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Abstract

Three different lines of analysis have been applied to approach the problem of the allergenicity of certain proteins:
biological functions, molecular structures and immunological properties. It is immediately obvious that these three are
interdependent. The lipocalin family of proteins includes a significant number of allergens. A considerable amount of data is
already available of lipocalins and some insights about allergenic determinants can now be presented. However, more
information on the molecular structures and immunological parameters of lipocalin allergens is required.  2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction properties of proteins, in relation to the immune
responsiveness of the genetically predisposed per-

In recent years, the understanding of immune sons, are critical. Immunogenic properties are, in
reactions during sensitization and in clinical mani- turn, defined by molecular characteristics ranging
festations of an allergy has increased rapidly. Still, from the sequential level (T-cell epitopes) to the
the reasons why some particular proteins are able to three-dimensional structure level (B-cell epitopes). In
sensitize and to trigger allergic reactions are not well this respect, the recognition of linear sequences of
understood. Biological function, proteolytic enzyme allergens by T helper lymphocytes of the Th2 subset
activity in particular, has been presented as prop- is known to be of special importance because Th2
erties associated with the allergenicity [1]. Another cells are in a decisive role in favoring immuno-
line of research has been to analyze the molecular globulin E (IgE) synthesis [3], the hallmark of the
characteristics of allergens for clues of allergenicity immediate type of allergy. On the other hand, the
[2]. It is quite clear, however, that the reason for immediate type of allergic reactions in a sensitized
potential allergenicity of some particular proteins person are triggered by the binding of an allergen to
depends on several factors. Since atopic allergy is a IgE molecules on mast cells. At this stage, the
misfunction of the immune system, the immunogenic three-dimensional structure of the protein plays a

particularly crucial role. Furthermore, the binding of
IgE antibodies to conformational B-cell epitopes and*Corresponding author.
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antigen presenting cells enhances the T-cell reaction coordinates are not available at the protein data bank
by 100- to 1000-fold, as measured in vitro [4,5]. [8]. With the exception of the food allergen Bos d 5,

all the others cause allergic disorders of the respira-
tory tract, eyes and skin.

2. Allergenic proteins Taking a view on the allergen structures available
at the PDB data bank reveals that they represent

Proteins able to induce allergy are present in a proteins which are relatively small (molecular mass
wide variety of biological materials. One salient 11 000–22 000). The proteins are structurally quite
characteristic of an allergen is the route of coming diverse. They are composed mainly of b-structures,
into contact with the host. Food allergens meet the but this does not need to be a requirement of
host’s immune system in the alimentary canal, allergenicity. Four of the allergens belong to the
respiratory or aeroallergens, e.g., pollen or animal same already well characterized family of lipocalins:
dander, are present in the outdoor or indoor air and Mus m 1 [17], Rat n 1 [18], bovine Bos d 2 [19], and
cause symptoms predominantly in the respiratory Bos d 5 [20]. Other known allergens belonging to
tract. Considerable effort has been made to identify this family whose sequences are known but whose
the allergens among the proteins in crude extracts of structures have not been reported are cockroach Bla
allergenic materials, and a large pool of data on g 4 [21], horse dander Equ c 1 [22], dog dander Can
allergens has accumulated. The current list of known f 1 and Can f 2 [23].
allergens contains about 300 different proteins (ftp: /
/biobase.dk /pub/who-iuis /allergen.list). The al-
lergenic capacity, measured as the prevalence of 3. The lipocalin protein family
reactivity against an allergen among allergic patients,
varies. An arbitrary distinction is being made be- Serum retinol binding protein [24] and b-lacto-
tween major and minor allergens [6]. Major allergens globulin [25] were the first members of the lipocalin
are proteins against which .50% of allergic patients protein family to have their structures published, in
have specific IgE, whereas IgE prevalence against 1984 and 1985, respectively. In spite of the weak
minor allergens is ,50%. While the allergenicity of homology, it was soon found that their 3D structures
these proteins in terms of IgE reactivity is estab- were similar [26] and the family name of lipocalin
lished, the immune parameters of allergens are only was proposed in 1987 [27,28]. Since then, the
partially known. T-Cell epitopes of several allergens number of known proteins belonging to this family
have been characterized but information on B-cell has increased considerably. The description of the
epitopes is almost nil. family and the sequence signature are available in

