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Structural bioinformatic approaches to understand

cross-reactivity
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Cross-reactivity of allergens results from the presence of antibody-accessible conserved surface struc-
tures. These can best be studied when allergens have been structurally defined by X-ray crystallogra-
phy or another structure determination method. When this is not the case, mimotope technology pro-
vides a useful alternative for elucidating antibody-binding sites on allergens. Structural bioinformatic
approaches have been used to study the cross-reactivity of inhalant allergens with labile food aller-
gens (Bet v 1 family) as well as the cross-reactivity between stable food allergens such as members of
the nonspecific lipid transfer protein family. It was found that the degree of similarity of the structures
correlated with the observed IgE cross-reactivities. However, IgE cross-reactivity between structurally

unrelated allergens has not been demonstrated to date.
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1 The molecular basis of cross-reactivity:
Antibody-antigen interactions

The molecular mechanics of antibody cross-reactivity are
based on the physicochemical interactions between an anti-
body’s-binding site and a target molecule. Since the binding
site architecture of antibodies is independent of their isotype,
studies to understand the mechanisms of antibody recogni-
tion, including cross-reactivity, using model antibody-target
pairs, such as the hen egg white lysozyme (HEL) and a panel
of anti-HEL antibodies [1] is highly relevant to understand
cross-reactivity in relation to allergy. Like any molecular
recognition event, antibody-antigen interactions are a dialo-
gue between the antibody’s-binding site and the region on
the antigen to which it binds — the epitope.

Epitopes have been classified into two types [2]. The first
are linear or continuous epitopes where recognition is based
almost entirely on the amino acid sequence with very little
effect of conformation. In general such antibodies can
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recognize unfolded proteins well, although antibodies
deliberately raised against peptide sequences buried within
the core of a protein will not bind to the native protein for
steric reasons. The second type of epitope is conformational
where the secondary, tertiary, and quaternary structural ele-
ments of a protein bring together sometimes quite distant
regions of the polypeptide chain. Antibody binding to such
epitopes is generally disrupted when proteins unfold. Struc-
tural studies have indicated that antibody binding to pro-
teins involves a surface area of 650—900 A [2, 3]. The
majority of structural epitopes on a protein are regarded as
conformational in nature [2]. By making such a clear dis-
tinction between continuous and discontinuous epitopes,
this classification is somewhat of an oversimplification. In
reality there is probably more of a continuum of epitopes
running from strictly continuous to strictly conformational
types. Thus, continuous epitopes may resemble conforma-
tional epitopes by adopting certain secondary structural ele-
ments (such as alpha-helix) especially when located within
the context of a folded protein. In addition, antibodies may
recognize elements of conformational epitopes that resem-
ble linear epitopes, albeit with reduced affinity compared to
the full epitope. Epitope mapping methods utilizing short
(6—8 residues) synthetic peptides to determine antibody
binding are biased toward detecting those antibodies that
largely recognize linear epitopes, although they do have the
potential to detect regions of a polypeptide that contribute
to a conformational epitope.
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Figure 1. Schematic diagram of the steps involved in the association of an antibody with an antigen summarizing the types of inter-

actions involved.

A peptide mimotope is defined as an amino acid sequence
that differs from the one present in a protein but displays the
same three-dimensional characteristics. ~Mimotopes
account for the fact that unrelated amino acid sequences
can be used to model equivalent three-dimensional struc-
tures. An antibody directed to the original epitope also
recognizes the mimotope. Phage displayed peptides can be
used to define mimotopes of conformational IgE epitopes
on allergens. The mimotope technology was successfully
used to characterize one IgE epitope of Bet v 1, the major
birch pollen allergen. A computer-aided three-dimensional
epitope search based on mimotope sequences followed by
statistical analysis revealed an exposed area on the Bet v 1
molecule (located between residues 9—22 and 104—123) as
the IgE-binding structure [4]. Combined use of phage dis-
play and molecular modeling also facilitated the localiza-
tion of conformational IgE epitopes on the major grass pol-
len allergen Phlp 5 [5].

Figure 1 shows the stages involved in antibody-binding
events. Initially the antibody and antigen loosely interact in
an encounter complex, formation of which is governed by
long-range electrostatic interactions with diffusion limited
orientation of the molecules. The encounter complex is
thought to be held together by hydrophobic associations
which then undergo rearrangement (docking) to form the
actual antibody-antigen complex. This rearrangement
increases the number of specific contacts in a lock-and-key
type interaction.

