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Conventional and innovative strategies can be exploited to identify and characterize new
allergenic proteins. With the aim of obtaining suggestions for future improvements, this article
describes our attempt to understand and describe some of the advantages and pitfalls of the
methodologies and procedures often used in this field. The analysis includes the protein extract
preparation, starting from the allergenic source, the separation of the proteins contained in a
mixture and the detection, identification and characterization of IgE-binding molecules. Classic
and emerging proteomic technologies, including mass spectrometry-based methodologies,
Edman degradation procedure, microarray-based techniques and bioinformatics search strategies,
have been explored. A comparative analysis of biochemistry-based proteomics and molecular

biology strategies has also been given.
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A high number of allergenic molecules have
so far been identified in different allergenic
sources. However, several indications, includ-
ing clinical and immunological data, suggest
that many molecules able to induce an allergic
reaction have not yet been identified. During
the last few decades, the traditional biochemi-
cal and immunological methodologies, which
have been used since the beginning of molecu-
lar allergology, have received increasing sup-
port and improvement due to their integration
with different methodologies, such as molecu-
lar biology, bioinformatics and emerging pro-
teomic technologies. Nevertheless, whatever
procedure is used to identify new allergenic
molecules, each one demonstrates pitfalls at
different levels, indicating that further efforts
are necessary to overcome some critical points.

Current application of proteomics into
the allergenic molecule

characterization field

Generally, the isolation and identification of
a potential allergenic molecule of a specific
organism or tissue includes the extraction of
the protein components from the allergenic
source, the separation of the extracted pro-
teins and the detection and identification of
IgE-binding proteins.

Preparation of protein extracts
The quality of the protein extract is of utmost
importance, especially if we have the aim of
analyzing as many proteins/allergens as possi-
ble coming from the source under investigation.
Ideally, the extract should contain all the pro-
tein components present in the starting material.
However, it is well known that, depending on
the characteristics of the starting material and
on the protocol used, the composition of extracts
may be very variable [1-3]. Very often, several
extraction protocols have to be tested in order
to set up the most suitable one for the aim. As
an example, the search for an effective method
to obtain high-quality protein extracts from
Dermatophagoides pteronyssinus is still ongoing,
despite this allergenic source having been studied
for almost 50 years, because, depending on the
composition of the extraction buffer, different
patterns of protein components are obtained [4].
The preparation of high-quality protein
extracts from some plant tissues, such as fruits,
is typically more problematic than from other
organisms, and is, therefore, still a challenge
for researchers [5]. Plant tissues have a relatively
low protein content compared with bacterial
or animal tissues and, in addition, they have
significant amounts of interfering substances,
such as pigments, carbohydrates, polyphenols,
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polysaccharides and starch, that may strongly affect, in a negative
way, the extract composition and the subsequent steps of separation
and analysis of the protein components [5-7]. For instance, it has
been reported that the extraction of allergens from grape is ham-
pered by low protein and high tannin and pectin concentrations.
A satisfactory extraction of allergenic proteins from grape, mainly
lipid transfer protein (LTP; Vit v 1), was obtained only by changing
the available standard protocols and combining different factors [8].

Differences in allergen composition in olive cultivars have been
reported as responsible for the important differences in the aller-
genic potency of the extracts [9]. Additionally, following a compara-
tive analysis of the protein and allergen profiles, a significant influ-
ence of conditions, such as the ripening stage, postharvest handling
and the extraction method, on the number and concentration of
protein components in green and gold kiwi fruit extracts has been
described [10]. Tt was necessary to deviate from standard protocols to
optimize the extraction of LTP (Ara h 9) from peanut. In fact, only
by choosing acidic extraction conditions was the concentration of
Arah 9 in the soluble extract increased dramatically, thus allowing
its isolation and characterization [11]. The extraction of the aller-
gens Mor n 3 and Pru p 3 from mulberry and peach, respectively,
was obtained only by using high ionic strength conditions [12].
Variability in the composition of extracts from allergenic sources as
a function of the extraction protocol and/or on the characteristics
of the starting material has also been reported for sources such as
hen’s eggs (13, hazelnut [14], birch pollen [15), peanut [16], apple [2]
and cherry [17]. In fact, literature reports underline that no definitive
extraction protocol is actually available and suited for a large variety
of allergen sources and that, instead, specific protocols need to be
set up and optimized depending on the starting available material.

Separation of the extracted proteins

The protein components of the extracts can be separated using dif-
ferent techniques. The choice may depend on the researcher’s prefer-
ence, on the type of the subsequent analyses that have been planned
to identify the proteins and also on the characteristics of the extract.
For this aim, SDS-PAGE, 2D electrophoresis (2-DE) and liquid
chromatography (LC) are widely used methods.

