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a b s t r a c t

The structure determination of major allergens is a prerequisite for analyzing surface exposed areas of the
allergen and for mapping conformational epitopes. These may be determined by experimental methods
including crystallographic and NMR-based approaches or predicted by computational methods. In this
review we summarize the existing structural information on allergens and their classification in protein
fold families. The currently available allergen-antibody complexes are described and the experimentally
obtained epitopes compared. Furthermore we discuss established methods for linear and conformational
epitope mapping, putting special emphasis on a recently developed approach, which uses the structural
similarity of proteins in combination with the experimental cross-reactivity data for epitope prediction.

� 2013 The Authors. Published by Elsevier Inc. All rights reserved.

1. Introduction

The three-dimensional structure of clinically relevant allergens
is of central importance: (i) It allows the visualization and analysis
of surface exposed residues and in combination with experimental
or computational methods the actual or putative B-cell epitopes
can be elucidated. (ii) Structure can yield information about bound
ligands (proteins and/or small molecules), which may modulate
the protein’s allergenicity. (iii) The allergen structure forms the ba-
sis for the rational design of hypoallergenic derivatives, which may
be generated through various methods (point mutations, trunca-
tions, mosaic proteins, fusion with carrier proteins, etc.).

Most allergens are relatively small, stable and well-structured
proteins. Therefore, they are perfectly suited for structural studies
by both X-ray crystallography and NMR spectroscopy.

There are also a few examples of obviously unstructured pro-
teins that act as allergens. In particular caseins, which based on
NMR and circular dichroism (CD) evidence, are intrinsically
unstructured. However, these unstructured allergens might get
structured upon interactions with other proteins and/or ligands.
In recent years the number of allergen structures deposited in
the protein data bank increased exponentially. With the growing
number and variety of structures it became clear that there was

no ‘‘allergen specific fold’’ emerging. Rather allergens comprised
a wide variety of secondary structure compositions and tertiary
folds. However, as the structures of many major allergens from
representative allergen sources became available it is also becom-
ing clear that most major allergens will be grouped into a limited
number of fold and functional families. Here we give an overview
of all known allergen structures and their affiliation with known
fold families, defined in the PFAM database.

In addition we summarize the techniques used for experimental
and computational characterization of conformational epitopes.
This part is complemented with an analysis and discussion of the
actual knowledge on conformational epitopes gained from the
structure of allergen-Fab complexes.

2. Structure determination of allergens

2.1. Crystallographic methods

Type I allergens are proteins of various physicochemical proper-
ties and very diverse primary structures and three-dimensional
folds. The only common property which has emerged from the
characterization of a wide variety of inhalant and food allergens
is that the majority exhibits a high solubility in aqueous media.
Therefore, allergens may be treated like any soluble protein when
it comes to crystallization and crystal optimization, crystallo-
graphic data collection, structure solution and refinement. Well
established methods exist for all of these steps on the way to the
final 3D structure. Here we shall focus on techniques, which are
somewhat specific for the structure determination of allergens or

1046-2023/$ - see front matter � 2013 The Authors. Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ymeth.2013.07.024

q This is an open-access article distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source are credited.
⇑ Corresponding author. Fax: +43 316 3809897.

E-mail address: walter.keller@uni-graz.at (W. Keller).

Methods 66 (2014) 3–21

Contents lists available at ScienceDirect

Methods

journal homepage: www.elsevier .com/locate /ymeth

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymeth.2013.07.024&domain=pdf
http://dx.doi.org/10.1016/j.ymeth.2013.07.024
mailto:walter.keller@uni-graz.at
http://dx.doi.org/10.1016/j.ymeth.2013.07.024
http://www.sciencedirect.com/science/journal/10462023
http://www.elsevier.com/locate/ymeth


have been applied successfully to important allergens that resisted
structure determination in their native form.

Obtaining well diffracting crystals is still the bottleneck of
structure determination by crystallography. One of the most
important criteria for crystallizability of a protein is the correct
fold, its monodispersity and its stability. The method of choice
for determining the fold and thermal stability is CD-spectroscopy
and its applications to proteins and allergens has been described
[1–3]. To increase the solubility of target protein various optimi-
zation procedures may be applied (e.g. the sparse matrix ap-
proach [4], additive and detergent screens) and in combination
with the Thermofluor method [5] they allow for the parallel
screening of vastly different conditions. In cases where the aller-
gen is highly soluble and well ordered, but still refuses to crystal-
lize, flexible ends or linkers between ordered domains can be
present, as for the case of Phl p 5. Here it will be necessary to
determine the flexible regions by experimental (e.g., limited di-
gests) or computational methods [6,7]. Alternatively, point-mu-
tants with changes of surface exposed residues may be
necessary to promote beneficial crystal packing interactions [8].
After engineering the protein to remove the flexible parts either
the truncated full-length allergen or its folded domains are sub-
mitted to crystallization.