Three antibodies sharing >90% sequence homology in their
combining site recognize the same epitope in HEL, one of
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which (HH26) is highly specific while another (HHS8) is
cross-reactive [6, 7]. Structural studies indicate that the
more specific antibodies have a more rigid (lock-like) bind-
ing site and the work of Sinha et al. [7] suggests that inter-
actions with the epitope are dominated by electrostatic
forces from salt bridges and hydrogen bonds. In contrast,
the more cross-reactive antibodies have a more flexible
binding site with fewer specific contacts and interactions
appear to involve more hydrophobic interactions. Such a
binding site will recognize an epitope in a manner more
akin to a handshake rather than a lock-and-key.

For an antibody with a more rigid binding site to recognize
a range of targets, those targets will clearly need to possess
closely similar epitopes, with a high degree of molecular
mimicry and similar structures (be it amino acid sequences
or three-dimensional structures). This is probably the more
common source of cross-reactivity.

2 Structural similarity in IgE cross-reactive
proteins

Identification of potential cross-reactive proteins or epi-
topes is possible using sequence homology searches and
bioinformatics approaches. Sequence homology searches
identify potential cross-reactive continuous epitopes which
are probably relevant in cases of sensitization to denatured
or proteolyzed allergens, as may be the case for allergens
proteolyzed in the gastrointestinal tract. The identification
of sequential epitopes is well-served by current bioinfor-
matics searching protocols, as long as the data on IgE epi-
topes are reliable.
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Structural bioinformatics approaches, on the other hand,
take into account both conservation of the sequence and the
structure of allergens that sensitize in native or near-native
forms. This is likely to be the case for inhalant allergens
that cross-react with labile food allergens or proteolysis/
heat-resistant food allergens. A methodology based on a
structural bioinformatic approach [8] that was applied to
plant foods allergens is summarized below. It could be
equally well applied to structurally defined allergens from
animal sources.

Common allergenic plant allergens [8] include the follow-
ing: (i) members of the Bet v 1 family, found in foods that
are thought to be allergenic as a result of sensitization to the
major birch pollen allergen Bet v 1 [9], and (ii) members of
the nonspecific lipid transfer protein (nsLTP) family, where
cross-reactive allergies may arise from sensitization to the
peach nsLTP allergen Pru p 3 [10], or to a pollen homolog
[11]. In both cases, it is likely that the native, folded form of
the protein is the sensitizing agent. Thus, Bet v 1 sensitiza-
tion will occur to folded Bet v 1 that leaches from pollen
grains lodged in the nasal mucosa or the lungs, while
nsLTPs are highly resistant to digestion [12] and are likely
to be present in their native form even in the gut.

IgE resulting from such primary sensitization is highly
likely to preferentially recognize the native folded proteins,
with many potential conformational epitopes present on the
surface of the proteins. Certainly, the major Bet v 1 IgE epi-
topes are known to be conformational in nature. The fact
that natural and recombinant Bet v 1 fragments fail to bind
IgE revealed that IgE epitopes of Bet v 1 are discontinuous
[13]. Moreover, recombinant Bet v 1 fragments had a >100-
fold reduced capacity to induce basophil histamine release
and immediate type skin reactions in patients allergic to
birch pollen [14, 15]. Short of cocrystallizing an allergen in
a specific complex with IgE, conformational epitopes are
still difficult to map. However, conformational epitopes can
be mapped by introducing point mutations in antibody-
accessible molecular surfaces [16, 17] and studying binding
of native and mutated allergens to monoclonal antibodies
that block IgE [18], or by combining phage display with
molecular modeling approaches [5].

An in silico approach was developed to quantify differences
in surface residues accessible for antibody binding as well
as changes in native-folded homologs of the Bet v 1 and
nsLTP families [8]. In addition, information from compari-
sons of both the sequences and three-dimensional structures
of selected allergens was combined [8].

2.1 Bet v1 homologs

In order to assess variation in surface topography among pro-
teins in the Bet v 1 family, the three-dimensional structures
of Bet v 1 and several homologs were compared using Bet v
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la (PDB codes 1BV1 and 1B6F), Bet v 11 (1IFM4), Pru av 1
from cherry (1E09) and Llpr10.1a and Llpr10.1b from lupin
(1ICX and 1IFV). This showed that the Bet v 1a structure,
1BV1, could be aligned three-dimensionally with even the
most distantly related structures; for example, the structures
of Llpr10.1a (1ICX) and Llpr10.1b (1IFV) aligned with root
mean square deviations of 1.514 and 1.728 A, respectively,
over Co atoms of 135 and 149 residues.

