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Pathogenesis related (PR) proteins are defensins expressed upon biotic and abiotic stress by plants. They
are also synthesized in specific plant parts such as root, stem, leaves, pollen grains and fruits. According
to the current classification, there are 19 different classes of PR-Proteins, 8 out of 19 are proven to exhibit
allergic reactions in human. Here, we carried out the allergenicity potential test for the remaining 11 classes
of PR-Proteins using in-silico approaches. Our analysis suggests that the other 11 families also have the al-
lergenic potential. We modelled the proteins for which our predictions suggested them to be allergens and
for which the crystal structures were not available. We then predicted the B-cell epitope binding regions for
all the proteins and used molecular docking approach to study the allergen-antibody interaction. Our find-
ings suggest that all the selected proteins (belonging to 11 families of PR) analysed, can potentially be clas-
sified as allergens. We also provide evidence that the number of IgE binding-residues in the allergens is
correlated with their respective binding energies with the IgE molecule. This study will be highly relevant
to understand the allergenic potential of PR-Proteins to make an informed decision about the consumption
of food with high degree of PR-expression.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Plants synthesize a class of defense-associated proteins upon attack
by pathogens, known as ‘Pathogenesis-Related’ Proteins or the PR-
Proteins [1]. They provide a fine line of defense against a great variety
of pathogens but are also expressed in plants upon abiotic stress such
as cold, drought, salt and heavy metal stress and hence are also
known as the stress proteins [2]. These proteins were initially classified
into 17 distinct classes but 2 new members (PR-18 and PR-19) have
been added to the list. Out of these 19 families, PR-1, PR-2, PR-3, PR-4,
PR-5, PR-8, PR-10 and PR-14 have already been classified as allergens.
The previously known proteins as allergens have been classified under
two categories of allergens: airborne and food allergens depending
upon their mode of entry into the human body [3]. These proteins are
known to trigger allergenic symptoms, such as contact dermatitis, eye

and airway allergy, asthma, rhino conjunctivitis and oral allergy syn-
dromewhich is characterised by symptoms like: swelling of lips, palate,
tongue; feeling of nausea and the sensation of tightness. If these aller-
gens have been consumed in greater amount, the gastrointestinal
symptoms are also triggered [4,5,6]. Apart from these proteins trigger-
ing specific allergenic symptoms associated with them, they also
cross-react and can worsen the symptoms. An example of such a case
is seenwhen PR-3 cross-reacts with PR-4 thus, triggering symptoms as-
sociated with the latex-fruit syndrome; similarly the pollen allergens of
Mugwort and Birch cross-reacts with food allergens from celery and
spices such as cumin, thyme and oregano leading to a disease known
as mugwort-birch-celery-spice syndrome that mimics oral allergy and
gastrointestinal symptoms [7,8] (Fig. 1).

Since, these proteins can trigger a diversity of allergenic responses,
therefore the prediction, verification and validation of their allergenic
potential is an important domain to investigate. Various prediction
methods have been proposed to classify proteins as allergens or non-
allergens that use different algorithms, such as machine learning, se-
quence alignment search method, epitope mapping techniques etc.
The specificity and sensitivity of the predictions depends upon the algo-
rithm employed for prediction. Apart from their allergenicity potential
prediction, the B-cell epitope binding residue predictions for these
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allergens are also of significant importance. B-cell epitope binding resi-
due prediction is based on the fact that B-cells express B-cell Receptors
(BCRs) on their surface, which consists of themembrane-bound Immu-
noglobulin (Ig) molecules in complex with other proteins and they also
contain a complementarity determining region (CDR) which interacts
with the allergen [9,10]. The B-cell epitope prediction tools uses
physico-chemical properties of the proteins such as residue accessibil-
ity, its hydrophilic nature and the structural properties such as the loca-
tion of an amino acid in loops, sheets or helices to predict the allergen-
antibody interaction [9]. Therefore, the protein should have the correct
3D structure. The structure of these proteins is derived experimentally
but if it is not possible to purify the crystals, they are often modelled
using the approaches such as homology and remote homology model-
ling, threading approach, and ab-initio method [11].

Molecular docking of these allergens with the antibody can provide
a better understanding about the interactions that takes place between
these molecules at the atomic levels. Docking is a method that repre-
sents the various orientations of the interacting molecules in which
they are most stably bound [12]. The results of these stable orientations
are often accompanied with an associated energy value which is a sum
total of various atomic forces, such as van der wall's forces, electrostatic
forces, solvation potentials, steric forces alongwith the hydrogen bond-
ing and the partial charge distribution on amino acid residues [13].
Therefore, molecular docking is a promising method that can be used
to study such protein-protein interactions. In this study, our analysis fo-
cuses on figuring out the status of 11 proteins of the PR-family with un-
known allergenicity potential using various allergenicity prediction
tools and B-cell epitope predictions followed by the verification of our
predictions bymeans of protein docking of PR-Proteinswith the IgE an-
tibody. This work also examines the conservation of IgE binding resi-
dues in allergen sequences and the evolution of different families of

PR-Proteins. This study highlights that the other 11 classes of PR-
Proteins also possess the potential to be allergens.

2. Material and methods

2.1. Sequence retrieval and allergenicity prediction

The sequences for all PR-Proteins, both known and unknown aller-
gens were retrieved from UniProt (https://www.uniprot.org/) (Supple-
mentary table 1) [14]. 8 out of 19 proteinswith established allergenicity
status (Supplementary table 2) were also analysed to compare them
with the remaining 11 proteins of unknown allergenicity status to
infer any similarities and/or differences between their allergenicity po-
tential. The allergenicity potential for each unknown allergen was pre-
dicted using the tools AlgPred (SVM and BLAST algorithms) [15],
AllerTOP [16], AllergenFP [17] and PREALw (Motif-based and weighted
average score algorithms) [18].

2.2. B-Cell epitope binding predictions

The tool BepiPred v2.0 (http://www.cbs.dtu.dk/services/BepiPred/)
was used to determine the B-cell epitope binding residues in all 19 classes
of the PR-Proteins. The threshold of epitope prediction was set to a score
of 0.5 or a probability of 50% for a residue to be predicted to be an epitope.
This threshold value was chosen to reduce the number of false positive
(FP) predictions [19]. Two other tools, namely ABCpred (https://webs.
iiitd.edu.in/raghava/abcpred/index.html) [20] and Bcepred (https://
webs.iiitd.edu.in/raghava/bcepred/index.html) [21] were also used. The
tool ABCpred uses artificial neural networks to predict the epitope. The
threshold for prediction was set to 0.5 to reduce FP predictions. The epi-
tope prediction slidingwindowwas set to a 16mer overlappingwindow.

Fig. 1. PR-Proteins as allergen. The PR-Proteins are expressed in different plant parts and also upon exposure to biotic and abiotic stresses and are accumulated into fruits, seed and pollen
grains; when these proteins are ingested or inhaled, they interactwith the IgEmolecules. The IgEs are structurally complex and consist of 12 different protein chains that can interact with
different residues of the allergens, triggering an immune response via antibody-allergen interaction, finally leading to specific allergenic response and development of symptoms such as
oral allergy syndrome, asthma, anaphylaxis, conjunctivitis, Rhinitis, nausea, hypertension etc.
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For the tool Bcepred, the predictions were made by using accessibility of
amino acids as the physico-chemical property of the protein. Since the
threshold for this tool varies in a range of [−3,3], therefore we used a
more stringent value of 2 to getmore true positives (TP). Once the predic-
tions were made from all the tools, the sequences were compared with
each other and a consensus sequence was derived containing residues
predicted as epitopes by all the three tools. Alongwith this, the numerical
position of the residue has also been reported.

2.3. Protein structures: retrieval, prediction, validation and visualisation

To study the allergen-antibody interactions of PR-Proteins, the struc-
tures for PR-2 and the IgE molecule were retrieved from PDB (https://
www.rcsb.org/) (Supplementary table 3) [22]. The structures for all
other proteins were not available and hence, they were modelled ini-
tially using homology modelling approach on Swiss Modal Portal
(https://swissmodel.expasy.org/) using templates from PDB with an
overall sequence identity and similarity of ≥50%. Only proteins PR-3,
PR-9, PR-10, PR-11, PR-12 and PR-15 were modelled using this ap-
proach [23]. For other 12 proteins, the sequence similarity and identity
was found to be less than the threshold and thus they were modelled
using the RaptorX tool (http://raptorx.uchicago.edu/StructPredV2/
predict/) which predicts the model using remote homology and
threading approaches [24]. The protein structuresmodelled using either
of the toolswere validated by using the RAMPAGE tool (http://mordred.
bioc.cam.ac.uk/~rapper/rampage.php). For themodels to be accepted, a
threshold of ≥80%was selected for the residues to lie in the allowed and
favourable regions of the Ramachandran plot (Supplementary Fig. 1).
Themodels for which the residues were found to fall below this thresh-
old were rejected and the sequences were remodelled. After model val-
idation, the structures were visualised using the PyMol software
(https://pymol.org/2/) [25] in cartoon representation with protein
being represented in purple and the consensus epitope binding residues
highlighted in green.