A quite different approach which has been applied to the struc-
ture determination of allergens is the use of a fusion chaperon,
where the smaller allergen is fused to a larger fusion partner,
which has been shown (or even optimized) to promote crystalliza-
tion [6]. This approach was successful for the structure determina-
tion of two allergens: Der p 7 and Ara h 2 (Fig. 1) [9]-[10]. Finally,
the use of a specific binding partner (e.g., Fab or Fv) for complex
formation can also enhance the crystallizability of the allergen –
the Fab acts as a non-covalent crystallization chaperon. In addition
the complex structure yields the exact information about the bind-
ing site (discussed in detail in Section 4.2).

2.2. NMR methods

2.2.1. Preparation of protein
The very first NMR studies on allergen structures were carried

out using proteins isolated from natural sources. In particular,
the ragweed allergen Amb t 5 (previously called Ra5 and Amb t
V) structure was determined using homonuclear experiments on
isolated protein at natural isotopic abundance [11–13]. Because
of the large protein amounts needed and to enable isotopic enrich-
ment, recombinant proteins were used for most other NMR studies
of allergens. Therefore, the cDNA of the allergen or a synthetic DNA
corresponding to the desired protein is cloned typically into over-
expression vectors of Escherichia coli cells. While rich media (e.g.,
LB broth) can be used for protein expression at natural abundance,
minimal medium containing 15NH4Cl as nitrogen and 13C–glucose
as carbon source are typically used.

2.2.2. NMR assignment and structure determination
2.2.2.1. At natural abundance. Due to the limited spectral dispersion
of 1H NMR spectra, structural protein NMR studies on allergens at
natural isotopic abundance are limited in size to <�15 kDa. Chem-
ical shift assignment of 1H nuclei (protons) is achieved by first
identifying spin systems of individual amino acids in a 2D TOCSY
spectrum and subsequently establishing sequential connections
via short through-space proton-proton distances (NOEs or Nuclear
Overhauser Enhancements) [14]. This approach has been employed
to obtain the structures of Amb t V (5 kDa) [11] and Phl p 2
(11 kDa) [15]. Due to the low spectral resolution of 1H and ambigu-
ities in using NOEs for sequential assignment nowadays almost all
proteins used for NMR structural studies are labeled with stable
isotopes to circumvent these difficulties.

2.2.2.2. Using isotopically enriched protein. The use of proteins en-
riched with 15N and 13C allows the use of these additional NMR ac-
tive isotopes in the assignment and structure determination
approach. Both nuclei offer a much better spectral resolution and
relaxation behavior (narrower line-width) than protons and the di-
rect connectivities by chemical bonds allows the signal assignment
to proceed via through-bond (scalar couplings) rather than some-
times ambiguous through-space proton-proton distances (NOEs).
1H, 15N and 13C resonances can be assigned using standard 3D tri-
ple-resonance experiments, which allow the sequential walk along
the backbone by connecting the chemical shifts of backbone amide
N and H, Ca, Cb and C0 of a certain amino acid (i) with the corre-
sponding frequencies of its two sequential neighbours (i � 1 and
i + 1) [16]. Side-chain proton and carbon assignment is then
achieved using experiments that correlate them to the previously
assigned backbone nuclei using e.g., HCCONH, CCONH and HCCH
TOCSY spectra. Once almost complete 1H, 13C and 15N assignment
is accomplished structural restraints need to be acquired. As for
the vast majority of proteins, also for allergens these have been
mainly NOEs, but also dihedral angle restraints obtained from
three-bond coupling constants and for some more recent studies
orientational restraints from dipolar couplings in weakly aligned
media [17]. For an accurate 3D structure determination a large
number of restraints (>1000 for a protein of 10 kDa or above) is
needed. Due to increasing line-width and number of signals at
higher molecular weights a complete atomic-resolution 3D struc-
ture determination by NMR spectroscopy faces a size-limit which
is currently around 40 kDa. For large proteins (>30 kDa) the use
of TROSY-type (Transverse Relaxation Optimized Spectroscopy)
[18] experiments is preferred which results in narrower lines and
higher intensities.

2.2.3. Information about protein dynamics
One of the advantages of NMR spectroscopy is that in addition

to the structure also the dynamical behaviour of a protein can be
investigated. In particular, backbone amide 15N T1 and T2

Fig. 1. MBP-fusions act as crystallization chaperons. (A) Der p 7 (PDB: 3h4z) and (B) Ara h 2 (3OB4) are shown as maltose-binding protein (MBP)-fusion proteins. Allergen
structures are shown in ribbon representation and are colored according their secondary structure composition (a-helices in cyan, b-sheets in magenta). MBP is additionally
shown as surface representation (gray). Dashed lines indicate the disordered regions that are missing in the crystal structures.
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