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Summary
Background Birch pollen-related soya allergy is mediated by Gly m 4. Conformational
IgE epitopes of Gly m 4 are unknown.
Objective To identify the IgE epitope profile of Gly m 4 in subjects with birch pollen-
related soya allergy utilizing an epitope library presented by Gly m 4-type model
proteins.
Methods Sera from patients with (n = 26) and without (n = 19) allergy to soya as deter-
mined by oral provocation tests were studied. Specific IgE (Bet v 1/Gly m 4) was deter-
mined by ImmunoCAP. A library of 59 non-allergenic Gly m 4-type model proteins
harbouring individual and multiple putative epitopes for IgE was tested in IgE binding
assays. Primary, secondary and tertiary protein structures were assessed by mass spec-
trometry, circular dichroism and nuclear magnetic resonance spectroscopy.
Results All subjects were sensitized to Gly m 4 and Bet v 1. Allergen-specific serum IgE
levels ranged from 0.94 to > 100 kUA/L. The avidities of serum IgE were 5.06 ng (allergic)
and 1.8 ng (tolerant) as determined by EC50 for IgE binding to Gly m 4. 96% (46/48) of
the protein variants bound IgE. Model proteins had Gly m 4-type conformation and indi-
vidual IgE binding clustered in six major surface areas. Gly m 4-specific IgE binding
could be inhibited to up to 80% by model proteins harbouring individual IgE binding sites
in an epitope-wise equimolar fashion. Receiver operating curve analysis revealed an area
under fitted curve of up to 0.88 for model proteins and 0.66 for Gly m 4.
Conclusion and Clinical Relevance Serum levels and avidity of Gly m 4-specific IgE do
not correlate with clinical reactivity to soya. Six IgE-binding areas, represented by 23
amino acids, account for more than 80% of total IgE binding capacity of Gly m 4. Model
proteins may be used for epitope-resolved diagnosis to differentiate birch-soya allergy
from clinical tolerance.
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Introduction

About two-thirds of subjects allergic to birch pollen
produce IgE against Bet v 1 that cross-reacts with
Bet v 1-homologous proteins from plant foods leading
to birch pollen-associated food allergies [1]. Homolo-
gous allergens from various fruits, nuts and vegetables
can cause birch-related food allergy [2]. Food allergy to
soya is associated with birch pollinosis in central and
northern Europe [3, 4]. The Bet v 1-homologous soya
bean allergen, Gly m 4, has been shown to elicit both

mild allergic symptoms and sometimes systemic reac-
tions including anaphylaxis [5]. Several efforts have
been made to differentiate the allergen-specific IgE sen-
sitization profiles of birch pollen-allergic patients with
and without associated food allergy [6–12]. Even
though these studies revealed group differences between
patients sensitized to PR-10 allergens and allergic or
tolerant to food were detectable, predictions were not
possible for the individual patient. Thus except for oral
provocation tests (OPT), which are time consuming and
might cause severe side-effects, there are no reliable



diagnostic measures available so far to predict birch
pollen-associated food allergy [13]. Thus, OPT (espe-
cially when performed as double-blind placebo-con-
trolled food challenge/DBPCFC) is still regarded as gold
standard in the diagnosis of food allergies.

The interaction of IgE with Bet v 1 and homologous
allergens is one critical step in the elicitation of birch-
related allergies. However, detailed molecular informa-
tion on individual amino acids accounting for most of
the binding energy to IgE (so-called functional IgE epi-
topes in [14]) of Bet v 1 and Bet v 1-homologous aller-
gens in foods is very limited. To date, only three IgE
epitopes of allergens have been structurally resolved by
either cocrystallization or nuclear magnetic resonance
(NMR) spectroscopy of IgE-allergen immune complexes.
The IgE epitopes of the major allergens of cow’s milk
(b-lactoglobulin), grass pollen allergen (Phl p 2) and
mugwort (Art v 1) give insight into the molecular char-
acteristics of individual conformational IgE epitopes of
allergens of different protein families [15–17]. However,
detailed structural information on conformational IgE
epitope profiles of allergens from the Bet v 1 protein
family, which comprises more than 24 allergens from
tree pollen and plant foods that are listed by the Aller-
gen Nomenclature Sub-Committee of the WHO (World
Health Organization) and IUIS (International Union of
Immunological Societies), is lacking.

Several efforts have been made to identify epitopes
for IgE. Allergen variants harbouring substitutions of
either individual or multiple residues were engineered
to either compromise (mutational epitope analysis) or
evoke IgE binding (epitope grafting). Such studies have
identified specific residues and protein surface areas
critical for the interaction of IgE antibodies with
Bet v 1 [18–23] and the Bet v 1-related allergens from
apple [24, 25], cherry [26, 27] or celery [28]. Further-
more, monoclonal antibodies have been used to localize
potential IgE epitopes of Bet v 1 and related allergens
[22, 29–31]. The only known epitope of Bet v 1 that
has been structurally resolved so far was identified
using a complex between BV16, a mouse monoclonal
Bet v 1-specific IgG and the major isoform of Bet v 1,
Bet v 1.0101 [32]. Binding of BV16 to Bet v 1.0101
reduces serum IgE interactions with the allergen, sug-
gesting competition of IgE and monoclonal IgG for an
overlapping binding site of Bet v 1 [33, 34]. Thus, no
individual epitope of Bet v 1 for IgE has been struc-
turally solved, and moreover, no epitopes of Bet v 1
and its homologues from other plants and plant foods
have been assigned a specific role in birch-associated
allergy. We recognize two major reasons for this lack of
information: (i) the engineering of recombinant allergen
variants to identify amino acids critical for antibody
binding can alter the original protein conformation
which is essential for proper IgE antibody binding of

Bet v 1-related allergens and (ii) the analysis of indi-
vidual IgE binding sites of allergens is complicated by
the presence of polyclonal and polyspecific serum IgE
facilitating multiple antibody–allergen interactions. In
this work, we aim to overcome these difficulties by
analysing a recombinant model protein with Gly m
4-type protein conformation that (i) does per se not bind
serum IgE of subjects with birch pollen-associated soya
allergy and (ii) that can be modified on the level of indi-
vidual amino acids to evoke binding of serum IgE.

Here, we present an orthologous norcoclaurine syn-
thase molecule onto which Gly m 4 residues are grafted
as a protein model system for a comprehensive and sys-
tematic analysis of functional IgE epitopes of Gly m 4.
The system is based on a recent proof-of-concept study,
in which the non-allergenic protein norcoclaurine syn-
thase proved to be an ideal molecular tool for epitope
analyses of PR-10 class allergens [35]. We identified
epitope profiles of Gly m 4 for IgE antibodies in patient
groups who were either allergic or clinically tolerant to
soya and analysed the diagnostic value of model pro-
teins presenting allergenic IgE epitopes.

