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Abstract  

Background: Detailed IgE-binding epitope analysis is a key requirement for the understanding and 

development of diagnostic and therapeutic agents to address food allergies.  

Methods: We combined an IgE-specific linear peptide microarray with random phage peptide display 

for the high-resolution mapping of IgE-binding epitopes of the major soybean allergen Gly m 4, which 

is a homologue to the birch pollen allergen Bet v1.  

Results: Three epitopes were identified and mapped to a resolution of four key amino acids, allowing 

the rational design and the production of three Gly m 4 mutants with the aim to abolish or reduce the 

binding of epitope-specific IgE. In ELISA, the binding of the mutant allergens to polyclonal rabbit-anti 

Gly m 4 serum as well as IgE purified from Gly m 4-reactive soybean allergy patient sera was reduced 

by up to 63% compared to the wild-type allergen. Basophil stimulation experiments using RBL-SX38 

cells loaded with patient IgE showed a decreased stimulation from 25% for the wild-type Gly m 4 to 

13% for one mutant.  

Conclusion: The presented approach demonstrates the feasibility of precise mapping of allergy-related 

IgE-binding epitopes, allowing the rational design of less allergenic mutants as potential therapeutic 

agents.  
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1 Introduction 

Soybean is one of eight foods that account for 90% of all food allergies. However, it is a popular vegan 

protein source and an important nutritional ingredient [1, 2]. The growing prevalence of allergies, 

currently affecting more than 25% of the European population, has increased the demand for allergens 

as diagnostic, therapeutic and research reagents [3]. 

The three major soybean allergens are Gly m 4, Gly m 5 and Gly m 6, and all three are being used as 

diagnostic reagents. Gly m 4 is of special interest because it is homologous to the major birch pollen 

allergen Bet v 1, and 70% of patients allergic to birch pollen produce cross-reactive, Gly m 4-specific 

IgE [4].  

The detailed analysis of IgE-binding epitopes is often hampered by the challenge of obtaining sufficient 

amounts of IgE from allergic patients [5]. Nevertheless, detailed IgE-binding epitope maps are needed 

for the precise diagnosis of sensitization patterns and to modify allergens in a directed manner for 

immunotherapeutic applications. Several groups have recently presented data on food allergen epitope 

prediction [6] and mapping using different methodology including protein fragments [7] peptide array [8] 

and phage display [9]. Reducing the reactivity of patient sera to allergens in which potential IgE-binding 

epitopes have been eliminated means that the mutated allergens can be used as a therapeutic strategy 

based on the upregulation of allergen-specific IgG, thus downregulating effector cell responses either 

by competing for IgE-binding epitopes or suppressing inflammatory cascades by signaling through 

FcγRIIB (CD32b), which in turn promotes the elimination of IgE from the mast cell surface and blocks 

mast cell activation [10, 11].  

Allergen-based vaccines for immunotherapy can be generated using diverse strategies. For example, 

wild-type allergens from different sources were mixed and administered by subcutaneous injection in 

a double-blind, placebo-controlled study to reduce the symptoms of grass pollen allergy [12]. 

Wild-type allergens can also be chemically or physically modified to randomly change their antigenic 

properties, producing so-called allergoids. A rational alternative is the use of genetically modified 

allergens, such as differentially-folded conformers, protein chimeras of different allergen sources [13] 

or site directed mutagenesis [14]. 
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Here we describe the mapping of allergy-related Gly m 4 epitopes for sera derived from soy allergy 

patients by combining an IgE specific peptide array technology and a phage display approach with a 

random peptide library. We identified three distinct epitopes facilitating the targeted substitution of 

single amino acids with biochemically similar replacements bearing larger side chains to modify the 

epitope surface, reducing the allergenicity while maintaining the allergen structure.  

 

2 Materials and methods 

2.1 Peptide micro array 

The Gly m 4 sequence was subdivided into 15-mer peptides with four-residue overlaps and a chip was 

designed bearing duplicates of every peptide. The microarrays were purchased from PEPperPRINT 

(Heidelberg, Germany) which printed the peptides one residue at a time directly onto a glass slide 

using solid-phase Fmoc chemistry.  

