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Natural and recombinant molecules of the cherry allergen Pru av 2 show

diverse structural and B cell characteristics but similar T cell reactivity
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Summary

Background Cherry allergy is often reported in the context of allergy to other fruits of the
Rosaceae family and pollinosis to trees because of cross-reactive allergens. Allergic reactions
to cherry are reported by 19-299% of birch pollen-allergic patients. Pru av 2, identified as a
thaumatin-like protein (TLP) from sweet cherry, was recognized by the majority of cherry-
allergic patients in immunoblotting.

Objectives In order to investigate the structural characteristics and the immunoglobulin (Ig)E-
and T cell reactivity of cherry-derived TLP, recombinant Pru av 2 was expressed in Escherichia
coli and natural Pru av 2 was purified.

Methods Parallel-His and FLAG expression vectors were used for recombinant production of
Pru av 2 in the cytoplasm and the periplasm of E. coli. Natural Pru av 2 was purified from
fresh cherries and verified by N-terminal sequencing. Structural characterization was
performed using circular dichroism (CD) measurements, and the biologic activity was
measured in a glucanase assay. Using cherry-specific sera, the IgE-binding ability of
recombinant and natural Pru av 2 was investigated in IgE-ELISA and the T cell reactivity was
studied in proliferation assays.

Results Natural Pru av 2 revealed thaumatin-like structural features and bound IgE of 50% of
cherry-allergic patients. It was demonstrated to be enzymatically active. Recombinant Pru av
2 expressed in the cytoplasm of E. coli exhibited a slightly different folding compared with the
natural protein. It was not recognized by IgE from cherry-allergic subjects, but retained the
ability to stimulate T lymphocytes. Periplasmic recombinant Pru av 2 was able to bind an anti-
grape TLP antibody and cherry-specific IgE.

Conclusions We prepared two recombinant model TLPs from cherry, and compared their
molecular characteristics as well as their IgE-binding activity and T cell interactions in
relation to the natural counterpart. The cytoplasmic recombinant Pru av 2 can be used as a
hypoallergenic variant in allergen-specific immunotherapy, whereas the periplasmic protein
can be included in a component-resolved diagnosis.
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Introduction

birch pollen allergy were defined as being allergic to
cherries [1]. Even in Japan, it was reported that 61% of 54

Pollinosis is one of the prevailing allergic diseases in adults
throughout Europe. Allergy to pollen of trees of the order
Fagales is often combined with food allergy to fruits of the
Rosaceae family including cherries (Prunus avium). Based
on a patient questionnaire, 29% of Swedish patients with

birch-pollen-allergic patients were allergic to fruits and
vegetables and 58% from the food-sensitive group stated
adverse reactions after ingestion of cherries [2]. Oral allergy
syndrome (0OAS) was frequently reported as the most
frequent clinical manifestation [2, 3]. Pollen-related cherry
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allergy is caused by the presence of cross-reactive immu-
noglobulin (Ig)E epitopes on homologous proteins [4].

Four allergens from sweet cherry have been identified
so far. Pru av 1 and Pru av 4 are homologous to the birch-
pollen allergens Bet v 1 and Bet v 2, respectively, and are
in part responsible for the cross-reactivity between birch
pollen and cherry [5, 6]. Pru av 3 is a non-specific lipid
transfer protein (nsLTP) sharing high amino acid sequence
identities with nsLTPs from other fruits of the Rosaceae
family [6]. Pru av 2 was first discovered in 1996 as the
most abundant soluble protein in ripe cherries accumulat-
ing during the ripening process [7]. It was purified and
described as a non-sweet 29-kDa polypeptide. A high
degree of sequence similarity to thaumatin, an intensely
sweet-tasting protein of the fruits of a West African shrub,
revealed its relation to thaumatin-like proteins (TLPs),
family 5 of pathogenesis-related (PR) proteins [7]. These
proteins are induced upon pathogen attack, infection,
wounding or by chemicals as final products of the plant
defence system [8].

Interestingly, many plant PR-proteins including TLPs
were identified as allergens able to trigger allergic reactions
in humans [9-11]. Mal d 2, a 31kDa protein from apple
(Malus domestica) sharing approximately 50% identity
with PR-5 proteins, was the first TLP described as a food
allergen [12]. Recombinant Mal d 2 was expressed in
Nicothiana benthamiana [13]. Cap a 1 from bell pepper
[14] and TLPs from kiwi [15], grape [16] and orange [17]
were subsequently identified as food allergens. Inschlag
et al. [18] described the TLP from cherry for the first time as
a potential major allergen of 30-kDa and named it Pru a 2,
later modified to Pru av 2. Expression of Pru av 2 in the
cytoplasm of Escherichia coli, however, resulted in a
protein with abolished IgE reactivity. Recombinant proteins
with reduced IgE-binding capacity but with intact T cell
reactivity have been proposed as candidates for therapeutic
vaccines. Engineered hypoallergenic variants of the latex
allergen Hev b 6.01 and of peptides of its hevein domain
(Hev b 6.02) were shown to retain the ability to induce
T cell proliferation without binding IgE or stimulating
allergic effector cells [19]. Vaccination with recombinant
(r)Bet v 1 fragments and rBet v 1 trimers had the potential
to convert the pathological IgE response into a new,
allergen-specific mixed T helper type (Th)2/Th1-like im-
mune response [20, 21]. Site-directed mutagenesis of Pru
av 1, the Bet v 1-homologue from cherry, was used to
identify IgE epitopes and to reduce its IgE-binding capacity
[22, 23]. In general, genetically engineered hypoallergenic
proteins are required to display very low to no IgE binding
but to retain T cell stimulatory capability.

