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Abstract

The 3-dimensional structure of an allergen defines the ac-
cessible parts on the surface of the molecule or epitopes that
interact with antibodies. Mapping the antigenic determi-
nants for IgE antibody binding has been pursued through
strategies based on the use of overlapping synthetic pep-
tides, recombinant allergenic fragments or unfolded aller-
gens. These approaches led to the identification of mostly
linear epitopes and are useful for food allergens that under-
go digestion or food processing. For inhaled allergens, con-
formational epitopes appear to be the primary targets of IgE
responses. Knowledge of the molecular structure of aller-
gens alone and in complex with antibodies that interfere
with IgE antibody binding is important to understand the
immune recognition of B cell-antigenic determinants on al-
lergens and the design of recombinant allergens for immu-
notherapy. Starting with the molecular cloning and expres-
sion of allergens, and with the advent of X-ray crystallogra-
phy and nuclear magnetic resonance techniques, we have
been able to visualize conformational epitopes on aller-

gens. Copyright © 2009 S. Karger AG, Basel

Introduction

The term epitope, coined by Niels Jerne in 1960 [1],
refers to an antigenic determinant or part of a molecule
recognized by an antibody. In allergic disease, IgE anti-
bodies are produced against specific epitopes from for-
eign proteins or glycoproteins during sensitization. Sub-
sequently, the specific recognition of these epitopes on
the allergen by IgE antibodies bound to effector cells such
as basophils and mast cells is essential for the develop-
ment of the allergic response. Whereas monoclonal anti-
bodies (mAb) only recognize a single epitope, multiple
epitopes are involved in an IgE antibody polyclonal re-
sponse. Since the 1980s, several studies colocalized IgE
and mAb-binding epitopes by inhibition assays, but with-
out revealing the specific residues involved in the aller-
gen-antibody interaction [2, 3]. During this decade, the
first X-ray crystal structures of epitopes were described
in an allergen, the hen egg-white lysozyme, although
their overlap with IgE antibody-binding sites is unknown
[4-6]. The identification of the 3-dimensional structure
of epitopes involved in allergic disease can be used to bet-
ter understand the immune response to allergens, includ-
ing the cross-reactivity among homologous proteins, and
for the design of recombinants for immunotherapy. This
review addresses strategies that have been used to iden-
tify IgE antibody-binding epitopes on allergens, without
analyzing carbohydrate or drug epitopes. Special empha-
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sis is given to X-ray crystallographic studies, in particular
the cockroach allergen Bla g 2, which revealed the precise
structure of allergen epitopes.

Broadening the Concept of Conformational Epitope

Important differences exist between B and T cell epi-
topes, and their localization in the allergen does not nec-
essarily coincide. Whereas T cell epitopes are only linear
and distributed throughout the primary structure of the
allergen, B cell epitopes recognized by IgE antibodies are
either linear or conformational and are located on the
surface of the molecule accessible to antibodies. This re-
view will focus on B cell epitopes.

A linear epitope (also known as continuous or sequen-
tial epitope) involves a protein segment of consecutive
amino acids recognized by the variable region of an anti-
body (N-terminus of the Fab fragment), whereas a con-
formational or discontinuous epitope comprises amino
acids that are close in space in the folded molecule, de-
spite being noncontiguous in the amino acid sequence
(fig. 1, first column). Unlike linear epitopes, conforma-
tional epitopes are dependent on the 3-dimensional
structure of the protein. For globular inhaled allergens,
conformational epitopes play a very important role in al-
lergenicity [7, 8]. For food allergens, some IgE antibody-
binding epitopes may have been inaccessible in the prop-
erly folded allergenic molecule, but after food processing
or digestion, an increase in the number or accessibility of
IgE antibody-binding epitopes may occur. For example,
the IgE-binding epitopes in the trimeric peanut allergen
Arah 1 are found in areas of interaction between mono-
mers, so the trimeric structure of the allergen may protect
IgE-binding epitopes from degradation [9]. However, for
food allergens related to the oral allergy syndrome such
as Bet v 1l-related food allergens, loss of the structural
conformation by protein denaturation/digestion leads to
a loss of some or all the B cell epitopes (but not the T cell
epitopes) [10].