2.4. Molecular docking of PR-Proteins with IgE and scatter plot formation

The protein structures for all the PR-Proteins were docked to the IgE
molecule using the tool ClusPro v2.0 (https://cluspro.bu.edu/home.
php) in an antibody mode [12]. The results returned the list of clusters
for different orientations of the allergen-antibody interactions along
with the weighted interaction energy scores for each cluster. All the
clusters were checked for the difference in their RMSD values in both
bound and unbound states using structural alignment in PyMol. The
cluster that had thehighest negative interaction energy value associated
with it and showed the least deviation in the RMSD values was selected
for it being the most stable orientation. The allergen interacting chains

of the IgE molecule and their interaction energies were noted down.
After visualisation of these docking structures, a scatter plot was gener-
ated in R using the ggplot2 package [26] to highlight the correlation of
the count of predicted B-cell binding residues in an allergen (IgE binding
sites) with the interaction energies for each stable orientation. Boxplots
and density maps were also created for the datasets of residue lengths
and the docking energies to determine the median residue length and
the docking energy. These plots also aided for the exploration of the
data by looking at the outlier values in each case and depict the distribu-
tion of the data aroundmean and the skewness of data (Supplementary
Fig. 4).

2.5. Multiple sequence alignment and the tree of evolution

The predicted B-cell epitope residues from all the protein sequence
for all PR-families were extracted and were subjected to Multiple Se-
quenceAlignment (MSA) in R using theMSApackage [27]. The phyloge-
netic tree was constructed using the complete protein sequences in
CLUSTAL X via neighbour joining method [28]. The output evolutionary
tree was visualised in nexus format using the tool Dendroscope v3.5.9
[29,30].

3. Results

3.1. Allergenicity prediction

The allergenicity of the - PR-Proteins belonging to 11 different fam-
ilies with unknown allergenicity potential were predicted (Table 1)
using 4 different tools, AlgPredwas usedwith two different approaches,
the support vector machine (SVM) based method which predicted that
except PR-15 and PR-18, all other proteins are potential allergens,
whereas for the approach based on BLAST, except PR-9, all other pro-
teins were predicted to be as non-allergens. AllerTOP on the other
hand predicted only PR-12 and PR-13 to be allergenic. The tool
AllergenFP only predicted PR-19 as a probable-allergen whereas others
were predicted to be as probable non-allergens. The fourth tool PREALw

was also used with two different algorithms, the motif-based approach
predicted PR-7, PR-9, PR-15, PR-16 and PR-18 as allergens and the rest
as non-allergens, whereas, the second algorithm which employs the
method of weighted average score for all the different parameters
used by the tool predicted only PR-7 and PR-18 to be as allergens. Be-
cause each class of protein was found to be predicted as allergen by at
least one tool, therefore the protein sequences for each of them along
with the protein sequences of known allergens were subjected to B-
cell epitope predictions.

Moreover, to figure out whether any significant similarities exist be-
tween 11 PR-Proteins and already known allergens similarity search

Table 1
Allergenicity predictions for PR-Proteins of unknown allergenicity status.

Family Source Protein AlgPred AllerTOP AllergenFP PREALw

SVM-method BLAST-method Motif-based
method

Weighted-average
score method

PR-6 Solanum lycopersicum Proteinase Inhibitor Potential allergen Non-allergen Probable non-allergen Probable non-allergen Non-allergen Non-allergen
PR-7 Solanum lycopersicum Pathogenesis related protein

P69G
Potential allergen Non-allergen Probable non-allergen Probable non-allergen Allergen Allergen

PR-9 Nicotiana tabacum Lignin forming peroxidase
precursor (EC 1.11.1.7)

Potential allergen Allergen Probable non-allergen Probable non-allergen Allergen Non-Allergen

PR-11 Nicotiana tabacum Chitinase, class V Allergen Non-allergen Probable non-allergen Probable non-allergen Non-allergen Non-allergen
PR-12 Dahlia merckii Defensin-like protein 1 Allergen Non-allergen Probable allergen Probable non-allergen Non-allergen Non-allergen
PR-13 Arabidopsis thaliana Thionin 2.1 Allergen Non-allergen Probable allergen Probable non-allergen Non-allergen Non-allergen
PR-15 Hordeum vulgare Oxalate oxidase Non-allergen Non-allergen Probable non-allergen Probable non-allergen Allergen Non-allergen
PR-16 Hordeum vulgare Oxalate oxidase like or

germin-like protein
Allergen Non-allergen Probable non-allergen Probable non-allergen Allergen Non-Allergen

PR-17 Nicotiana tabacum NtPRp27 Potential allergen Non-allergen Probable non-allergen Probable non-allergen Non-allergen Non-allergen
PR-18 Helianthus annuus Carbohydrate oxidase Non-allergen Non-allergen Probable non-allergen Probable non-Allergen Allergen Allergen
PR-19 Pinus sylvestris Antimicrobial peptide Allergen Non-allergen Probable non-allergen Probable allergen Non-allergen Non-allergen
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was performed on Allergen database (http://www.allergenonline.org).
Seven of these PR-Proteinswith unknown allergenicity status show sig-
nificant similarity to already known allergens, suggesting that there is a
possibility that these proteins can be a potential allergen; their similar-
ity value range from 48.7% to 84% (PR-6 is 48.7% similar to the allergen
Sola 13.0101 from Solanum lycopersicum; PR-16 is 51.4% similar to the
allergen Pin k 2.0101 from Phleum pratense; PR-11 is 61.4% similar to
the allergen Per a 12.0101 from Periplaneta americana; PR-13 is 66.4%
similar to the allergen Tri a 37.0101 from Triticum aestivum; PR-7 is
68.3% similar to the allergen Cuc m 1.0101 from Cucumis melo; PR-18
is 71.6% similar to the allergen Phl p 4.0101 from Phleum pratense; PR-
12 is 84% similar to Par h 1.0101 ofDahliamerckii). However, no allergen
similar to PR-9, PR-15, PR-17 and PR-19 were observed on Allergen
database.

3.2. B-Cell Epitope binding prediction and their structural visualisation

The Protein sequences for all the 19 classes of PR-Proteins showed
the presence of B-cell binding epitopes present in their sequences
(Table 2 and Supplementary table 4), thus confirming their allergenic
behaviour. The predicted epitope binding residues for each protein
from all the 3 different tools has been highlighted in red. Upon aligning
the sequences with each other, only those residues that were predicted
to be as epitopes by all the three tools were retained in the consensus
sequence. The position of each residue predicted as epitope binder is
also mentioned along with the sequence. The numerical values suggest
that the residues are either present in a contiguous stretch or as dis-
continuous entities, i.e., the predicted amino acid residues either lie
next to each other throughout the sequence in a long stretch or they
are scattered throughout the protein sequences in smaller chunks and
can either be located at the start, middle or towards the end of the se-
quence or can either be a single amino acid residue such as for PR-1,
the epitope binding residues lies in the range from residue 27th–35th
whereas for PR-2, the epitope binding residues lie scattered throughout
the sequence, i.e., they liewithin the range of 38th–44th residue (begin-
ning of the protein sequence or the N-terminal), 229th–235th residue
(middle of the protein sequence) and 332nd–334th residue (end of
the protein sequence or the C-terminal). Along with these chunks,
there are single amino acid residues at the 150th, 294th and 302th res-
idue position. This suggests that depending upon the accessibility of the
amino acids to be on the surface of the allergen protein, the amino acids
have been predicted to be a B-cell binding epitope. Apart from this, in
case of PR-6, out of 223, 129 residues have been predicted to be epitope
binders suggesting that around 57.84% of residues can potentially inter-
act with the Immunoglobulins and can trigger a strong allergenic re-
sponse. It is also conspicuously visible that the epitope binding sites
are separated by small number of residues, thus indicating the continu-
ous distribution of these residues on the protein surface. Fig. 2 and Sup-
plementary Fig. 1 represents the 3D structure of all the PR-Proteins as a
cartoon model. The protein has been coloured in purple with epitope
binding residues highlighted in green.

