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ABSTRACT

Background: Cow’s milk allergy and allergic asthma can occur in the same individuals,
but it is not well understood at the molecular level. Bovine B-lactoglobulin (Bos d 5) is a
major cow’s milk allergen and a member of the lipocalin protein family. Several clinically
important respiratory allergens are lipocalins. Their shared fold provides a basis for
comparing surfaces that may be relevant to IgE recognition.

Objective: To develop a structural workflow for comparing Bos d 5 IgE-binding regions
with corresponding regions in milk, respiratory and human lipocalins.

Methods: Literature-reported linear IgE-binding regions of Bos d 5 and the
conformational epitope defined from the Bos d 5 IgE—Fab complex were mapped onto
homologous lipocalin structures using structural alignment. In parallel, comparative Fab—
query allergen models were generated by positioning each query structure in the binding
orientation defined by the Bos d 5 IgE—Fab complex. Structural and physicochemical
descriptors were calculated after standardized preparation without additional energy
minimization (RAW) and with minimization (MIN). Similarity to Bos d 5 was assessed
using principal component analysis (PCA), Euclidean distance-based ranking, and group
comparisons using permutation tests.

Results: The dataset comprised the Bos d 5 reference structure (n = 1), respiratory
allergens (n = 23), human lipocalins (n = 18), and B-lactoglobulin (BLG) homologs (n =
17 Across mapped linear IgE-binding regions, non-bovine ruminant LGs most frequently
ranked closest to Bos d 5, occupying the top rank in 8 of 12 analyses under the RAW
protocol and 7 of 12 analyses under the MIN protocol. For the mapped conformational
epitope region, non-bovine ruminant BLGs showed the smallest median distance to Bos
d 5 under both protocols (RAW: 0.82; MIN: 1.10). The comparison with respiratory
allergens was significant under RAW (p = 0.0311), but not under MIN (p = 0.0774). In the
MIN composite analysis, median distances were 1.60 for non-bovine ruminant -
lactoglobulins, 4.46 for respiratory allergens and 4.51 for human lipocalins. Several
respiratory lipocalins, including Feld 4, Canf4, Mus m 1, Fel d 7, and Cav p 1, repeatedly
appeared among nearer neighbors in selected descriptor sets; however, this pattern was
not consistent across all descriptor sets.

Conclusion: This study developed a reproducible structural comparison workflow for
evaluating IgE-binding surface similarity across homologous lipocalins. Application to
Bos d 5 consistently recovered close similarity among non-bovine ruminant BLGs, as
expected from their close evolutionary and structural relationship. A subset of respiratory
lipocalins showed partial structural similarity in selected analyses, but this pattern was
not consistent across all comparisons. The workflow therefore provides a way to prioritize
candidate proteins and surface regions for experimental testing of IgE binding and
possible cross-reactivity.
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1 INTRODUCTION
1.1 Literature review

1.1.1 Immune basis of IgE-mediated allergy

Allergy arises when the adaptive immune system mounts an antigen-specific response
against otherwise harmless environmental proteins (allergens).”? An antigen is any
molecule specifically recognized by adaptive immune receptors, whereas an allergen is

an antigen that triggers a hypersensitivity or allergic reaction in susceptible individuals.

Allergy mediated by immunoglobulin E (IgE) develops in two stages, namely sensitization
and the effector response after re-exposure. Sensitization occurs when allergens pass
through the epithelial barriers and are taken up by dendritic cells. As illustrated in Figure
1-1, dendritic cells break down these allergen into peptides and display them on major
histocompatibility complex class Il (MHC IlI) molecules to naive cluster of differentiation
4-positive T lymphocytes (CD4+ T cells).>® In individuals who do not have allergies,
regulatory mechanisms such as regulatory T cells ensure that tolerance is maintained
towards these antigens.® By contrast, there is a shift towards a type 2 helper T (Th2) cell
phenotype in those with allergic diseases. These Th2 cells release interleukin (IL)-4, IL-
5, IL-9 and IL-13, all of which lead to type 2 inflammation and cause activation of B
lymphocytes (B cells).># When activated, B cells undergo class switching to produce IgE
as aresult of signalling through CD40 and CD40 ligand (CD40L), together with the action
of IL-4 and IL-13, and with the support of Th2 or T follicular helper cells.®>*® Class
switching to IgE can take place either directly from immunoglobulin M (IgM) or indirectly

via immunoglobulin G (IgG) intermediates.”
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Figure 1-1. Overview of allergic sensitization and the IgE-mediated effector
response.

Allergens crossing a disrupted epithelium are captured by dendritic cells and processed
for presentation to naive cluster of differentiation 4-positive (CD4+) T cells. Epithelial
cytokines, including interleukin (IL)-25, IL-33, and thymic stromal lymphopoietin (TSLP),
together with antigen presentation promote type 2 immune polarization, including type 2
helper T (Th2) and group 2 innate lymphoid cell (ILC2) responses. Th2-derived cytokines
(IL-4, IL-5, IL-9, and IL-13) support activation of B lymphocytes (B-cells), class switching
to immunoglobulin E (IgE), eosinophilic inflammation, and airway hyper-responsiveness.
Plasma cells produce allergen-specific IgE, which binds with high affinity to the high-
affinity IgE receptor (FceRI) on mast cells. Upon re-exposure, an allergen that can bind
more than one surface-bound IgE at the same time links IgE—FceRI complexes on
sensitized mast cells and triggers degranulation and release of mediators. Created with
BioRender.com.

The resulting plasma cells produce IgE antibodies that target the allergen. These
antibodies bind to high-affinity IgE receptors (FceRI) on mast cells and basophils,
preparing the body for a reaction.>® The effector phase occurs after re-exposure to the
allergen. If the allergen can bind more than one receptor-bound IgE at the same time, it

bridges adjacent IgE—-FceRI complexes on sensitized mast cells or basophils.>®7 This


https://www.biorender.com/

triggers intracellular signals, leading to degranulation and the release of substances such
as histamine, leukotrienes, proteases, and cytokines. These mediators drive the
immediate features of allergic disease, including increased vascular permeability,

mucosal edema, smooth muscle contraction, and recruitment of inflammatory cells.>->2

These processes establish IgE as the central antibody in immediate allergic reactions.
However, the allergic response is shaped not only by IgE itself, but also by how IgE
compares with other antibody isotypes, particularly IgG, which can have distinct and

sometimes opposing effects.

1.1.2 IgE versus IgG roles

Mammals produce five distinct immunoglobulin isotypes: IgA, IgD, IgE, I1gG, and IgM.%"°
Among these, IgE and IgG are particularly important in allergy research and clinical
management because they play distinct, and often opposing, roles in allergic disease.
These two isotypes differ in abundance, receptor binding, and effector functions.’?'? IgG
is the main antibody found in serum, while IgE is found in much smaller amounts.'?-16
Despite being less common, IgE is the key antibody involved in immediate allergic

reactions and allergic diseases.'®

As illustrated in Figure 1-2, the main difference between IgE and IgG is the structure of
the heavy chain constant region. IgE contains four constant domains, whereas IgG
contains three."'” This difference is associated with distinct receptor binding and effector
functions. IgE has a high affinity for FceRI on mast cells and basophils and may stay
bound to these cells even when there is no allergen present.™'® When an allergen cross-
links adjacent FceRI-bound IgE molecules, it triggers degranulation and release of

inflammatory mediators such as histamine.



IgG has a different role; it mainly binds to Fc gamma receptors (FcyRs) and the neonatal
Fc receptor (FcRn) and occurs mostly in a soluble form.""'® When it comes to allergy,
allergen-specific IgG (IgG4) can act as a blocking antibody by binding to the allergen
before it reaches the cell-bound IgE."'® This blocking function is one mechanism
associated with allergen immunotherapy and immune tolerance. However, effective
blocking generally requires high 1gG levels relative to IgE because FceRI-bound IgE is
already positioned on effector cells and only limited receptor cross-linking is needed to

trigger activation.®

These differences between IgE and IgG provide an immunological framework for
understanding allergic diseases. The next section moves from antibody function to clinical

presentation, focusing on the co-occurrence of food allergy and asthma in childhood.

IgE lgG

i I Light (L) chain
Disulfide bonds

a . Heavy (H) chain
C,3
* C=constant, V=variable _J

Figure 1-2. Structural organization of IgE and IgG antibodies.

/li Antigen-binding site

— Fab region

I;: Hinge region

— Fc region

Both antibodies contain two light chains and two heavy chains and are organized into
antigen-binding Fab regions and an Fc region. The main structural difference is in the
heavy-chain constant region: IgE contains four constant domains (Ce1-Ce4), whereas
IgG contains three (Cy1-Cy3) and a hinge region. These structural differences contribute
to distinct receptor binding and effector functions. Created with BioRender.com.
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1.1.3 Clinical co-occurrence of food allergy and asthma

1.1.3.1 Epidemiology and co-occurrence of food allergy and asthma

Epidemiological studies show that food allergy and asthma often occur together in
children.*1%-26 Population-based and cohort analyses show that children with FA have
higher asthma prevalence than non-allergic peers, including after adjustment for other
atopic comorbidities.?2°-32 For example, a U.S. population analysis based on serologic
sensitization reported food sensitization in 27.5% of individuals with asthma versus
14.9% of non-asthmatics using panels that included milk, egg, peanut, and shrimp.?®
Prospective and cross-sectional pediatric cohorts also report increased odds of asthma
among children with clinically defined FA (odds ratios ~4.9-5.3), with higher prevalence

in those with multiple food allergies."®

Estimates further suggest that nearly half of children with asthma have at least one
coexisting food allergy, and that many children with IgE-mediated FA report respiratory
allergic symptoms.* Clinically, asthma is a documented risk factor for severe or fatal food-
induced anaphylaxis?'®334 and FA has been associated with increased asthma morbidity
in some cohorts (e.g., hospitalization and systemic steroid use).?>*2 FA has also been
associated with increased risk of severe asthma exacerbations (odds ratio 5.89)% and
poorer lung function metrics, including reduced forced expiratory flow.*? These findings
are largely observational and do not resolve whether co-occurrence reflects shared

allergen-specific IgE recognition or a broader severe-atopy phenotype.

1.1.3.2 Prevalence of cow’s milk allergy

IgE-mediated cow’s milk allergy (CMA) is among the earliest and most prevalent food
allergies in infancy and early childhood.***° Diagnosis is based on a history consistent

with immediate hypersensitivity supported by specific IgE (sIgE), skin prick testing (SPT),



or the double-blind placebo-controlled food challenge (DBPCFC) as reference
standard.%-3%-40 Reported CMA prevalence in early childhood ranges from ~0.5% to 3%
globally 3°#' with higher values reported under broader diagnostic criteria.383%4243 |n
Canada, physician-reported prevalence is estimated at 0.4%, lower than self-reported
rates.?° Bovine B-lactoglobulin (bovine BLG; Bos d 5) is a major allergen in cow's milk
proteins (CMPs) and is recognized by IgE in about 60 to 80% of patients with CMA in
some cohorts.*'#>45 Bovine BLG is particularly relevant immunologically as it has no
equivalent in human breast milk, unlike the caseins and a-lactalbumin. 34447 This makes
cBLG an entirely foreign antigen to the infant's developing immune system, thereby
lacking a basis for pre-existing immune tolerance and increasing its potential to trigger
allergic sensitization.*® Higher IgE reactivity to cBLG and caseins has been associated
with more persistent CMA phenotypes, although sensitization levels do not reliably

predict clinical reactivity or long-term outcomes.3%49-52

While CMA represents an important early-life FA, allergic asthma is one of the most
common later respiratory manifestations of atopy. Understanding both conditions is

important for examining how they may be clinically linked.

1.1.3.3 Prevalence of allergic asthma

Asthma is clinically heterogeneous, but allergic (IgE-mediated) asthma predominates in
childhood and accounts for approximately 67% of cases in some longitudinal cohorts.?*53
This phenotype differs from non-allergic asthma, which more often presents later with
different inflammatory profiles.®® Diagnosis involves a history of recurrent wheeze, cough,
or dyspnea confirmed by objective measures of variable expiratory airflow limitation
(spirometry) and evidence of IgE sensitization to aeroallergens 3°54%, In high-income
regions such as North America the incidence of pediatric asthma remains high, exceeding

3,200 cases per 100,000 children in some studies.>® On a global scale, asthma affects



more than 300 million people.®®°” In Canada it affects about 12-25% of children.%® Allergic
asthma phenotyping emphasizes IgE reactivity to aeroallergens, including house dust
mite, animal dander, and pollens.®*%-6' Diagnostic assignment in early childhood
remains challenging due to symptom overlap with other respiratory conditions and limited
feasibility of objective lung function testing in young children.#®3%562 These limitations
affect interpretation of early allergic trajectories but do not identify allergen-specific IgE

binding determinants.

With the clinical features of CMA and allergic asthma outlined, the next important
question is whether these conditions are linked across childhood development.
Longitudinal studies have therefore examined whether early cow’s milk allergy is

associated with later asthma.

1.1.3.4 Clinical association between cow’s milk allergy and later asthma

Longitudinal birth cohorts report that IgE-mediated CMA in infancy is associated with
increased likelihood of later asthma, including after accounting for other atopic
conditions.'®3%62 Thijs pattern is often described within the atopic march framework, in
which early FA and sensitization precede respiratory allergic disease.*%2-54 In prospective
cohorts, children with IgE-mediated CMA show higher prevalence of asthma (31% vs
13%) and rhinoconjunctivitis (66% vs 21%) at school age than non-allergic controls®?,
with risk heightened by multiple food allergies or atopic dermatitis.?® Challenge-confirmed
FA at one year of age has been reported to increase asthma risk by early childhood even
when FA later resolves.?® Children with both FA and asthma show increased risk of
severe outcomes, including near-fatal asthma exacerbations and food-induced

anaphylaxis.?29:33:66



Although these studies support a clinical association between CMA and later asthma, the
explanation for the underlying molecular basis of this relationship is limited. One possible
explanation is cross-reactivity, in which the same IgE antibody recognizes allergens from

different sources.

1.1.3.5 Cross-reactivity as one possible molecular explanation

To interpret the association between CMA and asthma, it is important to distinguish
molecular cross-reactivity from co-sensitization and clinical co-occurrence. IgE cross-
reactivity occurs when the same IgE specificity recognizes different allergens.2656¢ |n
contrast, co-sensitization refers to different IgE antibodies generated against different
allergens, and clinical co-occurrence is simply an epidemiological link without molecular
evidence. Therefore, true IgE cross-reactivity can only be established based on evidence
showing that one population of IgE molecules recognizes surfaces that are either shared

or similar among allergens. >

This distinction is important for this study because CMA and allergic asthma frequently
occur together, but their clinical association alone does not indicate a shared molecular
mechanism. Shared IgE recognition is one possible explanation that can be evaluated by

examining allergen structure and antibody binding.

1.1.4 Mechanism of allergen—antibody interactions

Antibody recognition of an allergen occurs at a noncovalent interface between an allergen
epitope and an antibody paratope.?'216.17.69.70 The part of the allergen that binds to the
antibody is known as the epitope. The paratope, which is the antigen-binding site that
complements the epitope, is found in the variable domains of the Fab region of the
antibody and makes direct contact with the epitope.'2%°%" The paratope is primarily

formed by residues within the complementarity determining regions (CDR), although the



residues that contact antigen do not always match canonical CDR definitions exactly.®®-

72

Protein B-cell epitopes may be linear, comprising residues that are adjacent in the
primary sequence, or discontinuous, when residues separated in sequence are brought
together on the folded protein surface.?'? Studies that focused on the structural analysis
of antibody-antigen complexes showed that protein B-cell epitopes usually involve about
15 residues in contact, although epitope size varies depending on the antigen surface

and the distance criterion used to define contacts.®’

In solved antibody—antigen complexes, the antigen residues that make direct contact with
antibody residues define the structural epitope, while the corresponding antibody contact
residues define the structural paratope.?'2'87374 This structural definition does not
necessarily identify the subset of residues that contribute most strongly to binding energy,
which is more appropriately termed the functional epitope and usually requires mutational
or thermodynamic validation.'?'6.73 A representative IgE Fab—allergen complex is shown

in Figure 1-3.

Allergen—antibody binding depends on three-dimensional shape and physicochemical
complementarity. The interface can be stabilized by direct and water-mediated hydrogen
bonds, electrostatic interactions, salt bridges, van der Waals contacts, hydrophobic
burial, and aromatic interactions such as -1 and cation—1r contacts (Figure 1-3).57.75-78
The net binding energy also depends on desolvation and any conformational changes

that occur during binding.Click or tap here to enter text.127578.79
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Figure 1-3. Structural basis of allergen—antibody recognition.

(A) Interface view of the allergen—Fab complex (PDB: 2VXQ), showing allergen residues
within 5.0 A of the antibody paratope. The allergen epitope is shown in cyan and the
contacting Fab paratope residues are shown as sticks colored by charge, with the

interface molecular surface also displayed in cyan. (B) 17— interactions. Interacting
epitope and paratope residues are labeled.

1.1.5 Lipocalins as a structurally conserved allergen family

Lipocalins are small extracellular proteins (about 160-200 amino acids and
approximately 18—40 kDa) that share a highly conserved tertiary structure.®¢"-8%8! Their
defining structural feature is an eight-stranded antiparallel B-barrel that encloses an
internal ligand-binding cavity (the calyx shown in Figure 1-4B), which accommodates
small hydrophobic molecules.®%8-82 As shown in Figure 1-4A, the B-barrel is typically
accompanied by a C-terminal a-helix and an N-terminal 3;,-helix positioned against the

exterior of the barrel.®8%#! Although their overall sequences are not very similar, lipocalins
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retain a similar B-barrel core, while their surface residues and connecting loops differ 6983~

8 (Figure 1-4C).

It is important to note that a similar lipocalin fold does not always mean IgE-binding sites
are shared. For example, Madhurantakam et al.®® found that the dog allergen Can f 2 and
the cat allergen Fel d 4 can both bind IgE, even though their sequences are less than
22% identical. However, the same study found no IgE cross-reactivity between Can f 2
and the mouse, horse, and rat lipocalins tested in five patient samples, even though their
ligand-binding cavities are similar.®’ These findings show the importance of focusing on

local features IgE-binding regions as opposed to just the overall fold.
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Figure 1-4. Lipocalin fold conservation.(A) Cartoon representation of the canonical
lipocalin architecture, consisting of an eight-stranded antiparallel B-barrel (strands S1-
S8, cyan) forming the calyx, capped by a short a-helix (H1, yellow) and two 31o-helix
(H3101-H3102, red). Connecting coil and turn regions are labeled (C1-C13, magenta;
T1-T7, grey). The N and C termini are indicated. (B) The calyx, the internal ligand-binding
cavity formed by the B-barrel, is shown. (C) Structural superposition of representative
lipocalins highlighting fold conservation: Bos d 5 (2R56, blue), sheep B-lactoglobulin
(4CK4, green), cat allergen Fel d 4 (8AMC, red), and human tear lipocalin / LCN1 (1XKI,
magenta). All structures were aligned and rendered in YASARA.