In order to develop a future candidate vaccine against
Rosaceae TLPs, Pru av 2 was produced by a cytoplasmic and
periplasmic E. coli expression system. The aim of this study
was to compare the structural characteristics, the IgE- and
the T cell reactivity of cytoplasmic and periplasmic recom-

binant (r)Pru av 2 with natural (n)Pru av 2. The further
intention of these IgE- and T cell studies was to create T cell
reactive hypoallergenic derivates for specific immunother-
apy using simple bacterial expression techniques.

Materials and methods

Cloning and construction of the expression plasmids

Pru av 2 cDNA integrated into the pTAG vector [18] was
used as a template for PCR amplification. PCR was
performed using a sense 5'-primer matching the N-term-
inal sequence of mature Pru av 2 (5'-GAC GAC GCC ATG
GCG ACA ATT TCT TTC AAA AAC-3’, Ncol restriction site
is underlined) and an antisense 3’-primer matching the
C-terminal sequence (5-GAC GAC CTC GAG TCA TGG
GCA GAA AGT AAT GGC G-3’, Xhol restriction site is
underlined). Reaction mixtures were subjected to the fol-
lowing conditions: denaturation at 94 °C for 30s, anneal-
ing at 62 °C for 45 s and extension at 72 °C for 1 min. After
30 cycles, a final elongation step of 7 min was added. PCR
products were cloned into the pCR 2.1 TOPO-TA cloning®™
vector (Invitrogen Life Technologies, Groningen, Nether-
lands) and the plasmids propagated in E. coli XL-1 Blue
cells. After digestion with Ncol and Xhol, the Pru av 2
coding sequence was ligated into either pHIS-Parallel2 [24]
or pFLAG-Parallel2 [25] expression vectors (provided by
F. Ferreira, Division of Allergy and Immunology, University
of Salzburg, Salzburg, Austria) using the Fast-Link™ DNA
Ligation kit (Epicentre Technologies, Madison, WI, USA).

Cytoplasmic expression and purification of rPru av 2

For heterologous expression of recombinant cherry TLP in
the cytoplasm, chemical competent E. coli BL21[DE3] cells
were transformed with the expression vector pHIS-Paral-
lel2 including the Pru av 2 sequence. Single positive
colonies were grown in 20 mL Luria-Bertoni (LB) medium
containing 100 mg/L ampicillin by continuously shaking at
37 °C overnight. After dilution (1:50) and incubation at
37 °C to an ODggg 0f 0.9, expression was induced by adding
isopropyl B-p-thiogalactopyranoside (IPTG) to a final con-
centration of 1 mwm. The optimized incubation time for
growing was 2.5 h. Cells were then harvested by centrifu-
gation. The pellet was dissolved in 40 mL lysis buffer
(100 mm Na-phosphate, 10 mm Tris, pH 8.0, 8 M urea) and
lysed by stirring for 1h at 4 °C. After centrifugation (4 °C,
40 000g, 30 min) and filtration, the lysate was shaken for
1.5h at 4 °C with 5mL of 50% w/v nickel-nitrilo-triacetic
acid (Ni-NTA) agarose (Qiagen, Hilden, Germany) equili-
brated with lysis buffer. The recombinant cytoplasmic
cherry protein was purified by Ni-NTA affinity chromato-
graphy using buffers with decreasing pH from 8 to 4.5.
Aliquots of protein fractions were analysed by 12% SDS-
PAGE. The fractions containing purified but denatured
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cherry TLP were pooled and refolded by several dialysis
steps using a cut-off of 6-8kDa at 4°C with buffers
(100 mm Na-phosphate, 10mm Tris-HCl, 150 mm NaCl,
0.1 mm EDTA, pH 7.5) containing decreasing concentra-
tions of urea (6-0 M) and reduced glutathione (5-0 mm).

