three individual sera
(S2–4) from peanut-sensitized individuals. Western blot
analyses of raw or roasted peanut extracts with S1–4

showed IgE reactivity with up to 18 protein bands of differ-
ent sizes (fig. 2) with the exception of the individual serum
S2 that shows no distinct IgE binding. All in all, hopefully
these four sera bind the majority of all potential IgE-binding
peanut proteins. Roasting of the peanuts (160°C, 40 min)
did not change the IgE-specific binding of the peanut-posi-
tive sera significantly. Differences of intensity are possibly
due to a higher protein concentration of the raw peanut ex-
tract blotted on the membrane (fig. 2).

Selective enrichment of phages adsorbed to surfaces
coated with captured IgE from S1–4 was monitored by de-
termination of the absolute number of phages eluted in pro-
portion to the number of phages applied. The enrichment
factor of infectious phagemids increased with each round of
panning from 4.3E10–6 after the first round to 2.6E10–3 af-
ter the fifth round indicating a selective enrichment of IgE-
binding phages [19, 22]. After six rounds of affinity selec-
tion 100 of the 250 restricted clones of each of the four
panning experiments carrying inserts ranging from 450 to
1,700 bp in size were further investigated by Southern hy-
bridization with DIG-labeled Ara h 1 and Ara h 2 PCR prod-
ucts as probes. Sequence determination of the non-Ara h 1
and non-Ara h 2 clones of the four different screening ex-
periments with the sera S1–4 revealed four inserts coding
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Fig. 1. Northern blot analyses of transcript levels of the two major
peanut allergens Ara h 1 (66 kDa vicilin-like seed storage protein) and
Ara h 2 (17.5 kDa conglutin-like storage protein. 25 µg of total RNA
(lane 1) or 0.5 µg of Poly(A)+-selected mRNA (lane 2) from raw
peanuts were hybridized with radiolabeled DNA probes specific for
Ara h 1 or Ara h 2. The transcript sizes (kb) are indicated on the right
side.

Fig. 2. Comparison of the IgE reactivity patterns of different sera, a
serum pool S1 (lane 1) and three individual sera S2–4 (lanes 2–4) of
peanut-sensitized individuals towards peanut extract (A = raw
peanuts; B = roasted peanuts, 160°C, 40 min), separated on a 12%
SDS-PAGE and immunoblotted S1, S3 and S4 were diluted 1:50, S2
was diluted 1:10. Lane C shows the lack of IgE reactivity of serum
from a nonallergic individual as negative control. Lane L indicates the
molecular weight markers (kDa).



for so far unknown IgE-reactive peanut proteins (table 1).
The open reading frames (ORF) of the cDNAs encoding the
new allergens formally termed Ara h 4, Ara h 5, Ara h 6 and
Ara h 7 were identified with start and stop codons [35]. The
WHO/IUIS Allergen Nomenclature Sub-Committee [11]
has officially approved the use of these numbers. Physico-
chemical and biological properties of the new allergens are
reported in table 1. All three panning experiments with the
three sera S1, 3 and 4 had the same result. They revealed six
different allergens, whereas the panning with the serum S2
only revealed two different clones, Ara h 4 and Ara h 5.

The partial cDNA encoding Ara h 4 has a length of
1,170 bp with a coding region spanning 948 nucleotides,
predicting a protein of 315 amino acids with a calculated
molecular mass of 35.9 kDa. Homology searches using
GenBank, EMBL and SWISS-PROT databases revealed a
significant amino acid sequence similarity (70%) and iden-
tity (56%) to proteins of the glycinin family representing
storage proteins exclusively synthesized in seed during em-
bryogenesis [36]. The full length cDNA clone isolated by
plaque screening has a length of 1,872 bp (ORF: 20–1609,
530 aa, 61.0 kDa).

Two of 100 clones derived from the screening with
serum S1 and 19 of 20 clones from the screening with S2

carried inserts coding for Ara h 5, a protein highly homolo-
gous to plant profilins [37], showing up to 83% amino acid
sequence identity and 89% similarity to sequences of this
well-known allergen present in grasses, fruits and vegeta-
bles [38]. The coding region spans 396 nucleotides, predict-
ing a protein of 131 amino acids with a calculated molecu-
lar mass of 14 kDa.

