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Abstract

We have recently shown that the majority of allergens can be represented by allergen motifs. This observation prompted us to experimentally
investigate the synthesized peptides corresponding to the in silico motifs with regard to potential IgE binding and cross-reactions with allergens.
Two motifs were selected as examples to conduct in vitro studies. From the first motif, derived from allergenic MnSOD sequences, the motif stretch
of the allergen Asp f 6 was selected and synthesized as a peptide (MnSOD Mot). The corresponding full-length MnSOD was also expressed in
Escherichia coli and both were compared for IgE reactivity with sera of patients reacting to the MnSOD of Aspergillus fumigatus or Malassezia
sympodialis. For the second motif, the invertebrate tropomyosin sequences were aligned and a motif consensus sequence was expressed as a
recombinant protein (Trop Mot). The IgE reactivity of Trop Mot was analyzed in ELISA and compared to that of recombinant tropomyosin from
the shrimp Penaeus aztecus (rPen a 1) in ImmunoCAP. MnSOD Mot was weakly recognized by some of the tested sera, suggesting that the IgE
binding epitopes of a multimeric globular protein such as MnSOD cannot be fully represented by a motif peptide. In contrast, the motif Trop Mot
showed the same IgE reactivity as shrimp full-length tropomyosin, indicating that the major allergenic reactivity of a repetitive structure such as
tropomyosin can be covered by a motif peptide. Our results suggest that the motif-generating algorithm may be used for identifying major IgE
binding structures of coiled-coil proteins.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction We have recently proposed a bioinformatic approach to assess

allergenicity of proteins and to predict cross-reactions by the

A large number of allergens of clinical relevance are known
today and their complete cDNA sequence has been determined
[1,2]. Recent data indicate that a small number of structural pro-
tein families contain most of these allergens [3—6]. Nonetheless,
the molecular basis for allergenicity of proteins remains largely
unknown.

Abbreviations: MnSOD, manganese superoxide dismutase; Trop, tropo-
myosin; Mot, motif; ABPA, allergic bronchopulmonary aspergillosis; AD,
atopic dermatitis
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identification of shared motifs in the amino acid sequences
of allergenic proteins [7]. For our initial allergen motif anal-
ysis, we used an allergen database which was generated in
our institute [7]. Since then the continuously updated Aller-
gome database (http://www.allergome.org [8]) has been used
for further analysis. This motif search using the 1102 aller-
gen sequences contained in the Allergome database at the time
(April 2005) resulted in the assignment of 912 sequences to 69
statistically relevant allergen motifs [9]. Motifs are defined as
sequence patterns that occur repeatedly in a group of related pro-
tein sequences. Motifs as such exist only as a sequence profile
whereby a number of amino acid residues are strictly predicted
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while others leave a freedom of choice with a statistical prefer-
ence. In the current study, we synthesized allergen motifs by two
different approaches. In the case of the manganese superoxide
dismutase (MnSOD) motif, we used the amino acid sequence
corresponding to the motif stretch of Aspergillus fumigatus
MnSOD. For the second motif, derived from tropomyosins, we
chose the consensus sequence and produced a so far non-existing
peptide.

The enzyme MnSOD has been identified as an allergen (Asp f
6) of the pathogenic fungus Aspergillus fumigatus (A. fumigatus)
[10]. It is of clinical relevance especially in individuals who are
allergic to A. fumigatus and who additionally suffer from allergic
bronchopulmonary aspergillosis (ABPA), an intense inflamma-
tory response to A. fumigatus in the lung. Furthermore, it has
been shown that MnSODs of phylogenetically distant organ-
isms are recognized by IgE antibodies from individuals reacting
to Aspfo6[l11].

Previous studies have identified tropomyosin as the major
crustacean allergen including shrimp, crawfish, lobster and crab
[12—15]. Shellfish allergy is of significant clinical concern, since
it can cause fatal anaphylaxis.

In the present study, we analyzed the IgE reactivity of two
selected motifs. Only the tropomyosin motif showed IgE binding
comparable to the corresponding full-length allergen, indicating
that the allergenicity of proteins with coiled-coil structure such
as tropomyosin can be represented by a motif peptide. Our motif
search analysis may thus serve as a valuable method to identify
IgE binding structures.

2. Methods
2.1. Antigens, allergens and allergen extracts

The MnSOD Mot was synthesized as a peptide preparation
containing at least 36% peptide fragments having the full-
length size of 50 amino acids by Thermo Electron GmbH (Ulm,
Germany) and was characterized by mass spectrometry and ana-
lytical HPLC. The first two amino acids of the motif (QQ) were
omitted because of stability problems linked to the presence of
QQ.

Tropomyosin isolated from chicken gizzard was bought from
Sigma (Fluka Chemie GmbH, Buchs, Switzerland).