Since conformational epitopes depend on the 3-di-
mensional structure of the protein, changes in protein
folding may lead to changes in the number of epitopes.
Calcium-binding proteins, for example, undergo confor-
mational changes upon calcium binding which may hide
or expose IgE epitopes. The cockroach allergen Bla g 6 is
a troponin C and has a very flexible molecular structure
that extends from a closed conformation in the apo form
(calcium-free) to a dumbbell-shaped open molecule with
a long a-helix in the calcium-bound form by unbending
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90° [11]. Other calcium-binding proteins from plants and
fish have been described [12]. The accessibility of epitopes
is reduced in the calcium-depleted form, and IgE anti-
bodies will mostly bind the allergen with the conforma-
tion that is dominant during sensitization. Similarly, re-
combinant allergens may fold differently when expressed
in different expression systems, and an expression system
may lead to the loss of B cell epitopes [13].

Initial B cell epitope mapping studies using peptides
designed from partial sequences of allergens allowed the
distinction between linear and conformational epitopes.
An epitope was linear if the antibody bound to a small
peptide or unfolded allergen. The presence of conforma-
tional B cell epitopes could be detected by the reduction
of the capacity to bind IgE antibodies after loss of the na-
tive 3-dimensional structure of the allergen due to dena-
turation (by heat or reduction of sulfide bonds, for ex-
ample) or digestion, or by the removal of a propeptide (as
described for enzymes like pro-Der p 1) [7, 8, 14].

Because of the resolution of the X-ray crystal structure
of allergen-antibody complexes, the dichotomy between
linear and conformational epitopes disappears, and the
concept of conformational or discontinuous epitopes be-
comes broader. Epitopes involve several allergen loops
and are therefore conformational, whereas continuous
epitopes are part of discontinuous epitopes [15-17].

Correct representations of allergen-antibody interac-
tions as well as linear and conformational epitopes are an
indication of a correct understanding of the concepts in-
volved (fig. 1, left). However, erroneous representations
are often encountered and should be avoided (fig. 1,
right). Some misconceptions involve the recognition of 2
epitopes by the 2 Fab of the antibody (fig. 1, second col-
umn), or the additional disproportioned representation
of allergen loops versus the antibody (fig. 1, third col-
umn). Only 1 Fab of the antibody binds to an epitope on
the allergen, unless the epitope was repeated and oriented
in a way and at an optimal distance for recognition by the
2 Fab of the same antibody.

Allergenicity Predictions

Many algorithms have been developed to predict pro-
tein antigenicity and identify sequential epitopes based
on intrinsic amino acid properties and properties that are
a function of the structural context in the molecule (hy-
drophilicity, antigenicity, segmental mobility, flexibility
and accessibility) [18]. The accuracy of these algorithms
ranges from 35 to 75%. Allergenicity and antigenicity
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predictions differ in the fact that the first one is mainly
restricted to the identification of epitopes involved in IgE
antibody binding. Due to the interest in the production
of safe improved crops, scientists have focused on the pre-
diction of allergenicity in engineered foods. One of the
criteria defined by the FAO/WHO Codex alimentarius
guidelines for allergenicity prediction in transgenic pro-
teins has been based on screening for identities of at least
6 contiguous amino acids shared with allergenic pro-
teins, as potential linear IgE antibody-binding epitopes
[19]. Recently, efforts have focused on incorporating
structural information into the predictions. Three con-
formational epitope prediction servers exist that require
the availability of the 3-dimensional structure of the pro-
tein [18, 20, 21]. Epitope predictions can be done with the
structure of more than 50 allergens actually available at
the Protein Data Bank (http://www.rcsb.org) (table 1). An
in silico method using an epitope motif database contain-
ing 1,013 antibody-binding motifs was developed to pre-
dict antigenic epitopes in proteins in a structural context
[22]. The server SDAP allows the prediction of cross-re-
activity and allergenicity by using allergen sequences,
known 3-dimensional structures of allergens, models of
allergens with unknown structures and IgE epitopes and
binding data from the literature [23]. However, since most
of the epitopes described in the literature are linear, there
is a way to go before being able to predict allergenicity in
a molecule based on known conformational epitopes
from allergens. Therefore, empirical strategies are nowa-
days the most accurate way to identify amino acids in-
volved in IgE antibody binding.

Prediction of Cross-Reactive Epitopes

Prediction of cross-reactive epitopes can be achieved
by identifying amino acid similarities on the molecular
surface of cross-reactive allergens. Allergens are recog-
nized as foreign by the human body, but in many cases
they also share homology with endogenous proteins. Pro-
teins with a sequence identity to a human homologue
above approximately 62% have been reported to be rarely
allergenic [24]. To further predict allergenic epitopes,
cross-reactive allergens can be compared to homologous
endogenous proteins that are not allergens, and areas in
common can be in most cases excluded as potential IgE
antibody-binding epitopes. Differences at the level of mo-
lecular surface between allergens and human proteins
may be relevant for the development of allergic disease.