Methods

Forty-five patients with sensitization to both Bet v 1
and Gly m 4, who did not receive birch pollen-specific
immunotherapy, were included as serum donors.
Allergy to soya bean protein was determined by dou-
ble-blind placebo-controlled food challenge (DBPCFC)
or convincing clinical history of anaphylaxis. Patients
were recruited at the Allergy Unit, Department of Der-
matology, University Hospital Z€urich, Switzerland, at
the Department of Dermatology, Venerology and Aller-
gology, University of Leipzig, Germany and at the
Allergy and Asthma Center, Westend Outpatient Clinic
Hanf, Ackermann & Kleine-Tebbe, Berlin, Germany.
Serum donations were approved by the local ethics
committees of the clinical centres, namely the ‘Ethik-
Kommission an der Medizinischen Fakult€at der Univer-
sit€at Leipzig’ and the ‘Kantonale Ethikkomission Z€urich,
Switzerland’ of the University Hospital in Zurich. Study
participants provided written informed consent.
Twenty-six patients exhibited an allergy against soya
bean, while 19 patients with sensitization to Bet v 1
and Gly m 4 were tolerant to soya bean. Four sera
pools comprising sera of three (pooled sera No. 40) or
four (pooled sera No. 41, 43, 44) patients was used.
Serum from one non-allergic subject was used as nega-
tive control for the specific IgE measurements.

Determination of allergen-specific IgE and IgG

Specific IgE and IgG levels to recombinant proteins
(Bet v 1, t215; Gly m 4, f353; Phadia Thermo Fisher
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Scientific, Freiburg, Germany) and soya bean (Glycine
maximus, f14; Phadia Thermo Fisher Scientific) extract
were determined using ImmunoCAP-FEIA in a Phadia
250 instrument (Thermo Fisher Scientific, Uppsala, Swe-
den) according to the manufacturer’s instructions.

Cloning, expression and purification of recombinant
variants of D51NCS and Gly m 4

The open reading frame of Gly m 4 optimized for
codon usage in Escherichia coli was purchased from
GeneArt (Thermo Fisher Scientific, Waltham, MA, USA)
and inserted into the bacterial expression vector pET15b
(Novagen, Merck, Darmstadt, Germany). D51NCS was
generated by truncation of 11 amino acids at both N-
and C-termini and two insertions/substitutions namely
N42 and P49 compared to pET29b-D29NCS described
elsewhere [35, 36] to adjust the amino acid sequence to
a typical Gly m 4-type allergen. Substitutions were
sequentially introduced in pET29b-D51NCS with Quick-
Change Lightning Multi Site-Directed Mutagenesis Kit
from Agilent Technologies (Waldbronn, Germany). All
protein variants were expressed and purified via their
His6-tag as described [35]. Inclusion body fractions of
recombinant Gly m 4, D51NCS and D51NCS variants
were prepared with BugBusterTM Protein Extraction
Reagent (Merck Millipore, Darmstadt, Germany) accord-
ing to the manufacturer’s instructions.

Sequence confirmation of recombinant proteins with
mass spectrometry

The amino acid sequence of the recombinant proteins
was confirmed by nano-ultra-performance liquid chro-
matography–nano-electrospray ionization mass spec-
trometry (nano-UPLC/nano-ESI-MS) after SDS-PAGE as
described elsewhere [37], with slight modifications.
Tryptic peptides were eluted with 25 mM NH4HCO3 and
10% acetonitrile (ACN), and the digestion was stopped
by adding 5% formic acid. The peptides were analysed
using a nanoUPLC system coupled to a nanoESI-MS
(nano Acquity UPLC nanoESI Synapt-MS; Waters, Mil-
ford, MA, USA) with a ACQUITY UPLC M-Class Sym-
metry C18 Trap Column, 100 �A, 5 lm,
180 lm 9 20 mm ACQUITY UPLC Peptide BEH C18
nanoACQUITY Column 10 K psi, 130�A, 1.7 lm,
100 lm 9 100 mm. A 30 min gradient (3% ACN to
40% ACN at 500 nL/min) after 3 min of trapping (99%
water at 5 lL/min) was applied to separate peptides.
The instrument was operated in V mode, acquiring MSE

data and applying standard parameters. Data analysis
was performed with ProteinLynx Global Server version
2.4 (Waters), searching an in house database consisting
of the UniProt database (as of May 2016, restricted to
reviewed entries) and the amino acid sequences of the

variants of D29NCS, D51NCS and Gly m 4. Proteins hits
were accepted at a false-positive rate of < 4%.

The amino acid sequence of the recombinant proteins
was confirmed by LC-MSE with sequence coverages
between 24.3% and 93.8%. The PLGS protein scores
were between 611 and 23 692. The average precursor
mass error was between 3.6 and 6.7 ppm, respectively.
A detailed description of the MS data can be found in
the Fig. S1 and Table S1.

Design of recombinant variants of D51NCS

Individual amino acids of D51NCS were replaced by their
respective counterparts of Gly m 4 by site-directed
mutagenesis. For this, the three-dimensional models of
D51NCS and Gly m 4 were overlaid to determine those
residues in D51NCS that correspond (i.e. similar position
and orientation of amino acid in the 3D-modelled struc-
ture) to those residues in Gly m 4 in the native protein
conformation. Amino acids of D51NCS that correspond
to amino acids in Gly m 4 are listed in Table S2.

Circular dichroism

Far UV circular dichroism (CD) spectra of D51NCS and
D51NCS variants were acquired at 293 K using a Jasco
J-810 spectropolarimeter (Japan Spectroscopic, Gross-
Umstadt, Germany) at a band width of 1 nm and a sensi-
tivity of 100 mdeg in a 0.1 cm cell. All proteins were
analysed at a concentration of 5–10 lM in 10 mM potas-
sium phosphate, pH 7.4. Each measurement comprised the
average of 10 repeated scans between 255 and 185 nm.

Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance samples were prepared in
20 mM sodium phosphate buffer, pH 7.0, 0.04% sodium
azide and 10% D2O containing 50 lM of D51NCS or
D51NCSE44/N46/K54. Standard 1D-1H spectra with
WATERGATE solvent suppression [38] were recorded on
a Bruker Avance 600 MHz spectrometer at 298 K. NMR
data were processed and visualized with the Bruker
spectrometer software TOPSPIN (Bruker, Billerica, MA,
USA).

Modelling of D51NCS variants

Structure predictions of D51NCS variants were per-
formed using the Phyre server [39]. The calculated
models were based on the structure of wild-type NCS
(pdb 2VNE) [40] with a confidence of 100% (according
to sequence and secondary structure similarity) and a
sequence coverage of 96%. Three-dimensional protein
models were visually analysed and illustrated using
PYMOL [41].
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SDS-PAGE and immunoblot analysis with D51NCS
variants from inclusion bodies

SDS-PAGE was performed with 15% separating gels
and 5% stacking gels using a discontinuous buffer sys-
tem [42]. For immunoblot analysis, 0.5 lg/cm of inclu-
sion body D51NCS variants was transferred onto
0.2 lm nitrocellulose membranes by semidry blotting at
0.8 mA/cm2 for 1 h [43]. After blocking with Tris-buf-
fered saline (TBS) containing 0.3%, Tween 20 blots were
incubated overnight at room temperature with 1 : 10
dilution of human sera with TBS containing 0.05%
Tween 20 (TBST 0.05%) and 0.1% BSA (TBST 0.05–
0.1% BSA). After incubation for 1 h with horseradish
peroxidase labelled mouse anti-human IgE antibody
(Clone B3102E8; Southern biotech via Biozol, Eching,
Germany), diluted 1 : 100 000 with TBST 0.05–0.1%
BSA, IgE-binding proteins were visualized by chemilu-
minescence (LumiGLO Reserve diluted 1 : 3; KPL via
Medac, Wedel, Germany) using a Luminescence imager
(Fusion Fx; Vilber Lourmat Deutschland GmbH, Eber-
hardzell, Germany) and signal intensities higher than
control (D51NCSN42/P49) were considered positive.

