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Abstract

Allergy is defined as an inappropriate immune response to something normally considered 

harmless. The symptomatic immune response is driven by IgE antibodies directed against 

allergens. The study of allergens has contributed significantly to our understanding of allergic 

disease in three main areas. First, identifying allergens as the source of patient symptoms and 

developing allergen standards has led to many advances in exposure assessment and patient 

diagnostics. Second, a biochemical understanding of allergens has suggested a number of 

hypotheses related to the mechanisms of allergic sensitization. And finally, studies of allergen-

antibody interactions have contributed to understanding the cross-reactivity of allergens, mapping 

patient epitopes, and the development of hypo-allergens. In this review, a few select cases are 

highlighted where structural biology in particular has contributed significantly to allergen research 

and provided new avenues to investigate.
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Introduction

Structural Biology is a branch of science concerned with the atomic level description of 

biological macromolecules and how the three-dimensional arrangement of those atoms 

affects the function of the molecule. An allergic patient usually has other concerns, namely 

the relief of medical symptoms either temporarily or permanently. These symptoms are 

initiated by allergens binding to patient IgE antibodies. How can the study of the three-

dimensional structure of allergens help the allergic patient? This review is intended to 

describe a number of vignettes where structural biology has contributed and suggested new 

directions for the study of allergens with the ultimate goal of benefiting the patient.
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Standardization

Setting standards of measurement units is crucial to any enterprise from trade to science. In 

allergy research, several databases exist that help to define the protein sequences of reported 

allergens so that researchers can accurately communicate and compare results [1]. A 

common vocabulary is crucial for setting exposure recommendations, patient testing, and 

levels of allergens used in immunotherapies. The CREATE and follow up BSP-090 

initiatives have made significant strides in standardizing allergen measurements and creating 

panels of allergens for patient diagnostics [2–6].

In the case of single domain protein systems, defining an allergen follows a typical routine. 

IgE binding proteins are identified, and subsequently fragments of the protein are sequenced 

by various technologies. With fragments of sequence information, the protein can typically 

be cloned, or identified from available genomic data. This allows for calculation of a 

molecular weight so the protein can be identified on a gel and the stoichiometry of binding 

to antibodies determined for accurate quantitative comparison. However, a more difficult 

case is when the allergen contains repeated genetic elements, like the group 1 cockroach 

allergens.

The group 1 cockroach allergens belong to a family of proteins restricted to insects [7]. Two 

different genetic duplication events prior to the emergence of Insecta appear to have created 

a family of proteins with an AB-AB-AB… pattern, where A and B are distantly but 

obviously related sequences [7,8]. The prevailing theory is that in the first genetic event A 

duplicated to form AA, which diverged over time to become AB, and then subsequently the 

AB unit was further duplicated. The number of duplications and number of proteins with AB 

units varies considerably from insect to insect [7,9]. This creates a major problem for 

standardization because the stoichiometry of antibody binding is unknown. An early 

prediction for one member of the allergen group, Per a 1, suggested these were membrane 

bound proteins based on the studious observation that the secondary structure was predicted 

to be highly helical, and the primary sequence contains a much higher proportion of 

hydrophobic residues than is typical for soluble proteins [10]. To extend this prediction 

further, one might then suggest that the helical and hydrophobic AB regions would be buried 

in a membrane and inaccessible to antibodies, and the connecting loops between AB would 

be exposed to solvent. These loops have the highest degree of evolutionary divergence, and 

would be expected to represent unique epitopes.

