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What establishes a protein as an alergen?
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Abstract

There is little known about the factors that determine the alergenicity of food proteins. Apparently, the ability of a food
protein to induce an allergic response requires its presence in substantial amounts in the food supply, its durability during
food processing, and its resistance to digestion in the gastrointestinal tract. In addition to the mode and degree of exposure,
structural characteristics appear to play an important role for the capacity of a protein to modulate the immune response
towards allergic reactions. Until now, however, there has been no indication for common structural characteristics of linear T
cell or linear IgE (B cell) epitopes and the knowledge of structural characteristics of conformational IgE binding sitesis very
limited. Experimental data point only to certain surface areas of allergenic proteins which are important for IgE binding.
Therefore, it is not possible to suggest any structural motif or conformational sequence pattern common to al allergenic
proteins. Furthermore, glycosylation appears not to be a common critical determinant of allergenicity since food allergens
comprise both glycoproteins and nonglycosylated proteins. Based on the few published three-dimensiona structures of
alergenic proteins including food proteins, one unifying feature of allergens appears to be their spherical shape. The
three-dimensional structures of many more allergens have to be determined, however, to allow for a better understanding of
the molecular basis of alergenicity. Most recently, new ideas have been introduced as to why certain biochemical or biologic
functions such as enzymatic activities may predispose a protein to become an alergen. Proteolytically active alergens have
been demonstrated to irritate the human mucosal surface, to enhance their own transmucosal uptake, and to augment IgE
production. Therefore, the functional activity of some allergens may play a role among other factors in the process of
sensitization and alergic responses. [0 2001 Elsevier Science BV. All rights reserved.

Keywords: Food allergy; Proteins

Contents

B 1011 o [0 oo TP T T TSSO TS PPV UUPOPRRURTOPPRUPO 34

2. ANAlySiS Of IGE (OF B CEIl) EPITOPES ... eeieitiieitete ettt ettt et et e e kbt e e ekttt e e bt e e e be e e eabbe e e aab e e e eabe e e e abeeeenbeeeanbnaesnnneeaae 34
2.1. Andysisof linear IgE epitopes................... 35
2.2. Andysis of conformational B cell epitopes. 35
2.3. Role of carbohydrate in @IErGENICITY .........oiiiiieiii ettt et e bt e e sh b e e e eabe e e s sbe e e s sbeeeasbeeesnnneeanes 36

*Corresponding author.
E-mail address: rbredehorst@chemie.uni-hamburg.de (R. Bredehorst).
"Currently at the Cancer Research Center of Hawaii, University of Hawaii at Manoa, 1236 Lauhala Street, Honolulu, HI 96813, USA.

0378-4347/01/$ — see front matter [ 2001 Elsevier Science BV. All rights reserved.
PIl1: S0378-4347(01)00069-X



34 R. Bredehorst, K. David / J. Chromatogr. B 756 (2001) 33—-40

3. IgE epitopes of major and minor allergens ............coceevveenieeiieennne.
4. Analysisof T cell pItOPES........cevviiiiiiiiiiiiiee e
5. Crossreactive IgE and T cell epitOPeS .....ccvvveevvvieiiiie e
6. Analysis of three-dimensional allergen structures...............cccoeeeee.
7. Analysis of enzymatic properties of allergens...........ccccceeveereennn.
Ri

1. Introduction

Allergies arise in response to certain proteins,
termed allergens, capable of triggering immediate
(type 1) hypersensitivity reactions. The development
of allergy is a multistep process, and the mechanisms
leading to sensitization, production of IgE antibodies,
and alergic diseases are complex and not fully
understood. However, the key step to a specific
alergic reaction is the binding of at least two IgE
antibody molecules to a multivalent allergenic pro-
tein. If the allergen—IgE complex is bound to high
affinity IgE receptors (FceR |) present on mast cells
and basophils, and at least two IgE receptors are
crosslinked by this event, mediator release is induced
triggering marked allergic inflammatory responses
[1]. The synthesis of IgE antibodies by plasma cells
is regulated by multifactorial mechanisms which are
different from the mechanisms controlling 1gG anti-
bodies. For example, adjuvants containing Bordetella
pertussis proteins are known to have the ability of
enhancing IgE response, whereas complete Freund's
adjuvant is known to enhance 1gG response and to
suppress IgE response in animals [2]. Infestation
with intestinal parasites causes both in man and in
animals extremely high serum levels of total IgE and
specific IgE antibodies. Most human individuals with
past or present helminthic infestation react with IgE
production and positive skin test wealing to extracts
of the parasite, independent of whether they are
otherwise allergic or non-allergic [3]. On the other
hand, bacterial and viral infections are not followed
by an increase of total serum IgE levels as is found
following exposure to known allergens. An interpre-
tation of these puzzling observations is further
complicated by the fact that only alimited number of
the numerous proteins in a given alergenic material
act as alergens.