ImmunoCAPs carrying A. fumigatus (m3), crab (C. pagu-
rus; £23) or shrimp (P. borealis; £24) extract, recombinant A.
fumigatus MnSOD (rAsp f 6; m222) or recombinant shrimp
tropomyosin (rPen a 1; Rf351) [16] were purchased from Phar-
macia (Uppsala, Sweden).

2.2. Patients sera

For the studies on the A. fumigatus MnSOD (Asp f 6), sera
from four groups of donors were analyzed: patients suffering
from allergic bronchopulmonary aspergillosis (ABPA) or atopic
dermatitis (AD), patients reacting to A. fumigatus extract and
control subjects. Patients suffering from ABPA fulfilled the
diagnostic criteria given by Greenberger and Patterson [17].
Individuals with AD were diagnosed according to the criteria

of Hanifin and Rajka [18]. Reactivity to A. fumigatus extract
was determined using the Pharmacia CAP system. For control
purposes, sera from donors who had no specific serum IgE to
rAsp f 6, as determined by ImmunoCAP, were included.

The sera analyzed for the studies on the tropomyosin consen-
sus motif included individuals showing strong IgE reactivity to
crab or shrimp extract, as determined by ImmunoCAP.

The study design was approved by the ethical committee of
the University of Berne, as part of ongoing efforts to validate in
house laboratory diagnostics.

2.3. Generation of motifs

Motifs were generated in an iterative way starting with aller-
gen sequences of two Allergome databases, namely the original
one from February 2003 (779 sequences) and the follow up
one from April 2005 (1102 sequences) as described in ref.
[7]. In the iterative procedure, the algorithm MEME (Multiple
EM for Motif Elicitation) [19] was used for identifying motifs
in the allergen sequences. Briefly, in the first step, the aller-
gen database was analyzed with MEME to determine a motif
representing a set of related sequences. These sequences were
removed from the allergen database. The remaining sequences
were subjected to MEME analysis for the generation of a motif
representing a new set of related sequences. This procedure
was repeated until no more statistically relevant motifs (E-value
less than 0.01) were detected. The motif size was defined as
50 amino acids in order to represent the mean length of a
protein domain and to prevent the generation of multi-domain
motifs [7].

2.4. Expression and purification of Asp f 6

The Escherichia coli M15 clone encoding the full-length
Asp f 6 was described earlier [20] and was used to produce
hexahistidine-tagged recombinant MnSOD. The fusion protein
was purified in two steps using a BD TALON™ Metal Affinity
Resin (BD Biosciences, San Jose, CA, USA) followed by size
exclusion chromatography using a HiLoad 26/60 Superdex 75
column (Amersham Pharmacia, Piscataway, NJ, USA). Purity
and molecular size of the recombinant MnSOD were analyzed
by SDS-polyacrylamide gel electrophoresis (15% acrylamide)
and Western blotting under denaturing conditions as described
elsewhere [21]. Western blots were incubated with mouse anti-
histidine antibody (Amersham Biosciences Europe, Otelfingen,
Switzerland) at 1:1000 overnight at 4 °C followed by incubation
with a horseradish peroxidase (HRP)-conjugated rabbit anti-
mouse IgG antibody (DakoCytomation, Baar, Switzerland) at
1:1000 for 4 h at RT.

2.5. Cloning, expression and purification of Trop Mot

The synthesis of the DNA fragment encoding the consensus
sequence of the tropomyosin motif (Trop Mot) was performed
using the following three overlapping oligonucleotides synthe-
sized by Microsynth GmbH (Balgach, Switzerland):
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Oligo #1: 5'-CTTCTGTCTGACGAAGAACGCATGGATGC-
TTTGGAAAATCAACTGAAAGAGGCAAGAAT-
GCTGGCGGA-3;
5'-CCACCATTGCGAGCTTGCGTGCCACTTCA-
TCATATTTACGATCTGCCTCTTCCGCCAGCAT-
TCTTGCC-3;
5'-GCAAGCTCGCAATGGTGGAAGCAGACCT-
GGAACGTGCGGAAGAACGGGCAGAAAGCG-
GCGAATCCAAG-3'.

Oligo #2:

Oligo #3:

After annealing of the three oligonucleotides by PCR filling
reactions, the cDNA was amplified in a PCR reaction using the
primers:

forpriNcol 5-CGTCGCCATGGTTCTGTCTGACGAAGAA-
CG-3' and

repriXhol 5'-CGTCGCTCGAGCTTGGATTCGCCGCTTTC-
TGC-3'.

The amplification products were subcloned into the pET
22b(+) high-level expression vector (Novagen, Madison, WI,
USA) and transformed into E. coli strain BL21(DE3)pLysS.
Hexahistidine-tagged Trop Mot was produced and purified from
the periplasm using a BD TALON™ Metal Affinity Resin
(BD Biosciences) according to the manufacturers’ instructions.
Purity and molecular size of the recombinant Trop Mot were
analyzed by SDS-PAGE (15% acrylamide) and Western blotting
under denaturing conditions as described above.