1.1.6 IgE-allergen complex structures and interface constraints

Direct structural definition of IgE epitopes is limited by the low abundance of IgE (ng/mL)
in serum and the rarity of allergen-specific IgE-expressing B cells (3x1077 to 7x107°) in
peripheral blood.”'213189091 Methods such as X-ray crystallography require milligram
quantities of pure and homogeneous antibody—allergen complexes, something that is
difficult to achieve with IgE.">'3*#" Human IgE responses are also polyclonal, so assays
based on serum assays reflect mixtures of IgE clones instead of single defined
interactions.” 1213189081 These experimental challenges have led to the development of
approaches for isolating monoclonal IgE antibodies, including combinatorial display
libraries and hybridoma-derived antibodies.'®'8"® Although these approaches enable
structural characterization of individual antibody—allergen interactions, each monoclonal

antibody represents only a fraction of the polyclonal IgE repertoire in vivo.
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Peptide scanning can find linear IgE-binding regions, but it may not show how these
segments are shaped or exposed in the folded allergen.'®66°2 Most IgE epitopes on intact
allergens are conformational, comprising residues that are far apart in the sequence. -
% Mouse IgG antibodies can help point to possible IgE-binding regions, but their

specificity does not always match how human IgE recognizes allergens.®”'7%°

The determination of high-resolution crystal structures of IgE Fan—allergen complexes
has provided the first atomic descriptions of IgE Fab-allergen interfaces and the
structural basis of IgE recognition 2121617 (Figure 1-5). Structures of recombinant human
IgE-derived Fabs in complex with allergens such as Bos d 5 (PDB: 2R56, Figure 1-5A)
and the grass pollen allergen Phl p 2 (PDB: 2VXQ, Figure 1-5B) found that the epitopes
are mostly flat, discontinuous areas made up of B-sheet surfaces.'®'” Later, structures of
Der p 2 with Fabs from naturally paired human IgE antibodies 2F10 and 4C8 showed
different, non-overlapping epitopes (PDB: 7MLH, 8VK1; Figure 1-5C,D).'? Across these
structures, IgE binding is supported by localized geometric and physicochemical
complementarity, but the observed interfaces span more than one epitope topology and

IgE Fab-allergen orientation. 21617100

IgE complex structures with lipocalin allergens further show that allergen conformational
state can influence which surfaces are accessible. In the Can f 1 complexes, human IgE-
derived Fabs 1J11 and 12F3 recognize some of the same epitope regions, but these are
linked to different shapes at the N-terminal end (PDB: 9NPH/8VQF, 9NPI/ONPG; Figure
1-5F/E,H/G).% In the 12F3 complex, the N-terminal segment moves, allowing the heavy-
chain CDR3 loop to reach into the calyx. These results demonstrate that the same

lipocalin fold can support different ways for antibodies to bind.'316.17.77
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Figure 1-5. Contact surfaces in IgE—allergen complexes.

Panels show IgE-Fab bound to their allergens: (A) Bos d 5/B-lactoglobulin (PDB 2R56),
(B) Phl p 2 (PDB 2VXQ), (C) Der p 2 (PDB 7MLH), (D) Der p 2 (PDB 8VK1), (E) Can f 1
(PDB 8VQF), (F) Can f 1 (PDB 9NPH), (G) Can f 1 (PDB 9NPG), and (H) Can f 1 (PDB
9NPI). Allergens are rendered as gold ribbons, while Fab light and heavy chains are
shown as magenta and gray ribbons, respectively. For each complex, only interfacial
residues (defined by a van der Waals surface gap cutoff of 0.5 A) are displayed as sticks
with element coloring, and the interacting region is highlighted by a semi-transparent
green accessible surface. Together, these structures illustrate that IgE recognition targets
diverse conformational epitopes on allergen surfaces, with variation in epitope topology
and Fab-allergen orientation. All structures were rendered in YASARA.
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1.1.7 Bos d 5 as a food lipocalin allergen

As mentioned earlier, bovine BLG is the most abundant whey protein and a major cow’s
milk allergen.0384450.80  Gtrycturally, bovine BLG adopts the canonical lipocalin
architecture®®'”1%" (Figure 1-4). Although bovine BLG can dimerize under physiological
conditions, IgE binding has been reported at the monomer level, indicating that relevant

IgE-binding surfaces are present on the folded monomer,0:17:45.10410,17.45,102

Early mapping of bovine BLG IgE-binding determinants used peptide scanning,
fragments, and assays with denatured protein, which favor detection of linear
epitopes.®54%103-109 These studies reported multiple IgE-reactive regions across the
sequence, often including the C-terminus and several loops.*® However, IgE binding to
native bovine BLG as compared to denatured bovine BLG shows a strong dependence
on the intact tertiary structure, and linear peptides generally fail to inhibit IgE binding to
folded bovine BLG.'®104110 Because patient IgE is polyclonal, peptide-level patterns can
also differ between individuals.' As a result, indirect mapping identifies candidate

regions but does not define functional conformational epitopes on the native protein."”

The Bos d 5—-IgE Fab complex structure (2R56; Figure 1-4A) provides an experimentally
validated conformational epitope at atomic resolution.'” The interface spans
approximately 890 A2 and is formed mainly by B-strand segments on a relatively planar
surface.' The epitope lies on a single monomer and is distinct from oligomerization
interfaces.'” These findings define an experimentally defined IgE-binding surface on a
food-derived lipocalin, but it does not establish whether respiratory or endogenous

lipocalins present analogous IgE-compatible surfaces.

Although the Bos d 5-IgE complex defines one validated conformational epitope, it

remains unclear how small sequence differences on the same structural scaffold alter
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IgE recognition. Closely related non-bovine B-lactoglobulins (oLG) therefore provide a
useful natural comparison set for testing how local substitutions affect an otherwise

conserved allergen surface.

1.1.8 B-lactoglobulin homologs and milk-protein cross-reactivity

B-Lactoglobulins from closely related ruminants (buffalo (bBLG), sheep (sBLG), goat
(gBLG)) provide a controlled model for testing how a small number of amino-acid
substitutions affects IgE recognition on a conserved lipocalin scaffold. These proteins
share high sequence identity with bovine BLG**41"" and their structure still exhibit the
same B-barrel arrangement''?113 With these proteins it is possible to look at local

sequence differences in the context of a similar overall structure.

Certain substitutions do alter the chemical characteristics of the relevant surface areas.
For instance, the residue at position 130 in bovine BLG is Asp130, whereas in spLG it is
Asn130 and in gBLG it is Lys130, with the numbering referring to the mature protein."*3114
In polyclonal IgE responses, such changes are expected to affect only IgE clones that
contact the altered region, producing inhibition patterns specific to each patient in

serological assays.'0411

Reindeer B-lactoglobulin (rLG) provides an additional test case for high sequence
identity. rBLG shares about 94% sequence identity with bovine BLG and differs by fewer
than ten residues; its structure (PDB: 1YUP) is very similar to bovine LG (RMSD ~0.45
A)'"® Reported partial IgE cross-reactivity between bovine BLG and rBLG in patients
sensitized to bovine BLG**'6 is consistent with local substitutions altering electrostatics
near a region that contacts IgE, without changing the overall B-sheet topology'’, although

such mapping alone does not prove causality.
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At larger phylogenetic distances, sequence divergence is associated with additional
structural differences and weaker cross-reactivity. Equine BLGs show reported
differences in oligomerization behavior and local B-barrel organization®1".117.118 gand IgE

cross-reactivity with bovine BLG is weak or absent in several studies*” '8

1.1.9 Structural and physicochemical descriptors of IgE epitopes

Experimentally determined IgE Fab-allergen complexes provide a basis for selecting
structural descriptors that characterize IgE-binding surfaces. These complexes provide a
basis for comparing surface patches that are capable of binding to IgE.?1216.17.6875 |n this

context, a patch is a local, spatially defined region of the allergen surface.!'%-121

The surface features that are relevant consist of solvent-accessible surface area (SASA),
relative solvent accessibility (RSA), protrusion, electrostatic surface potential (ESP), and
residue composition.69.76.99.119.122-124 Thege properties indicate whether a candidate region
is solvent exposed, presents a comparable local shape, and possesses chemical features
that could support antibody binding. Interface-level descriptors provide a quantitative
measure of complex stability, including buried surface area (BSA) and the density of
hydrogen bonds and van der Waals contacts.'387576.123125 Fyrthermore, the interface is
stabilized by a network of non-covalent interactions, including ionic salt bridges,
hydrophobic burial, and aromatic contacts such as m—1r stacking and cation—
interactions, which are critical for high-affinity recognition.”137%77126 Together, these
descriptors provide complementary information on the structural and physicochemical
basis of epitope—paratope interactions in experimentally determined or modeled

complexes.

Epitope presentation can also be affected by oligomerization, ligand binding,

conformational state, post-translational modifications (PTMs), and differences between
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recombinant and native allergen forms.'?’-'% Therefore, although descriptor analysis
provides a standardized framework for comparing candidate IgE-binding surfaces across
homologous proteins in this thesis, experimental IgE-binding and inhibition assays

remain essential for confirming functional cross-reactivity and clinical relevance.

1.1.10 IgE cross-reactivity in lipocalins: evidence and molecular interpretation

1.1.10.1 Experimental evidence

IgE cross-reactivity is commonly investigated using competitive inhibition immunoassays,
including enzyme-linked immunosorbent assay (ELISA) inhibition.'®® For example, in a
standard assay, patient serum is preincubated with allergen A, after which residual IgE
binding to an immobilized target allergen B is measured. Inhibition of IgE binding to B by
A indicates that at least a proportion of serum IgE antibodies recognize epitopes shared
between the two allergens, whereas detection of IgE binding to both allergens in separate
assays demonstrates co-sensitization.'>®® Homologous inhibition serves as a positive
control for assay performance, whereas reciprocal inhibition experiments determine

whether shared IgE recognition is observed in both directions. 566

Partial inhibition may reflect that only a subset of IgE antibodies recognizes shared
epitopes, differences in antibody affinity or avidity, or the presence of allergen-specific
epitopes absent from the corresponding inhibitor. Quantitative inhibition is also influenced
by experimental factors, including inhibitor concentration and molar excess, target
immobilization, protein purity, isoform composition, glycosylation, protein folding, and the

use of natural or recombinant allergens.®®

Mammalian lipocalins include several well-characterized examples of IgE cross-
reactivity.”' Representative examples are summarized in Table 1-1. Early component-

based studies demonstrated limited IgE cross-reactivity between Can f 1 and human tear
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lipocalin (LCN1), Canf1and Canf2, and Equ c 1 and Mus m 1.'2%'3" Subsequent studies
identified additional cross-reactive relationships, particularly among Can f 6, Fel d 4, and
Equ c 1, as well as between Can f 1 and Fel d 7.82129.132-136 Additional experimentally
supported examples include Can f 2/Fel d 4, Can f 4/bovine odorant-binding protein, Cav
p 6/Fel d 4/Can f 6, the cockroach lipocalins Bla g 4 and Per a 4, and bovine and reindeer
B-lactoglobuling8®131:135137-139 (Tgple 1-1). Cross-reactive urinary allergens have also
been demonstrated in mouse and rat urine extracts, although these experiments were

performed using whole extracts rather than purified Mus m 1 and Rat n 1.4

Where reciprocal inhibition has been examined, the degree of inhibition may differ
between assay orientations, suggesting that shared and allergen-specific IgE populations
coexist. Interpretation of inhibition data also requires consideration of methodological
differences among studies, including allergen preparation, assay format, and inhibitor

concentration, all of which may influence the magnitude of the measured response.™
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Table 1-1. Representative IgE cross-reactivity between lipocalin proteins.

Lipocalin pair IgE cross-reactivity observed Reference(s)
Canf6/Fel d 4 Reciprocal but patient-dependent inhibition 82,132,133
Canf6/Equc 1 Strong inhibition in selected patients; extent varied among sera 32134
Fel d 4/Equ c 1 Reciprocal partial inhibition 132,135
Canf1/Feld7 Partial, asymmetric and patient-dependent inhibition "
Canf1/Canf2 Low or asymmetric inhibition 131,135
Can f 1/human LCN12  Limited and asymmetric inhibition 131
Can f 2/Fel d 4 ilz()jz:it%and patient-dependent inhibition despite low sequence gg 435
Can f 4/bovine 23-kDa Nearly complete inhibition by Can f 4; reciprocal inhibition was 43,
OBP® not tested
Equ c 1/Mus m 1 Weak and predominantly unidirectional inhibition 131
Cavp6/Feld4;Canf6  Partial and asymmetric inhibition 138
Bla g 4/Pera4 Partial reciprocal inhibition despite low sequence identity 139
Partial inhibition by reindeer B-lactoglobulin; reciprocal 142

Bos d 5/rBLG®

inhibition was not tested

Only primary studies that examined IgE cross-inhibition using patient sera and isolated recombinant or natural lipocalins were included.
Reciprocal inhibition indicates inhibition in both directions but does not imply an equivalent degree of inhibition. Results are described
qualitatively because assay format, inhibitor concentration, protein preparation and serum selection differed among studies. Allergen
names follow World Health Organization/International Union of Immunological Societies ((WHO/IUIS) nomenclature.™?

a Human LCN1 is the endogenous human lipocalin-1, also known as tear lipocalin, and is included as a cross-reactive homolog rather
than as a recognized allergen.

b No official allergen designation has been assigned; the descriptive protein name is therefore used.

°rBLG is a Bos d 5 homolog without a separate official allergen designation.

Abbreviations: IgE, immunoglobulin E; LCN1, lipocalin-1; rBLG, reindeer B-lactoglobulin; OBP; odorant-binding protein.


https://allergen.org/
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1.1.10.2 Molecular interpretation

The available experimental evidence suggests that IgE cross-reactivity between
lipocalins arises from conserved surface features. Cross-reactive allergens are thought
to present exposed conformational regions with sufficiently similar shape and
physicochemical properties to permit recognition by the same IgE antibody, or by
overlapping populations of polyclonal IgE antibodies.'®¢70 Although lipocalins share a
conserved B-barrel scaffold, this structural framework does not necessarily preserve the
surface geometry, electrostatic potential, hydrophobicity, conformational flexibility, or
residue interactions that determine antibody binding.>%%# This distinction helps explain
why cross-reactivity is selective instead of it being a general property of all conserved

protein families.

1.1.11 Human lipocalins: immune tolerance and self-reactivity

Human lipocalins include lipocalin-1 (LCN1; tear lipocalin) and lipocalin-2 (LCNZ2;
neutrophil gelatinase-associated lipocalin; Figure 1-4C)."414% Although their amino-acid
sequences vary considerably, these proteins share the characteristic eight-stranded -
barrel of the lipocalin fold."®%8 Some human lipocalins also show sequence and
structural similarity to mammalian respiratory lipocalin allergens. However, evidence for

IgE recognition of endogenous human lipocalins is limited.

The best documented example is the relationship between Can f 1 and human LCN1 131,
These proteins share approximately 61% sequence identity.'®213! Saarelainen et al.
found low levels of IgE specific to LCN1 in seven patients who were allergic to dogs, six
of whom also had IgE specific to Can f 1."*" Competitive ELISA inhibition demonstrated
partial, asymmetric IgE cross-reactivity, with Can f 1 producing greater inhibition of IgE

binding to LCN1 than vice versa (Table 1-1). These findings indicate that Can f 1 and
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LCN1 share IgE-binding determinants, although the study did not establish the primary

sensitizing allergen or the clinical significance of LCN1-reactive IgE.5%!

Subsequent work showed that Can f 1- and LCN1-specific CD4* T-cell responses were
low and broadly comparable in allergic and non-allergic individuals.™*® These
observations suggest that differences in T-cell antigenicity alone are unlikely to account
for the contrasting immunological behavior of Can f 1 and the endogenous protein LCN1.
More broadly, IgE autoreactivity to a variety of human proteins has been described in
patients with atopic dermatitis, particularly in those with severe disease or elevated total
IgE concentrations.” 4= However, the reported autoantigens encompass diverse
protein families, and current evidence does not indicate that endogenous human

lipocalins are frequent targets of autoreactive IgE.

Ultimately, the available evidence suggests that human lipocalins are useful reference
proteins for examining structural features shared across the lipocalin family while also
illustrating that structural similarity alone is insufficient to predict allergenicity or IgE cross-
reactivity. Although limited IgE cross-reactivity has been demonstrated between Can f 1
and LCN1, endogenous human lipocalins are generally considered within the context of

immunological tolerance rather than as clinically relevant allergens.

1.1.12 Computational approaches for IgE epitope and cross-reactivity analysis

1.1.12.1 Cross-reactivity screening based on sequence

Codex Alimentarius and European Food Safety Authority (EFSA) guidance recommend
sequence similarity searches as an initial step in allergenicity assessment. A newly
expressed protein is considered to have the potential for IgE cross-reactivity with a known
allergen when it shares more than 35% sequence identity over a segment of at least 80

amino acids.'®"%2 This criterion is widely used because it is rapid, transparent, and
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readily applied across allergen databases. However, it is intended as a conservative
screening threshold as opposed to evidence of allergenicity or clinically relevant cross-

reactivity.

The main limitation is that sequence similarity is only a proxy for antibody recognition and
does not indicate whether conserved residues are exposed on the protein surface, form
a conformational IgE epitope, or adopt a similar three-dimensional orientation. This
limitation is important for lipocalins because mammalian lipocalins often retain a
conserved fold despite low sequence identity, and IgE cross-reactivity has been reported
for some lipocalin pairs but not for others.8%'31:%! Sequence screening is therefore useful

for initial risk assessment and for detecting clear homologues.

To address these limitations, sequence-based approaches have increasingly been
complemented by methods that incorporate allergen structure, particularly because many

IgE epitopes are conformational.