3.3. Protein modelling and structure validation

Since the structure for only PR-2 was retrieved from PDB, therefore
the structures for other proteins were modelled. The proteins PR-3,
PR-9, PR-10, PR-11, PR-12 and PR-15 were modelled using Swiss
Model Portal (SMP). To model these proteins, the best template was
chosen based upon the sequence similarity, sequence identity and the
query coverage returned for each protein sequence after alignment
with different templates taken from PDB. Out of various models built,
the model with highest GMQE (Global Model Quality Estimation)
score was chosen. The GMQE score represents the reliability of the
model. As the score lies between 0 and 1, therefore higher the score bet-
ter is the estimation. For each of the proteins modelled, the GMQE score
was closer to 1. Thus, suggesting that all themodelswere highly reliable.

Also, the QMEAN Z-score also provides the quality estimation, both on
global and on local scales and indicates how close themodel is to its' na-
tive folds. The QMEAN Z-score is a measure of 4 different parameters,
namely, the interaction potential between the Cβ atoms, the interaction
potential between all atoms of the protein residues, the solvation poten-
tial of the protein and the torsion potential. A QMEAN Z-score closer to
zero or numbers greater than −4.0 are regarded as good because the
closer the value to 0, the closer themodel is to the experimentally deter-
mined structures. The QMEAN Z-score for all of the 6 proteinsmodelled
was found to be closer to 0 and higher than −4.0, thus suggesting that
our models were closer to its native structural folds that are present in
the PDB templates taken for their modelling (Table 3).

The other tool RaptorX, uses remote homology and threading ap-
proaches for protein modelling and thus, the remaining 12 proteins
were modelled using this tool. It searches for the templates that shares
the homology with specific folds of the proteins depending upon its
amino acid composition. These folds are defined by the Structural Clas-
sification of Proteins (SCOP) according towhich superfamily the protein
belongs, such as all alpha, all beta, both alpha and beta etc. Also, the
quality estimation in this tool is done by using the p-values comparison,
the global distance test score (both normalised and unnormalized;
uGDT, GDT), the alignment score and the uSeqID/SeqID score which
represents the number of identical residues found in the alignment of
the query sequence with various other proteins that are used as tem-
plates to model the 3D structure of the query protein with the correct
fold. Since, the models generated by the tool are ranked based on
these values, therefore the p-value indicates the relative quality of the
models. Therefore, it is a rule of thumb that the lower the p-value for
amodel is, the better is the predicted structure. But since our protein se-
quences were of varying lengths, therefore the uGDT and GDT score
values were also considered to choose the absolute quality model. For
the protein sequences of length N 100, a uGDT score of N50 and for pro-
tein sequences of length b 100, a GDT score of N50 was considered as a
measure of the model. The alignment score also makes an important
quality check measure. The score usually lies between 0 and the length
of the query sequence. Therefore, the higher the alignment score, the
better is the model. A similar rule follows for the uSeqID score, the
higher the score is, the model has a higher chance to have the correct
fold (Table 4). But as an exception, the structure of PR-13 (both domain
1 and 2) as predicted did not have the expected uGDT/GDT or uSeqID/
SeqID scores. But since the p-value and the alignment scores were ac-
ceptable, therefore the model was retained for the docking analysis.

When all the proteins were modelled, their model quality was vali-
dated using the Ramachandran Plot analysis (Supplementary Fig. 2).
For all the proteins, the threshold for the residues to be accepted as a
good and reliable model was set to ≥80%. It was found that except for
the proteins PR-6 and PR-13, the percent residues that lie in the
favourable regions of the Ramachandran plot was N90% with very less
residues in the allowed and outlier regions. This indicated that our
modelled proteins have the correct (ϕ,ψ) pair of angles between the res-
idues.Whereas for the proteins PR-6 and PR-13, the percent of residues
in favoured regions was 88.7% and 84.1% with 2.7% and 4.5% residues
falling in the outlier regions respectively. It was only 6 residues in
each case that did not have the correct (ϕ,ψ) pair of angles but since a
high number of modelled residues were above the threshold for them
to be accepted as a good model, the models for both the proteins were
retained to study their interactions with the IgE molecules.

3.4. Visualising allergen-antibody interactions via molecular docking and
the correlation of interacting residue lengths with docking energies

The docking results as returned by the tool ClusPro were visualised
in PyMol. The allergen has been represented in cartoon form (with pre-
dicted epitope binding residues highlighted in green) and the IgEmole-
cule has been represented in surface view (allergen interacting chains
are highlighted in orange). The docking images depict the interactions
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between the two proteins, the IgE antibody and the PR-allergen (red
dashed lines) (Fig. 2a-d and Supplementaryfig. 3). These lines represent
the bond length of the hydrogen bonds formed between the allergen
and the antibody. The IgE molecule has 12 chains (A to L), thus it was
found that each allergen molecule interacts with only a few chains of
the antibodymolecule. The interaction energy alongwith the respective
interacting chains of the IgE molecule with each allergen was recorded
(Table 5a and 5b). It was observed that for the PR-5, the interaction

energywasmore positive (−366.1 kJ/mol) in comparison to interaction
energies for other PR proteins. On the other hand, for PR-6 family of pro-
teins, the interaction energy was found to be the most negative
(−545.0 kJ/mol). It was also observed that for the proteins PR-9, PR-
11, PR-14 and PR-18 that they interact with only 3 chains (chains H, I
and L) of the IgE molecule but there is a vast difference between their
interaction energies with the antibody, with PR-11 = −383.8 kJ/mol
and PR-14 = −486.2 kJ/mol of energy with the docking energy for

Table 2
B-cell epitope binding residues predictions of 11 PR-proteins with unknown allergenicity status.
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PR-9 and PR-18 lying between this range. This could possibly indicate
that this difference of interaction energy between these proteins is be-
cause of differences in their respective protein folds and the orientation
in which they interact with the IgE chains. As the interactions involve

strong inter and intra hydrogen bonding, therefore it can be anticipated
that the bond strengthmight have a role to play that can contribute this
difference between the interaction energies.
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A Pearson's correlation coefficient was also calculated between the
docking interaction energies (in kJ/mol) and the IgE binding residue
counts (number of predicted epitopes binding amino acid residues).
The correlation coefficient r = 0.4851 at a p-value = .0352, CI =

(0.03970523–0.76974762) was found to be statistically significant
with a scatter plot depicting a weak positive linear correlation between
the two variables (Fig. 3). It is conspicuously visible in the plot that the
proteins PR-2, PR-5, PR-6, PR-9, PR-10, PR-11, PR-13, PR-14, PR-15, PR-
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16 and PR-17do not lie very closer to the line of bestfit and deviate from
the trend represented by the other 8 PR-protein families. This could be
the reason for an overall weakpositive correlation between the two var-
iables. The boxplots and the density plots obtained for the data sets also
suggests that the data is partially skewed and thus there might be a
slight deviation in the trend of correlation between the two variables
(Supplementary Fig. 2).

3.5. Multiple Sequence Alignment and the tree of evolution

The Multiple Sequence Alignment (MSA) of the B-cell epitope bind-
ing residues consensus sequence for all the PR-Proteins was carried out
which suggested that the antibody interacting residues in all the classes
of proteins do not show a high degree of conservation (Fig. 4). The res-
idue positions marked in asterisk (*) shows that the residues at these
positions are either conserved with a rate of N25% or shows a similar
substitution. The residuesmarked in blue are conserved across different
PR-families, such as the residue lysine (K) is conserved in 6 families (PR-
3, PR-10, PR-11, PR-12, PR-15 and PR-16) as marked with a red arrow.
Similarly, at the positionmarkedwith a green arrow shows that the res-
idues at these positions show similar residue substitution.

