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Abstract
Background: Food allergy to pea (Pisum sativum) has been rarely studied in children 
at the clinical and molecular levels.
Objective: To elucidate the allergenic relevance and diagnostic value of pea 7S globu-
lin Pis s 1, nsLTP, and 2S albumins PA1 and PA2 in children.
Methods: Children with pea-specific IgE ≥ 0.35 kUA/L and clinical evidence of pea 
allergy or tolerance were included in the study. IgE binding against pea total protein 
extract, recombinant (r) rPis s 1, rPA1, rPA2, and natural nsLTP was analysed using 
IgE immunoblot/inhibition. Mediator release potency was investigated in passively 
sensitized rat basophil leukaemia (RBL) 2H3-cells. IgE binding to synthetic overlap-
ping peptides of Pis s 1 was detected on multipeptide microarrays.
Results: 19 pea-sensitized children were included, 14 with doctors’ diagnosed allergy 
and 5 with tolerance to pea (median age 3.5 and 4.5 years, respectively). 11/14 (78%) 
pea-allergic and 1/5 (20%) tolerant children were sensitized to Pis  s  1. Under the 
reducing conditions of immunoblot analysis, IgE binding to rPA1 was negligible, sen-
sitization to rPA2 and nsLTP undetectable. Compared to pea total protein extract, 
rPis s 1 displayed on average 58% IgE binding capacity and a 20-fold higher media-
tor release potency. Selected Pis s 1-related peptides displayed IgE binding in pea-
allergic but not in pea-tolerant children.
Conclusions and Clinical Relevance: In this study group, Pis s 1 is a major immuno-
dominant allergen in pea-allergic children. Evidence for sensitization to nsLTP and 
2S albumins was low but requires further verification with regard to conformational 
epitopes. Recombinant Pis s 1 and related peptides which were exclusively recog-
nized by pea-allergic children may improve in vitro diagnosis of pea allergy once veri-
fied in prospective studies with larger study groups.
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1  | INTRODUC TION

Legumes, including pea (Pisum sativum), are an important source of 
protein in the human diet.1 Pea has gained increasing interest in the 
manufacture of foods and has been advertised as a vegan hypoal-
lergenic source of protein and other dietary components.2,3 Food 
allergy to legumes, such as peanut, soya bean and lupin, has been 
well documented, as was recently summarized.4,5 In foods, the use 
of these allergenic legumes as ingredients requires mandatory label-
ling in the EU, in order to enable allergic consumers to immediately 
identify and avoid these allergens.6 In addition, peanut and soya 
bean allergens have been characterized extensively on the molecu-
lar level. Especially the globulins and albumins of the legume storage 
proteins have been associated with severe allergic reactions, as was 
recently summarized.5 Moreover, sensitization to peanut 2S albumin 
has been specifically associated with clinical reactivity to peanut.7,8

By contrast, allergy to pea has been characterized to a lesser 
extent at the clinical and molecular level, and pea has not been as-
signed as an ingredient for mandatory allergen labelling in the EU. 
However, severe allergic reactions, including anaphylaxis, after in-
gestion of pea, have been described in children and adults.2,3,9 In a 
recent report of Canadian paediatric cases, anaphylaxis was related 
to unrecognized, so-called hidden pea protein.2

While the true prevalence of pea allergy is generally unknown, 
the rate of sensitization against pea was higher than that for peanut, 
soya bean, or lupin in a German adult cohort.10 Hence, allergy to pea 
and the characterization of pea allergens should gain more attention.

The protein content of pea seeds is on average 22%, and the 
majority of extractable pea proteins are globulins with an average 
content of 70% of the total protein.11 So far, only three pea proteins 
have been registered as allergens. Pis s 1 and Pis s 2 are globulin 
storage proteins and have been suggested as potential major pea 
allergens based on natural purified preparations and serum pools, 
but only few individual data on IgE binding were shown.12 Pis s 1 
is a 44 kDa vicilin, whereas Pis s 2 is described as a 63 kDa convi-
cilin.12,13 Pis s 1 and Pis s 2 have a high sequence identity (~70%) 
and share serological cross-reactivity to raised antibodies, with the 
major difference being an N-terminal insertion in the sequence of Pis 
s 2.13,14 Pis s 3 belongs to the prolamin superfamily and is a 9.5 kDa 
non-specific lipid-transfer protein (nsLTP) that was recently identi-
fied and structurally characterized as a putative food allergen15 with 
IgE cross-reactivity to Pru p 3, a nsLTP and major peach allergen.16 
Despite IgE cross-reactivity to Pis s 3 in Pru p 3-sensitized subjects, 
the authors did not provide evidence that the human serum donors 
had a history of pea allergy.15

Compared with other legumes, such as peanut and soybean, no 
albumin has yet been described as an allergen in pea. However, it is 
reported that the albumin fraction might also include allergenic pro-
teins.17,18 The albumin fraction of pea contains two low-molecular 
weight major protein components, the sulphur-rich pea albumin 1 
(PA1) and the pea albumin 2 (PA2).19 PA1 accounts for less than 10% 
of the pea seed total protein.20 The 11 kDa PA1 proprotein can be 
proteolytically cleaved into two mature proteins, PA1a (~6 kDa) and 

PA1b (~4 kDa) that are not linked by interchain disulfide bonds, thus 
potentially leading to two separate monomers.20 The content of PA2 
in pea seeds is comparable to PA1.19 PA2, that shows high sequence 
homology with a 2S albumin from lentil, is a homodimer consisting 
of the two subunits PA2a or PA2b of approx. 26 kDa each that show 
high sequence identity.19,21 The relevance of both pea albumins, PA1 
and PA2, as potential allergens in pea-allergic patients is still unclear. 
Besides two studies by Vioque et al, who analysed chickpea-sensi-
tive individuals for their IgE binding to purified natural PA1 and PA2 
in dot blot analysis, no IgE binding data are currently available.22,23

Thus, the aim of this study was to further elucidate the relevance 
of individual pea allergens, in particular the 7S pea allergen Pis s 1, 
the low-molecular weight 2S albumins PA1 and PA2, and pea nsLTP 
(Pis s 3), in a paediatric population of pea-allergic and pea-sensitized 
but tolerant subjects. In this work, we describe a clear immunodomi-
nance of Pis s 1, with regard to IgE binding capacity and basophil me-
diator release potency in comparison with pea total protein extract. 
Further, linear IgE binding areas of Pis s 1 were explored for their po-
tential diagnostic value in comparison with the full-length allergen.

2  | METHODS

2.1 | Patients and serum controls

Children between one and 18  years of age with pea-specific 
IgE  ≥  0.35  kUA/L (ImmunoCAP, Thermo Fisher Scientific) were in-
cluded in the study. No skin prick tests were performed. Clinical evi-
dence was determined according to either a convincing history or oral 
food challenge. A convincing history for a clinically confirmed pea 
allergy was defined as parent reported clear objective allergic imme-
diate-type reactions after pea consumption of the child whereas a con-
vincing history for pea tolerance was the consumption of pea without 
symptoms. The oral food challenges were performed using fresh green 
peas (protein content 5.4  g/100  g) using to a standardized protocol 
according to PRACTALL guidelines.24 The cumulative dose was 100 g 
green peas. The challenge was performed using seven increasing dose 
steps (0.068 g-0.22g-0.68 g-2.2 g-6.8 g-22 g-68 g) at time intervals of 
30 minutes and in case of the absence of allergic reactions, cumulative 
dose (100 g) was given on another day. Cumulative dose means, that 
the combined amount of the seven increasing dose steps is given in 
a single challenge meal. Demographic and clinical data from patients 
included age, sex, pea-related symptoms and severity of symptoms. 
Severity was graded on a scale from I to V using a grading system ac-
cording to Sampson.25 In microarray analysis, sera from five non-at-
opic (A-E) (ImmunoCAP fx5 [egg white, milk, fish, wheat, peanut, soya 
bean] negative; ImmunoCAP SX1 [Dermatophagoides pteronyssinus, cat 
dander, dog dander, timothy grass, cultivated rye, Cladosporium herba-
rum, common silver birch, mugwort] negative) and five atopic (F-J) (fx5 
negative; SX1 positive) subjects served as controls. All serum samples 
were collected at the department of paediatric pulmonology, immunol-
ogy and intensive care medicine, Charité-Universitätsmedizin Berlin 
with written informed consent. The study was approved by the ethics 
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committee of the Charité-Universitätsmedizin Berlin (EA2/138/10) 
and conformed to the standards of the Declaration of Helsinki. Serum 
from a non-allergic subject served as negative control in immunoblot 
experiments (PEI231, in-house serum collection). Serum LTP6 of a 
LTP-sensitized subject with 23.7 kUA/L sIgE binding to peach nPru p 3 
(ImmunoCAP f420), and to a putative 12 kDa LTP of the legume Lablab 
purpureus26 served for the verification of nsLTP in pea total protein 
extract.