Each slide was washed in staining buffer (PBS containing 0.05% (v/v) Tween-20 and 0.1% (w/v) BSA, 

pH 7.4) for 10 min at room temperature and blocked for 30 min in blocking buffer (PBS containing 

0.05% (v/v) Tween-20 and 1% (w/v) BSA, pH 7.4). The slides were then incubated in sera from soy 

allergy patients diluted 1:50 in staining buffer overnight at 4°C. After three washes in standard buffer 

(PBS containing 0.05% (v/v) Tween-20, pH 7.4) the slides were shaken at 200 rpm for 30 min with a 

goat-anti human IgE primary detection antibody (Thermo Fisher Scientific, Waltham, MA, USA) diluted 

to 200 ng/mL in staining buffer. After three further washes, bound goat antibodies were detected by 

secondary Cy5-labeled donkey anti-goat antibody (Abcam, Cambridge, UK) (200 ng/mL in staining 

buffer, 30 min, room temperature). Fluorescence signals on the array were detected in a microarray 

reader at 635 nm and the data were evaluated using PepSlide Analyser software (PEPperPRINT) to 

determine the signal intensity of each peptide spot. The software also subtracted the local background 

signal for every spot, thus normalizing for the different background levels in each serum sample.  
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2.2 Epitope discovery by peptide phage display 

A trinucleotide-based, 16-mer peptide phagemid library covering >109 clones (ENTE-1;[15]) was used 

for two rounds of panning against soy allergic patient´s serum. We diluted the amount serum to 24 µg 

of serum protein in 2.5 mL PBS and used this to coat protein-binding ImmunoTMTubes with 

MaxisorpTM (Nunc, Wiesbaden, Germany) for 1 h at 4°C (18 rpm). The coated tubes were washed with 

2.5 mL blocking buffer (5% (v/v) nonfat dry milk in PBS) and incubated with 4 mL blocking buffer at 

4°C for at least 15 min (18 rpm). The tubes were washed three times with 4 mL wash buffer I (PBS) 

and 1 mL blocking buffer containing 30 µg of non-allergic serum protein and the phage library ENTE1 

was added to each tube. In the first selection round, 4 x 1011 colony forming unit (cfu) of the ENTE1 

library was used per experiment, whereas the second selection used only 1000 x the recovered phages 

(typically 109–1010 cfu). The tubes were incubated for 2 h at 4°C (18 rpm) then washed five times with 

1 mL 0.1% (v/v) Tween-20 in PBS, and subsequently with 0.5% (w/v) Tween-20 in PBS. Then the 

bound phages were eluted in 1 mL of elution buffer (0.1 M glycine-HCl, pH 2.2). The eluate was 

immediately neutralized with 200 µL neutralization buffer (1 M Tris-HCl, pH 8.2). Eluted phages were 

amplified, spread on large agar plates (~10 clones per mm²), incubated overnight, washed off the plate 

with a small amount of dYT and an aliquot was incubated with helper phage in dYT overnight for 

phage production. Phagemid DNA was prepared from another aliquot, and the library insert of the 

phagemid DNA was amplified with single-end primers comprising all necessary elements for direct 

transfer to an Illumina MiSeq™ system (Illumina, San Diego, USA). At least 170,000 sequences were 

analyzed using LibDB software (PolyQuant, Bad Abbach, Germany; Delaroque et al., manuscript in 

preparation), which removes sequences with potential sequencing errors by comparison to the design 

of the degenerate trinucleotide and adjacent sequences. LibDB then generates a statistical database of 

short amino acid motifs from all sequences (trimers, tetramers and pentamers).  The design and 

quality of the trinucleotide based peptide phage display library allowed the statistical comparison of 

the observed and theoretical frequencies of sequence motifs to generate an enrichment score. Plotting 

the enrichment scores of the motifs against the Gly m 4 protein sequence allows to identify the 

position of potential epitopes. Further analyses of sequences with such a motif was carried out to 
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identify additionally enriched amino acids in their neighbourhood. This served to confirm the 

likelihood of a potential epitope. 

  

2.3 Visualization of IgE epitopes on Gly m 4 

Putative IgE-binding epitope sequences were visualized using available structural information for 

soybean Gly m 4 (PDB entry 2K7H) and the Protean 3D software (DNAStar, Madison, WI, USA). The 3D 

structure was also used to support the selection of solvent-exposed residues within the epitopes 

suitable for substitution. 

 

2.4 Cloning of allergen constructs  

The sequences of wild-type Gly m 4 (PR-10, GenBank X60043) and the three mutants V41L/V44L, N43Q 

and V41L/V44L/A77-L/N78-Q were obtained as synthetic genes from Geneart (Thermo Fisher Scientific). 

To generate constructs for cell-free protein expression, the synthetic genes were introduced into the 

expression vector pIVEX_GAA_Omega, carrying the T7 promoter and the sequence encoding for the 

His6 tag [16], using the restriction sites NcoI/BamHI, resulting in the vectors pIVEX_GAA_Omega_PR-

10, pIVEX_GAA_Omega_V41-L/V44-L, pIVEX_GAA_Omega_N43-Q and pIVEX_GAA_Omega_V41-

L/V44-L/A77-L/N78-Q, respectively. 