Relevant B Cell Epitopes in Allergic
Disease

Strategies for B Cell Epitope Mapping: Advantages,
Disadvantages and Pitfalls

Strategies Not Based on the 3-Dimensional Structure

of the Allergen

Several strategies have been developed for the identi-
fication of B cell epitopes on allergens. Most of the map-
ping techniques are based on IgE antibody recognition of:
(1) overlapping synthetic peptides derived from the linear
sequence of the allergen, (2) small allergen fragments ex-
pressed as recombinant proteins or resulting from aller-
gen digestion, or (3) unfolded allergens by immunoblot.
These mapping techniques are especially useful for food
allergens which have mainly linear epitopes after food
processing or digestion. As a result of mapping using
these techniques, an association between the responses to
linear epitopes in foods and the severity of the allergic
disease has been described for some foods. The specific-
ity of IgE antibodies to sequential epitopes of hen’s egg
ovomucoid and cow’s milk proteins has been reported to
be a useful marker of persistence to the respective food
allergies [25, 26]. The IgE epitope diversity (i.e., number
of epitopes recognized) has also been correlated with
peanut allergy severity [27]. However, the outcome of
these mapping approaches is limited to the identification
of linear epitopes. For globular allergens such as inhaled
allergens (which are not subjected to denaturation or di-
gestion) or food allergens involved in oral allergy syn-
drome, these techniques have the important limitation of
not being able to identify conformational epitopes [28].
In these cases, approaches based on the 3-dimensional
structure of the protein are preferable.

Strategies Based on the 3-Dimensional Structure of

the Allergen

One strategy for B cell epitope mapping involves the
identification of mimotopes or residues resembling the
epitope of an allergen by phage display technology. This
technique selects phage-displayed peptides that are rec-
ognized by an antibody and uses an algorithm or the
physicochemical characteristics of the amino acids from
the selected peptide to localize the putative epitope on the
allergen surface [29]. Mimotopes for Bet v 1, Bla g 2, Der
p 1, Derp2,Lolp 1, Prup 3 and Phl p 5a have been iden-
tified by phage display technology. Although the mimo-
topes are not necessarily identical to the allergenic epit-
ope, this technique estimates the location of residues in-
volved in antibody binding on the allergen.

Another strategy for B cell epitope mapping is the se-
lection of surface-exposed charged residues, based on the
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Table 1. Tertiary structures of allergens

Allergen Species of origin Function/structure X-ray crystal structure NMR structure
Inhaled - indoors

Blag2  Blattella germanica inactive aspartic protease 1YG9*  2NR6*!

Blag4  Blattella germanica lipocalin 3EBK

Blot5  Blomia tropicalis unknown 2JMH
Bosd2  Bos domesticus lipocalin 1BJ7

Derfl  Dermatophagoides farinae cysteine protease 3D6S

Derf2  Dermatophagoides farinae lipid-binding protein 1IXWV  2F08 1AHK 1AHM 1WRF
Der {13  Dermatophagoides farinae fatty acid-binding protein 2A0A
Derpl  Dermatophagoides pteronyssinus cysteine protease 1XKG  2AS8*  3F5V

Derp2  Dermatophagoides pteronyssinus lipid-binding protein 1IKTJ* 1A9V*
Feld1  Felis domesticus uteroglobin 1PUO* 1ZKR* 2EJN*

Musm 1 Mus musculus lipocalin 1IMUP

Pera4  Periplaneta americana lipocalin 3EBW

Ratnl  Rattus norvegicus lipocalin 2A2G 2A2U0

Inhaled - outdoors

Ambt5 Ambrosia trifida unknown 1BBG 2BBG 3BBG
Arat8  Arabidopsis thaliana profilin 1A0K  3NUL

Betv1l  Betula verrucosa pathogenesis-related protein 1BV1 IQMR* 1FM4  1LLT*  1FSK! 1BTV  1B6F
Betv2  Betula verrucosa profilin 1CQA

Betv4  Betula verrucosa Ca-binding protein 1H4B
Chea3  Chenopodium album polcalcin 20PO

Chitl  Chironomus thummi thummi  hemoglobin 1ECO

Equcl  Equus caballus lipocalin 1EW3

Hevb 6  Hevea brasiliensis hevein precursor 1Q9B IWKX 1TOW 1HEV
Hevb8  Hevea brasiliensis latex profilin 1G5U