Since, the MSA output suggested a low rate of epitope binding resi-
due conservation throughout all the classes of proteins, therefore a phy-
logenetic treewas constructed using the complete protein sequences to
understand the inter-relationship of these families over a complete se-
quence length. The phylogenetic tree obtained represents the evolu-
tionary distances for each class of proteins with their immediate
common ancestor, with other PR-protein families and with the root of
the tree, which represents the common ancestor for all the PR-protein
families. The scale at the bottom of the tree represents the percentage
of genetic variation. The scale value here is 0.10, which implies that a
rate of 10% genetic variation has been observed in the protein se-
quences. The distance on each branch represents the distance of that
family of PR-Proteins from their common ancestor from which the
two families diverged during the course of evolution. The tree of PR-
Proteins is majorly divided into three clades where each clade has the
most similar protein families clustered together. For example, in clade
1, the PR-15 and PR-16 proteins are clustered together suggesting a
high degree of similarity between them. These are then clustered with
the PR-9 proteins suggesting that there is a high sequence similarity be-
tween the two. A similar explanation is true for the proteins PR-1, PR-17
and PR-11 that have been clustered together and these two small clus-
ters makes the first clad. Thus, we can say that the proteins PR-15, PR-
16, PR-9, PR-1, PR-17 and PR-11 share a significant sequence similarity
and have evolved similarly in time. This holds true for the proteins in
other clads as well. The branch lengths also indicate the distance be-
tween the two families of the proteins, i.e., the sum of the branch
lengths when going from one family to another is the distance between

the families or in otherwords, it is the genetic distance between the two
sequences. For instance since the distance between the families PR-15
and PR-9 is less than the distance between the families PR-15 and PR-
1, therefore PR-15 is clustered with PR-9 (Fig. 5).

4. Discussion

Approximately, 30% of the population of the developed countries
suffer from common health problems such as asthma, rhinitis, eczema
and other diseases, which has been classified to be as allergic diseases.
PR-Proteins is a class of proteins that are synthesized by the plants
and is present in various plant parts, such as roots, stem, leaves, pollen
grains and fruits [31,32]. Thismakes these allergens to fall under the cat-
egories of both airborne and food allergens. Upon inhalation of pollen
grains in air or the ingestion of different plant parts as food, these pro-
teins enter the human body and trigger an allergenic response such as
swelling of lips, watery eyes, nausea etc. Therefore, it is important to un-
derstand the allergenic potential of these proteins.We performed an in-
silico analysis on all the 19 classes of PR-Proteins, thus establishing that
all the classes have the potential to trigger an allergenic response. Out of
19 different families, PR-1, PR-2, PR-3, PR-4, PR-5, PR-8, PR-10 and PR-
14 were already defined as allergens. Therefore, we predicted the aller-
genicity for the other 11 proteins.We established from our findings that
all the PR-Protein families have the potential to act as allergens and can
trigger the allergenic response. It is thus important to identify their
presence in different plant parts used as food to prevent creating life
threatening conditions such as anaphylaxis and rhino conjunctivitis.

The allergy associated symptoms appear in a patient when these al-
lergens enter the human body and interactwith the antibodymolecules
and hence, it is also important to decipher how these allergenmolecules
interact with the antibodies (IgA, IgD, IgE, IgG and IgM) being synthe-
sized in our bodies [9]. The B-cell epitope binding predictions thus pro-
vides evidence about the residues that interacts with the antibody
molecules. From our findings about the 19 PR-Protein families, we con-
cluded that the residues that interact with the antibody molecules usu-
ally lie on the surface of the proteins and are solvent accessible. Thus,
these residues are hydrophilic and interact with the water molecules
present as a solvent in the interacting system. It is also generally hy-
pothesized that if an allergen contains more epitope binding residues,
the stronger are the interactions with the antibodies and severe is the
allergenic response. The severity of the response also depends upon
the concentration of the allergen. For example, banana contains various
PR-Proteins and thus forms an ideal allergen study system. If the banana
fruit has a very high concentration of these proteins, then upon its con-
sumption severe allergenic responses can be triggered. Apart from the
concentration, these PR-Proteins can also cross-react and can worsen
the symptoms. One such case is the cross-reactivity between the PR-3
and PR-4 allergens that can cause latex-fruit syndrome. Thus, we
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suggest, a prior knowledge of the B-cell epitope binding residues pres-
ent in these proteins would be advantageous for clinicians to treat the
symptoms in a more comprehensive way.

Since, these allergenic responses are triggered uponmolecular inter-
actions of the allergen-antibody system, therefore, it is of utmost impor-
tance to understand the structure of these allergens. These allergen

molecules need to have the correct 3D shape with the correct fold to
be functional and elicit a response. The correct folding of these allergens
depends upon 4 different factors, namely, the hydrophobic effect in
which the hydrophobic chains of the protein are buried to form a core
and the hydrophilic residues constituting the surface of the proteinmol-
ecule; Van der Waals forces that gives rise to the attraction and

Fig. 2. The 3D structure of different classes of PR-Proteins andmolecular docking between PR-Proteins and the IgEmolecules. 2(a) PR-6, 7 & 8; 2(b) PR-9, 11 & 13; 2 (c) PR-15, 16, & 17; 2
(d) PR-18 & 19. The structures have been represented in cartoon form in purple-blue colour with the epitope binding residues highlighted in green. The antibody (orange) has been
represented in surface view. The image in the center represents an overview of the docking between PR-Proteins and IgE molecule and the image on the right depicts the magnified
view of the interactions (in red). The numbers on the dashed lines (interactions) represents the bond lengths between the interacting atoms.
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repulsion forces due to the formation of transient dipoles during the
protein folding process; Hydrogen bonding with the water molecules
(solvation potential) and the thermodynamic factors (enthalpy and en-
tropy). The thermodynamic stability of the protein depends upon the
change in Gibb's free energy (ΔG) during the folding and unfolding of
the proteins. The change in ΔG rely upon the changes in enthalpy
(ΔH) and entropy (ΔS). Thus, protein modelling and the criteria to

accept the 3D model of the protein should be very stringent. Whether
our modelled proteins had the correct fold or not was thus verified
using the Ramachandran plot. When a protein folds to attain a func-
tional conformation the bond angles Phi (ϕ) and Psi (ψ) provides the
correct degree of rotation of the residues in the intersecting planes to
avoid steric clashes. Our protein structure validation suggested that all
our modelled proteins had the correct fold with the correct (ϕ,ψ) pair
of angles and thus are functional to be as allergens and interact with
the antibody molecules.

Molecular docking of the allergen molecules with the IgE antibody
has provided an additional evidence to support our hypothesis that all
PR-Protein families are potential allergens. The allergens interact with
the IgE molecules in a specific orientation which is energetically most
favourable. The more negative the interaction energy, the more stable
is the interaction. But this is not always the case as proteins interact dy-
namically with other molecules. That is, the proteins constantly modify
their shapes to get accommodated in themost favourable orientation to
provide stability to the interaction system as a whole. Thus, the differ-
ence between the root mean square deviation (RMSD) values of the
proteins in both bound andunbound states qualifies to be a goodquality

Fig. 2 (continued).

Table 3
Protein modelling statistics for Swiss Model Portal.

PR-protein Template
used for
homology
modelling

GMQE
score

QMEAN
score

Sequence
identity
(in %)

Sequence
similarity
(in %)

Query
sequence
coverage
(in %)

PR-3 2DKV 0.77 −1.28 66.22 52.00 94.00
PR-9 1QO4 0.79 −1.09 66.11 50.00 93.00
PR-10 5AMW 0.94 0.19 77.85 54.00 99.00
PR-11 3ALF 0.98 −0.97 100.00 61.00 93.00
PR-12 1BK8 0.79 −1.26 69.39 57.00 98.00
PR-15 2ET7 0.96 0.79 98.01 60.00 90.00
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check. We found that the RMSD values for all the 19 proteins did not
show a significant difference between their bound and unbound states.
The RMSD values for 10 proteins was found to be b1 Å and for the other
9 proteins, they were b 2 Å (data not shown). Therefore, it was certain
that our docking results were in accordance with the basic principles
of protein folding and molecular protein-protein interactions. The
docking interaction energies reported in the results section is a
sum total of the protein-protein interaction stability factors men-
tioned above and another quantity known as the statistical or
knowledge potential or DARS (Decoys As the Reference State) po-
tential. The DARS potential finds the near native structures of the
docking proteins, calculates the values for other potentials and
generates a pair-wise structure based intermolecular potential for
the interacting atoms. This also provides the dissolution contribu-
tion in the form of ΔG which is created upon the initial removal
of the water molecules from the docking system. Thus, it aids in
visualising the dynamic behaviour of the interacting biomolecular
systems [33].