Clone 5 containing an insert of 627 bp with a coding re-
gion spanning 375 bp and clone 6 with a cDNA insert of
637 bp and an ORF of 408 bp predict proteins of 14.5 and
15.8 kDa, respectively. They revealed only a 35% amino
acid sequence identity to each other showing that these two
allergens are not isoforms. Both clones show similarities to
sequences of proteins from the conglutin family related to
the 2S superfamily of storage proteins, which is widespread
in seeds of dicotyledonous plants. The proteins encoded by
the clones 5 and 6, termed Ara h 6 and Ara h 7, respective-
ly, show the highest homology (39% identity and 68–72%)
similarity) with the protein sequence of the precursor of the
conglutin δ-protein of Lupinus angustifolius. Ara h 6 and
Ara h 7 show 59 and 35% amino acid sequence identity to
Ara h 2, respectively (fig. 3), which, in turn, belongs to the
conglutin family of seed storage proteins [16] and also
shows significant similarity to the 2S albumin precursor
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Table 1. Characteristics of six different IgE-binding clones enriched by six rounds of affinity selection with IgE from peanut-allergic 
individuals

Allergensa

Ara h 1 Ara h 2 Ara h 4 Ara h 5 Ara h 6 Ara h 7

Clone No. 1 2 3 4 5 6
GenBank Acc. No. AF086821 AF059616 AF092846 AF091737
Insert lengthb, bp 1,680 719 1,170 743 627 637
ORF 2–1579c 2–242c 1–948c 17–412 16–390 1–408c

MW b, kDa 60.3 17.3 35.9 14.0 14.5 15.8
aa residuesb 525 146 315 131 124 135
Isoelectric pointb 5.4 5.7 5.5 4.6 5.2 5.6

aa identity/similarity, % 100/100 100/100 56/70 83/89 39/72 39/68
Protein family Vicilin Conglutin Glycinin Profilin Conglutin Conglutin
Organism A. hypogaea A. hypogaea G. max G. max L. angustifolius L. angustifolius
Genbank Acc. No. L34402 L77197 X15123 AJ223982 X53523 X53523
Reference No. 15 16 36

MW = Molecular weight,; aa = amino acid.
a Nomenclature officially approved by the WHO/IUIS Allergen Nomenclature Sub-Committee [11].
b Values calculated from the deduced amino acid sequences without His tag.
c Partial coding sequences.
d Also similar to 2S albumin of C. maxima(31%/59%), Genbank Acc. No. D16560.
e Also similar to 2S albumin of R. communis(32%/61%), Genbank Acc. No. X54158 [39].



protein of Glycine max(Acc. No. AF005030). Interestingly,
the clones 5 and 6 also show significant similarity to the pri-
mary structure of the 2S albumins of Cucurbita maximaand
Ricinus communis[39], respectively (table 1). Alignment of
the deduced amino acid sequences of Ara h 2, Ara h 6 and
Ara h 7 shows the identical regions of these three members
of the 2S albumin family and the characteristical conserved
cysteine residues (fig. 3).

Specific IgE Reactivity of the Recombinant Proteins in
Western Blots
After sequencing, the coding regions of Ara h 4 to Ara h

7 were subcloned into the expression vector pDS56/RBSII
[31], transformed into E. coliM15 cells and used to produce
recombinant (His)6-tagged fusion allergens as described
[19]. E. coli total lysates were analyzed by a reducing SDS-
PAGE and the IgE-binding capacity of all clones was con-
firmed by IgE Western blot analysis using a 1:50 dilution of
serum S1 (fig. 4). IgE-binding bands for all four proteins
with molecular weights in agreement with the calculated
values were detectable only in blots of induced cultures,
demonstrating the allergenic nature of the expressed gene
products.

To study the immunological relevance of the four new
recombinant peanut allergens compared to the already
known major allergens Ara h 1 and Ara h 2, we performed
Western immunoblot analysis using a panel of sera (n = 40),
showing that the recombinant proteins were capable of
binding IgE at different frequencies and that the sera show
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Fig. 3. Alignment of the deduced amino acid sequences of Ara h 2, Ara h 6 and Ara h 7, all similar to the precursor of
the conglutin δ-protein. Identity between only two of the three sequences is noted by light grey shading, identity be-
tween all three sequences by dark grey shadding. Note nearly complete preservation of cysteine residues.