2.6. IgE binding and inhibition experiments

The specific IgE to Asp f 6 and MnSOD Mot in patient
sera was measured by ELISA. Costar EIA/RIA half-well plates
(Costar, Cambridge, MA, USA) were coated overnight at 4 °C
with either Asp f 6 or MnSOD Mot. Both proteins were coated
at a concentration of 5 pg/ml but taking into account that the
peptide preparation contains only 36% of full-length peptide
fragment only 1.8 pg/ml of full-length MnSOD Mot was coated.

However, because the molecular weight of MnSOD Mot (5 kD)
is four times smaller than full-length Asp £ 6 (23 kD) the amount
of both proteins coated on the plates were similar. Wells were
blocked for 2 h at 37 °C with PBS/0.15% casein and incubated
with patients’ sera diluted 1:4, 1:8, 1:16 and 1:32 in blocking
buffer for 3 h at 37 °C. Bound antibodies were detected by using
HRP-conjugated Le27 [22] as the detection system.

For inhibition ELISA, half-well plates were coated and
blocked as described. Patients’ sera were diluted 1:4 and pre-
incubated with 0, 1, 5 and 50 pg/ml of Asp f 6 or MnSOD Mot
for2hat37 °C, shaking at 320 rpm. The pre-incubated sera were
transferred to the coated plates and incubated for 2 h at 37 °C.
Residual IgE-binding capacity was determined as described for
ELISA assays.

Specific IgE reactivity to recombinant tropomyosin from
Penaeus aztecus (rPen a 1) and Trop Mot was measured by
ImmunoCAP and ELISA, respectively. InmunoCAP measure-
ments were carried out with undiluted sera as prescribed by the
manufacturer (Pharmacia). For ELISA, Costar EIA/RIA half-
well plates were coated overnight at 4 °C with Trop Mot at
a concentration of 5 pg/ml. Wells were blocked as described
and incubated with patients’ sera diluted 1:2 in blocking buffer
for 4h at 37°C. Bound antibodies were detected by using a
HRP-conjugated anti-human IgE antibody (The Binding Site,
Schwetzingen, Germany) as the detection system.

For inhibition ELISA, half-well plates were coated and
blocked as described. Patients’ sera were diluted 1:4, pre-
incubated with 0, 0.5, 5, 50 and 100 p.g/ml of Trop Mot, chicken
tropomyosin or BSA for 2 h at 37 °C and processed as described
for MnSOD Mot.

3. Results

3.1. Identification of an allergen motif in allergenic
MnSODs

Within the allergen motifs found by in silico analysis of the
Allergome database of April 2005, we selected motif 22 (E-value

1| Motif 87

Asp f 6 MSQQYTLPPLPYPYDALQFYTISQQIMELHHKKHHQTYVNGLNAALEAQKKAR-—————~— EATDVPKLVSVQOATKFNGGGHINHSLFWKNLAPE

Dro m MnSOD —————————=—————————-] MEVARKISPNCKPGVRGKHTLPKLPYDYAALEPIICREIMELHHQKHHQTYVNNLNAAEEQLEEAK—————— SKSDTTKLIQLAPALRENGGGHINHTIFWONLSPN
Hev b 10.0101 ———————-] MALRSLVTRKNLPSAFKAATGLGQLRGIQTFSLPDLPYDYGALEFATSGETMQLHHQKHHQTY ITNYNKALEQLNDA TH— EKGDSAAVVKLQSATRKFNGGGHVNHS TFWKNLAPV
Hev b 10.0102 —RIESLPDLPYDYGALEPALSGE IMOLHHOKHHQTY ITNYNKALEQLNDA Iy—— EKGDSAAVVKLQSAIKFNGGGHVNHS I FWKNLAPV
Hev b 10.0103 —-QTEFSLPDLPYDYGALEFPAISGEIMQLHHQKHHQTY ITNYNKALEQLNDA I~ EKGDSAAVVKLQSATKFNGGGHVNHS IFWKNLAPV

Hom s MnSOD
Mala s 11
Sac c MnSOD

Consensus :

88

Asp £ 6

Dro m MnSOD
Hev b 10.0101
Hev b 10.0102
Hev b 10.0103
Hom s MnSOD
Mala s 11
Sac ¢ MnsOD

————————————— MLSRAVCGTSRQLAPALGYLGSRQKHSLPDLPYDYGALEFHINAQIMQLHHSKHHAAYVNNLNVTEEKYQEATH—
PFYPIPSALPFPLPIHSLFSRRTRLFRFSRTARRAGIEHTLPPLPYEYNALEPFISADIMMVHHGKHHQTYVNNLNASTKAYNDA:—————— QRQDVLKOMELLTAVKENGGGHVNHALFWKTMAPQ
MFAKTAAANLTKKGGLSLLSTTARRTKVTLPDLKWDFGALEFYISGQINELHY TKHHQTYVNGFNTAVDQFQELSIDLLAKEPSPANARKMIAIQCNIKFHGGGFTNHCLFWENLAPE