Though the docking interaction energies varies mainly due to Van
derWaals forces, electrostatic potentials, hydrogen bonding, hydropho-
bic effects and other factors contributing to protein stability and interac-
tions, we hypothesized that there might be a relationship between the
IgE binding residue lengths and the docking energies. Our hypothesis
directedus to establish that there is aweakpositive correlation between
the two quantifiable variables. But as evident from the plot that all pro-
teinswere not found to lie closer to the line of bestfit, therefore,we sug-
gest that for these proteins, apart from the IgE binding residue lengths
there could be other factors that might have contributed towards this
deviation. Factors such as disorder in the predicted protein structures,
i.e., whether the residues have been modelled to lie in the correct fold
of the protein backbone or not; thermodynamic stability of the folded
protein, i.e., the ability to stay in its native functional form; the presence
of more loops in the predicted structures than helices and sheets;

solvent exposure of the hydrophobic chains and the delocalisation of
the π-electron clouds of the aromatic amino acids might have played a
significant role. Thus, it is important to decipher the crystal structure
of these proteins either by NMR spectroscopy or X-ray crystallography
to understand how these factors might play a role in the correct protein
folding and unfolding. Therefore, we strongly suggest that the energet-
ics of these proteins should be studied to understand the mechanism
behind their ability to attain specific structural folds and to become
functional.

The MSA of the IgE binding regions was also done to identify
highly conserved residues among all the PR-Protein families. But
the rate of conservation was not found to be high and thus no rela-
tionship between the allergenicity potential of different families of
the PR-Proteins can be established with certainty. But it can be stated
certainly that all the different PR-families does have the potential to
trigger an allergenic response, but its severity cannot be predicted
without correlating the impact with clinical data. Therefore, to un-
derstand the impact of the non-conservation of these residues,
some clinical allergenicity tests (skin prick, blood test, patch test
and food elimination tests) should be carried out. This will throw
some light upon the allergenic potential of different allergens from
different families and would also help to identify various cross-
reactivity associated allergenic symptoms.

Since, no conservation pattern was observed in the IgE binding res-
idues, therefore, by using the entire protein sequences a phylogenetic
tree was constructed to understand the evolutionary relationship be-
tween different PR families. We hypothesise that the sequences might
have diverged in time either due to some evolutionary forces such as se-
lection and mutation or because of their different functions apart from
being allergens. For example, the events of speciation might have mod-
ified the sequences either at the protein level or the nucleotide level to
evolve them to perform different functions, such as endochitinase, pro-
teinase inhibitor, peroxidase, oxidoreductase etc. [3]. As these proteins
have various other roles in plant development, therefore, it can also be
attributed that these proteins might have evolved to take up some spe-
cific functions during different developmental stages, such as flower de-
velopment, pollen germination etc. Another explanation could be a high
degree of recombination between the homologous sequences that
might have led to a high degree of divergence or less similarity between
the sequences. Since, these proteins are also known as the stress pro-
teins, therefore, the evolutionary forces might have diverged them to
function specifically under different situations of both biotic and abi-
otic stresses, i.e., the protein sequences might have diverged as a
consequence of co-evolution with the pathogens and herbivores to
provide a fine line of defense against them and due to continuous ex-
posure to several abiotic stresses, such as salt stress, heavy metal
stress or drought stress etc. Hence, we conclude by stating that the

Table 4
Protein modelling statistics for RaptorX.

PR-protein Templates used for modelling P-value uGDT (GDT) score uSeqID (SeqID) score Alignment score

PR-1 5V50, 1SMB, 5JYS, 5ETE, 3Q2R 2.71 × 10−3 38 (94) 8 (20) 36
PR-4 (Domain 1) 4JP6 2.07 × 10−7 120 (88) 93 (68) 88
PR-4 (Domain 2) 1HEV, 4MPI, 1K7T 1.52 × 10−5 42 (62) 43 (63) 35
PR-5 1Z3Q, 1DU5 1.95 × 10−13 181 (81) 115 (51) 195
PR-6(Domain 1) 1FYB 1.14 × 10−8 91 (53) 66 (39) 91
PR-6(Domain 2) 1FYB 1.58 × 10−4 38 (74) 23 (44) 29
PR-7 3VTA 1.43 × 10−10 269 (74) 140 (38) 240
PR-8 2GSJ, 1KR0, 4TOQ 6.95 × 10−8 218 (83) 107 (41) 216
PR-13⁎(Domain 1) 3NIR 2.52 × 10−3 24 (36) 17 (25) 22
PR-13⁎(Domain 2) 5FIG, 3LMF, 5ARM, 6EK9, 4WSV 2.08 × 10−2 17 (25) 10 (15) 9
PR-14 (Domain 1) 2ALG 5.17 × 10−8 89 (97) 92 (100) 93
PR-14 (Domain 2) 1AFH 1.28 × 10−7 86 (94) 55 (60) 88
PR-16 2ET7 1.35 × 10−8 162 (71) 91 (40) 140
PR-17 4AR1, 2Y3U, 4ARE 3.92 × 10−8 64 (26) 23 (10) 89
PR-18 4UD8, 5D79, 3VTE, 4DNS 5.75 × 10−18 419 (78) 247 (46) 486
PR-19 1C01 2.56 × 10−5 69 (66) 51 (49) 69

Table 5a
Docking interaction energies of known allergens with the IgE molecule.

Family Source Allergen IgE chains
interacting with
the allergen

Interaction Energy between
IgE & the allergen
(in kJ/mol)

PR-1 Muskmelon Cuc m 3 D, E, F, J, K −369.6
PR-2 Banana Mus a 5 G, H, I, L −398.6
PR-3 Chestnut Cas s 5 H, L −429.1
PR-4 Rubber Hev b 6 G, H, I, L −425.4
PR-5 Banana Mus a 4 E, F, J, K −366.1
PR-8 Coffee Cof a 1 A, B, E, G, I, L −426.6
PR-10 Apple Mal d 1 E, F, J −385.8
PR-14 Peach Pru p 3 H, L −486.2
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sequences of all PR-families do not show a very high degree of resi-
due conservation and thus have been evolved to have many different
functions. Therefore, we recommend in vitro investigation of these
proteins and correlating these findings with the severity of the clin-
ical symptoms.

5. Concluding remarks

Allergenicity is amajor cause of concern as a huge proportion of pop-
ulation suffers from one or the other allergenic disease for which many
times the cause remains undetected. Hence, it is important to under-
stand about the presence of allergens in the food products that are con-
sumed on everyday bases. Our in-silico analysis of different families of
PR-Proteins suggested that these proteins can trigger an allergenic re-
sponse and can even trigger a cross-reactivity response. Henceforth,
we strongly support that some prior knowledge about B-cell epitope
binding residues and the interactions between allergens and antibodies
could provide an important insight to understand various allergenic
responses invoked by the different families of PR-Proteins. This can

help clinicians to provide a tailor-made dose of various drugs available
to treat different symptoms triggered by different allergens. We also
conclude that because proteins are dynamic in nature, therefore it will
be interesting to see how they interact with other antibody molecules
and how does the different forces operating during the protein-
protein interactions stabilize them to attain a particular orientation
with the most stabilising interaction energy.
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Family Source PR-protein IgE chains interacting
with the allergen

Interaction energy between
IgE & the allergen (in kJ/mol)
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PR-7 Tomato Pathogenesis related protein P69G A, B, G, H, I, L −441.7
PR-9 Tobacco Lignin-forming peroxidase precursor (EC 1.11.1.7) H, I, L −415.4
PR-11 Tobacco Chitinase, class V H, I, L −383.8
PR-12 Dahlia Defensin-like protein 1 A, E, F, J −398.2
PR-13 Arabidopsis Thionin 2.1 A, D, E, F, J, K −445.8
PR-15 Barley Oxalate oxidase D, E, F, J, K −383.4
PR-16 Barley oxalate oxidase-like or germin-like protein C, D, E, F, J, K −511.5
PR-17 Tobacco NtPRp27 A, D, E, F, J, K −468.1
PR-18 Sunflower Carbohydrate oxalate H, I, L −478.7
PR-19 Scots Pine Anti-microbial peptide B, G, H, I, L −391.5

The docking energies has been calculated using the equation: E= 0.50Erep + (−)0.20Eatt + 600Eelec + 0.25EDARS where Erep and Eatt are Van derWall's forces of repulsion and attraction,
Eelec is the electrostatic potential force and EDARS is the statistical potential.