Periplasmic expression and purification of rPru av 2

For periplasmic expression of rPru av 2 and secretion into
the medium, chemically competent E. coli BL21(DE3) cells
were transformed with the pFLAG-Parallel2 expression
vector providing a signal peptide. 1.5L of LB-medium
containing ampicillin was inoculated with 30 mL of an
overnight culture and grown with vigorous shaking at
20°C to an 0Dgyy of 0.8. The cells were collected
by centrifugation (4000 g, 10 min, 20 °C) and resuspended
in LB-saccharose medium (1% peptone, 0.5% yeast ex-
tract, 1% NaCl, pH 7.4, 0.4 m saccharose). After induction
by 1mwm IPTG and further incubation for 8h at 20°C,
the cells were harvested by centrifugation (4000 g, 10 min,
4°C). Soluble recombinant Pru av 2 was recovered
from the medium by 80% ammonium sulphate precipita-
tion. The ammonium sulphate pellet was dissolved in
50 mm Na-phosphate buffer (pH 7.2) and dialysed over-
night. To recover the remaining non-secreted rPru av 2
from the periplasm, the cell pellet was placed on ice
and carefully dissolved in resuspending buffer (50 mm
Tris-HCl, pH 8.0, 20% saccharose, 1mm EDTA). The
suspension was kept on ice for 1h and then centrifuged
(40 000 g, 4°C, 15min). For purification of rPru av 2
from the periplasm, cell pellets were suspended in lysis
buffer (50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 10 mm CaCl,)
and disrupted by pressure in a French Press at 10 000 psi.
Insoluble material was removed by centrifugation (40 000
g, 20 min, 4 °C). The supernatant was loaded by gravita-
tion up to five times onto a packed column of 1mL
anti-FLAG agarose (anti-FLAG® M1 agarose affinity
gel, Sigma-Aldrich, St Louis, MO, USA). The recombi-
nant periplasmic cherry protein was purified by immune-
affinity chromatography under native conditions
using 50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1 mm CaCl,
as washing buffer. Elution of bound FLAG-tagged rPru
av 2 proteins was performed with 50 mm Tris-HCl, pH
7.4, 150mmM NaCl, 2mm EDTA after a 30 min incuba-
tion. All expression and purification steps were monitored
by SDS-PAGE. The same purification procedures were
performed with recombinant proteins from the sac-
charose-enriched medium after ammoniumsulphate
precipitation.

Development of hen eqg polyclonal antibodies to
thaumatin

Purified natural thaumatin (provided by M. Witty, Cam-
bridge University, Cambridge, UK) was purified from leaf
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extracts of Thaumatococcus daniellii by conventional
chromatographic methods. Two milligrams of the purified
protein was used for the immunization of hens. After
several rounds of immunizations, hen eggs were collected
and protein was extracted. Hen egg antibodies were
purified from the yolk prior to use, circumventing the
blood collection procedure that is time consuming and
stressful for the animal. The antibodies were evaluated for
their specific binding to natural thaumatin.

Detection by thaumatin- and tag-specific antibodies

Proteins from crude E. coli lysates and purified recombi-
nant Pru av 2 (1.5 pg/lane) were separated on a 12% SDS-
PAGE gel under reducing conditions and subsequently
transferred onto nitrocellulose membranes. The membra-
nes were blocked in Tris-buffered saline+0.05% Tween-
20 (TBST)+ 1% non-fat milk powder and incubated with
diluted antibodies at room temperature. Total cell extracts
were treated with the chicken anti-thaumatin antibody
(1:1000) at 4 °C overnight and afterwards with alkaline
phosphatase-conjugated affinity pure rabbit anti-chicken
IgY (Merck, Darmstadt, Germany, 1:5000). After incuba-
tion for 2 h, the membranes were washed and developed
for 1-10 min in the BCIP/NBT substrate solution.

For detection of His-tagged recombinant cytoplasmic
(rc)Pru av 2, a penta-His-tag specific monoclonal anti-
body (Qiagen, 1:2000) was applied for 2.5 h. Mouse anti-
FLAG®™ M2 monoclonal antibody (Sigma-Aldrich,
1:10000) was used for detection of FLAG-tagged recom-
binant periplasmic (rp)Pru av 2 with an incubation time of
2 h. After washing the membranes three times with TBST,
they were incubated in a 1:7500 dilution of alkaline
phosphatase-conjugated AffiniPure rabbit anti-mouse
IgG+IgM (Jackson ImmunoResearch, Cambridgeshire,
UK) for 1 h. The blots were then washed again and stained
with BCIP/NBT.

Purification and detection of nPru av 2

The TLP from sweet cherry was purified following, in
principle, the methods described previously [26, 27].
Briefly, 1.5kg ripe cherries (Prunus avium, cv. Germers-
dorfer) from Northern Austria were squeezed with 300 mL
ice-cold water through Miracloth and diluted in sodium
formate buffer with a final concentration of 20 mm. The
cherry protein extract was adjusted to pH 3.8 with 100%
formic acid and centrifuged. The supernatant was filtered
and loaded onto a column of 25 mL SP-Sepharose Fast
Flow (Amersham Pharmacia Biotech, Uppsala, Sweden)
equilibrated with 20 mm sodium-formate buffer (pH 3.8).
The column was washed with 20mm sodium-formate
buffer (pH 3.8). A 200 mL linear gradient of 0-200 mm
NaCl in 50 mm Tris-HCl (pH 7.8) was used for elution. The
Pru av 2 protein was detected by SDS-PAGE in the
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flowthrough as well as in the washing step. This protein
solution was precipitated by adding ammonium sulphate
to a final concentration of 75%. After centrifugation, the
precipitate was dissolved in 5mL 20 mm sodium phos-
phate buffer (pH 7.2) and desalted by Sephadex G-25
prepacked PD-10 columns (Amersham Biosciences, Little
Chalfont, UK). The protein concentration was determined
by the BCA Protein Assay (PIERCE Biotechnology, Perbio
Science, Erembodegem, Belgium) using bovine serum
albumin as a standard. Proteins blotted onto nitrocellulose
membranes were incubated with chicken anti-thaumatin
antibody (1:1000) at 4°C overnight, developed and
stained as described above. For detection of possible
glycosylation, a glycan-specific rabbit anti-horseradish
peroxidase (HRP) antibody [28] (Sigma-Aldrich) was used
in a 1:4000 dilution. Visualization was performed by
alkaline phosphatase-conjugated swine anti-rabbit IgG
(DAKO, Glostrup, Denmark) diluted 1:1000 and again
BCIP/NBT solution.

