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Background Profilins are cross-reactive plant allergens responsible for multiple pollen
sensitization and pollen-associated food allergy. While it is assumed that profilins from
different species are immunologically equivalent, some studies suggest partial or even lacking
IgE cross-reactivity between certain profilins.

Objective We aimed to obtain a semi-quantitative assessment of the contributions of
conserved and species-specific epitopes to IgE binding of plant profilins.

Methods We compared model structures of profilins from timothy, mugwort, celery and bell
pepper with crystal structures of birch and latex profilins. We predicted potential
conformational epitopes that consisted of contiguous patches of at least 20% surface-exposed
residues. Celery and timothy profilins were purified from their natural sources, and profilins
from birch, mugwort, bell pepper and latex were expressed in Escherichia coli. The structural
integrity of all purified proteins was confirmed by circular dichroism spectroscopy. IgE
ELISAs and ELISA inhibitions using sera from 22 profilin-sensitized allergic patients were
carried out.

Results Peptide backbone conformations of all six profilins were highly similar. Nine variable
epitopes and two containing high proportions of conserved residues were predicted. IgE from
all sera bound to all tested profilins and the amounts were highly correlated. However, IgE
inhibition experiments revealed that up to 60% of total IgE binding was mediated by species-
specific epitopes. The extent of cross-reactivity among profilins from timothy, birch, latex
and celery was greater than cross-reactivity to mugwort and bell pepper profilins. This pattern
was mirrored by sequence similarities among one of the predicted variable epitopes. Patients
with IgE to cross-reactive epitopes displayed allergic reactions to a greater number of plant
foods than patients having IgE directed to species-specific epitopes.

Conclusion The large extent of cross-reactivity among plant profilins justifies using a single
profilin for diagnosis. However, the fine specificity of IgE directed to variable epitopes may
influence the clinical manifestation of profilin sensitization.
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homologues in fruits and vegetables, and class I chitinases

Introduction that play a major role in the latex-fruit syndrome

Patients allergic to pollen or latex frequently have allergic
reactions towards several plant foods. This correlation is
attributed to the cross-reactivity of pollen and latex
allergen-specific IgE that reacts with homologous plant
food proteins. Examples for such cross-reactive allergens
are the major birch pollen allergen, Bet v 1, and its

(reviewed in [1]).

Profilins are small, cytosolic proteins, which are found
in all eukaryotic cells and take part in the regulation of the
actin cytoskeleton. Plant profilins are minor allergens
recognized by IgE from 10% to 20% of pollen-allergic
patients (reviewed in [2]) and cause IgE cross-reactivity
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not only among botanically unrelated pollen [3, 4] but
also between pollen and food [5] as well as pollen and
latex [6].

Most studies confirm the immunological equivalence of
allergenic profilins, meaning that IgE from profilin-sensi-
tized patients binds to profilins from different plant
sources with similar affinity and IgE binding to profilins
can be mutually inhibited [6, 7]. Hence, recombinant birch
pollen profilin, Bet v 2, is now widely used as the allergen
of choice in assays for profilin-specific IgE [8]. However,
several reports suggest the existence of species-specific
IgE epitopes on profilins, as exemplified by the lack of
cross-reactivity between profilins from Hevea brasiliensis
latex and Mercurialis annua pollen, although both plants
belong to the family Euphorbiaceae [9]. Other studies
showed only partial cross-reactivity between profilins
from birch pollen, cherry, pear, celery and peanut [10,
11], as well as between Parietaria and grass pollen
profilins [12].

This study was performed with the aim of obtaining
semi-quantitative data on the proportions of species-
specific and cross-reactive IgE epitopes of profilins and
to assess differences in the repertoire of specific IgE
among profilin-sensitized patients. We analysed known
plant profilin structures and amino acid sequences with
respect to potential linear and conformational IgE epi-
topes. Complementary to the structural approach, we
performed IgE immunoassays using six purified profilins
from different plant families: timothy pollen (Phl p 12,
[13]), birch pollen (Bet v 2, [14]), mugwort pollen (Art v 4,
[15]), celery tuber (Api g 4, [16]), bell pepper (Cap a 2, [17])
and H. brasiliensis latex (Hev b 8, [6]).

Methods

Sequence alignment

Sequences of 25 allergenic profilins from 18 different
monocot and dicot families covering a wide spectrum
of angiosperm taxa were taken from the Uniprot
database (http://www.ebi.uniprot.org/index.shtml). The
analysed profilins were as follows: Amb a 8 (Ambrosia
artemisiifolia, plant family Asteraceae, Uniprot accession
number Q64LH1), Ana ¢ 1 (Ananas comosus, Bromelia-
ceae, Q94JN2), Api g 4 (Apium graveolens, Apiaceae,
Q9XF37), Ara h 5 (Arachis hypogaea, Fabaceae, Q9SQI9),
Ara t 8 (Arabidopsis thaliana, Brassicaceae, Q42449),
Art v 4.01 (Artemisia vulgaris, Asteraceae, Q8H2C9), Bet
v 2 (Betula verrucosa, Betulaceae, P25816), Cap a 2
(Capsicum annuum, Solanaceae, Q93YI9), Che a 2
(Chenopodium album, Chenopodiaceae, Q84V37), Cuc m
2 (Cucumis melo, Cucurbitaceae, Q7X9Q0), Cyn d 12
(Cynodon dactylon, Poaceae, 004725), Gly m 3 (Glycine
max, Fabaceae, 065809), Hev b 8.0204 (H. brasiliensis,
Euphorbiaceae, Q9LEI8), Lil 1 prof (Lilium longiflorum,