2.2 | Pea total protein extraction

Dried mature pea seeds of Pisum sativum cultivar Regina (Saatzucht 
Aschersleben) were washed with distilled water, dried overnight, 
ground to flour under liquid nitrogen and extracted 1:10 (w/v) in 
phosphate-buffered saline, pH 7.4 (4  hours, 4°C). After centrifu-
gation (4°C, 13  000g, 30  minutes), the supernatant was filtered 
(0.22 µm pore size, polyethersulfone, Carl Roth GmbH  +  Co. KG). 
Protein was determined using Roti®-Nanoquant Bradford reagent 
(Carl Roth GmbH + Co. KG).

2.3 | Generation and purification of recombinant 
pea proteins

The codon-optimized cDNA sequence (GeneArt Strings DNA 
Fragments, Thermo Fisher Scientific Geneart GmbH) encoding Pis 
s 1.0101 (Uniprot acc. no. Q702P1) was inserted into vector pET11a 
and expressed in Escherichia coli One Shot® BL21 (DE3) cells. The 
pea albumins PA1 (Uniprot acc. no. P62927, aa 27-130) and PA2 
(Uniprot acc. no. P08688) were codon-optimized (GeneArt Strings 
DNA Fragments), inserted into vector pPICZαA and expressed in 
Pichia pastoris (X-33). rPis s 1 was purified from inclusion bodies 
while rPA1 and rPA2 were purified as soluble proteins from culture 
supernatant (details including full-length sequence and purification 
in Table S1).

2.4 | Confirmation of pea protein sequences by 
mass spectrometry

The identity of the recombinant proteins rPA1, rPA2 and rPis s 1, 
and the presence of nPA1 and nPA2 in pea total protein extract was 
confirmed by liquid chromatography-mass spectrometry (LC-MSE) 
after separation using SDS-PAGE as described earlier27 with slight 
modifications (details in Appendix S1).

2.5 | Physicochemical characterization of 
recombinant pea proteins

Secondary structure of rPis s 1, rPA1 or rPA2 was analysed by cir-
cular dichroism (CD) spectroscopy. Spectra were recorded between 

255 and 185 nm at a bandwidth of 1 nm. Hydrodynamic radii (RH) of 
either rPis s 1, rPA1 or rPA2 were determined at 25°C using dynamic 
light scattering (DLS) (details in Appendix S1).

2.6 | SDS-PAGE and IgE immunoblot analysis

rPis s 1, rPA1 and rPA2 were separated under reducing conditions 
using pre-cast NuPAGE™ 4%-12% Bis-Tris gels and either stained 
with Coomassie Brilliant Blue G250 for visualization, or semi-dry 
blotted onto nitrocellulose membranes for immunoblot analysis. 
For blotting, rPA1 (12 587 Da) and rPA2 (27 553 Da) were combined 
and separated in one lane because of lack of cross-reactivity. Strips 
were blocked (2% powdered milk), incubated overnight with diluted 
patients’ sera and detected using horseradish peroxidase labelled 
mouse anti-human IgE (SouthernBiotech, via Biozol) and chemilu-
minescent substrate LumiGLO Reserve™ (KPL). Chemiluminescence 
was recorded (luminescence imager), and Pis s 1-specific IgE (kUA/L) 
quantified densitometrically, based on calibrated signal intensity. 
Cut-off for positive results was defined as two times the densito-
metric volume of the non-allergic control serum, that is on average 
6.0 kUA/L (details in Appendix S1).

2.7 | IgE immunoblot inhibition analysis

A total of 20  µg/cm pea extract protein were separated by SDS-
PAGE under reducing conditions and blotted as described above. 
Patients’ sera were pre-incubated with 50  µg of inhibitor protein, 
that is rPis s 1, rPA1 or nPru p 3, or buffer for 2  hours and sub-
sequently overnight on blocked blot strips. Immunodetection was 
done as described above. Signal intensity was recorded densitomet-
rically. After subtraction of signal intensity of non-allergic negative 
control serum, per cent inhibition was calculated for every patient 
as follows:

2.8 | Mediator release from humanized rat 
basophilic leukaemia (RBL) 2H3-cells

The mediator release assay was carried out as previously de-
scribed.28 Briefly, RBL-2H3 cells expressing the α-chain of the human 
IgE receptor FcεRI were sensitized overnight with a 1:10 diluted 
serum pool of pea-allergic patients (nos. 1, 3, 4, 8, 11). Cells were 
stimulated with serial dilutions of either rPis s 1, pea extract or BSA 
as negative control. Total release was determined by lysing the pas-
sively sensitized cells with 1% Triton X-100 (Sigma Aldrich Chemie 
GmbH). Specific mediator release was determined photometrically 
on the basis of β-hexosaminidase activity in cell culture supernatant. 
Results were expressed as per cent of total mediator release after 
correction for spontaneous release.

100−
Signal intensity of serum inhibited by rPis s 1

Signal intensity of serum uninhibited (buffer)
×100.
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2.9 | Generation and immunodetection of Pis s 1 
multipeptide microarrays

101 Celluspot™ peptides (15 amino acids, 4 amino acids offset) cov-
ering the entire primary structure of Pis s 1.0101 (Uniprot number 
Q702P1) were synthesized, as previously described,29 on cellu-
lose support, and spotted in quadruplicate onto microscope slides 
(Intavis AG). DMSO solvent was multiply spotted as a control for 
background signal. Blocked array slides were incubated over night 
with 45 µL of defatted serum sample (Table 1). Bound IgE was de-
tected on hyperfilm using horseradish peroxidase labelled mouse 

anti-human IgE (SouthernBiotech) and LumiGLO Reserve™ substrate 
(details in Appendix S1).

2.10 | Microarray data analysis

Developed films were scanned as 16-bit greyscale TIF files, and 
the inverted signal intensity of each spot was analysed using TIGR 
Spotfinder 3.2.1 software.30 Signal intensities were transformed 
into Z-scores, as previously described with some modifications.31 
Briefly, the median signal intensity (Si) was calculated for all 

TA B L E  1   Characteristics of pea-allergic and sensitized but clinically tolerant childrena

No..

Age 
(years)d /
sex

Clinical 
evidence

Clinical 
relevance/ 
outcome 
OFC

Threshold 
dose of 
OFC (g)

Pea-related 
symptoms

Severity 
gradinge 

Total IgE 
(kUA/L), 
cut-off 0.35 
(ImmunoCAP)

Pea sIgE 
(kUA/L), 
cut-off 0.35 
(ImmunoCAP)

rPis s 1 sIgE 
(kUA/L), 
cut-off 6.0 
(ImmunoBlot)

% IgE 
inhibition of 
pea extract 
by rPis s 1 
(ImmunoBlot)

1 3/m History Yes n.a. F, PU I 2239 92.3 42.7 39.1

2 15/m History Yes n.a. Em, N II nd 5.5 11.8 19.1

3 1/f History Yes n.a. U, AE II 104 32.1 29.8 96.6

4 2/m History/
OFC

Yes/positive 6.8 F/GU I/II 226 54.7 45.6 60.6

5 3/m OFC Yes/positive 22 GU II nd 2.0 8.0 n.a

6 12/f History Yes n.a. AE, Em II nd 1.5 8.4 n.a

7 2/m History Yes n.a. AE II nd 1.2 (5.2) n.a

8 4/m DBPCFC Yes/positive 100 PU, P, R III nd 45.3 23.7 57.9

9 1/f OFC Yes/positive 0.22 F, C, R III nd 0.9 (5.0) 26.1

10 6/m History/
OFC

Yes/positive 100 PU, R, IT II/III nd 8.9 16.1 81.6

11 6/m History Yes n.a. Em, GU, W, D IV 141 23.1 22.5 98.2

12 7/f History Yes n.a. Nb  II 459 5.1 (5.6) 0

13 4/m History Yes n.a. AE II nd 2.1 6.3 n.a

14 2/m History Yes n.a. Em, SA II 2748 6.5 6.2 99.9

15 2/m History No n.a. None n.a. 2813 1.3 (5.2) n.a

16 12/m OFC No/
negative

n.a. PR, SAc  n.a. nd 4.0 6.9 65.6

17 7/m DBPCFC No/
negative

n.a. None n.a. 152 1.0 (5.6) 0

18 2/m History No n.a. None n.a. 64.6 0.4 (5.1) n.a

19 8/m History No n.a. None n.a. 7663 3.6 (5.2) n.a

Note: sIgE values in parenthesis are below method cut-off.
Abbreviations: AE, angioedema; C, conjunctivitis; D, dyspnoea; DBPCFC, double-blind placebo-controlled food challenge; Em, emesis; f, female; F, 
flush; GU, generalized urticaria; IT, itching throat; m, male; N, nausea; n.a., not applicable; n.d., not determined; OFC, open food challenge; P, pruritus; 
PE, perioral erythema; PR, perioral redness; PU, perioral urticaria; R, rhinitis; SA, stomach ache; U, urticaria; W, wheezing.
aThe severity grading is based on the documented or reported symptoms as well as on their documented or reported severity of the specific 
symptoms (ie mild localized flushing (severity grade I) vs. generalized marked flushing (severity grade II)). 
bThe patient had at a later occasion another accidental reaction after consumption of processed pea protein resulting in itching throat and 
angioedema. 
cMild perioral redness as well as stomach ache occurred to the 7th dose of OFC. Due to these inconclusive symptoms, the cumulative dose of 100 g 
pea was given on another day, which was tolerated without any symptoms. Hence, the challenge was judged as negative. 
dAge at time of blood sampling. 
eSeverity grading according to the grading system developed by Sampson.24 
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quadruplicate peptide signals within the same array. The constant 
mean (m) of the DMSO spots and its standard deviation (s) were 
determined. A Z-score was calculated for each Pis s 1.0101-derived 
peptide.