Fig. 4. IgE-binding properties of the recombinant allergens Ara h 4,
5, 6 and 7 from A. hypogaeausing a 1:50 diluted pooled serum S1 of
peanut-sensitized individuals. Total cell lysates of induced E. colicul-
tures (100µl) harboring the expression vector pDS56 with inserts en-
coding Ara h 4 (lane 2), Ara h 5 (lane 3), Ara h 6 (lane 4) and Ara h 7
(lane 5) were separated on a 15% reducing SDS-PAGE. Lane 1 shows
an uninduced E. coliculture as control. It shows that the serum is free
of IgE directed against E. coliproteins. Molecular weight markers are
indicated on the left side. Lane L represents low molecular weight
marker.



14 individual recognition patterns (table 2). For example 7
sera recognize only Ara h 2 and 10 sera detect nearly all of
the six recombinant peanut allergens but not Ara h 5 (table
2). It is noticeable that there are several sera that recognize
Ara h 2 and not Ara h 6 or Ara h 7. Therefore although there
are significant sequence similarities between these three al-
lergens (fig. 3) and although they all belong to the 2S albu-
min family of seed storage proteins, they might have a dif-
ferent IgE-binding potential.

The frequency of recognition of the six different recom-
binant allergens analyzed by Western IgE immunoblotting
was the following (table 2): Ara h 1 was detected by 65%,
Ara h 2 by 85%, Ara h 4 by 53%, Ara h 5 by 13%, Ara h 6
by 38% and Ara h 7 by 43% of the 40 selected sera. These
percentages indicate a considerable allergenic activity of
these six peanut allergens.

Discussion

In this study we used a serum pool from 34 patients as
well as 3 individual sera to enrich IgE-binding clones from
the phage surface display library. In agreement with the IgE
reactivity pattern of the pooled serum S1 and the 2 individ-
ual sera S3 and S4 compared to the individual serum S2
(fig. 2) the outcome of the screening with these 4 sera was
quite different. Further analysis of 300 single clones derived

from the three panning experiments with S1, S3 and S4 re-
vealed a high incidence of clones coding for Ara h 1 (20%),
Ara h 2 (37%) and four repeatedly represented new se-
quences. The newly identified allergens termed Ara h 4, Ara
h 5, Ara h 6 and Ara h 7 were characterized by determina-
tion of the nucleotide sequences and by showing their abil-
ity to bind serum IgE from peanut-sensitized patients 
(fig. 4, table 2). Three clones were identified as similar to
the sequences of seed storage proteins that have been clas-
sified as water-soluble albumins or saline-soluble globu-
lins. The cDNA sequence of Ara h 4 shows 56% amino acid
identity to the sequences of the soybean glycinins [36], a
family of storage proteins synthesized exclusively in seeds
during embryogenesis. Glycinin-related genes become tran-
scriptionally activated in a coordinated fashion early in em-
bryogenesis and are repressed coordinately late in seed de-
velopment. The full length Ara h 4 cDNA clone (1,872 bp)
coding for a protein with a molecular weight of 61.0 kDa
was identified by plaque screening of the constructed 
cDNA library. Interestingly, Burks et al. [18] identified the
14 kDa protein similar to a glycinin with soy-adsorbed sera
to remove any cross-reacting antibodies. Quite recently
Rabjohn et al. [40] published further information about the
peanut allergen Ara h 3 and in addition to that the partial
cDNA sequence is now accessible (Acc. No. AF093541). A
homology search indicates 91.3% amino acid identity be-
tween Ara h 3 and Ara h 4, both members of the glycinin
storage protein family. At the time of entry of the Ara h 4 se-
quence into the Genbank database and the approval of this
allergen by the IUIS Allergen Nomenclature Sub-Commit-
tee [11] neither was the Committee informed of Ara h 3 nor
was the Ara h 3 sequence accessible in a database. There-
fore the glycinin allergen reported in the present paper was
named Ara h 4 by the Committee.