QKFSLPDLPYDYGALEPAISGE IMQLHHQKHHQTYVNNLNAALEQLNDAT

——AKGDVTAQIALQFALKFNGGGHINHSIFWINLSPN

210

KSGGGKTDQAPVLKAA TEQRWGSFDKFKDAFNTTT,LGTQGS GWGWLVTDGPKG-KLDT TTTHDQDPVTG-~—-AAPVFGVDMWEHAYYT.QYL.NDKAS YAKG TWNV INWARAENRY TAGDKGGHPFMKT,
-~ —K-TQPSDD-LKKATESQWKSLEEFKKELTTLTVAVQGS GHGWLGFNKKSG-KLQTAALPNQDPLEAS-TGLTPLEGT DVWEHAY Y LQYKNVRPSYVEA TWDTANWDD T SCRFQEAKKLGC—————
REGGGELPHGS ~LGWA [ DADFGSLEKLIQLMNAEGAALQGS GWVWLALDKELK-KLVVETTANQDPLVTXGPTLVPLLGI DVWEHAYYLQYKNVRPDY LKN TWKVMNWKYASEVYAKECPS S ——————
REGGGELPHGS -1.GWA TDADFGSLEKLTQLMNAEGVALQGS GWWLALDKELK-KLYVETTANQDPLVTXGPTLVPLLGT DVWEHAYYLQYKNVRPDY LKN TWKVMNWKYASEVYAKECPSS——————
REGGGELPHGS ~LGWA LDADFGSLEKL 1QLMNAKGAALRGS GWWLALDKELK-K LVVETTANQDPLYTXGPTLYPLLGLDVWEHAY Y LQYKNVRPDY LKN LWKVMNWK Y ASEV Y AKECPS S ——————
- ~GGGEPKGE - LLEATKRDFGSFDKFKEKLTAASVGVQGS GHGWLGFNKERG - HLOTAACPNQDPLQGT - TGLTPLLGT DVWEHAY Y LQYKNVRPDY LKA TWNV INWENVTERYMACKK —— ————
SQGGGQLNDGP-LKQAIDKEFGDFEKFKAAFTAKALGIQGSGWCWLGLS ~KTG-SLDLVVAKDQDTLTT -~~~ HHP I LGWDGWEHAWY LQYKNDKAS Y LKQWANVVNWSEAESRY SEGLKASL -~~~
SQGGGEPPTG-ALAKAIDEQFGSLDELIKLTNTKLAGVQGSGWAF [VKNLSNGGKLDVVQTYNQDTVTGP -~ - LVPLVAT DAWEHAYY LQYQNKKADY FKATWNVVNWKEASRREFDAGK T ————————

Fig. 1. Amino acid sequence alignment of the MnSOD from A. fumigatus (Asp f 6) with other MnSOD allergens within the motif group 22, namely those from D.
melanogaster (Dro m MnSOD), H. brasiliensis (Hev b 10.0101, Hev b 10.0102 and Hev b 10.0103), H. sapiens (Hom s MnSOD), M. sympodialis (Mala s 11) and
S. cerevisiae (Sac c MnSOD). The region of the motif and the theoretical consensus sequence of this region are indicated.
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Fig. 2. Binding to MnSOD of serum IgE of three patient groups and control subjects. (A) Patients suffering from allergic bronchopulmonary aspergillosis (ABPA)
(10 donors). (B) Patients suffering from atopic dermatitis (AD) (10 donors). (C) Patients tested positive on A. fumigatus extract by ImmunoCap (12 donors). (D)
Control group (12 donors). The dashed line indicates the background level.
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Fig. 3. Binding to MnSOD Mot of serum IgE of three patient groups and control subjects. (A-D) Patient groups and control subjects as indicated for Fig. 2. The

dashed line indicates the background level.
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2.3e7192) representing a group of MnSOD sequences of differ-
ent organisms. This motif was the only found in the sequence
and was chosen because the corresponding full-length protein
for comparison of IgE reactivity and appropriate sera for testing
them were available.

Fig. 1 shows the alignment of Asp f 6, including the local-
ization of the motif, with seven selected MnSOD sequences of
other organisms. We have selected the amino acid sequence cor-
responding to the motif stretch of Asp f 6 and compared the in
vitro immunogenicity of this 50 amino acid stretch to that of its
corresponding full-length protein.

3.2. IgE reactivity to MnSOD and MnSOD Mot

The MnSOD Mot peptide was chemically synthesized,
whereas the full-length Asp f 6 was produced in E. coli as a
recombinant soluble hexahistidine-tagged protein.

To compare the in vitro IgE reactivity of the Asp f 6 motif with
the whole Asp f 6 protein, both products were tested in ELISA
with sera of three groups of patients. In a first group of ABPA
patients, 8 of 10 showed a high IgE reactivity to full-length Asp
f 6 (Fig. 2A). This result is in agreement with previous reports
showing that ABPA patients recognize recombinant Asp f 6 [23]
and suggests that our protein was correctly folded.