Liliaceae, Q9SNW?7), Lit c 1 (Litchi chinensis, Sapindaceae,
Q941H7), Mal d 4.0101 (Malus domestica, Rosaceae,
Q9XF42), Mer a 1 (M. annua, Euphorbiaceae, 049894),
Mus xp 1 (Musa xp acuminata, Musaceae, Q94JN3), Ole e
2.1 (Olea europaea, Oleaceae, 024169), Ory s 12 (Oryza
sativa, Poaceae, Q9FUD1), Par j 3.0101 (Parietaria judaica,
Urticaceae, Q9XG85), Phl p 12.2 (Phleum pratense, Poa-
ceae, 024650), Pho d 2 (Phoenix dactylifera, Arecaceae,
Q8L5D8), Pru av 4 (Prunus avium, Rosaceae, Q9XF39) and
Zeam 12 (Zea mays, Poaceae, 022655).

A multiple sequence alignment was performed using
the PileUp programme from the GCG package (Accelrys
Inc., Munich, Germany). The alignment was used to
calculate a variability plot, with variability defined as the
number of different residues occurring at each position of
the alignment divided by the frequency of the most
common residue [18].

Homology modelling of profilin structures

Structures of profilins from mugwort pollen (Art v 4.01),
timothy pollen (Phl p 12.2), celery tuber (Api g 4) and bell
pepper (Cap a 2) were modelled using the Swiss-Model
server (http://swissmodel.expasy.org, [19]). The structures
of profilins from A. thaliana pollen (Ara t 8, PDB
accession number 1AOK), birch pollen (Bet v 2, 1CQA)
and H. brasiliensis latex (Hev b 8.0204, 1G5U) were used
as templates.

Prediction of conformational epitopes on Hev b 8

The structure of H. brasiliensis latex profilin (Hev b
8.0204) was used to predict amino acid residues forming
potential conformational epitopes on the surface of the
protein. Solvent accessible surface areas (SASA) of each
residue were calculated using the GETAREA 1.1 program
[20] located at the University of Texas Medical Branch
(http://www.scsh.utmb.edu/cgi-bin/get_a_form.tcl). Rela-
tive values were calculated in relation to the average
SASA of the respective residue in the peptide GXG. The
distances between residues were calculated using the
Swiss-PDB Viewer [19].

Residues contributing to conformational epitopes were
predicted by a structure-based algorithm, which is a
modification of a previously published method [21]:

1. Protruding residues with relative SASA > 75% were
chosen as centres of the epitopes. If two or more of
these residues were closer to each other than 0.5 nm,
they were combined to form a single epitope.

2. For each of these residues, all partially accessible
residues (SASA > 20%) within 1nm distance from
the central residue(s) were included in the epitope.
The chosen epitope radius reflects the typical size
of an antigen-antibody contact surface (reviewed
in [22]).

© 2006 The Authors
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3. Finally, single residues located in the linear sequence
between two residues or stretches that were already
part of the epitope were also included. The rationale
behind this step was the assumption that an amino
acid will significantly affect the conformation of its
neighbours.

Patients’ sera

Sera from 22 profilin-sensitized allergic patients were
included in this study. Sensitization to profilin was
determined either based on specific IgE directed to
recombinant Bet v 2 (CAP class>2) or, in cases where
these data were not available, on positive IgE immuno-
blots with recombinant Bet v 2. The presence of typical
symptoms of allergy to pollen and H. brasiliensis latex
was confirmed by skin prick tests using commercial
extracts (ALK-Abello, Hgrsholm, Denmark). Food allergy
was diagnosed solely based on symptoms reported by the
patients.

Recombinant and natural profilins

Purified recombinant profilins from birch pollen (Bet v 2)
and H. brasiliensis latex (Hev b 8.0204) expressed in
Escherichia coli were obtained from Biomay (Vienna,
Austria). Recombinant profilins from mugwort pollen
(Art v 4.01) and bell pepper fruits (Cap a 2) were expressed
in E. coli and purified by affinity chromatography on
poly-L-proline sepharose [15, 17].