Junal  Juniperus ashei pectate lyase 1PXZ

Olee6  Olea europaea unknown 1SS3

Olee9 Olea europaea B-1,3-glucanase (C-terminus) 2JON

Phlpl  Phleum pratense expansin IN10

Phlp2  Phleum pratense grass group II/I1T IWHO 1WHP 2VXQ' 1BMW
Phlp3  Phleum pratense grass group II/1IT 2JNZ

Phlp5  Phleum pratense unknown 1L3P

Phlp6  Phleum pratense unknown INLX

Phlp7  Phleum pratense Ca-binding protein 1K9U

Zeam 1 Zea mays -expansin 2HCZ

Ingested - food

Apigl  Apium graveolens pathogenesis-related protein 2BKO

Arah3  Arachis hypogaea cupin (118 globulin, glycinin) 3C3V

Arah 6  Arachis hypogaea conglutin (2S albumin) 1W2Q
Bosd4  Bos domesticus a-lactalbumin 1F6R 1F6S IHFZ  2G4N

Bosd5  Bos domesticus B-lactoglobulin 1GX8 1GX9  2AKQ 1BSO 1UZ2*%  2R56!

Gald2  Gallus domesticus ovalbumin 1JTT* 10VA 1UHG*

Gald3  Gallus domesticus ovotransferrin 1RYX 2D31 10VT 1ALV 1TFA 11E]

Gald4  Gallus domesticus lysozyme? ILYZ  1H6M* 1YQV' IFDL' 1MLC' 3HFM' 1GXV 1GXX
Musax Musa acuminata banana glucanase 2CYG

Pruav2 Prunus avium thaumatin-like protein 2AHN

Prup3  Prunus persica nonspecific lipid transfer protein 2ALG ~ 2B5S

Ricc3 Ricinus communis 2S albumin storage protein 1PSY
Injected

Apim 1 Apis mellifera phospholipase A2 1POC

Apim?2  Apis mellifera hyaluronidase IFCQ 1FCU  1FCV  2J88!

Apim4  Apis mellifera mellitin 2MLT 1BH1*

Soli3 Solenopsis invicta unknown 2VZN

Vesv2  Vespula vulgaris hyaluronidase 2ATM

Vesv5  Vespula vulgaris antigen 5 1QNX

Through skin

Malas1 Malassezia sympodialis B-propeller fold 2POW

Malas6 Malassezia sympodialis cyclophilin 2CFE

Mala s 13 Malassezia sympodialis thioredoxin 2J23

* Modified or mutated molecule. ! Allergen in complex with an antibody fragment. ? Structures selected from multiple Protein Data Bank entries.

Int Arch Allergy Immunol 2010;152:1-11
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knowledge of the 3-dimensional structure of the allergen,
followed by site-directed mutagenesis studies to identify
low IgE antibody-binding mutants [30, 31]. However, this
technique may, in some cases, require the expression of a
large number of mutants [30]. This number can be sig-
nificantly reduced if epitopes from antibodies overlap-
ping with IgE antibody binding are first identified by
X-ray crystallography or nuclear magnetic resonance
(NMR). Subsequently, mutants with substitutions of res-
idues involved in the epitope can be selectively expressed
and tested for IgE antibody binding to identify important
amino acids for the allergen-antibody interaction [32]. A
reduction or lack of IgE antibody binding could be either
due to changes in the 3-dimensional structure of the al-
lergen related to the substitution or to a single amino acid
change in a mutant that folds like the wild-type allergen.
Therefore, an analysis of the overall fold of the expressed
mutants is required for a correct interpretation of the mu-
tational studies. For this purpose, techniques such as CD
spectra, combined, if possible, with the assessment of al-
lergen binding to specific mAb nonoverlapping with the
one under study, should be performed.

Several NMR techniques have been applied to aller-
gen epitope mapping. The main limitation of NMR is the
relatively small molecular size of the proteins to be ana-
lyzed (up to 25 kDa for high-quality de novo structures).
Epitopes have been identified in Der p 2 by using the
whole mAb to protect the epitope from hydrogen ex-
change, followed by the NMR analysis of the allergen
alone [33]. Transverse relaxation-optimized spectrosco-
py NMR was used to perform chemical shift mapping to
solve the structure of Blo t 5 with the Fab” of a mAb. A
discontinuous epitope overlapping with human IgE
epitope(s) was identified [34]. Finally, NMR differential
exchange broadening experiments were performed for
complexes of intact mAb and Der f 2, and 2 conforma-
tional nonoverlapping epitopes were identified on the al-
lergen [35].