Clones encoding Ara h 6 and Ara h 7 revealed ORF of
124 and 135 amino acids, respectively. These two allergens
show a high sequence homology to proteins of the conglutin
family derived from a variety of dicotyledonous plants in-
cluding the precursor of the conglutin δ-protein of L. an-
gustifoliusand also the 2S albumin precursor of C. maxima
and of R. communis[39], respectively. Recently, Teuber et
al. [41] showed that the 2S albumin seed storage protein
from walnut (Juglans regia) is a major food allergen and
that 2S albumins can be viewed as universal allergens
among seeds in which they occur although they are not nec-
essarily cross-reactive [41]. They are typically heterodimer-
ic proteins with large and small subunits which are encoded
on one message as part of a large precursor polypeptide. Af-
ter removal of the signal peptide, the polypeptide is cleaved,
giving two subunits linked by disulfide bonds. A key char-
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Table 2. IgE reactivity of 40 individual sera to the six SDS-PAGE-
separated recombinant peanut allergens and frequency of specific IgE
binding by Western immunoblot analysis

Allergen Ara h Number

1 2 4 5 6 7
of patients

+ + + – + + 10
+ + + – + – 1
+ + + – – + 4
+ + – + + – 1
+ + + – – – 3
– + + – – + 2
+ + – – + – 1
+ + – – – + 1
– + – – + – 2
+ + – – – – 2
+ – + – – – 1
– – – + – – 4
– + – – – – 7
+ – – – – – 1

IgE binding, % 65 85 53 13 38 43
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acteristic of the sequences is the preservation of the cysteine
residues [42]. This information corresponds to the sequence
data (fig. 3). The mRNA of Ara h 7 contains 8.1% of the
least used codons AGG/AGA in E. coli and additionally
11% of other rare codons read by minor tRNAs. An expla-
nation for the two IgE-binding Ara h 7-specific expression
products separated on the SDS-PAGE (fig. 4) might be an
inefficient translation due to the so-called ‘codon usage’ of
E. coli [43], as also stated by Burks et al. [15] in the case of
the presence of truncated Ara h 1 translation products. In-
terestingly, Ara h 6 and Ara h 7 show high sequence simi-
larities to Ara h 2, also homologous to the conglutin family
of seed storage proteins as well as to the 2S albumin pre-
cursor protein of G. max. A comparison of the amino acid
sequences of Ara h 2, Ara h 6 and Ara h 7 shows that the
identity between these three allergens is less than 67%
(fig. 3). According to the recommendations of the
WHO/IUIS Allergen Nomenclature Sub-Committee [11]
these three proteins cannot be considered as isoforms but as
independent allergens as also confirmed by their indepen-
dent and different IgE-specific binding data demonstrated
by immunoblot experiments with the sera of 40 individual
patients (table 2).

The fact that 19 of 20 clones from the S2-screening rep-
resent clones coding for Ara h 5, a protein highly homolo-
gous to various plant profilins [37], indicates a high amount
of profilin-specific IgE in the serum S2 compared to the
pooled serum S1 and the individual sera S3 and S4. Al-
though the serum S2 was diluted 1:10 instead of 1:50, com-
pared to the other sera its intensity of the IgE reactivity to-
wards peanut extract shown by immunoblot is much lower
and barely detectable (fig. 2). This indicates that profilin is
not an abundant protein within the peanut seeds, which is
also stressed by the fact that plaque hybridization of the 
cDNA library with a DIG-labeled profilin-specific probe
identified only 0.005% positive clones. These results sug-
gest that the selective enrichment of the IgE-specific clones
depends on the absolute amount of the allergen-specific IgE
present in the serum used for the panning experiments
rather than on the frequency of the presence of a specific
clone in the library indicating that the phage display tech-
nology is a very sensitive method. Profilin is a highly con-
served ubiquitous 12- to 15-kDa actin-binding protein de-
scribed to be a prominent cross-reactive allergen in birch
pollen, grasses and wheat [38]. Therefore, there are discus-
sions whether profilin is responsible for IgE cross-reactivi-
ties in about 20% of pollen- and food-allergic patients [44].
These cross-reactivities can be explained by the high degree
of homology among different plant profilins reaching
70–80%. The peanut profilin shows 76% amino acid identi-

ty to the Phleum pratenseprofilin and 83% identity to the
soybean profilin (table 1). Therefore, an IgE response
mounted against profilin present as aeroallergen might have
an impact in evoking clinically complex allergic symptoms
due to cross-reactive responses to profilins present in foods
[45].