To verify the cross-reactivity between MnSODs of different
organisms predicted by our motif analysis, the full-length Asp f
6 was tested for IgE reactivity with sera of patients with atopic
dermatitis (AD). These patients react to the MnSOD of the skin-
colonising yeast Malassezia sympodialis (M. sympodialis) and
were reported to recognize the MnSOD of A. fumigatus (Asp f 6)
[24]. Of 10 AD patients, 3 exhibited strong reactivity with Asp
f 6 in our IgE binding studies, confirming the previously seen
cross-reactivity between the two fungal MnSODs (Fig. 2B).

The third patient group, which included 12 sera of individuals
reacting to A. fumigatus extract, showed low reactivity to Asp f
6, with only one serum exhibiting a higher IgE binding reactivity
(Fig. 2C). This result is in agreement with the literature, since
the majority of individuals allergic to A. fumigatus do not react
with Asp f 6 [23,24]. None of the control sera showed binding
to Asp f 6 (Fig. 2D).

In order to compare the full-length Asp f 6 with our motif,
we used the same groups of patients (Fig. 3). The motif showed
a good reactivity with one ABPA serum and was weakly recog-
nized by two sera from each ABPA and AD patients, suggesting
that the major IgE epitopes of Asp f 6 are not fully represented
by our motif peptide. Interestingly, those sera recognizing the
motif also showed strong binding to the full-length Asp f 6.
These results indicate that the sequence stretch defined by the
motif partially covers IgE reactive epitopes of Asp f 6.

3.3. MnSOD Mot cross-reacts with the fungal MnSOD
allergens

Two sera reacting with the motif were selected, one from the
ABPA and one from the AD patient group, to perform inhibition
ELISAs (Fig. 4). Serum IgE binding from the ABPA patient to

0 -

(A)

20 4
S 404 —@— MnSOD Mot
= —O- MnSOD
e}
=
£
x 60+

80 1

100 T

0 1 5 50
Inhibitory Antigen [ug/ml]
0
(B)

20
5 40 —@— MnSOD Mot
= —O- MnSOD
e}
=
£
< 60

80

100

Inhibitory Antigen [ug/ml]

Fig. 4. Inhibition of IgE binding to MnSOD Mot. The patients’ serum showing
the highest binding signal to MnSOD Mot of the ABPA patient group (A) and
the AD patient group (B) were pre-incubated with different concentrations of
MnSOD Mot or Asp f 6 and tested for IgE binding to MnSOD Mot.

MnSOD Mot was inhibited by soluble MnSOD Mot, confirm-
ing specificity (Fig. 4A). Full-length Asp f 6 inhibited the IgE
binding to MnSOD Mot at equimolar concentration indicating
that the region defined by the motif includes one of the epitopes
of the full-length allergen.

The same results were obtained using AD patients serum
(Fig. 4B), suggesting that the motif region contains one of
the determinants responsible for cross-reactivity between the
MnSODs of A. fumigatus and M. sympodialis.

3.4. Allergen motif in tropomyosins and designation of
consensus sequence

As a second motif, we have chosen motif 11 (E-value
2.0 e_356) of the in-house allergen database analysis [7]
representing a group of 10 sequences of highly conserved
tropomyosins of different invertebrates. Fig. 5 shows alignment
of the 10 tropomyosin sequences and the localization of the
motif region in the aligned sequences. The reason for choosing
this motif was the same as for the MnSOD motif as described
above.
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MEATKNKMQAMKLEKDNAIDRAEIAEQKARDANLRAEKSEEEVRALQKKIQQIENELDQV QEQLSAANTKLEEKEKALQTAEGDVAALNRRIQLIEEDLERSEERLKIATAKLEEASQSA
MEATKKKMOAMKLEKDNAIDRAETIAEQKARDANLRAEKSEEEVRALOKKICQIENELDQV QEQLSAANTKLEEKEKALQTAEGDVAALNRRIQLIEEDLERSEERLKIATAKLEEASQSA
MEAIKNKMQAMKLEKDNAIDRAEIAEQKSRDANLRAEKSEEEVRGLOKKIQQIENELDQV QESLTQANTKLEEKEKSLOQTAEGDVAALNRRIQLIEEDLERSEGRLKIATSKLEEASQSA
MDAIKKKMQAMKLEKDNAMDRADTLEQQNKEANLRAEKTEEEIRATQKKMQQVENELDQA QEQLSAANTKLDEKEKALONAEGEVAALNRRIQLPEEDLERSEERLNTATTKLAEASQAA
MDAIKKKMQAMKLEKDNAMDRADTLEQQNKEANIRAEKTEEEIRITHKKMQQVENELDQV QEQLSLANTKLEEKEKALOQNAEGEVAALNRRIQLLEEDLERSEERLNTATTKLAEASQAA
—————————— MKLEKDNAMDRADTLEQQONKEANTRAEKAEEEVHNLOKRMQQLENDLDQV QESLLXANTQLEEKDKALSNAEGEVAALNRRIQLLEEDLERSEERLNTATTKLAEASQAA
MDAIKKKMQAMKLEKDNAMDRADTLEQQONKEANNRAEKSEEEVHNLOQKRMQQLENDLDQV QESLLKXKANIQLVEKDKALSNAEGEVAALNRRIQLLEEDLERSEERLNTATTKLAEASQAA
MDAIKKKMOAMKLEKDNALDRALLCENQARDANLRAEKAEEEARTLOKKIQTIENDLDQT QGOETLVNGKLEGKEKALONAESEVAALNRRIQLLGEDLDRSEERLASATAKLSEASAAA
MDAIKKKMQAMKLEKDNAMDRALLCEQQARDANIRAEKAEEEARSLOKKIQQIENDLDQT MEQLMOVNAKLDEKDKALONAESEVAARLNRRIQLLEEDLERSEERLATATAKLAEASQAA
MDAIKKKMQAMKIEKDNALDRADAAEEKVRQMTDKLERIEEELRDTQKKMMQTENDLDXA QEDLSTANSNLEEKEKKVQEAEAEVAALNRRMTLLEEELERAEERLKLATAKLEEATHTA