 

2.5 Cell-free recombinant protein expression in tobacco cell lysate 

For in vitro translation of the three Gly m 4 mutants, 200 µL plasmid DNA representing each construct 

(1 µg/mL) was added to the tobacco BY-2 cell lysate (BYL) [17]. The coupled transcription-translation 

reactions were carried out for 48 h in 5-mL reaction volumes.  

 

  

A
cc

ep
te

d 
A

rti
cl

e 



www.biotechnology-journal.com Page 8 Biotechnology Journal 

 

 

2.6 Purification of recombinant allergen mutants 

After centrifugation of the cell-free reaction (40,000 x g, 10 min, 4°C) the clear supernatant (4 mL) was 

loaded onto a 1-mL Sepharose HiTrap Column (GE Healthcare, Germany) and the resin was freshly 

charged with 1 mL of 200 mM nickel solution. The column was washed with 20 column volumes (cv) 

of washing buffer (PBS, pH 7.4) and the allergen mutants were eluted in PBS containing a gradient of 

0–250 mM imidazole (pH 8.0) over 30 cv. The 1-mL elution fractions were collected and analyzed by 

Coomassie stained SDS-PAGE for the presence, integrity and purity of the protein. Sample 

concentrations were quantified using the Bradford assay [18]. 

 

2.7 Purification of serum IgE  

To reduce the nonspecific background of the immunological assays and increase the IgE antibody 

concentration, 10 serum samples from patients with a documented soy allergy were pooled and 

purified by affinity chromatography. Due to the limited amounts of sera, it was not possible to refer to 

the sera used for the epitope analysis, and a new serum pool of patients with documented soy allergy 

was used. The IgE-specific antibody Xolair (Novartis, Basel, Switzerland) was coupled to an NHS-

activated Sepharose (GE Healthcare) according to the manufacturer’s instructions. Purification was 

carried out using 2.5 mg antibody per mL matrix.  

 

2.8 ELISA 

ELISA plates were coated with 100 µl per well of the Gly m 4 variants (2 µg/mL in PBS). After blocking 

nonspecific binding sites with 1% (w/v) BSA, serial dilutions of either rabbit anti-Gly m 4 serum with a 

starting dilution of 1:200 (generated by immunization with recombinant, plant-derived Gly m 4), or 

serial dilutions of the purified IgE antibody fraction with a starting dilution of 1:5 were added. The 

rabbit serum was detected with a horse-radish-peroxidase HRP-conjugated goat-anti-rabbit polyclonal 

antibody (Jackson Immunoresearch), whereas the IgE antibody was detected with rabbit-anti-human 

IgE (Thermo Fisher Scientific) and HRP-conjugated goat-anti-rabbit polyclonal antibody (Jackson 
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Immunoresearch). The color reaction used the chromogen 2'2-azino-di-(3-ethylbenzthiazoline-6-

sulfonic acid) in the appropriate buffer (Roche, Mannheim, Germany) according to the manufacturer’s 

instructions and absorbance was measured at 405 nm. The binding data were evaluated by 

determining the reactivity by linear regression in a signal intensity range from 0.3 to 0.6 intensity 

units. 

 

2.9 Determination of the melting temperature (TM) 

The potential impact of the mutations on protein folding and stability was addressed by comparative 

melting curve analysis using allergen concentrations of 300 µg/mL. A volume of 12.5 µL of each 

sample was mixed with 7.5 µL SyproOrangeTM (Thermo Fisher Scientific) and the mixture was heated 

from 20°C to 90°C at a rate of 0.5°C/s. Fluorescence produced by SyproOrangeTM interacting with 

hydrophobic protein regions after enfolding the protein was measured at an excitation wavelength of 

520 nm and an emission wavelength of 548 nm. The signal intensity was displayed over the 

temperature gradient, and the steepest slope was defined as the TM. 

  

2.10 Mast cell stimulation assay 

RBL SX-38 cells (kindly provided by Dr. Jean-Pierre Kinet, Harvard Institute of Medicine, Boston, MA, 

USA) were cultured as previously described [19]. The cells were seeded in 96-well plates (1 x 105 

cells/well) and incubated overnight (37°C, 5% CO2) to allow the growth of adhered cells. After 

washing the cells with PBS, we added 100 µL of affinity-purified IgE antibody fraction from Gly m 4-

reactive soy allergy patient sera, diluted 1:5 in culture medium without fetal calf serum, and the 

mixture was incubated overnight. After another washing step with Na-PIPES buffer (25 mM disodium-

PIPES, 100 mM NaCl, 5 mM KCl, 0.4 mM MgCl2, 1 mM CaCl2, 5.6 mM glucose, 0.1% (w/v) BSA, pH 7.0) 

the cells were stimulated with 50 µL of the antigen diluted in Na-PIPES buffer (concentration 1 

µg/mL). Alternatively, we used soy aqueous extract (1:50 dilution), prepared by grinding soybean 
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flakes (kindly provided by Pia Meinlschmidt, Fraunhofer IVV, Munich) in three volumes of water, 

centrifuging at 16,000 x g for 15 min at 4°C and diluting the supernatant in Na-PIPES buffer. 