N-terminal amino acid sequencing

Purified nPru av 2 was immobilized on a polyvinylidene
difluoride membrane (ProSorb Sample Preparation Car-
tridge, Applied Biosystems, Foster City, CA, USA) and
subjected to N-terminal sequencing on a Procise 491
sequencer (Applied Biosystems) using the Pulsed Liquid
cleavage program and the manufacturer’s chemistry ver-
sion 1.1.1.

Circular dichroism measurements

The circular dichroism (CD) measurements were per-
formed with nPru av 2 and rcPru av 2 in 10 mm Tris buffer
(pH 7.5). The investigations were carried out on a Jasco
J-715 spectropolarimeter using a 0.1 cm pathlength cell at
room temperature. Spectra were recorded with 0.2 nm
resolution at a scan speed of 50 nm/min and were the
result of averaging three scans. CD spectra were smoothed
with a ‘running-average’ algorithm and expressed as the
mean residue ellipticity [@] at a given wavelength.

Enzyme-linked immunosorbent assay with anti-grape
thaumatin-like protein antibody

Microtitre plates (Maxisorp, Nalge Nunc International,
Denmark) were coated with 10 pg/mL periplasmic recom-
binant and natural Pru av 2 and incubated overnight at
4 °C. After blocking with TBST (Tris-buffered saline, pH
7.4%, 0.5% Tween 20)+3% non-fat milk powder, rabbit
antiserum raised against the TLP and allergen from grape
berries [16] (anti-grape TLP antibody, provided by
E. Waters, Australian Wine Research Institute, Glen Os-
mond, Australia) was diluted 1: 1000 in TBST+0.5% BSA
and applied onto the plates overnight at 4°C. After

washing three times with TBST, the plates were incubated
with alkaline phosphatase-conjugated swine anti-rabbit
immunoglobulins (DAKO) 1 : 1000 diluted in TBST+0.5%
BSA for 2h at room temperature. Colour development
was performed using p-nitrophenyl phosphate tablets
(Sigma-Aldrich), and the optical density was measured at
405nm (550 nm as reference wavelength) after 45 min
using an ELISA reader (Dynatech MR 7000, Alexandria,
VA, USA).

Endo-B1,3-glucanase activity tests

The endo-f1,3-glucanase activity of cherry TLP was
assayed in two steps. Firstly, the enzymatic activity of
natural Pru av 2 was evaluated. Hundred micrograms of
nPru av 2 was incubated with substrate for 2 h. Subjected
to the same conditions, 100 pg of Latex B extract from
Hevea brasiliensis containing endo-f1,3-glucanases such
as Hev b 2 was used in parallel for 2h, as a positive
control. In the second step, the biological activity of
recombinant Pru av 2 expressed in the periplasm was
investigated. Thereto, 18 pg of nPru av 2 and 18 pg of
rpPru av 2 were incubated overnight. All proteins were
diluted in 500 pL 50 mm sodium acetate, 100 mm NaCl, pH
5.5, mixed with 300puL of azurine-crosslinked B-1,3
glucan (AZCL)-Pachyman substrate (Megazyme, Wicklow,
Ireland) solved in the same buffer 0.5% (w/v) and incu-
bated at 35 °C under continuous shaking. The reaction was
stopped with 100% ethanol, and the enzymatic activity
was measured at 590 nm in a spectrometer against sub-
strate blanks (devoid of protein and treated similarly).

Patients and patient’s sera

Sera from 20 adult patients recruited from Italy (Rome)
with self-reported allergic reactions to cherry (Prunus
avium), such as OAS or OAS-like itching, were selected
for this study. The majority of patients reported additional
symptoms to other fruits from the Rosaceae family and
were sensitized to pollen or fungi. Cherry-specific serum
IgE was measured with a Pharmacia UniCap device
(Pharmacia, Uppsala, Sweden) and ranged from 0.0 to
27.6 kKU/L (median: 13.8kU/L). To define the limit value,
sera from five non-allergic persons (control sera) were
tested in parallel.