A large number of allergens have been cloned and the Prosite data base (http: / /www.expasy.ch /cgi-
their amino acid sequences are known. Still, the bin /prosite-search-ac /ps00213). Lipocalin proteins
knowledge of the molecular details and especially are typically transport proteins able to bind small,
the data concerning three-dimensional (3D) struc- principally hydrophobic ligands. Ligands which have
tures of allergenic proteins is quite limited. In fact, a been identified include retinoids and pheromones.
majority of the papers describing structures of al- Lipocalins present in saliva and nasal secretions
lergenic proteins have been published just in the last probably bind ligands associated with taste or odor
few years. The current list of allergens with a known perception, respectively. As shown by in vitro ex-
3D structure includes plant proteins: birch pollen Bet periments, the specificity of the ligand-binding does
v 1 [7] and Bet v 2 [8], mouse ear cress Ara t [9] and not need to be very high [29]. In addition to acting as
timothy grass pollen Phl p 2 [10,11]; and proteins carriers, the members of family have also other
from animals: house dust mite Der f 2 [12] and Der p functions [30]. Allergenicity, a property not related
2 [13], mouse urine Mus m 1 [14], and bovine to the biological function, has been attached to
dander Bos d 2 [2] and milk Bos d 5 (b-lacto- lipocalins in the last few years [19,21].
globulin) [15]. In addition, horse allergen Equ c 1 Lipocalins are quite small proteins. They exist as a
has been crystallized [16] and the crystal structure of monomer or an oligomer. The size of the monomeric
rat Rat n 1 has been solved at medium resolution but unit is about 150–190 residues, thus the sub-unit
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Fig. 1. (a) A three-dimensional structure of major bovine dander allergen Bos d 2. b-Strands are marked with green arrows and helices with
blue ribbons. Known glycosylation sites of homologous allergenic lipocalin proteins are marked with yellow balls. (b) The superimposition
of a Ca-trace of three lipocalin allergens whose three-dimensional structures have been determined. Bos d 2 is in black, Bos d 5 in green and
Mus m 1 in red.

molecular mass is approximately 17 000–22 000. If 5 or b-lactoglobulin of cow’s milk, together with
the protein is glycosylated the actual molecular mass caseins and lactalbumin, are one of the predominant
can be significantly higher. A typical feature for the allergens of milk [31]. b-Lactoglobulins are also
lipocalin protein family is the very low degree of present in the milk of other ruminants but not in
amino acid homology. A consistent, definite similari- human milk. The rest of the known lipocalin al-
ty can be detected only in the beginning of the lergens are respiratory allergens. Rodent lipocalin
b-strand A where there is a motif GXW (Figs. 1a allergens Mus m 1 and Rat n 1 are urinary proteins
and 2). Lipocalins consist of eight successive b- acting as pheromone carriers. Can f 1, Can f 2 and
strands. Each b-strand is hydrogen-bonded to the Equ c 1 have been cloned from salivary glands or
previous and to the next b-strand until the last strand from the von Ebner’s glands of the tongue, and the
is hydrogen-bonded to the first strand and the barrel assumption is that they are associated with taste
is closed. The central b-barrel is thus composed of perception. Bos d 2 was cloned from the skin
eight antiparallel b-strands (A–H) with (11) topol- epithelium and the corresponding allergen is present8

ogy. The structure may also contain a short C- in cow dander, but its biological function remains
terminal b-strand (I), short 3 -helices and an a- unknown. The same applies to Bla g 4, a lipocalin10

helix after strand H. Functionally, the essential allergen of the German cockroach.
feature is the ligand binding pocket inside the barrel. As described above, proteins of the lipocalin
It is usually very hydrophobic, thus permitting the family are characterized by several common features.
binding of a small hydrophobic molecule. Hence, Therefore, it is enticing to investigate the factors
lipocalins are able to adopt ligands to the protein’s which make so many lipocalins act as allergens. If
hydrophobic core. these factors are found it could help to outline

general rules for allergenicity and to understand the
immunological phenomena of allergy. At the mo-

4. Many major allergens are lipocalin proteins ment, it seems likely that allergenicity does not
depend on the function of the protein, at least not

Surprisingly, many major allergens are members directly, although the enzymatic activity of a protein
of the lipocalin protein family (Fig. 2). Bos d 5 may play role in some cases [32,33]. Furthermore,
represents the food allergens among lipocalins. Bos d comparisons of primary or tertiary structures of
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Fig. 2. The alignment of lipocalin allergens whose amino acid sequences are available. Putative N-glycosylation sites are shown in boldface.
The first row shows the secondary structure elements of Bos d 2: → b-strand; 55 3 - or a-helix.10

different allergens have not revealed any clear It is clear that the understanding of T-cell (sequen-
motives or features which could explain allergenici- tial) epitopes or B-cell (conformational) epitopes and
ty. On the other hand, amino acid sequences and the especially their mutual role in the formation of
tertiary structures determine elements recognized by allergenicity is critical. At the moment, the infor-
immunocompetent cells and by antibodies. Sequence mation on the T-cell and B-cell epitopes of lipocalin
comparison of lipocalin allergens reveals a family allergens and of their relationship to the molecular
where homology is very low, only residues G and W structure is too limited to warrant meaningful at-
in the GXW triplet of the signature sequence, located tempts at defining allergenic determinants. In addi-
in the b-strand A, are clearly conserved (Fig. 2). It is tion to identifying both sequential and conformation-
noteworthy that the sequence comparison does not al epitopes, it is necessary to assess the results of the
reveal any long insertions or deletions, an indication immunological studies with reference to the molecu-
of a very similar 3D structure and shape (Fig. 1b). lar characteristics. Especially in the case of B-cell
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epitopes, 3D structures are essential both for the lent with the epitope G of Bos d 2, also induced a
localization of the IgE-binding regions and for the good response [38,39].
comparative structural analyses of lipocalin al-
lergens.

