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Allergy poses major health problems in industrialized countries, affecting over 20% of the population. Proteins from
transgenic foods, cosmetics, animal hair, and other ubiquitous sources can be allergens. For this reason, development of
improved methods for the prediction of potential allergenicity of proteins is timely. The currently available approaches to
allergenicity prediction are numerous. Some approaches relied heavily on information on protein three-dimensional (3D)
structure for allergenicity prediction. They required knowledge about 3D structure of query protein, thereby considerably
restricting analysis to only those proteins whose 3D structure was known. As a consequence, many proteins with
unknown structure could be overlooked. We developed a new method for allergenicity prediction, using information on
protein 3D structure only for training. Three-dimensional structures of known allergenic proteins were used for represent-
ing protein surface as patches designated as discontinuous peptides. Allergenicity was predicted through search of such
peptides in query protein sequences. It was demonstrated that the information on the discontinuous peptides made feasi-
ble better prediction of allergenic proteins. The allergenicity prediction method is available at http://www-bionet.sscc.ru/

psd/cgi-bin/programs/Allergen/allergen.cgi.
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Introduction

Allergy is today’s health concern with a prevalence of
more than 20% in the industrialized countries (Casolaro,
Georas, Song, & Ono, 1996). Search of potential aller-
gens is obviously needed. In addition to experimental
methods designed to check proteins for food allergen-
icity, the World Health Organization (WHO) and the
Food and Agriculture Organization (FAO) have sug-
gested to compare sequences of the query proteins with
those of known allergenic proteins. They introduced two
in silico decision criteria. A protein was regarded as
allergen, if its sequence contained at least six contiguous
amino acids or showed more than 35% similarity over a
window of 80 amino acids when compared with a
known allergenic protein (FAO/WHO, 2003).

An approach has been developed for allergenicity
prediction relying on alignment of a query sequence with
known allergenic sequences using the FASTA3 algorithm
and then the k-Nearest-Neighbor classification algorithm
(Zorzet, Gustafsson, & Hammerling, 2002). An improved
method was derived from this approach. Classifiers, such

as Bayesian linear Gaussian and the Bayesian quadratic
Gaussian, were introduced (Soeria-Atmadja, Zorzet,
Gustafsson, & Hammerling, 2004). A step forward was
the motif-based allergenicity prediction, which assessed
protein allergenicity by scanning a query sequence with
motifs from known allergens (Stadler & Stadler, 2003).

Wavelet transform was proposed for identification of
conserved motifs in allergenic proteins. Search of these
motifs in analyzed sequences for allergenicity prediction
was carried out using Hidden Markov Models (Li, Issac,
& Krishnan, 2004).

Further improvement of allergenicity prediction was
provided by increasing the number of identified motifs
(Truffer, Stadler, Vogel, Mari, & Stadler 2006). An
important finding was that search of multiple motifs in a
protein of interest is more specific than the traditional
single motif search (Kong, Tan, Tham, & Choo, 2007).

Credit is due to Saha and Raghava for development of
methods on the basis of support vector machine (SVM)
and for their hybrid approaches (Saha & Raghava, 2006a).
Credit is also due to Muh et al. for presenting Allerhunter,
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a computational system for assessment of potential aller-
genicity through detection of motifs- or domain-sized sim-
ilarities with known allergens (Muh, Tong, & Tammi,
2009). The SVM pairwise method was implemented for
remote protein homology detection.

Most methods for prediction of protein allergenicity
explicitly or implicitly had recourse to information on
antigenic epitopes. For example, antigenic epitopes can
be parts of motifs and of conserved regions of protein
sequences used for prediction of allergenicity by the
methods described above.

It is known that type I hypersensitive reaction is
induced by interaction of allergen with IgE antibodies on
the mast cells or basophils (Sutton & Gould, 1993).
Antigenic epitopes with which IgE interacts may be both
linear and discontinuous (Schramm et al., 2001; Takagi,
Teshima, & Sawada, 2005). Discontinuous epitopes con-
sist of amino acid residues spatially proximate in protein
three-dimensional (3D) structure, yet remote from each
other in primary protein structure.