Profilins from celery tuber (Api g 4) and timothy pollen
(Phl p 12) were purified from their natural sources. One
gram of timothy pollen (Allergon, Angelholm, Sweden)
was stirred overnight at 4 °C in 10 mL of extraction buffer
(20 mm Tris-HCl, 10 mm ethylenediamine tetraacetic acid
(EDTA), pH 7.5, 1.5% (w/v) polyvinylpolypyrrolidone,
20 mm sodium diethyl dithiocarbamate, 5 mm dithiothrei-
tol) supplemented with protease inhibitors (Complete
EDTA free protease inhibitor tablets, Roche Molecular
Biochemicals, Mannheim, Germany). One hundred grams
of celery tuber was cut into pieces, frozen in liquid
nitrogen, ground to a fine powder and stirred with
100 mL of extraction buffer overnight at 4 °C. Both ex-
tracts were cleared by centrifugation (40000 g, 1h, 4°C)
and applied to a column of 20 mg poly-L-proline (average
molecular weight 5000, Sigma-Aldrich, St Louis, MO,
USA) coupled to 1 g CNBr-activated sepharose 4B (Amer-
sham Biosciences, Little Chalfont, UK). After washing the
column with buffer A (20mm Tris-HCl, pH 7.5, 1mwm
EDTA, 1 mwm dithiothreitol) and with buffer A containing
2 M urea, profilins were eluted with buffer A containing
6M urea. Eluted profilins were refolded by stepwise
dialysis using descending urea concentrations. The purity
of proteins was checked by SDS-PAGE and staining with
Coomassie Brilliant Blue R-250.

© 2006 The Authors

Circular dichroism

Secondary structures of purified profilins were checked
using circular dichroism (CD) spectroscopy. The proteins
were dialysed against 10 mm potassium phosphate, pH 7.5,
and measured at concentrations of 0.1 mg/mL in a J-810
spectropolarimeter (Jasco, Easten, MD, USA) in a 0.2 cm
quartz cuvette. Far UV spectra were recorded in the range
between 190 and 260nm at room temperature. Data of
three measurements were accumulated.

Immunoglobulin E ELISA and ELISA inhibitions

For determination of profilin-specific IgE, 100pL of
purified profilins were immobilized overnight to 96-well
MaxiSorp microtitre plates (Nunc, Roskilde, Denmark) at a
concentration of 10 ug/mL in 25mm sodium carbonate
buffer, pH 9.5. After blocking non-specific binding sites
with Tris-buffered saline containing 0.5% Tween 20
(TBST) and 2% non-fat milk powder, sera diluted 1:5 in
TBST containing 0.5% bovine serum albumin were ap-
plied to the plates overnight at 4 °C. After applying a
monoclonal anti-human IgE antibody conjugated to alka-
line phosphatase (BD Pharmingen, Heidelberg, Germany)
at a dilution of 1:1000 for 1h, bound antibodies were
detected by incubation with p-nitrophenyl phosphate
(Sigma Fast p-nitrophenyl phosphate tablet sets, Sigma-
Aldrich). Colour development was quantified by measur-
ing at 405 nm. In all experiments, the sera of non-allergic
individuals and buffer without serum were included as
negative controls. All samples were analysed in duplicate.
The cut-off for positive values was determined using OD
values of five non-allergic patients’ sera and calculated
from their mean OD plus three standard deviations.

For IgE inhibition experiments, diluted sera were pre-
incubated with purified profilins or recombinant Bet v 1a
(Biomay) as a non-homologous negative control, before
proceeding with the immunoassay as described above.
A preliminary experiment was performed with three
sera using inhibitor concentrations between 0.03 and
100 pg/mL. For the inhibition assay with 13 sera, the
inhibitor concentration was 10 ug/mL, a value high en-
ough to guarantee plateau inhibition, as determined in the
pilot experiment. Inhibition values are given as percent
reduction of bound IgE compared with the controls where
no inhibitor protein has been added.

Statistical analyses

An IgE ELISA was performed with sera from 22 Bet v 2-
sensitized patients to measure their IgE levels specific for
profilins from birch pollen (Bet v 2), timothy pollen (Phl p
12), mugwort pollen (Art v 4), H. brasiliensis latex (Hev b
8), celery tuber (Api g 4) and bell pepper fruit (Cap a 2).
Specific IgE values were subjected to a linear correlation
analysis using the Pearson correlation coefficient.

Journal compilation © 2006 Blackwell Publishing Ltd, Clinical and Experimental Allergy
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In addition, an IgE inhibition assay using 13 sera
was performed with Phl p 12 coated to the solid phase
and six different profilins used as inhibitors. The results
of this assay were compared with allergic symptoms
of the patients. Inhibition values for single allergens
as well as the average extent of inhibition (not includ-
ing the self-inhibition with Phl p 12) were compared
with the presence of allergic symptoms to birch,
grass, mugwort, ragweed and plantain pollen, Hevea
latex, or plant foods using the Mann-Whitney test.
Correlation between the average amount of inhibi-
tion and the number of pollen or plant food sources,
respectively, eliciting allergic reactions was tested using
Spearman’s rank correlation analysis. All statistical ana-
lyses were performed using SPSS (SPSS Inc., Chicago, IL,
USA).