Non-specifically detected peptides were removed by subtracting 
the maximum Z-score of the controls (serum A-J) of the respective 
peptides. IgE binding to a peptide with a Z-score > 2 was defined as 
positive. For specificity analysis using two serum pools (sera 1/4/8 and 
3/10/11/13) and rPis s 1 as inhibitor, Z-scores were calculated for each 
serum pool with/without rPis s 1 inhibition (details in Appendix S1).

2.11 | Selection of peptides exclusively recognized 
by pea-allergic children

Peptides exclusively recognized by serum IgE of pea-allergic children 
were included with a median Z-score > 5 to ensure sufficiently high sig-
nal intensity. Further, a minimal inhibition of 30% of peptide IgE bind-
ing by rPis s 1 in at least one of the used serum pools was required to 
confirm Pis s 1 specificity. Between two selected candidate peptides, 
an offset of at least 4 peptides was applied to ensure that the peptides 
display non-overlapping amino acid sequences. In the case of multiple 
peptide hits, those with a high frequency of patient recognition were 
preferred. If several peptides showed identical frequency of recogni-
tion, such peptides with the highest median Z-score were selected. 
Of these preselected peptides, those that most frequently bound IgE 
(≥median frequency of preselected peptides) were finally selected.

2.12 | Modelling of Pis s 1

The structure of natural Pis s 1 (UniProt acc. Q702P1), that is with-
out start codon, thrombin cleavage site, linker or His6-tag, was 
modelled using SWISS-MODEL Workspace (https://swiss​model.ex-
pasy.org/). The beta subunit of soya bean beta-conglycinin (PDB ID 
1uij.1.A), having a sequence identity of 59%, was used as template. 
The modelled Pis s 1 structure was visualized using The PyMOL 
Molecular Graphics System (Version 1.5.0.4 Schrödinger, LLC).

3  | RESULTS

3.1 | Study population

Sera from nineteen children (79% male, median age 4 years (range 
1-15 years)) with pea-specific IgE ≥ 0.35 kUA/L with clinical evidence 
on pea allergy or tolerance were included into this study. Clinical 
characteristics are summarized in Table 1. Fourteen of these chil-
dren had confirmed doctor's diagnosed pea allergy, whereas five 
were clinically tolerant. Pea allergy was diagnosed by oral food 
challenge (5/14 children) or according to convincing history alone 
(9/14 children) at the time of indicated patient's age. Although in 
two of the oldest patients (nos 2 and 6) with pea allergy the specific 

time-point of recurrent and/or reproductive symptoms (accidental 
reactions to pea) could not be evaluated from the patient chart, the 
allergist in the outpatient clinic of our tertiary care centre diagnosed 
the patient with clinical relevant pea allergy at the given time-point.

Most pea-allergic patients experienced allergy symptoms rang-
ing from mild to moderate (ie urticaria, emesis, angioedema or rhi-
nitis) severity, while one patient reported on two severe reactions 
with wheezing and dyspnoea. Concerning the youngest patients be-
tween 1 and 3 years of age (nos. 1, 3, 7, 14), symptoms were reported 
without specific time-points or at 2 years of age (no. 7). Concerning 
patients between 4 and 7 years of age (nos. 11, 12, 13), symptoms 
were reported between 2 and 12  months before the doctor's ap-
pointment. Concerning the oldest patients (nos. 2 and 6), recurrent or 
reproductive symptoms were reported during the doctor's appoint-
ment without a specific time-point. Tolerance was diagnosed by oral 
food challenge in two of the five children and in the remaining three 
according to convincing history. Pea-specific IgE ranging from 0.9 to 
92.3 kUA/L was elevated in the pea-allergic group (median 6.0 kUA/L) 
compared with 0.4 to 4.0 kUA/L in the tolerant group (median 1.3 
kUA/L). About 64% of pea-allergic patients (9/14) had a doctor's di-
agnosed allergy to other legumes in parallel, including peanut (n = 7), 
lentils (n = 2), soy (n = 1), lupin (n = 1) and/or beans (n = 1).

3.2 | Expression, purification and physicochemical 
characterization of recombinant proteins

Expression of rPA1 and rPA2 in Pichia pastoris and of rPis s 1 in 
Escherichia coli resulted in full-length pea proteins. The his-tagged 
proteins were purified by immobilized metal affinity chromatogra-
phy and, if necessary, by size-exclusion chromatography. Identity 
of full-length proteins was confirmed by mass spectrometry (Table 
S2a,b). In Coomassie-stained SDS-PAGE (Figure S1a), purified prepa-
rations of recombinant rPis s 1, rPA1 and rPA2 displayed molecular 
masses of approximately 50, 14 and 28 kDa, respectively.

Secondary structure was analysed using CD spectroscopy 
(Figure S1b). rPis s 1 showed spectral characteristics that are com-
parable to published data of the homologous soy 7S globulin Gly m 
5,32 indicating a native-type secondary structure of rPis s 1. The CD 
spectrum of rPA1 showed characteristics, comparable to those of 
peanut 2S albumin Ara h 2,33 and typical for α-helical proteins. By 
contrast, rPA2 displayed high content of unstructured protein.

The hydrodynamic radii RH indicated multimeric rPis s 1 and 
rPA2, in contrast to monomeric rPA1 (details in Appendix S1, inset 
Figure S1b).

3.3 | Pis s 1 is a major allergen in pea-
allergic children

In immunoblot analysis of pea total protein extract, the paediatric 
sera showed a diverse pattern of protein bands that bound serum 
IgE (Figure 1A, uninhibited lane). For 3 of the pea-allergic children 

https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
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(patients nos. 5, 6, 7) and 3 of the pea-tolerant children (patients 
nos. 15, 18, 19), no serum IgE binding to pea total protein extract 
was detectable on immunoblots in contrast to the more sensitive 
pea ImmunoCAP (Table 1).

Specific IgE binding was further investigated using the recom-
binant pea proteins rPis s 1, rPA1 and rPA2. 11/14 (78%) pea-al-
lergic children showed serum IgE binding to rPis s 1 (Figure  1B), 

considering an average cut-off for positivity of 6.0 kUA/L. Natural 
Pis s 1 undergoes post-translational proteolytic cleavage resulting in 
subunits of Mr 36 to 12.5 kDa.34 In recombinant rPis s 1, degrada-
tion products with molecular masses between 20 kDa and 30 kDa 
were also detected with serum IgE. In pea-allergic patients’ nos. 1, 
3, 4, 8, 10, and 11, rPis s 1 showed the strongest IgE binding ca-
pacity. Only 1/5 (20%) of pea-tolerant children (Figure 1B) displayed 

F I G U R E  1   A, IgE immunoblot of sera 1-19 (Table 1) to pea extract. Serum samples were pre-incubated with rPis s 1 (+) or untreated (−). 
Arrows indicate position of full-length Pis s 1 and its proteolytic subunits. B, IgE immunoblot of sera 1-19 to rPis s 1 (49.1 kDa). Filled triangle, 
full-length rPis s 1; open triangles, degradation products of rPis s 1. C, IgE immunoblot of sera 1-19 to rPA1 (12.6 kDa, open triangle) and 
rPA2 (27.6 kDa, filled triangle). (M, low-molecular weight marker; P, total protein stained with PonceauS; N, non-allergic serum control; N1 or 
N2, non-allergic serum control on membrane 1 or 2)
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weak sIgE binding to rPis s 1 (Table 1, Figure 1B). In the pea-allergic 
children, rPis s 1-specific IgE levels were elevated, ranging from 6.2 
to 45.6 kUA/L (Table 1, median 16.1 kUA/L). This finding correlates 
well (R2 = 0.8346, linear regression of rPis s 1 sIgE vs. pea sIgE) with 
the elevated sIgE levels against pea extract in pea-allergic children 
(Figure 2A, Table 1). Except for patient no. 1, none of the patients 
showed IgE binding to rPA1 and rPA2 (Figure 1C) in IgE immunoblot 
analysis under reducing conditions. The relevance of this finding is 
addressed in detail in the discussion.