Methods for prediction of continuous and discontinu-
ous antigenic epitopes have become available. Continu-
ous epitopes have been well predicted through analysis of
primary protein structure (Odorico & Pellequer, 2003).
To predict discontinuous epitopes, information on protein
3D structure is required (Kulkarni-Kale, Bhosle, & Kolas-
kar, 2005; Liang, Zheng, Zhang, & Zacharias, 2009;
Ponomarenko et al., 2008; Sun et al., 2009). Three-
dimensional structure is not known for a wide range of
proteins, nor can it be predicted by homology for mem-
brane proteins, in particular. Prediction of discontinuous
epitopes with the use of only protein primary structure is,
so far, a challenge. This issue may be partially resolved
under the assumptions that discontinuous epitopes from a
protein may be continuous in another protein and that
they may bind to the same monoclonal antibodies. In
such a case, the idea is to identify continuous epitopes in
query protein sequences, which mimic discontinuous epi-
topes from known allergenic proteins. The demonstration
of functional mimicry of discontinuous epitopes by linear
peptides (LPs) goes back to phage display (Smith, 1985).
It proved that many monoclonal antibodies that bind to
discontinuous epitopes are able to bind to LPs from
phage library. There was frequently a good match
between the amino acid composition of such peptides and
their discontinuous epitopes; sequences of such peptides
were observed as stretches of discontinuous epitopes in
protein 3D structure. Furthermore, based on analysis of
discontinuous protein functional sites, synthetic peptides
were obtained and their capacity to mimic site functions
was demonstrated. Such peptides were called discontinu-
ous (Howie et al.,1998; Seelig, Prosise, & Taremi, 1994).

We have suggested an approach to prediction of dis-
continuous epitopes in proteins by taking advantage of
similarity between discontinuous peptides, calculated

from protein 3D structure and those obtained by phage
display capable of specifically binding to monoclonal
antibodies. This approach assisted our identification of
discontinuous epitopes in viruses (Loktev et al., 2002;
Tumanova et al., 2002).

We addressed the question of whether information on
similarity between the amino acids sequences of query
proteins and discontinuous peptides on allergenic protein
surface would improve allergenicity prediction accuracy.
The results showed that the proposed method outperforms
the one relying on only similarity between linear sequence
fragments from known allergenic proteins and query pro-
teins. The matches between discontinuous peptides in dif-
ferent allergenic proteins may supposedly evidence that
the considered discontinuous peptides may be parts of
potential discontinuous epitopes important to the expres-
sion of the allergenic properties of proteins. This approach
may be useful in increasing the accuracy of methods for
protein allergenicity prediction also for furthering innova-
tive strategies for prediction of discontinuous epitopes.

The allergenicity prediction method was integrated
into the Protein Structure Discovery System (Ivanisenko,
Demenkov, Ivanisenko, & Kolchanov, 2011). The pro-
gram is available at http://www-bionet.sscc.ru/psd/cgi-
bin/programs/Allergen/allergen.cgi.

Methods

We proceeded on the assumption that accuracy of meth-
ods for predicting of protein allergenicity would be
increased by taking into consideration information on
discontinuous peptides on the surface of allergenic pro-
tein. To obtain assurance, we developed a simple method
for allergenicity prediction based on calculation of simi-
larity between known allergenic proteins (training sam-
ple) and the query protein sequences. The similarity was
defined by comparing linear sequence fragments from a
training sample with those from query proteins. To take
into account discontinuous peptides, we additionally
compared discontinuous peptides calculated for proteins
of the training sample with linear sequence fragments of
query proteins.

Creation of linear peptide set

The sequences of known allergenic proteins required for
setting up the training sample were extracted from the
Structural Database of Allergenic Proteins (Ivanciuc,
Schein, & Braun, 2003). The PISCES program was
applied to remove the highly homologous proteins
(Wang & Dunbrack, 2003). The similarity threshold was
set at 90%. In this way, a nonredundant set comprising
586 allergenic protein sequences was obtained.

In these sequences, LPs present in not less than two
allergenic proteins were searched using sliding window
eight amino acids in length. This length is frequently used
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Table 1. Grouping of amino acids by similarity of their
physicochemical properties.

Hydrophobic VM,LL,F,Y,W
Positively charged R,K,H
Negatively charge E.D

Polar S,TN,Q

Small A,G

Cysteine C

Proline P

in methods for predicting antigenic determinants and
allergenicity prediction (Herman, Song, & Thirumalaiswa-
mysekhar, 2009; Saha, & Raghava, 2006b; Silvanovich
et al., 2000).