Serially-diluted IgE antibody (starting concentration 1.25 µg/mL, Abcam) was used as a positive 

control for cell sensitization, whereas 2.5 µg/mL rabbit anti-human IgE polyclonal antibody (Thermo 

Fisher Scientific) was used for FcεRI-mediated stimulation of mast cells. Complete degranulation of the 

cells was provoked by addition of 50 µL of a 0.1% (v/v) Triton-X-100 solution. A β-hexoaminidase 

color reaction was used as an indicator for cell degranulation. Supernatant (30 µL) was incubated with 

50 µL 4-nitrophenyl N-acetyl-β-D-glucosaminide (1.3 mg/mL in citrate buffer, pH 4.5) for 1 h at 37°C. 

After neutralization with 100 µL 50 mM carbonate buffer (pH 10) the color density was determined by 

absorbance reading at 405 nm. Relative degranulation was calculated as ratio of sample signal 

intensity and the average of signal intensity from the Triton X-100 treatment and multiplied by 100 to 

generate percentage.  

 

2.11 Ethical statement 

The human blood samples from soy allergy patients used in this study were provided by the University of 

Leipzig (Department of Dermatology), Philipp-Rosenthal-Straße 23, 04130 Leipzig. The use of the 

samples for this study was authorized by the responsible ethical committee (EK 428/12-17122012, 

21.1.2013). The donors were informed that the blood samples would be used for research purposes only. 

For each donor, a statement of informed consent has been signed.  
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3 Results 

3.1 Identification of IgE-binding epitopes within the allergen Gly m 4 

IgE-binding epitopes in the major soybean allergen Gly m 4 were analyzed in 15 serum samples from 

patients with soy allergy as identified by positive prick test to soy drink using an IgE-specific peptide 

microarray. The Gly m 4 peptides were presented as C-terminal bound 15-mers with four-residue 

overlap and all sera analyzed reacted with at least one peptide of Gly m 4 in the peptide microarray. In 

total 19 of the 37 displayed peptides where recognized by the patients, and two sequence regions from 

AA37-63 and AA64-83 showed the highest reactivity (Fig. 1A). Region AA37-63 was detected by IgE in seven 

patients’ sera and region AA64-83 even by IgE from eleven of the 15 patients’ sera analyzed. 

Furthermore for the peptides AA117-135 we observed reactivity for six patients’ sera. Figure 1B shows 

the position of these three sequence areas identified by peptide micro array in the Gly m 4 3D-

structure (PDB #2K7H) in correspondence to the color-code used in Figure 1A, confirming their 

location on the allergen surface. 

The 15 patients’ sera analyzed by peptide micro array as well as 32 additional sera from soy allergic 

patients were screened against a random 16-mer peptide phage display library featuring a complexity 

of 5x10^9 phages. The phages were enriched in two rounds of panning on serum coated to 

Immunotubes® and analyzed by next generation sequencing, yielding in a minimum of 170,000 

peptide sequences for each selection experiment. The LibDB databases’ statistical data obtained from 

each experiment and data from the naïve library (control) were used to identify potential epitopes. 

Several fold enrichment of motifs in the data sets especially in the second selection round over the 

calculated value and that observed in the naïve library revealed motifs as fragments of six potential 

epitopes (Fig 1A). Each of these epitopes could be found in data sets from several different patients. 

Presence in at least two investigated data sets was a criterion for the candidate sequence to be a soy 

allergy related epitope. Figure 1C shows the position of the six sequence motifs identified by phage 

display analysis in the Gly m 4 3D-structure (PDB #2K7H) in correspondence to the color-code used in 

Figure 1A, confirming their location on the allergen surface. To illustrate the phage sequence 

alignment and the discovery of consensus sequences ten phage peptides representing two motifs are 

A
cc

ep
te

d 
A

rti
cl

e 



www.biotechnology-journal.com Page 12 Biotechnology Journal 

 

 

shown in Figure 2A. Bold letters indicate homologous amino acids to the Gly m 4 sequence and colored 

letters indicate the consensus motif of the phages. Figure 2B graphically represents in a WebLogo [20] 

the consensus sequence for all phages enriched for the NVEG (781 phages identified in four patients) 

or IDEA (1047 phages identified in six patients) motif. This kind of visualization makes clear that the 

NVEG and the IDEA motif are highly conserved amino acids for the antibody binding whereby the 

surrounding amino acids can be variable and may have only minor impact on the antibody binding.  