The question naturally arises as to why certain
foreign proteins act as allergens while other foreign
proteins present in the same allergenic material do
not. The extensive experimental work that has been

devoted in efforts to answer this urging question,
points to severa characteristics of allergenic pro-
teins. First, alergens are foreign proteins or
glycoproteins with a molecular mass usually ranging
between 5000 and 70 000 [4]. Furthermore, a par-
ticular foreign protein must be present in substantial
amounts, and preferably over prolonged periods, in
the patients' environment or food in order to become
an alergen. For example, Norwegians are big fish-
eaters, and codfish is prepared in many places in the
fish industry. Consequently, fish allergy is frequent
in Norway, but does not occur among the beef-eating
inhabitants of Texas. Another factor that determines
the allergenic potential of such proteins appears to be
the ease with which foreign proteins reach the
mucosa. For example, the lack of allergies against
pine pollen in the Scandinavian countries is ex-
plained by the structure of the pollen grain. The pine
pollen proteins are encased in a tough cellulose layer
which is resistant to the enzymes of the human
respiratory passages. As a result, no antigenic materi-
al comes in contact with the mucosa. These exam-
ples, however, do not provide an explanation for the
observation that allergy to fish is more common than
alergy to meat, even in families eating more meat
than fish. Therefore, in addition to the mode and
degree of exposure, structural characteristics appear
to play an important role for the capacity of foreign
proteins to modulate the immune response towards
alergic reactions.

In this paper we want to review recent findings in
the field of structural analysis of allergens and
discuss the significance of this knowledge for the
understanding of the molecular basis of allergenicity.
As the scope of this book is the review of food
alergies, the focus will be primarily on food a-
lergens.

2. Analysis of IgE (or B cell) epitopes

Given that allergen-specific IgE plays such a
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critical role in the etiology of allergic disease,
determination of allergen-specific IgE-binding epi-
topes (or B cell epitopes) known to be either linear
(continuous, sequential) or conformational (discon-
tinuous) appears to be of crucial importance for a
better understanding of the allergenic nature of
proteins.

2.1. Analysis of linear IgE epitopes

By generating synthetic, overlapping peptides
representing the entire primary sequence of a given
alergenic protein, multiple distinct linear 1gE recog-
nition sites have been identified for a variety of food
alergens including those from cow’s milk [5-7],
codfish [8], soybean [9], shrimp [10], peanuts [11—
13] and other sources. All analyzed allergens contain
multiple linear IgE binding sites which probably
reflects the polyclona nature of the immune response
and may be a necessary step in establishing a protein
as an alergen. It should be kept in mind, however,
that the use of overlapping peptides can lead to
confusion since linear epitopes may in fact corre-
spond to fragmented parts of large conformational
(discontinuous) ones.

There are severa lines of evidence that linear
epitopes play an important role as IgE binding sites.
For example, serum IgE recognition of the two major
peanut alergens Ara h 1 (63500) and Ara h 2
(17 000) appears to be due primarily to amino acids
comprising linear epitopes in the absence of carbohy-
drates [11,12]. Mutational analysis of these immuno-
dominant epitopes revealed that IgE binding could be
abolished by single amino acid mutations within
each epitope [11,12]. The structural anaysis of a
third peanut allergen, the minor Ara h 3 alergen,
revealed the presence of four epitopes, between 10
and 15 amino acids in length, with no obvious shared
sequence motif [13]. Mutational analysis of these
epitopes demonstrated also that single amino acid
exchanges within these peptides could lead to a
reduction or loss of IgE binding [13]. The IgE
binding sites of ovalbumin (Gal d 1), the most
dominant of five major allergens of egg white, were
also shown to be mainly determined by the primary
structure and to be dependent on a certain peptide
length [4]. Treatment with trypsin did not abolish the
alergenic reactivities of ovalbumin, whereas its
alergenic character was destroyed by limited pepsin

hydrolysis. These data are in accordance with the
observations that thermal denaturation of ovalbumin
had no substantial effect on its allergenic properties
and that the four fractions of ovalbumin obtained by
cyanogen bromide cleavage retained their IgE reac-
tivity [4].