Results

Comparison of profilin sequences and structures

Amino acid sequences of 25 profilins from diverse plant
families were aligned (Fig. 1). The high degree of similar-
ity was reflected by this alignment: 54 of 134 residues
(40%) were identical in all analysed sequences (Fig. 1a).
Together with 25 alignment positions (19%) with an
aberrant residue in a minority of the aligned sequences
(variability less than 3), a total of 79 residues (59%) could
be classified as conserved.

As antibodies bind to epitopes formed by the three-
dimensional arrangement of amino acid residues on the
protein surface, tertiary structures of profilins were com-
pared. The three plant profilin structures found in the

(a)25

20

—_
ol

Variability

[s1][s2] [ H2 ] MH3E3 [s4] [ss5][s6 ][ s7 ] [ H4 |
1 11 21 31 41 51 61 71 81 91 101 111 121 131
Amino acid position

(b) hhhhhhhh sssssss ssssss hhhhhhhhhhhh hhhh
Cap a 2 MSWQTYVDDHLMCEIEGN- - -RLTSAAIIGQDGSVWAQSATFPQFKPEEITAIMNDFAEPGTLAPTG 64
Hev b 8.0204 MSWQTYVDDHLMCDIDGH---RLTAAAIIGHDGSVWAQSSSFPQFKSDEVAAVMKDFDEPGSLAPTG 64
Api g 4 MSWQAYVDDHLMCEVEGNPGQTLTAAATIGHDGSVWAQSSTFPQIKPEEIAGIMKDFDEPGHLAPTG 67
Bet v 2 MSWQTYVDEHLMCDIDGQAS-NSLASAIVGHDGSVWAQSSSFPQFKPQEITGIMKDFEEPGHLAPTG 66
Phl p 12.2 MSWQTYVDEHLMCEIEGH- - -HLASAATLGHDGTVWAQSADFPQFKPEEITGIMKDFDEPGHLAPTG 64
Art v 4.01 MSWQTYVDDHLMCDIEGTG-QHLTSAAIFGTDGTVWAKSASFPEFKPNEIDAIIKEFNEAGQLAPTG 66
*hkkk *hkk hkkk * *k * *kk kkk * * % * * * * k kkkkk
Sss ssssss SsSsSsSsSsSs SsSsSsSsSsss ssssssss hhhhhhhhhhhhhhhhh
Cap a 2 LYLGGTKYMVIQGEAGAVIRGKKGPGGITVKKTNQALIIGIYDEPMTPGQCNMIVERLGDYLIEQSL 131
Hev b 8.0204 LHLGGTKYMVIQGEPGAVIRGKKGSGGITVKKTGQALIIGIYDEPLTPGQCNMIVERLGDYLLDQGL 131
Api g 4 LYLGGAKYMVIQGEPNAVIRGKKGSGGVTIKKTGQALVFGVYDEPVTPGQCNVIVERLGDYLIDQGL 134
Bet v 2 LHLGGIKYMVIQGEAGAVIRGKKGSGGITIKKTGQALVFGIYEEPVTPGQCNMVVERLGDYLIDQGL 133
Phl p 12.2 MFVAGAKYMVIQGEPGAVIRGKKGAGGITIKKTGQALVVGIYDEPMTPGQCNMVVERLGDYLVEQGM 131
Art v 4.01 LFLGGAKYMVIQGEAGAVIRGKKGAGGICIKKTGQAMVFGIYDEPVAPGQCNMVVERLGDYLLDQGM 133

* khkkhkkkkk *hkkkkkkk **% *kk k% * * k% *kkkk *hkkhkkkkk *

Fig. 1. Alignment of profilin sequences. (a) Variability plot generated from an alignment of 25 plant profilin sequences. White bars: conserved residues
(variability < 3), black bars: variable residues. Variability is defined as the number of different amino acid residues divided by the frequency of the most
common one [18]. Secondary structure elements are depicted below the chart (H, a-helix; S, B-sheet). (b) Alignment of six profilin sequences used in this
study. Secondary structure elements are denoted in the top line. Asterisks designate residues identical in all six sequences. Linear stretches being parts of
potential epitopes are shaded.

© 2006 The Authors
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(d)

Fig. 2. Structural analysis of plant profilins. (a) a-carbon traces of profilins from celery tuber (Api g 4, red), mugwort pollen (Art v 4.01, brown), bell
pepper fruit (Cap a 2, dark blue), timothy pollen (Phl p 12.2, green), Arabidopsis thaliana pollen (Ara t 8, orange), birch pollen (Bet v 2, purple) and Hevea
brasiliensis latex (Hev b 8.0204, light blue). The N-terminal o-helix and the succeeding loop are marked by arrows. (b) Molecular surface of Hev b 8.0204
coloured by residue frequency: blue, residues identical in all analysed profilin sequences (variability = 1); green, conserved residues (variability < 3);
yellow, variable residues (variability > 3). (c) Secondary structure of Hev b 8.0204 with linear stretches being parts of potential conformational epitopes:
helix 1 (pink), the succeeding loop (red), the loop preceding helix 2 (orange), helix 3 (light green), strand 4 and the succeeding loop (dark green), the loop
preceding helix 4 (blue) and the C-terminus (purple). (d-f) Conformational epitopes 1 (d), 7 (e) and 8 (f) predicted for Hev b 8. Amino acids are coloured
as in (b). The right views in (a-c) are derived from the left ones by a 180° rotation around a vertical axis. All images were generated using the Swiss-PDB

Viewer [19] and Pov-Ray 3.5.