Protein separation by 1D electrophoresis

SDS-PAGE is a very easy and widespread technique used to obtain
a fast separation of a protein mixture [18]. Furthermore, 1D electro-
phoresis offers the advantage that virtually all proteins are soluble
in SDS and are also extremely acidic, and basic proteins are easily
visualized. However, very often, the samples cannot be loaded on
the gel as they are, especially if the protein concentration is low or
if the solution contains buffers or other molecules that can inter-
fere with the migration of the protein components. Therefore, the
precipitation of proteins by the addition of trichloroacetic acid
(TCA) is frequently performed before the electrophoretic separa-
tion as it is a very useful procedure to concentrate diluted proteins.
Unfortunately, some proteins can be lost during the treatment
with TCA. For instance, we have observed that LTP from peach
(Pru p 3) and mulberry (Mor n 3) disappeared from the protein
extract following precipitation with TCA. In line with our results,

LTP from strawberry (Fraa 3), cultivar Rosana, was not detected
in the extract treated with TCA, whereas it was observed in the
sample treated with urea and dithiothreitol (DTT) [19]. By con-
trast, the same authors observed that the treatment with TCA and
a reducing agent allowed the detection of Fra a 3 in the extract
obtained from a different strawberry cultivar (Elan).

Protein separation by 2D electrophoresis
2D electrophoresis is a technique displaying a higher resolution
power in protein separation [20] than 1D-SDS-PAGE. Therefore, it
can provide much more information on the protein composition of
the extract under investigation. For instance, sets of proteins with
similar structural properties, including isoforms of allergens with
very similar molecular masses, but that differ in their isoelectric
points (pl), can be separated by 2-DE, allowing the study of pos-
sible differential IgE-binding capacities, as reported for allergens
such as fish parvalbumin 217, Bet v 1 [22], peanut allergens [23,24]
and allergens from oak (Que a 1) and hornbeam (Car b 1) [2s].
2-DE is a very useful technique for comparative studies of the
proteome variation in a tissue as a function of different factors. As
far as allergens are concerned, it can be of significant importance
to analyze, for example, different cultivars of a plant food with the
aim of identifying those containing fewer (or more) allergenic com-
ponents [26]. Furthermore, this technique could be useful to study
the influence of environmental factors on the protein/allergen con-
tent of allergen sources [27]. Although the protein separation by
2-DE is a potential powerful tool for this kind of investigation,
we can find in the available literature few studies focused on this
topic. This may be due to several factors and, at least partially, to
the variable reproducibility of the 2-DE protein profiles. Actually,
there are still various aspects of the technique that need to be
improved, including sample preparation, the resolution and detec-
tion of protein components and their identification by a correct
use of bioinformatics tools [28], since the results are still dependent
on the extract quality and the researcher’s skill. Among the major
bottlenecks is the protein solubility of the extracts, which is very
often affected by the presence of a wide variety of nonprotein
substances, which may also interfere with the resolution of the
electrophoretic separation and/or the visualization of the results.
Sample preparation is a critical step in 2-DE, especially when
the extract is derived from a plant source [29.30]. For instance,
fruits are among the worst tissues for proteomic studies because
it is often difficult to obtain high-quality protein extracts suitable
for 2-DE analysis [5,31]. Another well-known disadvantage of the
standard 2-DE technique is the loss of very hydrophobic proteins
and proteins with extreme pl values. Nevertheless, during the last
few years, the protocols of 2-DE with immobilized pH gradients
have constantly been refined, bringing significant improvements
in this direction [32,33].

Protein separation by liquid chromatography

Liquid chromatography is a very dynamic methodology that,
depending on the type of chromatography selected, can sepa-
rate the protein components as a function of properties such as
the molecular mass, pI, hydrophobicity and capacity to bind a

724

Expert Rev. Proteomics 7(5), (2010)



Allergen identification by proteomics

ligand. LC allows good separations of acidic and basic, low- and
high-molecular-weight proteins in a very short analysis time. By
choosing different systems, either the separation of high amounts
of proteins (preparative chromatography) or high resolution using
chromatographic systems working at high pressure (fast-protein
LC [FPLC] and high-pressure LC [HPLC]) can be obtained.
Furthermore, a better resolution in the separation of a protein
mixture can be obtained by combining different types of chroma-
tography (multidimensional LC [MDLC]). The protein profiles
are generally very reproducible, thus allowing comparative stud-
ies of the proteome variations in tissues and in allergen sources.
Except for size-exclusion chromatography, generally, LC offers a
high flexibility regarding the volume of the sample to be treated
and usually does not require concentration/precipitation steps
that are sometimes a cause of protein component loosening. For
example, most of the characterized kiwi fruit allergens, including
actinidin, thaumatin-like protein and kiwellin, were separated by
chromatographic methods and then identified and characterized.
Actinidin (Act d 1) was isolated by the combination of HPLC
and anion-exchange chromatography (34]. Thaumatin-like protein
(Act d 2) was isolated using a combination of gel-permeation, ion-
exchange and immobilized-metal-ion affinity chromatography [3s],
and kiwellin was purified by ion-exchange chromatography (36].
Among the most recent literature, three major allergens were iso-
lated from watermelon by combining several chromatographic
steps, and were then identified as malate dehydrogenase, triose
phosphate isomerase and profilin [37]. Mor n 3 is a novel aller-
genic LTP identified in black mulberry following the separation
by ion-exchange and reversed-phase HPLC (RP-HPLC) [12].