1.1.12.2 Epitope predictors based on antigen structure

A second class of methods predicts B-cell epitopes from the three-dimensional structure
of a single antigen. Tools such as DiscoTope and SEPPA (Spatial Epitope Prediction of
Protein Antigens) analyze antigen structure to identify likely conformational epitope
patches based on surface exposure, residue properties, and spatial clustering.'3154
Because these methods evaluate only the antigen and do not incorporate the sequence
or structure of a specific antibody, their predictions cannot prove that the same IgE would
bind to corresponding surfaces on different allergens.'3'>* Furthermore, most general B-
cell epitope prediction methods have been developed and benchmarked using diverse
antibody—antigen datasets rather than datasets focused specifically on IgE—allergen

complexes. '
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1.1.12.3 Allergen surface comparison methods

Some computational methods developed for allergy research compare allergen surfaces
directly. SPADE (Surface comparison-based Prediction of Allergenic Discontinuous
Epitopes) predicts candidate discontinuous IgE epitopes by comparing the surfaces of
structurally related allergens and incorporating IgE cross-reactivity data.”® It uses
structural similarity, including surface shape and physicochemical properties, to identify
surface regions that are shared by cross-reactive allergens but not by allergens with weak

or absent cross-reactivity.”®

Cross-React is another structure based method for predicting allergen cross-reactivity. It
compares the amino acid composition and solvent accessible properties of a known or
predicted epitope with surface patches on other allergens.Click or tap here to enter
text.212.16.17.67.732,12,1617.67.73 The method is based on the idea that allergens may cross
react when they contain accessible surface patches with similar composition and spatial

organization.®®

These methods are more directly relevant to allergy than sequence-based approaches
or predictors that examine a single allergen because they compare allergens at the
surface level, where conformational IgE epitopes are presented.”®'®> However, they
generally evaluate antigen surfaces independently of a defined antibody—antigen

interface, leaving molecular basis of antibody recognition unresolved.

1.1.12.4 Analysis and modeling of antibody—antigen interfaces

A further class of computational approaches involves prediction of epitopes from
antibody—antigen complexes. For example, EpiPred combines geometric matching with
an antibody—antigen interface scoring function to predict epitope regions and rank

docking poses.'® SEPPA-mADb (Spatial Epitope Prediction of Protein Antigens or
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monoclonal antibodies) determines candidate epitopes by using the structure of the
antigen and that of a particular monoclonal antibody.™’ In neither case is it necessary for

the two partners to have already been resolved in a complex.

Other tools, such as AppA and Arpeggio, analyze existing antibody—antigen complexes
by identifying contact residues, interfacial waters, hydrogen bonds, hydrophobic
interactions, van der Waals contacts, and ionic interactions.'®®'%® General interface-
analysis approaches can also quantify buried surface area, contact residues, and
interaction fingerprints, which are often more directly related to antibody binding. 59160
These methods are useful because they describe the physical contacts formed across

the interface.196-160

Complex models may be produced through template placement or docking when an
experimentally determined antibody—antigen complex is available.’® In template
placement, structural alignment is used to place the query protein in relation to its partner
in an experimentally determined complex. This differs from de novo docking, where the
relative orientation of the two binding partners is searched without imposing a specific
experimental complex as the template.'! In antibody—antigen modeling, methods such
as RosettaDock, SnugDock, and HADDOCK (High Ambiguity Driven protein—protein
Docking) illustrate how interface information, including known or predicted paratope and

epitope residues, can guide docking and local refinement of complex models.'62-164

For IgE cross-reactivity, this strategy is particularly valuable when the template is an
experimentally determined IgE Fab-allergen complex. The Fab defines the reference
paratope and binding orientation, allowing homologous allergens to be superposed into
the same position for comparison. Unlike allergen surface comparison methods, which

identify similar exposed surface patches®701%5 template-based modeling evaluates
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whether a homologous allergen preserves a compatible surface within the experimentally
observed IgE-binding geometry. For lipocalins, whose conserved fold is often maintained
despite relatively low sequence identity, this provides a framework for evaluating
candidate cross-reactive surfaces under the structural constraints of a known IgE

interface.

1.1.13 Unresolved questions

The reviewed literature leaves three main unresolved questions. Longitudinal and clinical
studies associate IgE-mediated CMA with asthma.?®3062165-167 However, these
associations do not prove that milk and aeroallergens are recognized by the same IgE .
Moreover, although inhibition studies can indicate cross-reactivity it cannot determine the
specific antibody clones or the sites at which they bind.82131 Lastly, the currently available
IgE Fab-allergen complex structures define important atomic-level features of IgE
recognition®1216.17.73 byt these interface features have not been systematically applied to

compare candidate IgE-binding surfaces across food, respiratory, and human lipocalins.
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1.2 Study rationale, goal, and objectives

1.2.1 Rationale

The IgE Fab—-Bos d 5 complex provides an experimentally determined interface for
structural analysis of the lipocalin protein family.' These proteins are suitable for
comparison because they share a common fold while differing in exposed residues and
in the available evidence for IgE recognition.61.69.80.84.110,131,168,16% The relevant question
is whether these differences are reflected in mapped Bos d 5 linear IgE-binding regions

and comparative models constructed using its Fab.

This thesis develops and applies a workflow with two linked analyses. The epitope
analysis workflow maps Bos d 5 linear IgE-binding regions, as reported in the literature,
and the Bos d 5 conformational epitope onto aligned query proteins, after which structural
and physicochemical descriptors are calculated. The interface analysis involves
positioning each query protein in the orientation of the template Fab—allergen and then
computing the descriptors for the modelled interface as well as those for the epitope and
paratope defined by contact cutoff. The key aspect of this study is the combination and
application of these analyses to a group of lipocalin proteins consisting of B-lactoglobulin
homologues, aeroallergens, and human lipocalins and to prioritize candidate proteins and

surface regions for subsequent experimental evaluation.

1.2.2 Goal

The immediate goal is to develop and apply a comparative structural workflow to
determine how closely B-lactoglobulin homologues, aeroallergens, and human lipocalins
retain the measured epitope, paratope and interface features of Bos d 5. The long term
goal is to use these comparisons to guide experimental investigation of IgE cross-

reactivity between food and respiratory allergens.
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1.2.3 Objectives

1.

2.

Develop and evaluate a general comparative structural workflow

1.1.

1.2.

Develop a reproducible comparative structural workflow that (i) maps reference
allergen epitope regions onto structurally aligned homologous proteins and
computes standardized structural and physicochemical descriptors for the
reference and mapped regions, and (ii) uses an experimentally determined IgE
Fab—allergen complex as a structural template to generate comparative IgE Fab—
allergen models and compute corresponding epitope, paratope, and interface
descriptors for the reference and comparative complexes.

Evaluate the robustness, interpretability, scope, and limitations of this workflow.

Apply the workflow to Bos d 5 and homologous lipocalins

2.1.

2.2.

2.3.

Assess whether lipocalin aeroallergens exhibit epitope-region and IgE Fab—
allergen interface descriptors similar to those of Bos d 5, consistent with
structural features that could support IgE cross-reactivity.

Assess whether non-bovine ruminant B-lactoglobulin homologues exhibit the
greatest similarity to Bos d 5 in epitope-region and comparative IgE Fab—allergen
interface descriptors, consistent with evolutionary conservation within the
ruminant B-lactoglobulin subgroup.

Evaluate whether endogenous human lipocalins serve as tolerated comparators
by exhibiting lower similarity to Bos d 5 epitope-region and comparative IgE Fab—

allergen interface descriptors despite conservation of the lipocalin fold.
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2 METHODS
2.1 Structural dataset assembly and preprocessing

2.1.1 Structural dataset

Structural data were assembled in three steps. Lipocalin allergens and their isoallergen-

level UniProt accessions'? were collected from the WHO/IUIS Allergen Nomenclature

database.'® Bos d 5 was included because its WHO/IUIS entry is listed as B-
lactoglobulin, a member of the lipocalin family.598084110  Additional B-lactoglobulin
homologs representing the non-bovine ruminant, non-ruminant ungulate, carnivoran and
marsupial comparison groups were retrieved from UniProt through the UniProt REST
APL° Primary UniProtKB accessions were used as the stable protein identifiers

throughout the study.

One representative structure was selected for each protein accession. Candidate
experimental structures were identified from UniProtKB'° and records in the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB)."”" Models
from the AlphaFold Protein Structure Database (AFDB) were considered only when no
suitable experimental structure was available."”>'3 When multiple experimental
structures were available for a given accession, the representative structure was selected
by prioritizing experimental entries and then considering experimental method, sequence
coverage relative to the UniProt entry, chain completeness, and resolution.'* In parallel,
a comparison set of endogenous human lipocalins was assembled from reviewed human
UniProtKB entries and screened using the same structure-selection criteria.

Experimental IgE Fab-allergen complexes were identified in the RCSB PDB'"" using the


https://www.uniprot.org/
https://www.allergen.org/search.php?allergenname=&allergensource=&TaxSource=&TaxOrder=&foodallerg=all&bioname=&browse=Browse
https://www.allergen.org/search.php?allergenname=&allergensource=&TaxSource=&TaxOrder=&foodallerg=all&bioname=&browse=Browse
https://www.uniprot.org/
https://www.uniprot.org/
https://www.rcsb.org/
https://alphafold.ebi.ac.uk/
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curated allergen list. Candidate complexes were retained only when the antigen chain
corresponded to a curated allergen, the entry represented an antibody—allergen complex,
and both Fab heavy- and light-chain components were present. Unless otherwise stated,

only Fab fragments derived from human IgE antibodies were retained.

The WHO/IUIS Allergen Nomenclature Database and RCSB PDB records were last
searched on 15 June 2026. Sequence records and annotations corresponded to
UniProtKB release 2026 02, accessed on 15 June 2026, and predicted structures were
downloaded from AlphaFold Protein Structure Database (AFDB), accessed on 15 June

2026. The final dataset is summarized in Table 3-1—Table 3-4.

2.1.2 Structural dataset preprocessing

Representative structures were preprocessed to standardize protein chains prior to
analysis. For AFDB"72173 models, structures were preprocessed before use by defining
mature-chain boundaries from UniProtKB'"° feature annotations, and then trimming the
models with Biopython'® to those boundaries while removing low-confidence regions
based on per-residue AlphaFold predicted local distance difference test (pLDDT)

scores.'”
2.2 Workflow development

2.2.1 Method overview

We developed a comparative structural method comprising two workflows for analyzing
homologous proteins: epitope mapping and IgE Fab—antigen complex workflow (Figure
2-1; Figure 2-2). The epitope-mapping workflow used a reference allergen with annotated
epitope regions and structurally aligned homologous query proteins as inputs and
generated mapped epitope regions with corresponding structural and physicochemical

descriptors as outputs. The IgE Fab-allergen workflow used an experimentally


https://alphafold.ebi.ac.uk/
https://www.uniprot.org/
https://biopython.org/
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determined IgE Fab-allergen complex and homologous query proteins as inputs, and
generated comparative IgE Fab—query allergen models with corresponding epitope,
paratope, and interface descriptors as outputs. The workflow was implemented in

Python'® through the YASARA Python'”” interface, enabling automated structural

alignment, complex construction, and downstream descriptor extraction.

2.2.2 Structure loading and cleanup

Structures were loaded in YASARA (Yet Another Scientific Artificial Reality Application)
with the original coordinate frame preserved by disabling the centering parameter. Before
structural alignment and descriptor calculation, crystallographic waters and other non-
protein molecules were removed so that subsequent measurements were restricted to
protein—protein interactions.””®'7®  During complex construction, structures were
imported with  YASARA's correction option enabled to regularize coordinate-file
inconsistencies."”” For descriptor extraction from already prepared complexes, this
correction step was not repeated. Hydrogen atoms were added and protonation states
were assigned consistently at pH 7.4 before calculation of descriptors. This
standardization is important since it is necessary to define the protonation states at in
order to carry out electrostatic calculations’'®, and the addition and optimization of

hydrogen atom positions are necessary to determine reliable interaction geometries.”® 8


https://www.python.org/downloads/release/python-3132/
https://www.yasara.org/biotools.htm
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Figure 2-1. Overview of the epitope mapping workflow.

(1) Reference and query structures are retrieved and prepared. (2a) Each query protein is structurally aligned and superposed onto
the reference allergen. (2b) Residue correspondence from the structural alignment is used to map reference epitope onto the query
structure. (3) Structural and physicochemical descriptors are calculated for the reference epitope region and for each corresponding
mapped query region. (4) Paired reference—query descriptor tables are used for similarity analysis.
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i=igure 2-2. Overview of the template-based comparative structural workflow.

(1) Structures are retrieved and prepared. An experimentally determined IgE Fab-allergen complex is selected as the template
complex, and the bound allergen chain is defined as the template allergen. (2a) Each query allergen is structurally aligned and
superposed onto the template allergen. (2b) The fitted query allergen replaces the template allergen in the coordinate frame of the
bound Fab, generating a template derived IgE Fab—query allergen model. (3) Patch and interface descriptors are calculated for the
experimental template complex and for each template derived model. (4) The resulting descriptor tables are used for paired template—
query similarity analysis.
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2.2.3 Representative assembly selection

Some of the experimentally determined IgE Fab—allergen complexes contained more
than one copy of the complex within the asymmetric unit (ASU)." In such cases, a single
Fab—allergen assembly was identified from the protein-chain composition and heavy-
atom contact topology using a 5.0 A cutoff. This distance threshold has been used in past
studies to identify noncovalent interactions and to define interfacial residues.”>'"® To

avoid redundancy within the PDB entry'®, only one assembly was retained.

2.2.4 Fab heavy-chain, light-chain, and allergen-chain assignment

Chain roles were assigned from chain length and contact topology to address the
inconsistent annotation of chain identities and numbering often found in PDB entries. 3
Antibody-like chains were defined as chains of 201-350 residues, whereas non-antibody-
like chains were classified as candidate allergen chains.'®* In three-chain complexes, if
exactly two chains met the antibody-length criterion, those chains were assigned as the
Fab pair and the remaining chain as the allergen; otherwise, Fab and allergen roles were
assigned from contact topology. When additional protein chains were present, the Fab
pair was defined as the contacting pair of antibody-length chains showing the strongest
mutual contact. Within the Fab pair, the chain forming the greater number of heavy-atom
contacts with the allergen was assigned as the heavy chain and the other as the light
chain. This choice of this approach is informed by structural studies showing that the
heavy chain often contributes a larger fraction of antibody—antigen contacts and buried

surface area than the light chain.'367.178.185
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2.2.5 Structural alignment, epitope mapping, and Fab—query allergen model

construction

Structural alignment was used for two related purposes: mapping reference epitope
annotations onto homologous query structures and constructing Fab—query allergen

models from experimentally determined IgE Fab—allergen complexes.

For epitope mapping, each query allergen was structurally aligned to the reference
allergen using YASARA'’s implementation of the Multiple Structural Alignment Algorithm
(MUSTANG) developed by Konagurthu et al.'””'8 Unless otherwise stated, the following
parameters were used: maximum distance cutoff, 5.0 A; maximum angle cutoff, 90°;
minimum aligned segment length, 5 residues; gap-opening penalty, 10; gap-extension
penalty, 2; and terminal overhang, 0. Residue correspondence from the structural
alignment was used to identify query residues aligned to the reference epitope positions.
These aligned query residues formed the mapped query regions used for subsequent

descriptor calculation.

For interface analysis, each query allergen was structurally aligned to the template
allergen from an experimentally determined IgE Fab—allergen complex using the same
MUSTANGPP procedure.'"'8 Alignment quality was recorded using root-mean-square
deviation (RMSD), sequence identity, and the number of aligned Ca residue pairs. These
metrics were used to quantify the structural and sequence similarity between the template

allergen and each query allergen.

The resulting rigid-body superposition was then used to position the query allergen in the
template-defined binding position. The template allergen was replaced in situ by the
superposed query allergen within the experimental IgE Fab-allergen complex, thereby
generating a constructed IgE Fab—query allergen complex. This procedure generated a

comparative model derived from the template by placing the query allergen in the
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paratope context of the reference Fab. The approach is analogous to template-based
protein—protein complex modeling, in which an experimentally determined complex
provides the relative binding orientation for comparative analysis or model
construction.”'®-18 The resulting constructed complexes were saved for subsequent

descriptor extraction and comparative analysis.

The curated IgE Fab-allergen complexes (Table 3-1) were used to evaluate the template-
based workflow. As identity controls, each template complex was also reprocessed using
its own allergen chain as the query structure. These controls were used to determine
whether structural alignment, complex construction, and descriptor extraction altered the

measured interface properties in the absence of allergen substitution.

2.2.6 Two-protocol workflow

Two descriptor-calculation protocols were implemented. In the RAW protocol, interface
descriptors were calculated directly from the protein structures after standardized
structural preparation in YASARA.'7 This preparation included protonation-state
assignment at pH 7.4, hydrogen-bond optimization, AMBER14'%° force-field assignment,
construction of a periodic simulation cell, and treatment of long-range Coulomb

interactions using the Particle Mesh Ewald (PME) algorithm. '

In the MIN protocol, the same prepared protein structures were subjected to an additional
energy-minimization step before descriptor calculation. Minimization was performed after
solvation (explicit TIP3P'®? water molecules) and charge-neutralization of the periodic
cell, with protonation states assigned during the preparation stage at pH 7.4. The
minimization procedure was used to reduce steric strain introduced during template-

based structural replacement before descriptor calculation.'78.180.193
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Descriptor outputs were retained according to protocol-completion and quality-control
criteria. For each attempted template-complex/query-allergen comparison, a descriptor
row was included only when the relevant protocol completed successfully and produced
usable descriptor outputs. For paired RAW-MIN analyses, the matched analysis set was
defined a priori as the subset of comparisons for which both RAW descriptors and MIN
descriptors were available. Coverage was summarized at two levels: protocol-specific

coverage and matched RAW-MIN coverage.

2.2.7 Regions and interface definition

Mapped epitope regions and comparative interface regions were defined using structural

correspondence derived from structural alignment or atomic contact criteria.

For the epitope-mapping workflow, mapped query regions were defined by residue
correspondence obtained from structural alignment between the reference allergen and
each homologous query allergen. Query residues aligned to the reference epitope

positions constituted the mapped query region.

For each experimental IgE Fab—allergen template complex and each comparative Fab—
query allergen model, contact residues were defined using a 5.0 A heavy-atom cutoff. A
residue was assigned to a contact patch when at least one of its heavy atoms was within
5.0 A of any heavy atom of the binding partner.67.119.194.1% Hydrogen atoms were excluded
from patch definition. This criterion was applied uniformly to all experimental template

complexes and comparative models.

In the experimental IgE Fab—allergen template complex, allergen residues that contacted
the Fab defined the epitope, whereas Fab residues satisfying the same criterion defined
the paratope patch. Together, these residue sets defined the experimental Fab—allergen

interface. In the comparative Fab—query allergen models, query allergen residues within
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5.0 A of the Fab defined the comparative epitope, whereas Fab residues satisfying the
same criterion defined the comparative paratope. These residue sets defined the
comparative Fab—query allergen interface generated under the template binding

geometry.