Fig. 3. Correlation between IgE binding residue count and docking energy. The dotted line represents the line of best fit for a linear model between the two variables. Each dot represents
the corresponding PR-Protein that lies inside or outside of the 95% confidence interval (CI) (in blue around the dotted line).
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Fig. 4.Multiple Sequence Alignment of predicted B-cell epitope binding residues. The blue boxes show that the residues at each of themarked locations shows a high conservation pattern
whereas the pink boxes highlight the residues at the locations that show a conserved substitution. The asterisk marked under the highlighted boxes suggests a conservation pattern of
these residues.

Fig. 5. Phylogenetic tree. PR-Proteins have been clustered here using the neighbour-joiningmethod. Each terminal node represents one family of PR-Proteins and internal nodes represent
the immediate ancestor of the clustered protein family. The distances over the edges represent the distance of each protein family from its immediate ancestor.
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Appendix A. Supplementary data
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Supplementary Information 
 
Table 1: List of PR-proteins: source and Uniprot IDs 
 

Family Source Plant Protein Name Uniprot ID 

PR-1 Muskmelon Cuc m 3 P83834 

PR-2 Banana Mus a 5 O22317 

PR-3 Chestnut Cas s 5 Q42428 

PR-4 Rubber Hev b 6 P02877 

PR-5 Banana Mus a 4 P81295 

PR-6 Tomato Proteinase Inhibitor Q43710 

PR-7 Tomato PR-P69G Q3Y590 

PR-8 Coffee Cof a 1 D7REL9 

PR-9 Tobacco Lignin forming Peroxidase 
precursor 

P11965 

PR-10 Apple Mal d 1 Q43552 

PR-11 Tobacco Chitinase, class V Q43576 

PR-12 Dahli Defensin-like protein 1 P0C8Y4 

PR-13 Arabidopsis Thionin 2.1 Q42596 

PR-14 Peach Pru p 3 Q9M5X3 

PR-15 Barley Oxalate Oxidase O24002 

PR-16 Barley Oxalate oxidase like or germin like 
protein 

Q43487 

PR-17 Tobacco NtPRp27 Q9XIY9 

PR-18 Sunflower Carbohydrate Oxidase Q8SA59 

PR-19 Scots Pine Anti-Microbial Peptide Q71QE0 

 
 
Table 2: PR-Proteins already identified as allergens 
 

Family Source Protein Allergenicity 
Status 

Reference 

PR-1 Cucumis melo Pathogenesis-
related protein 

Allergen [1] 

PR-2 Musa acuminate Glucan endo-1,3-

-D glucoside 

Allergen [2] 

PR-3 Castanea sativa Chitinase Ib Allergen [3] 

PR-4 Hevea brasiliensis Pro-Hevein Allergen [4] 

PR-5 Musa acuminate Rippening 
associated 
protein 

Allergen [5] 

PR-8 Coffea arabica Class III chitinase Allergen [6] 

PR-10 Malus domestica Major Allergen 
Mal d 1 

Allergen [7] 

PR-14 Prunus persica Non-specific lipid 
transfer protein 1 

Allergen [8] 



Table 3: PDB IDs of PR-Proteins for which the structures were retrieved from Protein Data   
               Bank 
 

Family Protein PDB ID 

PR-2 Mus a 5 2CYG 

IgE Antibody 5HYS 

 
Table 4: B-cell epitope binding residues predictions of PR-proteins that are known allergen 
 
Family Source Protein B-cell Epitpe Prediction Residue Position 

 BepiPred ABCpred Bcepred Consensus  

PR-1 Muskm
elon 

Cuc m 3 DFVDAHNAARAQV
GVGPVHWTVDAYA
RQYANDRNLVHSAT

R 

DFVDAHNAARAQV
GVGPVHWTVDAYA
RQYANDRNLVHSAT

R 

DFVDAHNAARAQVGV
GPVHWTVDAYARQYA
NDRNLVHSATR 

--------------------------
RQYANDRNL------ 
 

27-35 

PR-2 Banana Mus a 5 MATKASLSIKGFALL

VSVLVAVPTRVQSIG

VCYGMLGNNLPPPS

EVVSLYKSNNIARM

RLYDPNQAALQALR

NSNIQVLLDVPRSDV

QSLASNPSAAGDWI

RRNVVAYWPSVSFR

YIAVGNELIPGSDLA

QYILPAMRNIYNALS

SAGLQNQIKVSTAV

DTGVLGTSYPPSAG

AFSSAAQAYLSPIVQ

FLASNGAPLLVNVYP

YFSYTGNPGQISLPY

ALFTASGVVVQDGR

FSYQNLFDAIVDAVF

AALERVGGANVAVV

VSESGWPSAGGGA

EASTSNARTYNQNLI

RHVGGGTPRRPGKE

IEAYIFEMFNENQKA

GGIEQNFGLFYPNK

QPVYQISF 

MATKASLSIKGFALL
VSVLVAVPTRVQSIG
VCYGMLGNNLPPPS
EVVSLYKSNNIARM
RLYDPNQAALQALR

NSNIQVLLDVPRSDV
QSLASNPSAAGDWI
RRNVVAYWPSVSFR
YIAVGNELIPGSDLA
QYILPAMRNIYNALS
SAGLQNQIKVSTAV
DTGVLGTSYPPSAG

AFSSAAQ 
AYLSPIVQFLASNGA
PLLVNVYPYFSYTGN
PGQISLPYALFTASG
VVVQDGRFSYQNLF
DAIVDAVFAALERV

GGANVAVVVSESG
WPSAGGGAEASTS
NARTYNQNLIRHVG
GGTPRRPGKEIEAYI
FEMFNENQKAGGIE
QNFGLFYPNKQPVY
QISF 

MATKASLSIKGFALLVS
VLVAVPTRVQSIGVCY
GMLGNNLPPPSEVVSL
YKSNNIARMRLYDPNQ
AALQALRNSNIQVLLD

VPRSDVQSLASNPSAA
GDWIRRNVVAYWPSV
SFRYIAVGNELIPGSDL
AQYILPAMRNIYNALSS
AGLQNQIKVSTAVDTG
VLGTSYPPSAGAFSSAA
QAYLSPIVQFLASNGAP

LLVNVYPYFSYTGNPG
QISLPYALFTASGVVVQ
DGRFSYQNLFDAIVDA
VFAALERVGGANVAV
VVSESGWPSAGGGAE
ASTSNARTYNQNLIRH

VGGGTPRRPGKEIEAYI
FEMFNENQKAGGIEQ
NFGLFYPNKQPVYQISF 

-----------------------------

--------NNLPPPS---------

-----------QA--------------

------VQS--------

GDWIRRN------- 

-----------------------------

---------Q------------------

-----------------------------

---------YTGNPGQ------

------- 

--QDGRFSY--------------

---------------------------

STS--------------G-------

K------------NQKAGG---

--------KQP- 

----- 
 

38-44, 65-66, 87-89, 
98-104, 150, 207-213, 
229-235, 277-279, 
294, 302, 315-320, 
332-334 

PR-3 Chestn
ut 

Cas s 5 MKLFSLLLFLAFLLGT

SAEQCGRQAGGAA

CANNLCCSQFGWC

GNTAEYCGAGCQS

QCSSPTTTTSSPTAS

SGGGGDVGSLISASL

FDQMLKYRNDPRCK

SNGFYTYNAFIAAAR

SFNGFGTTGDVTTR

KRELAAFLAQTSHET

TGGWATAPDGPYA

WGYCFVMENNKQT

YCTSKSWPCVFGKQ

YYGRGPIQLTHNYN

YGQAGKAIGADLIN

NPDLVATNPTISFKT

AIWFWMTPQANKP

SSHDVIIGNWRPSA

ADTSAGRVPSYGVIT

NIINGGLECGHGSD

DRVANRIGFYKRYC

DTLGVSYGNNLDCY

NQKPFA 

MKLFSLLLFLAFLLGT
SAEQCGRQAGGAA
CANNLCCSQFGWC
GNTAEYCGAGCQS
QCSSPTTTTSSPTASS
GGGGDVGSLISASLF
DQMLKYRNDPRCKS

NGFYTYNAFIAAARS
FNGFGTTGDVTTRK
RELAAFLAQTSHETT
GGWATAPDGPYA
WGYCFVMENNKQT
YCTSKSWPCVFGKQ
YYGRGPIQLTHNYN

YGQAGKAIGADLIN
NPDLVATNPTISFKT
AIWFWMTPQANKP
SSHDVIIGNWRPSA
ADTSAGRVPSYGVIT
NIINGGLECGHGSD
DRVANRIGFYKRYC

DTLGVSYGNNLDCY
NQKPFA 

MKLFSLLLFLAFLLGTSA
EQCGRQAGGAACANN
LCCSQFGWCGNTAEY
CGAGCQSQCSSPTTTT
SSPTASSGGGGDVGSLI
SASLFDQMLKYRNDPR
CKSNGFYTYNAFIAAAR

SFNGFGTTGDVTTRKR
ELAAFLAQTSHETTGG
WATAPDGPYAWGYCF
VMENNKQTYCTSKSW
PCVFGKQYYGRGPIQL
THNYNYGQAGKAIGA
DLINNPDLVATNPTISF

KTAIWFWMTPQANKP
SSHDVIIGNWRPSAAD
TSAGRVPSYGVITNIIN
GGLECGHGSDDRVAN
RIGFYKRYCDTLGVSYG
NNLDCYNQKPFA 

-----------------------------
----------------------------
SSPTTTTSSPT-----------
--------Q--
KYRNDPRCKSNGFYT--
---- 
-----------GDVTTRK-----