Detection & identification of IgE-binding proteins
Once the components of a protein extract have been separated,
whatever technique is used for the separation, IgE-binding
proteins can be detected using different techniques, such as
immunoblotting, dot blotting, ELISA [38) and microarray-based
immunoassays [39.40]. Sometimes, the technique for IgE-binding
detection is dependent on the type of protein separation used.
The protein components separated by 1D or 2D electrophoresis
can be tested only by immunoblotting, following the electro-
transfer of molecules onto a nitrocellulose or polyvinylidene
fluoride membrane. IgE-immunoblotting of proteins separated
by SDS-PAGE is probably the most widespread method used
for the detection of IgE-binding proteins. It is easier, faster and
requires a lower amount of serum than the IgE immunoblotting
of proteins separated by 2-DE. In contrast to SDS-PAGE and
2-DE, the IgE-binding properties of protein components sepa-
rated by LC can be tested by any detection method. In this
case, since the protein component is in solution, it is suitable for
immobilization on any support, for in solution tests and for any
electrophoretic separation. In addition, proteins coming from
LC are usually in a native form and, therefore, they can be used
as they are or denatured.

Identification of IgE-binding proteins can be obtained in dif-
ferent ways, including the use of monoclonal or polyclonal IgG
antibodies, by testing an enzyme activity and by evaluating the

interaction with a specific ligand. However, to identify a protein
without any ambiguity, it is important to have at least partial data
about the amino acid sequence of the molecule. Sequence data
can be otained by mass spectrometry technologies or by Edman
degradation using an automated sequencer.

A collection of mass spectrometry-based methodologies and
strategies can be used to obtain information useful for the identi-
fication of a protein [41-44]. Recent advances also allow the simul-
taneous identification and quantification of traces of allergenic
proteins in complex mixtures, such as processed food [45]. The
most common approach to identify a protein, sometimes known
as ‘bottom-up proteomics), is based on the generation and analysis
of a ‘peptide mass fingerprinting’ obtained by digestion of the
protein with a specific protease, usually trypsin, separation of the
fragments and determination of their masses by the appropriate
mass spectrometer. The mass pattern is unique for each protein
and is used to search in specific protein-sequence databases with
appropriate software. The masses of the peptides of the unknown
protein are compared with the theoretical peptide masses of each
protein present in the database and the results are statistically
analyzed to find the best match. A disadvantage of this method
is that at least an homologous sequence of the unknown protein
has to already be present in the database, otherwise it will not
be found. If the information obtained with peptide mass finger-
printing does not allow unequivocal identification of the protein,
its peptides can be analyzed by tandem mass spectrometry for
de novo sequencing [46]. This methodology allows the collec-
tion of further information on the protein sequence, although it
is still an emerging technology needing further improvements,
including the implementation of the computational methods
used for the analysis of data generated by the mass spectrometer
(47]. Among the limitations of sequencing by mass spectrometry is
the inability to discriminate between amino acids with identical
masses, such as leucine and isoleucine. Nevertheless, significant
efforts aimed at overcoming such limitations by the derivatization
and fragmentation of amino acid residues are in progress [48].

Unequivocal sequence data on a protein molecule can be
obtained by automated direct sequencing using the Edman degra-
dation method. It allows the discovery of amino acid residues and
their order in the protein molecule starting from the N-terminal
residue (49]. Usually the elucidation of the amino acid sequence of
the N-terminal region is sufficient to perform a homology search
in databases and identify a protein. Furthermore, this is an easy
and fast procedure. Unfortunately, when the protein has a blocked
N-terminal residue, this method is not useful and it becomes
necessary to perform preliminary unblocking treatments [s0], or
fragmentation of the molecule followed by the isolation of an
internal fragment to be sequenced.

Actually, since both mass spectrometry and Edman degrada-
tion have advantages and disadvantages, the best strategy for the
identification of a protein can be based on a dynamic combina-
tion of these methodologies. For instance, the unequivocal iden-
tification of a protein can be easily obtained by combining data
concerning the amino acid sequence of a protein fragment, such
as the sequence of the N-terminal region obtained by the Edman