The structure of Bla g 1 resolved many, but not all, of these issues. The AB unit forms a 

soluble domain, which is a spherical ball of helices, Figure 1 [11]. Both the A and B 

hemispheres are nearly structurally identical (Cα RMSD of 1.4 Å) despite only 26% 

sequence identity. Each hemisphere is made up of a pentagon shaped ring of 5 helices, with 

a 6th helix capping and bisecting the pentagon. A large interior cavity appears to be a vehicle 

for lipids as it is lined exclusively with hydrophobic residues, explaining the excess 

abundance of these sidechains. Further, the structure suggested that the allergenic unit 

accessible to antibodies is the soluble, spherical AB unit. This was further confirmed with a 

Western Blot analysis of various sized Bla g 1 constructs [11]. Equivalent titration curves 

were found on a molar basis for constructs containing A3B3-A4B4 and only A4B4 (Figure 1). 
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Therefore, the allergenic units can be standardized to a molecular weight and grams of 

proteins, as opposed to the arbitrary standard of units per gram of cockroach extract. This 

structure further qualitatively explained the typical multi-banded pattern of Bla g 1 staining 

on a gel. The flexible loops between A and B, and between AB units are variably susceptible 

to proteolysis. This creates a molecular ladder effect dependent on the extent of degradation 

in the sample [12].

Scientists should be explicit about the isoform using the current nomenclature for consistent 

analysis of standards for the group 1 cockroach allergens. (Isoform sequences, names, and 

nomenclature guidelines can be found at the website, www.allergen.org, which is maintained 

by World Health Organization/International Union of Immunological Societies, WHO/

IUIS.) A problem to be aware of is that the number of antibodies that can bind a particular 

isoform is variable. For example, Bla g 1.0101 and Bla g 1.0201 [8,12] contain two AB 

units, so the stoichiometry of antibody binding in an ELISA is the same, but not for Bla g 

1.0102 [13,14]. In Periplaneta americana, the molecular weight and number of AB units 

differs by a factor of two for the various characterized Per a 1 iso-allergens [15]. Therefore, 

the methods of each paper should be carefully reviewed for strict comparisons.

Further complicating the study of these allergens is an examination of the Blatella germanica 
genome and RNAseq data suggests that there are five genes expressed with multiple AB 

units, and a few fragments of A or B. Figure 1 shows the gene product BGER017855 

containing Bla g 1.0101. In data to be published, unique peptides from all 5 gene products 

were identified by mass spectrometry from cockroach frass. All of these genes have highly 

interrelated sequence identities ranging from 57% to 98% identical, so the amount of Bla g 

1-like allergen in cockroach frass may be underestimated depending on the cross-reactivity 

of the detecting antibody, which is currently unknown. Sorting the details of potential cross-

reactivity and the implications for standardization will require further studies.

The cockroach group 1 proteins are a really interesting case where structural data has 

informed the standardization of the measurement unit, and highlighted the need to be 

explicit with the nomenclature to accurately communicate the quantities of allergen content 

in exposure and extract measurements.

Mechanisms of Sensitization

One fascinating thing about allergens is that humans are exposed to thousands of foreign 

proteins every day, yet a few select proteins consistently become major allergens in Homo 
sapiens. This has led many researchers to look for common properties of allergens that 

might skew the immune response towards allergy. For example, the major mite allergen Der 

p 1 was identified as a cysteine protease from sequence information [16] and subsequently 

many studies have been conducted to examine if proteolytic activity could influence barrier 

function [17], innate immune signaling [18], and adaptive immunity [19,20]. Similar 

experiments were suggested for Bla g 2, given the high sequence identity with aspartyl 

proteases. However, a crystal structure of Bla g 2 revealed an incompetent active site [21]. 

This is a useful example where structural biology ruled out a series of further experiments.
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Since the function of Der p 1 appeared to have important allergenic properties, the biological 

functions of allergens have been carefully catalogued to look for other patterns. While many 

allergen sources including mites, cockroaches [22], fungi [23], and plants [24,25] have 

proteases as prominent allergens, the most common functional property of allergens is the 

binding of hydrophobic ligands [26]. Prominent allergens like Bet v 1 and Der p 2 have 

hydrophobic cavities that can bind different lipids. Various lipids are known to skew the 

immune response towards allergy in a variety of relevant cases, and this has recently been 

well reviewed [27].