A 5.0 A heavy-atom cutoff is a standard structural criterion for defining antibody—antigen
contact residues and related protein—protein interface contacts.’?'2%1% The same cutoff
was used for all template and query comparisons to allow direct comparison of patch and

interface descriptors.

Because the method development stage included structurally diverse template—query
pairings, some comparative models produced no query allergen residues within the
selected contact distance after structural superposition. In these cases, no comparative
epitope or comparative interface could be defined, and the corresponding models were

excluded from downstream descriptor calculation.

2.2.8 Region and interface descriptors

Standardized structural and physicochemical descriptors were calculated for every
structural region defined by the workflow. Descriptor definitions were specified a priori
and applied uniformly to all experimental structures and comparative models processed

under the RAW and MIN protocols.

For the epitope-mapping workflow, descriptors were calculated for both the reference
epitope region and the corresponding mapped query region identified by structural

alignment.

For the comparative interface workflow, region descriptors were calculated separately for

the epitope and paratope in both the experimental template complexes and the
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comparative Fab—query allergen models. Interface descriptors were calculated for the

corresponding Fab—allergen and comparative Fab—query allergen interfaces.

Region descriptors characterized residue composition and structural and
physicochemical properties of the defined regions, whereas interface descriptors
quantified contacts and interaction properties across the antibody—antigen interface.
Together, the region and interface descriptors provided a standardized basis for
comparing mapped epitope regions and comparative antibody—antigen binding sites

across homologous proteins.

2.2.9 Structural and physicochemical descriptor extraction

Structural and physicochemical descriptors were extracted from mapped epitope regions
and comparative antibody—antigen binding sites generated by the workflow. Descriptor
calculations were performed using YASARA'"7, in Biopython'"®, and custom Python, as

described below.

2.2.9.1 Hydrogen bonds

Hydrogen bonds were identified using YASARA’s atom-level listing function
(ListHBoAtom) with a minimum energy threshold of 6.25 kJ/mol. Hydrogen-bond
descriptors included total hydrogen-bond count, total and mean interaction energy, mean
donor—acceptor distance, and interaction directionality based on whether the allergen

residue acted as the hydrogen donor or acceptor

2.2.9.2 Hydrophobic, ionic, m—1r, and cation—r interactions

Non-hydrogen-bond interactions were enumerated using YASARA's ListintAtom
function. Hydrophobic contacts were identified using a 5.0 A cutoff, consistent with graph-
based clustering methods used to map hydrophobic patches in antibody—antigen

interfaces.' lonic interactions (salt bridges) were defined using a stricter 4.0 A cutoff,
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aligning with standard geometric criteria for oppositely charged side-chain functional
groups.”® Interactions involving aromatic rings were calculated with a 5.0 A cutoff for both
-1 and cation-11 interactions, a threshold previously validated for characterizing ring-
stacking and charge-ring interactions in immune complexes.””"'°. To ensure only
intermolecular contacts were counted, neighbor atoms connected by covalent bonds
were excluded, and a hydrophobic occlusion filter was disabled by default to ignore

hydrophobic interactions that are obstructed by other atoms."””

2.2.9.3 Buried surface area

Interface size was quantified as buried solvent-accessible surface area, calculated from
the loss of solvent-accessible surface area upon complex formation using a 1.4 A probe
radius. Solvent-accessible surface area was measured with YASARA surface
calculations implementing an accessible-surface definition based on the Lee and
Richards algorithm.'®” For each complex, solvent-accessible surface area (SASA) was
first measured for the allergen and the Fab in isolation and then remeasured in the full

complex environment. Buried surface area (BSA) was calculated as

ASASA = (SASAaIIergen, isolated T SASAFab, isolated) - SASAcomplex Equation 2-1

Solvent-accessible area and buried area are standard structural summaries for protein

interfaces. 125198199

2.2.9.4 Aromatic residue enrichment descriptors

Aromatic residues are frequently prominent at antibody-binding interfaces, making
aromatic enrichment a useful descriptive feature of interface composition.””:119:126.200.201
Aromatic residues (Tyr, Trp, Phe, and His) make major contributions to antibody—antigen
recognition by supporting hydrophobic, hydrogen-bonding, cation—1, and -

interactions.”>’"26  Previous studies on structural analyses of antibody—antigen
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interfaces showed that aromatic residues are commonly found at the binding sites,
although enrichment on the antigen side is generally more modest than on the antibody

side.'6."®

Aromatic residue enrichment was calculated to quantify whether interface-associated
residue patches were compositionally enriched in aromatic residues relative to their
corresponding parent structural regions. A residue was classified as aromatic if it
contained at least one atom matching YASARA’s Aromatic atom selector. For any patch

P, the aromatic-residue fraction was defined as

fo = ngrom Equation 2-2
p =

P
Mot

where nf., is the number of aromatic residues in the patch and nf,, is the total number
of residues in the patch. For the corresponding background region B, the aromatic-

residue fraction was defined as

_ ngrom Equation 2-3

fe=

B
Mot

where nZ.,, and n8; are the numbers of aromatic and total residues in the relevant full

background region, respectively. Local aromatic enrichment was then calculated as

Flocal _ f_P Equation 2-4

arom fB

where B could correspond to the full allergen chain or full Fab, depending on the patch
being analyzed. Values greater than 1 indicate enrichment of aromatic residues within
the defined region (epitope, paratope, or interface) relative to its background (whole

allergen or Fab), whereas values below 1 indicate depletion.
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In addition to these local patch descriptors, a two-sided interface aromatic enrichment
descriptor was also calculated. Interface residues were identified independently on both
interacting partners using a heavy-atom contact criterion. The observed number of
aromatic interface residues across both partners was then compared with the number
expected from the aromatic-residue fractions of the corresponding background regions.
This yielded an interface-level aromatic enrichment descriptor that reflects whether the
combined interacting surface is more aromatic than expected from the compositions of

the two partners.

This metric is conceptually analogous to the occurrence-propensity approach of Ramaraj
et al.'®, in that it evaluates whether aromatic residues are overrepresented in the Fab-
contacting patch relative to a broader compositional background. In this study, however,

the background reference was the full allergen chain or Fab chains.

2.2.9.5 Sequence-derived physicochemical descriptors

Molecular weight, theoretical isoelectric point, and grand average of hydropathy (GRAVY)
were calculated from the amino acid composition of the Fab-facing allergen patch using
the ProteinAnalysis module in Biopython. Biopython.'”® These descriptors were retained
as compact summaries of patch composition and physicochemical properties for
downstream analyses. Such properties have been used as informative features in epitope
analysis and prediction, although conformational epitopes are often only modestly

distinguishable from the surrounding non-epitope protein surface.??

2.2.9.6 Residue-composition descriptors

Patch residue composition for each contact patch was quantified as the number of
hydrophobic, polar, positively charged, negatively charged, total charged, and glycine

residues, using the residue-class definitions implemented in the YASARA selection
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grammar. These descriptors were used to represent the local physicochemical
composition of the patch, which is relevant to antibody recognition and potential allergen
cross-reactivity at exposed epitope surfaces.®” Glycine count was included as an auxiliary
compositional descriptor because glycine lacks a side chain beyond hydrogen and is

associated with increased local backbone flexibility.2%3

2.2.9.7 Relative solvent accessibility

Patch solvent-accessible surface area (SASA) was calculated using a 1.4 A probe radius
in YASARA."” Relative solvent accessibility was then obtained by normalizing residue
solvent-accessible areas to amino-acid-specific maximal accessible surface areas. This
normalization follows standard RSA practice, in which solvent accessibility is expressed
relative to a residue-specific reference state, commonly based on Gly—X-Gly tripeptide

conformations.76.124:204,205

If ASA; is the solvent-accessible area of residue i and ASAT*** is the corresponding

reference maximum, patch RSA was calculated as

L1 ASA; Equation 2-5

howen =3 asapes
i=1 i

where the sum was restricted to residues with defined reference maximum values
reported by Tien et al.'?* This yielded a normalized measure of solvent exposure for the

Fab-facing allergen patch.

2.2.9.8 Electrostatic surface potential

Electrostatic surface potential (ESP) of a patch was calculated in YASARA after

standardized structural preparation, including cleanup. Surface-analysis settings were



44

kept constant across all complexes, and the full molecular environment was retained
during calculation. ESP was then evaluated on the solvent-accessible surface of the
selected patch using YASARA’s SurfESP functionality with the particle mesh Ewald
(PME) "' electrostatics method. In the present workflow, the patch-level ESP descriptor
was recorded as YASARA'’s software-reported unit value for the selected residue set,
corresponding in YASARA to the average energy, in the current energy unit, of a

hypothetical +1 charge at the surface positions contributed by that unit.

2.2.9.9 Geometric protrusion

Geometric protrusion was quantified using an in-house ellipsoid-based protrusion index
(Pl) adapted from the protrusion framework of Thornton'??> and the later ElliPro*®
implementation. After centering the allergen atomic coordinates, an ellipsoid was fitted to

the full allergen chain by singular value decomposition.

For a point with transformed coordinates (x]'yj' zj)and ellipsoid semi-axes (a, b, c), the

normalized ellipsoidal distance was calculated as

N 2 N 2 "2 ) ]
2= (59) £ (%) (2 Equation 2-6
j a b :

For each residue r, protrusion was then defined as the fraction of allergen atoms whose
normalized ellipsoidal distance was less than or equal to that of the residue center of
mass:

#{k: df < d?} Equation 2-7
pl,=——*k="1]

Natoms
The patch-level protrusion index was reported as the average of residue-level protrusion

indices across all residues in the Fab-facing allergen patch:
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1 Npatcn Equation 2-8
Pl =— Z Pl
patch Npatch L T
This yielded a dimensionless measure of the extent to which the patch occupied an

outward-projecting position relative to the full allergen structure.

2.2.10 Software, outputs, reproducibility, and computational environment

All structural processing, structural alignment, energy minimization, and descriptor
calculations were performed in YASARA Structure (version 25.12.1) through its Python
interface.’®"7 The workflow was implemented in Python 3, with sequence-derived
physicochemical descriptors calculated using Biopython'"®2% and tabular outputs

generated using NumPy?°” and Pandas.?®

Structural outputs were saved as Protein Data Bank (PDB) or Crystallographic
Information File (CIF) files. Descriptor outputs were written as comma-separated value
(CSV) files (Supplementary Tables S1-S6), with each file corresponding to one template-
complex/query-protein comparison. Reproducibility was ensured by applying identical
alignment parameters, descriptor definitions, and interaction criteria throughout the

workflow.

The workflow was developed under Python 3.13.2 and executed on the Fir cluster, a
Slurm-managed high-performance computing system of the Digital Research Alliance of
Canada. All analyses and runtime measurements were performed on AlmaLinux 9.6
compute nodes equipped with AMD EPYC 9655 96-core processors (2 sockets, 192
logical CPUs, and one thread per core). Workflow runs were submitted as Slurm array
jobs and executed as one task per job using four CPU cores and 4 GB of memory.

Runtime was recorded as the total elapsed wall-clock time for each workflow execution


https://www.python.org/
https://biopython.org/
https://numpy.org/
https://pandas.pydata.org/
https://www.python.org/downloads/release/python-3132/
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(Figure 3-7). The workflow developed in this study is available on GitHub at

https://github.com/isp5lu/comparative-structural-workflow.

2.3 Workflow validation

The workflow validation analyses described in this section were restricted to the template
derived Fab—query allergen models generated by the complex construction workflow.
These analyses were designed to assess whether the template based workflow could
reproducibly generate and quantify comparative Fab—query allergen interfaces. The
validation therefore focused on the consistency and interpretability of structural

replacement, optional energy minimization, and descriptor extraction.

2.3.1 Validation descriptor set

Before descriptor reduction and similarity analysis, a subset of interface descriptors was
selected to evaluate the behavior of the comparative Fab—query allergen modeling
workflow. The selected descriptors were chosen to represent interface size, buried
surface area, aromatic composition, and the major classes of non-covalent interactions
across the antibody-allergen interface. These descriptors cover the main physical
aspects of the antibody—allergen interface and were expected to be sensitive to structural
replacement, definition of the contact patch, and energy minimization. The selected
validation descriptors were used only to assess workflow behavior, identity-control
recovery, and RAW-MIN protocol effects (Figure 3-1 - Figure 3-3). Full interface

descriptor networks are provided in Supplementary Figure S3. .

2.3.2 Identity controls

Each template complex was reprocessed using its own allergen chain as the query

structure. These identity controls were used to determine whether structural alignment,
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IgE Fab-allergen complex construction, and descriptor extraction altered the measured

interface when the template allergen is used as its own query structure (Figure 3-1).

2.3.3 Workflow protocols comparison

The RAW and MIN protocols were compared only for matched template-complex/query-
allergen comparisons that completed successfully under both protocols. For each

descriptor f and paired comparison i, the RAW value was denoted as x; = x{#" and the

MIN value was denoted as y; = x%c”". The paired protocol difference was calculated as

AYINTRAW =y, — x Equation 2-9

such that A; > 0 indicates an increase after minimization and A; < 0 indicates a decrease.
Because several descriptor distributions were skewed, protocol differences were
summarized using number of paired comparisons, the median paired difference, the
interquartile range of paired differences, the mean absolute paired difference, and
Spearman’s rank correlation (p) between RAW and MIN values. Rank preservation was
evaluated using Spearman rank correlation, which measures monotonic association
without requiring a linear relationship and is robust to non-normality and outliers.?%®

Spearman’s p was computed by ranking RAW and MIN values independently,
R; = rank(x;), S; = rank(y;) Equation 2-10
and then calculating the Pearson correlation of the ranked values,

Z?zl(Ri —R)(Si—9) Equation 2-11

. \/ Y (Ri— R)Zj Y (Si—$)?

Where R = %Z?ﬂ R;and S = %2?2151- are the mean RAW and MIN ranks, respectively.
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This quantified whether complexes with higher RAW values also tended to retain higher
MIN values after minimization, independent of linear proportionality. For visualization,
paired RAW-MIN values were displayed in multi-panel scatter plots with the identity line
(y = x), and panel summaries included the number of finite paired observations (n), the

median signed difference,
A = median(4)), Equation 2-12
the interquartile range,
IQR = Q3(4;) — Q,(4), Equation 2-13
the number of outliers,

Equation 2-14

1[A; < Q; — 1.5 X IQRor A; > Q5 + 1.5 x IQR],

n
Nout
i=1

and Spearman’s rank correlation coefficient (p) (Figure 3-2). Distributions of A; were
additionally visualized using boxplots with a horizontal reference line at A = 0 to indicate
no change after minimization; boxplot summaries included the median, IQR, non-outlier

whisker range, and the number of outliers for each descriptor (Figure 3-3).

2.3.4 Model generation and matched RAW-MIN comparison set

Output was assessed to determine how consistently the comparative Fab—query allergen
workflow produced completed descriptor rows from the intended input design (Figure
3-5). The input design consisted of the experimental IgE Fab-allergen template
complexes paired with the lipocalin query structures. Each attempted comparison

corresponded to one template complex and one query structure.

RAW and MIN resulting outputs were summarized separately for each template complex.

Failed model generation was recorded at the template-complex/query-allergen level and
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classified according to the workflow step responsible for loss of output. For the MIN
protocol, unavailable descriptor records were attributed to cases in which energy
minimization failed to produce a converged structure. Paired RAW-MIN analyses were
restricted to a matched comparison set. A comparison was included in this matched set
only if descriptor outputs were available for the same template-complex/query-allergen
pair under both RAW and MIN protocols. Comparisons missing from either protocol were

excluded from paired RAW-MIN analyses.

2.3.5 Structural alignment quality and fold compatibility

Structural alignment quality was assessed to determine whether each query allergen
could be reliably positioned within the binding orientation defined by each experimental

IgE Fab—allergen complex.

For each template—query comparison, the alignment output was first checked to
determine whether residue-level structural correspondence had been established
between the template allergen and the query allergen. A comparison was considered to
meet the structural-alignment inclusion criterion when the alignment returned at least
one aligned Ca residue pair. Comparisons that reported zero RMSD together with zero
aligned Ca pairs were excluded from the alignment-quality summary, because no
residue-level structural correspondence was established and the RMSD value was
therefore not interpretable. For each template complex and protocol, the number and
percentage of available comparisons meeting this criterion were reported. Among
comparisons that met the criterion, alignment quality was summarized using Ca RMSD,
the number of aligned Ca pairs, and sequence identity, reported as the median and
interquartile range. MIN comparisons for which energy minimization failed to converge

were excluded from both the percentage calculation and the alignment-quality
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summaries because they did not produce usable workflow outputs (Figure 3-6, Table

3-6).
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2.4 Workflow application

2.4.1 Study design and analysis overview

The structural comparison workflow described above was applied to compare Bos d 5
with a set of query lipocalins. The analysis evaluated the extent to which query proteins
preserved structural and physicochemical descriptors observed in Bos d 5 IgE binding
regions and in the Bos d 5-IgE Fab interface. Descriptor similarity was used as an
indicator of resemblance to Bos d 5 epitope region or interface features and as the basis

for prioritizing candidates for experimental IgE-binding or inhibition studies.

2.4.2 Biological comparison groups

Query lipocalins were assigned a priori to biologically defined comparison groups before
statistical analysis (Table 3-7). Bos d 5 (bovine BLG) was used as the reference allergen
because it is an established cow’s-milk food allergen (WHO/IUIS™3) and the only milk

protein with an experimentally resolved IgE complex.'”

Non-bovine ruminant BLGs were used as positive controls (or close homologous
comparators) because they are expected to retain high structural similarity within the
ruminant B-lactoglobulin subgroup. Milk cross-reactivity is well documented, including
partial direct inhibition for bovine versus reindeer BLG and broad cow—goat/sheep/buffalo
cross-recognition in inhibition and immunoblot studies.*” 142219212 Non-ruminant ungulate
BLGs were included as intermediate lineage comparators, preserving BLG identity while
increasing phylogenetic distance from Bos d 5. Carnivoran and marsupial BLGs served
as distant BLG homologs to test whether retention of the BLG scaffold alone is sufficient

to maintain compatibility with the binding interface of the template Fab.