WWW.expert-reviews.com

725



Mari, Ciardiello, Tamburrini, Rasi & Palazzo

degradation method, and the exact molecular mass of the entire
molecule estimated by mass spectrometry. Following this strat-
egy, many allergens have been identified, including some more
that were recently described, such as Cit s 2 [51], Bra o 3 [52, Tri
a 14 (53], Pla a 3 [54], watermelon allergens [37] and Mor n 3 [12].
If the sequence under investigation is (or homologs with high-
percentage identity are) already present in the databases, it will be
easily identified using the available softwares for homology search.
On the other hand, if the homology search indicates that neither
the sequence obtained by Edman degradation is present in the
databases, nor homologs of that sequence are detected, then we
can conclude that a new protein has been discovered. Unlike some
mass spectrometry-based methodologies that provide no response
regarding the analyzed protein if it is not present in databases,
Edman degradation is a precious tool that always provides infor-
mation on the protein under investigation, both if it is present or
absent in databases. For instance, the kiwi fruit allergen Act d 5
was identified by N-terminal sequencing of the natural protein [36].
Homology searches in databases indicated the absence of known
homologs, therefore it was classified as a novel allergen belonging
to a new protein family.

Detection & identification of allergenic proteins by
component-based allergen microarray

Among the novel methodogies useful for allergy diagnosis we
find the increasing use of microarrayed purified known aller-
gens [40,55,56]. It allows the simultaneous measurement of IgE
antibodies specific for different individual allergens (i.e., multi-
plex analysis) with the same serum sample. This methodology can
also be considered an additional tool useful to detect allergens in a
mixture, such as a total protein extract coming from an allergenic
source. In fact, it is possible to perform inhibition tests by pre-
incubating the sera of allergic subjects with the protein extract.
IgE antibodies of the sera will bind the allergenic proteins pres-
ent in the extract, thus becoming unavailable for the interaction
with the microarrayed molecules for which the reactivity with the
sera IgE had already been established. Therefore, IgE binding to
the proteins in solution is detected by measurement of decreased
binding to the protein(s) on the solid phase. Unlike, for example,
IgE immunoblot and ELISA, an additional advantage of this
approach is that the test provides information on the identity of
the IgE-binding proteins detected.

By using this approach and the Immuno Solid-Phase Allergen
Chip (ISAC®) system (VBC-Genomics, Vienna, Austria), we
detected the presence of LTP in the protein extract of kiwi fruit
by measuring the inhibition of cross-reaction with microarrayed
homo[ogs [MARI A ET 4L., UNPUBLISHED DATA]. Afterwards, the presence
of LTP in the kiwi fruit extract was confirmed by the isolation of
this protein and its characterization as a cross-reacting IgE-binding
molecule [101].

This approach is very promising and could have an important
role in designing future strategies for the identification of allergenic
proteins. Hopefully, the number of allergens included in the micro-
array system will rapidly increase, including representative members
of all the protein families containing IgE-binding molecules. In

addition, the inclusion in the microarray of as many proteins as
possible, including those never described as allergens, could pro-
vide a significant improvement due to the possibility of identifying
unsuspected allergens. In fact, the higher the number of microar-
rayed proteins, in addition to allergens, the better the value of this
methodology in the identification of new potential allergens. It is
of notice that the availability of proteins on the microarray with
an unknown IgE-binding capacity could lead to defining some of
them as not allergenic after an exhaustive and extended population
testing. This will improve the bases of data to be used for defining
features of allergenic and nonallergenic proteins.

Biochemistry-based proteomics & molecular

biology strategies

The introduction of molecular biology techniques has pro-
vided useful additional tools and advantages to the field of
protein/allergen identification and characterization. The genome
sequencing of several organisms has enriched the databases with
a huge number of gene sequences. Therefore, when homology
searches are performed with protein sequence data obtained by
proteomics methodologies, the probability of finding homo-
logs allowing the identification of the unknown protein is
much higher. A significant contribution derives also from the
production and sequencing of cDNA libraries and collections
of expressed sequence tags from several organisms and tissues.
However, genome-derived sequences do not provide informa-
tion on the proteins that are really expressed in a specific tissue
and in defined conditions. Furthermore, some proteins belong to
multigene families and a tissue-specific expression of the different
isoforms can occur. For this reason, to investigate the proteome
of a tissue, the analysis of mRNA-derived, rather than genome-
derived, sequences is often preferred. Several potential allergens
have been easily identified by searching in ¢cDNA libraries and
expressed sequence tag collections with the sequence informa-
tion of already known allergenic proteins. However, the estima-
tion of the protein expression directly as mRNA levels may or
may not correlate with the protein level in the tissue because the
accumulation patterns may be influenced by post-transcriptional
processes (57-59]. Therefore, as underlined in Ficure 1 and Taeee 1, it
is still necessary to analyze the proteome directly at the protein
level to know if the translated product of a mRNA is contained
in a tissue and can act as an allergy trigger. It can happen that an
allergen homolog detected at the DNA or mRNA level is not then
detected at the protein level owing to the combined effect of sev-
eral factors contributing to the modulation of protein expression
and degradation. In addition, novel potential allergenic proteins,
for which no homologs are known, will be overlooked when the
analysis of possible allergenic molecules in a tissue is performed
by using molecular biology strategies, such as a homology search
at the DNA level. For instance, the Bet v 1-like IgE-binding mol-
ecules Act d 8 and Act ¢ 8 were identified and characterized by
cloning and expressing sequences contained in a kiwi fruit cDNA
library [60]. These proteins had been neglected in the past, prob-
ably because of their low concentration in kiwi fruit extracts.
Conversely, the analysis of the proteome of some green kiwi fruit
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extracts has revealed high concentrations of a protein belonging to
the Bet v 1 superfamily, but is different from Act d 8 10]. In fac, it
displays a low sequence identity with Actd 8, and has been named
Actd 11 101]. Probably, Act d 11 was overlooked when the screen-
ing of the kiwi fruit cDNA library was performed because of the
low sequence identity with the Bet v 1 allergens known so far.