To date there has been no indication for acommon
structural character of linear IgE epitopes. However,
analysis of the major alergen of cod fish, designated
Allergen M (Gad ¢ 1 or parvalbumin pl 4.75),
revealed an interesting feature of one IgE binding
site [4]. Among the several epitopes on Allergen M
recognized by IgE antibodies, the immunological
reactivity of the region 41-64 of Allergen M was
shown to be determined by the three tetrapeptides
DELK, DEDK, and DELK, interspaced by six amino
acid residues in a segment of twenty-four residues.
The reactivity of these peptides was independent of
the two spacer arms. The authors concluded from
their studies that the four amino acid peptides
interspaced by six unrelated amino acid residues
represent a minimal requirement of an allergenic
epitope. However, these structural characteristics
appear to be a unique feature of Allergen M.

2.2. Analysis of conformational B cell epitopes

For several allergens it has been demonstrated that
effective IgE binding depends on their three-dimen-
sional structural integrity. For example, dissolution
of a disulfide bond of Der f 2, a magjor alergen of
mites, by mutation of two amino acid residues
resulted in a complete loss of IgE binding activity
[14]. Furthermore, there are many examples of
alergenicity being reduced by heat-induced unfold-
ing of native allergens leading to the destruction of
conformational epitopes [15]. For example, heat
treatment reduced the allergenic activity of egg white
to the extent that many (but not all) patients who
were alergic to freeze-dried egg white could tolerate
the thermally processed materia [16]. However,
heat-denatured allergens can also present new al-
lergenic sites, uncovered by the heat-induced unfold-
ing process or created by partial refolding processes
after heat denaturation and/or new chemica re-
actions with other molecules present in the allergenic
material [15]. For example, heat-denatured B-lacto-
globulin was shown to form a stable complex with
heat-denatured «-lactalbumin [17] and to present at
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least one new conformational epitope which is not
found in native B-lactoglobulin [18].

Degspite the well documented importance of con-
formational epitopes for efficient IgE binding, the
knowledge of structural characteristics of conforma-
tional IgE binding sites is very limited and it is not
possible to suggest any structural motif or conforma-
tional sequence pattern common to all allergenic
proteins. Data obtained from peptide studies and
site-directed mutagenesis experiments point only to
certain surface areas of allergenic proteins which are
important for IgE binding. For example, the presence
of important conformational IgE epitopes has been
demonstrated on N- and C-terminal fragments of
birch pollen profilin Bet v 2 [19], on the C-terminal
part of bovine dander alergen Bos d 2 [20], and on
two small areas located on opposites faces of the
house dust mite allergen Der f 2 [21]. One of the
latter areas is composed of polar or charged residues
and the other of more hydrophobic residues [21].

2.3. Role of carbohydrate in allergenicity

The majority of food alergens are glycoproteins
[22] and the carbohydrate structures of plant food
alergens in particular are known to represent im-
portant IgE epitopes [23—27]. For example, IgE from
wheat- or barley-allergic patients recognized an
endo-Lys C peptide containing an N-linked oligo-
saccharide with a 1,2-linked xylose attached to the
B-linked mannose of the core structure. This recogni-
tion was lost upon deglycosylation [27]. On the other
hand, data of recent structural studies suggest that
glycosylation is not a common critical determinant of
alergenicity. The lipocalin protein family, for exam-
ple, includes several animal alergens some of which
are not glycosylated [28].

3. IgE epitopes of major and minor allergens

A given alergenic material usualy contains only
one or a very few alergenic proteins which act as
denominators of the allergic reaction in the majority
(more than 50%) of patients allergic to the matter
(termed ‘major allergens’), while the same allergenic
material may contain other allergenic proteins which

licit allergic reactions only in a minor fraction (less
than 50%) of patients allergic to the matter (termed
‘minor alergens’). Furthermore, the definition of
major and minor allergens depends on the population
of alergic individuals. For example, Api g 1 repre-
sents a major allergen in celery-allergic patients from
Switzerland, whereas celery-allergic patients from
Southern France are rarely sensitized to it [29].