Binding of serum IgE to purified D51NCS variants

Dot blotting with purified recombinant D51NCS vari-
ants was performed according to immunoblot analysis
described above, but without prior SDS-PAGE and
semidry blotting. Recombinant proteins were spotted
directly on nitrocellulose membrane. Chemilumines-
cence was detected with horseradish peroxidase labelled
mouse anti-human IgE antibody (Clone B3102E8;
Southern biotech via Biozol), diluted 1 : 100 000 with
TBST 0.05%, 0.1% BSA. IgE-binding proteins were
visualized by chemiluminescence (LumiGLO Reserve
diluted 1 : 3; KPL via Medac). Densitrometric analysis
was performed with IMAGEJ (Rasband; NIH, Bethesda,
MD, USA). Each spot was quantified at three different
exposure times and mean value as well as standard
deviation was calculated. Intensities of each variant
were correlated to mean values of D51NCS model pro-
tein plus three times standard deviation which was set
to 1. IgE signals obtained with patients’ sera were iden-
tified as positive, if mean values minus standard devia-
tion were above (> 1) the signal of D51NCS model
protein plus three times standard deviation.

Depletion of serum IgE with recombinant Gly m 4 and
D51NCS variants

Serum IgE was depleted by incubation of either
Gly m 4, D51NCS, D51NCS variants or BSA with a
300 lL dilution (1 : 10) of patients’ sera for 3 h at
22°C followed by precipitation of allergen–antibody

complexes with Ni-beads (Ni-NTA Superflow; Qiagen,
Hilden, Germany). Thereafter, supernatants containing
unbound IgE antibodies were added to Nunc Maxisorp
microtiter plates (Fisher Scientific, Schwerte, Germany)
coated with 200 ng/100 lL Gly m 4 in phosphate-buf-
fered saline (PBS) and blocked with PBS containing 2%
BSA for 2 h at 22°C. Gly m 4-specific IgE was detected
with horseradish peroxidase labelled mouse anti-human
IgE antibody (Clone B3102E8; Southern biotech via
Biozol), diluted 1 : 1000 with PBS 0.05% Tween20,
0.1% BSA. The substrate for horseradish peroxidase was
3,30,5,50-tetramethylbenzidine (Roth, Karlsruhe, Ger-
many), and the reaction was stopped by addition of
25% H2SO4. The absorbance was measured at 450 nm.

IgE inhibition ELISA

For IgE inhibition experiments, Nunc MaxiSorp plates
(Fisher Scientific) were coated overnight at room tem-
perature with 50 ng/100 lL Gly m 4 or 300 ng/100 ll
D51NCSE44/N46/K54 in 10 mM potassium PBS, pH 7.4.
After blocking with PBS containing 2% BSA, plates
were incubated with the human sera pool (dilution
1 : 10) and increasing concentrations of recombinant
inhibitors (Gly m 4 or Gly m 4N42I/E44S/N46D/K54A) for
3 h at room temperature with PBS containing 0.05%
Tween 20 and 0.1% BSA. Gly m 4- or D51NCSE44/N46/K54-
specific IgEwasdetectedasdescribedabove.

Receiver operating curve analysis

Receiver operating curve (ROC) analysis was carried out
according to Eng J. ROC analysis: web-based calculator
for ROC curves. Baltimore: Johns Hopkins University
(updated 2014 March 19). Available from: http://
www.jrocfit.org. As input data, the quantified IgE bind-
ing of D51NCS variants (NCSI to NCSVI) and of Gly m 4
from sera of subjects allergic or tolerant to soya was
used.

Miscellaneous

Amino acid sequence alignment was carried out with
EMBOSS Needle Pairwise Alignment tool [44].

Results

D51NCS – a Gly m 4-type model protein for analysis of
specific IgE epitopes

Recently, we established a non-IgE binding Bet v
1-homologous model protein (norcoclaurine synthase,
D29NCS) which presents an IgE/IgG epitope of
Bet v 1 after epitope grafting and displays cross-reac-
tivity with Gly m 4 [35]. Here, we optimized our
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model protein by truncations of the C- and N-term-
inal extensions to generate the Gly m 4-type variant
D51NCS (Fig. 1a). To introduce a recently confirmed
IgE antibody binding site of Gly m 4 [35] to D51NCS,
we also generated and purified the variant
D51NCSE44/N46/K54 and tested binding of serum IgE to
the D51NCS variants offered either as purified protein
or as inclusion body fractions (Fig. 1b). Whereas
D51NCS did not bind serum IgE, the variant
D51NCSE44/N46/K54 bound IgE under both conditions.
We subsequently performed CD and NMR spec-
troscopy of both D51NCS variants to verify that the
optimization process of D29NCS did not abolish the
original NCS fold and that the Gly m 4 residues E44,
N46 and K54 are actually part of a conformational
epitope recognized on D51NCSE44/N46/K54. The spectra
of D51NCS and D51NCSE44/N46/K54 are virtually identi-
cal and characteristic for folded proteins with a high
degree of resonance dispersion resulting from sec-
ondary structural elements such as a-helices and
b-sheets (Fig. 1c) [45, 46], as well as positive maxi-
mum ellipticity at approximately 195 nm [47] and
negative maximum ellipticity at 217 nm (Fig. 1d) [48,
49]. These results indicated that the amino acid sub-
stitutions in D51NCSE44/N46/K54 did not change the
structural arrangement of D51NCS. As D51NCSE44/N46/
K54 is recognized by IgE that was originally directed
against the structure of Bet v 1, we conclude that
both D51NCS variants still show the original PR-10
class fold. To test whether the new IgE epitope pre-
sented by D51NCSE44/N46/K54 is recognized by IgE
directed against Gly m 4, we performed an IgE inhi-
bition ELISA with D51NCSE44/N46/K54 at the solid
phase and wild-type Gly m 4 as inhibitor which
clearly showed dose-related inhibition (Fig. 1e). More-
over, we generated a variant of Gly m 4 in which the
amino acids corresponding to the epitope were
exchanged (Gly m 4N42I/E44S/N46D/K54A) showing drasti-
cally reduced inhibition capacity in this assay system
(Fig. 1e). Physicochemical analyses indicated that
Gly m 4N42I/E44S/N46D/K54A has a typical monomeric
Gly m 4 protein conformation (Fig. S2). From this
dataset, we concluded that D51NCS is an ideal
Gly m 4-type model protein for a comprehensive
systematic analysis of IgE epitopes of Gly m 4
(Fig. 1f).