Therefore, a wealth of observations suggest that only bio-
chemical characterization performed directly on the natural pro-
tein components allows the estimation of their real abundance in
a tissue and the occurrance of possible protein processing [61.62]
and other post-translational modifications [63-66] that can affect
their structural and immunological properties.

Protein biochemistry can take some advantages from molecular
biology methodologies to deal with some critical points, such
as the elucidation of the complete primary structure of protein
molecules (Taeee 1), especially if they have a high molecular weight.
In addition, the availability of recombinant products is helpful
when the purification of significant amounts of proteins repre-
sents a problem due to their very low content in the allergenic
source. The combination of gene cloning and heterologous pro-
tein expression has allowed the production of a very high num-
ber of recombinant allergens. Molecular biology methodologies
are considered to be the best way to obtain unlimited amounts
of allergens available for diagnosis and therapy. However, their
use in substitution of the natural allergens implies a prelimi-
nary validation to assess whether the recombinant forms have
the same structural and immunological properties as the natural
ones [67-69]. For this reason, sometimes the recombinant pro-
teins find a limited diagnostic use due to the scarcity or lack of
biochemical and immunological characterization. In fact, the
number of characterized allergens available for diagnostic pur-
poses is lower than that simply identified by molecular biology
methodologies [70]. It seems that molecular biology-based studies
proceed faster than the extensive biochemical and immunological
characterization of allergens. Therefore, a concerted and opti-
mized use of the different methodologies would be desirable and
would provide the best results.

The usefulness of biochemistry- and molecular biology-based
methodologies in the study of allergen structural and immunol-
ogical characteristics, and in the preparation of purified molecules
useful in allergy diagnosis, is summarized in Taste 1.

Current strategies & new approaches to allergen
identification & characterization

Classic and emerging methodologies can be combined to design
new approaches or to improve those already known for the identi-
fication and characterization of new allergens. Although molecular
biology is useful to identify, clone and express allergen homo-
logs from an allergy source, the identification and biochemical
and immunological characterization performed directly on the
natural form of any allergen is an important step that cannot be
avoided. Sometimes, a recombinant form has the same features
and behavior of the natural molecule and can be considered a valid
substitute. However, the availability of the natural molecule is
important to make comparative studies necessary for the validation

Protein extract
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Detection of IgE-
binding inhibition

Electrophoresis Microarrayed allergens

1D 2D
© 0 ®0 @000
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Figure 1. Identification of IgE-binding proteins.

Classic (left side) and emerging (right side) strategies useful for
protein/allergen identification in a protein extract. 1D and 2D
indicate the protein separation by 1D and 2D

electrophoresis, respectively.

of the recombinant form. Therefore, it would be desirable in the
future to address some more efforts towards the improvement of
methodologies working directly on the natural molecules.

A classic procedure used for the detection of IgE-binding mol-
ecules in a protein extract includes their separation by 1D or 2D
electrophoresis, followed by immunoblot to reveal the reacting
molecules and their identification by Edman degradation or mass
spectrometry (Ficure 1, left side). The identification procedure has
to be applied at each IgE-binding band from SDS-PAGE and at
each IgE-binding spot from 2-DE.

At present, new methodologies could be exploited to make some
steps of the classic procedures easier and faster. For instance, multi-
plex microarray-based technologies, which are increasingly being
used for diagnostic purposes, could also be useful to detect aller-
gens in a mixture by performing inhibition tests that also provide
information on the identity of the various detected IgE-binding
proteins (see earlier). Generally, in the absence of specific anti-
bodies, other test systems, such as immunoblot and ELISA, just
show the presence of IgE-binding proteins. Then it is necessary to
investigate each of the detected molecules by Edman degradation
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or mass spectrometry to acquire information
on their identity. By contrast, the multiplex
microarray systems provide simultaneous
information on the different IgE-binding
proteins present in the mixture and cross-
reacting with the allergens immobilized on

Table 1. Usefulness of the biochemistry-based and molecular

biology-based methodologies in the study of allergen characteristics.