---------------------------

VMENNKQTYCTSK-----

-GKQYYG-----------------

---------------- 

----------------

ANKPSSH-------

RPSAADT----------------

-----GHGSDDRVANRI--

---------------

LDCYNQKP-- 

 

58-68, 88, 91-105, 
123-129, 162-174, 
181-186, 236-242, 
250-256, 278-289, 
307-314 

PR-4 Rubber Hev b 6 MNIFIVVLLCLTGVAI

AEQCGRQAGGKLCP

NNLCCSQWGWCGS

TDEYCSPDHNCQSN

MNIFIVVLLCLTGVAI

AEQCGRQAGGKLCP
NNLCCSQWGWCGS
TDEYCSPDHNCQSN
CKDSGEGVGGGSAS

MNIFIVVLLCLTGVAIA

EQCGRQAGGKLCPNN
LCCSQWGWCGSTDEY
CSPDHNCQSNCKDSGE
GVGGGSASNVLATYHL

-----------------------------

---------------
DEYCSPDHNCQSNCK
DSGE--------------
HLYNSQDHG----------

45-63, 78-86, 97-114, 

165-175 



CKDSGEGVGGGSAS

NVLATYHLYNSQDH

GWDLNAASAYCST

WDANKPYSWRSKY

GWTAFCGPVGAHG

QSSCGKCLSVTNTGT

GAKTTVRIVDQCSN

GGLDLDVNVFRQLD

TDGKGYERGHITVN

YQFVDCGDSFNPLFS

VMKSSVIN 

NVLATYHLYNSQDH
GWDLNAASAYCST
WDANKPYSWRSKY

GWTAFCGPVGAHG
QSSCGKCLSVTNTGT
GAKTTVRIVDQCSN
GGLDLDVNVFRQLD
TDGKGYERGHITVN
YQFVDCGDSFNPLFS
VMKSSVIN 

YNSQDHGWDLNAASA
YCSTWDANKPYSWRS
KYGWTAFCGPVGAHG

QSSCGKCLSVTNTGTG
AKTTVRIVDQCSNGGL
DLDVNVFRQLDTDGK
GYERGHITVNYQFVDC
GDSFNPLFSVMKSSVI
N 

ST 
WDANKPYSWRSKYG
WT------------------------

--------------------------
QLDTDGKGYER---------
------------ 
-------- 
 

PR-5 Banana Mus a 4 MARVSELAFLLAATL

AISLHMQEAGVVKF

DIKNQCGYTVWAA

GLPGGGKRLDQGQ

TWTVNLAAGTASAR

FWGRTGCTFDASGK

GSCQTGDCGGQLSC

TVSGAVPATLAEYT

QSDQDYYDVSLVDG

FNIPLAINPTNAQCT

APACKADINAVCPSE

LKVDGGCNSACNVF

KTDQYCCRNAYVDN

CPATNYSKIFKNQCP

QAYSYAKDDTATFA

CASGTDYSIVFCP 

MARVSELAFLLAATL
AISLHMQEAGVVKF
DIKNQCGYTVWAA
GLPGGGKRLDQGQ
TWTVNLAAGTASAR
FWGRTGCTFDASGK

GSCQTGDCGGQLSC
TVSGAVPATLAEYTQ
SDQDYYDVSLVDGF
NIPLAINPTNAQCTA
PACKADINAVCPSEL
KVDGGCNSACNVFK

TDQYCCRNAYVDNC
PATNYSKIFKNQCPQ
AYSYAKDDTATFAC
ASGTDYSIVFCP 

MARVSELAFLLAATLAI
SLHMQEAGVVKFDIKN
QCGYTVWAAGLPGGG
KRLDQGQTWTVNLAA
GTASARFWGRTGCTF
DASGKGSCQTGDCGG

QLSCTVSGAVPATLAEY
TQSDQDYYDVSLVDGF
NIPLAINPTNAQCTAPA
CKADINAVCPSELKVD
GGCNSACNVFKTDQY
CCRNAYVDNCPATNYS

KIFKNQCPQAYSYAKD
DTATFACASGTDYSIVF
CP 

-----------------------------
------------------
GKRLDQGQT------------
---------------------------- 
-----------------
DQDYYDVS--------------

-----------------------------
--NVFKTDQY--
RNAYVDN-PATN--KI-
KNQ 
CPQAYSYAKDDTATF--
------------ 

 

48-56, 114-121, 167-
174, 177-183,185-
188, 191-192, 194-
211 

PR-8 Coffee Cof a 1 AGIVRYWGRGHDEP

SSLAEFGRQEFATDV

NIAFLEDFGGGRMP

ELNISHPLPSASDIEY

CQKHQTKVFISIAGQ

PSLSSVEDAEEVAAY

VWNTYLGGKSSDRP

FGKAVLDGVELHIHS

GNTTYLDDLARALK

GYSNVISAVAAECPI

PDPALDTTIRTGVVD

QVRVEFFDNPSCQF

TPPKDTSLLFPSWD

NWSDYPGVHKLYLG

IPISPTIAPEGGYIPPN

ELVYHVLPYLKKSPV

YGGIMVFPYLHHEV

NFQSMLRSYARAA 

AGIVRYWGRGHDEP
SSLAEFGRQEFATDV
NIAFLEDFGGGRMP
ELNISHPLPSASDIEY
CQKHQTKVFISIAGQ

PSLSSVEDAEEVAAY
VWNTYLGGKSSDRP
FGKAVLDGVELHIHS
GNTTYLDDLARALK
GYSNVISAVAAECPI
PDPALDTTIRTGVVD
QVRVEFFDNPSCQF

TPPKDTSLLFPSWD
NWSDYPGVHKLYLG
IPISPTIAPEGGYIPPN
ELVYHVLPYLKKSPV
YGGIMVFPYLHHEV
NFQSMLRSYARAA 

AGIVRYWGRGHDEPSS
LAEFGRQEFATDVNIAF
LEDFGGGRMPELNISH
PLPSASDIEYCQKHQTK
VFISIAGQPSLSSVEDAE

EVAAYVWNTYLGGKSS
DRPFGKAVLDGVELHI
HSGNTTYLDDLARALK
GYSNVISAVAAECPIPD
PALDTTIRTGVVDQVR
VEFFDNPSCQFTPPKD
TSLLFPSWDNWSDYP

GVHKLYLGIPISPTIAPE
GGYIPPNELVYHVLPYL
KKSPVYGGIMVFPYLH
HEVNFQSMLRSYARA
A 

---------GHDEPSS-

AEFGRQE----------------

-----------------------------

--------SSVEDAEE-------

---GGKSSDRPF-------- 

-------NTTY---------------

-----------------------------

-------QFTPPKDTS------

---SDY---------------------

----------- 

----K-----------------------
-------- 
 

10-16, 18-24, 78-85, 
96-104, 120-123, 
175-183, 193-195, 
232 

PR-10 Apple Mal d 1 MGVFNYETEFTSVIP

APRLFKAFILDGDNLI

PKIAPQAIKSTEIIEG

DGGVGTIKKVTFGE

GSQYGYVKQRVNGI

DKDNFTYSYSMIEG

DTLSDKLEKITYETKLI

ASPDGGSIIKTTSHYR

AKGDVEIKEEHVKA

GKEKASGLFKLLEAY

LLAHSDAYN 

MGVFNYETEFTSVIP

APRLFKAFILDGDNLI
PKIAPQAIKSTEIIEG
DGGVGTIKKVTFGE
GSQYGYVKQRVNGI
DKDNFTYSYSMIEG
DTLSDKLEKITYETKLI
ASPDGGSIIKTTSHYR

AKGDVEIKEEHVKA
GKEKASGLFKLLEAY
LLAHSDAYN 

MGVFNYETEFTSVIPAP

RLFKAFILDGDNLIPKIA
PQAIKSTEIIEGDGGVG
TIKKVTFGEGSQYGYVK
QRVNGIDKDNFTYSYS
MIEGDTLSDKLEKITYE
TKLIASPDGGSIIKTTSH
YRAKGDVEIKEEHVKA