The frequency of the specific IgE binding of the sera of
40 patients versus these six recombinant allergens (table 2)
leads to the conclusion that the allergenic potential of the
four new allergens may also play an important role com-
pared to the already known major allergens Ara h 1 and Ara
h 2. First IgE-specific ELISA assays (data not shown) con-
firm the immunoblot analysis results. The fact that only 5 of
40 sera (13%) recognize Ara h 5 (table 2) leads to the con-
clusion that peanut profilin might play a minor allergenic
role compared to the other five identified allergens.

As demonstrated in this study, the application of the 
pJuFo cDNA cloning system combined with a powerful
screening procedure resulted in the identification of six
peanut allergens ranging from 14 to 60 kDa and showing
sequence similarities to known plant allergens. These
peanut allergens were used for the establishment of pa-
tients’ IgE reactivity profiles. All of the selected peanut-
positive sera can detect at least one of the six recombinant
peanut allergens and the patients show very individual
recognition patterns. This makes it possible to investigate
the contribution of each single allergen to the severity of the
anaphylactic reactions. Identification and characterization
of the major and minor peanut allergens and their immun-
odominant epitopes are important for further insight into the
mechanism of the IgE-mediated reactions. This research
may lead to the development of immunotherapeutic
reagents containing patient-tailored combinations of these
allergens. The availability of this panel of allergens will cer-
tainly facilitate the development of sensitive test systems
for the detection of hidden allergens in various industrial
food products. Heating of foods can reduce allergenicity or
create neoallergens. At first glance, IgE immunoblot analy-
sis indicates that the roasting of peanuts did not significant-
ly change IgE-specific binding to allergic peanut compo-
nents of the four different sera used for the panning
experiments.



Cloning of Peanut Allergens Int Arch Allergy Immunol 1999;119:265–274 273

1 Sampson HA, Mendelson L, Rosen JP: Fatal
and near fatal food-induced anaphylaxis in
children. N Engl J Med 1992;327:380–384.

2 Assem ESK, Gelder CM, Spiro SG, Bader-
mann H, Armstrong RF: Anaphylaxis induced
by peanuts. BMJ 1990;300:1377–1378.

3 Hourihane JOB, Kilburn SA, Dean TP, Warner
JO: Clinical characteristics of peanut allergy.
Clin Exp Allergy 1997;27:634–639.

4 Baur X, Häberle M, Sauer W, Weiss W: Ver-
borgene Inhalations- und Nahrungsmittelaller-
gene: Leguminosenproteine. Prax Klin Pneu-
mol 1988;42:701–704.

5 Steinman HA: ‘Hidden’ allergens in foods. J
Allergy Clin Immunol 1996;98:241–250.

6 Loza C, Brostoff J: Peanut allergy: A review.
Clin Exp Allergy 1995;25:493–502.

7 Dean T: Immunological responses in peanut
allergy. Clin Exp Allergy 1998;28:7–9.

8 Crameri R, Lidholm J, Grönlund H, Stüber D,
Blaser K, Menz G: Automated specific IgE as-
say with recombinant allergens. Evaluation of
the recombinant Aspergillus fumigatusaller-
gen 1 in the Pharmacia CAP system. Clin Exp
Allergy 1996;26:1411–1419.

9 Carmeri R: Recombinant Aspergillus fumiga-
tus allergens: From the nucleotide sequences
to clinical applications. Int Arch Allergy Im-
munol 1998;115:99–114.

10 Scheiner O, Kraft D: Basic and practical as-
pects of recombinant allergens. Allergy 1995;
50:384–391.

11 King TP, Hoffmann D, Lowenstein H, Marsh
DG, Platts-Mills TAE, Thomas W: Allergen
nomenclature. J Allergy Clin Immunol 1995;
96:5–14.

12 Valenta R, Kraft D: Recombinant allergens for
diagnosis and therapy of allergic diseases. Curr
Opin Immunol 1995;7:751–756.

13 Burks AW, Williams LW, Helm RM, Con-
naughton C, Cockrell G, O’Brien T: Identifica-
tion of a major peanut allergen, Ara h 1, in pa-
tients with atopic dermatitis and positive
peanut challenges. J Allergy Clin Immunol
1991;88:172–179.