the microarray (Ficure 1, right side), thus  Allergen concentration in vivo 1 !
representing an advantage from a practical  partial primary structure elucidation 1 !
and economical point of view. Then, the ) _—
. . . . Complete primary structure elucidation i 1
collected information may be exploited in - —
planning purification of these proteins. Post-translational modifications l !
At the end of both the procedures shown  Pure protein in small scale i !
in Feure 1, new IgE-binding proteins could  p;e protein in large scale - o
be identified, but the molecules are not yet _ L
Immunological characterization 1 i

available for further characterization. In
fact, their biochemical and immunological
characterization implies the availability of purified molecules.
Therefore, after the identification it becomes necessary to set up
a protocol to obtain the pure protein. At beginning, a relatively
low amount of purified protein is required for analytical purposes.
The individual IgE-binding proteins can be isolated by LC, and
affinity chromatography is the preferred technique to be used for
their separation (Ficure 2). Then, the characterization of the mol-
ecule properties can be performed with the contribution of mass
spectrometry, Edman degradation and molecular biology. These
methodologies are complementary and the designing of future
strategies should focus on the optimization of their combination in
order to obtain the best results. Depending on the specific molecule
under investigation, their contribution may include: the study of
post-translational modifications and of the presence of isoforms in
the sample by mass spectrometry; the collection of crucial infor-
mation concerning the primary structure by Edman degradation;
the elucidation of the complete primary structure; and the study
of antigenic epitopes (e.g., by phage display technology) using
molecular biology methodologies.

When the structural, immunological and clinical character-
ization has been completed, the use of the allergenic molecule
in diagnosis and, sometimes, in immunotherapy can be evalu-
ated. This implies the availability of high amounts of the pure
allergenic protein and, therefore, a procedure for a large-scale
purification is required. Sometimes it is very difficult to scale up
a purification procedure using the conventional chromatographic
techniques, especially when the molecule is present in very low
concentrations in the starting natural source. In this case, if a
comparative study has indicated that the recombinant form of
the allergen is a suitable substitute for the natural molecule, then
the molecular biology methodologies can be exploited to easily
obtain high amounts of the recombinant allergen. Unfortunately,
sometimes the recombinant molecule is not a satisfactory sub-
stitute of the natural allergen, especially if it has post-translational
modifications. In this case, the scale-up of the procedure used
for the analytical purification of the natural allergen can be con-
sidered the only choice to obtain high amounts of that allergen
and reliable results following its use in diagnosis and therapy.
The protein separation by affinity chromatography, performed

1: High usefulness; |: Low/absent usefulness; «<»: Comparable usefulness.

using antibodies specific for the allergenic protein, could allow
the scale-up of the analytical procedure and the purification of
suitable amounts of low-abundant natural allergens.

High-throughput data handling

All the aforementioned techniques leading to the availability of
large numbers of purified natural allergens, and the advances in
the recombinant DNA technologies, directly resulted in the abil-
ity to produce allergen microarrays composed of known allergens,
or even parts of them [ss]. Microarray technology represents a
sophisticated immune-diagnostic tool as it is tailored to revealing
the true molecular structures responsible for the immune reac-
tions, while at the same time providing valuable information on
an allergen panel with a single and simple assay, markedly acceler-
ating the gathering of experimental, clinical and epidemiological
data on newly identified proteins.

This approach allows the multitude of proteins spotted on a
solid substrate to be used as probes for the IgE-binding detection
after incubation with the allergic or even nonallergic patients’
sera. The major advantages of this screening technique are the
relatively small serum volume required for performing the test
and its high throughput and speed in terms of results, including
the detection of different immunoglobulin isotypes (IgE, IgG
and its subclasses, IgA, IgM) in the same run.

Unlike in other research fields, for example, cancer, where
microarray experimental results are collected in several repositor-
ies and are available through common infrastructures and plat-
forms [71.72], such facilities are missing in the allergy/immunology
field. Results originating from daily practice or the experimental
work from many centers lack integration and standards.

Most of the databases available online (73], including different
ranges of information on allergenic molecules, do not report real-
time clinical and epidemiological data. A chance to share these
resources could be achieved by networking medical institutions
and research centers in a common computational infrastructure,
or a grid network, providing each member with tools for securely
storing, accessing and analyzing data in a distributed computa-
tional environment. This approach could be extremely beneficial
for the institutions that already possess patient registers and data
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but do not own an appropriate computer
infrastructure for their management and
do not share and compare their findings
with similar institutions worldwide.

Allergome-InterAll is a platform devel-
oped in this sense. Created and developed
by Allergy Data Laboratories (Latina, Italy),
it has been designed as a web application
to ensure a continuous correspondence
between the allergome archives of data [74]
and a new patients’ record management
system (InterAll), experimentally adopted
at the Center of Molecular Allergology,
IDI-IRCSS (Rome, Italy) and in a few pri-
vate clinical settings. Routine tests are per-
formed daily on patients’ sera using the ISAC
CRD 103 ISAC system (VBC-Genomics),
to detect the IgE specificities against a panel
of 103 molecules related to grass, pollen,
animal dander, food, venoms and mites,
among others. Once routine analysis is con-
cluded, all results are sent in real time to
a central database in an anonimyzed form
(Allergome-ReTiME). Microarray results
are interconnected with the results already
available from other tests (e.g., skin test, IgE
from singleplex systems and oral challenge). The more information
loaded in the system the more accurate the overall view regarding
single IgE-binding or not binding structures becomes.