GKEKASGLFKLLEAYLL
AHSDAYN 

-----------------------------

-------Q-IKSTE-----------

-------GSQYGYVK---

NGIDK--------------

LSDKL---------- 

-----------------KGDV----

----------------------------- 

 

37, 39-43, 62-69, 73-

77, 92-96, 124-127 

PR-14 Peach Pru p 3 ITCGQVSSSLAPCIPY

VRGGGAVPPACCN

GIRNVNNLARTTPD

RQAACNCLKQLSAS

VPGVNPNNAAALP

GKCGVSIPYKISASTN

CATVKMITCGQVSS

SLAPCIPYVRGGGAV

PPACCNGIRNVNNL

ARTTPDRQAACNCL

KQLSASVPGVNPNN

AAALPGKCGVSIPYK

ISASTNCATVK 

ITCGQVSSSLAPCIPY
VRGGGAVPPACCN
GIRNVNNLARTTPD

RQAACNCLKQLSAS
VPGVNPNNAAALP
GKCGVSIPYKISASTN
CATVKMITCGQVSS
SLAPCIPYVRGGGAV
PPACCNGIRNVNNL
ARTTPDRQAACNCL

KQLSASVPGVNPNN
AAALPGKCGVSIPYK
ISASTNCATVK 

ITCGQVSSSLAPCIPYVR
GGGAVPPACCNGIRN
VNNLARTTPDRQAAC

NCLKQLSASVPGVNPN
NAAALPGKCGVSIPYKI
SASTNCATVKMITCGQ
VSSSLAPCIPYVRGGGA
VPPACCNGIRNVNNLA
RTTPDRQAACNCLKQL
SASVPGVNPNNAAALP

GKCGVSIPYKISASTNC
ATVK 

-----------------------------

-----NNLARTTPD--------

-----------------------------

---------------------- 

-------------------------
NLARTTPD---------------
-----------------------------
---- 
 

35-43, 128-135 
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Supplementary Figure 1: The 3D structure of PR- proteins that are known allergen. The 
structures have been represented in cartoon form in purple-blue colour with the epitope 
binding residues highlighted in green 
 
 
 

                    
                             PR-1                                                                       PR-3                                                                    PR-4                 
Residues in favoured region: 94.9%                        Residues in favoured region: 93.2%              Residues in favoured region: 96%  
Residues in allowed region: 5.1%                             Residues in allowed region: 4.1%                  Residues in al lowed region: 2.5% 
Residues in outlier region: 0%                                  Residues in outlier region: 2.7%                     Residues i n outlier region: 1.5% 
 



                           
                             PR-5                                                                         PR-6                                                                    PR-7 
Residues in favoured region: 94.6%                      Residues in favoured region: 88.7%              Residues in favoured region: 92% 
Residues in allowed region: 4.5%                          Residues in allowed region: 8.6%                  Residues in allowed region: 6.6% 
Residues in outlier region: 0.9%                            Residues in outlier region: 2.7%                     Residues in outlier region: 2.7% 
 
 

                     
                              PR-8                                                                          PR-9                                                                     PR-10 
Residues in favoured region: 90.7%                       Residues in favoured region: 96.3%              Residues in favoured region: 99.4%  
Residues in allowed region: 7.4%                           Residues in allowed region: 3.0%                  Residues in allowed region: 0.6% 
Residues in outlier region: 1.9%                             Residues in outlier region: 0.7%                    Residues in outlier region: 0.0% 
 
 

                                 
                                 PR-11                                                                        PR-12                                                                            PR-13 
Residues in favoured region: 97.4%                          Residues in favoured region: 97.9%                      Residues in favoured region: 84.1% 
Residues in allowed region: 2.0%                              Residues in allowed region: 2.1%                          Residues in allowed region: 11.4% 
Residues in outlier region: 0.6%                                Residues in outlier region: 0.0%                             Residues in outlier region: 4.5% 
 

                      
                                PR-14                                                                                PR-15                                                                         PR-16 
   Residues in favoured region: 96.1%                             Residues in favoured region: 97.0%                   Residues in favoured region: 93.5% 



   Residues in allowed region: 2.2%                                 Residues in allowed region: 2.5%                        Residues in allowed region: 5.5% 
   Residues in outlier region: 1.7%                                   Residues in outlier region: 0.5%                           Residues in outlier region: 1.0% 
 
 
 

              
                                PR-17                                                                                PR-18                                                                         PR-19 
   Residues in favoured region: 92.1%                             Residues in favoured region: 95.1%                   Residues in favoured region:  91.3% 
   Residues in allowed region: 5.4%                                 Residues in allowed region: 3.2%                        Residues in allowed region: 5.8% 
   Residues in outlier region: 2.5%                                   Residues in outlier region: 1.7%                           Residues in outlier region: 2.9% 
 

 
 

 

Supplementary Figure 2: Protein structure validation for all modelled proteins using 
Ramachandran plot analysis The Ramachandran plots for the modelled proteins. All the 
proteins that were either modelled using Swiss Model Portal or RaptorX tools were validated 
by Ramachandran Plot analysis using the RAMPAGE tool. As seen in the plots, the x-axis 

represents the  angle and the y-axis represents the  angle. The black dots and triangles 
represents the residues of the proteins that fall in the favourable regions, the yellow dots 
and triangles represents the residues of the proteins that fall in the allowed regions, 
whereas, the red dots represents the residues of the protein that does not have the correct 

(,) pair of angles but can fall either in the allowed or outlier regions of the Ramachandran 
plot depending upon their specific values. 
 

 

PR-1



 

 

 
 

 



 
 

 

 
 
Supplementary Figure 3: Molecular docking of PR-proteins (1,2,3,4,5,8,10,14) with IgE 
molecule. The antibody (orange) has been represented in surface view. The image on the 
left represents an overview of the docking between the two proteins and the image on the 
right depicts the zoom in view of the interactions (in red). The numbers on the dashed lines 
(interactions) represents the bond lengths between the interacting atoms. 
 
 
 
 



 
 

Supplementary Figure 4 (a) Boxplots and (b) Density plots for IgE binding residue lengths 
and the Docking Interaction Energies. The boxplots for the IgE binding residue lengths and 
the docking interaction energies. The median IgE binding residue length is ~48 residues with 
two outlier values, PR-6 = 128 residues & PR-18 = 157 residues. This suggest that 50% of our 
data lies below the median (in this case, 52.63%) and the rest of the data (47.37%) lies 
above the median, i.e., in the upper 50% range. Suggesting that the data for IgE binding 
residue length is skewed towards the lower residue count. For the docking interaction 
energy boxplot, the median is at 425.50 kJ/mol. Approximately, 47.36% of the energy values 
lies in the 1st and the 2nd quartile groups with the remaining 52.64% of data in the 3rd and 
the 4th quartile. There are no outliers found in the data set though, the largest value of the 
upper whisker is 545 kJ/mol, the interaction energy of the PR-6 class of proteins, which is 
the most stable negative interaction energy.  
 
 
 
 

 
 



 

Supplementary Figure 4b: The density plots for the IgE binding residue lengths and the 
docking interaction energies. These plots represent the similar information as the boxplots 
but also shows the distribution of data as a continuous range. The value N=19 represents 
the number of data points and the bandwidth explains the spread of the data. For IgE 
binding residue count, there is a discontinuous spread because of two outlier values 
whereas the spread across data is more for the docking energies as the data is continuous 
over a defined range [-369.6 kJ/mol, -545.0 kJ/mol]. Also, both the plots are skewed to the 
left indicating that more values of the data lie closer towards the median with IgE binding 
residue count plot being more skewed due to outlier values in the data. The x-axis 
represents the numerical value of each dataset in the respective plots and the y-axis 
represents the probability density function of each variable calculated using the kernel 
density function. 
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