3.4 | High IgE binding capacity of Pis s 1 compared 
to pea total protein

To further address the relevance of Pis s 1 in this study popula-
tion, the IgE inhibition capacity of rPis s 1 against pea total pro-
tein extract was determined densitometrically on immunoblots 
(Figure  1A, Table  1). On average, rPis s 1 inhibited 58% of the 
IgE binding capacity of pea total protein extract in the evaluable 
pea-allergic subjects (nos. 1, 2, 3, 4, 8, 9, 10, 11, 12, 14). For the 
remaining subjects, as serum IgE binding to pea extract protein 
was undetectable (nos. 5, 6, 7) or comprised by high background 
signal (no. 13), calculation of inhibition was not applicable. In four 
pea-allergic children (patients nos. 3, 10, 11, 14), rPis s 1 inhibited 
IgE binding to the extract almost completely, in other pea-allergic 
children (patients nos. 1, 2, 4, 8, 9) and one pea-tolerant child (16) 
partially. No inhibition could be observed in pea-allergic patient 
12 and in pea-tolerant patient 17. rPis s 1 was able to inhibit IgE 
binding in the lower molecular weight (LMW) range (Figure  1A, 
patient nos. 3, 4, 11, 14) where mass spectrometry confirmed the 
presence of PA1 isoforms and PA2 (Figure S2, Table S2b). In addi-
tion, PA1 was confirmed as 11 kDa full-length proprotein instead 
of 6 and 4 kDa proteolytic fragments (data not shown). IgE bind-
ing to LMW proteins was also related to post-translational pro-
teolytic fragments of Pis s 1 that were fully or partially inhibited 
by rPis s 1 (Figure  1A). Moreover, rPis s 1 could also inhibit IgE 
binding to a protein located at 70-80 kDa (Figure 1A, patients no. 
3, 10 and 11) which could resemble either a multimer of Pis  s 1 
fragments or possibly Pis s 2 (convicilin). No inhibition in this mo-
lecular weight range (>66 kDa) could be observed for patients 1 
and 4 (allergic) and 16 (tolerant). Only pea-allergic patients nos. 
1, 4 and 8 and pea-tolerant patient 16 showed, after the excess 
addition of rPis s 1, uninhibited IgE binding to pea proteins in 
the LMW range  <  30  kDa that could potentially constitute 2S 
albumins or nsLTP. However, only patient 1 showed IgE binding 
to recombinant PA1. In two subjects, pea-allergic patient 1 and 
pea-tolerant patient 16, an IgE binding protein band at or below 
14 kDa remained after rPis s 1 inhibition (Figure 1A, Figure S3a). 
Using rPA1 as inhibitor (Figure S3b), or natural peach nsLTP (nPru 
p 3) that was purified from peach peals as described previously16 
(Figure S3c), the IgE binding to this protein remained. In addition, 
serum LTP6 of a LTP-sensitized donor showed IgE binding to this 
14  kDa protein and to an additional protein below (Figure S3c). 

Using nPru p 3, as inhibitor, only the IgE binding below 14  kDa 
disappeared. The results indicate that the pea nsLTP, presumably 
Pis  s  3, is present in the pea total protein extract. Despite the 
verified presence of PA1 and PA2, and strong evidence for the 
presence of pea nsLTP in our pea extract, none of the pea-allergic 
or tolerant patients displayed detectable IgE binding to these pro-
teins in pea total protein extract using IgE immunoblot analysis 
under reducing conditions.

Hence, in 11/14 (78.6%) pea-allergic children, Pis s 1 is a major 
allergen with a high IgE binding capacity that directly correlates 
to that of total pea protein. LMW proteins < 30 kDa in pea total 
protein extract, that are not related to Pis s 1 fragments, did not 
seem to play a major role in the IgE binding capacity of pea-allergic 
children.

F I G U R E  2   A, Correlation analysis between pea extract and rPis 
s 1 sIgE levels for pea-allergic patients with rPis s 1 sIgE > cut-off 
limit (Table 1). B, Mediator release from humanized rat basophilic 
leukaemia cells sensitized with a serum pool of pea-allergic patients 
(nos. 1, 3, 4, 8, 11) induced by pea extract (dashed line) and rPis s 
1 (solid line). BSA (dotted line) served as negative control. Curves 
were fitted with a four-parameter logistic model
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3.5 | High functional mediator release potency of 
rPis s 1

RBL 2H3 cells were passively sensitized with an IgE serum pool of 
five pea-allergic children (patients’ nos. 1, 3, 4, 8, 11) that showed 
high levels of IgE to Pis s 1 as compared to total pea protein (Table 1). 
rPis s 1 and pea extract induced a comparably high basophil de-
granulation with maximal mediator release of around 64% relative 
to total release. The amount of protein required for half-maximal 
mediator release (EC50) was approximately 20-fold higher for pea 
extract (2.3 ng/mL) than for rPis s 1 (0.1 ng/mL).

3.6 | Apparent differences in IgE binding to Pis s 1 
peptides between pea-allergic and tolerant children

Signal intensity of individual peptide IgE binding to synthetic over-
lapping peptides, that constitute the entire primary sequence of Pis 
s 1, was expressed as Z-score. Figure 3 displays the IgE binding fre-
quency to each Pis s 1 peptide (Z-score > 2) of pea-allergic in com-
parison with pea-tolerant children.

14/14 (100%) pea-allergic children and 4/5 (80%) pea-tolerant 
children showed IgE binding (Z-score > 2) to at least one peptide of 
Pis s 1 (Table S3). IgE of pea-allergic children bound more peptides 
(median 31) than of pea-tolerant children (median 1) and conse-
quently showed a higher IgE binding diversity (Table S3).

3.7 | Pis s 1 peptides potentially indicative for 
pea allergy

IgE of pea-allergic children recognized various peptide stretches that 
were not recognized by the IgE of tolerant children (Figure 3: peptides 

3-5, 14-29, 31-33, 38-47, 49-51, 53-54, 58-68, 73-79, 97-100). Thereof, 
eleven peptides fulfilled the selection criteria as described in the 
methods section (peptides 3, 14, 20, 28, 44, 53, 64, 74, 78, 93, 100) 
(Figure 3, Table S3). Their respective amino acid sequences and posi-
tion on the modelled molecular surface of Pis s 1 are shown in Figure 
S4. Candidate peptides are distributed over large areas of the Pis s 1 
primary protein sequence and molecular surface with no predominant 
location. 13/14 (93%) pea-allergic children showed an IgE binding to at 
least one of the eleven selected candidate peptides (Table S3). Among 
these 13 pea-allergic children, the number of recognized candidate 
peptides ranged from 1 to 11 (median 6), whereas serum IgE from pea-
tolerant children did not bind to any of these peptides.

4  | DISCUSSION

We investigated the relevance of individual pea allergens in relation 
to pea total protein in a paediatric population of pea-allergic and 
pea-sensitized but pea-tolerant subjects.

The recombinant 2S albumins rPA1 and rPA2 were expressed 
in P  pastoris for reasons of protein folding and a simple purifica-
tion from cell culture supernatant. The 7S globulin rPis s 1 was not 
successfully expressed in P  pastoris (data not shown) but in E  coli. 
Purified rPis s 1 and rPA1 presented characteristic secondary struc-
tural elements related to allergens of the 7S and 2S storage proteins, 
such as soya bean Gly m 532 and peanut Ara h 2.33 However, rPA2 
displayed a high content of unstructured protein.

Sanchez-Monge et al12 first described Pis  s  1 as a major pea 
allergen on the basis of IgE inhibition of pea extract with the len-
til 7S vicilin Len c 1 using a serum pool. In this study, for the first 
time the pea 7S globulin allergen Pis s 1 was investigated for its IgE 
binding capacity on the basis of purified recombinant allergen and 
individual serum analysis (Figure  1B). Here, serum IgE binding in 
11/14 (78%) pea-allergic children confirmed rPis s 1 as a major pea 
allergen. Moreover, the recombinant 2S albumins rPA1 and rPA2 did 
not bind IgE from sera of pea-allergic children, except for rPA1 and 
one serum. Although the results may suggest that the 2S albumins 
rPA1 and rPA2 are not relevant allergens in pea, we like to stress that 
possible conformational epitopes of the 2S albumins may have been 
overlooked. Reasons are the experimental conditions of electropho-
retic separation prior to immunoblot analysis and the observation of 
partially unstructured rPA2. While the rPA1 appeared to be in good 
shape, the lack of IgE binding possibly carries less weight of evidence 
than positive results, as in the case of rPis s 1.