Immunoglobulin E-enzyme-linked immunosorbent assay
experiments

Microtitre plates (Maxisorp, Nalge Nunc International)
were coated with 1 pg of natural or recombinant Pru av 2
per well overnight at 4 °C. After blocking with TBS+
0.05% Tween-20+3% milk, diluted sera were applied onto
the coated plates and incubated overnight at 4 °C. The
wells were then washed with TBST and incubated with
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alkaline phosphatase-conjugated mouse anti-human IgE
antibodies (Pharmingen, San Diego, CA, USA) for 2h at
room temperature. Colour development was performed as
described above and the optical density was measured
after 30 min to 2 h. All samples were prepared in duplicate.
For control experiments, normal human serum was used.
The positive threshold for specific IgE binding was defined
for each protein by adding 3 SD to the mean OD,q5 value
of the control sera.

Reduction and S-alkylation of nPru av 2

The eight disulphide bonds of purified nPru av 2 were
completely reduced with dithiothreitol (DTT) and carba-
midomethylated with iodoacetamide. In brief, 100 pg of
the protein were dissolved in 50 pL of 0.3 m Tris/HCl, pH
8.0, containing 8 M guanidine HCl. After the addition of
5uL of 0.5M DTT, the sample was incubated at 50 °C for
4 h. The reduced cysteine residues were then S-alkylated
by incubation with 12.5 pL of 0.4 M iodoacetamide for 1h
in the dark at 37 °C and the reaction was quenched by
adding 5uL of 0.5m DTT. The modified proteins were
dialysed against distilled water and subjected to IgE-
ELISA, as described above.

T lymphocyte proliferation assays

Peripheral blood mononuclear cells (PBMC) were obtained
from three birch-pollen-allergic individuals with OAS to
cherry after testing for nPru av 2 in ELISA by Ficoll-
Hypaque density gradient centrifugation (Pharmacia
Diagnostics, Uppsala, Sweden). PBMC (2 x 10°) were
cultured in triplicate in 96-well plates (Nunclone, Nunc)
in 200 pL of serum-free Ultra Culture Medium (BioWhit-
taker, Walkersville, MD, USA) supplemented with 2 mm
glutamine and 2 x 10~ °> M 2-mercaptoethanol with and
without allergen for 6 days. During the last 16 h of culture,
0.5 uCi [*H]-thymidine was added and the incorporated
radioactivity was measured by scintillation counting.

Results

Purification of cytoplasmic and periplasmic rPru av 2

Cytoplasmic rPru av 2 was expressed in E. coli with a six-
histidine tag for purification. Expression was monitored
and confirmed by immunoblotting of total cell lysates
using an anti-thaumatin antibody. The recombinant cher-
ry TLP was found to be insoluble in inclusion bodies and
could only be purified under denaturing conditions.
Recombinant protein present in the elution steps was
visualized by SDS-PAGE (Fig. 1, cytoplasmic, E1-E3) and
the presence of rcPru av 2 was further detected by a penta-
His-tag specific monoclonal antibody (Fig. 1, His). Under
reducing conditions, the purified protein migrated as a
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Fig. 1. Coomassie Brilliant Blue-stained SDS-PAGE analysis of purifica-
tion steps of rPru av 2 expressed in the cytoplasm by means of pHIS-
Parallel2 vector (Cytoplasmic, W, E1-E3) and in the periplasm by means
of pFLAG-Parallel2 vector (Periplasmic, W, E1-E3). The purification of
cytoplasmic rPru av 2 was achieved by Ni-NTA affinity chromatography,
and refolding was carried out by dialysis. Purification of periplasmic rPru
av 2 was performed by immune-affinity chromatography using anti-
FLAG agarose. M, molecular weight marker; W, washing steps; E1-E3,
elution steps of recombinant cytoplasmic and periplasmic rPru av 2. The
presence of cytoplasmic rPru av 2 was verified by a penta-His-tag
specific monoclonal antibody (His) and presence of periplasmic rPru av
2 by a mouse anti-FLAG® M2 monoclonal antibody (FLAG).

single band with a molecular weight 3-4 kDa higher than
the predicted 30kDa including the His-tag. The final
concentration of rcPru av 2 was 0.7 mg/mL. Approxi-
mately 20 mg was obtained from 1.5 L culture.

For purification of periplasmic rPru av 2, a FLAG-tag
was attached to the protein. Expression was followed
by immunoblotting of total E. coli extracts using an anti-
thaumatin antibody. E. coli cells were stimulated to
secrete newly expressed protein from the periplasm into
the medium by changing the osmotic conditions via an
LB-saccharose medium. From the periplasm, rpPru av 2
was extracted without lysing the entire cells. Both the
medium and the periplasmic fractions were analysed by
SDS-PAGE and showed similar results. Periplasmic frac-
tions are shown in Fig. 1 (periplasmic, E1-E3). The
purified cherry protein was recognized by the mouse
anti-FLAG™ M2 monoclonal antibody (Fig. 1, FLAG).
Purification under native conditions yielded about 150 ug
from the medium and more or less the same quantity from
the periplasmic extract on using 1.5L culture. The con-
centration of both rpPru av 2 fractions was 0.03-
0.05 mg/mL.