The resolution of the X-ray crystal structure of aller-
gen-antibody complexes is a precise way to identify aller-
gen epitopes in proteins with a wider range of molecular
weights than can be analyzed by NMR. The main limita-
tion of this approach for B cell epitope mapping is the lack
of natural IgE mAD in milligram amount required for X-
ray crystallography studies. The IgE antibody response is
polyclonal, and the concentration in sera is low (~0.05%)
compared to IgG antibodies. Therefore, either IgG mAb
overlapping with IgE or IgE mAb from combinatorial li-
braries (obtained in vitro from a random combination of
heavy and light chains of antibodies) can be obtained in

Relevant B Cell Epitopes in Allergic
Disease

high amounts for crystallization and used as surrogates
for IgE antibodies. All the allergen-antibody complexes
solved by X-ray crystallography were obtained using Fab
or Fab’ fragments of murine mAb or Fab fragments de-
rived from phage surface-displayed combinatorial (hu-
man) antibody Fab libraries. Several considerations need
to be taken into account when interpreting these studies.
First, reduction of human IgE antibody binding by mu-
rine mAb indicates that these murine antibodies are
competing with the natural human polyclonal serum IgE
for binding to the epitope, but does not necessarily dem-
onstrate that the epitopes are identical. The epitopes
could be overlapping. Second, Fab fragments derived
from phage display technology result from a random
combination of heavy and light chains. During the selec-
tion of Fabs, the probability that the combination of heavy
and light chains with the highest affinity for the allergen
is selected is high, and this combination might not cor-
respond to the pairings which in nature are evolution-
arily selected. Therefore, although both approaches are
not suitable to exactly define naturally occurring human
IgE-binding epitopes, they are useful to identify impor-
tant amino acids involved in the IgE-allergen interaction
when combined with mutational analysis.

Epitopes Defined by X-Ray Crystallography

With the development of the field of structural biolo-
gy, the resolution of the structure of protein-antibody
complexes revealed the structure of antigenic epitopes
and the corresponding paratopes on the antibody. In the
1980s, the structure of 5 protein-antibody complexes was
solved: 3 Fab antibody fragments with lysozyme from
chicken egg-white, which is an allergen, and 2 complexes
of Fab with neuraminidase from influenza virus [4-6,
15]. The 5 structures defined conformational epitopes oc-
cupying large areas of 15-22 amino acids on several sur-
face loops, with a buried surface on the antigen of 650-
900 A2 There were 75-120 hydrogen bonds between the
antibody and the antigen as well as salt links and hydro-
phobic interactions. Energy calculations suggested that
from the 15-22 residues in the antigen in contact with a
similar number of residues on the antibody paratope,
only 5-6 contributed most of the binding energy [15].

Since the publication of the crystallographic struc-
tures of lysozyme-antibody complexes, 5 additional al-
lergen-antibody complexes have been reported. The al-
lergens are birch pollen allergen Bet v 1, bee venom aller-
gen Api m 2 (hyaluronidase), cockroach allergen Bla g 2,

Int Arch Allergy Immunol 2010;152:1-11 5



Fig. 1. Representations of allergen-antibody interactions and lin-

Correct Misconceptions

Allergen-
antibody
interaction

ear and conformational epitopes. The allergen and the epitopes 1y
are shown as a big cyan sphere and small spheres, respectively. Conformational
Correct representations and misconceptions are on the left and epitope

the right, respectively. The fragment of allergen connecting the 2
Fab of the antibody and containing 3 small spheres is a misinter-
pretation of a linear epitope (second row, second column).

Fig. 2. a Ribbon representation of the 3-
dimensional structure of the complex be-
tween Bla g 2 (purple) and the heavy (blue)
and light (orange) chains of the Fab’ frag-
ment of the 7C11 mAb. b Conformational
epitope of 7C11 mAb on Bla g 2. The 4
loopsinvolved in the epitope are colored in
light grey and the complementarity-deter-
mining regions of the heavy and light
chains are shown in cyan and yellow, re-
spectively. The N-termini of the heavy and
light chains of the mAb are indicated by
N.