The relevance of Pis  s  1 and other pea allergens was further 
investigated in densitometric IgE immunoblot inhibition experi-
ments of native pea total protein extract with rPis s 1 as inhibitor. 
rPis  s 1 showed a high IgE binding capacity that resulted on aver-
age in 58% inhibition of IgE binding to pea total protein (Figure 1A, 
Table 1). In some patients, rPis s 1 completely abolished IgE binding 
to pea total protein extract, even at distinct low-molecular weight 
(LMW) bands. This observation was in accordance with reported 
post-translational proteolytic cleavage that results in subunits12,34 

F I G U R E  3   Comparison of the IgE binding frequency to 
overlapping peptides of Pis s 1 between pea-allergic (black) and 
pea-tolerant (red) children. Selected diagnostic peptides specific for 
pea allergy (n = 11) are shown in blue bars. IgE binding to a peptide 
was defined as positive if Z > 2
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of comparable molecular weight. In all but two patients (nos.1, 16), 
IgE binding to these LMW proteins was almost completely inhibited 
by rPis s 1 (Figure 1A). Although the presence of PA1 and PA2 in pea 
total protein extract was shown using mass spectrometry (Figure S2, 
Table S2b), and PA1 was also found as a proprotein, our recombinant 
preparation of rPA1 did not inhibit IgE that was bound to LMW ex-
tract proteins (Figure S3). Again, the results suggest that PA1 is not a 
relevant allergen in pea. However, in the case of natural PA1, which 
is also proteolytically cleaved into two subunits, it cannot be fully ex-
cluded that the electrophoretic conditions caused potential subunit 
separation that may result in loss of serum IgE binding to possibly 
relevant conformational epitopes.

The presence of an nsLTP in pea total protein extract, likely the 
registered allergen Pis  s  3, was identified in IgE immunoblot anal-
ysis using an additional LTP-sensitized subject and was further 
confirmed by IgE inhibition using Pru p 3, the natural peach nsLTP. 
However, the detected and inhibited IgE binding protein had a lower 
molecular weight than that detected by serum IgE of the pea-aller-
gic or pea-sensitized and tolerant children. In summary, pea nsLTP, 
and the 2S albumins PA1 and PA2 were present in pea total protein 
extract but we had little evidence of IgE binding in this study group 
of pea-allergic children under the applied experimental conditions.

This is in contrast to other legumes such as soya bean or peanut 
where the 2S albumins Gly m 835,36 and Ara h 27,37,38 are reported as 
major allergens, in the case of Ara h 2 even as one of the most im-
portant peanut allergens. Bogdanov et al15 described the pea nsLTP 
Pis s 3 on the basis of serological cross-reactivity to Pru p 3 sensi-
tized “food allergic” individuals. We were able to confirm this IgE 
cross-reactivity between Pru p 3 and pea nsLTP. However, we did 
not confirm pea nsLTP as an allergen in our paediatric study group.

Further, the IgE immunoblot analysis of pea protein extract 
revealed only some sera with IgE binding to proteins at molecular 
weight above that of Pis s 1 (44 kDa). The pea convicilin Pis s 2, which 
was first described as an IgE binding protein by Sanchez-Monge,12 
was reported with a molecular weight of 63 kDa. Assuming that un-
inhibited higher molecular weight proteins with IgE binding capacity 
constitute Pis s 2, this allergen would likely be relevant in only two 
pea-allergic children (nos. 1, 4) and, thus, present a minor allergen in 
this study. However, we cannot exclude that additional uninhibited 
IgE binding protein bands at or below that of Pis s 1 constitute Pis s 2 
or fragments thereof.

In addition to a high IgE binding capacity of Pis s 1, the ability 
to cross-link specific IgE on effector cells was investigated. Hence, 
humanized RBL cells were passively sensitized with IgE of a serum 
pool of pea-allergic children. The amount of protein required for 
half-maximal mediator release was approximately one order of mag-
nitude higher for pea extract compared to rPis s 1 (Figure 2B). Even 
though the exact ratio of vicilin to total protein in this extract prepa-
ration is unknown, a major portion of the allergenic potency of pea 
total protein extract appears to be related to Pis s 1, when taking 
into account the relative position of both curves and the fact that 
vicilin constitutes between 26% and 52% of total extractable pea 
protein.11

Considering the high frequency of sensitization to Pis  s  1 and 
its high allergenic potency, Pis s 1 was analysed in depth for its lin-
ear IgE binding areas making use of overlapping synthetic peptides 
to represent the primary sequence. Spotted onto multipeptide mi-
croarrays, the IgE binding peptides were resolved for each individual 
serum of pea-allergic and sensitized but tolerant children. Special 
emphasis was on the identification of potential diagnostic peptides. 
We are aware that the study groups of pea-allergic (n  =  14) and 
pea-sensitized but tolerant (n = 5) children are fairly small. Thus, the 
calculation of diagnostic metrics, such as receiver operating char-
acteristic (ROC) curve analysis, was omitted. Nonetheless, eleven 
peptides which exclusively bound serum IgE from children in the 
pea-allergic group were identified. These peptides should be further 
investigated for their diagnostic value in an independent prospective 
study with larger study groups.

Our study was principally based on immunoblots that were per-
formed under reducing conditions and on IgE binding to synthetic 
peptides. Consequently, the study focused rather on IgE binding to 
sequential than conformational epitopes. The RBL cell assay could 
have been useful to study the importance of the conformational epi-
topes for those pea proteins, such as the 2S albumins PA1 and PA2, 
and the nsLTP Pis s 3, for which conformation might be critical for 
their allergenic potency. Owing to the fact that rPis s 3 was not avail-
able to this study and that the serum donations were too limited to 
investigate all allergen preparations in mediator release experiments, 
our results are mainly based on immunoblot analysis which revealed 
an IgE immunodominance of Pis s 1 when compared to pea total pro-
tein. Nonetheless, additional investigations with a focus on confor-
mational epitopes should clarify whether our findings of limited IgE 
binding to the 2S albumins PA1 and PA2, and to nsLTP were due to 
conformational epitopes and thus potentially underestimated. Such 
studies can include, for example, the investigation of properly folded 
purified natural 2S albumins and nsLTP of pea under native condi-
tions such as provided in IgE-ELISA or mediator release experiments.

Another limitation of our analysis was the use of different meth-
ods and thus reporting units for pea extract (ImmunoCAP fluo-
rescence), Pis  s 1 (immunoblot densitometry) and Pis  s 1 peptides 
(microarray densitometry). Subsequent prospective analyses should 
make use of one diagnostic method, such as ImmunoCAP, in order to 
obtain comparable reporting units for the calculation of diagnostic 
metrics.

In conclusion, we were able to show that Pis s 1 is an immuno-
dominant major allergen in pea-allergic children and presents distinct 
IgE binding sites with a potential diagnostic value. Low-molecular 
weight proteins, such as 2S albumins or nsLTP, did not show major 
IgE binding capacity in this study group of pea-allergic children. 
However, these findings should be refined using experimental condi-
tions that in particular allow for the investigation of conformational 
IgE epitopes in these protein families.
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Methods10

Generation and purification of recombinant pea vicilin rPis s 111

The codon optimized cDNA sequence encoding Pis s 1.0101 (Uniprot number Q702P1) with12

C-terminal thrombin cleavage site, linker and His6-tag (for sequence information see Table13

S1) was purchased from Geneart (GeneArt Strings DNA Fragments, Thermo Fisher14

Scientific, Uppsala, Sweden) and inserted into NdeI-linearized expression vector pET11a.15

Insertion was done using the In-Fusion® HD EcoDryTM Cloning Kit (Clontech Laboratories,16

Inc., Mountain View, CA, USA). Successful cloning of pET11a-Pis s 1 was confirmed by17

DNA-sequencing. For expression of Pis s 1, plasmid pET11a-Pis s 1 was transformed into18

E.coli One Shot® BL21 (DE3) cells. Cells were grown at 37°C overnight in 100 ml LB19

medium containing 50 µg/ml ampicillin. This overnight culture was used to inoculate 4 liters20

of the same medium to an OD600 of 0.1. Cells were further grown at 37°C and once an OD60021

of 0.6 was reached induction was carried out by adding 1 mM IPTG. After 3 h of expression22

cells were harvested by centrifugation (7000 g, 4°C, 10 min) and the cell pellet was stored at -23

20°C until use.24

Pis s 1 was purified from inclusion bodies. Frozen cell pellet was resuspended in 15 ml 2025

mM sodium phosphate, pH 7.6, including one protease inhibitor cocktail tablet (cOmplete26
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Tablets, Mini, EDTA-free, Roche Diagnostics GmbH, Mannheim, Germany) and a spatula tip27

of lysozyme (from chicken egg white, 100000 U/mg, Sigma-Aldrich Chemie GmbH,28

Steinheim, Germany). After 20 min of stirring at room temperature a spatula tip of DNAse I29

(3230.7 U/mg, AppliChem GmbH, Darmstadt, Germany) was added and the suspension30

stirred for further 20 min. Cells were lysed using a cell disruptor (Constant Systems Limited,31

Low March, Daventry, UK) at 1900 bar and afterwards the lysate was centrifuged at 12000g32

for 20 min at 4°C. Pellet was resuspended in 15 ml denaturing buffer (20 mM sodium33

phosphate, pH 7.6, 500 mM NaCl, 8 M urea, 20 mM imidazole and per 500 ml buffer one34

protease inhibitor cocktail tablet) for 3 hours at room temperature. The solution was sterile35

filtered (0.22 µm, polyethersulfone, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and36

protein was bound overnight at 4°C to Ni-NTA Superflow (QIAGEN, Hilden, Germany)37

equilibrated in denaturing buffer. After washing with denaturing buffer (flow rate 0.5 ml/min)38

the protein was refolded by gradually lowering the urea concentration down to 0 M urea in39

refolding buffer (20 mM sodium phosphate, pH 7.6, 500 mM NaCl, 20 mM imidazole and per40