121 Motif 240

DESERMRKMLEHRS ITIDEERMEGLENQLKEARMMAEDADRKY DEVARKLAMVEADLERAE ERAETGESKIVELEEELRVVGNNLKSLEVSEEKAQQREEAHEQQIRIMTTKLKEAEARAE
SKIVELEEELRVVGNNLKSLEVSEEKAQCREEAYEQQIRIMTAKLKEAEARAE
SKIVELEEELRVVGNNLKSLEVSEEKAQQOREEAYEQQIRIMTTKLKEAEARAE
DESERMRKVLENRSLSDEERMDALENQLKEARFLAEEADRKYDEVARKLAMVEADLERAE ERAESGESKIVELEEELRVVCNNLKSLEVSEEKANQREETYKEQIKTLANKLKAAEARAE
) qESKIVELEEELRVVGNNLKSLEVSEEKANQREEAYKEQIKTLANKLKAAEARAE
DESERMRKVLENRSLSDEERMDALENQLKEARFLAEEADRKYDEVARKLAMVEADLERAEERAETGE SKFVELEEELRVVGNNLKSLEVSEERKANQREEAYKEQIKTLTNKLKAAEARAE
DESERMRKVLENRSLSDEERMDALENQLKEARFLAEEADRKYDEVARKLAMVEADLERAEERAETGESKIVELEEELRVVGNNLKSLEVSEEKANQREEAYKEQIKTLTNKLKAAEARAE
DESERARKILENRSLPpEERMDALENQLKEARFLAEEADKKYDEVARKLAMVEADLERAEERAEAGEAKIVBLEEELRVVGNNLKSLEVSEEKANQREEEYKNQIKTLTTRLKEAEARAE
DESERARKILESKGLADEERMDALENQLKEARFMAEEADKKYDEVARKLAMVEADLERAEERAETGESKIVELEEELRVVGNNLKSLEVSEEKANLREEEYKQQIKTLNTRLKEAEARAE
DESERVRKVMENRSFQDEERANTVESQLKEAQMLAEEADRKYDEVARKLTMVEADLERAE ERAETGENKIVELEEELRVVGNNLKSLEVSEEKALQREDSYEEQIRTVSARLKEAETRAE

Derp 10
Derf10
Lepd 10
Chaf1
Homa1
Pans1
Pena1
Chik1
Blag?7
Anis 3
Derp 10
Derf10 DESERMRKMLEHRSITDEERMDGLENQLKEARMMAEDADRKYDEVARKLAMVEADLERAEERAET
Lepd 10 DESERMRKMLEHRSITDEERMEGLESQLKEARMMAEDADRKYDEVARKLAMVEADLERAEERAET!
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Pans1
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Chik1
Blag7
Anis 3
Consensus:  DEERMDALENQLKEARMLAEEADRKYDEVARKLAMVEADLERAEERAESG
241 284
Derp10 FAERSVQKLQKEVGRLEDELVHEKEKYKSISDELDQTFAELTGY-
Derf10 FAERSVQKLOKEVDRLEDELVHEKEKYKSISDELDQTFAELTGY-
Lepd 10 FAERSVQKLQKEVDRLEDELVHEKEKYKSISDELDQTFAELTGY -
Chaf1 FAERSVQKLOKEVDRLEDELVNEK-——————rrmmme o
Homa1 FAERSVQKLQKEVDRLEDELVNEKEKYKSITDELDQTFSELSGY-
Pans1 FAERSVQOKLOKEVDRLEDELVNEKEKYKSITDELDQTFSELSGY-
Pena1 FAERSVQKLOKEVDRLEDELVNEKEKYKSITDELDQTFSELSGY-
Chik1 FAERSVQKLQKEVDRLEDELVSEKEKYREIGDDLDTAFVELILKE
Blag7 FAERSVQKLQKEVDRLEDELVHEKEKYKYICDDLOMTFTELIGN-
Anis3 FAERSVQKLQKEVDRLEDELVHEKERYKSISEELDQTFQELSGY-