Although the molecular basis of major and minor
alergens remains to be elucidated, severa theories
are discussed. According to one theory, varying
levels of sequence similarity among allergens from
different species may be responsible for the existence
of major and minor allergens. The percentage of
patients with allergen-specific IgE may depend on
unique sequences not conserved between protein
families of different species. For example, the two
peanut (Arachis hypogaea) proteins Arah 1 and Ara
h 2 represent major alergens since they are recog-
nized by >90% of peanut-alergic patients [11,12],
whereas the peanut protein Ara h 3 is recognized
only by a fraction of the patient population and,
therefore, has been defined as minor alergen [13].
All three allergens are seed storage proteins and
share similar functional properties. However, the
level of sequence similarity retained between these
proteins from different legumes varies significantly.
Ara h 3 exhibits a higher sequence identity (62—
72%) with legume storage proteins from soybean
and pea than Ara h 1 with vicilins (40%) or Arah 2
with conglutinins (39%) [11,12]. This could account
for the lower percentage of peanut-allergic patients
with IgE to Ara h 3 and the smaller number of linear
IgE-binding regions found within this allergen. It
should be mentioned, however, that allergens belong-
ing to the lipid transfer protein (LTP) family con-
tradict this theory. Although these allergens exhibit a
high level of sequence identity (60—94%) with other
proteins from the LTP family, they act as major
alergens [30,31].

The complex structure of Ara h 3, an 11S storage
protein, may provide another possible explanation
for the fact that this protein is recognized only by a
portion of the patient population. 11S Storage pro-
teins are initially synthesized as 60 000 prepro-
globulins consisting of covalently linked acidic and
basic polypeptides which are cleaved by an as
paragine-dependent endopeptidase and then linked
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by a disulfide bridge [32,33]. Thereafter, 11S storage
proteins are assembled into their mature form as
hexameric oligomers consisting of six similar
subunits [34]. The ability of 11S storage proteins to
oligomerize into higher-order structures may create
mainly conformational IgE-binding sites which are
likely to be altered during food processing. Accord-
ing to this theory, the allergenic potency of Arah 3
would be higher in peanuts prior to the processing
procedure which remains to be investigated.

4. Analysis of T cell epitopes

Allergens are presented to CD4+ T helper cells by
antigen presenting cells (APC). CD4+ T helper cells
are activated following the recognition of peptide
fragments of the allergen occupying the peptide-
binding site of major histocompatibility complex
(MHC) class Il molecules [35,36]. The immunologi-
cal milieu in patients producing specific IgE anti-
bodies is characterized by a predominance of al-
lergen-specific CD4+ TH2 cells and the cytokines
produced by TH2 cells are central in the regulation
of alergic inflammatory responses [37-39]. Al-
though limited in number, several food allergen-
specific TH2 cells have been cloned from patients
alergic to peanuts [40,41], milk [42], egg [43] and
apples [44].

Molecular cloning techniques and the knowledge
of amino acid sequences of alergens made it pos-
sible to characterize T helper cell epitopes of differ-
ent allergens [45]. Using alergen-specific T cell
clones obtained by density centrifugation of allergen-
stimulated peripheral blood mononuclear cells from
alergic patients, T cell epitopes were identified with
overlapping peptides (e.g. three amino acids overlap-
ping dodecapeptides) representing the entire primary
sequence of the allergenic protein. The peptides were
assayed for their ability to stimulate proliferation of
the T cell clones and the production of a TH2-like
cytokine pattern. The data show that each alergen
molecule displays a large array of T cell epitopes
distributed aong the entire polypeptide chain
[22,46—-49]. However, none of the identified T cell
epitopes displays a sequence common to all allergic
proteins.

5. Crossreactive IgE and T cell epitopes

Elucidation of the primary structures of allergens
and characterization of their linear IgE binding
epitopes has shown that cross-reactivity between
related allergenic proteins is structurally based. For
example, cross-reactivity has been demonstrated for
birch pollen with apples, nuts, pears, -carrots,
potatoes and kiwi fruit [50-54] as well as for
mugwort with celery, fennel, parsley and spices [55—
57]. Recent studies have demonstrated that cross-
reactive epitopes present in pollen and plant food are
responsible for this phenomenon. For example, the
major birch pollen alergen Bet v 1 shows a high
degree of seguence homology with several food
alergens including Mal d 1, the major alergen from
apple [58] and Api g 1, the major alergen of celery
[59]. Bet v 2, a profilin from birch [60], exhibits also
a high degree of sequence homology with profilins
from other plants including wheat [61], maize [62]
and beans [63]. Profilins represent actin-binding and
phosphoinositide (PIP)-binding proteins in eukary-
otes with a high cross-reactive alergenic potential
[64,65]. A variety of structurally related plant al-
lergens with significant sequence homology have
been identified recently which display a similar
average molecular mass and are capable of inducing
a battery of cross-reactive IgE antibodies [66].