Purification and N-terminal sequence analysis of nPru av 2

Natural Pru av 2 was purified from ripe sweet cherries by
cation exchange chromatography using increasing pH
and salt concentrations. Coomassie Brilliant Blue (CBB)-
stained SDS-PAGE analysis revealed a predominant band
at about 30kDa in the flowthrough and in the washing
step with at least 98% purity (Fig. 2, lane: Wcpg). Using an
anti-thaumatin antibody, the presence of nPru av 2 in the
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Fig. 2. Coomassie Brilliant Blue-stained SDS-PAGE analysis of purifica-
tion steps of natural Pru av 2 from ripe cherries. Pure nPru av 2 was
present in the washing step (lane: Wcgg). Thaumatin-like proteins were
detected by Western blotting using the anti-thaumatin antibody. Lanes F,
flowthrough; lane W, washing step; lanes E6, E9, and E11, elution steps.

flowthrough, the washing step and several fractions of
elution was detected. The predominant band at 30 kDa was
clearly recognized confirming the presence of TLPs from
cherry (Fig. 2, lanes: F, W and E6). Fractions E9 and E11
most likely contained dimers of nPru av 2 (Fig. 2, lanes: E9
and E11). After desalting the enriched washing step and
pooling the TLP-containing fractions, 17 mL solution of
purified nPru av 2 was obtained. The protein concentra-
tion of the pooled fractions was 6.85 mg/mL. Altogether,
approximately 120 mg of highly purified nPru av 2 were
obtained from 1.5 kg ripe cherries. To verify the presence
of the thaumatin-like cherry allergen, the N-terminal
sequence of purified Pru av 2 was analysed. The resulting
5-amino acid N-terminus (ATISF) showed 100%
identity to the deduced amino acid sequence of the N-
terminus of the published mature TLP from -cherry
(SWISS-PROT: P50694) [7]. The presence of carbohydrate
moieties on at least part of nPru av 2 was indicated by the
binding of the glycan-specific rabbit anti-HRP antibody
(data not shown).

Circular dichroism analysis of natural and cytoplasmic
rPruav 2

Analysis of the far-UV CD spectrum of nPru av 2 showed a
broad minimum at 210 nm and a maximum below 200 nm
(Fig. 3, black curve). This is quite an unusual curve for a
protein consisting mainly of a B-sheet and B-turn struc-
ture, but it appeared to be characteristic for the CD spectra
of proteins from the TLP family (e.g. thaumatin [29, 30]
and zeamatin [31]). The spectrum of rcPru av 2 was very
similar in the 220-250nm range, but showed a broad-
ening of the peak and a shift of the minimum to 209 nm
(Fig. 3, grey curve). These differences indicate a different
fold of the recombinant protein as compared with the
native one.

1250

3
&~ -1250
§ \ /
<Q
2 -2500 \
=2
@ \. / —nPruav 2
-38750 N tPruav2 | |
-5000
200 210 220 230 240 250

Wavelength (nm)

Fig. 3. Circular dichroism spectra of nPru av 2 (black curve) and
cytoplasmic rPru av 2 (grey curve) between 200 and 250 nm at room
temperature.

Reactivity of nPru av 2 and periplasmic rPru av 2 with
anti-grape thaumatin-like protein antibody

Periplasmic recombinant Pru av 2 was tested in ELISA
with anti-grape TLP antibody to evaluate the binding
capacity of rpPru av 2 and to check the structural
characteristics in comparison with nPru av 2. Both nPru
av 2 (0D,4os: 0.27 after 45 min) as well as the recombinant
forms isolated from the periplasm (0D4o5: 0.19) and from
the culture medium of BL21 cells (OD4gs: 0.26) showed
similar binding capacities for the anti-grape TLP antibody.

Endo-B1,3-glucanase activity tests

Using AZCL-Pachyman as a substrate, the endo-f1,
3-glucanase activity of Pru av 2 was determined in two
assays. The first assay revealed the enzymatic activity of
the natural cherry TLP. Natural Hev b 2 in latex B extract
from Hevea brasiliensis served as a positive control and
possessed high glucanase activity (Fig. 4, assay 1). In
contrast, assay 2 demonstrated no enzymatic activity for
periplasmic rPru av 2 performed under the same condi-
tions as nPru av 2 (Fig. 4, assay 2). Cytoplasmic rPru av
2 was biologically inactive as well (data not shown).

Immunoglobulin E-enzyme-linked immunosorbent assay
experiments

Purified nPru av 2 and rPru av 2 were tested for their
reactivity with IgE antibodies in ELISA. IgE from the sera
of 10 from 20 tested cherry-allergic patients recognized
the natural cherry thaumatin-like allergen. Natural Pru av
2-positive sera were further assayed with the recombinant
counterpart (Table 1). Periplasmic rPru av 2 was shown to
be significantly IgE reactive in four patients (Fig. 5, nos. 1,
2, 6 and 8). Patients nos. 5, 6, 9 and 10 had high cherry-
specific serum IgE levels and displayed strong IgE binding
to nPru av 2, and patient no. 6 to rpPru av 2 as well. In
contrast, specific IgEs to rcPru av 2 could not be detected
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Fig. 4. The endo-fB1,3-glucanase activity of Pru av 2 was tested in two assays. Assay 1: 100 pg of natural Pru av 2 and 100 pg of natural latex B extract as
positive control were incubated for 2 h. Assay 2: 18 pg of nPru av 2 and 18 pg of periplasmic rPru av 2 were incubated overnight. The enzymatic activity

is indicated as change of OD per minute incubation time per mg protein.