Comparisons of peptides from a sequence with pep-
tides from another sequence were done using physico-
chemical properties of amino acids. To do so, peptide
sequences were defined on a degenerate alphabet accord-
ing to grouping of amino acids by similarity of their
physicochemical properties (see Table 1).

The amino acids belonging to a group were replaced
in peptide sequence by a corresponding group identifier.
Two peptides were regarded as identical, if their
sequence matched, when alphabet degeneracy was taken
into account. In this way, a training sample set PepL
consisting of over 44,000 LP sequences from allergenic
proteins was provided.

Expansion of linear peptide set by discontinuous pep-
tides

Discontinuous peptides were designed following the
rules: (1) Two amino acids were accepted as bound in a
discontinuous peptide, if the distance between their C-
alpha atoms in protein 3D structure was not greater than
5A. (2) The average residue solvent accessibility for
amino acids for a discontinuous peptide was not less
than 50%. (3) The length of the discontinuous peptides
and the LPs were the same (eight amino acid residues).
Figure 1 presents a scheme for protein surface carrying a
set of discontinuous peptides.

To assess improved prediction accuracy for allergenic
proteins, when discontinuous peptides were taken into
account, the PepL set was expanded to PepLD set by
including discontinuous peptides, besides linear. To cal-
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culate discontinuous peptides, spatial structures of
allergenic proteins were examined. The same allergenic
proteins as those used for creating PepL were utilized
for this task. Sixteen spatial structures were extracted
from the Protein Data Bank. The 3D models of the other
proteins were retrieved from a repository of predicted
spatial structures (Kiefer, Arnold, Kiinzli, Bordoli, &
Schwede, 2009). The total number of the obtained spatial
structures of allergenic proteins was 345. A set of dis-
continuous peptides was established for each allergenic
protein with known or predicted 3D structure.

A PepLD set consisting of 99,000 peptides, which
included both linear from PepL (44,000) and discontinu-
ous peptides (55,000), was created. Discontinuous pep-
tides were deposited in PepLD, like PepL, under the
condition that they repeatedly occurred in not less than
two different allergenic proteins (bearing alphabet degen-
eracy in mind). PepLD was further used for predicting
allergenic proteins with discontinuous peptides given due
account.

Prediction of protein allergenicity

Prediction of protein allergenicity was based on search
of similarity between linear fragments from a sequence
of a query protein and peptides from the PepL and Pep-
LD sets. A sequence of query protein was subdivided
into linear fragments of eight amino acid residues apply-
ing a sliding window. Similarity between fragments and
peptides was calculated taking into account degenerate
alphabet (Table 1). In this way, two methods were com-
pared. The LP method was based on analysis of LP only
using the PepL set, the other linear and discontinuous
peptides (LDP) method involved LDPs from the PepLD
set. For each peptide from the PepL and the PepLD sets,
a characteristic calculated for the occurrence frequencies
of peptide in allergenic proteins was introduced [1]. This
score was expressed as the ratio of the occurrence fre-
quency of a peptide in allergenic proteins to its occur-
rence frequency in human proteins:

Va
SA=1In (W) (1)

where Va is the occurrence frequency of a peptide in
allergenic proteins and Vi is the occurrence frequency of

006006000
OO0 O©0606© 0@
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Figure 1. A schematic representation of protein surface (A) carrying a set of discontinuous peptides (B) Amino acids are
represented with gray circles; black lines connecting them show peptide bonds. Amino acids with imaginary bonds in discontinuous
peptides are connected by dotted lines (the distance between the C-alpha atoms of such amino acids is smaller than 5A). Number

denotes the order number of amino acids in a sequence.
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Table 2. Examples of matches between LPs from allergenic protein Tri r 4 and discontinuous peptides from LDP sample.

Positions of amino acids of
LP in Tri r 4 protein

Comparison of linear
with discontinuous

Amino acids positions of discontinuous Allergenic protein from which

peptides sequence. peptide in allergenic protein sequence  discontinuous peptide was taken
FHVSKYNF* 45-52 68, 69, 79, 78, 77, 71, 72, 30 Lol p 2

FRVNRVSM™

VGIWISDA* 105-112 359, 360, 297, 298, 299, 300, 301, 302 Gly m conglycinin
LALVINEG™*

DGTFVGSS* 583-590 31, 32, 33, 34, 35, 36, 37, 26 Mer a 1

DGSIWAQS**

*LPs from sequence Tri r 4; **discontinuous peptide from the PepLD set; identical amino acids from LDPs according to the standard alphabet are in

bold, the other amino acids are identical according to the degenerate alphabet.