Protein Data Bank (profilins from A. thaliana pollen, birch
pollen and H. brasiliensis latex) and the models of four
additional profilins showed nearly identical arrangements
of the peptide backbone (Fig. 2a). The only major struc-
tural differences were observed with respect to the orien-
tation of the N-terminal a-helix, which is unique in the
birch pollen profilin structure, and the conformation of
a highly solvent-exposed variable loop between the
N-terminal o-helix and the first B-strand (marked by
arrows in Fig. 2a). Thus, it is justified to attribute different
antibody-binding capabilities of profilins to variations of
solvent-exposed amino acid side-chains. Colouring of the
Hev b 8 structure with respect to the variability coeffi-
cients obtained from the alignment of 25 profilin se-
quences showed that the surface was composed of a
mosaic of conserved and variable residues (Fig. 2b). The

© 2006 The Authors

proportion of invariable and conserved residues within
surface-exposed amino acids (SASA > 2000) was slightly
lower than the value for the whole sequence (47% invari-
able or conserved, 53% variable).

Prediction of potential conformational epitopes on Hev b 8

Three structures of plant profilins are recorded in the PDB
database: profilins from A. thaliana pollen, birch pollen
and H. brasiliensis latex. As A. thaliana pollen has not
been described as a significant allergen source and the
structure of birch pollen profilin lacks the co-ordinates of
a solvent-exposed loop, the structure of H. brasiliensis
latex profilin (Hev b 8.0204) was chosen to predict
potential conformational epitopes on its surface. Follow-
ing the procedure outlined in ‘Methods’, 12 protruding

Journal compilation © 2006 Blackwell Publishing Ltd, Clinical and Experimental Allergy
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Table 1. Predicted conformational epitopes of Hev b 8. Residues identical or conserved in all analyzed profilin sequences are typed in boldface

Central residue Sequence Residues total Cons. Var.
1 S2 2SWQTYVDDH; Qss Y125 129QGL131 14 9 5
2 R19 <DDH, ¢ 15CDIDGHRLT,; 575Ss5 10/ DEPLT;,, 19 6 13
3 S37+S538 Q4 Dg 16RLT,; Vg 550SSSFPQL; Geo Dior 15 7 8
4 041 30GSV 35 550SSSFPQFKSD,s Hes 65GT70 17 7 10
5 S44+D45 26HDGS V35 20PQFKSD,s 16AAVMK s, Tes Hes Goo 19 7 12
6 T63 Dys 26AAs0 Koy s5GSLAPT,s Heg 6GTKYMV,, 17 9 8
7 Q76 57PGsg Ag1 7sMVIQGEPGAg; §4RGKgs P11 Nisg Ei2o 18 15 3
8 P79 51MKsp 5sDEPGSgo 74 VIQGEPGAg; Rgs Kog E1o0 18 10 8
9 E108 +7GHRLT,; 56KKGSgo 10,DEPLTP; ;5 15 8 7
10 M117 Hy 13CDIDGH; Rgq 111 TPG113 116NM117 120ER 121 124DY 125 17 11 6
1 D128 Ye 06KTGQog 120FR 121 12aDYLLDQGL 41 15 8 7

residues were selected as centres of the epitopes. Two of
their pairs (Ser37 and Ser38, Ser44 and Asp45) were closer
than 0.5nm to each other; thus, they were combined to
form joint epitopes (Table 1, epitopes 3 and 5). The 10
overlapping potential epitopes defined by this procedure
(Table 1, epitopes 1-9 and 11) included all solvent-
exposed residues except Met117, which was subsequently
chosen as the centre of an additional epitope (Table 1,
epitope 10). The potential epitopes comprised between 14
and 19 residues distributed into two to four short stretches
of two to 11 residues in length and up to five single
residues dispersed over the linear sequence (Table 1).
Although all potential epitopes were conformational, they
contained linear stretches at least six residues in length
(Figs 1b and 2c). All epitopes included both conserved and
variable residues (Table 1). However, the central part of
epitope 1 contained mainly conserved residues (Fig. 2d,
Table 1). Epitope 7 consisted of conserved amino acids
except a short stretch of three variable residues (Fig. 2e,
Table 1). Hence, these epitopes can be classified as
conserved.