The cross-reactivity between structuraly related
alergens occurs also at the cellular level as demon-
strated by recent studies [44,67]. For example, Bet v
1-specific TH2 cell clones displaying reactivity with
the epitope Bet v 1 139-156, recognized the major
apple alergen Mal d 1 at the corresponding position
[44]. Vice versa, Ma d 1-specific TH2 cell clones
displaying reactivity with the epitope Mal d 1 141—
155, reacted also with the corresponding Bet v 1
peptide [44].

6. Analysis of three-dimensional allergen
structures

In a different approach to probing the molecular
basis of allergenicity, the three-dimensional struc-
tures of some alergens have been determined during
the past few years by using X-ray diffraction or
NMR. Examples include plant allergens such as the
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birch pollen allergens Bet v 1 [68] and Bet v 2 [19],
the mouse ear cress allergen Ara t [69], and the
timothy grass pollen allergen Phl p 2 [70], as well as
animal allergens such as the house dust mite allergen
Der f 2 [71], the mouse urine alergen Mus m 1 [72],
the bovine milk alergen Bos d 5 (B-lactoglobulin)
[73], and the bovine dander allergen Bos d 2 [28].

One unifying feature of these allergens is the
similarity of their shape and dimensions. The short-
est dimension for these molecules is on average 3.4
nm and the longest dimension 4.4 nm which gives
them a more spherical than elliptical shape [28].
Comparison of their secondary structures revealed
that they are composed mainly of B-structures. For
example, the major birch pollen alergen Bet v 1
contains a seven-stranded anti-parallel B-sheet wrap-
ping around a long a-helix, and two shorter «-
helices [68]. The second birch pollen alergen Bet v
2 also has a seven-stranded anti-parallel B-sheet and,
thereby, partly resembles Bet v 1 although the strand
order and helix positions are dightly different [25].
The mouse ear cress allergen Ara t has a similar
structure as Bet v 2 [69], and the bovine dander
alergen Bos d 2 contains eight anti-parallel B-
strands forming a central B-barrel, another short
B-strand, and three helices [19]. The timothy grass
pollen allergen Phl p 2 is composed of an eight-
stranded anti-parallel B-barrel [70] and the major
house dust mite allergen Der f 2 is a single domain
B-protein with an immunoglobulin fold [71].

The structural similarity of the above mentioned
alergens is remarkable. However, the list of denomi-
nated allergens contains more than 170 proteins from
different species [74] and these proteins are structur-
aly and functionally a heterogeneous group [75].
Furthermore, the molecular mass of allergens ranges
usualy between 5000 and 70000, whereas the
above-mentioned allergens listed have a molecular
mass between 13 000 and 20 000. It is obvious that
the three-dimensional structures of many more al-
lergens have to be determined to allow for a better
understanding of the molecular basis of allergenicity.

7. Analysis of enzymatic properties of allergens

Taken together, only a few characteristics appear
to be important in establishing a food protein as an

alergen. These characteristics include their increased
abundance in the food supply, their durability during
food processing, and their resistance to digestion in
the gastrointestinal tract [76,77]. Apparently, any
food protein may be alergenic if it can be adsorbed
intact, or as substantial fragments, through the gut
mucosa. Assuming that the three-dimensional struc-
tural stability of a protein is an essentia structural
property for the induction of an alergic response, the
molecular stability may also secure other functional
features such as enzymatic activity which could be
important for the process of alergic sensitization.
For example, recent studies have demonstrated that
the magjor mite allergen Der p 1 is a cysteine protease
[78] that enhances its own permeability in the
bronchial epithelium by proteolytic activity [79]. Der
p 1 has also been shown to cleave the low affinity
receptor for IgE (CD23) on B cells and monocytes
leading to an increase of soluble CD23 and, thereby,
to an increased IgE production [80,81]. Furthermore,
Der p 1 is capable of decreasing the proliferation of
TH1 cels by proteolytic cleavage of the IL-2
receptor (CD 25) [82] which creates a bias of the
immune response towards TH2 cells. While these
observations do not explain how and why patients
develop an allergic response to Der p 1, they
demonstrate the ability of this allergen to facilitate its
penetration of the bronchial epithelium and to shift
the immune response towards IgE production. Other
examples of enzymatically active allergens include
mainly those with protease activity but also some
with nuclease activity, phospholipase A2 activity,
hyaluronidase activity, and lysozyme activity (for a
review, see [83]). It remains to be determined,
however, to what extent enzymatic activities other
than proteolytic activities play a role in the process
of sensitization and allergic responses.
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