Linear epitope Y\
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B-lactoglobulin from bovine milk and timothy grass pol-
len allergen Phl p 2 [36-40]. The first 3 are complexes
with Fab fragments of murine IgG1 antibodies, and the
last 2 are complexes with human IgE-derived Fab frag-
ments. The 3 murine IgG1 antibodies inhibited IgE anti-
body binding to the allergen, suggesting that at least a
partial overlap of the IgG and IgE epitopes occurs. The
surfaces reported to be involved in the interaction are
comparable: the buried areas on the allergen are 931 A2
for Bet v 1, 870 A2 for Bla g 2, 890 A2 for B-lactoglobulin
and 855 A2 for Phl p 2, and the total contact surface area
for the Api m 2 complex interface is 1,274 A2, All the epi-
topes are conformational, despite the dominance of a
long loop in the Bet v 1 (residues Glu42-Thr52), Api m 2
(Argl38, His141-Argl48) and Bla g 2 (Lys60-Asn70) epi-
topes. Interestingly, this loop, involving several contigu-
ous amino acids, is comparable to a linear epitope and
represents an important part (~60-80%) of the interac-
tion [36-38]. Yet, there is evidence that even the confor-
mation of this linear loop can be important [37]. The epi-
topes defined by these 3 IgG antibodies have an overall
convex or protruding shape that complements the shape
of the paratope on the antibody. In contrast, the 2 known
epitopes in the complexes with IgE-derived Fab involve
B-sheets and are planar. An analysis of epitope shapes in
X-ray crystal structures of immunocomplexes showed
that most of the epitopes are convex (68%) and a minor-
ity are concave (23%) or planar (9%) [39]. However, there
is not yet enough evidence that a flat surface is a common
feature of IgE antibody-binding epitopes.

The conclusions from the analysis of the X-ray crystal
structures of antigen-antibody complexes also apply to
the allergen-antibody complexes: (1) complementarity in
shape and charge between paratope and epitope are im-
portant for binding, (2) only a small fraction of the total
complementarity-determining region (CDR) surface is
involved in the antigen interaction, (3) the recognition
sites are plastic and conformational changes may occur
in allergen and/or antibody upon complex formation, (4)
side chains contribute a major part of the interaction, (5)
hydrogen bonds, van der Waals interactions and salt
bridges provide stability to the complex, (6) solvent mol-
ecules may also contribute to the interaction, and (7)
amino acids with aromatic rings (Phe, Trp) play a signif-
icant role in binding [41]. These very hydrophobic amino
acids, which are mostly buried in water-soluble mole-
cules, are unusually frequent in CDRs. It has been postu-
lated that the exposure of aromatics, made possible by the
strength of the bilayer -sheet structure of the antibody,
enhances the capacity for binding proteins by making the

Relevant B Cell Epitopes in Allergic
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CDR surface ‘sticky’ [41]. Additionally, some of the hy-
drophobic electron-rich aromatic residues (Phe, Tyr, Trp)
interact with a cationic side chain (Arg or Lys) and estab-
lish cation- interactions. These noncovalent bonds have
been reported to be important for molecular recognition,
including antibody-protein interactions [42, 43]. The en-
ergy involved in cation-m interactions is of the same or-
der of magnitude as hydrogen bonds or salt bridges [43].
Although cation-1r interactions are not present in all pro-
tein-antibody interactions, at least 1-3 cation-m interac-
tions were observed in the antibody complexes with Api
m 2, Bla g 2, B-lactoglobulin, Phl p 2 and lysozyme (1yqv,
1mlc, 3hfm, 1jhl).

Information about the structural basis of cross-reac-
tivity can also be inferred from the analysis of some of the
complexes and the comparison of homologous allergens.
The Phl p 2-antibody complex showed that a 3-sheet ep-
itope is highly conserved (7 residues) among group 2/3
grass pollen allergens, whereas only 3 residues were con-
served with the homologous C-terminus of Phl p 1. These
studies supported the extensive cross-reactivity between
group 2 and 3 grass allergens and the lack of relevant
cross-reactivity between group 2/3 and group 1 allergens
[40]. Similarly, the Bet v 1-antibody complex revealed
a dominant IgE antibody-binding epitope conserved
among major homologous allergens within the Fagales
order.

Recently, 2 more allergen-Fab antibody structures
have been solved [44, 45]. The structure of a complex of
Der f 1 with an Fab of a mAb that cross-reacts with Der
p 1, together with the structures of both mite group 1 al-
lergens, provides the structural basis for the cross-reac-
tivity between Der p 1 and Der f 1 mite allergens [44, 46].
An additional structure of Bla g 2 in complex with an an-
tibody (4C3 mAb) nonoverlapping with the one (7C11
mADb) previously crystallized with the allergen has also
been solved. The antibodies 7C11 and 4C3 bind to the 2
opposite lobes of the allergen. The Bla g 2-7C11 interac-
tion involves amino acid residues, whereas carbohydrates,
in addition to amino acid residues, are involved in the Bla
g 2-4C3 interaction [38, 45].