the peptide in human proteins. It was implicitly assumed
that human proteins are not allergens, because allergens
seldom occur among human proteins. For example, 22
allergens are known for Arachis hypogaea, with 781
Arachis hypogaea protein sequences stored (UniProt
release 2011 04 — 5 April 2011). As for human, five
proteins of over 96,000 protein sequences are allergens
(Apweiler et al., 2004). The degenerate alphabet was
also used in calculation of occurrence frequencies. The
set of human proteins comprised about 3500 sequences
chosen at random from SwissProt. To predict allergen-
icity of the analyzed protein, the sum of all the S4 values
for peptides from the PepL or PepLD sets, which
matched with peptides of the query protein, was divided
by the number of amino acids in the query protein [2]

_ Zj\il SA’ 2

== @
where SA; is the characteristic for the occurrence fre-
quencies of the ith peptide from the PepL or the PepLD
sets in allergenic proteins matching with the peptide of
the query protein; N is the number of matched peptides;
and L is the length of the query protein (the total number
of amino acids in the query protein). The negative SA
values were taken as 0. A protein was regarded as aller-

genic, if the DF value was greater than a given thresh-
old.

DF

Results

Two methods LP and LDP for allergenicity prediction
relying on LPs and on linear together with discontinuous
peptides (LDP) were compared. Test sets of allergenic
and nonallergenic proteins taken from (Muh et al., 2009)
were used to estimate the accuracy of the prediction
methods. A “testing.putative_non_allergen.fa” set com-
posed of 497 nonallergens and a “testing.allergen.fa”
sample composed of 141 allergens available on http:/
tiger.dbs.nus.edu.sg/AllerHunter/ were used. We removed
one protein from allergens with length shorter than eight
amino acid residues. So we used 140 proteins in the test

set of allergenic proteins. These test sets were compared
with our training sample. In accuracy estimates, we omit-
ted those proteins from the training sample that occurred
in the test sets. As a result, there remained 545 of aller-
genic proteins in the training sample. This means that 41
proteins were discarded from the training sample for the
reason that they were presented in the test.

The number of matches between discontinuous pep-
tides from LDP and LPs from the allergenic proteins in
the test sample was rather high, when degenerate alpha-
bet was taken into account. The proteins with numerous
matches between the discontinuous and the LPs were
possibly cross-reactive. It would be of interest to check
this cross-reactivity experimentally. Examples of matches
between LPs from Tri r 4 allergen and discontinuous
peptides from PepLD are given in Table 2. The Tri r 4
protein was taken from the test sample.

Underprediction (E£7) [3] and overprediction (£2) [4]
errors for protein allergenicity prediction were calculated
from

FN

BV = ®)
FP

B2 =N Fp) @

where TP are allergens predicted as allergens, FN are
allergens predicted as nonallergens, 7N are nonallergens
predicted as nonallergens, and FP are nonallergens pre-
dicted as allergens.

The comparative results showed that the method
combining linear with discontinuous peptides is superior
to that using LPs alone (Table 3).

Table 3. Accuracy comparison of LP and LDP methods.

Method for Underprediction Overprediction
allergenicity prediction error (E1) error (E2)
LP 0.171 0.068
LDP 0.143 0.068
AllerHunter* 0.163 0.068

*AllerHunter method (Muh et al., 2009).
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The underprediction error was reduced by 2.8%,
when using discontinuous peptides, as compared with
the method of analysis using LPs alone (at the same
overprediction error). Thus, accuracy of the method for
prediction of protein allergenicity was increased by using
discontinuous peptides. The accuracy of the LDP is quite
comparable with that of the sophisticated AllerHunter
method based on SVM technique (Muh et al., 2009).
Our idea was not to exceed the accuracy achieved by
others, much rather to clarify the contribution of the
information on discontinuous peptides to the accuracy of
protein allergenicity prediction. The question is: Would
data on discontinuous peptides make better the available
prediction methods? If so, the 3D structure of a protein
should be known for discontinuous peptides to be calcu-
lated. The suggested method based on analysis of dis-
continuous peptides calculated for only proteins of
known allergens does not require knowledge about the
spatial structure of the query protein. This is an advan-
tage enabling to use this approach in analysis of bulky
sets of proteins, even whole proteomes. It is hoped that
our approach will improve other methods available for
prediction of protein allergenicity.
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