14 Burks AW, Shin D, Cockrell G, Stanley JS,
Helm RM, Bannon GA: Mapping and muta-
tional analysis of the IgE-binding epitopes on
Ara h 1, a legume vicillin protein and a major
allergen in peanut hypersensitivity. Eur J
Biochem 1997;245:334–339.

15 Burks AW, Cockrell G, Stanley JS, Helm RM,
Bannon GA: Recombinant peanut allergen Ara
h 1 expression and IgE binding in patients with
peanuts hypersensitivity. J Clin Invest 1995;
96:1715–1721.

16 Stanley JS, King N, Burks AW, Huang SK,
Sampson H, Cockrell G, Helm RM, West CM,
Bannon GA: Identification and mutational
analysis of the immunodominant IgE binding
epitopes of the major peanut allergen Ara h 2.
Arch Biochem Biophys 1997;342:244–253.

17 Burks AW, Williams LW, Connaughton C,
Cockrell G, O’Brien T, Helm RM: Identifica-
tion and characterization of a second major
peanut allergen, Ara h II, with use of sera of
patients with atopic dermatitis and positive
peanut challenge. J Allergy Clin Immunol
1992;90:962–969.

18 Burks AW, Sampson HA, Bannon GA: Peanut
allergens. Allergy 1998;53:725–730.

19 Crameri R, Jaussi R, Menz G, Blaser K: Dis-
play of expression products of cDNA libraries
on phage surfaces. A versatile screening sys-
tem for selective isolation of genes by specific
gene product/ligand interaction. Eur J Bio-
chem 1994;226:53–58.

20 Crameri R, Blaser K: Cloning Aspergillus fu-
migatus allergens by the pJuFo filamentous
phage display system. Int Arch Allergy Im-
munol 1996;110:41–45.

21 Crameri R, Suter M: Display of biologically
active proteins on the surface of filamentous
phages: A cDNA cloning system for selection
of functional gene products linked to the ge-
netic information responsible for their produc-
tion. Gene 1993;137:69–75.

22 Crameri R: pJuFo: A phage surface display
system for cloning genes based on protein-
ligand interaction; in Schaefer B (ed): Gene
Cloning and Analysis: Current Innovations.
Wymondham, Horizon Scientific Press, 1997,
pp29–42.

23 Suter M, Foti M, Ackermann M, Crameri R: A
cDNA cloning system based on filamentous
phage: Selection and enrichment of functional
gene products by protein/ligand interactions
made possible by linkage of recognition and
replication functions; in Kay BK, Winter J,
McCafferty J (eds): Phage Display of Peptides
and Proteins. San Diego, Academic Press,
1996, pp 187–205.

24 Crameri R, Hemmann S, Blaser K: pJuFo: A
phagemid for display of cDNA libraries on
phage surface suitable for selective isolation of
clones expressing allergens; in Sehon A, Kraft
D, Hayglass KT (eds): New Horizons in Aller-
gy Immunotherapy. New York, Plenum Press,
1996, pp 103–110.

25 Kleber-Janke T, Krupinska K: Isolation of 
cDNA clones for genes showing enhanced ex-
pression in barley leaves during dark-induced
senescence as well as during senescence under
field conditions. Planta 1997;203:332–340.

26 Mierendorf RC, Precy C, Yang RA: Gene iso-
lation by screening λ gt11 libraries with anti-
bodies. Methods Enzymol 1987;153:458–469.

27 Becker W-M: Characterization of Ara h 1 by
two-dimensional electrophoresis immunoblot
and recombinant techniques: New digestion
experiments with peanuts imitating the gas-
trointestinal tract. Int Arch Allergy Immunol
1997;113:118–121.

28 Del Sal G, Manflioletti G, Schneider C: A one-
tube plasmid DNA minipreparation suitable
for sequencing. Nucleic Acids Res 1988;16:
9878.

29 Sanger F, Nickler S, Coulson AR: DNA se-
quencing with chain terminating inhibitors.
Proc Natl Acad Sci USA 1987;74:5463–5467.

30 Pearson WR, Lipman DJ: Improved tools for
biological sequence comparison. Proc Natl
Acad Sci USA 1988;85:2444–2448.

31 Stüber D, Matile H, Garotta G: System for
high level production in E. coli and rapid pu-
rification of recombinant proteins: Application
to epitope mapping, preparation of antibodies
and structure-function analysis; in Lefkovits I,
Bernis B (eds): Immunological Methods. New
York, Academic Press, 1990, pp 121–215.