Microarray data and tools to correctly evaluate them are there-
fore important in clinical practice and research applied to the
study of allergens. Being valuable for explaining allergen IgE co-
recognition, this technology can be further used for the develop-
ment of individualized therapies: a microarray test result may
provide an insight into the components that are required for an
effective immunotherapy.

Bioinformatics search strategies for the identification of
new allergens

In recent years, as a result of advances in recombinant DNA tech-
nology and the production of recombinant and xenogenic proteins
in plant biotechnology, a compelling need for protein allergenicity
prediction methods has emerged. The current availability of many
databases of allergenic molecules, together with the great potential
of bioinformatics and statistical tools, represent an important
resource in the allergenicity risk assessment.

In this direction the WHO and the Food and Agriculture
Organization (FAO) provided a guideline [75-77] with standard-
ized procedures in addition to biological tests and introduced a
decision-tree approach to the evaluation of the allergenicity of
genetically modified foods. The FAO-WHO guideline is based
on the hypothesis that if the structure of a query protein is suf-
ficiently similar to any known allergen, then the protein itself is
likely to be an allergen. More stringent rules have been adopted:
a protein query is potentially allergenic if it shares a minimum of

Molecular biology \

Protein extract

’ Chromatographic separationst ‘

Purified protein Mass spectrometry
/ Edman degradation

’ Structural characterization ‘

’Immunological characterization‘

’ Clinical characterization ‘

Allergy diagnosis

Immunotherapy

Figure 2. Purification and characterization of allergens from natural sources. The
characterization of IgE-binding proteins may exploit the contribution of mass
spectrometry, Edman degradation and molecular biology methodologies.

TAffinity chromatography is the best choice when specific antibodies are available.

35% sequence over an 80 amino acid window or at least six identi-
cal contiguous amino acids with a known allergen [78], the latter
rule to encompass allergen epitopes. The global sequence similar-
ity search (first criterion) is commonly performed using search
algorithms such as FASTA or BLAST [79.80], and although it has
been shown to be too stringent to find most true allergens [81.82],
it is still accepted. Further studies have also shown that even the
six contiguous amino acids criterion produces many spurious hits,
and in order to achieve more effective results, the number of con-
tiguous amino acids should be increased to eight [81,83]. Further
studies have highlighted that certain protein structures and motifs
appear to be particularly related to the protein allergenicity and
that, among thousands of protein families, known allergens can
be numbered among only a small number of families [83-8s].

Another approach for the 77 silico prediction of an allergenic pro-
tein, which has not yet been tested experimentally, identified resi-
due conservation patterns (a high proportion of surface-exposed
hydrophobic residues) in the proteins Ara t 8, Actc 1, Bet v 1 and
Ves v 5, indicating them as possible common structural features
recognized by the immune system [86,87].

However, it is important to understand that no bioinformatics
analysis alone can be used to predict whether a protein will be
allergenic beyond a shadow of a doubt, and that once a novel
protein has been demonstrated to be similar to any known aller-
gen, further studies are needed, involving specific IgE binding,
to assess its allergenicity.

A combined usage of the already available online allergen
databases and the clinical information derived from the experi-
mental data should also be used to enhance the in silico allergen
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prediction. High-throughput screening technologies, such as
allergen biochips for IgE detection (s8], provide a huge amount of
valuable experimental data that can be virtually used as a starting
point to identify and collect new allergenic structures. With this
aim, and to make maximum use of the data generated via an estab-
lished screening method at the Center for Molecular Allergology,
IDI-IRCSS, the Allergome platform has recently been provided
with a procedure that merges the data of peptide microarray
tests and an algorithm that searches for novel allergens in the
UniprotKB sequence repository (89]. The custom peptide biochip
(VBC-Genomics) has been designed for testing purposes in order
to contain an array of 46 peptides (length: 15 amino acids; offset:
six amino acids) spanning the entire Pen a 1.0102 tropomyosin
molecule [90]. Moreover, 121 other peptides from the complete
sequences of the allergens Der p 10.0101, Bla g 7.0101 and Asc s
3.0101 were computed, taking into account the 15 amino acid-
long sequences with an offset of six amino acids that were not
duplicated in the Pen a 1.0102 peptide panel. A total of 67 peptides
were entered in the Allergome database and then spotted on the
biochip to be assayed with allergic patients” sera. Since the pep-
tide array is continuously feeding a java-based routine search in
both the Allergome and the UniprotKB databases for sequences
with 100% identity with the query array data, more than 2000
sequences were retrieved as putative 7 silico allergenic peptides and
inserted in Allergome. In this manner, by using the Allergome-
InterAll platform, we are now able to map the IgE binding for each
peptide in the repository. Microarray results feed in real time the
Allergome database and, as a consequence, the Allergome-InterAll
platform is able to determine the peptide binding of every new
sequence, which will be deposited in the UniprotKB, regardless
of it being previously reported to be allergenic. Proteins identified
as potentially allergenic should then be directly purified from the
source organisms in order to verify ex silico-produced data.