The group 2 mite allergens are an excellent case study where structural biology was 

extremely useful in suggesting a series of experiments regarding allergenicity and the 

affinity for lipids. When the structure of mite group 2 allergens was first described it was not 

obviously related to a unique protein function [28–30]. The secondary structure was loosely 

related to the traditional immunoglobulin greek-key motif, but proteins with a similar fold 

have a broad range of possible biological functions. In retrospect, there were some clues as 

to the function of the protein. For example, the NMR structure of Der f 2 was determined in 

the presence of the detergent N-octyl-β-D-glucoside [30] and the same compound 

qualitatively changed the NMR spectra of Der p 2 indicating a possible interaction [29]. In 

the crystal structure of Der p 2, a long aliphatic chain was identified in the central cavity of 

the protein, which did not resemble N-octyl-β-D-glucoside [31]. With the benefit of 

hindsight, these observations hinted at the lipid binding properties of the allergen. These 

structures predated the explosion of research on Toll-like receptors (TLR) and the structure 

of the accessory protein MD-2 [32]. MD-2 binds bacterial lipopolysaccharide (LPS) and 

binds to TLR4, which stimulates innate immune pathways. When the structure of MD-2 was 

determined, the researchers noticed that the structure aligned very closely with Der p 2. Karp 

and co-workers very elegantly described a series of experiments which demonstrated that 

Der p 2 could functionally substitute for MD-2 in murine models [33]. This suggested that 

Der p 2 could act as its own auto-adjuvant.

While the Der p 2/MD-2 mimicry paper has been widely cited, there have been few follow 

up experiments. Herein, an analysis of the structural biology suggests some questions about 

the affinity of Der p 2 for TLR4, which could test how Der p 2 might compete with 

endogenous MD-2. All of the experiments demonstrating that Der p 2 binds to TLR4 were 

immunoprecipitations that do not directly measure affinity [33]. MD-2 and TLR4 bind with 

a 0.8 nM dissociation constant [34]. An examination of the interactions from the crystal 

structures of both human and murine TLR4:MD-2 complexes [35–37] reveals that residues 

98–104 (HDDDYSF) provide approximately 22% of the buried surface area for the 

interaction. In fact, a longer peptide including these specific residues is able to ablate 

binding of MD-2 to TLR4, implying these are functionally important residues for the 

interaction [38]. Similarly, a triple mutant of MD-2 where 99-DDD-101 was mutated to 

ANA showed reduced ability to respond to LPS [39]. Alignments of Der p 2 with human and 

murine MD-2 clearly indicate a five residue gap in Der p 2 resulting in the loss of the DDD 

motif in the mite. Using the protein interaction analysis program PISA [40] the DDD 

residues alone provide 5 potential hydrogen bonds, and 6 potential salt bridges. A further 

examination of conserved residues at the TLR4:MD-2 interface suggests that 15 of the 22 H-

bonds, and 13 of the 16 salt bridges would not be possible based on the amino acid changes 
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when aligning MD-2 with Der p 2. The lack of the DDD motif and other mutations casts 

some doubt on the ability of Der p 2 to bind human TLR4, Figure 2. This is clearly a testable 

hypothesis with the performance of binding assays that would directly measure the affinity 

of Der p 2 for TLR4. This would also facilitate estimating dosages of Der p 2 that would be 

likely to influence sensitization by knowing how strongly Der p 2 could compete with 

endogenous MD-2 for TLR4 interactions.