Table 1. Clinical characteristics and IgE-ELISA data of nPru av 2-positive patients with self-reported allergy to cherry

Cherry CAP 0D,05 for 0D 05 for 0D, for red. Additional allergies
Patient number Symptoms to cherry (kU/L) nPru av 2 rPru av 2 nPru av 2 or sensitizations
1 0AS 1.0 0.30 0.23 ND SES
2 0AS 0.9 0.51 0.46 0.06 0AS-OF, MPS
3 0AS 0.8 0.77 0.05 0.04 0AS-OF, MPES
4 0AS 1.2 2.02 0.19 0.11 0AS-OF, MPS
5 0AS-I 27.6 2.80 0.11 ND MPFS
6 0AS-I 8.6 3.10 1.65 0.36 MPFS
7 0AS-I 0.6 0.78 0.13 0.07 MPS
8 0AS < 0.35 0.38 0.37 ND MPS
9 0AS 4.3 2.07 0.11 0.08 0AS-OF, MPS
10 0AS 4.5 2.37 0.15 0.22 0AS-OF, MPS

ELISA values above the positive threshold are in bold.

red. nPru av 2, reduced and alkylated natural Pru av 2; OAS, oral allergy syndrome; OAS-I, OAS-like itching; ND, not determined; SFS, sensitization to
Fagales pollens; MPS, multiple pollen sensitization; MPFS, multiple pollen and fungi sensitization; OAS-OF, OAS to other fruits.

IgE ELISA with cherry-allergic patients
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Fig. 5. The Immunoglobulin E-binding reactivity of sera from cherry
allergic patients was tested in ELISA. Ten of 20 sera reacted with nPru av
2 (black bars) and four of the nPru av 2-positive sera (no. 1, 2, 6 and 8)
reacted also with periplasmic rPru av 2 (grey bars). The threshold was
defined as the OD,45 0f 0.23 for nPru av 2 and of 0.21 for rPru av 2.

in any patient (data not shown). In order to evaluate the
contribution of disulphide bonds to IgE-binding ability,
reduced and alkylated nPru av 2 was tested with patients’
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sera as well. IgE reactivity was detected in only one serum,
which contained a very high amount of IgE directed to
native nPru av 2 (patient 6, Table 1). Sera with OD values
above the calculated threshold of 0.23 for nPru av 2, 0.21
for rPru av 2 and 0.22 for reduced and alkylated nPru av 2
were defined as positive.

Lymphoproliferative response

The T cell stimulatory activity was evaluated for the
natural cherry TLP as well as for the recombinant counter-
part isolated from the cytoplasm by inducing proliferation
of PMBC from cherry-allergic nPru av 2-positive patients.
PBMC were stimulated with titrated concentrations
(25, 12.5, 6.25 and 3.13 pg/mL, respectively) of nPru av 2
as well as of rcPru av 2. The optimum concentration to
induce proliferation was 12.5 pg/mL for nPru av 2 (mean
cpm: 23150) and 6.25ug/mL for the recombinant
allergen (mean cpm: 27 451). The mean value in cultures
incubated with medium alone was 2529 cpm. These results
showed that both proteins were able to induce
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lymphoproliferation, and that the rcPru av 2 was not
cytotoxic and contained the relevant T cell epitopes.

Discussion

Pru av 2 is a TLP from sweet cherry that belongs to family
5 of pathogenesis-related proteins [32]. IgE of the majority
of cherry-allergic patients was shown to react strongly
with this allergen among other cherry proteins in immu-
noblotting [18]. Cherry allergy is either caused by primary
sensitization of homologous inhalant pollen allergens (Bet
v 1 and Bet v 2) or directly by ingestion (Pru av 3). Pollen-
related food allergens typically cause mild symptoms like
OAS, whereas lipid transfer proteins (LTPs) frequently
include systemic reactions [33]. The sensitization route of
TLPs and the clinical relevance of this allergen family are
still largely unknown.

In order to advance the investigations of molecular
characteristics of cherry TLP and its activity in the human
immune system, various recombinant allergens were
generated. Preliminary expression trials of recombinant
Pru av 2 in E. coli had not resulted in correct folding [18].
Conditions in the cytoplasm of E. coli do not favour the
formation of the TLP’s eight disulphide bridges. Therefore,
expression in the periplasm was chosen to produce rPru av
2. Structural characteristics and IgE-binding abilities of
periplasmically expressed rPru av 2 were compared with
cytoplasmic rPru av 2 and with nPru av 2 purified from
fresh cherries.