Birch pollen-allergic subjects sensitized to Gly m 4 and
with or without allergy to soya

All patients (n = 45) included in the study were sensi-
tized to both Bet v 1 and Gly m 4 and also possessed
IgG to Gly m 4 (Tables 1 and S3). Gly m 4-sensitized
subjects with clinically confirmed allergy (n = 21) or
tolerance (n = 13) to soya had Gly m 4-specific IgE

levels between 2.7 and > 100 kUA/L (median 9.8 kUA/L)
and 0.9 to > 100 kUA/L (median 5.4 kUA/L), respectively.
Only serum of patient 4 had low levels of specific IgE
against the soya allergens Gly m 5 and Gly m 6, where
all other patients had no detectable IgE against these
allergens. IgG levels against Gly m 4 were comparable in
both groups with median values of 8.2 and 9.1 mgA/L for
the soya allergic and non-allergic group. Thus, no major
differences regarding the serological level between the
allergic and the non-allergic group of our study popula-
tion were observed. We wondered whether the avidities
of Gly m 4-specific IgE would differ in sera of subjects
with (potentially higher avidity) or without (potentially
lower avidity) allergy to soya. We therefore pooled the
sera of allergic or non-allergic subjects, tested IgE bind-
ing to immobilized Gly m 4 in the presence of increasing
concentrations of Gly m 4 and determined EC50, the
amount of Gly m 4 needed for half-maximum inhibition
of IgE-Gly m 4 binding (Fig. 2). The EC50 values of
5.1 ng (soya allergic) and 1.8 ng (soya tolerant) rGly m 4
were quite similar and did not support our hypothesis, as
there was an apparently higher avidity in patients clini-
cally tolerant to soya.

Generation of a D51NCS library harbouring IgE epitopes
of Gly m 4

We generated a protein library of 48 recombinant
D51NCS variants harbouring 1–5 substitutions of
amino acids of Gly m 4 potentially critical for IgE
binding (Fig. S3). A rational protein design was cho-
sen considering mainly surface accessible polar,
charged or aromatic residues of Gly m 4. Further-
more, amino acids of putative epitopes of Gly m 4
were considered, based on a recent bioinformatic
approach, mapping phage-displayed IgE binding pep-
tides onto the molecular surface of Gly m 4 to dis-
play potential antibody binding sites [50]. All
D51NCS variants were heterologously expressed in
E. coli, and purified inclusion bodies were screened
by IgE Western blotting with sera from all patients to
obtain a preliminary patient-specific profile of puta-
tive IgE binding sites (Table S4). In total, 96% (46/48) of
the NCS variants bound serum IgE. 48% (22/46) of the
identified putative functional IgE epitopes were homolo-
gous to Bet v 1, while 52% (24/46) represented amino
acids that were specific for Gly m 4. On average 21 (12–
32) and 18 (14–26), NCS variants were recognized by
sera of subjects allergic or tolerant to soya, respectively.
We compared the serum IgE binding frequencies of all
NCS variants (Fig. 3). Four NCS variants bound all sera,
and 21 model proteins were recognized by at least 50%
of all sera tested. Interestingly, we observed no major
differences in IgE binding between the groups allergic or
tolerant to soya.

© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 1–14
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Fig. 1. D51NCS has Gly m 4-type structure and allows presentation of Gly m 4-specific epitopes. (a) Structural sequence alignment of D51NCS
and Gly m 4. The position of secondary structure elements of Gly m 4 were obtained from pdb: 2K7H [55] and putative positions of D51NCS from

the modelled variant. b-strands (highlighted in grey) and a-helices (underlined) are shown. Amino acid identity is 20.4%. (b) Binding of human

IgE to purified (upper panel) or inclusion bodies of (lower panel) D51NCS and D51NCSE44/N46/K54 with a serum of a birch pollen-allergic subject

sensitized to Gly m 4. Ponceau S stain (top) and Western blot (bottom) of each subfigure. (c) One-dimensional 1H-NMR of D51NCS and

D51NCSE44/N46/K54. (d) Circular dichroism of D51NCS (black) and D51NCSE44/N46/K54 (red) presenting a Gly m 4-specific IgE epitope. (e) Dose-

dependent inhibition of IgE binding to surface-coated D51NCSE44/N46/K54 in the presence of increasing concentrations of Gly m 4 (filled circles) or

Gly m 4N42I/E44S/N46D/K54A (open circles). Inhibition was determined in duplicate. (f) Structural overlay of Gly m 4 (pdb 2K7H in grey) and a model

of D51NCSE44/N46/K54 in red. The putative functional epitope comprising amino acids of Gly m 4 E44/N46/K54 shared by both proteins (E47, N49

and K57 in D51NCSE44/N46/K54) is illustrated in spheres. NMR, nuclear magnetic resonance.
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Polyclonal IgE binding from individual patients might
cluster in six surface areas of Gly m 4

We clustered the identified amino acids whose side
chains are approximately in cis-conformation to a vir-
tual molecular surface plane of 1000 �A2 to six putative
IgE-binding areas as this spatial arrangement results in
a maximum number of virtual epitopes on the molecu-
lar surface of Gly m 4 that would enable simultaneous
antibody binding to at least two different areas (Fig. 4),
respectively. Amino acids at the intersection of two vir-
tual plane surface areas might represent residues
belonging to at least two of six hypothetical IgE bind-
ing sites. The putative functional IgE epitopes (I–VI) are
represented by 3–10 amino acids each and cover molec-
ular surface areas between 311 and 967 �A2 (3–11% of
total protein surface, respectively) of Gly m 4. Accord-
ing to individual NCS variants most frequently recog-
nized by serum IgE, the six IgE binding areas (I–VI)
were bound by 100%, 59%, 100%, 86%, 68% and 100%
and 100%, 50%, 93%, 71%, 36% and 100% of sera of
subjects allergic or tolerant to soya, respectively.

D51NCS variants presenting Gly m 4-specific IgE
epitopes

To verify the data obtained in the initial screen, we
purified and characterized D51NCS variants presenting
multiple Gly m 4-specific amino acids selected from the
putative IgE binding areas I–VI (Fig. S3, cf. Fig. 4). NCS
variants with a Gly m 4-type secondary structure were
analysed for individual serum IgE binding in dot blot
analysis to generate both a patient-specific (Fig. 5) and
a group-specific epitope profile (Fig. 6a). D51NCS vari-
ants bound serum IgE, however with patient-specific

Table 1. Allergen-specific IgE/IgG of human sera of subjects being

allergic or tolerant (sensitized without subsequent symptoms) to soya

Study group

sIgE (kUA/L)
tIgG

(mgA/L)

Gly m 4*

Gly

m 5

Gly

m 6 Bet v 1* Gly m 4*

Allergic (n = 21)

Median 9.84 0 0.01 40.1 8.2

Min/max 2.68/> 100 0/0.47 0/0.77 7.48/> 100 2.9/36.9

Non-allergic (n = 13)

Median 5.42 0.04 0.03 30.6 9.1

Min/max 0.65/> 100 0/0.17 0/0.26 6.07/> 100 4.5/61.3

*The significances of differences in the Ig levels between the allergic

and non-allergic group were as follows: P = 0.51 (sIgE Bet v 1),

P = 0.16 (sIgE Gly m 4) and P = 0.31 (tIgG Gly m 4).

Fig. 2. Avidity of serum IgE of Gly m 4-sensitized subjects. Pooled

sera of subjects allergic (closed symbols) and tolerant (open symbols)

to soya were analysed. Binding of serum IgE antibodies to immobi-

lized Gly m 4 in the presence of increasing concentrations of Gly m 4

was determined. The EC50 for both patient groups is shown.

Fig. 3. IgE binding frequencies of Gly m 4-type NCS variants. IgE binding frequencies of sera of birch allergic subjects with clinically confirmed

allergy (dark grey) or tolerance (light grey) to soya to inclusion body D51NCS variants, presenting single or double amino acids of Gly m 4.

© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 1–14
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Fig. 4. Six IgE binding areas of Gly m 4. Upper panel: 47 Gly m 4-specific amino acids shown to evoke IgE binding of D51NCS cluster into six

potential IgE binding surface areas of Gly m 4. Secondary structure elements are indicated as b-strands (highlighted in grey) and a-helices (under-
lined) according to pdb 2K7H [55]. Middle panel: Molecular surface presentation. Lower panel: The following amino acids represent six different

potential IgE binding areas (I-VI) of Gly m 4 with I (red: F3, T4, F5, E6, D7, D124, E126, N128, Q129), II (pink: N10, N108, D130, E131, K133,

K136, K144, E147), III (blue: T17, K20, T24, D25, D27, N28, K32, E75, D155, Y156), IV (yellow: D35, S36, K38, S39, E59, D60, K64, D92, T93), V

(green: E44, N46, K54) and VI (cyan: E71, S81, S83, T98, D100, T116, K118, E120).

© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 1–14
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Fig. 5. Serum IgE binding to recombinant D51NCS variants. Patient-specific serum IgE binding to purified recombinant NCS variants presenting

single and multiple putative IgE epitopes of Gly m 4 was determined in dot blot analysis. Antibody binding was quantified densitometrically. Sera

of subjects with clinically confirmed birch pollen-related soya allergy (a) and sera of subjects sensitized to Gly m 4 but tolerant to soya (b) were

analysed. Chemiluminescence signal for D51NCS not presenting a Gly m 4-specific epitope was set to 1 (dotted line). 1–11: NCSI, NCSIII, NCSIV;
NCSV, NCSII, NCSIII/IV/V/VI*, NCSI/IV, NCSI/III/IV/VI, NCSI/III/V/VI, NCSI/II/III/IV/VI and NCSI/II/III/V/VI.

© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 1–14
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binding preferences (Fig. 5). 82% (9/11) and 45% (5/11)
of the NCS variants bound serum IgE of allergic and
tolerant subjects, respectively. None of the proteins was
recognized by all sera, but the variants NCSV, NCSI/IV
and NCSI/II/III/IV/VI were most frequently recognized by
serum IgE in both patient groups. The most striking dif-
ference however was observed with NCSI/III/V/VI repre-
senting four putative IgE binding areas. NCSI/III/V/VI was
bound by 68% and 7% of the soya allergic and tolerant
subjects, respectively. We performed a ROC analysis to

identify the best diagnostic marker among the recombi-
nant model proteins used (Fig. 6b). Whereas Gly m 4
and NCSV had area under fitted curve (AUC) of
0.63 � 0.1 and 0.55 � 0.1, respectively, NCSI/III/V/VI
had an AUC of 0.88 � 0.06 and turned out to be most
suitable candidate for a diagnostic marker that would
distinguish soya allergic from tolerant subjects in our
study population.

To test the total binding capacity of Gly m 4-specific
IgE of the generated NCS variants, we used a combina-
tion of six model proteins to deplete Gly m 4-specific
serum IgE. As controls, the D51NCS and Gly m 4 were
used (Fig. 7). 80 � 5.3% and 70 � 5.3% could be
depleted by the mixture of NCS variants compared to
97.3 � 2.1% and 92.4 � 2.4% by Gly m 4 when used
in epitope-wise equimolar amounts in sera of allergic
and tolerant subjects, respectively. In contrast, only
20 � 7.7% and 21.7 � 7.8% of Gly m 4-specific IgE
could be depleted by the native NCS control. These
results suggested that the vast majority of IgE epitopes
of Gly m 4 are covered by our model protein-based
recombinant Gly m 4-specific epitope library contain-
ing a total number of 23 amino acid substitutions (i.e.
F3, T4, F5, T17, T24, K32, S36, K38, E44, N46, K54,
D60, K64, E75, S81, S83, D100, K118, D124, E126,
N128, K133, K144) towards Gly m 4.

Fig. 6. Frequencies of serum IgE binding to recombinant Gly m 4 and

D51NCS variants and receiver operating curve (ROC) analysis. (a) Per-

centages of IgE binding to recombinant D51NCS variants were deter-

mined for subjects with (dark grey bars) and without (light grey bars)

allergy to soya. (b) Receiver operating analysis showing sensitivity

and specificity of serum IgE binding to Gly m 4 (circles, straight line),

to NCSV (triangles, long-dashed line), and to NCSI/III/V/VI (squares,

short-dashed line). Area under fitted curve (AUC) with estimated stan-

dard error for each protein is indicated. AUC for remaining D51NCS
variants were as follows: NCSI: no significance, NCSIII: 0.69 � 0.09,

NCSIV: 0.64 � 0.09, NCSII: 0.69 � 0.09, NCSIII/IV/V/VI*: 0.78 � 0.08,

NCSI/IV: 0.83 � 0.07, NCSI/III/IV/VI: 0.78 � 0.08, NCSI/II/III/IV/VI:

0.55 � 0.1 and NCSI/II/III/V/VI: 0.86 � 0.06.

Fig. 7. Depletion of Gly m 4-specific IgE with recombinant D51NCS
variants. Pooled sera of subjects with (dark grey bars) and without

(light grey bars) birch-related allergy to soya were incubated with

10 lM of either D51NCS control, a pool of D51NCS variants NCSV,

NCSI/IV, NCSI/III/IV/VI, NCSI/III/V/VI, NCSI/II/III/IV/VI and NCSI/II/III/V/VI
(10 lM each), Gly m 4, or no allergen as control. Following pull-down

of protein-IgE complexes, the supernatants were analysed for residual

IgE binding to Gly m 4 in ELISA. Percentages of Gly m 4-specific

depletions of IgE for the allergic and tolerant group in each experi-

ment were 0 � 2.2 (no allergens), 20 � 7.7 and 21.7 � 7.8 (NCS con-

trol), 80 � 5.3 and 70 � 5.3 (NCS variants) and 93.4 � 2.1 and

92.4 � 3 (Gly m 4).

© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 1–14
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Discussion

In this study, we intended to generate for the first
time comprehensive structural data of unique confor-
mational IgE epitopes of a Bet v 1-related food aller-
gen. Gly m 4 from soya bean was selected as a model
allergen due to its known high clinical relevance
including the potential to elicit severe food allergic
reactions [5].

For this, (i) we engineered recombinant variants of a
non-allergenic Gly m 4 (Bet v 1)-type model protein
(norcoclaurine synthase, NCS) harbouring Gly m 4-spe-
cific amino acid substitutions, (ii) confirmed correct
folding of the engineered proteins by spectroscopic
methods, and (iii) analysed serum IgE binding to NCS
variants. On the basis of IgE binding data presented
here, we suggest six potential IgE binding areas of
Gly m 4 representing approximately 80% of the total
IgE binding capacity of Gly m 4.

In our molecular analysis of IgE epitopes of Gly m 4,
we followed the concept of functional (active) epitopes
in which only a subset of amino acids within an epi-
tope dominates the energetics of allergen–antibody
binding [14]. Thus, the incorporation of very few
Gly m 4-specific amino acids into our non-IgE binding
model protein NCS might mimic an actual partial anti-
body binding site of Gly m 4 that can be localized by
specific binding of serum IgE. In a recent proof-of-con-
cept study, we showed that such minor alterations of
few surface-exposed amino acid residues of a non-IgE-
reactive model protein led to the presentation of a
cross-reactive binding site for serum IgE antibodies
[35]. Therefore, NCS qualifies for the intended epitope
analysis presented here.