Clinical data of profilin-sensitized patients

Twenty-two Bet v 2-sensitized patients were included in
this study. Twenty of them (91%) had pollinosis caused by
grass (20 cases), birch (16, 73%), mugwort (9, 419%),
ragweed (9, 41%) and plantain pollen (6, 27%). Two
patients without pollinosis had latex allergy with typical
latex-associated fruit allergies (kiwi fruit and citrus fruits
in one case, banana in the other). However, the amounts of
profilin-specific IgE were very low in both sera. In total,
nine patients (41%) had latex allergy; 11 patients (50%)
were diagnosed with plant food allergy, with banana (4),
walnut (4), kiwi fruit (3), stone fruits (3), hazelnut (3) and
citrus fruits (2) as the most common offending foods.

Characterization of purified profilins

Six different recombinant (Art v 4.01, Bet v 2, Cap a 2, Hev
b 8.0401) and natural profilins (Api g 4, Phl p 12) were

purified by affinity chromatography on poly-1-proline-
sepharose columns. Purified proteins were at least 95%
pure as determined by SDS-PAGE, followed by staining
with Coomassie brilliant blue (data not shown). Correct
folding of the purified profilins was checked using
CD spectrometry (Fig. 3). All six profilins yielded simi-
lar spectra typical for folded proteins with mixed o-
structures.

Analysis of immunoglobulin E binding to different
profilins

In order to compare the IgE-binding capacities of plant
profilins with respect to different patients’ sera, an IgE
ELISA was performed with six different profilins adsorbed
to the solid phase, and the amount of profilin-specific IgE
from the sera of 22 allergic patients was determined. All
sera contained IgE reactive with all six profilins, with the
exception of one serum with very low amounts of profi-
lin-specific IgE, whose value for Cap a 2 did not exceed
the negative controls. Comparison of single patients’ IgE-
binding capacities to different profilins revealed a high
degree of correlation between the ELISA values of all
protein pairs. A nearly perfect linear correlation was
found for all pairs of profilins, with Pearson’s correlation
coefficients ranging from 0.916 (Art v 4-Phl p 12) to 0.987
(Art v 4-Hev b 8, data not shown).

Patient-dependent immunoglobulin E cross-reactivity of
profilins

A further investigation of the proportions of cross-reac-
tive and species-specific IgE epitopes was performed using
IgE ELISA inhibitions with sera from 13 patients (Table 2).
As all tested patients were allergic to grass pollen, natural
timothy pollen profilin (Phl p 12) was absorbed to the solid
phase and IgE binding to this allergen was compared with
the values obtained after pre-incubating the sera with six
different profilins at a concentration of 10 ug/mL. In an
initial concentration-dependent inhibition experiment with

© 2006 The Authors
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Fig. 3. Circular dichroism spectra of purified profilins. Spectra were recorded at a concentration of 0.1 mg/mL at room temperature. Data from three
measurements were accumulated. The molar residue elipticity (® ) is plotted.

Table 2. Immunoglobulin E inhibition data and allergic symptoms of profilin-sensitized patients

Inhibition

Allergic symptoms

Patientno. Apig4 Artv4 Betv2 Capa2 Hevb8 Phlp12 Average® Birch Grass Mugwort Otherpollen’ Latex Plant Food*

1 76 42 76 40 65 91 60
2 91 76 91 80 86 93 85
3 94 79 92 84 85 97 87
4 87 75 78 63 76 91 76
5 92 43 76 64 76 92 70
6 89 50 64 39 85 98 66
7 81 89 99 95 96 99 92
8 92 65 87 60 64 94 74
9 82 60 51 40 40 99 55
10 93 92 90 84 90 97 90
11 96 60 80 93 90 99 84
12 91 70 77 90 86 94 83
13 99 93 85 98 97 98 94

+ + - - - -

+ + + Ra - -

— + — Pl, Ra - -

+ + + - - -

+ + - Pl Ra — -

+ + - Ra - Po

+ + + Ra - Ha, Wa
+ + — Pl, Ra + -

+ + — Pl + -

+ + - - + Fi

+ + - - - -

- + + P1 + Ba

- + + Ra + Ha, Wa, Ba, Or, P1, To

*Average extent of inhibition not including the self-inhibition with Phl p 12.

"Abbreviations: Pl, plantain; Ra, ragweed.

{Abbreviation: Ba, banana; Fi, fig; Ha, hazelnut; Or, oregano; Pl, plum; Po, potato; To, tomato; Wa, walnut.
Sera were pre-incubated with profilins and assayed for IgE binding to Phl p 12 coated to the solid phase. Bold: inhibition values below 75%.

three sera, this inhibitor concentration was shown to
exceed the concentration required for saturating inhibi-
tion by at least tenfold (data not shown).

Pre-incubation of the sera with different profilins
inhibited IgE binding to Phl p 12 by 40-99%, depending
on the serum and the inhibitor protein (Table 2). The
values for the control inhibitions with Phl p 12 (self-
inhibitions) were highest for all sera. The negative control
pre-incubation with Bet v 1, a non-homologous allergen,
yielded no inhibition (data not shown).