500 ml buffer one protease inhibitor cocktail tablet; flow rate 0.2 ml/min). Subsequently, Pis s41

1 was eluted using 0.5 M imidazole (flow rate 0.3 ml/min). Collected elution fractions were42

analyzed by SDS-PAGE and fractions containing high amounts of Pis s 1 were pooled and43

dialyzed overnight at 4°C against 20 mM sodium phosphate, pH 7.6, 500 mM NaCl, 1 mM44

EDTA. After dialysis Pis s 1 was sterile filtered (0.22 µm, polyethersulfone, Carl Roth GmbH45

+ Co. KG) and aliquots were shock-frozen in liquid nitrogen and stored at -80°C until use.46

The protein concentration was determined by measuring absorbance at 280 nm wavelength47

using nanophotometric analysis (NP80, IMPLEN, Westlake Village, CA, USA). For48

nanophotometric analysis, extinction coefficient (14900 M-1 cm-1) and molecular weight49

(49074 Da) of rPis s 1 were computed using ExPASy ProtParam tool50

(http://web.expasy.org/protparam/).51

52
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Generation and purification of recombinant albumins rPA1 and rPA253

The cDNA sequences optimized for expression in Pichia pastoris encoding PA1 without54

signal peptide (Uniprot number P62927, aa 27-130) and PA2 (Uniprot number P08688) were55

purchased from Geneart (GeneArt Strings DNA Fragments, Thermo Fisher Scientific). In56

order to prevent N-glycosylation the potential N-glycosylation site Asn56 (N56 in Uniprot57

entry P08688, N58 in sequence of Table S1) in the PA2 sequence (predicted by NetNGlyc 1.058

Server, http://www.cbs.dtu.dk/services/NetNGlyc/) was substituted by an Asp. Furthermore,59

both cDNA sequences encode a linker and a C-terminal His6-tag (for sequence information60

see Table S1). PA1 and PA2 cDNA sequences were inserted into EcoRI-linearized yeast61

expression vector pPICZαA using the In-Fusion® HD EcoDryTM Cloning Kit, respectively62

(Clontech Laboratories). Successful cloning of plasmids pPICZαA-PA1 and pPICZαA-PA263

was confirmed by DNA-sequencing. 10 µg of each plasmid were linearized using SacI and64

linearized plasmids (5 µg each) were transformed into 80 µl Pichia pastoris X-33 by65

electroporation (Gene Pulser® II, Bio-Rad, Hercules, CA, USA), respectively. Electroporation66

was carried out at 1.5 kV, 25 µF and 200Ω. X-33 cells were plated onto YPDS-plates (yeast67

extract peptone dextrose sorbitol) containing 100 µg/ml ZeocinTM. ZeocinTM-resistant clones68

were screened for successful integration of the gene of interest into the Pichia pastoris69

genome. Screening was done by PCR analysis using 5’AOX and 3’AOX primers. For PA170

and PA2 positive clones were identified as Mut+ and MutS phenotypes, respectively. Protein71

expression was performed according to the manufacturer’s instruction of the Pichia72

Expression Kit (Thermo Fisher Scientific, catalog number K1710-01, publication number73

MAN0000012). Methanol induced expression of rPA1 and rPA2 took 7 and 8 days,74

respectively. Cultures were centrifuged at 4000 g for 15 min and the supernatants were75

filtered (0.2 µm, asymmetrical polyethersulfone, Thermo Fisher Scientific) before incubating76

overnight at 4°C with Ni-NTA Superflow (QIAGEN, Hilden, Germany) equilibrated in 2077

mM sodium phosphate, pH 7.6, 100 mM NaCl. After a washing step (flow rate 0.5 ml/min)78
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with 20 mM sodium phosphate, pH 7.6, 100 mM NaCl proteins were eluted using 20 mM79

sodium phosphate, pH 7.6, 100 mM NaCl, 1 mM EDTA, 0.5 M imidazole (flow rate 0.580

ml/min). Fractions containing target protein were pooled and further purified by size-81

exclusion chromatography using 20 mM sodium phosphate, pH 7.6, 10 mM NaCl, 1 mM82

EDTA (flow rate 0.2 ml/min). Fractions containing the target protein were pooled and further83

dialyzed against 20 mM sodium phosphate, pH 7.6, 10 mM NaCl, 1 mM EDTA. After84

dialysis rPA2 was filtered again (Spin-X® Centrifuge Tube Filters 0.22 μm; cellulose acetate,85

Sigma-Aldrich). Aliquots were shock-frozen in liquid nitrogen and stored at -80°C until use.86

Protein concentration of both albumins was determined by measuring absorbance at 280 nm87

wavelength using nanophotometric analysis (NP80, IMPLEN, Westlake Village, CA, USA).88

Extinction coefficient of rPA1 and rPA2 (10595 M-1 cm-1 and 29465 M-1 cm-1, respectively)89

and molecular weight (12587 Da and 27553 Da, respectively) were computed using ExPASy90

ProtParam tool.91

92

Confirmation of pea protein sequences by mass spectrometry93

The identity of the recombinant proteins rPA1, rPA2 and rPis s 1 and the presence of nPA194

and nPA2 in the extract was confirmed by liquid chromatography mass spectrometry (LC-95

MSE) after separation using SDS-PAGE as described earlier [1] with slight modifications. In96

brief, peptides were eluted with 25 mM NH4HCO3 with 10% acetonitrile (ACN) and the97

digestion was stopped by adding 5% formic acid. The peptides of rPA1, rPA2 & rPis s 1 were98

analysed on a nano-Acquity UPLC nano-ESI Synapt MS system (ACQUITY UPLC M-Class99

Symmetry C18 Trap Column, 100 Å, 5 µm, 180 µm x 20 mm; Waters and a C18 analytical100

column ACQUITY UPLC Peptide BEH C18 nanoACQUITY Column, 130 Å, 1.7 µm, 100101

µm x 100 mm; using a binary gradient of solvent A (A: 0.1% formic acid in water) and102

solvent B (B: 0.1% formic acid in ACN), 3 min of trapping (99% A at 5 µL/min) followed by103

a 30 min gradient (3% to 40% B, at 0.5 µL/min). LC-MSE analysis was followed by MS-104
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database search. PLGS 2.4 was used to search a UniProt database either restricted to reviewed105

entries of all species (applied on: rPA1, rPA2, nPA1 and nPA2) or restricted to eukaryotic106

organisms (applied on: rPis s 1), amended with the amino acid sequences of the recombinant107

sequences. A maximum of 1 missed cleavage was allowed, fixed modifications were108

restricted to carbamidomethylation of C, variable modifications were restricted to109

deamidation of N and D and oxidation of M. A minimum of one peptide per protein, 3110

fragments per peptide and seven fragments per protein with a false positive rate of <4% were111

required for a positive identification.112

nPA1 & nPA2 were studied on a nano-Acquity UPLC nano-ESI Synapt G2-Si equipped with113

a C18 trap column (ACQUITY UPLC M-Class Symmetry C18 Trap Column, 100 Å, 5 µm,114

180 µm x 20 mm; Waters, Milford, USA) and a HSS T3 analytical column (nano ACQUITY115

UPLC HSS T3 Column, 1.8 µm, 75 µm X 150 mm). LC parameters were set as described116

above. MS database search was done using PLGS 3.03 to search the UniProt database and117

parameters described above.118

119

Physicochemical characterization of recombinant pea proteins120

Secondary structure was analyzed by circular dichroism (CD) spectroscopy (Jasco J-810 S121

spectropolarimeter, Jasco Germany GmbH, Groß-Umstadt, Germany) with rPis s 1 diluted in122

20 mM sodium phosphate, 100 mM NaCl and 0.2 mM EDTA pH 7.6 and rPA1 and rPA2123

diluted in 20 mM sodium phosphate, 10 mM NaCl and 1 mM EDTA. Far UV CD spectra of124

rPis s 1, rPA1 and rPA2 were recorded at 20°C in a 1 mm path-length quartz cuvette (Hellma125

Analytics, Müllheim, Germany) and at 4.2 µM, 10.6 µM and 6.2 µM, respectively. Spectra126

were recorded at a band width of 1 nm and with a scanning speed of 50 nm/min. For rPis s 1127

and rPA1 ten scans and for rPA2 five scans between 255 and 185 nm were accumulated.128

Buffer spectra were subtracted from each measurement.129
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For determination of hydrodynamic radii (RH), dynamic light scattering (DLS, Zetasizer130

Nano-ZS, software v6.12, Malvern Intruments GmbH, Herrenberg, Germany) of rPis s 1,131

rPA1 and rPA2 was done at 4.2 µM, 42.4 µM and 6.2 µM, respectively. Proteins were each132

analyzed in triplicate measurements at 25°C in the buffer used for CD spectroscopy.133