X-Ray Crystal Structures of Bla g 2 Alone and in
Complex with an mAb Overlapping with an IgE
Epitope

Bla g 2 is one of the main inhaled allergens associated
with cockroach allergy and shows the highest prevalence
of sensitization among known cockroach allergens (50—
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70%) [47, 48]. Bla g 2 is homologous to the family of as-
partic protease enzymes (~28% identity to pepsin). How-
ever, important substitutions in the catalytic site render
it inactive. Bla g 2 is related to the pregnancy-associated
glycoprotein secreted by ruminants during pregnancy
[49, 50]. The X-ray crystal structure confirmed that Bla g
2 has a 3-dimensional structure typical of aspartic prote-
ases, with a bilobal shape originated from gene duplica-
tion. Each lobe shares a similar overall folding despite
little similarity at the level of the primary structure [51].
Unusual features of Bla g 2 for an aspartic protease are:
(1) lack of standard aspartic protease activity, (2) the pres-
ence of a zinc ion bound to the molecule, and (3) the pres-
ence of 5 instead of the usual 2 or 3 disulfide bonds. The
stability conferred to the molecule by the last 2 structur-
al features may contribute to the persistence of Bla g 2 in
the environment and its relevance for a continuous expo-
sure associated with the development of asthma.

To identify antigenic determinants on Bla g 2, the al-
lergen was cocrystallized with an Fab’ fragment of an
mAb (7C11) that interferes with IgE antibody binding.
The X-ray crystal structure of the allergen-antibody com-
plex revealed that Bla g 2 forms a dimer, and each mono-
mer interacts with 1 Fab” molecule, forming a complex of
6 molecules (fig. 2a). There are 2 main interactions in the
complex that were analyzed by site-directed mutagenesis:
(1) between allergen and antibody and (2) between Bla g
2 monomers.

Identifying Antigenic Determinants on the
Cockroach Allergen Blag 2

The Bla g 2-7C11 mAb interaction defined a large epi-
tope on the surface of the N-terminal domain of the al-
lergen with average contact areas between both molecules
of 870 A2. The epitope includes 4 loops (the predominant
loop 1, residues 60-70; loop 2, residues 83-86; loop 3, res-
idues 98-100, and loop 4, residues 129-132), interacting
with all 6 CDRs of the Fab’ (fig. 2; table 2). The allergen
did not suffer major conformational changes upon anti-
body binding, the largest one occurring in the area in the
vicinity of Asp68a, which is the only residue interacting
with both the heavy and the light chain of the antibody.

Two thirds of the amino acids involved in the Bla g 2-
7C11 mAb interaction belong to the continuous part of
the epitope of loop 1, which includes 9 consecutive resi-
dues, plus Arg83 from loop 2 (fig. 2b). Most of the inter-
actions are polar, involving hydrogen bonds and ion
pairs. The involvement of a large continuous segment of
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Table 2. Main residues involved in the Bla g 2-7C11 mAb interac-
tion

Bla g 2 residue 7C11 mAD residue/
antibody loop

Loop 1 60-70

K65 Y53! L2

Y66 S30 L1

167 W99 H3

167 R101 H3

D68a H35 H1

D68a Q96 L3

G69 H91 L3

N70 R59 H2
Loop 2 83-86

R83 Y92! L3

E86 R101 H3
Loop 3 98-100

Q98 R101 H3

D100 R101 H3
Loop 4 129-132

K132 (monomer 1) K30 H1

K132 (monomer 1) D52 H2

K132 (monomer 2) Y33! H1

! Cation- interaction.

the allergen for the largest contact with the antibody has
also been observed in the complexes with Bet v 1 and Api
m 2. This observation agrees with the concept of linear
epitopes as part of discontinuous epitopes. The addition-
al shorter loops 2 and 3 are supported by main chain in-
teractions forming a short B-sheet, recognized by the
antibody in a similar way to the ones described for the
B-lactoglobulin and Phl p 2 complexes with IgE-Fab.
However, the extent of the -sheets involved in these last
2 interactions seemed to be larger, involving 4 stranded
antiparallel -sheets, and the epitopes were mainly lo-
cated in secondary structure elements, a feature not ob-
served in 82 structures of protein-antibody complexes
[39].