Respiratory lipocalin allergens (aeroallergens) constituted the primary hypothesis group

because lipocalins comprise many major mammalian inhalant allergens linked to rhinitis
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and asthma.!6.127.131.168213.214 Fndogenous human lipocalins were included as tolerated
comparators because they share the lipocalin fold but are not typical targets of clinically
relevant IgE responses. Human lipocalin-1, LCN1, has been used as a homologous

human comparator for animal lipocalin allergens.¢821°

2.4.3 Bos d 5 reference regions and Fab-allergen interface

2.4.3.1 Literature-reported linear IgE-binding regions

Bos d 5 linear IgE-binding regions were curated from published epitope-mapping studies
and used as reference linear epitope annotations. Because some reported regions
overlapped or were fully contained within larger regions, a minimally redundant region
set was defined for the primary analysis (Table 3-8, Figure 3-8). Regions completely
contained within longer reported regions were retained for supplementary analyses but

excluded from the primary linear-region dataset (Table S3. 8).

2.4.3.2 Bos d 5 conformational epitope defined by Fab contact residues

The Bos d 5 conformational epitope was defined using the 2R56 IgE Fab—Bos d 5
complex. Epitope residues reported in the original structural study were retained for
annotation purposes (Figure 3-9, Table 3-9). For descriptor extraction, the Bos d 5
epitope was defined using the standardized heavy atom contact criterion applied
throughout the workflow. The epitope therefore consisted of Bos d 5 residues with at least
one heavy atom within the defined contact cutoff of any Fab heavy atom in the
experimental complex. Because structural preparation and energy minimization could
alter residue contacts, RAW and MIN epitope residue sets were defined and analyzed

separately where applicable.
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2.4.3.3 Bos d 5-IgE Fab interface used as the template framework

The experimentally determined IgE Fab—Bos d 5 complex (PDB: 2R56) was used as the
template for comparative Fab—query allergen modelling. The Bos d 5 allergen served as
the template antigen, and the bound IgE Fab defined the reference antibody orientation.
Comparative Fab—query allergen models were generated using the workflow described
in Section 2.2.5, and region and interface descriptors were subsequently calculated

according to Sections 2.2.7 and 2.2.8.

2.4.4 Application datasets and units of comparison

2.4.41 Linear and conformational epitope region mapping datasets

The epitope region mapping datasets contained one row for each query structure and
each Bos d 5 reference region. Separate datasets were generated for the literature-
reported linear IgE-binding regions and for the Bos d 5 conformational epitope defined

from the Fab contact criterion.

For each query and reference region pair, the datasets included residue correspondence
and mapping quality metrics, local sequence identity, local RMSD, and structural and
physicochemical descriptors calculated for both the Bos d 5 reference region and the

corresponding mapped query region.

2442 Comparative Fab—allergen complex model datasets

The comparative Fab—query allergen model datasets contained one row for each query
allergen positioned within the binding orientation defined by the Bos d 5-IgE Fab template

complex.

For each comparative model, standardized descriptor sets were calculated separately for
the comparative epitope, the comparative paratope, and the comparative Fab—query

allergen interface. For analyses integrating all three structural regions, these descriptor
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sets were combined into a composite descriptor set, representing the complete antibody—

antigen binding site within the comparative model.

2.4.5 Mapping quality assessment and descriptor transformation for epitope

region mapping datasets

Mapping quality was assessed for each Bos d 5 reference region and query protein pair
using metrics generated by the epitope region mapping workflow (Figure 3-10 and Figure
3-11). These metrics included the number of aligned residues, reference region
coverage, gap fraction, local sequence identity, and local RMSD. Coverage was defined
as the proportion of residues in the Bos d 5 reference region with structurally aligned

counterparts in the query structure.

For descriptor comparisons, mapped query region descriptors were transformed into A
descriptors, representing descriptor differences relative to the corresponding structurally
aligned Bos d 5 reference region. For each descriptor j, query allergen g, and Bos d 5

reference region r, the descriptor difference relative to the Bos d 5 was calculated as:

_ pmapped aligned i -
ADgrj =Dy """ = Dyoprs Equation 2-15
where DZr‘ffPEd is the descriptor value calculated from the mapped query residue patches,

and Dfel;ff:ffd is the descriptor value calculated from the corresponding structurally aligned

subset of the Bos d 5 reference region. Positive and negative A values therefore

represent deviations from the matched Bos d 5 reference subset for the same descriptor.

Descriptors calculated from the complete Bos d 5 reference region were retained as
contextual reference descriptors but were not used to calculate delta values. These full-
reference descriptors were used only to describe the complete reference epitope region

and were not included in reference-relative distance calculations unless otherwise stated.
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Two epitope region mapping datasets were generated. The first dataset included A
descriptors for all mapped regions, regardless of coverage, and was used to assess the
effect of retaining lower coverage mappings. The second dataset retained only mappings
with at least 60% structural coverage of the corresponding Bos d 5 reference region. This
coverage filtered dataset was used as the primary dataset for distance comparisons and

multivariate analyses.

For each Bos d 5 reference region, a matched Bos d 5 reference row was retained as the
reference profile. In A descriptor space, this row represented a zero deviation profile and
served as the reference anchor for standardization, visualization, and distance
calculations. The minimally redundant set of reported linear IgE binding regions was used

for the primary analysis.

2.4.6 Descriptor preprocessing and redundancy assessment

Descriptor redundancy was assessed separately for each analysis block because epitope
region mapping datasets and comparative Fab—query allergen model datasets
represented different structural units. Redundancy was assessed independently for linear
IgE binding region descriptors, conformational epitope descriptors, and comparative

composites. RAW and MIN datasets were assessed separately.

2.4.6.1 Correlation-based redundancy assessment

Pairwise descriptor associations were evaluated using Spearman’s rank correlation
coefficient implemented in SciPy. Spearman correlation was used because descriptor
relationships were not assumed to be linear and because several descriptors were
counts, bounded variables, or non-normally distributed. Spearman’s coefficient measures
monotonic association between two variables after conversion to ranks. It was calculated

as the Pearson correlation coefficient between ranked descriptor values:
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Z?=1(R(xi) ~R) (RO — Ry) Equation 2-16

\/Z?=1(R(xi) - Rx)z \/le(R(yl) — Ry)z

,DS(XIJ’) =

where R(x;) and R(y;) are the ranks of descriptors x and y for observation i, R, and Ry

are the corresponding mean ranks, and n is the number of retained observations in the
relevant dataset. Absolute correlations, |ps|, were used to identify descriptor groups

carrying similar information.
2.4.6.2 Descriptor clustering and representative descriptor selection

Descriptor relationships were represented as correlation networks.?'® Each node
represented one descriptor, and an edge was drawn between two descriptors when the
absolute Spearman correlation exceeded the selected threshold. Network construction

and visualization were performed using NetworkX 3.6%'" and Matplotlib 3.10.5.218

Correlation networks were inspected to identify groups of redundant descriptors.
Thresholds of the dimensionless Spearman rank coefficient |ps| = 0.70-0.90 were used
to examine broader redundancy structure, whereas |ps| = 0.90 was used to identify
strongly correlated or near-duplicate descriptors. Within each correlated descriptor group,
one representative descriptor was retained. Representative descriptors were selected
based on biological interpretability, relevance to epitope or interface structure, and

avoidance of repeated measurement of the same physical property (Figure S3. -S3.5).

This filtering step was used to reduce descriptor redundancy before standardization,
PCA, and distance-based analyses. Correlation-based descriptor preselection is
commonly used in molecular-descriptor and quantitative structure-activity relationship
(QSAR) and quantitative structure-property relationship (QSPR) workflows to reduce

redundancy and improve interpretability of downstream models.?1%:220


https://networkx.org/documentation/stable/index.html
https://matplotlib.org/stable/
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2.4.7 Standardization

Descriptor values were standardized using the StandardScaler implementation in scikit-

learn?' prior to analysis because retained descriptors were measured on different

numerical scales. Standardization was performed separately for each descriptor set and

protocol, with RAW and MIN descriptor matrices processed independently.

For the primary analyses, descriptor means and standard deviations were estimated
using only query structures. The Bos d 5 reference (bovine BLG) was excluded when
fitting the standardization parameters. The resulting transformation was subsequently
applied to all observations, including the Bos d 5 reference row, thereby placing both

query structures and the reference profile in the same standardized descriptor space.

For each descriptor j, the non-reference query rows were used to estimate the mean y;
and standard deviation s;, and each value was transformed as:

Xij — Hj Equation 2-17

Zij =
S:
]

where u; and s; were estimated from the query structures.

For analyses of mapped linear epitope regions (MLERS), standardization was performed
separately for each Bos d 5 reference region. Feature means and standard deviations
were estimated from the corresponding query regions, and the matched Bos d 5

reference region was transformed using the same parameters.

For mapped conformational epitope and composite datasets, standardization was
performed separately for each descriptor set and protocol. RAW and MIN datasets were

standardized independently.


https://scikit-learn.org/stable/modules/decomposition.html#pca
https://scikit-learn.org/stable/modules/decomposition.html#pca

58

2.4.8 Principal component analysis

2.4.8.1 PCA of reduced descriptor sets

Principal component analysis (PCA) was performed using scikit-learn??? to examine the
structure of the reduced descriptor matrices and to generate lower-dimensional
representations for comparisons based on distance. PCA was applied separately to each

descriptor set and protocol after descriptor standardization.

For exploratory analyses, scree plots and PCA biplots were examined to assess the
variance captured by the retained descriptors and to identify the principal descriptor
combinations contributing to variation among query structures (Figure 3-12-Figure 3-14;
Table 3-11-Table 3-12; Figures S3.6-3.26). PCA was used as a diagnostic tool to
evaluate whether the reduced descriptor sets retained interpretable patterns of variation

after removal of highly redundant descriptors.

2.4.8.2 PCA model fitting and component retention

PCA models were fitted separately for each descriptor set, including mapped epitope
region descriptors, comparative epitope descriptors, paratope descriptors, and interface

descriptors.

For each descriptor set, the PCA model was fitted using only the standardized query
structures. The Bos d 5 reference row was excluded during model fitting and
subsequently projected into the fitted PCA space. Consequently, both the standardization
parameters and PCA coordinate system were defined by the query structures, while Bos

d 5 served as an external reference.

PCA was performed with whitening enabled. In scikit-learn®??, whitening produces

uncorrelated component scores with unit variance and was used to ensure that Euclidean


https://scikit-learn.org/stable/modules/decomposition.html#pca
https://scikit-learn.org/stable/modules/decomposition.html#pca
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distance calculations were not dominated by principal components explaining larger

proportions of variance.

For each descriptor set b, the number of retained principal components, k;, was selected
as the smallest number of components required to reach a cumulative explained-variance

threshold of 95%:

L } Equation 2-18

kp = min {m:ZTb,i > 0.95

i=1

where 1,,; is the explained-variance ratio of principal component i in descriptor set b

(Table 3-12).

2.4.8.3 Euclidean distance calculations based on PCA

Distances between each query structure and the Bos d 5 reference were calculated

separately for each descriptor set using the retained whitened PCA scores.

For each query structure q, the PCA distance to the matched bovine BLG reference was

calculated using the first k;, whitened PCA scores:
dp,pca(g, bovine BLG) =Il tgp 1.k, — tbovine BLGb,1:kp |2 Equation 2-19

where tg 1., is the retained whitened PCA-score vector for query structure q in set b,

and tyovine pLG b, 1:k, IS the corresponding score vector for the bovine BLG reference.

Euclidean distance in PCA score space was used as a measure of descriptor-space
similarity, with smaller distances indicating greater similarity to the Bos d 5 reference. The
mapped epitope region distance was analyzed separately because it was derived solely
from allergen structural descriptors and did not incorporate Fab-allergen contact

information.
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2.4.8.4 Visualization and downstream analyses

PCA score plots and biplots were used for visualization of relationships in descriptor
space among query structures and the Bos d 5 reference. Nearest-neighbor rankings and
group-level statistical analyses were performed using the PCA distances specific to each

set (Figure 3-12-Figure 3-20).

2.4.9 Nearest-neighbor ranking analysis

To identify query structures that were most similar to Bos d 5, query structures were
ranked according to their distance from the corresponding Bos d 5 reference profile.

Rankings were generated separately for each descriptor set and protocol.

The descriptor sets comprised literature-reported mapped linear epitope descriptors
(MLERSs), mapped conformational epitope descriptors (MCER), comparative epitope
descriptors, comparative paratope descriptors, comparative interface descriptors, and
the comparative composite descriptor set. For each ranking, the query identifier,
biological group, distance value, and rank position were recorded. Rankings were based
on ascending PCA distance values (Figure 3-15-Figure 3-16; Table 3-13-Table 3-15;

Figures S3.27-S3.35; Tables S3.1-S3.7).

2.4.10 Statistical testing of group differences

2.4.10.1 Pairwise permutation tests

Planned group comparisons were performed using pairwise permutation tests
implemented in SciPy.??? Tests were conducted separately within each descriptor set,
epitope region (or matched mapped region), and protocol so that comparisons were
restricted to matched descriptor spaces (Table 3-16-Table 3-17; Figure 3-17-Figure 3-20;

Figures S3.36-S3.42).


https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.permutation_test.html

61

For each comparison, the test statistic was defined as the difference in median distance

between groups:

Tobs = median(d,,) — median(d,) Equation 2-20

where d, and d,, are the Bos d 5 distance values for groups x and y, respectively.

Two-sided permutation tests were performed using 100,000 resamples and a fixed
random seed. For independent sample tests, observations were pooled and randomly
reassigned to groups while preserving the observed group sizes. When the total number
of possible label permutations did not exceed the specified number of resamples, the
exact null distribution was evaluated; otherwise, p-values were estimated from

randomized permutation sampling.

Planned comparisons included aeroallergens, non-bovine ruminant B-lactoglobulins,
endogenous human lipocalins, and intermediate B-lactoglobulin groups. To account for
multiple testing, p-values from planned pairwise comparisons were adjusted using the
Benjamini-Hochberg false-discovery-rate (FDR) procedure implemented in

Statsmodels.2%3


https://www.statsmodels.org/dev/generated/statsmodels.stats.multitest.fdrcorrection.html

62

3 RESULTS
3.1 Structural dataset

3.1.1 Structural dataset

The curated structural dataset comprised an experimental IgE Fab—allergen template-
complex set and three comparison sets of representative lipocalin protein structures
(Table 3-1 — 3-4). The template-complex set contained eight experimentally determined
IgE Fab-allergen complexes representing four allergens: Bos d 5 (n=1), Phl p 2 (n=1),
Der p 2 (n=2), and Can f 1 (n=4) (Table 3-2). This set was structurally heterogeneous
and included one B-lactoglobulin complex', one Phl p 2 complex', two Der p 2

complexes'®3, and four Can f 12 complexes.

The curated WHO/IUIS lipocalin-allergen set comprised 23 isoallergen-level entries
(Table 3-2). Of these, 14 were represented by experimentally determined PDB structures
and 9 were represented only by AlphaFoldDB models. The reviewed human lipocalin
reference set comprised 18 proteins (Table 3-3), including 13 with experimental
structures and 5 represented only by AlphaFoldDB models. The supplementary -
lactoglobulin comparison set comprised of 18 entries (Table 3-4), including the official
Bos d 5.0101 (variant B) allergen entry and additional non-bovine [(-lactoglobulin
homologs; 7 entries had experimental structures and 11 were represented only by

AlphaFoldDB models.



63

Table 3-1. Experimentally determined IgE Fab-allergen complexes.
WHOIUIS . WHO/IUIS Isoallergen  UniProt  PDB  Resolution  ~\lergen . .
allergen Species biochemical name variant accession D A) protein Epitope nature Complex (allergen-IgE antibody)
name family

Bos domesticus . Bos d ) . Planar; flat B-sheet nBos d 5-rFab higG1 D1;
Bosd5 (Bos taurus) Beta-lactoglobulin 5.0101 P02754 2R56 280 Lipocalin surface IgE-derived variable regions'”

Phleum pratense Phl p Expansin Planar; flat B-sheet rPhl p 2-rFab higG1 huMab2;
Phip 2 (Timothy) Grass group I1/ll 2.0101 P43214 2VXQ 1.90 family surface IgE-derived variable regions'®

Dermatophagoides :\lelljact;j dfﬁrr;:jly; MD-2-
Derp2  Pleronyssinus recognitign (ML) Der p P49278  7MLH 210 NPC2  Hydrophobic C- rDer p 2-nFab higE mAb 2F102

(European house . - 2.0103 ’ family terminal region

dust mite) domain containing

protein

Dermatophagoides ,'-\gact;j dfﬁ;gy; MD-2-
Der p 2 ‘(’,i_i"r onyssinus  recognition (ML) A I2CMD6  8VKA 3.05 ?zfnci:lz N-terminal and surface rDer p 2-nFab higE mAb 4C8™

dust rgite) domain containing ’ y P

protein
Surface binding; N-

Canis familiaris (C. ; ; Can f ; . terminus blocks ) 2

Canf1 Jupus familiaris) Lipocalin 1.0101 018873 8VQF 3.1 Lipocalin HCDR3 access to nCan f 1-nFab higE mAb 1J11
cavity

Canis familiaris (C. . . Canf . . Can f 1 variant; 12F3 rCan f 1-C100S - nFab higE mAb
Can 1 lupus familiaris) Lipocalin 1.0101 018873 INFG 3.12 Lipocalin binding preserved 12F3?

Canis familiaris (C. . . Canf . . Can f 1 variant; 1J11 rCan f 1 - C100S - nFab higE mAb
Can 1 lupus familiaris) Lipocalin 1.0101 018873 ONPH 259 Lipocalin binding preserved 1J112

. S Calyx/cavity; HCDR3

Canf1 ZZZ’SS gf’;’l’lifrrl’ss) € Lipocalin 10(?{‘02 018873  ONPI 1.85 Lipocalin inserts into rCan f 1 - nFab higE mAb 12F3?

hydrophobic cavity

Primary UniProtKB accessions and PDB structure identifiers are reported. Database releases and access dates are provided in
Sections 2.1.1 and 2.1.2. PDB, Protein Data Bank
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Table 3-2. Lipocalin allergens assembled from the WHO/IUIS database.