Fig. 5. Amino acid sequence alignment of the tropomyosins from D. pteronyssinus (Der p 10), D. farinae (Der f 10), L. destructor (Lep d 10), Charybdis feriatus
(Cha f 1), H. americanus (Hom a 1), P. stimpsoni (Pan s 1), P. aztecus (Pen a 1), C. kiiensis (Chi k 1), B. germanica (Bla g 7) and A. simplex (Ani s 3). The motif

and the consensus sequence are shown as indicated.

To investigate the biological relevance of this allergen motif,
we chose an alternative strategy than the one described for the
MnSOD motif: instead of selecting one of the tropomyosin
sequences, a motif consensus sequence considering all the
aligned sequences was generated by selecting the most abun-
dant amino acids from the aligned sequences. In case of
several amino acids occurring at the same frequency at a par-
ticular position in the alignment, the one which shows the
best fitting to the coiled-coil structure of tropomyosin was
chosen.

3.5. Trop Mot represents a major allergenic region of the
full-length tropomyosins

In order to test the IgE reactivity of the tropomyosin consen-
sus motif, it was produced as a soluble protein in E. coli and
purified via the linked His (6) tag epitope.

The IgE binding capacity of Trop Mot was tested in ELISA
using sera from donors allergic to shellfish. In order to compare
this reactivity to that obtained with a full-length tropomyosin,
the same sera were tested for IgE binding to the recombinant
shrimp P. aztecus tropomyosin (rPen a 1) in InmunoCAP assay.
The same sera contained IgE against both recombinant proteins.
As depicted in Fig. 6A, IgE reactivity to rPen a 1 correlates
with the IgE binding to Trop Mot, suggesting that the Trop Mot
peptide reflects the allergenicity of tropomyosin.

One of the sera showing IgE reactivity to both rPen a 1 and
Trop Mot was tested for its binding to immobilized Trop Mot
after pre-incubation with different amounts of soluble Trop Mot.
As shown in Fig. 6B, IgE binding to Trop Mot was inhibited by
increasing concentrations of the consensus motif, confirming
that the reaction to Trop Mot was specific. BSA used as control
protein did not interfere with IgE binding to Trop Mot. Interest-
ingly, the binding could not be inhibited by pre-incubation with
increasing amounts of soluble chicken tropomyosin, suggesting
that this non-allergenic vertebrate tropomyosin, which shows a
sequence identity of 62.5% to Trop Mot, does not cross-react
with epitopes present in the allergen consensus motif.

4. Discussion

The exact molecular characteristics rendering a protein aller-
genic are still a matter of debate and intense research. A recent
paper, however, has shown that dimerization and oligomeriza-
tion of proteins could be an important characteristic of allergens
[25]. We have recently described the identification of motifs
using allergen sequences by an iterative sequence comparison
protocol [7]. The majority of allergen sequences could be rep-
resented by 69 motifs indicating a limited variability of allergen
motifs compared to the total number of allergens contained in
the database. This motif-generating algorithm confirmed previ-
ous findings suggesting that the majority of allergens can be
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Fig. 6. (A) Correlation of values of specific IgE binding to recombinant Pen a
1 (P. aztecus, brown shrimp) analyzed by ImmunoCap and to Trop Mot ana-
lyzed by ELISA. (B) Inhibition of IgE binding to Trop Mot. One patient’s
serum was pre-incubated with different concentrations of Trop Mot, recombi-
nant chicken tropomyosin (Trop Chicken) or BSA and tested for IgE binding to
Trop Mot.

grouped into a limited number of structural protein families
[3,26,27] and that such an approach may also be used to predict
allergenicity.

In this study, we analyzed the IgE antibody binding proper-
ties of two allergen motifs in comparison to the corresponding
full-length allergens. From a first group containing MnSOD
sequences of different organisms and defined by motif 22, the A.
fumigatus sequence was selected and analyzed for IgE binding
activity using different groups of patients sera. Previous studies
analyzing the sequence similarities between MnSODs of dif-
ferent organisms aimed at assigning identical residues which
are solvent exposed and thus candidates for involvement in IgE
binding [28]. A number of solvent exposed conserved amino
acids were found and considered to be involved in IgE cross-
reactivity of the two proteins. Additionally, sequence alignment
of the MnSODs of A. fumigatus, H. sapiens, S. cerevisiae, D.
melanogaster and E. coli revealed 48 identical amino acids