6. B-Cell epitopes

Data on the B-cell epitopes are available only for a
5. T-Cell epitopes few lipocalin allergens. Because of its significance as

a food allergen, the IgE binding of Bos d 5 has been
The recognition of allergens as processed linear studied extensively, mostly by using protein frag-

peptides by the receptor of T helper 2 (Th2) type ments. In a recent study, regions 41–60 (b-strands B
cells is an essential prerequisite for allergenicity. Th2 and C), 102–124 (b-strands F and G) and 149–162
cells recognize peptides in conjunction with major (C-terminus with a short b-strand and 3 -helix)10

histocompatibility class II molecules on the surface were identified as major epitopes [40]. In a more
of antigen-presenting cells. The MHC restriction of detailed analysis with synthetic peptides, region 97–
the presentation of several pollen allergens has been 108 (b-strand G) was recognized by all the patients
reported [34] but the information of lipocalin al- [20]; a region roughly corresponding to that was

´lergens is limited [35,36]. The information con- identified as a minor epitope (92–100) by Selo et al.
cerning T-cell epitopes of lipocalins is also scarce. [40].
T-Cell epitopes of Bos d 2 were mapped recently by Another approach to analyze the IgE binding of an
using 16-mer peptides. Seven different epitopes were allergen is to start with minor modifications of the
found. In the 3D structure, these epitopes are located complete molecule. If the modifications cause
mostly in the regions of secondary structural ele- changes in the 3D structure, they can also be
ments, although it can be pointed out that the expected to affect the IgE binding. Intramolecular
lipocalin structure has a high proportion of secondary disulfide bridges are one of the characteristics of
structural elements and less loops or irregular ele- lipocalins. It has been reported of mite allergens
ments. Two of the epitope regions of Bos d 2 are which also have similar bridges that the disruption of
preferentially recognized by T-cell lines and clones the bridges interferes with the IgE binding [41–44].
[35]. One corresponds to the region 13–26 (b-strand A Cys(154)–Ala mutation in the recombinant Bos d
A) and the second one to the region 127–138 (C- 2 caused a significant decrease of the IgE binding
terminal a-helix). when analyzed by enzyme-linked immunosorbent

An analysis of human T-cell epitopes of b-lacto- assay (ELISA) inhibition [45]. The loss of a disulfide
globulin (Bos d 5) was made by Piastra et al. [36] by bridge probably causes only a minor change in
using the priming of cord mononuclear cells with conformation, and therefore the IgE epitopes of Bos
b-lactoglobulin and subsequent stimulation with d 2 seem to be highly dependent on the 3D structure.
CNBr peptides. The highest number of positive
reactions was observed with 145–161. The murine
T-cell epitopes of Bos d 5 have been determined in 7. Glycosylation
three different mouse strains [37–39]. The three
studies with BALB/c mice suggested that Bos d 5 Of the allergenic lipocalins, Bla g 4, Can f 1, Can
contains at least 3–4 regions with T-cell stimulatory f 2 have one and Equ c 1 two N-glycosylation sites.
capacity, roughly corresponding to 42–47, 67–76, On the other hand, Bos d 2, Bos d 5, Mus m 1, and
107–117 and 134–148 [37–39]. These regions corre- Rat n 1 are not glycosylated. This would suggest that
spond again to secondary structure elements, namely, glycosylation is not critical for allergenicity. On the
b-strands B, D, and H as well as C-terminal a-helix. other hand, it is obvious that the glycan moiety can
The most vigorous response was observed against affect the IgE binding of an allergen [46]. Our
67–76 but 134–148, which corresponds to the C- preliminary results have indicated that deglycosyla-
terminal a-helix (130–140) and is therefore equiva- tion of Can f 2 would reduce IgE binding but more
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studies are needed to confirm and explain these other site of the protein, for example around the
results [47]. As a theoretical consideration, it is C-terminal a-helix.
possible that the glycan can also interfere with the
IgE binding. The size of the N-glycan moiety can be
large, especially when compared to a small protein, 8. Homology with endogenous lipocalins
and thus it is quite possible that glycosylation may
affect the binding of IgE. The N-glycosylation sites Recently, a proposal was made that the molecular
of the currently known lipocalin allergens are all mimicry at the T-cell level between allergenic and
located on one side of a molecule (Fig. 1a), especial- endogenous lipocalins could explain why exposure to
ly in the b-strand D. If N-glycans in this area lipocalins results in allergy [47]. At least two human
‘‘shadow’’ the lipocalin protein surface, the epitopes lipocalins which have a distinct homology with
available for antibodies would be located on the allergenic proteins can be found. Bos d 5 has a 43%

Fig. 3. The alignment of sequences of two lipocalin allergens (Bos d 5 and Can f 1) which are homologous with human endogenous
lipocalins. Identical areas are marked with pink between pairs. In addition, if identical residues are found from the other (less homologues)
allergen they are marked with blue. The secondary structure elements of Bos d 5 are on the first row and the same symbols as in Fig. 2 have
been used.
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