The extent of profilin cross-reactivity for the tested sera
was compared with the presence of allergic symptoms to
birch pollen, mugwort pollen and Hevea latex. No correla-
tion between the inhibitory capacities of profilins from the
respective sources and allergic symptoms could be estab-

© 2006 The Authors

lished (Table 2). In addition, the average amount of
inhibition (not including the self-inhibition) was com-
pared with allergic symptoms. No connection between the
presence of allergic symptoms to latex or plant food or the
number of pollen sources eliciting allergic reactions and
the extent of profilin cross-reactivity could be established
(Fig. 4a). However, the number of plants foods eliciting
allergic reactions showed a significant correlation with
the average amount of inhibition (Spearman’s correlation
coefficient: 0.558; P=0.047; Fig. 4b).

Comparison of in silico epitope prediction with inhibition data

The examination of the inhibition data presented in
Table 2 revealed two groups of sera: those containing IgE

Journal compilation © 2006 Blackwell Publishing Ltd, Clinical and Experimental Allergy
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Fig. 4. Correlation of the average inhibition of IgE binding to Phl p 12 by other profilins with the number of pollen species (a) and plant food species (b)

eliciting allergic reactions.

Table 3. Sequences of predicted epitopes 1, 7 and 8 compared with the
sequence of Phl p 12.2

Sequence % Identity
Epitope alignment to Phlp 12.2
1 Phlp12.2 SWQTYVDEH QY QGM
Apig4 -=A----D- - - --L 79
Artv4.01 @ ------- D- K- --- 86
Bet v 2 --—------- - - --L 93
Capa?2 -------D- - - -SL 79
Hevb8.0401 -------D- - - --L 86
7 Phlp12.2 PG A MVIQGEPGA RGK P N E
Apig4 —— = —————--N------ - 9
Artv4.01 A- - -———=-A-- ----- - 89
Bet v 2 i e L
Capa?2 e e L
Hevb8.0401 -= = =-——===--= —=— - - - 100
8 Phlp12.2 MK DEPGH VIQGEPGAR K E
Apig4 ——mmmmm ———---N-- - - 9%
Artv4.01 I-N-A-Q --———-A--- - - 72
Betv2 --E---—— -——--A--- - - 89
Capa?2 “NA---T -—=--A--=--- 78
Hevb 8.0401 -- ---- S ———------ - - 94

Dashes denote residues identical to the corresponding residue in Phl p 12.

directed mainly to cross-reactive epitopes (patients 2, 3, 7,
10, 13), which is reflected by inhibition values above
75% for all profilins, and those recognizing variable
epitopes to a significant extent. Two epitopes predicted to
be highly cross-reactive by means of sequence align-
ment were epitopes 1 and 7 (Figs 2d and e, Table 3).
Among the variable epitopes, epitope 8 (Fig. 2f, Table 3)
best reflected the observed differences among profilins
with respect to inhibitory capacity. IgE binding to Phl p 12
was nearly completely inhibited by Api g 4 (90% inhibi-
tion averaged over all sera), Bet v 2 (80%) and Hev b 8
(80%). Lower average inhibition values were observed for
Art v 4 (69%) and Cap a 2 (71%). These numbers highly
resemble the percent sequence identity of residues con-
stituting epitope 8 to corresponding residues in Phl p 12
(Table 3).

Discussion

Profilins are highly cross-reactive plant allergens. IgE
from profilin-sensitized allergic patients binds to profilins
from a large number of botanically unrelated plants. In
agreement with this, presence of profilin-specific IgE has
been shown to elevate the risk of multiple pollen sensiti-
zation [4, 23] and pollen-related food allergy [24, 25].
Nevertheless, many profilin-sensitized patients do not
exhibit symptoms of food allergy or react only to a small
number of profilin-containing allergen sources. One rea-
son for different clinical consequences of profilin-specific
IgE could be differences in the patients’ IgE repertoire
resulting in a lack of sensitization to some species-specific
epitopes. Therefore, we aimed to define the distribution
of cross-reactive and species-specific IgE epitopes by
IgE immunoassays and by in silico analysis of profilin
structures.

Comparison of all surface-exposed residues of profilins
from different plant families showed that the molecular
surface was a mosaic of conserved and variable residues
(Fig. 2b). Taking into account the typical size of antigen
binding sites (about 2 nm in diameter, reviewed in [22]), 11
overlapping potential epitopes were identified (Table 1).
These epitopes all contained conserved as well as variable
residues. However, epitope 7 and the central part of
epitope 1 can be classified as conserved (Figs 2d and e).
Therefore, IgE specific for these epitopes can be assumed
to be responsible for the high extent of cross-reactivity
among profilins. Peptide mapping experiments using
synthetic peptides or random fragments derived from the
profilin sequence have previously shown IgE binding to
peptides corresponding to the N-terminal and C-terminal
helices of profilins, thus confirming possible involvement
of epitope 1 in IgE binding [26, 27]. The linear stretch
forming the central part of epitope 7 (M73-A81 in Hev b 8)
has not been found to bind IgE in those experiments.