Although the phage display analysis reveals detailed information about epitope amino acids essential 

for antibody binding, the technique is not able to discriminate between different antibody isotypes and 

always represents the sum of B-cell epitopes. Therefor we used the combination of data from the IgE-

specific peptide array and the high accuracy specification of the epitope’s amino acids by phage display 

analysis to describe the IgE-epitopes of Gly m 4. The two sequence regions (AA37-55 and AA64-83) 

recognized by highest patient number in the peptide micro array were also identified in the phage 

display analysis and sequences could be narrowed down to the consensus motifs of NVEG (AA43-46) for 

the first region and IDEA (AA74-77) and NLGYSY (AA78-83) for the second region.  

 

3.2 Design of the Gly m 4 mutants 

To confirm whether the sequence motifs NVEG (AA43-46) and IDEA (AA74-77)/NLGYSY (AS78-83) are 

really recognized by substantial proportions of serum IgE Gly m 4 mutants were constructed. The idea 

was to increase the surface area of the epitope by insertion of an additional methyl group, to generate 

sterical hindrance for antibody binding. To maintain the three dimensional structure of the allergen 

we substituted only one or two amino acids per motif and to retain the chemical properties only 

uncharged amino acids were substituted. Following these considerations the only possible 

substitutions were Valin to Leucin, Asparagine to Glutamine or Alanine to Valine.   

For the NVEG (AA43-46) motif a N43-Q mutation was designed and to maximize the effect of surface 

increase a second mutant where the V44 and additionally the V41 in front of the consensus motif where 

exchanged with leucine (V41-L/V44-L). To address both consensus motifs in the second sequence region 
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by one mutant a double amino acid substitution was designed for the IDEA (AA74-77)/NLGYSY (AS78-83) 

motif resulting in an A77-V/N78-Q variant of Gly m 4. To visualize the intended surface increase by the 

addition of methyl groups the 3D-structures of the three mutations (N43-Q, V41-L/V44-L, A77-V/N78-Q) 

were modeled using SWISS-MODEL [21] based on the PDB wild-type model (#2K7H) and aligned with 

the wild-type model using DNAStar Software (Fig. 3). 

Figure 3A/B shows the epitopes at atomic resolution and the epitope surface in the three-dimensional 

structural model. Substituted amino acids are highlighted in blue to show the greater area occupied by 

the additional methyl group. The V41-L/V44-L replacement increased the surface area by 14 Å2 

compared to the wild-type epitope, whereas the N43-Q replacement increased the surface area by 32 

Å2. Surface area analysis confirmed the visual impression that the mutants increased the space 

occupied by the epitope, although interestingly the single amino acid substitution N43Q increased the 

spatial dimensions of the epitope more than the double substitution V41-L/V44-L. Figure 3C shows the 

A77-L/N78-Q substitutions in green, and the overall increase in surface area from 25 Å2, as predicted by 

homology modelling.  

 

3.3 Expression and immunological characterization of Gly m 4 Mutants  

To verify the influence of the in silico modeled surface increase on the recognition by Gly m 4-specific 

antibodies (from immunized rabbits and patient sera) expression constructs were generated for three 

Gly m 4 mutants. The first mutant bearing the N43-Q mutation (N43-Q), the second the V41-L/V44-L 

mutation (V41-L/V44-L) and the third bearing the V41-L/V44-L mutation in the first sequence region and 

the A77-V/N78-Q mutation in the second region (V41-L/V44-L/A77-V/N78-Q). The wild-type Gly m 4 

allergen and the three mutated versions were expressed in 5 mL batches in the cell-free BYL system 

and purified by IMAC with gradient elution, resulting in a yield of 500 µg recombinant protein with a 

purity greater than 95% as verified by SDS-PAGE (Fig. 4A). Melting point analysis was carried out to 

compare the structural integrity of the mutants compared to the recombinant wild-type Gly m 4. 

As shown in Fig. 4B, the TM of the wild-type Gly m 4 was 60.0°C, in good agreement with the 60–61°C 

range previously reported [22, 23]. The TM of mutants V41-L/V44-L and V41L/V44L/A77-L/N78-Q was 
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slightly increased to wild-type Gly m 4 (60.5°C) but N43-Q was less thermodynamically stable, with a 

TM of 57.0°C. 