32 Laemmli UK: Cleavage of structural proteins
during the assembly of the head of bacterio-
phage T4. Nature 1970;227:680–685.

33 Khyse-Andersen J: Electroblotting of multiple
gels: A simple apparatus without buffer tank
for rapid transfer from polyacrylamide to ni-
trocellulose. J Biochem Biophys Methods
1984;10:203–209.

34 Leary JJ, Brigati DJ, Ward DC: Rapid and sen-
sitive colorimetric method for visualizing bi-
otin-labeled DNA-probes hybridized to DNA
or RNA immobilized on nitrocellulose:
Bioblots. Proc Natl Acad Sci USA 1983;80:
4045–4049.

35 Kozak M: Compilation and analysis of se-
quences upstream from the translational start
site in eucaryotic mRNAs. Nucleic Acids Res
1984;12:857–872.

36 Nielsen NC, Dickinson CD, Cho TJ, Thanh
VH, Scallon BJ, Fischer RL: Characterization
of the glycinin gene family in soybean. Plant
Cell 1989;1:313–328.

References

Acknowledgements

We would like to thank Dr. C.H. Heusser of Novartis, Basel,
Switzerland, for providing the TN-142 mouse antihuman IgE mono-
clonal antibody and we thank Dr. S. Vieths, Paul-Ehrlich-Institut,
Langen, Germany, for supplying the roasted peanuts used in the study.

We are indebted to the clinicians for providing the sera mentioned in
the text. Our thanks also go to Chantel Spencer and Daniela Warneke
for technical assistance.

This study was supported by the Deutsche Forschungsgemein-
schaft (Be 730/3-1) and by the Swiss National Science Foundation
(grant No. 31-50515.97).



274 Int Arch Allergy Immunol 1999;119:265–274 Kleber-Janke/Crameri/Appenzeller/Schlaak/
Becker

37 Valenta R, Duchene M, Pettenburger K, Sil-
laber Ch, Valent P, Bettelheim P, Breitenbach
M, Rumpold H, Kraft D, Scheiner O: Identifi-
cation of profilin as a novel pollen allergen:
IgE autoreactive in sensitized individuals. Sci-
ence 1991;253:557–560.

38 Valenta R, Duchene M, Ebner C, Valent P, Sil-
laber C, Deviller P, Ferreira F, Tejkl M, Edel-
mann H, Kraft D, Scheiner O: Profilins consti-
tute a novel familiy of functional plant
pan-allergens. J Exp Med 1992;175:377–385.

39 Irwin SD, Keen JN, Findlay JBC, Lord JM:
The Ricinus communis2S albumin precursor:
A simple preproprotein may be processed into
two different heterodimeric storage proteins.
Mol Gen Genet 1990;222:400–408.

40 Rabjohn P, Helm EM, Stanley JS, West CM,
Sampson HA, Burks AW, Bannon GA: Molec-
ular cloning and epitope analysis of the peanut
allergen Ara h 3. J Clin Invest 1999;103:535–
542.

41 Teuber SS, Dandekar AM, Peterson R, Sellers
CL: Cloning and sequencing of a gene encod-
ing a 2S albumin seed storage protein precur-
sor from English walnut (Juglans regia), a ma-
jor fool allergen. J Allergy Clin Immunol
1998;101:807–814.

42 Egorov TA, Odintsova TI, Musolyamov AKh,
Fido R, Tatham AS, Shewry PR: Disulphide
structure of a sunflower seed albumin: Con-
served and variant disulphide bonds in the ce-
real prolamin superfamily. FEBS Lett 1996;
396:285–288.

43 Kane JF: Effects of rare codon clusters on
high-level expression of heterologous proteins
in Escherichia coli. Curr Opin Biotechnol
1995;6:494–500.

44 van Ree R, Voitenko V, Van Leeuwen WA,
Aalberse RC: Profilin is a cross-reactive aller-
gen in pollen and vegetable foods. Int Arch Al-
lergy Immunol 1992;98:97–104.

45 Pastorello EA, Incorvia C, Pravettoni V, Or-
tolani C: Cross-reactions in food allergy. Clin
Rev Allergy Immunol 1997;15:415–427.