Allergen Isoall_ergen UniP_rot Species Representative PDB Representative Resolution PDB sznB
name variant accession ID structure source (A) coverage pLDDT
Bla g4 Bla g 4.0101 P54962 Blattella germanica 4N7C Experimental PDB 1.75 0.97
Bos d 2 Bos d 2.0103 Q28133 Bos domesticus (Bos taurus) 4WFV Experimental PDB 1.40 0.91
Bos d 5 Bos d 5.0101 P02754 Bos domesticus (Bos taurus) B6NKQ Experimental PDB 2.30 1.00
Canf1 Can f1.0101 018873 Canis familiaris (C. lupus familiaris) 8AEH Experimental PDB 3.00 0.97
Canf2 Can f2.0101 018874 Canis familiaris (C. lupus familiaris) 8AEI Experimental PDB 1.74 0.97
Canf4 Can f4.0101 D7PBH4 Canis familiaris (C. lupus familiaris) AF-D7PBH4-F1 AlphaFoldDB 89.43
Canf6 Can f6.0101 H2B3G5 Canis familiaris (C. lupus familiaris) 8AEJ Experimental PDB 1.84 0.99
Cavp1 Cav p 1.0101 AO0A484HM70 Cavia porcellus 8A0D Experimental PDB 3.69 0.95
Cavp1 Cav p 1.0201 AOA484HRI4 Cavia porcellus AF-A0A484HRI4-F1 AlphaFoldDB 90.72
Cavp2 Cav p 2.0101 P83508 Cavia porcellus AF-P83508-F1 AlphaFoldDB 92.11
Cavp3 Cav p 3.0101 FoUz12 Cavia porcellus AF-FOUZ12-F1 AlphaFoldDB 90.29
Cavp6 Cav p 6.0101 S0BDX9 Cavia porcellus AF-SOBDX9-F1 AlphaFoldDB 90.63
Equc1 Equ c 1.0101 Q95182 Equus caballus 1EW3 Experimental PDB 2.30 0.85
Equc1 Equ ¢ 1.0102 AO0A3Q2HX90 Equus caballus AF-A0A3Q2HX90-F1 AlphaFoldDB 87.26
Feld 4 Fel d 4.0101 Q5VFH6 Felis domesticus (F. catus) 8AMC Experimental PDB 2.95 1.00
Feld7 Fel d 7.0101 E5D275 Felis domesticus (F. catus) 8EPV Experimental PDB 219 0.88
Mes a 1 Mes a 1.0101 Q9QXU1 Mesocricetus auratus AF-Q9QXU1-F1 AlphaFoldDB 91.16

Mus m 1 Mus m 1.0101 P02762 Mus musculus 1106 Experimental PDB 1.90 1.00

Mus m 1 Mus m 1.0102 P11589 Mus musculus 2NND Experimental PDB 1.60 0.99
Oryc4 Ory ¢ 4.0101 U6C8D6 Oryctolagus cuniculus AF-U6C8D6-F1 AlphaFoldDB 90.12
Pera4 Per a 4.0102 Q1MOY5 Periplaneta americana 3EBW Experimental PDB 2.80 0.89

Phod s 1 Phod s 1.0101 S52YD3 Phodopus sungorus AF-S5ZYD3-F1 AlphaFoldDB 95.09
Ratn 1 Ratn 1.0101 P02761 Rattus norvegicus 2A2U 2.50 1.00

Experimental PDB

Primary UniProtKB accessions and PDB or AlphaFold DB structure identifiers are reported. Database releases and access dates are
provided in Sections 2.1.1 and 2.1.2. PDB, Protein Data Bank; pLDDT, predicted Local Distance Difference Test.
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UniProt Gene Protein name s?ﬁlr::tisrznstzg:":e Repre:ggtative cosgrgge Resc()/!\l;tion AFDB model ID %EZ)EI’
P09466 PAEP Glycodelin Experimental PDB 4R0B 0.94 2.45

P8o18s LCN2 Neutrophil gelatinase-associated lipocalin Experimental PDB 3CBC 100 21

095445 APOM Apolipoprotein M Experimental PDB 2YG2 0.91 1.70

P19652 ORM2 Alpha-1-acid glycoprotein 2 Experimental PDB 70UB 0.95 1.82

P05090 APOD Apolipoprotein D Experimental PDB 2HzZQ 0.92 1.80

QINY56 OBP2A Odorant-binding protein 2a Experimental PDB 4RUN 0.95 2.60

P02753 RBP4 Retinol-binding protein 4 Experimental PDB 409S 1.00 2.30

P07360 C8G Complement component C8 gamma chain Experimental PDB 2RD7 0.91 215

P41222 PTGDS Prostaglandin-H2 D-isomerase Experimental PDB 40RR 1.00 1.40

P02760 AMBP Protein AMBP Experimental PDB 4ES7 0.57 2.00

P02763 ORM1 Alpha-1-acid glycoprotein 1 Experimental PDB 3KQO0 0.96 1.80

P31025 LCN1 Lipocalin-1 Experimental PDB 1XKI 0.92 1.80

QINPH6 OBP2B Odorant-binding protein 2b AlphaFoldDB AF-QINPH6-F1 86.98
P62502 LCN6 Epididymal-specific lipocalin-6 AlphaFoldDB AF-P62502-F1 79.73
Q6JVE9 LCN8 Epididymal-specific lipocalin-8 AlphaFoldDB AF-QB6JVE9-F1 79.96
Q6JVEB LCN10 Epididymal-specific lipocalin-10 AlphaFoldDB AF-Q6JVEG-F1 72.06
Q8WX39 LCN9 Epididymal-specific lipocalin-9 AlphaFoldDB AF-Q8WX39-F1 85.27
QB6UWWO LCN15 Experimental PDB 2XST 0.88 1.63

Lipocalin-15

Primary UniProtKB accessions and PDB or AlphaFold DB structure identifiers are reported. Database releases and access dates are
provided in Sections 2.1.1 and 2.1.2. PDB, Protein Data Bank; pLDDT, predicted Local Distance Difference Test.
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Table 3-4. Other beta-lactoglobulin proteins sourced from UniProtKB.

. . Representative Representative PDB . AFDB
UniProt Gene Organism name structure source PDB coverage Resolution (A) AFDB model ID pnI;E:)nT
*P02754 LGB Bos taurus Experimental PDB B6NKQ 1.00 2.30
*B5B0D4 Bos taurus Experimental PDB 5106 0.91 2.85
P02755 LGB Bubalus bubalis AlphaFoldDB AF-P02755-F1 91.08
P33685 LGB1 Canis lupus familiaris AlphaFoldDB AF-P33685-F1 90.54
P02756 LGB Capra hircus Experimental PDB 4TLJ 0.90 117
P13613 LGB1/2 Equus asinus AlphaFoldDB AF-P13613-F1 89.65
P19647 LGB1/2 Equus asinus AlphaFoldDB AF-P19647-F1 84.50
P02758 LGB1/2 Equus caballus Experimental PDB 3KZA 0.90 2.00
P07380 LGB1/2 Equus caballus AlphaFoldDB AF-P07380-F1 82.61
P33687 LGB1 Felis catus AlphaFoldDB AF-P33687-F1 89.65
P21664 LGB2 Felis catus AlphaFoldDB AF-P21664-F1 90.92
P33688 LGB3 Felis catus AlphaFoldDB AF-P33688-F1 89.61
P11944 LGB Macropus giganteus AlphaFoldDB AF-P11944-F1 86.20
Q29614 LGB Notamacropus eugenii AlphaFoldDB AF-Q29614-F1 84.047
P67976 Ovis aries Experimental PDB 4CK4 0.90 1.12
P67975 LGB Ovis aries musimon AlphaFoldDB AF-P67975-F1 94.72
QO0P86 Rangifer tarandus tarandus Experimental PDB 1YUP 2.10
P04119 Sus scrofa Experimental PDB 1EXS 0.90 2.39
Q29146 LGB Trichosurus vulpecula AlphaFoldDB AF-Q29146-F1 83.14

*Bos d 5.0101 (UniProt P02754) is the official WHO/IUIS bovine B-lactoglobulin allergen entry. P02754 is the reviewed UniProt

sequence for B-lactoglobulin variant B, whereas the additional bovine entry B5B0D4 is a distinct Bos taurus B-lactoglobulin accession

represented here by PDB 5106; because the Allergome database??* cross-references B5B0D4 as Bos d 5.0102 (variant A), it was
retained as a separate bovine -lactoglobulin. Primary UniProtKB accessions and PDB or AlphaFold DB structure identifiers are

reported. Database releases and access dates are provided in Sections 2.1.1 and 2.1.2. PDB, Protein Data Bank; pLDDT, predicted
Local Distance Difference Test.


https://www.allergome.org/script/search_step2.php?action=search&type_archive=N&no_unknown=N&only_iuis=N&no_isoform=N&first_archivie=0&first_field=Bos%20d%205.0102
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3.2 Workflow development and validation

The method validation was designed to assess whether the template-based workflow
could reproducibly generate and quantify comparative Fab—query allergen interfaces.
The validation therefore evaluated four practical aspects of workflow performance:
reproduction of the experimental template interface when the template allergen was used
as its own query, the effect of RAW and MIN protocols on descriptor values, successful
descriptor output generation across the full template—query comparison design, and the
structural interpretability of the resulting comparative IgE Fab-query allergen modles in

relation to fold compatibility.

3.2.1 Identity controls confirmed reproducibility of the reconstruction workflow

Identity-control comparisons were used to assess whether the experimental complex
reconstruction workflow altered interface descriptors when no query allergen was
introduced. For each of the eight experimental IgE Fab-allergen template complexes,
the template allergen was reprocessed as its own query structure under both the RAW

and MIN protocols.

Across all eight template complexes, descriptors of the reconstructed complex were
identical to the corresponding descriptors of the experimental template complex at the
reported precision. This agreement was observed under both RAW and MIN protocols
and was consistent across all evaluated descriptor classes, including interface residue
counts, ASASA, interface aromatic enrichment, hydrogen-bond descriptors, ionic
contacts, hydrophobic contacts, TT—T interactions, and cation—1r interactions. For every
descriptor, the maximum absolute difference between the reconstructed identity-control
value and the corresponding experimental template value was 0.00 (Figure 3-1; Table

3-5).
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These results showed that structural alignment, template-complex reconstruction, patch
definition, and descriptor extraction did not introduce measurable descriptor deviation
when the template allergen was reprocessed as the query structure. The identity controls
therefore confirmed internal reproducibility of the reconstruction and descriptor-extraction

workflow under fixed input structures and fixed protocol conditions.

Although identity-control reconstruction preserved descriptor values within each protocol,
absolute descriptor values differed between RAW and MIN processing for several
template complexes. This indicated that energy minimization could alter interface
descriptor magnitudes even when the allergen identity was unchanged. Subsequent

analyses therefore evaluated RAW-MIN differences using matched comparisons.
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Figure 3-1. Concordance between experimental and reconstructed IgE Fab-allergen complexes.

Each experimental IgE Fab-allergen complex was reprocessed using its own allergen chain as the query structure under the RAW
and MIN protocols. The x-axis shows descriptor values measured from the experimental template complex, and the y-axis shows the
corresponding descriptor values measured from the reconstructed identity-control complex. Colors indicate template complexes, while
marker shapes indicate protocol. The dashed line denotes exact equality between experimental and reconstructed descriptor values.
Across all descriptors and protocols, the maximum absolute within-protocol difference was 0.00 at the reported precision, indicating
that the reconstruction and descriptor-extraction workflow preserved template-composite values in the absence of allergen substitution.
Table 3-5. Identity-control descriptor values under RAW and MIN protocols.
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PR pocol M sasAW)  momaie  mbenas NE et e mn o omen Senr o Chen ek
enrichment (kJ/mol) strength strength
2R56 MIN 58/58 1709.24/1709.24 1.47/1.47 1111 19/19 2/2 28/28 0.80/0.80 0/0 0.00/0.00 6/6 0.62/0.62 0.00
2R56 RAW 55/55 1603.75/1603.75 1.36/1.36 717 15/15 0/0 22/22 0.65/0.65 0/0 0.00/0.00 6/6 0.53/0.53 0.00
2VXQ MIN 51/51 1554.02/1554.02 2.15/2.15 13/13 22/22 17 42/42 0.72/0.72 6/6 0.73/0.73 20/20 0.73/0.73 0.00
2VXQ RAW 50/50 1508.91/1508.91 2.21/2.21 14/14 20/20 0/0 35/35 0.67/0.67 4/4 0.96/0.96 18/18 0.68/0.68 0.00
7MLH MIN 41/41 1410.32/1410.32 1.771.77 1111 20/20 0/0 41/41 0.68/0.68 0/0 0.00/0.00 17 1.00/1.00 0.00
7MLH RAW 36/36 1336.48/1336.48 2.00/2.00 10/10 21/21 0/0 45/45 0.71/0.71 0/0 0.00/0.00 17 1.00/1.00 0.00
8VK1 MIN 49/49 1308.72/1308.72 1.34/1.34 9/9 20/20 2/2 20/20 0.74/0.74 0/0 0.00/0.00 3/3 0.50/0.50 0.00
8VK1 RAW 46/46 1248.43/1248.43 1.43/1.43 8/8 17117 17 22/22 0.72/0.72 0/0 0.00/0.00 17 0.39/0.39 0.00
8VQF MIN 36/36 1221.111221.11 1.171.17 6/6 19/19 17 54/54 0.71/0.71 0/0 0.00/0.00 0/0 0.00/0.00 0.00
8VQF RAW 35/35 1188.92/1188.92 1.2111.21 5/5 16/16 17 52/52 0.77/0.77 0/0 0.00/0.00 17 0.44/0.44 0.00
INPG MIN 58/58 1966.39/1966.39 1.70/1.70 8/8 20/20 0/0 70/70 0.70/0.70 4/4 0.30/0.30 0/0 0.00/0.00 0.00
INPG RAW 58/58 1914.93/1914.93 1.69/1.69 717 18/18 0/0 58/58 0.77/0.77 11 0.48/0.48 0/0 0.00/0.00 0.00
9NPH MIN 33/33 1082.99/1082.99 1.211.21 8/8 21/21 2/2 48/48 0.77/0.77 0/0 0.00/0.00 17 0.03/0.03 0.00
INPH RAW 33/33 1064.95/1064.95 1.22/1.22 5/5 24/24 17 43/43 0.71/0.71 0/0 0.00/0.00 0/0 0.00/0.00 0.00
9NPI MIN 61/61 1984.78/1984.78 1.62/1.62 8/8 23/23 0/0 70/70 0.76/0.76 2/2 0.32/0.32 0/0 0.00/0.00 0.00
INPI RAW 58/58 1919.08/1919.08 1.70/1.70 8/8 19/19 0/0 60/60 0.80/0.80 1/1 0.50/0.50 0/0 0.00/0.00 0.00

Descriptor values are reported for each experimental IgE Fab—allergen template complex and its corresponding reconstructed identity-
control complex. Max |A| denotes the maximum absolute difference between paired experimental template values and reconstructed
identity control values across the descriptor set. Reported descriptors include interface residue count, ASASA, interface aromatic
enrichment, hydrogen-bond count, hydrogen-bond energy, ionic-contact count, hydrophobic-contact count, T7—11 interaction count,
cation—1T interaction count, and the strength of each type of intermolecular interaction. ASASA is reported in A2. Aromatic enrichment
and interaction strengths are reported as ratios.
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3.2.2 Effect of protocol-level minimization

Matched RAW and MIN comparisons were used to determine whether the optional
minimization step altered descriptor values in the absence of allergen substitution. This
analysis was performed across the eight identity-control complexes, with the protocol
difference defined as A = MIN - RAW (Figures 3-2 and 3-3). Although identity-control
reconstruction preserved descriptor values within each protocol, RAW and MIN
processing produced different absolute descriptor values for several interface features.
Thus, minimization introduced protocol-level differences even when the template

allergen was retained as its own query structure.

Across broader interface-size and burial descriptors, minimization generally increased
descriptor magnitudes while largely preserving the relative ordering of template
complexes. Interface residues increased after minimization, with a median paired
difference of A = +2 residues, IQR = 2.2, and strong RAW-MIN concordance (p = 0.98;
Figures 3-2A and 3-3A). The corresponding A distribution was entirely non-negative
within the whisker range [0, 5], indicating that minimization either preserved or increased
the interface residues across complexes. Buried surface area also increased consistently
under MIN, with A = +56 A% IQR = 26 A? and complete rank concordance across
complexes (p = 1.00; Figures 3-2B and 3-3B). Its paired A distribution was fully positive
within the whisker range [18, 110] A2. Hydrophobic-contact counts also showed a positive
overall shift, with A = +5.5, IQR = 6.8, and high RAW-MIN concordance (p = 0.92; Figures
3-2G and 3-3G). However, the A distribution spanned both negative and positive values

[-4, 12], indicating that the increase was not uniform across all complexes.

Interface aromatic enrichment changed only modestly and not strictly in a positive
direction. The median paired difference was slightly negative (A = —0.048), with IQR =

0.076, two outliers, and high RAW-MIN rank concordance (p = 0.95; Figures 3-2C and
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3-3C). The non-outlier A range [-0.088, 0.006] indicated a small downward shift for most
complexes, although two complexes showed larger deviations. Hydrophobic mean
strength was centered close to zero, with A = —0.0055, IQR = 0.094, and weak negative
rank concordance between RAW and MIN values (p = -0.21; Figures 3-2H and 3-3H).
Thus, although hydrophobic-contact counts generally increased after minimization,

hydrophobic mean strength did not show a consistent response that preserve the rank.

The descriptors that depend more directly on local atomic geometry showed greater
protocol sensitivity. Hydrogen-bond counts increased modestly overall, with A = +1, IQR
= 0.75, and moderate RAW-MIN concordance (p = 0.77; Figures 3-2D and 3-3D). The A
range was [0, 1.5], but three outliers were detected, indicating that a subset of complexes
underwent larger hydrogen-bond changes after minimization. Hydrogen-bond mean
energy showed a positive median shift but lower concordance, with A = +2.6 kJ/mol, IQR
= 2.2 kd/mol, and p = 0.57 (Figures 3-2E and 3-3E). Its A distribution spanned [-2.1, 4.4]
kd/mol, indicating heterogeneous energetic responses among complexes. lonic
interactions were sparse and changed modestly, with A = +0.5, IQR = 1, a A range of [0,

2], and limited RAW-MIN concordance (p = 0.60; Figures 2-2F and 2-3F).

Aromatic interaction descriptors showed mixed protocol sensitivity. 17— interaction
counts had a median paired difference of zero, with IQR = 1.2, and very high RAW-MIN
concordance (p = 0.99; Figures 3-2I and 3-3I). The A distribution ranged from [0, 3],
indicating that most complexes were unchanged while a subset gained -1 interactions
after minimization. T—T mean strength also had A = 0, with IQR = 0.18, and complete
rank concordance (p = 1.00; Figures 3-2J and 3-3J). Its A range [-0.22, 0] suggested
unchanged or slightly reduced mean strength after minimization. Cation—1r interaction
counts changed modestly, with A = 0, IQR = 1.2, a A range of [-1, 2], and moderate

RAW-MIN concordance (p = 0.79; Figures 3-2K and 3-3K). Cation—11 mean strength
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showed a small positive median shift, with A = +0.017, IQR = 0.060, and p = 0.83, but

one outlier reflected a larger negative change in one complex (Figures 3-2L and 3-3L).