ELISA inhibition assays with 13 sera revealed that the
inhibition of IgE binding at maximum inhibitor concen-
tration, related to the percentage of epitopes shared

© 2006 The Authors
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between timothy pollen profilin (Phl p 12) and the other
five profilins used in this study, varied between 40% and
100%, depending on the serum and the proteins used
(Table 2). A comparison of the average amount of inhibi-
tion of IgE binding to Phl p 12 caused by other profilins
showed a significantly higher cross-reactivity between
Api g 4, Bet v 2, Hev b 8 and Phl p 12 compared with the
cross-reactivity to Art v 4 and Cap a 2. This pattern nicely
fits the pattern of sequence similarities of residues form-
ing epitope 8 in Phl p 12 to corresponding residues in
other profilins (Table 3). Interestingly, a single chain
antibody variable fragment selected for binding of Hev b
8 from a phage display library cross-reacted to Api g 4,
Bet v 2 and Phl p 12, but not to Art v 4 and Cap a 2 [28].
Thus, epitope 8 is a good candidate for an important
variable epitope on plant profilins. In a recent publication
[29], the authors claimed that the extent of cross-reactiv-
ity among profilins could not be attributed to sequence
similarity. However, this assertion was based on IgE
inhibition ELISAs using various fruit and pollen extracts
whose profilin content had not been quantified.

All surface-exposed patches defined in our study were
composed of residues dispersed over the linear sequence
(Table 1). A significant contribution of conformational
epitopes to the IgE binding capacity of profilin has
previously been shown by comparing frequencies of IgE
binding with olive pollen profilin in native ELISA and
denaturing immunoblot [30] and by EAST inhibition
using soybean profilin and peptide fragments spanning
the complete sequence [31]. A peptide mimotope with no
similarity to linear profilin sequences selected from a
phage display library by biopanning with purified profi-
lin-specific patient’s IgE accounted for 0-829% of total IgE
binding [32]. Finally, fragments of melon profilin gener-
ated by acid hydrolysis did not bind IgE [29]. All these
data taken together suggest only a limited value of
denaturing methods such as IgE immunoblots for the
quantitation of profilin-specific IgE. In addition, care
must be taken when purifying recombinant or natural
profilins by poly-L-proline affinity chromatography, a
method that involves elution by 6M urea, followed by
in vitro refolding. Profilin preparations should be checked
for successful refolding using CD or equivalent methods.

In accordance with the high extent of cross-reactivity
among profilins, all tested sera bound to all analysed
profilins in an ELISA using purified profilins from six
different sources and sera from 22 profilin-sensitized
patients. The amounts of profilin-specific IgE showed a
strong linear correlation on comparing values of all
patients for different profilins. No differences between
the group of four recombinant profilins and the two
natural profilins used in our study were detected. These
results are in contradiction to the data obtained by
Wensing et al. [33], who described a much lower IgE
binding capacity of recombinant Bet v 2, obtained from

© 2006 The Authors

the same source as the protein used in our study, com-
pared with natural Bet v 2 and Lol p 12 (ryegrass pollen
profilin).

ELISA inhibition assays with 13 sera revealed that the
extent of inhibition of IgE binding to timothy pollen
profilin (Phl p 12) by the other five profilins used in this
study varied between 40% and 100% depending on the
serum and the proteins used (Table 2). However, binding
patterns of profilin-specific IgE generally had no conse-
quences for clinical symptoms of the patients, as neither
the patterns of pollen allergy nor the presence of allergy to
latex or plant food correlated with the outcome of the
inhibition assay. In contrast, the number of plant foods
but not the number of pollen sources eliciting allergic
reactions was significantly higher for patients with a
higher extent of profilin cross-reactivity (Fig. 4). The lack
of correlation between profilin cross-reactivity and the
extent of multiple pollen sensitization contradicts at first
glance results from previous studies showing a connection
between IgE reactivity or positive skin tests to profilin and
multiple pollen sensitization [4, 23]. However, these
studies determined an increased number of polysensitized
patients among profilin-sensitized ones but did not deter-
mine the extent of cross-reactivity between profilins from
different sources. Interestingly, patients with IgE directed
mainly to cross-reactive profilin epitopes tend to develop
allergic reactions to a greater number of plant foods,
despite the fact that the connection between profilin
sensitization and food allergy has frequently been dis-
puted [33].

In conclusion, our data justify the use of a single
profilin as a diagnostic marker for profilin sensitization.
In addition, despite the high proportion of variable
residues on the profilin surface and the relatively high
fraction of IgE binding to species-specific epitopes, no
strong connection between IgE binding patterns assessed
by inhibition assays and clinical cross-reactivity could be
established.
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