134

SDS-PAGE and IgE immunoblot analysis135

According to manufacturer’s instructions, purified rPis s 1 (2 µg/cm), rPA1 (2 µg/cm) and136

rPA2 (4 µg/cm) were separated under reducing conditions using NuPAGETM 4-12% Bis-Tris137

SDS-PAGE precast gels (Invitrogen by Thermo Fisher Scientific, Carlsbad CA, USA) in138

NuPAGE® MOPS SDS running buffer (Invitrogen), and subsequently stained with Coomassie139

Brilliant Blue G250.140

For immunoblot analysis, 1 µg/cm of purified recombinant proteins were separated by SDS-141

PAGE and semi-dry blotted onto nitrocellulose membranes (pore size 0.2 µm, GE Healthcare142

Freiburg, Germany) at 0.8 mA/cm2 for 1h. After blocking with Tris-buffered saline containing143

2% powdered milk (Carl Roth GmbH + Co. KG) for 2x30 min, the blot strips (2 mm width)144

were washed once for 5 minutes with Tris-buffered saline containing 0.05% Tween and then145

incubated overnight with 10 µl of patients’ sera, 1:60 diluted in incubation buffer (Tris-146

buffered saline containing 0.05% Tween and 2% powdered milk). Serum from a non-allergic147

subject served as negative control. After addition of horseradish peroxidase labelled mouse148

anti-human IgE (Clone B3102E8, SouthernBiotech via Biozol, Eching, Germany) 1:10,000149

diluted in incubation buffer for 1h, bound IgE was detected using LumiGLO ReserveTM150

Chemiluminescent Substrate Kit according to manufacturer’s instructions (1:3 diluted; KPL,151

Gaithersburg MD, USA). Chemiluminescence was recorded with a Luminescence imager152

(Fusion Fx7, Vilber Lourmat Deutschland GmbH, Eberhardzell, Germany). Between153

individual steps of incubation with immunoreagents, strips were washed 5 times for 5 minutes154

with 600 µl Tris-buffered saline containing 0.05% Tween.155
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rPis s 1 specific IgE (sIgE) was quantified densitometrically using Fusion-Capt Advance156

Software (Vilber Lourmat) after linear regression of sIgE level (kUA/L) against densitometric157

signal intensity (volume). Calibration of sIgE was based on densitometric volume of sera no.158

3, 11, and 14 (Fig. 1b), assuming 32.1, 23.1, and 6.5 kUA/L of rPis s 1 sIgE, because rPis s 1159

fully inhibited 32.1 (96.6% inhibition), 23.1 (98.2% inhibition), and 6.5 kUA/L (99.9%160

inhibition) of pea total protein specific IgE in immunoblot inhibition (Fig. 1a, Table 1).161

Accordingly, sIgE of pea total protein was merely constituted by rPis s 1 sIgE in these sera.162

rPis s 1 sIgE of all sera (Table 1) was calculated from individual densitometric volume163

resolved for sIgE from the linear regression equation (y(sIgE) = 7E-07x(volume) + 3.8242;164

R²=0.9976). Cut-off for positive results was defined as two times the volume of the non-165

allergic control serum (N), resolved for rPis s 1 sIgE. The non-allergic control on membrane 1166

(N1) was used for sera 1-7 and the non-allergic control on membrane 2 (N2) for sera 8-19.167

rPis s 1 sIgE was defined as positive above the cut-off level of rPis s 1 sIgE (table 1, on168

average 6.0 kUA/L).169

Correlation analysis between pea extract specific IgE and rPis s 1 specific IgE levels (Table 1)170

exceeding the cut-off level was done using Microsoft® Excel 2010. The equation of linear171

regression and the coefficient of determination (R²) were calculated.172

173

Generation and immunodetection of Pis s 1 multipeptide microarrays174

Overlapping CelluspotTM peptides (15 amino acids, 4 amino acids offset) covering the entire175

primary structure of Pis s 1.0101 (Uniprot number Q702P1) were synthesized and176

subsequently treated as previously described [2], with slight modifications. Peptides were177

synthesized on individual cellulose membrane discs (CelluSpot discs, Intavis AG, Köln,178

Germany) as solid phase, for deprotection of the side chain protection groups a mixture of179

dichloromethane/trifluoroacetic acid/triisopropylsilane/water (12:80:3:5) and for dissolving of180

the membrane discs trifluoroacetic acid/trifluoromethanesulphonic181



8

acid/triisopropylsilane/water (88.5:4:2.5:5) was used. Furthermore, the synthesis included one182

biotinylated (Biotin ≥ 99% (TLC), Sigma-Aldrich Chemie GmbH, München, Germany)183

control peptide (Bio-A-A-N-W-S-H-P-Q-F-E-K-A-A), not related to allergenic epitopes.184

After deprotection and dissolving in 300 µl dimethyl sulfoxide (DMSO), peptide-cellulose-185

conjugates of Pis s 1 (101 peptides) were spotted in quadruplicate onto microscope slides186

coated with adhesive foil (Lasertab® Markers, Brady Deutschland, Egelsbach, Germany). For187

simplifying the grid alignment during array analysis, the biotinylated control peptide was188

additionally spotted on every Pis s 1 slide. Further 268 empty spots of peptide spotting solvent189

DMSO without peptide were spotted as control for background measurement. Array slides190

with 0.04 µl per spot were prepared using Slide Spotting Robot (Intavis AG) according to191

manufacturer’s instructions (Intavis AG). After spotting, array slides were dried at 75°C for192

one hour and afterwards stored at 4°C until use. Successful spotting of all peptide spots was193

verified by Coomassie staining of a subset of randomly chosen array slides.194

IgE immunodetection was carried out as described earlier with some modifications [2].195

Briefly, individual array slides were blocked with 1:10 diluted 10x Blocking Buffer (Sigma-196

Aldrich) in Tris-buffered saline (TBS; pH 7.4) including 0.05% Tween 20 and 5% sucrose.197

After a washing step with wash buffer (TBS containing 0.05% Tween 20) slides were dried198

for 1 h at room temperature. Prior to application, sera were defatted by centrifugation at199

12,000g at 4°C for 10 min (done twice). Array slides were subsequently incubated over night200

with 45 µl of defatted undiluted serum. Slides were washed 5 times with wash buffer and201

afterwards incubated for 2 h with horseradish peroxidase labelled mouse anti-human IgE202

(Clone B3102E8, SouthernBiotech, Birmingham, USA) 1:5,000 diluted in blocking buffer.203

For visualization of the control peptide 1:300,000 diluted horseradish peroxidase labelled204

Streptavidin (SouthernBiotech) was applied with the secondary antibody. Afterwards, slides205

were washed 4 times with wash buffer and after the addition of LumiGLO ReserveTM206
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Chemiluminescent Substrate (KPL) the signals were recorded on hyperfilms (Amersham207

HyperfilmTM ECL, GE Healthcare).208

For IgE inhibition of multipeptide microarrays, two serum pools composed of defatted serum209

from allergic patients no. 1, 4, 8, and of no. 3, 10, 11, 13 were pre incubated with 30 µg rPis s210

1 for 3.5 hrs at room temperature and then incubated overnight on blocked and dried array211

slides, respectively. Patients within one serum pool show comparable IgE-binding pattern to212

Pis s 1 peptides. For comparison, array slides were incubated with the respective serum pool213

and buffer without rPis s 1 inhibition. All steps of the microarray detection were done as214

described above.215

216

Microarray data analysis217

Exposed films were scanned at 600 dpi and images were saved as 16-bit grayscale TIF files.218

Slides were cropped (1796 x 615 pixel) using Adobe® Photoshop® CS6 software (Version219

13.0.1 x64) and inverted using ImageJ 1.48v software [3, 4]. The signal intensity of each spot220

was analyzed using TIGR Spotfinder 3.2.1 software [5]. Program settings were: segmentation221

method circle, diameter 25, background correction off. For further spot analysis calculated222

median intensity values in channel A (MedA) were used. For inter-array comparability signal223

intensities were transformed into Z-scores, as previously described with some modifications224

[6]. Briefly, the median signal intensity (Si) was calculated for all quadruplicate peptide225

signals within the same array. However for serum 2, 8 and 10 Si was calculated using226

duplicate peptide signals because the sera just covered half of the array. Next, for each array227

the constant mean (m) of the DMSO blank spots and its standard deviation (s) was calculated.228

The constant mean was obtained by the iterative calculation of the mean signal intensity and229

the standard deviation of the empty spots and the iterative exclusion of signal intensities230

outside the mean ± 2 times standard deviation range. A Z-score was calculated for each Pis s231

1.0101 derived peptide by using this formula:232
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− = −
Non-specifically detected peptides were removed by subtracting the maximum Z-score of the233

controls (serum A-J) of the respective peptide. IgE binding to a peptide was defined as234

positive if the Z-score exceeded 2 (cutoff Z > 2) after subtraction of the maximum Z-score of235

the controls.236

For inhibition analysis, Z-scores were calculated for both serum pools +/- rPis s 1 inhibition237

as described above. However, as the inhibition experiment leads, due to rPis s 1 or buffer238

addition, to a serum dilution, no maximum Z-score of the controls was subtracted afterwards.239