Periplasmic rPru av 2 possessed thaumatin-like second-
ary structures as deduced from its binding abilities to an
anti-thaumatin antibody in immunoblot analysis and to
an anti-grape TLP antibody in ELISA. These results in-
dicate that rpPru av 2 retained thaumatin-like secondary
structures and that cherry and grape TLP displayed cross-
reactive epitopes. The anti-thaumatin antibody also
bound cytoplasmic rPru av 2, indicating that certain
conserved thaumatin-like features were present on this
protein. CD spectra could only be analysed for rcPru av 2
isolated from the cytoplasm. The production of rpPru av 2
yielded only small quantities; thus, no evaluable CD
measurements could be produced. CD analysis of rcPru
av 2 resulted in a similar spectrum in the range of
220-250 nm as compared with nPru av 2. The expanded
peak and the shift to the shorter wavelengths in the far UV
region indicated an altered folding of the secondary
structure probably because of incorrectly formed disul-
phide bridges in the cytoplasm of the expression host or
upon in vitro refolding.

The biological activity was determined by an endo-
B1,3-glucanase assay. Natural Pru av 2 degraded the
substrate efficiently, whereas periplasmic rPru av 2 ex-
hibited no detectable enzymatic activity. Cytoplasmic
rPru av 2 was also negative in the glucanase assay.
Molecular modelling and docking studies showed that

the acidic cleft and a favourable positioning of the
(1,3)-B-p-glucans towards the catalytically active acidic
residues were required for the cleavage activity of fruit-
specific TLPs [26]. The acidic cleft is highly electronega-
tive and located between domains I and II. If the structural
requirements of recombinant Pru av 2 for the cleft were
missing because of improper folding, they consequently
lacked glucanase activity. A structural relationship was
found to exist between the glucanase and allergenic
activity in fruit TLPs, as shown in the three-dimensional
model built for the pollen allergen Jun a 3 from mountain
cedar (Juniperus ashei) [34]. The main IgE-binding epi-
tope coincided with the «-helix of the domain II being well
conserved in PR-5 proteins [26].

The IgE binding from patients’ sera to nPru av 2 was
evaluated by ELISA experiments and only nPru av
2-positive sera were used to examine the IgE reactivity to
the recombinant counterparts. IgE from 500 of the
patients’ sera (10/20) recognized nPru av 2 and 4 of 10
sera recognized rpPru av 2. This is strong evidence that the
recombinant allergen expressed in the periplasm of E. coli
possessed some B cell-epitopes. We speculate that rpPru
av 2 is partly properly folded. The glycosylation present
on at least a portion of nPru av 2 may contribute to the
proper folding but was absent on the recombinant protein,
further explaining the diminished IgE-binding ability.
Cytoplasmic rPru av 2 did not bind IgE from any cherry-
allergic patient, indicating that no B cell-epitopes were
present. Incorrect formation of disulphide bonds during
the refolding process and consequently the improper
secondary structure compared with the natural TLP prob-
ably caused the missing IgE-epitopes.

The lack of serum IgE reactivity of cytoplasmic rPru av
2 offers an immense advantage for hypoallergenic im-
munotherapy. With the increasing number of allergens
cloned and expressed as recombinant proteins, intensified
interest has been generated in the development of hypoal-
lergenic molecules for immunotherapy. A protein com-
prising no B cell epitopes that is able to retain T cell
reactivity represents a potential candidate [20]. In this
study, we report the hypoallergenic variant of rcPru av 2
expressed in the cytoplasm of E. coli with conserved T cell
epitopes despite the loss of its IgE binding. Proliferative
responses of rcPru av 2 assessed in PMBC of cherry-
allergic subjects were determined. The ablation of B cell
epitopes and the consequent abolishment of IgE response
were probably because of the absence of multiple disul-
phide bonds. In contrast, periplasmic rPru av 2 contained
at least some properly formed disulphide bridges, as it was
able to bind IgE in a reduced way compared with the
natural cherry TLP. Studies of other recombinant hypoal-
lergens have demonstrated that mutation of multiple
cysteine residues was required to inhibit IgE-reactivity
completely [35, 36]. The decrease of the IgE-binding
capacity of reduced and alkylated natural Pru av 2
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observed in ELISA experiments confirmed that disulphide
bridges contribute to immunological activity of the mole-
cule.

In conclusion, this study presents two different kinds of
recombinant Pru av 2 expressed in E. coli. Cytoplasmic
rPru av 2 was not able to bind IgE, but its capacity of
inducing T cell proliferation because of retained T cell
epitopes was clearly demonstrated. This protein represents
a well-defined model for studies of immune responses to
TLPs in general and could be developed as a vaccine
candidate for application in hypoallergenic immunother-
apy in future. The other recombinant variant is the
periplasmic rPru av 2 containing B cell epitopes and most
likely correctly formed disulphide bonds. This thaumatin-
like allergen displayed IgE-binding activity in the sera
from cherry-allergic subjects and may be used for compo-
nent-resolved in vivo diagnosis as standardized protein.
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