Next we analyzed the binding of Gly m 4-specific polyclonal rabbit serum or a pool of IgE antibodies 

purified from soy allergy patient sera to the three mutant variants. The binding of Gly m 4-specific 

rabbit serum to mutants V41-L/V44-L, N43-Q or V41-L/V44-L/A77-L/N78-Q was reduced by 14%, 15% or 

40%, respectively, compared to the wild-type allergen (Fig. 5A). The binding of IgE antibodies purified 

from patient sera to mutant N43-Q was reduced by 54% and for the mutants V41L/V44L and V41-L/V44-

L/A77-L/N78-Q by 43% and 63%, respectively, so the IDEA (AA74-77)/NLGYSY (AS78-83) motif was also 

confirmed as a relevant target for IgE binding (Fig. 5A).  

In addition the immunological effect of the mutated IgE-binding epitopes was functionally compared 

to the wild-type allergen using a mast cell degranulation assay, revealing the same trend as the binding 

assays. The wild-type allergen induced 25% degranulation, whereas for the V41-L/V44-L, N43-Q and 

V41-L/V44-L/A77-L/N78-Q mutants this was reduced to 18%, 22% and 13%, respectively (Fig. 5B).  

 

4. Discussion 

Epitope analysis using an IgE-specific peptide array and refined by data from epitope mapping using 

phage peptide display allowed the high-resolution mapping of three IgE-binding epitopes in the 

soybean allergen Gly m 4. Visualization of the epitopes in the context of the Gly m 4 three-dimensional 

structure confirmed that the three epitopes are located on the surface of the allergen and are thus 

accessible for antibody binding. The epitopes were further confirmed by the generation of epitope-

specific Gly m4 mutants followed by functional analysis. 

The here identified consensus motif NVEG (AA43-46) is located in the so-called P-loop, a highly 

conserved region among PR-10 proteins from different species and is highly homologous to the Bet v 1 

sequence NVIG (AA43-46). The importance of this region for IgE binding was described for the birch 

pollen allergen by a co-crystallization with the mouse antibody BV-16, which is able to inhibit IgE 

binding to Bet v 1 by 40%. Bet v 1 allergen revealed binding of BV-16 to a conformational epitope in 
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this region [24]. Furthermore, it has been shown that a site directed mutagenesis of Glu45 resulted in 

reduced IgE binding for the allergen Bet v 1 and the cheery allergen Pru v 1 [5, 25]. Even though the 

epitope was described in detail, they could not compete for binding with a homologous peptide and 

concluded, that it is a conformational epitope [5].  

In our study we have identified the dominant linear epitope motif NVEG (AA43-46) as part of a larger 

sequence region described in literature as discontinuous epitope [24]. One or two amino acid 

substitutions in this region (N43-Q , V41-L/V44-L) caused a 50% reduction in IgE binding, in agreement 

with the earlier report discussed above for the birch pollen allergen Bet v 1 [5].  

Additionally we identified a second Gly m 4 sequence motif IDEA (AA74-77)/NLGYSY (AS78-83), which 

was recognized by 12 out of 15 patients. Its relevance was confirmed in the V41-L/V44-L/A77-L/N78-Q 

mutant, which reduced the binding activity of IgE antibodies even further than the two NVEG mutants 

(N43-Q and V41-L/V44-L) alone. This sequence motif shows low homology to the Bet v 1 sequence (AA74-

82 EVDHTNFKYN), which has only minor impact on IgE binding compared to the P-Loop region [26]. In 

another study monoclonal anti-Bet v 1 antibodies binding to a peptide from AA73-103 inhibited the 

basophil activation with Bet v 1 in birch pollen allergic patients [26]. Furthermore epitope mimotopes 

were identified by phage display screening where the phage elution was specific for different allergens 

[27]. They subdivided the Bet v 1 sequence into relevant amino acids stretches and rated the 

frequency of mimotope peptides identified for this regions. Besides a strong recognition of phages 

mimicking the P-loop region relevance for the N-terminus, the C-terminus and the region from AA73-83 

was shown [27]. Further authors identified for three out of five patients phages that mimic the 

sequence from AA120-129, which is in good agreement with the results from our study, as we identified 

the ETKGD motif (AA121-125) either in the peptide array and the phage display analysis. As this region 

was not included in the mutagenesis experiments, it might be reasonable for the incomplete inhibition 

of IgE binding for the V41-L/V44-L/A77-L/N78-Q mutant.  

The C-terminus of Bet v 1 has been identified in several studies as a conformal region for IgE binding 

of patients with birch pollen allergy [13, 27]. As the C-terminus of Gly m 4 (AA146-158) shows 70% 

sequence match to Bet v 1 the epitope might be also relevant for Gly m 4, but was not identified using 
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our approach. This might be reasoned by the structure of the C-terminus, which adopts an α-helix and 

could with regard to the experiments performed for the peanut allergen Ara h 2 where the allergen 

showed a stronger signal on peptide arrays comprising 20-mer rather than 15-mer peptides, not be 

displayed in the peptide micro array [28].  