The total surface area of Bet v 1a, including conserved resi-
dues and polypeptide backbone, was calculated using a
1.4 A radius probe [8], and an approach akin to rolling a
ball of water across the surface of the protein. The area cal-
culated by this approach is larger than the area accessible to
an antibody, since the 1.4 A probe is small enough to enter
the sterol-binding tunnel. In order to take this into account,
a 3.5 A radius probe was also used; this probe is too large to
accurately measure the total surface area, but since it is
excluded from the tunnel, it was useful to identify surface
areas accessible to an antibody [8]. This procedure allowed
the protein exterior surface area to be calculated, excluding
the sterol-binding tunnel.

Antibody-binding reactions involve contacts between the
binding site (paratope) and the epitope which can comprise
main-chain atoms and amino acid side chain residues of the
allergen, as demonstrated for HEL [19]. Thus, about
1000 A2 total surface area corresponded to the tunnel, and
the exterior surface area of Bet v la was estimated to be
approximately 8880 A2, 75% of which arose from side
chains. This result is in agreement with another estimate of
990 A2 as the surface area of the tunnel, which was calcu-
lated using two deoxycholate molecules found in one struc-
ture of Bet v 1 [20].

The amino acid sequences of Bet v la homologs were
aligned, including proteins from apple (Mal d 1b), soybean
(Gly m 4), and celery (Api g 1.0101). This alignment did
not require more than a single internal deletion between
pairs of sequences. Conserved exterior surface residues
were then identified by comparing structures of Bet v 1a,
Mal d 1b, Gly m 4, and Api g 1.0201. This analysis illu-
strated the extent to which conserved surface areas form
patches that might bind IgE. The most similar region of the
surface for the most distantly related protein pair, Bet v la
and Api g 1, contained a T-cell epitope identified by Bohle
et al. [21] at residues 25—45. In contrast, Bet v 1a and Gly
m 4 had a similar surface on the P-loop around amino acid
residue 45 [8].

From this analysis it became evident that the level of con-
servation of amino acid side chains in the Bet v 1 homologs
was considerably higher than indicated by overall similar-
ity/identity levels. Thus, approximately 71% of the surface
area of Mal d 1b is conserved, even though the overall
sequence identity with Bet v 1 is 56%. Similarly, the overall
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sequence identity between Gly m 4 and Bet v 1 is approxi-
mately 47%, but approximately 60% of the surface and
main-chain residues are conserved. While the contribution
from the main-chain residues is similar for all Bet v la
homologs, the fraction of conserved external surface area
from side chain residues decreased with decreasing
sequence identity relative to Bet v 1a.

Thus, the sequence identity of Bet v 1a with Mal d 1 (56%)
is lower than the conserved exterior surface area (71%)
while these values for Gly m 4 are 47% versus 60%. How-
ever, for Api g 1.0101 the conserved surface area from the
side chains (30%) is lower than the sequence identity
(39%). The deletion in Api g 1.0101 (also seen in Api g
1.0201) relative to Bet v 1a will contribute to this and since
it is located in the so-called P-loop around residue 45 where
a major IgE epitope in Bet v 1 and Pru av 1 (originally
known as Pru a 1) is located [22, 23] it is likely to modify
IgE binding to a considerable extent. These structural biol-
ogy calculations — although independent of antibody bind-
ing — form the basis for studies of the correlation of struc-
tural similarities of allergens with the actual in vitro and in
vivo cross-reactivity.

2.2 nsLTP homologs

A similar analysis of the nsLTP family of the prolamin
superfamily was performed comparing sequences from Pru
av 3 from peach, Zea m 14 from maize, and wheat nsLTP1.
These proteins were chosen because it is currently thought
that peach nsLTP (Pru p 3) is the sensitizing agent and there
is demonstrable cross-reactivity with nsLTP from maize
(Zea m 14 [24]) with none reported for wheat nsLTP1. As
shown for the Bet v 1 homologs, several “interior-surface”
residues in the lipid-binding tunnel of nsLTPs are not
expected to be accessible to IgE binding, as long as the pro-
tein retains its native conformation. In addition, for several
residues in the loop regions between the helices, the side
chains contribute to the lipid-binding cavity and the main-
chain atoms contribute to both interior and exterior sur-
faces; these residues are potentially capable of interacting
with IgE. Inclusion of these residues therefore results in
overestimation of the calculated surface area. One of these
loops is believed to be involved in IgE binding by peach
nsLTP [25]. Peach and maize nsLTPs have a large propor-
tion of their surface conserved, which could account for the
observed cross-reactivity. While some of the surface of
wheat nsLTP is conserved with peach, wheat nsLTP has a
very different surface topography and hence would be unli-
kely to cross-react.