For our initial screen of potential IgE binding sites, we
chose to analyse inclusion bodies of expressed NCS vari-
ants with only 1–2 amino acid substitutions in immuno-
blot. This procedure provided useful data based on a
crude (but fast) purification of the recombinant NCS from
host cell proteins. Furthermore, as IgE binding to
Bet v 1-type allergens requires native protein conforma-
tion, we detected only those NCS variants which were
able to refold stably into allergen-like conformation
upon denaturing SDS-PAGE and subsequent transfer to
nitrocellulose membrane. Subsequently, some differences
in serum IgE binding between the inclusion body and dot
blot/ELISA analyses of purified multiple NCS variants
occurred which could be due to differing quantitative
epitope presentations in the assays.

Grafting of putative antibody binding sites on aller-
gens has been performed by interexchange of amino
acids between homologous allergens. While this
approach might be well suited to preserve the allergen-
like conformation and reduce binding to single confor-
mational epitopes of the analysed protein, it is affected

by the high polyclonality of the IgE response resulting
in relative low reduction in the IgE binding capacity of
the engineered allergen compromising the intended epi-
tope analysis [18, 23]. As we observed no/very low IgE
binding to our NCS template protein, we consider the
grafting of conformational epitopes into a non-aller-
genic matrix as an invaluable advantage of our model
system.

Our serum donors consisted of 45 patients with sensi-
tization to both Bet v 1 and Gly m 4 with clinically rel-
evant soya allergy (n = 26) or tolerance to soya bean
(n = 19). One potential reason for a latent and clinically
irrelevant sensitization to Bet v 1 homologues could be
weaker IgE binding, that is lower avidity in patients
clinically tolerant to food, or the presence of blocking
IgG antibodies. To test these hypotheses, we analysed
the avidity of Gly m 4-specific IgE in the two groups
by dose-related inhibition experiments and the levels of
IgE and IgG to Gly m 4, but were unable to identify
any correlation to the presence and severity of birch
pollen-related food allergy to soya bean.

In general, specific IgE does not indicate clinical rele-
vance of a sensitization [51]. However, whether aller-
gen-specific IgE levels correlate directly with clinical
symptoms is under debate. Whereas in peanut allergy
the severity of symptoms concurs with the level of
allergen-specific IgE, no such correlation was found in
birch-related allergy to apples [6, 52, 53]. In our study
population, we found, however, not statistically signifi-
cant slightly higher median levels of Gly m 4- (9.3 vs.
4.5 kUA/L, P = 0.1606) and Bet v 1-specific (37.0 vs.
29.6 kUA/L, P = 0.5141) IgE in subjects allergic as com-
pared to those individuals tolerant to soya. In the
patient groups, sIgE levels ranged from 0 to > 100 kUA/
L for both Bet v 1 and Gly m 4, respectively. Moreover,
70% of soya allergic subjects had severe symptoms
after soya bean consumption with sIgE levels not corre-
lating quantitatively with the severity of allergic symp-
toms. Patients with high levels of sIgE against Gly m 4
(46.3 kUA/L, patient 2) had mild symptoms such as oral
allergy syndrome (OAS), whereas subjects with a rela-
tively low amount of Gly m 4-specific IgE (4.0 kUA/L,
patient 33) exhibited severe reactions such as face swel-
ling and throat tightness. These observations suggested
that Gly m 4-specific IgE levels per se might not be a
proper diagnostic tool for clinical birch-related soya
allergy. In contrast, in our ROC analysis, the NCS vari-
ant NCSI/III/V/VI presenting two Gly m 4-specific amino
acids (T4 and T17) and two Gly m 4/Bet v 1-specific
amino acids (N46/N47 and S83/S84, respectively) had
an AUC of 0.88 with 71% sensitivity and 92% speci-
ficity and hence a higher diagnostic potential to predict
soya allergy than Gly m 4, indicating a potential
advantage of epitope-resolved over current component-
resolved diagnosis of birch-soya allergy.

© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 1–14
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Even though our study population did not receive
allergen-specific immunotherapy (AIT), we observed
Gly m 4-specific serum IgG. The presence of allergen-
specific IgG antibodies in particular following AIT is
often accompanied with a reduction in allergic symp-
toms upon allergen exposure due to, for example,
blocking of IgE-mediated allergic responses by serum
IgG [54]. However, similar to our observations with IgE,
we did not observe a quantitative correlation of
Gly m 4-specific IgG levels and severity of symptoms
as patients with mild or severe symptoms had both high
and low levels of allergen-specific IgG, respectively.
Furthermore, we did not find a negative impact of
Gly m 4-specific IgG on the avidity of Gly m 4-specific
IgE in ELISA even though a 428- and 862-fold molar
excess of Gly m 4-specific IgG over IgE was present in
sera of allergic and tolerant subjects, respectively. Thus,
the analysis of specific IgE and IgG levels to Gly m 4
was not suitable as a biomarker for the allergic pheno-
type of birch pollen-related food.

However, when we analysed the diagnostic potential
of our model proteins, we observed that IgE binding to
particular NCS variants presenting specific amino acids
of Gly m 4 in four putative IgE binding areas were
apparently better suitable to discriminate allergic and
tolerant subjects than Gly m 4 itself. Even though we
did not observe IgE binding areas unequivocally indi-
cating soya allergy, we hypothesize that an epitope-
resolved in vitro diagnosis might bear the potential to

provide an improved correlation to the clinical pheno-
type. However, further studies and larger study popula-
tions are required to prove this hypothesis.
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Table E1 Parameter of mass spectrometric sequence confirmation

description S SC P* E

51NCS 10802 93.8 15 5.8

51NCS; E45/N47/K55 6196 24.3 5 5.7
rGly m 4; N42I/E45S/N46D/K54A 12742 78.3 12 4.1

51NCS I 611 58.1 7 5.4

51NCS III 7287 76.2 20 6.7

51NCS IV 20427 81.2 17 6.3

51NCS II 8844 83.1 13 6.5

51NCS I/IV 7101 60.2 10 5.8

51NCS I/III/IV/VI 23692 81.8 13 4.9

51NCS I/III/V/VI 19358 79.0 11 5.8

51NCS I/II/III/V/VI 8772 24.9 6 3.6

29NCS III/IV/V/VI 24

S: PLGS protein score; SC: sequence coverage in %; P: number of identified tryptic peptides* includes modified and unmodified
peptides i.e. oxidized and not oxidized versions; E: mean precursor mass error in ppm
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Table E2 Candidate amino acids of Gly m 4 and their corresponding counterparts of Δ51NCS

No. Gly m 4 Δ51NCS No. Gly m 4 Δ51NCS

1 F3 K4 28 S81 K84
2 T4 V5 29 S83 Q86
3 F5 I6 30 D92 L95
4 E6 H7 31 T93 G96
5 D7 H8 32 E95 T98
6 N10 E11 33 K96 Y99
7 T17 D18 34 T98 M101
8 K20 T21 35 D100 T103
9 T24 P26 36 N108 K111