Another incongruous point about Der p 2 mimicking MD-2 is that the Y91A mutant of Der 

p 2 was inactive compared to WT [33]. This mutant was designed based on two separate 

studies showing that the comparable Y102A mutant of MD-2 was inactive, and the 

observation that this tyrosine is strongly conserved in related species [39,41]. In the structure 

of TLR4:MD-2, the tyrosyl side chain points away from the TLR4 molecule, but appears to 

interact with a hydrophobic lipid chain of the LPS mimic suggesting it is involved in lipid 

recognition, Figure 2 [35,36]. The affinity of Der f 2 for LPS was originally proposed from 

modeling [42] and then directly measured to have nanomolar affinity [43]. The authors also 

astutely observed that in mites this residue varies; Phe (e.g. Der f 2), His, or Val are 

represented indicating that the tyrosyl sidechain is not required [43]. So the mutation to 

alanine, which is also hydrophobic, in an already large hydrophobic pocket seems unlikely 

to strongly affect LPS binding nor does it appear to interact with TLR4. Further experiments 

on the recognition of LPS by group 2 allergens would be informative. So in the same way 

that structural information motivated research into allergenic stimulation by Der p 2, it 

should continue to motivate more experimentation that may disprove, augment, or refine the 

existing hypothesis for auto-adjuvant activity of the group 2 allergens.

Immunotherapy

Allergen immunotherapy fundamentally involves treating a patient with increasing dosages 

of a compound to which the patient is hypersensitive. Clearly this involves some risk and to 

reduce this risk an improved treatment would reduce the symptomatic IgE response, while 

retaining enough molecular information about the allergen to modify the existing immune 

response towards an improvement in symptoms. Two strategies will be discussed that 

utilized structural information to design hypoallergens. One involves global disruption of 

allergen structure, while the other uses a targeted approach of mutation of key residues in 

immunodominant epitopes. Finally, the appearance of allergen specific IgG4 antibodies is 

generally considered a marker of successful immunotherapy [44]. A clever strategy to 

monitor patient IgG and IgE epitopes during therapy is discussed that was based on 

structural similarities of PR-10 proteins.

Because the polyclonal nature of the immune response could theoretically recognize the 

entire allergen surface, some of the techniques attempt to globally disrupt the structure to 

reduce IgE binding [45]. There are a few nice cases where the structure of the allergens was 

used to suggest specific mutations to ablate antibody binding by destabilizing the proteins. 

For example, the structure of the allergen Mus m 1 was used to design a destabilized 

allergen with reduced IgE binding while retaining T-cell reactivity [46]. In silico screening 

of point mutations of Bet v 1 and Phl p 5 demonstrated similar results and in addition 

immunization with the hypoallergenic mutants produced antibodies that blocked human IgE 
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epitopes [47]. Another computer analysis suggested a chimera of Bet v 1 and Mal d 1 would 

disrupt the fold of Bet v 1, which did result in a shift of the immune polarization compared 

to the wild type Bet v 1 [48]. These destabilizing predictions appear promising and it is 

notable that all of these examples did not require specific information about the patient 

epitopes, just the allergen structure [45].

On the other hand, if one wants to design site directed mutants for immunotherapy, the 

major difficultly is determining which residues are the most important for patients and how 

many should be mutated. Thus this topic is inherently interrelated with strategies to map 

epitopes, which are discussed further in the section, Antibody-Allergen Interactions. 

Continuing the example of PR-10 proteins like Bet v 1 and Mal d 1 mentioned above, it was 

determined that 6 simultaneous site directed mutants of Bet v 1 were required to consistently 

reduce IgE reactivity in patients [49]. Using the structural similarity of Mal d 1 for Bet v 1, a 

5-mutant version of Mal d 1 was designed and had similar success in reducing IgE binding 

[50]. Other strategies for theoretically designing hypoallergens from known B- and T-cell 

epitopes utilizing structures have also been discussed [51]. For more examples, Tscheppe 

and Breiteneder have reviewed recombinant allergens including a section on mutants 

designed for immunotherapy [52]. Despite many promising results, there are regulatory 

concerns and questions about the broad applicability that need to be addressed for designer 

hypoallergens to replace extract based immunotherapy [52].