Interestingly, there were 3 cation-m interactions be-
tween 3 pairs of residues involving Lys65, Arg83 and
Lys132 from Bla g 2, and Tyr53 (L2), Tyr92 (L3) and Tyr33
(H1) in the antibody, respectively (table 2). The cation-m
interactions involving Lys65 and Arg 83 are close to the
predominant loop 1, which shows the major conforma-
tional change upon antibody binding. Therefore, we pro-
posed that cation-7r interactions are important for the

Pomés



long-range recognition of the epitopes that show confor-
mational changes by an ‘induced fit’ mechanism. The al-
lergen-antibody recognition involving the loop that in-
cludes Lys132 occurs through a ‘lock-and-key’ mecha-
nism. Site-directed mutagenesis of K132 to alanine
strongly affected the mAb 7Cl11 and IgE antibody bind-
ing, without significantly changing the allergen 3-di-
mensional structure [52]. These results indicate that
Lys132 is a major contributor to the mAb epitope and that
this residue is involved in a major IgE antibody-binding
epitope on Bla g 2. The mAb 7Cl1 inhibits IgE antibody
binding up to ~40%, which represents a significant con-
tribution of the mAb epitope (and specifically Lys132) to
IgE antibody binding. This result further supports the
importance of the 7C11 mAb epitope on IgE antibody
binding, especially considering that the 7C11 mAb epi-
tope represents a very small percentage of the total aller-
gen surface (~6% calculated from the ~870 A? covered
by the antibody vs. the total allergen surface which is
15,061 A2). Tt is likely that IgE antibodies also bind to the
C-terminal lobe of Bla g 2. However, an equivalent IgE
epitope could not be identified by site-directed mutagen-
esis of the region in the C-terminus structurally equiva-
lent to the 7C11 mAb epitope [53]. A similar outcome has
been reported by mutagenesis of a dominant Bet v 1 epi-
tope and a Der f 13 epitope [32, 54]. The mutated Der f 13
was able to induce PBMC proliferation comparable to the
wild-type allergen and shift the secretion of cytokines
from a Th2 to a Thl pattern. Mutagenesis studies based
on the known structure of IgE antibody-binding epitopes
will provide the basis to design recombinant hypoaller-
genic forms of immunotherapy.

Relevance of Oligomerization for Allergic Disease

The number of IgE epitopes on an allergen molecule
(as well as the concentration and affinity of allergen-spe-
cific antibodies) determines the extent of degranulation
[55, 56]. Therefore, a dimeric or oligomeric form of an al-
lergen may favor cross-linking versus the monomer due
to an effective increase of epitopes. Evidence in favor of
the contribution of oligomerization to allergenicity has
been reported for the cockroach allergen Bla g 2, which is
a dimeric allergen in solution and in the crystallized
complex with Fab’ fragments of the mAb 7C11 (fig. 2a).
In the X-ray crystal structure of the allergen-antibody
complex, the Bla g 2 dimer is stabilized by a quasi-
four-helical bundle comprised of 1 short a-helix and 1
helical turn from each monomer. The dimer interface of

Relevant B Cell Epitopes in Allergic
Disease

1,139 A2 per molecule is above the consensus cutoff value
(~850 A?) that allows distinction between real physiolog-
ical contacts and contacts caused by crystal packing [57].
Two mutants of Bla g 2 with substitutions of residues in-
volved in the dimer interface, including hydrophobic in-
teractions, were expressed in Pichia pastoris and purified.
The dimeric wild-type Bla g 2 induced significantly more
B-hexosaminidase release from sensitized mast cells than
the monomeric mutant, suggesting a certain role of oligo-
merization in allergenicity of Bla g 2 [38].

Oligomerization isa common phenomenon among al-
lergens and has often been observed in the X-ray crystal
structures of allergens or in solution [58-60]. Since oligo-
merization in X-ray crystal structures does not always
reflect the oligomeric state in physiological conditions,
techniques such as size exclusion chromatography or
light scattering can be used to assess oligomerization of
allergens in solution. More experimental evidence is
needed to assess the extent of the contribution of allergen
oligomerization to allergenicity. This effect would not
necessarily always occur in artificially oligomerized re-
combinant allergens. Oligomers engineered artificially
from a wild type thatis not an oligomer may have reduced
allergenicity if misfolding affects the conformation of IgE
epitopes or if some epitopes are hidden in the oligomeric
interface [61, 62].

Final Note

IgE antibody-binding epitopes were initially localized
by indirect mapping techniques that led to the identifica-
tion of mainly linear epitopes. With the development of
structural biology techniques such as X-ray crystallogra-
phy and NMR, the specific epitopes involved in the aller-
gen-antibody interaction can be identified. These struc-
tural studies will contribute to understanding intrinsic
properties of proteins related to allergenicity.
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