10 D25 G27 37 T116 S119
11 D27 A29 38 K118 E121
12 N28 K30 39 E120 H123
13 K32 D34 40 D124 E127
14 D35 G38 41 E126 V129
15 S36 A39 42 N128 V132
16 K38 E41 43 Q129 E133
17 S39 K42 44 D130 P134
18 N42 -- 45 E131 L135
19 E44 I47 46 K133 I136
20 N46 D49 47 K136 T138
21 P49 V52 48 D140 A142
22 K54 D57 49 K144 D146
23 E59 P62 50 E147 S149
24 D60 G63 51 D155 S157
25 K64 H67 52 Y156 S159
26 E71 I74
27 E75 N78
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Table E3 Human sera used in this study

sIgE [kUA/L] and CAP class (1-6) tIgG
[mgA/L]

Patient Symptoms Bet v 1 Gly m 4 Gly m 5 Gly m 6 Gly m 4

1 OAS, TT 90.4 (5) 8.64 (3) 0.02 (0) 0.03 (0) 14.5

2 OAS >100 (6) 46.3 (4) 0.08 (0) 0.08 (0) 7.3

3 OAS 67.8 (5) 14.5 (3) 0.00 (0) 0.01 (0) 27.6

4 OAS, F, C >100 (6) >100 (6) 0.47 (1) 0.77 (2) 13.6

5 OAS, RH, TT, H 33.5 (4) 14.2 (3) 0.01 (0) 0.01 (0) 5.4

7 OAS, TT, H 28.3 (4) 8.69 (3) 0.00 (0) 0.00 (0) 3.9

8 F, OAS, B 31.3 (4) 9.84 (3) 0.01 (0) 0.02 (0) 2.9

9 OAS 14.6 (3) 3.93 (3) 0.00 (0) 0.00 (0) 5.2

10 n.d. 7.48 (3) 3.34 (2) 0.00 (0) 0.00 (0) 6.6

11 OAS 84.1 (5) 22.6 (4) 0.00 (0) 0.01 (0) 36.9

13 OAS >100 (6) 23.7 (4) 0.06 (0) 0.08 (0) 16.0

22 OAS 52.9 (5) 3.85 (3) 0.00 (0) 0.02 (0) 8.2

28 DY, HU 42.7 (4) 9.98 (3) 0.00 (0) 0.00 (0) 8.0

30 FS, DY, HU 48.8 (4) 11.4 (3) 0.01 (0) 0.02 (0) 6.5

33 FS, OAS, TT 8.02 (3) 4.00 (3) 0.00 (0) 0.00 (0) 8.2

35 FS, OAS, DY, DR, GD,
NS 25.3 (4) 7.09 (3) 0.00 (0) 0.00 (0) 9.7

36 FS, OAS, TT, HU, DR 33.9 (4) 11.2 (3) 0.00 (0) 0.01 (0) 7.8

37 FS, OAS, TT, HU, GD 13.8 (3) 2.68 (2) 0.00 (0) 0.00 (0) 35.8

38 FS, OAS, TT 58.1 (5) 22.9 (4) 0.03 (0) 0.02 (0) 5.7

40 Pool of 3 sera (a, b, c) 40.1 (4) 7.76 (3) 0.01 (0) 0.02 (0) 13.1
a FS, OAS, TT, DR, GD
b FS, OAS, TT
c FS

41 Pool of 4 sera (a, b, c,
d) 22.8 (4) 5.95 (3) 0.02 (0) 0.02 (0) 9.9

a FS, OAS, HU, DR
b FS, OAS, TT
c FS, OAS, TT, DY
d FS, OAS, TT

16 non-allergic to soy 49.5 (4) 7.18 (3) 0.00 (0) 0.00 (0) 36.9

20 " 28.5 (4) 5.42 (3) 0.01 (0) 0.03 (0) 26.5

24 " 10.9 (3) 3.66 (3) 0.00 (0) 0.00 (0) 15.3

25 " 7.64 (3) 1.22 (2) 0.18 (0) 0.21 (0) 61.3

26 " >100 (6) >100 (6) 0.08 (0) 0.10 (0) 14.7

27 " >100 (6) 55.9 (5) 0.16 (0) 0.24 (0) 6.1

43 " (Pool of 4 sera) 30.6 (4) 6.04 (3) 0.17 (0) 0.26 (0) 9.1
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44 " (Pool of 4 sera) 18.3 (4) 0.65 (1) 0.07 (0) 0.14 (0) 6.6

45 " 6.07 (3) 1.32 (2) 0.00 (0) 0.03 (0) 7.5

46 " 8.89 (3) 0.94 (2) 0.00 (0) 0.00 (0) 4.5

47 " 47.4 (4) 17.7 (4) 0.00 (0) 0.00 (0) 7.3

49 " >100 (6) 3.31 (2) 0.04 (0) 0.02 (0) n.d.

50 " >100 (6) 21.1 (4) 0.04 (0) 0.02 (0) n.d.

Allergen-specific levels of IgE and IgG were determined by ImmunoCAP. Sera 1-5, 7-11, 13, 22, 28, 30,
33-38, 40-41 were taken from patients allergic to soy bean as confirmed by DBPCFC. Sera 16, 20, 24-27,
43-50 were taken from patients non-allergic to soy. Abbreviations of clinical symptoms: B – blisters; C –
conjunctivitis; DR – drowsiness, vascular dysregulation; DY – dyspnea; F – flush; FS – face swelling; GD
– gastrointestinal discomfort, vomiting; H – hoarseness; HU – hives, urticaria; NS – nasal secretion, nasal
congestion; OAS – oral allergy syndrome; RH – rhinitis; TT – throat tightness, swallowing discomfort; n.d.
– not determined. Sera were published elsewhere: 2, 7-8 [1,2]; 3-5 [3]; 28, 30, 33, 35-38, 40-41, 43-44 [4].
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Table E4 IgE binding of Gly m 4-type NCS variants
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NCS variants presenting Gly m 4-specific amino acids were heterologously expressed in Escherichia coli. Purified inclusion bodies were tested for

serum IgE binding by IgE western blotting. Grey shading indicates a positive IgE signal according to a subjective ranking of signals (higher

chemiluminescence than control (51NCS)). Amino acids identical in Gly m 4 and Bet v 1 are highlighted in light grey.
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Figure E1 Mass spectrometric sequence confirmation of recombinant ∆51NCS, ∆29NCS and Gly m 4

variants

Bold letters indicate amino acid substitutions compared to wild type NCS or wild type Gly m 4, respectively.

Peptides detected by MS are underlined.

Figure E2 CD and R(H) of Gly m 4 and Gly m 4N42I/E44S/N46D/K54A

Circular dichroism of Gly m 4 (dotted line) and Gly m 4N42I/E44S/N46D/K54A (straight line) recorded at a 10 µM

protein concentration in 10 mM potassium phosphate pH 7.4 at 25°C. Each measurement comprised the

average of 10 repeated scans between 255 and 185 nm. Inset: hydrodynamic radii (RH) of Gly m 4

(2.2 ± 0.2 nm) and Gly m 4N42I/E44S/N46D/K54A (2.5 ± 0.3 nm) are shown.

Figure E3 Amino acids of Gly m 4 selected for mutational epitope analysis

Upper panel: Amino acid sequence of Gly m 4. 51 amino acids were selected for functional IgE epitope

analysis. Amino acids are colored according to their positive charge (blue, 9 residues), negative charge

(orange, 21 residues), polarity (yellow, 17 residues), and hydrophobicity (cyan, 3 residues). Secondary

structures are indicated as β-strands (highlighted in grey) and α-helices (underlined). Lower panel:

Molecular surface presentation of Gly m 4 and distribution of amino acids selected for IgE epitope

analysis.