shared by the sequences, but only four of them were at least 30%
solvent exposed. Interestingly, all of these four (Pro8, Prol9,
Lys32 and Asn39) are within the MnSOD motif stretch which
was defined by our in silico analysis. In IgE binding studies we
found specific IgE to MnSOD Mot in sera of ABPA patients
having a high reactivity to Asp f 6, whereas no reactivity was
observed in sera of patients sensitized to A. fumigatus with-
out ABPA. This suggests that MnSOD Mot covers only a part
of the IgE-binding surface of Asp f 6 involved in the immune
response associated with ABPA. It has been shown that Asp f
6 represents an intracellular protein not secreted by the fun-
gus. However, patients with ABPA have fungus growing in
their lung, leading to inflammatory processes and subsequent
damage to the fungus itself. As a result, the patients become
exposed to non-secreted intracellular proteins. Previous exper-
iments demonstrated that Asp f 6 is allergenic only in patients
suffering from ABPA. Our data confirm these results by showing
a high reactivity to Asp f 6 in sera of ABPA patients and a much
weaker one in sera of patients only sensitised to A. fumigatus
extract.

Our in silico analysis has calculated a high degree of sequence
similarity between the MnSODs of A. fumigatus and M. sym-
podialis. Three of 10 AD patients reacting to MnSOD of M.
sympodialis, displayed IgE binding reactivity to Asp f 6. This
confirms the predicted cross-reactivity and the fact that MnSOD
is a pan-allergen that can be recognized by individuals sensi-
tized to different MnSODs is consistent with earlier experiments
showing that patients with severe AD have a high rate of spe-
cific IgE antibodies which cross-react with MnSODs of different
origins [24].

Moreover, in the present study, one Asp f 6 positive AD serum
showed a reaction to MnSOD Mot, which could be inhibited
with MnSOD, confirming that the cross-reactivity between the
MnSODs of the two fungi is in part attributable to conserved
IgE epitopes included in the motif region. The fact that only two
patients react with MnSOD Mot may be because MnSOD con-
tains additional allergenic epitopes in other parts of the sequence.
This assumption is in accordance with previous works on struc-
tural analysis reporting that IgE-binding epitopes are scattered
over the surface of the MnSOD molecule [28]. Furthermore,
crystallization studies have shown that the fungal MnSOD is
a tetrameric protein [29] and putative IgE-binding epitopes are
formed by residues on different surface loops suggesting that
correct folding is required for allergenicity [28]. From our point
of view, this observation explains the low reactivity observed
with the chemically synthesized MnSOD Mot motif which most
likely did not adopt the same conformational structure as the
native protein. The IgE binding capacity of allergenic motifs
was further documented using the second motif representing
tropomyosin sequences of different phylogenetic origins. Ayuso
et al. have previously analyzed the major shrimp allergen Pen a
1 (tropomyosin) for IgE-binding regions by screening synthetic
peptides spanning the whole length of the molecule with sera of
shrimp-allergic subjects and identified five major IgE-binding
regions [30]. Interestingly, one of these regions overlaps with
the 50 amino acids sequence stretch defined by the tropomyosin
motif. In the current study, we have shown that the IgE reactivity
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of sera from shellfish-allergic individuals to recombinant shrimp
P. aztecus tropomyosin (rPen a 1) is comparable to that observed
for the tropomyosin consensus motif (Trop Mot) in the same
sera. Therefore, we assume that the Trop Mot not only binds
IgE but most probably represents a structure with an allergenic
potential comparable to that of the full-length tropomyosin. This
hypothesis is supported by a recent study showing that the pre-
viously defined region overlapping with our motif stretch is
responsible for the IgE binding to most patients. The substitu-
tion of a key amino acid in this region with that of non-allergenic
invertebrate tropomyosin showed a drastic reduction of the aller-
genicity of Pen a 1 [31]. This result indicates that in the case of
tropomyosin our algorithm-based method was able to generate
a motif region of clinical relevance.

In summary, we report the first in vitro application of an in
silico motif-based allergenicity prediction protocol [7] with two
motifs. For the MnSOD motif, the A. fumigatus sequence was
chosen, whereas for the tropomyosins, all the sequences in the
group defined by the Trop Mot were used to generate a consen-
sus sequence. We show that among the tested motifs only the
Trop Mot represents an allergenic structure able to substitute
full-length tropomyosin for serological diagnosis of shellfish
allergy. These results suggest that the motif-generated algorithm
can be a valuable tool to identify allergenic regions of proteins
with a coiled-coil structure such as tropomyosin. The low reac-
tivity obtained with the MnSOD Mot indicates that in the case of
complex globular structures such as MnSOD, where the correct
protein folding is required for B cell epitope mapping, the region
defined by the motif cannot be represented by a synthetic pep-
tide. Thus, in the future, other approaches such as site-directed
mutagenesis in the motif region need to be explored to be able
to experimentally investigate whether a motif can be used for
identifying allergenic epitopes.
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