3 Antibody multispecificity and potentially
unrelated cross-reactants

In addition to characterizing cross-reactivity to structurally
similar homologous antigens, there is also the potential for
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cross-reactivity to unrelated antigens. In the past, IgE cross-
reactivity has been wrongly ascribed to recognition of unre-
lated cross-reactants, as a consequence of our lack of under-
standing of structural relationships between proteins from
different species. Thus, the availability of the three-dimen-
sional structures of Bet v 1 homologs has revealed that
cross-reactivity of allergens arises from their structural
similarity. Nevertheless, there is good evidence that cross-
reactive binding (or probably more correctly, polyspecifi-
city) to unrelated ligands can result from plasticity in the
antibody-binding site and the ability of another epitope to
make appropriate contacts in the binding site.

The number of complementary ligands that can be identi-
fied for a given binding site is a function of the size of the
library being screened and the affinity cut-off. Thus, alter-
native ligands can always be found for any protein provided
a large enough library is screened. For example, 2000 com-
pounds were screened for binding to an antidinitrophenol
IgE antibody, SPE7 [26], and three structurally diverse
compounds with similar affinities to the immunizing hapten
were identified. One of these, Alizarin Red, is a large conju-
gated ring system that bound with the same K, (0.04 pM) as
2,4-dinitrophenyl lysine. In this instance, promiscuous
binding did not arise from hydrophobic interactions in the
binding site which may be intrinsically “sticky”, but it was
instead due to topographical heterogeneity of the antibody-
binding site and the ligand, which allowed specific contacts
to be generated with little structural rearrangement.

Promiscuous binding to protein ligands would seem to be
less likely than for haptens, given the surface area of the
contacts involved. However, polyspecificity may also result
from conformational diversity in the antibody-binding site
[27]. For example, the model IgE antibody SPE7 adopts at
least two pre-existing conformations in the antibody-bind-
ing site, each of which possesses different antigen-binding
functions. These conformations resulted from changes in
the disposition of the L3 and H3 loops, the different confor-
mers being able to either bind haptens or cyclic peptides on
the active site loop of thioredoxin (Trx-proteins). Haptens
bound to the conformer presenting a deep narrow pocket,
with an initial low-affinity interaction and subsequent
induced-fit rearrangements to give the final hapten-anti-
body complex. In contrast, the Trx-proteins bound to a con-
former with a shallow, more solvent-exposed binding site
with a much lower affinity (~10 pM) than the haptens.

The concept that antibodies may bind promiscuously
through flexibility in the antibody-binding site is also sup-
ported by studies on the anti-HEL antibody HHS [6, 7]. For
this antibody, plasticity in the binding site is achieved
through rearrangement in the conformation of the H2 loop
in the complementarity determining region.
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4 Predicting cross-reactivity

The current allergy literature indicates that the majority of
IgE-based cross-reactive allergy syndromes are caused by
structural similarity between allergens. Molecular mimicry
also plays a role in other immune-related disorders, notably
autoimmune syndromes where microbial infections can
give rise to immune (including antibody) responses which
also recognize “self” molecules [28]. For those antibodies
exhibiting this kind of behavior, potential cross-reactive
allergens can be predicted. Confidence in the reliability of
these predictions will undoubtedly increase in the future, if
efforts on the reliability of IgE epitope identification
improve and the database of allergen structures increases in
size and completeness. However, predicting cross-reactivity
between unrelated proteins is more difficult, because it
could reflect promiscuity of the antibody. It is unclear at
present what proportion of the antibody repertoire is likely
to have sufficient flexibility in the binding site to allow pro-
miscuous, yet specific, binding to take place. It is possible
that such promiscuous antibodies would have the potential
to manifest cross-reactivity between completely unrelated
proteins. The significance of such interactions is unknown,
and with a low-level of affinity, the clinical relevance of
such interactions would also be questionable.

5 Conclusions

The study of surface structures of allergens — by structural
bioinformatics or using mimotope approaches — is a more
accurate way to assess and possibly predict IgE cross-reac-
tivity of allergens and query proteins than simple sequence
comparison. So far, IgE cross-reactivity that manifests with
clinical symptoms related to food allergy has only been
observed for members of the same protein family. In these
cases, the degree of cross-reactivity is directly correlated to
the degree of structural similarity of the allergens.
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