Overall, minimization produced measurable protocol-level shifts in several descriptors,
especially ASASA, interface-residue counts, hydrogen-bond descriptors, hydrophobic-
contact counts, and selected aromatic interaction features. Some descriptors retained
strong RAW-MIN rank concordance despite changes in magnitude, particularly ASASA,
interface-residue counts, hydrophobic-contact counts, and 17— interaction counts. Other
descriptors, especially hydrogen-bond mean energy, ionic contacts, and hydrophobic
mean strength, were more sensitive to local geometric changes introduced by
minimization. Therefore, RAW and MIN outputs were analyzed as matched but distinct
protocol states in subsequent analyses and were not considered interchangeable

measurements.

The structural basis of these RAW-MIN differences is illustrated by the 2R56 identity
control (Figure 3-4). In this example, minimization preserved the overall template-defined
placement of the allergen within the Fab while producing only small adjustments at the
interface. The main protocol-dependent changes were limited to contact-boundary
reassignment and refinement of interaction geometry, consistent with the increase in
hydrogen-bond count from 7 in the RAW protocol to 11 under the MIN protocol . More
generally, this pattern supports the interpretation that minimization acts primarily as a
relaxation step that can alter threshold-sensitive interaction counts, especially hydrogen
bonds, while leaving the broader interface footprint largely unchanged. This is consistent
with the general role of energy minimization in relieving steric strain and improving local

stereochemical geometry during structural refinement.?2>-22
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Overall, minimization produced the expected effect, increasing burial and hydrophobic
packing, while leaving the relative behavior of the broader contact and burial descriptors
largely unchanged.??® Within this identity allergen-query control validation set, the
additional minimization step therefore offered limited added value for comparative
analyses driven mainly by interface descriptors??62%’, whereas descriptors that depend
on exact atomic geometry, particularly hydrogen bonds and to a lesser extent ionic

contacts, remained more protocol-sensitive.226-228

3.2.3 Protocol choice implications for subsequent analyses

Together, the identity-control and protocol-comparison results show that the workflow
was internally reproducible under fixed inputs and fixed processing conditions. In the
absence of allergen substitution, identity controls reproduced the compact descriptor
panel exactly within protocol, whereas the additional minimization step changed some
absolute descriptor values without altering the broader ordering of complexes for the

main interface-size and packing descriptors.

Accordingly, both RAW and MIN were carried forward for downstream analyses. RAW
provided the reference representation closest to the deposited experimental complexes,
whereas MIN served as a complementary, relaxed representation for testing protocol

dependence. Using both protocols allowed robust comparative interpretation of results.
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Figure 3-2. Protocol sensitivity of interface descriptors.

Matched RAW and MIN descriptor values were compared across the eight identity-control IgE Fab—allergen template complexes. Each
panel shows one interface descriptor, with RAW values on the x-axis and MIN values on the y-axis. The dashed diagonal indicates
equality between protocols (y=x); points above the line indicate an increase after minimization, whereas points below the line indicate
a decrease. Colors and symbols identify the experimental IgE Fab—allergen template complexes. Inset statistics summarize the paired
RAW-MIN comparison for each descriptor, where n is the number of template complexes, A is the median paired difference calculated
as MIN - RAW, IQR is the interquartile range of the paired differences, noy is the number of outliers in the paired differences, and p
denotes Spearman rank concordance between RAW and MIN values across template complexes.
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Figure 3-3. Distribution of protocol-level descriptor changes after minimization.

Paired descriptor differences were calculated for each identity-control complex as A = MIN — RAW. Each panel shows the distribution
of RAW-MIN differences for one interface descriptor across the eight experimental IgE Fab—allergen template complexes. Boxplots
summarize the paired A distribution, with individual complexes overlaid as colored symbols. The dashed horizontal line marks A = 0,
corresponding to no protocol-dependent change. Positive values indicate descriptor increases after minimization, whereas negative
values indicate decreases. Inset statistics report the number of template complexes, central A value, interquartile range, range, and
the number of outlying points (n.ut) for each descriptor.



Figure 3-4. Structural effects of energy minimization on the IgE Fab-Bos d 5 interface.

(A) Unminimized (RAW) and minimized (MIN) complexes. Epitope residues involved in hydrogen bonding are colored in cyan, whereas
paratope residues are colored by charge. Intermolecular hydrogen-bond networks in the RAW (A) and MIN (MIN) complexes,

respectively, show an increase in the number of hydrogen bonds from 7 in RAW (A) to 11 in MIN (B), driven by geometric refinement
and contact-threshold reassignment.
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3.2.4 Model generation and matched RAW-MIN comparison set

The workflow output was assessed to determine whether the workflow produced usable
descriptor outputs across the full template—query design. The full comparison design
comprised eight template complexes and 58 lipocalin query structures, corresponding to
464 possible template-complex/query-allergen comparisons per protocol (Figure 3-5).
Under the RAW protocol, descriptor values were obtained for all 464 comparisons. Under
the MIN protocol, descriptor values were obtained for 455/464. The nine missing MIN
comparisons reflected cases in which energy minimization failed to yield a converged

structure.

Missing MIN outputs were limited to a small subset of template complexes. One query
output was missing for 8VK1, 9NPH, and 9NPI, four outputs were missing for 2VXQ, and
two query outputs were missing for INPG. Complete MIN coverage was retained for the
8VQF, 2R56, and 7MLH template complexes. Thus, missingness was localized to

specific template-complex/query-allergen combinations.

All paired RAW-MIN analyses were restricted to the matched comparisons successfully
measured under both protocols. Because RAW output was complete, the matched
analysis set was determined by MIN convergence and comprised 455/464 comparisons.
By template complex, matched output ranged from 54/58 to 58/58 lipocalin-allergen
queries (Figure 3-5). This matched set was used for subsequent paired RAW-MIN

analyses.

Overall, the output analysis showed that the workflow can handle many comparisons
efficiently. The RAW protocol produced descriptor outputs for the complete design,

whereas the MIN protocol introduced a small number of non-converged cases due to
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numerical instability. These failures were limited and interpretable, supporting the use of

the remaining matched comparisons for downstream protocol comparisons.

3.2.5 Structural alignment quality and fold compatibility

Structural alignment quality was evaluated because placement of each query allergen
within the binding position defined by the template complex depends on structural
correspondence between the template allergen and the query allergen. This analysis was
performed after workflow quality control and therefore distinguishes unavailable
comparisons from comparisons that were available but did not establish residue-level

structural correspondence.

Unavailable comparisons corresponded to cases in which no usable MIN output was
generated because energy minimization failed to converge. In contrast, comparisons that
were available for analysis but returned RMSD = 0.00 A with zero aligned Ca pairs under
the selected YASARA MUSTANGPP alignment criteria were deemed not to meet the
structural-alignment inclusion criterion and are therefore not true zero-RMSD structural

superpositions.

Structural alignment quality was compared between the RAW and MIN datasets for each
template complex (Figure 3-6). The proportion of comparisons with at least one aligned
Ca pair was highest for the lipocalin template complexes. The Bos d 5 template 2R56
and the Can f 1 templates 8VQF, 9NPG, 9NPH, and 9NPI showed complete or near-
complete inclusion in both protocols. In RAW, all five lipocalin templates had 58/58
comparisons with at least one aligned Ca pair. In MIN, 2R56 and 8VQF retained complete
inclusion with 58/58 comparisons, whereas O9NPH and 9NPI had 57/57 comparisons and
9NPG had 56/56 comparisons among available MIN outputs. Among included

comparisons, these lipocalin templates showed consistently low median Ca RMSD
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values, generally around 1.5-1.8 A, and high median aligned Ca pair counts of
approximately 100-130 residues. Their median sequence identities over aligned
residues were also higher than those of the non-lipocalin templates, clustering around

approximately 20-25%.

By contrast, the structurally distinct non-lipocalin templates showed weaker
correspondence with the lipocalin query set. The Phl p 2 template 2VXQ had the lowest
proportion of included comparisons, with 37/58 in RAW and 33/54 in MIN. The Der p 2
templates 7MLH and 8VK1 also showed reduced inclusion, with 42/58 and 43/58
comparisons in RAW, respectively, and 41/58 and 39/57 comparisons in MIN,
respectively. These three templates had much shorter aligned regions than the lipocalin
templates, with median aligned Ca pair counts generally below 30 residues, and they
also showed lower median sequence identity over aligned residues. Although their
median Ca RMSD values were not always much higher than those of the lipocalin
templates, these RMSD values apply only to the subset of comparisons that returned at
least one aligned Ca pair and were therefore considered in conjunction with the inclusion

percentage and aligned length.

Comparisons with zero aligned Ca pairs were concentrated entirely among the non-
lipocalin templates 2VXQ, 7MLH, and 8VK1, as expected for template allergens that do
not share the lipocalin fold. No such cases were observed for the lipocalin templates
2R56, 8VQF, 9NPG, 9NPH, and 9NPI in either RAW or MIN. Because comparisons with
RMSD = 0.00 A and zero aligned Ca pairs did not establish residue-level structural
correspondence, they were counted as not meeting the structural-alignment inclusion
criterion in Figure 3-6A and were excluded from the Ca RMSD, aligned-length, and
sequence-identity summaries in Figure 3-6B—D to avoid interpretation of failed structural

correspondences as valid zero-RMSD alignments.
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Overall, the structural alignment analysis showed that template-based replacement was
best supported when the template allergen and query allergen shared the lipocalin fold.
The reduced inclusion percentages, shorter aligned regions, and lower sequence
identities observed for 2VXQ, 7MLH, and 8VK1 define the practical boundary of applying
the lipocalin query set to non-lipocalin template allergens. Thus, the workflow could be
applied across all template complexes, but the structural interpretability of the resulting
Fab—query allergen models depended strongly on fold compatibility between the

template allergen and the query allergen.

3.2.6 Workflow outputs, reproducibility, and computational execution

The workflow produced traceable outputs for each successfully completed comparison
between a template complex and a query allergen. Constructed IgE Fab—query allergen
complexes were saved as coordinate files, and descriptor values were written as tabular
outputs for each comparison (Table S2. 1-S2.6). The same alignment settings, chain
assignment rules, contact criteria, and descriptor definitions were applied across all

comparisons.

Runtime was recorded for each template complex batch (Figure 3-7). RAW outputs were
generated rapidly, requiring approximately 16 to 25 seconds per template complex.
Completion of the full RAW and MIN workflow required 632 to 824 seconds. This increase
was expected because the MIN protocol included additional structure preparation and
energy minimization before descriptor extraction. Overall, RAW provided a fast workflow
for descriptor extraction, whereas MIN provided a relaxed structural representation at

greater computational cost.
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3.2.7 Scope and limitations of the workflow

The validation analyses show that the workflow is reproducible and scalable for structural
comparison based on template replacement. Identity controls confirmed that the workflow
did not introduce artificial descriptor deviations when the template allergen was used as

its own query.

The output analysis showed high output retention across the full comparison design, with
missing MIN outputs limited to cases where minimization failed to produce a converged
structure. The main limitation is that the workflow measures preservation of a paratope—
epitope interface defined by the template. Interpretation is strongest when the template
allergen and query allergen share a conserved fold. The workflow also showed that RAW
and MIN protocols are not interchangeable because minimization changed several
descriptor values, especially descriptors sensitive to local geometry and contact

formation.

Therefore, the workflow is a controlled structural comparison method for comparative

Fab—query allergen interfaces within a defined template context.
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Figure 3-5. Workflow output by template complex and protocol.

Each experimental IgE Fab—allergen template complex was paired with the input lipocalin query structures and processed under the
RAW and MIN protocols. Points show the number of template-query comparisons that did not produce completed descriptor rows for
RAW, MIN, and the matched RAW N MIN set. The matched set includes only comparisons with descriptor rows available under both
protocols. Labels identify incomplete matched cases and list the corresponding query structures. RAW produced completed descriptor
rows for all template-query comparisons, whereas incomplete matched cases were driven by missing MIN outputs.
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Table 3-6. Structural alignment validity and quality by template complex.

Template Comparisons with Comparisons Median Ca Median Median
Protocol Outputs with <1 aligned aligned Ca sequence
complex 21 aligned Ca pair RMSD (A)
Ca pair pairs identity (%)
MIN 2R56 58 100.00 0 1.72 129 23.66
MIN 2VvXQ 54 61.11 21 1.85 25 10.00
MIN 7MLH 58 70.69 17 1.80 29 10.26
MIN 8VK1 57 68.42 18 1.77 28 6.25
MIN 8VQF 58 100.00 0 1.63 104 22.28
MIN INPG 56 100.00 0 1.86 96 22.22
MIN 9NPH 57 100.00 0 1.70 105 22.00
MIN ONPI 57 100.00 0 1.81 97 22.64
RAW 2R56 58 100.00 0 1.64 129 24.87
RAW 2VvXQ 58 63.79 21 1.72 21 8.33
RAW 7MLH 58 72.41 16 1.85 28 10.39
RAW 8VK1 58 74.14 15 1.94 29 6.82
RAW 8VQF 58 100.00 0 1.62 105 21.55
RAW INPG 58 100.00 0 1.78 99 22.58
RAW 9NPH 58 100.00 0 1.66 106 22.22
RAW 9NPI 58 100.00 0 1.71 99 23.23

Structural-alignment quality was summarized for RAW and MIN outputs by template complex. Comparisons with =21 aligned Ca pair
indicates the percentage of available outputs that produced at least one aligned Ca pair under the selected MUSTANGPP alignment
parameters. Comparisons with <1 aligned Ca pair had RMSD = 0.00 A and zero aligned Ca pairs. Median RMSD, aligned Ca pair
count, and sequence identity were calculated from valid structural superpositions only. Non-converged MIN outputs were excluded
from MIN denominators.
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Figure 3-6. Structural alignment quality by template complex.

Structural-alignment outputs were compared between the RAW and MIN datasets for each IgE Fab—allergen template complex. A:
Percentage of available template—query comparisons that returned at least one aligned Ca residue pair under the selected
MUSTANGPP alignment parameters. Labels indicate the number of comparisons meeting this criterion over the number of available
comparisons. B-D: Ca RMSD, number of aligned Ca residue pairs, and sequence identity among comparisons that returned at least
one aligned Ca residue pair. Sequence identity was calculated over the aligned residues. Non-converged MIN outputs were considered
unavailable workflow outputs and were excluded from the MIN denominators. Comparisons reporting RMSD = 0.00 A together with
zero aligned Ca pairs were considered not to meet the structural-alignment inclusion criterion; these comparisons were counted as not
meeting the criterion in A and excluded from B—D because no residue-level structural correspondence was established. Points indicate
medians, and horizontal bars indicate interquartile ranges. Higher values in A, C, and D indicate a greater proportion of included
comparisons, a larger aligned region, and higher sequence identity over aligned residues, respectively. Lower values in B indicate
lower Ca RMSD and therefore greater structural similarity between the template allergen and the aligned query structure.
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Figure 3-7. Runtime of workflow execution by template complex.

Wall-clock time was recorded for each template-complex batch. Blue bars show the time required to run the RAW protocol alone, which
produced descriptor outputs for all query comparisons. Orange bars show the total runtime for the combined RAW + MIN workflow,
including RAW descriptor generation, structure preparation, energy minimization, and descriptor extraction. Values above bars indicate
elapsed time in seconds. Labels at the top indicate the number of matched RAW-MIN comparisons available for each template
complex, defined as comparisons for which both RAW and converged MIN descriptor outputs were obtained. Because RAW outputs
were generated for all queries, matched counts below 57 reflect MIN output cases where energy minimization failed to yield a converged
structure. The broken y-axis is used because RAW runtimes were much shorter than combined RAW + MIN runtimes.
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3.3 Workflow application

3.3.1 Composition of the lipocalin comparison dataset

The Bos d 5 application dataset comprised 59 lipocalin structures, including one Bos d 5
reference structure and 58 non-reference query structures. The query structures were
assigned to five biological comparison groups: non-bovine ruminant B-lactoglobulins,
non-ruminant ungulate B-lactoglobulins, distant B-lactoglobulin homologs, aeroallergens,

and human lipocalins.

Aeroallergens formed the largest query group, with 23 structures, followed by human
lipocalins with 18 structures. The B-lactoglobulin comparison set included five non-bovine
ruminant B-lactoglobulins, five non-ruminant ungulate B-lactoglobulins, and seven distant
B-lactoglobulin homologs. The group assignments and their roles in the application

analysis are summarized in Table 3-7.

Table 3-7. Lipocalin query groups used for comparison with Bos d 5

Number of
Group lipocalin Purpose

structures

Bos d 5 reference 1 Reference allergen

Non-bovine ruminant BLGs 5 Positive control (close homologs)

Non-ruminant ungulate BLGs 5 Intermediate comparators

Distant BLG homologs 7 Fold retention comparators

Aeroallergens 23 Primary hypothesis group

H . : Tolerated (non-allergenic)

uman lipocalins 18

comparators
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3.3.2 Bos d 5 reference IgE-binding regions used for comparison

The curated literature set contained 20 reported Bos d 5 linear IgE-binding regions.
Several regions overlapped or were contained within longer reported regions. For the
primary analysis, a minimally redundant set of 12 regions was selected (Table 3-8; Table

S3. 8).

The selected linear IgE-binding regions covered multiple parts of the Bos d 5 sequence,
including N-terminal, central, and C-terminal segments. When mapped onto the Bos d 5
structure, these regions were distributed across both loop-associated and B-strand-

associated surface areas (Figure 3-8).

The contact-defined Bos d 5 conformational epitope was derived from the 2R56 IgE Fab—
Bos d 5 complex using the standardized heavy-atom contact criterion. The contact-
defined residue sets overlapped with the author-reported epitope from the experimental
complex (Figure 3-9). The RAW contact-defined epitope omitted some author-reported
residues and included a small number of additional residues satisfying the contact
criterion. The MIN contact-defined epitope showed a similar overall pattern but differed
slightly from the RAW set. RAW and MIN structural-epitope definitions were therefore

retained separately in downstream analyses.
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Table 3-8. Minimally redundant Bos d 5 linear IgE-binding regions.