The potential impact of the mutations on the allergen structure was investigated by melting point 

analysis, revealing a melting point of 60°C for wild-type Gly m 4 and the V41-L/V44-L mutant, a slightly 

higher TM of 60.5°C for the V41-L/V44-L/A77-L/N78-Q mutant, but a lower TM of 57°C for the N43Q 

mutant. The melting point of wild-type Gly m 4 was previously reported as 60°C, determined by 

circular dichroism spectroscopy [22, 23]. Therefore, the NVEG (AA43-46) V41-L/V44-L and IDEA (AA74-

77)/NLGYSY (AS78-83) A77-L/N78-Q mutations do not affect the structure and/or thermodynamic 

stability of Gly m 4 and maintain the three-dimensional surface structure of the allergen, facilitating 

the presentation of authentic B-cell epitopes to ensure a specific IgG response towards the native 

allergen during allergen-based immunotherapy. These findings are in agreement with the data 

reported by Holm et al [29] in the context of the generation of engineered Bet v 1 mutants featuring up 

to nine point mutations while retaining their protein folding pattern.Our mast cell degranulation assay 

showed that the Gly m 4 mutants were less efficient than expected in terms of inhibiting the release of 

β-hexoaminidase given the clear reduction of IgE antibody binding activity shown in the ELISA 

experiments. A possible explanation for this observation is provided by a study, showing that one 

high-affinity antibody combined with another high-affinity or even a low-affinity antibody can be 

sufficient to crosslink receptors, resulting in cell degranulation [30]. Therefore, a low-affinity antibody 

probably not detectable stringent in ELISA could have a major impact in the mast cell degranulation 

assay. It thus seems reasonable to include cell stimulation assays as selection criteria for protein 

variants with low allergenicity, to exclude ELISA-specific effects and to include effects based on the 

epitope distribution on the allergen surface and the interactions within the FcεRI-IgE-antigen complex.  

In summary, we used a powerful combination of epitope analysis techniques and a cell-free expression 

system derived from tobacco cells [16] for the rapid production, purification and characterization of 

recombinant allergens. In contrast to bacterial systems plant-based production platforms are 
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advantageous for plant-derived food allergens because native signaling motifs can be kept in the 

sequence and lead to an authentic protein processing and post-translational modifications such as 

disulfide bridges and plant-specific glycosylation profiles [17]. Although IgE binding was not 

completely inhibited, indicating that not all existing epitopes were modified, our approach was 

successfully applied to identify different Gly m 4 epitopes recognized by IgE antibodies and map them 

due to the combination of IgE specific peptide array and a random phage display library at high 

resolution. Especially the combination of both techniques enables the identification of linear core 

epitope regions formerly described as conformational epitopes [13, 26]. In medical diagnostic 

applications, the identification of small and specific epitopes within larger protein sequences can be 

valuable to understand reactions in individual patients and to distinguish between IgE and IgG 

antibody binding. Furthermore, the high-resolution epitope mapping facilitated the creation of 

mutants as potential allergen-based immunotherapy candidates, offering reduced allergenicity while 

maintaining structural homology to the wild-type allergen. 
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Figure legends 
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AA Peptide sequence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Phage-Display consensus 