The structural similarity of the PR-10 proteins can be exploited in a different way to monitor 

the change in patient IgG and IgE epitopes during immunotherapy using a technique call 

grafting. The idea is to create a structural scaffold which holds an epitope of interest, which 

can be used as a tool in various assays. As a demonstration, a conformational epitope of Bet 

v 1 was grafted onto Mal d 1, and it was shown that a monoclonal antibody, which didn’t 

previously interact with Mal d 1 would bind to the chimera [53]. This grafting required 

careful comparison of the two structures to selectively mutate a limited number of residues. 

Further, this demonstrated the capacity of the PR-10 protein fold to accept multiple point 

mutations from another species.

Extending the use of grafted chimeras, four different Bet v 1 epitopes were grafted on to the 

celery allergen, Api g 1 [54]. Then, by testing birch allergic patients that were not allergic to 

celery with all four chimeras, the relative importance of each Birch epitope could be 

determined. This revealed that the IgE response was highly patient specific and recognized 

epitopes spread across the entire surface of Bet v 1. As epitopes are generally 

conformational in nature, this is a very elegant alternative to the use of peptides for epitope 

mapping because the structural context of the epitopes is maintained. Finally, the grafted 

epitopes were used to monitor epitope recognition by different antibody isotypes during 

immunotherapy in eleven patients [55]. It was found that the IgE, IgG1, and IgG4 recognized 

different epitope profiles. In summary, not only have the structures help design 

hypoallergens for immunotherapy, this new chimeric epitope mapping technique is 

illuminating changes in the immune response during immunotherapy.
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Cross-reactivity

In the clinic, the cross-reactivity of various allergens from different sources complicates 

clinical diagnosis of the sensitizing allergen. The cross-reactivity or co-recognition is due to 

antibodies recognizing similar structures on the different allergens. And indeed, many 

retrospective analyses of structural similarities correlate well with measures of cross-

reactivity. Studies of Bet v 1 in complex with an Fab fragment identified a dominant epitope, 

which is also the site of cross-reactivity for homologous allergens [56,57]. An in depth 

analysis of the structure of a murine monoclonal in complex with Der p 1 and Der f 1 

showed how this antibody could interact with both proteins at a site known to be involved in 

IgE binding [58]. Models of homologous proteins can also aid in understanding cross-

reactivity when the actual allergen structures are not available [59]. Allergen structural 

models can be found at the Structural Database of Proteins [60], or using available 

homology modeling software as was done in the study of Fel d 7 and Can f 1 cross-reactivity 

[61]. In the other extreme, the lack of cross-reactivity could be explained from the 

differences in surface residues of various GST-allergens based on their crystal structures[62].

However, predicting cross-reactivity from structure is difficult and time consuming. 

Fortunately, measures of sequential homology are often adequate [45,63]. As a general rule 

sequential identity greater than 70% suggests cross-reactivity is likely and is rare at less than 

50% sequential identity [64]. However, there are some exceptions where the sequence 

identity was very limited such as recently described cross-reactivity between the peanut 

allergens Ara h 2, and Ara h 1 and Ara h 3 [65]. The kiwi fruit allergen Act d 11 showed 

very low sequence identity to Bet v 1, but was demonstrated to be recognized by IgE of 

birch pollen allergic patients [66]. The sequence identity between these proteins is not 

greater that 21% over any sliding window of 80 residues, which is below the usual cutoff of 

35% for potential allergens in food products [66]. From an examination of the limited 

homology and the structure of Bet v 1, the authors noticed that residues reported to belong to 

IgE epitopes are conserved in Act d 11 suggesting a structural reason for the co-recognition 

of Bet v 1 and Act d 11. Thus structural biology helped explain how a very distant sequence 

identity could generate cross-reactivity.

Antibody-Allergen Interactions

Antibodies have the potential to interact with any surface exposed element of a protein [67]. 