In order to ensure that signals above the respective array background noise were applied for240

inhibition analysis, only uninhibited signals with Z-score > 2 were used. Percent inhibition241

was calculated according to the formula given below, but first negative Z-scores of the serum242

pool inhibited by rPis s 1 were set to zero.243

100 − − ℎ ℎ 1− ℎ ℎ × 100
244

245
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Results246

Expression, purification and physicochemical characterization of recombinant proteins247

All recombinant proteins were aimed to be expressed in Pichia pastoris as it enables248

posttranslational modifications like folding and dislufide bond formation. Furthermore, by249

using an expression vector containing an N-terminal signal peptide sequence the recombinant250

protein can be secreted into the cell culture supernatant. This simplifies the subsequent251

purification of the recombinant proteins as Pichia pastoris secrets only low amounts of native252

proteins [7]. However, the expression of the 7S globulin Pis s 1 resulted in two truncated253

fragments of rPis s 1 possibly caused by endogenous proteolytic digestion (data not shown).254

Consequently, the expression system for rPis s 1 was changed to Escherichia coli.255

Expression of rPA1 and rPA2 in Pichia pastoris and of rPis s 1 in Escherichia coli was256

successful leading to full-length pea proteins in both expression systems. rPA1 and rPA2 were257

secreted into the cell culture supernatant, whereas rPis s 1 was expressed in inclusion bodies.258

The his-tagged proteins were purified by immobilized metal affinity chromatography259

andfurther, if necessary,  by size-exclusion chromatography.260

Identity of full-length purified rPis s 1, rPA1 and rPA2 was confirmed by mass spectrometry261

(with a sequence coverage of 83.1%, 18.4% and 83.8%, respectively);(Table S2a).262

Coomassie-stained SDS-PAGE shows a successful preparation of purified recombinant263

proteins (Fig. S1a). rPis s 1 displayed an apparent molecular mass of ~50 kDa, rPA1 of ~14264

kDa and rPA2 of ~28 kDa which is in good agreement with the theoretical computed265

molecular masses (http://web.expasy.org/protparam/) for rPis s 1 (49073.76 Da), rPA1266

(12587.05 Da) and rPA2 (27552.74 Da).267

Secondary structure was analyzed using CD spectroscopy. The measured CD spectrum of rPis268

s 1 (Fig. S1b) showed a mininum at ~215 nm and a maximum at ~198 nm suggesting a269

predominant β-sheet conformation. Furthermore, this CD spectrum is comparable to270

published data of Gly m 5 [8], a homologous vicilin from soybean, which confirmed a native-271
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type secondary structure of rPis s 1. The CD spectrum of rPA1 showed two minima at ~208272

and ~222 nm and a maximum at ~197 nm (Fig. S1b). These characteristics are typical for α-273

helical proteins and are comparable to the spectrum of peanut 2S albumin Ara h 2 [9]. In274

contrast to rPis s1 and rPA1 the CD spectrum of rPA2 (Fig. S1b) displayed high content of275

unstructured protein.276

The hydrodynamic radius RH was determined by dynamic light scattering and provided277

information on the potential aggregation of rPis s 1, rPA1 and rPA2. The RH of rPis s 1 of 5.1278

± 0.7 nm indicated that rPis s 1 was not a monomeric but possibly a trimeric protein in279

solution. rPA1 had a RH of 3 ± 0.7 nm suggesting a monomeric protein in solution, whereas280

the hydrodynamic radius of rPA2 of 14.8 ± 1.6 nm indicated a tendency to higher281

oligomerization (inset Fig. S1b).282

283
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Table S1. Sequences of recombinant pea proteins (Additional amino acids due to: cloning313

site, underlined; thrombin cleavage site: bold; linkers: italic; His6-tag: gray letters).314
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Table S2a. Confirmation of identity of full-length rPis s 1, rPA1 and rPA2 using MSE.317

(Acc.No.: Accession number of PEI; S: PLGS protein score; P: Number of tryptic peptides;318

C: Protein sequence coverage [%]; E: Precursor RMS mass error [ppm]).319

Acc. No. Description S P C E

PEI112 rPis s 1.0101 26020.3 51 83.1 5.9

PEI081 rPA1 B 1682.7 2 18.4 8.8

PEI080 rPA2 13291.4 32 83.8 4.4

320

Table S2b. Identification of nPA1 and nPA2 in pea extract with MSE (Acc.No. UP:321

Accession number of Uniprot; PA1: C, D, E are isoforms; S: PLGS protein score; P: Number322

of tryptic peptides; C: Protein sequence coverage [%]; E: Precursor RMS mass error [ppm]).323

Band Acc. No. UP Description S P C E

1 P08688
PA2

Albumin-2 Pisum sativum
4819.1 14 73.6 2.2

2 P08688
PA2

Albumin-2 Pisum sativum
10880.6 14 60.6 1.7

3 P08688
PA2

Albumin-2 Pisum sativum
21719.3 15 74.9 2.4

3 P62929
PA1 D

Albumin-1 D Pisum sativum
520.5 2 19.2 1.2

4 P08688
PA2

Albumin-2 Pisum sativum
18925.7 12 67.1 1.4

4 P62929
PA1 D

Albumin-1 D Pisum sativum
5375.9 3 36.9 2.2

4 P62930
PA1 E

Albumin-1 E Pisum sativum
3645.2 2 24.6 1.0

4 P62928
PA1 C

Albumin-1 C Pisum sativum
3231.1 1 6.9 4.1

324
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Table S3. IgE-binding of pea-allergic and sensitized but tolerant children to candidate325

diagnostic peptides of Pis s 1. Qualitative positive recognition (X) according to selection326

criteria and quantitative maximum Z-scores (-, no IgE binding: Z-score <2).327

328

Patient

No.

No. of
IgE-

bound
peptides

Pis s 1

P3

Pis s
1

P14

Pis s
1

P20

Pis s 1

P28

Pis s 1

P44

Pis s 1

P53

Pis s 1

P64

Pis s 1

P74

Pis s 1

P78

Pis s 1

P93

Pis s 1

P100

max. Z-score
of 11

selected
candidate
peptides

1 49 X X - X - X X X X - X 8.456176757

2 4 - - - - - - - X - - - 4.390234033

3 24 - - - X X - X - X - X 13.75090006

4 88 X X X X X X X X X X X 33.82082034

5 16 - - - X - X - - - - - 5.107092898

6 73 X X X X X X X X X X - 13.19017001

7 43 X X X X X X X - - X X 6.94685405

8 85 X X X X X X X X X X X 32.05170301

9 5 - - - - - - - - - - X 2.05895219

10 37 X - - X - - X X - X X 5.604967253

11 70 X X X X X X X X X X X 28.93225251

12 2 - - X - - - - - - - - 2.513176118

13 16 X - - - X - - - - - - 2.794986271

14 2 - - - - - - - - - - - 1.672636293

15 0 - - - - - - - - - - - -1.208033918

16 25 - - - - - - - - - - - 1.992643739

17 1 - - - - - - - - - - - 0.593583355

18 1 - - - - - - - - - - - -0.850040617

19 2 - - - - - - - - - - - -0.115452683

329
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Figure S1. Purity and physicochemical characterization of rPis s 1, rPA1 and rPA2.330

(a) Coomassie-stained SDS-PAGE of rPis s 1 (lane 1; 2 µg/cm), rPA1 (lane 2; 2 µg/cm) and331

rPA2 (lane 3; 4 µg/cm). Protein samples were analyzed under reducing conditions. M, low-332

molecular weight marker. (b) Far-UV CD-spectra (195-255 nm) of rPis s 1 (solid line), rPA1333

(dotted line) and rPA2 (dashed line). Samples were measured at 4 µM, 11 µM and 6 µM,334

respectively. The inset depicts the hydrodynamic radius (RH) ± SD.335

336

337

338

339
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Figure S2. SDS-PAGE of pea extract for MS analysis. Pea extract (lane 1) was analyzed340

under reducing conditions. Bands 1-4 were analyzed by mass spectrometry (M, SpectraTM341

Multicolor Broad Range Protein Ladder).342

343

344

345
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Figure S3. IgE immunoblot inhibition of low molecular weight proteins in pea total protein346

extract (P) by the pea 7S globulin rPis s 1 (a), the pea 2S albumin rPA1 (b), and the peach347

non-specific lipid transfer protein nPru p 3 (c), using sera #1 and #16 of this study, and serum348

LTP6 of a LTP-sensitized serum donor (M, molecular marker; P, total protein staining of pea349

extract; - no inhibition, + inhibition with excess protein).350

351

352

353
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Figure S4. (a) Amino acid sequence of candidate diagnostic peptides of Pis s 1 specific for354

pea allergy. (b) Molecular surface of Pis s 1 and surface presentation of identified diagnostic355

peptides. (P3 purple; P14 green; P20 cyan; P28 yellow; P44 blue; P53 red; P64 magenta; P74356

orange; P78 brown; P93 black; P100 sand).357

358

359

360
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