motive

1-15 MGVFTFEDEINSPVA -EDEINS- 

5-19 TFEDEINSPVAPATL -EDEINS-/-NSPVAP- 

9-23 EINSPVAPATLYKAL -NSPVAP-

13-27 PVAPATLYKALVTDA

17-31 ATLYKALVTDADNVI

21-35 KALVTDADNVIPKAL

25-39 TDADNVIPKALDSFK

29-43 NVIPKALDSFKSVEN

33-47 KALDSFKSVENVEGN -NVEG-

37-51 SFKSVENVEGNGGPG 32 45 18 7 18 8 -NVEG-

41-55 VENVEGNGGPGTIKK 94 59 31 -NVEG-

45-59 EGNGGPGTIKKITFL 4

49-63 GPGTIKKITFLEDGE 114 42 10 15 12

53-67 IKKITFLEDGETKFV 2 4

57-71 TFLEDGETKFVLHKI 7

61-75 DGETKFVLHKIESID 39 13 8

65-79 KFVLHKIESIDEANL 13 12 7 37 21 11 8 11 -IDEA-

69-83 HKIESIDEANLGYSY 22 6 24 8 51 46 8 27 2 9 35 -IDEA-/-NLGYSY-

73-87 SIDEANLGYSYSVVG 2 -IDEA-/-NLGYSY-

77-91 ANLGYSYSVVGGAAL 11 9

81-95 YSYSVVGGAALPDTA

85-99 VVGGAALPDTAEKIT -DTAE-

89-103 AALPDTAEKITFDSK -DTAE-/-EKITF-

93-107 DTAEKITFDSKLVAG 1 -DTAE-/-EKITF-

97-111 KITFDSKLVAGPNGG 18 11 6

101-115 DSKLVAGPNGGSAGK 2

105-119 VAGPNGGSAGKLTVK 4 -GSAGKLT-

109-123 NGGSAGKLTVKYETK -GSAGKLT-

113-127 AGKLTVKYETKGDAE

117-131 TVKYETKGDAEPNQD 7 11 15 3 -ETKGD-

121-135 ETKGDAEPNQDELKT 13 18 5 -ETKGD-

125-139 DAEPNQDELKTGKAK

129-143 NQDELKTGKAKADAL

133-147 LKTGKAKADALFKAI 2

137-151 KAKADALFKAIEEAY 3

141-155 DALFKAIEAYLLAHP

145-157 KAIEAYLLAHPDYGS

 

Figure 1. Results of the IgE specific peptide micro array and the random peptide phage display 

analysis. 

A:  Peptides coupled to the peptide micro array are listed on the left side of the table. Serum antibody 

reactivities to the peptides in the micro array are shown with relative signal intensity in the middle of 

the table. Most relevant peptide sequences are marked with colored background. In the right column 

those consensus motifs identified from peptide phage display data are listed according to their 

presence in the micro array peptide amino acid sequences in the left column. Most relevant peptide 

sequences are marked with colored background. B: Three-dimensional structure of Gly m 4 (PDB 

#2K7H) showing the three regions identified by peptide microarray analysis in different colors: region 

AA37-63 is red, AA64-83 is orange and AA117-135 is purple. C: Consensus motifs identified by phage display 

are shown in the three-dimensional Gly m 4 structure (PDB #2K7H) using the same color code as in 

panel A.  
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Figure 2. Two examples for the identification of consensus motifs by phage display analysis with a 

random phage peptide library 

A: Each example shows an alignment of selected Gly m 4-realted phage sequences, which were 

enriched during panning. Bold letters indicate sequence homology to the Gly m 4 sequence and 

colored letters indicate the consensus motif for the group of phages. Amino acids used for single point 

mutation are marked with an asterisk and the name of the corresponding mutant is indicated. B: 

Sequence logo generated by the WebLogo Software [20] to display the consensus sequence for 781 

phage sequences (257 unique sequences) for the NVEG motif and 1047 phages (375 unique 

sequences) for the IDEA motif. The height of the symbols indicates the relative frequency of the 

corresponding amino acid in the set of analyzed sequences. Basic amino acids are displayed in blue, 

acetic amino acids in red, neutral amino acids in purple and green and hydrophobic ones in black.  
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V41-L/V44-L

Surface area shift
255 Å2 -> 269 Å2 

N43-Q

Surface area shift
255 Å2 -> 287 Å2

A77-L/N78-Q 

Surface area shift
409 Å2 -> 434 Å2

A

B
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Figure 3. Visualization of the putative impact of epitope mutations on the surface morphology and 

area of wild-type Gly m 4 using overlays and homology models of the mutant allergens.  

The left panel shows the backbone sections and the side chains of each epitope, the central panel 

shows the predicted surface of the epitope, and the right panel provides the calculated surface area 

shifts. A: The VENVEGN epitope (AA41-47) is shown in red and the V41-L/V44-L mutations are highlighted 

in light blue. B: The N43-Q mutation is shown in blue in the same context as described in panel A. C: 

Motif IDEA (AA74-77)/NLGYSY (AS78-83) is shown in orange, and amino acid substitutions in the A77-

L/N78-Q mutations are highlighted in green. 
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Figure 4. Coomassie stained SDS-Page of purified protein fractions and TM values of wild-type Gly m 4 

and the three mutant variants.  

A: Coomassie stained SDS-Page under reducing conditions of the cell-free produced wild-type Gly m 4 

protein and the three mutant variants purified by IMAC. B: The temperature gradient induced 

unfolding was monitored using SyproOrangeTM fluorescence. The fluorescence signal intensity was 

plotted against the temperature. TM was determined from the steepest slope. 
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Figure 5. Immunological analysis of wild-type Gly m 4 and the three mutants by ELISA and mast cell 

degranulation assay.  

A: The reactivity of a rabbit anti-Gly m 4 serum is displayed as relative values in black. The relative 

reactivity of soy allergy patient IgE is plotted in grey. Data represent means and standard deviations (n 

= 3). B: Mast cell degranulation in RBL-SX 38 cells sensitized with soy allergy patient IgE and 

stimulated with wild-type Gly m 4, the three mutants and an aqueous soy extract. Data show values 

relative to total degranulation induced by the combination of IgE and anti-IgE antibodies. Data 

represent means and standard deviations (n = 3). 
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