However, Aalberse and Crameri have presented a number of lines of evidence suggesting 

that IgE epitopes may be different from the epitopes of other isotypes [45]. Evidence for this 

includes limited analysis of the few known IgE epitopes that appear more planar than other 

known epitopes, e.g. [68]. The spatial clustering of the Phl p 2 epitopes was demonstrated by 

a single mAb which can block 80% of IgE epitopes [69]. This also suggested that IgE 

epitopes may preferentially recognize certain features of protein structures. Another study 

suggested that IgE antibodies are more cross-reactive than IgG4 antibodies [70]. Clearly 

structural biology can contribute to a better understanding of IgE epitopes and what 

differentiates them from other isotypes, but many technical hurdles exist.
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Obtaining high resolution, three-dimensional structural information about patient epitopes 

has proven to be rather challenging. For evidence of this, there are approximately 100 

allergen structures in the protein data bank, but there are less than 10 structures of different 

allergens in complex with antibodies [71]. The review of Dall’Antonia et al nicely presents 

high resolution techniques utilizing crystallography and NMR for mapping antigen-antibody 

epitopes, with particular attention to allergen complexes [72]. More complex structures will 

be needed to generalize about the repertoire of IgE epitopes. However, it seems rather 

implausible that high-resolution structures can be obtained for all the antibodies and all the 

allergens. Dealing with the heterogeneous nature or polyclonal response of the patient(s) is 

the key problem. However, by combining some high throughput low to medium resolution 

techniques with high resolution structures it may be possible to make strides on the 

questions mentioned above. Some concepts and ideas are outlined below.

A few attempts have been made to use polyclonal antibodies and high resolution NMR 

techniques to map patient epitopes. Two examples are the studies using Art v 1 [73] and Bet 

v 1 [74]. In the study of Art v 1, IgE specific for Art v 1 was purified from a patient pool, 

while in the study of Bet v 1, IgE from 3 different birch allergic patients were studied. Both 

studies looked for chemical shift changes in the amide resonances of the allergen upon 

addition of the antibodies, and both observed a rather unconvincing and small effect. 

However, in both experiments, the design of the study was likely at fault. The allergen was 

added in roughly 10:1 excess, possibly due the quantity of IgE available. This poses two 

sensitivity problems for NMR. First, the signal will be dominated by the free allergen, which 

is in excess. The second problem is that the amide signals from the backbone become 

weaker and broader with increasing molecular weight, or more specifically, with the slower 

overall tumbling rate of the molecule. So attaching an IgE molecule of 190 kDa to a small 

allergen would make the amide signals for the bound allergen nearly impossible to observe 

without special techniques. The two problems likely both contributed to the minor spectral 

changes observed.

However, the concept has significant merit. While backbone amides can provide perhaps the 

best molecular coverage in terms of information content, methyl groups are much less 

sensitive to the loss in sensitivity at high molecular weights, and have been studied in very 

large molecular complexes [75,76]. Using 13C labeled methyl groups in a background of 2H 

labeling [77] should overcome the sensitivity problems of the previous study and the 

allergen should be added in equal proportions to the antibodies. This could provide atom 

specific information for epitope mapping. In light of the polyclonal nature of patient 

antibodies, care must be taken to interpret the results. In a simple example of one antibody 

interacting with an allergen, any shift in the NMR signal from atoms in the allergen 

compared to the apo state can be cautiously interpreted as reflecting a conformational 

change in the vicinity of that atom due to complex formation. The disappearance of the old 

signal and the emergence of the new signal would provide epitope information. If many 

antibodies bind at once, the situation could become highly complex with many new atomic 

frequencies possible, and many at low population, i.e. low intensity. But most likely, if the 

atomic frequencies do not change upon complex formation those atoms can be ruled out as 

likely epitope locations. By comparing the signals remaining versus the signals that 
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disappear it may be possible to globally map the relative importance of epitope locations in a 

complex mixture of antibodies interacting with an allergen.