Figure E4 Recombinant Δ51NCS variants

(a) Purified recombinant Δ51NCS variants presenting individual or multiple amino acids of the six potential

IgE epitopes (I-VI, cf. Figure4) of Gly m 4 were analyzed in SDS-PAGE and Coomassie-stained. Lanes 1

to 11 represent the following Δ51NCS variants:

1: NCSI: NCSF3/F5/E6/D124/E126

2: NCSIII: NCSD25/D27/N28/V29/K32/A152/D155/Y156

3: NCSIV: NCSK38/S39/E59/D60/K64
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4: NCSV: NCSE44/N46/K54

5: NCSII: NCSN10/D130/E131/K133/K136/K144/E147

6: NCSIII/IV/V/VI*: NCSK32/E44/N46/K54/D60/E120/E126

7: NCSI/IV: NCSF3/K38/D60/N128

8: NCSI/III/IV/VI: NCST24/S36/S81/D124

9: NCSI/III/V/VI: NCST4/T17/N46/S83

10: NCSI/II/III/IV/VI:NCSF5/T17/T24/S36/K64/S81/K118/D124/K133

11: NCSI/II/III/V/VI: NCST4/T17/K32/N46/E75/S83/D100/D124/E126/K144

Arrow heads (◄) indicate purified protein. *based on Δ29NCSN57/I58E/D60N/V63P/D68K which is published

elsewhere [5]. (b) CD spectra of Δ51NCS and eleven corresponding NCS variants thereof each recorded

at a 10 µM protein concentration in 10 mM potassium phosphate pH 7.4 at 25°C. Each measurement

comprised the average of 10 repeated scans between 255 and 185 nm.
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Figure E1
1          11         21         31         41         51         61         71

∆51NCS MGSSHHHHHH SSGLVPRGSH MGVTKVIHHE LEVAASADDI WTVYSWPGLA KHLPDLLPGA FEKLENIIGD GGPGTILDMT
∆51NCSE45/N47/K55 MGSSHHHHHH SSGLVPRGSH MGVTKVIHHE LEVAASADDI WTVYSWPGLA KHLPDLLPGA FEKLENIEGN GGPGTILKMT
∆51NCSI MGSSHHHHHH SSGLVPRGSH MGVTFVFEHE LEVAASADDI WTVYSWPGLA KHLPDLLPGA FEKLENIIGD GGPGTILDMT
∆51NCSIII MGSSHHHHHH SSGLVPRGSH MGVTKVIHHE LEVAASADDI WTVYSWDGLD NVLPKLLPGA FEKLENIIGD GGPGTILDMT
∆51NCSIV MGSSHHHHHH SSGLVPRGSH MGVTKVIHHE LEVAASADDI WTVYSWPGLA KHLPDLLPGA FKSLENIIGD GGPGTILDMT
∆51NCSII MGSSHHHHHH SSGLVPRGSH MGVTKVIHHE LNVAASADDI WTVYSWPGLA KHLPDLLPGA FEKLENIIGD GGPGTILDMT
∆51NCSI/IV MGSSHHHHHH SSGLVPRGSH MGVTFVIHHE LEVAASADDI WTVYSWPGLA KHLPDLLPGA FKKLENIIGD GGPGTILDMT
∆51NCSI/III/IV/VI MGSSHHHHHH SSGLVPRGSH MGVTKVIHHE LEVAASADDI WTVYSWTGLA KHLPDLLPGS FEKLENIIGD GGPGTILDMT
∆51NCSI/III/V/VI MGSSHHHHHH SSGLVPRGSH MGVTKTIHHE LEVAASADTI WTVYSWPGLA KHLPDLLPGA FEKLENIIGN GGPGTILDMT
∆51NCSI/II/III/V/VI MGSSHHHHHH SSGLVPRGSH MGVTKTIHHE LEVAASADTI WTVYSWPGLA KHLPKLLPGA FEKLENIIGN GGPGTILDMT
∆29NCSIII/IV/V/VI* M LHHQGIINQV STVTKVIHHE LEVAASADDI WTVYSWPGLA KHLPKLLPGA FEKLENIEGN GGPGTILKMT
rGlym4N42I/E44S/N46D/K54A MGSSHHHHHH SSGLVPRGSH MGVFTFEDEI NSPVAPATLY KALVTDADNV IPKALDSFKS VEIVSGDGGP GTIKAITFLE

81         91         101        111        121        131        141        151
∆51NCS FVPGEFPHEY KEKFILVDNE HRLKKVQMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYHVKPEFV KIVEPLITTG
∆51NCSE45/N47/K55 FVPGEFPHEY KEKFILVDNE HRLKKVQMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYHVKPEFV KIVEPLITTG
∆51NCSI FVPGEFPHEY KEKFILVDNE HRLKKVQMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYHVKDEEV KIVEPLITTG

∆51NCSIII FVPGEFPHEY KEKFILVDNE HRLKKVQMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYHVKPEFV KIVEPLITTG
∆51NCSIV FVEDEFPKEY KEKFILVDNE HRLKKVQMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYHVKPEFV KIVEPLITTG
∆51NCSII FVPGEFPHEY KEKFILVDNE HRLKKVQMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYHVKPEFV KIVDELKTTK
∆51NCSI/IV FVPDEFPHEY KEKFILVDNE HRLKKVQMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYHVKPENV KIVEPLITTG
∆51NCSI/III/IV/VI FVPGEFPHEY KEKFILVDNE HRLKSVQMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYHVKDEFV KIVEPLITTG
∆51NCSI/III/V/VI FVPGEFPHEY KEKFILVDNE HRLKKVSMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYHVKPEFV KIVEPLITTG
∆51NCSI/II/III/V/VI FVPGEFPHEY KEKFILVDEE HRLKKVSMIE GGYLDLGVTY YMDDIHVVPT GKDSCVIKSS TEYHVKPDFE KIVEPLITTG
∆29NCSIII/IV/V/VI* FVPDEFPHEY KEKFILVDNE HRLKKVQMIE GGYLDLGVTY YMDTIHVVPT GKDSCVIKSS TEYEVKPEFE KIVEPLITTG

rGlym4N42I/E44S/N46D/K54A DGETKFVLHK IESIDEANLG YSYSVVGGAA LPDTAEKITF DSKLVAGPNG GSAGKLTVKY ETKGDAEPNQ DELKTGKAKA

161        171 181
∆51NCS PLAAMADAIS KLVLEHKSKS N
∆51NCSE45/N47/K55 PLAAMADAIS KLVLEHKSKS N
∆51NCSI PLAAMADAIS KLVLEHKSKS N
∆51NCSIII PLAAMADAIS KLVLAHKDKY N

∆51NCSIV PLAAMADAIS KLVLEHKSKS N
∆51NCSII PLAAMAKAIE KLVLEHKSKS N

∆51NCSI/IV PLAAMADAIS KLVLEHKSKS N
∆51NCSI/III/IV/VI PLAAMADAIS KLVLEHKSKS N
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∆51NCSI/III/V/VI PLAAMADAIS KLVLEHKSKS N
∆51NCSI/II/III/V/VI PLAAMAKAIS KLVLEHKSKS N

∆29NCSIII/IV/V/VI* PLAAMADAIS KLVLEHKSKS NSDEIEAAII TVLEHHHHHH
rGlym4N42I/E44S/N46D/K54A DALFKAIEAY LLAHPDYN
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