Further developments of this and other 77 silico-based proce-
dures representing valid tools to help predict the allergenicity of
novel proteins could find a broader application.

Expert commentary

The allergenic proteins described so far can be included in a few
protein families and possess a limited number of biochemical
functions [91]. Most of them have been identified following similar
procedures, generally including molecular biology and mass spec-
trometry methodologies. In addition, similar protocols for protein
extraction from the natural source are usually used. Therefore,
the possibility cannot be excluded that, depending on the meth-
odologies used, some proteins are selectively identified, whereas
others are missed. For example, only homologs of already known
allergens will be found when a ¢cDNA library is screened using
as a probe either DNA or protein sequence information deriving
from known allergens. A novel allergenic protein will probably
not be identified if it does not have a homolog in databases and if
the analysis of the molecule is performed by mass spectrometry.
Furthermore, some allergens are detected as IgE-binding mol-
ecules when they are tested by dot blot rather than by 1D or 2D
immunoblot [92,93].

It would be interesting to test as many proteins as possible for
their IgE-binding capacity, including those described as allergens
and those never described as allergens, and using a very large
population. These results will be hopefully easily achievable by
establishing a worldwide network of allergen/microarray/infor-
mation technology users, either in research laboratories or in
clinical settings. The combined use of the three technologies
currently under development and testing [73.88] will allow the
transfer on an internet-based platform of a wealth of data that
has never before been available in the history of biomedicine.
The result analysis may or may not indicate that the possible
allergenic molecules belong to a few protein families. Whatever
the result is, the comparative analysis of the structural features
of antigenic and nonantigenic proteins would be useful to learn
something more about the molecular determinants able to trigger
IgE synthesis or not.

Five-year view

Most of the research groups involved in the identification and
characterization of allergenic proteins have a wide expertise in
molecular biology and/or mass spectrometry fields. Very often,
direct protein sequencing by an automated sequencer is used as a
complementary technology. During the last few years, new molec-
ular biology-based technologies and mass spectrometry equip-
ments have been acquired by many laboratories. Meanwhile, the
company (Applied Biosystems, CA, USA), which during the last
few decades has provided laboratories all around the world with
automated protein sequencers based on the Edman degradation
chemistry, decided to stop the production of these instruments
in 2008 and to stop all technical assistance by 2013. Therefore,
the contribution of automated protein sequencers to the identi-
fication and characterization of allergens is expected to decrease
in the near future, and mass spectrometry will become the only
way to analyze the primary structure of a natural protein/allergen.
However, despite the increasing improvement of its performance,
and although it is a precious tool in proteomics studies, mass
spectrometry is still not ready to completely substitute the Edman
degradation-based technology. Emerging methodologies, such as
protein microarray [88,94], could provide a valuable contribution to
the study of allergenic proteins. High-throughput technologies,
such as allergen and peptide biochips, would greatly enhance the
knowledge of key allergenic structures, providing facilities and
processing protocols to handle a huge mass of information. It
can be imagined that, in the near future, this scenario may have
some effects on the field of identification and characterization
of allergens.
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Key issues

Each methodology and procedure used to identify new allergenic molecules shows advantages and pitfalls, indicating that further
efforts are necessary to overcome some critical points.

The preparation of high-quality protein/allergen extracts is still a challenge for researchers.
Depending on the techniques used for protein separation and identification, some allergens could be lost or overlooked.

A collection of mass spectrometry-based methodologies and strategies can be used to collect information useful for the identification
of a protein, but unequivocal sequence data on a natural protein molecule can only be obtained by automated direct sequencing using
the Edman degradation method.

Estimations of the protein expression directly as mRNA levels may or may not correlate with the protein level in the tissue, because the
accumulation patterns may be influenced by post-transcriptional processes.

Molecular biology is useful to identify, clone and express allergen homologs from an allergy source, but the identification and
biochemical and immunological characterization performed directly on the natural form of any allergen is an important step that
cannot be avoided.

Component-based allergen microarray allows the simultaneous measurement of IgE antibodies specific for different individual allergens.
Component-based allergen microarray is also a tool useful to detect allergens in a mixture and to provide information on the identity of
the IgE-binding proteins detected.

The adoption of microarrays containing overlapping peptides representing putative epitopes could greatly increase the precision of
screening, consequently improving the immunotherapy accuracy.
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