Another emerging structural technique that could contribute to IgE epitope mapping is cryo-

electron microscopy (Cryo-EM) that is experiencing a major renaissance due largely to the 

improvement in detectors [78]. The resolution of some structures rivals that of traditional X-

ray crystallography, although it is not clear if this will generally be the case [79]. Much of 

the current work utilizes a hybrid approach where atomic resolution structures are modeled 

into the Cryo-EM data. Cryo-EM has the advantage over crystallography that proteins do not 

need to be crystallized; they are instead flash frozen into vitrified ice. Another advantage of 

Cryo-EM is the ability to work with much larger biomolecular complexes, like the ribosome 

[80]. In addition, much less sample is required and at lower concentrations than is typically 

required for crystallography. However, the lower limit of complexes that can be studied 

routinely at high resolution with this technique is about 200 kDa and the biomolecules must 

be ‘well-ordered’ [81]. There is, therefore, an opportunity to directly examine the structure 

of an IgE molecule of 190 kDa in complex with an allergen.

The conceptual framework would be to isolate IgE from either a patient or mix of many 

patients and complex it with an allergen. A number of technical challenges need to be 

addressed. Just to name two: First, is the IgE structure ‘well-ordered’ enough for high 

resolution work or will it need to be restrained in some way? Second, how well can Cryo-

EM handle different orientations of allergen binding to IgE? Presumably in this mixture and 

at Cryo-EM resolution the IgE molecules will all be similar, but the allergen will be turned 

in different directions in the images. Previously, 8 different substructures of the ribosome in 

its catalytic cycle could be resolved during Cryo-EM image processing [80]. These 

substructures could ultimately be assigned a population value. In the same way, the 

orientations of the allergen bound to the IgE could be sorted to evaluate which epitopes were 

more highly populated. Most likely, high resolution structures of the allergens (either NMR 

or X-ray) will be needed to model the orientation of the allergens into the Cryo-EM maps of 

the complex.

The methods presented above reflect opportunities to address the hypotheses that IgE 

epitopes cluster, or are directed to certain features of allergens [45]. Both NMR and/or Cryo-

EM methodologies appear to have the potential to address the heterogeneous nature of the 

patient response. This could lead to a better characterization of the nature of IgE response 

and new treatment modalities.

Conclusions

The goals of allergy research are to improve the health of allergic patients and to recommend 

prophylactic interventions for future generations. The study of allergens has been crucial for 

setting standards for exposure measurements, diagnostic assays, and treatment formulations, 

which all contribute to these goals. The various techniques of structural biology have 

contributed in various ways to setting standards, informing hypotheses for sensitization 

mechanisms, and the interaction of IgE with allergens that also contributed to these goals. In 

Mueller Page 9

Int Arch Allergy Immunol. Author manuscript; available in PMC 2018 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the future there are still many ways for structural biology to contribute, using a variety of 

different techniques.
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Figure 1. 
Bla g 1. Panels A and B show two 90° rotated views of the Bla g 1 structure (4JRB [11]) 

where helices from hemisphere A are colored orange and hemisphere B are colored blue. 

The interior cavity is rendered with a grey semitransparent sphere. Panel C is a schematic of 

the gene from which the 4JRB structure and the named allergen Bla g 1.0101 was derived. 

Sequence similarity of the repeated units is noted by the A or B nomenclature.
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Figure 2. 
Murine TLR4:MD-2 interactions compared with possible Der p 2 interactions. Murine 

TLR4 (5IJD [37]) is shown in grey with a ribbon and/or semitransparent surface. Lipid A is 

rendered as spheres in panels C and D. In panels A and C MD2 is rendered in cyan with the 

exception of the labeled residues 98-HDDD-101 shown in blue and Y102 shown in 

chartreuse. In panels B and D, shown in orange, Der p 2 (1KTJ [31]) was aligned with 

MD-2. Note the HDDD interactions of MD-2 with TLR4 would be missing in a putative Der 

p 2:TLR4 complex.
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