No. Mature P02754 Reported sequence Reference(s)
chain precursor

2 1-16 17-32 LIVTQTMKGLDIQKVA 106,108

3 9-29 25-45 GLDIQKVAGTWYSLAMAASDI 109

4 31-60 47-76 LLDAQSAPLRVYVEELKPTPEGDL 45108109

EILLQK

7 56-70 72-86 ILLQKWENGECAQKK 106

8 58-77 74-93 LQKWENGECAQKKIIAEKTK 105

9 67-86 83-102 AQKKIIAEKTKIPAVFKIDA 108

10  76-90 92-106 TKIPAVFKIDALNEN 106,109

12 95113 111129 LDTDYKKYLLFCMENSAEP 103,107,109

15 102-124 118-140 YLLFCMENSAEPEQSLVCQCLVR 4

16 121-135 137-151 CLVRTPEVDDEALEK 109,229

18  127-156 143-172 EVDDEALEKFDKALKALPMHIRLS 106,108
FNPTQL

20 149-162 165-178 LSFNPTQLEEQCHI 45

P02754 residues 1-16 form the signal peptide. The mature chain corresponds to
precursor residues 17-178. Original region identifiers are retained. Fully contained
regions are excluded from the primary set; partial overlaps are retained.



Figure 3-8. Bos d 5 linear IgE-binding regions mapped onto the Bos d 5 structure.

Selected minimally redundant literature-reported Bos d 5 linear IgE-binding regions were
mapped onto the Bos d 5 reference structure. The Bos d 5 backbone is shown in grey,
and mapped linear regions are highlighted in orange. The selected regions span multiple
surface-exposed segments of the [(-lactoglobulin fold, including loop, B-strand, and
terminal regions.
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Table 3-9. Residue composition of the Bos d 5 conformational epitope.

Epitope Epitope Epitope sequence Reference

position

Literature 18-20, 43-45, T18, W19, Y20, V43, E44, E45, K47,  (Niemi et al.,
47, 55, 57, ES55, L57, Q59, E65, C66, A67, Q68,  2007)
59, 65-70, K69, K70, T125, P126, E127, P153,
125-127, T154, L156, E157, E158, Q159,
153-154, 156- H161, 1162

159, 161-162

RAW 18-20, 43-45, T18, W19, Y20, V43, E44, E45, K47,  Defined using
47, 55, 57, ES5, L57, Q59, E65, C66, A67, Q68,  YASARA based
59, 65-70, K69, K70, T125, P126, E127, P153, on < 5 A cutoff
125-127, T154, 155Q, L156, E157, E158,
153-155, 156- Q159, H161, 1162

159, 162

MIN 18-21, 43-45, T18, W19, Y20, 21S, V43, E44, E45, Defined using
47, 55, 57, K47, ES5, L57, Q59, E65, C66, A67,  YASARA based
59, 65-70, Q68, K69, K70, T125, P126, E127, on <5 A cutoff
125-127, P153, T154, 155Q, L156, E157,
153-155, 156- E158, Q159, H161, 1162

159, 162

Residue positions and identities are shown for the original author-reported Bos d 5
conformational epitope and for the contact-defined epitope extracted from the 2R56
complex using the standardized YASARA contact criterion (< 5 A) under the RAW and
MIN protocols. Residues shared between definitions are shown in plain text. Residues
absent from the contact-defined epitope relative to the author-reported epitope are
highlighted in red, and residues newly included in the contact-defined epitope are bolded.
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Literature

Figure 3-9. Bos d 5 conformational epitope mapped on Bos d 5 structure.

The Bos d 5 structure in the 2R56 IgE Fab—allergen complex is shown as a grey cartoon,
with epitope residues highlighted. Literature: original author-reported conformational
epitope from the experimental 2R56 complex; RAW and MIN: contact-defined epitope
derived using the standardized YASARA contact criterion (< 5 A) under the RAW and
MIN protocols, respectively. Residues shared with the author-reported epitope are shown
in orange. Residues present in the author-reported epitope but absent from the contact-
defined epitope are shown in red, whereas residues newly included in the contact-defined
epitope but not reported by the original authors are shown in cyan.

3.3.3 Mapping quality of mapped epitope region comparisons

Mapping quality varied across the selected Bos d 5 linear IgE-binding regions (Figure
3-10). After applying the predefined 260% reference-region coverage threshold, most
regions retained a moderate-to-high proportion of query mappings. Several regions were
retained for most query structures in both RAW and MIN datasets, including epitope No.
3, No. 8, No. 9, No. 10, No. 15, and No. 16. Epitope No. 15 showed the highest retention,
with 58/58 RAW mappings and 56/57 MIN mappings retained. In contrast, epitope No. 2
and epitope No. 4 showed lower retention, while epitope No. 20 showed the lowest

retention, with only 6/58 RAW mappings and 6/57 MIN mappings retained.

Coverage distributions also differed among regions. Several central regions had
coverage values concentrated above the 60% threshold, whereas epitope No. 2, No. 4,

and especially No. 20 showed lower or more variable coverage. Epitope No. 20
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corresponds to the C-terminal segment of Bos d 5 and showed poor coverage across
most query structures. Descriptor comparisons for this region were therefore based on a
small, retained subset. Local Ca RMSD values among retained mappings were generally
low to moderate for most regions, although high-RMSD outliers were observed. The
coverage-versus-RMSD plot showed that mappings passing the coverage threshold
could still differ in local structural agreement. This is consistent with the use of RMSD as
a structural-alignment metric calculated over aligned residue pairs, where lower RMSD

indicates closer structural correspondence.

Mapping quality was also evaluated for the contact-defined Bos d 5 mapped
conformational epitope region (MCER) (Figure 3-11). The RAW and MIN reference
epitope sets comprised 27 and 28 residues, respectively. After applying the 260%
coverage threshold, 45/58 RAW mappings and 48/57 MIN mappings were retained. Most
retained mappings clustered near or above the coverage threshold in both datasets,
although several low-coverage mappings were excluded. For the conformational epitope,
local Ca RMSD values were generally low to moderate among retained mappings, but

several high-RMSD outliers were present, particularly in the RAW dataset.
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Figure 3-10. Mapping quality for Bos d 5 MLERs across query lipocalins.

Mapping quality was assessed for the selected Bos d 5 mapped linear epitope regions
(MLERSs) in the RAW and MIN mapped epitope region mapping datasets. (A) Number of
RAW and MIN mappings retained after applying the 260% reference-region coverage
threshold. (B) Distribution of mapping coverage values for each Bos d 5 linear IgE-
binding region. (C) Local Ca RMSD distributions for mapped regions. (D) Relationship
between mapping coverage and local Ca RMSD. Epitope numbers correspond to the
minimally redundant Bos d 5 linear IgE-binding regions used in the primary analysis.
RAW and MIN denote protocol-specific outputs of mapped regions.
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Figure 3-11. Mapping quality for the contact-defined Bos d 5 MCER.

Mapping quality was assessed for the protocol-specific Bos d 5 contact-defined mapped
conformational epitope region (MCER) in the RAW and MIN mapped epitope region
mapping datasets. The reference epitope contained 27 residues in RAW and 28 residues
in MIN because Fab-contact residues were defined after protocol-specific structural
preparation. (A) Number of RAW and MIN mappings retained or excluded after applying
the 260% reference-region coverage threshold. (B) Mapping coverage distributions. (C)
Local Ca RMSD distributions. (D) Relationship between mapping coverage and local Ca

RMSD. The RAW and MIN reference epitope sets contained 27 and 28 residues,
respectively. RAW and MIN denote protocol-specific outputs of mapped regions.

3.3.4 Descriptor correlation structure and redundancy

Descriptor correlation networks showed clear redundancy within several descriptor sets
before PCA-based distance analysis. RAW and MIN datasets produced broadly similar
correlation structures, indicating that the main descriptor relationships were preserved
after minimization. The complete correlation networks are provided in Supplementary

Figures S3.1-S3.5.

Across descriptor sets, recurrent correlated modules were observed for surface-area and
exposure descriptors, charge and electrostatic descriptors, aromaticity-related
descriptors, secondary-structure fractions, and interface-interaction descriptors. In
epitope and paratope descriptor sets, SASA-related variables and mapped or contact-

residue counts frequently clustered together. Charge descriptors also overlapped with
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broader electrostatic descriptors, while aromatic enrichment clustered with related

aromaticity measures in several descriptor sets.

Interface descriptor networks showed the strongest redundancy. For individual contact
types, interaction counts, densities, mean distances, mean strengths, and summed
strengths often formed correlated modules. This pattern was observed for T—, ionic,
hydrophobic, cation—T, and hydrogen-bond interaction descriptors, indicating that the full
interface descriptor set contained multiple alternative measures of the same interaction

classes.

Representative descriptors were retained to reduce repeated weighting of the same

physical properties in downstream analyses (Table 3-10).
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Table 3-10. Retained structural and physicochemical descriptors.

Category Descriptor Abbreviation Units Definition / implementation
Interface Buried solvent- ASASA Az Buried solvent-accessible surface area computed as the
accessible surface sum of accessible-surface losses on the two partners
area upon complex formation.
Interface Hydrogen bonds H-bond density A2 Number of hydrogen bonds divided by ASASA.
density
Interface lonic interactions lonic density A2 Number of ionic interactions divided by ASASA.
density
Interface Hydrophobic Hydrophobic A2 Number if hydrophobic interactions divided by ASASA.
interactions density density
Interface CationPi interactions Cation-1r density A2 Number of cation-1r interactions divided by ASASA.
density
Interface PiPi density -1 density A Number of -1 interactions divided by ASASA.
Paratope, epitope Aromatic enrichment Aromatic ratio Aromatic residue fraction of epitope or paratope or
and interface enrichment interface divided by the aromatic residue fraction in the
whole allergen or Fab or complex.
Paratope and Solvent accessible SASA A2 Solvent-accessible surface area returned by YASARA
epitope surface area SurfRes/Surf with standardized surface parameters.
Paratope and Relative solvent RSA ratio Sum of residue solvent-accessible areas divided by the
epitope accessibility sum of residue-specific reference maximally accessible
areas.
Paratope and Electrostatic surface ESP kJ/mol YASARA SurfESP patch-level value (unit=All) on the
epitope potential solvent-accessible surface using PME; corresponds to the
average energy of a hypothetical +1 charge at the surface
positions contributed by the selected unit.
Paratope and Protrusion index Pl dimensionless Ellipsoid-based geometric protrusion score for the allergen

epitope

patch relative to the full allergen shape.

Descriptors were retained to represent interface footprint, normalized contact chemistry, aromatic enrichment, surface exposure,

electrostatic potential, and local shape while reducing redundant measurements of the same physical property.
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3.3.5 Exploratory PCA of retained descriptors

PCA was performed separately for each descriptor set using both the full and retained
descriptor set. The retained descriptors were used for primary analyses. The biplots and

scree plots of the full descriptor set are provided in Supplementary Figures S3.6-S3.22.

3.3.5.1 PCA variance structure and biplots of mapped linear epitope regions

(MLERS)

PCA was performed separately for each MLER using the retained Descriptor differences
relative to Bos d 5. The first two principal components explained a substantial proportion
of the variance across most mapped regions. For mapped epitopes 2-18, PC1 and PC2
together explained 67.5-75.7% of the variance in the RAW dataset and 70.1-76.3% in
the MIN dataset (Table 3-11). Epitope 20 showed the highest PC1-PC2 variance

capture, with 93.2% in the RAW dataset and 92.9% in the MIN dataset.

The cumulative explained variance (CEV) profiles were highly similar between RAW and
MIN datasets (Figure 3-12). In the RAW dataset, the median CEV across MLERs was
42.5% for PC1, 70.6% for PC1-PC2, 90.8% for PC1-PC3, and 100.0% for PC1-PC4.
The corresponding MIN values were 41.7%, 72.3%, 91.8%, and 100.0%, respectively.
Thus, PC1-PC3 captured more than 90% of the median variance in both datasets, while

inclusion of PC4 captured the full retained descriptor variance.

The PCA biplots showed broadly similar score distributions between the RAW and MIN
datasets (Figure S3. 5-3.7). Across most MLERSs, biological groups highly overlapped in
PCA space. Bovine BLG was generally positioned within the central region of the score
distribution, and non-bovine ruminant BLGs were usually located near the bovine BLG-
associated region. Human lipocalins and aeroallergens showed broader dispersion and

contributed several peripheral observations.
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Descriptor loadings indicated that the main axes of variation differed among MLERSs.
SASA and protrusion-index differences frequently contributed to the dominant score-
space orientation, whereas ESP and aromatic-enrichment differences showed more
region-specific loading patterns. Epitope 4 showed a clear separation between
ESP/aromatic-enrichment differences and SASA/protrusion-index differences in both

RAW and MIN datasets.

Epitope 20 corresponds to the C-terminal region of Bos d 5 and was poorly represented
in more distantly related lipocalin query structures. After coverage filtering, the retained
MIN dataset for epitope 20 mostly contained close homologous non-bovine ruminant
BLGs. Therefore, although epitope 20 showed high PC1-PC2 variance capture, it was

not used to support cross-group interpretation of MLER variation.

3.3.5.2 PCA variance structure and biplots of mapped conformational epitope

region (MCER)

PCA was performed on the retained Descriptor differences relative to Bos d 5 for the
mapped conformational epitope region (MCER). In the RAW dataset, PC1 explained
39.1% of the variance and PC2 explained 28.1%, giving a combined PC1-PC2 variance
of 67.2% (Table 3-12, Figure 3-14). In the MIN dataset, PC1 explained 41.7% and PC2
explained 27.7%, giving a combined PC1-PC2 variance of 69.4% (Table 3-12, Figure
3-14). The CEV profiles were similar between the RAW and MIN datasets (Figure S3. 7).
In both datasets, PC1-PC3 captured more than 90% of the variance, while PC1-PC4
captured 100% of the retained descriptor variance. Based on the 295% CEV threshold,
PC1-PC4 were retained for downstream analyses of the mapped conformational epitope

descriptor set (Table 3-12).
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The RAW and MIN PCA biplots showed broadly comparable score distributions (Figure
3-13). Biological groups overlapped in PCA space, although human lipocalins were more
frequently distributed toward the upper part of the score space, whereas several non-
ruminant ungulate BLGs and carnivoran/marsupial BLGs were positioned toward positive
PC1. Bovine BLG was located near the central-to-lower region of the score distribution in
both datasets. Descriptor loadings showed that Bos d 5-relative RSA and protrusion-
index differences contributed mainly along positive PC1, while ESP differences
contributed strongly along positive PC2. Protrusion-index and ESP differences were
opposed along PC2 in both datasets. Aromatic-enrichment differences showed a more
protocol-dependent loading pattern, with a positive PC2 contribution in the RAW dataset
and a negative PC1/PC2 orientation in the MIN dataset. Overall, the mapped
conformational epitope PCA showed reproducible RAW/MIN variance structure and

broad overlap among biological groups.

3.3.5.3 PCA variance structure of composite descriptors

PCA was performed on retained descriptor sets derived from the comparative Fab—
allergen complexes, including comparative epitope descriptors, comparative paratope
descriptors, comparative interface descriptors, and the composite descriptor set. The
proportion of variance represented by PC1 and PC2 differed among descriptor sets
(Table 3-10). Comparative paratope descriptors showed the highest PC1-PC2 variance
capture, with 75.6% in the RAW dataset and 73.7% in the MIN dataset. Comparative
epitope descriptors showed intermediate PC1-PC2 variance capture, with 67.4% in the
RAW dataset and 67.6% in the MIN dataset. Comparative interface descriptors showed
lower PC1-PC2 variance capture, with 52.6% in the RAW dataset and 52.4% in the MIN
dataset. The composite descriptor set showed the lowest PC1-PC2 variance capture,

with 43.9% in the RAW dataset and 42.1% in the MIN dataset.
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Cumulative explained variance analysis showed that the composite descriptor set
required more principal components to reach the 295% variance-retention threshold than
the individual descriptor sets (Figure S3. 20; Table 3-10). For the composite descriptors,
PC1-PC5 captured 74.55% of variance in the RAW dataset and 73.87% in the MIN
dataset. PC1-PC10 captured 95.76% and 95.52% of variance in the RAW and MIN
datasets, respectively, while all 13 components captured 100% of the retained descriptor

variance.

The composite descriptor biplots showed broadly overlapping biological groups in both
RAW and MIN datasets (Figure 3-14). Bovine BLG and non-bovine ruminant BLGs were
positioned near the central score region, whereas human lipocalins and aeroallergens
showed broader dispersion and contributed several peripheral observations. The RAW
and MIN score distributions were similar overall, although the MIN dataset showed a

clearer spread of human lipocalins toward positive PC1.

Composite descriptor PCA loadings reflected contributions from epitope, paratope, and
interface descriptors (Figure 3-14). In the RAW dataset, epitope RSA and protrusion
index descriptors loaded toward positive PC1/PC2, while several interface density
descriptors loaded toward negative PC1. Fab RSA and Fab protrusion-index descriptors
contributed mainly along positive PC1. In the MIN dataset, antigen-side RSA, protrusion
index, ESP, SASA, and hydrophobic density descriptors contributed toward positive PC1,
whereas several paratope and interface descriptors loaded toward negative PC1 or
negative PC2. Overall, the PCA of the composite descriptors showed that the integrated
descriptor space captured more distributed variation than the individual paratope,

interface, or epitope descriptor sets.

The individual descriptor sets derived from the complex showed consistent RAW/MIN

behavior (Supplementary Figures S3.14-S3.17). Paratope descriptors produced the
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strongest two-component representation, epitope descriptors showed intermediate
compression, and interface descriptors showed more distributed variance across
components. These patterns support the use of separate PCA spaces for each descriptor
set and region in downstream distance analyses, with the composite descriptor set

retained as an integrative representation of Fab—allergen complex variation.
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Table 3-11. Variance explained by PC1-PC2 and retained PCs for the mapped linear epitope regions.

Linear epitope No. RAW PC1 + PC2 (%) MIN PC1 + PC2 (%) PCs retained for 95% CEV
2 75.6 76.3 PC1-PC4
3 73.2 76.1 PC1-PC4
4 69.1 72.4 PC1-PC4
7 75.7 74.8 PC1-PC4
8 70.7 73.9 PC1-PC4
9 70.2 72.4 PC1-PC4
10 67.5 72.1 PC1-PC4
12 70.5 70.1 PC1-PC4
15 71.6 71.5 PC1-PC4
16 74.1 73.7 PC1-PC4
18 69.8 70.7 PC1-PC4
20 93.2 92.9 PC1-PC3

For each Bos d 5 MLER, the table reports the percentage of variance explained by PC1 and PC2 in the RAW and MIN datasets. The
final column reports the principal components retained according to the CEV threshold used for downstream analyses.
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Figure 3-12. CEV of PCA models fitted to retained MLER descriptors.

Cumulative explained variance (CEV) is shown for PCA models fitted separately to each mapped linear epitope region (MLER) in the
RAW and MIN datasets. Grey lines represent individual mapped regions, and the black line indicates the median CEV across regions.
In both datasets, PC1-PC3 captured more than 90% of the median variance, while PC1-PC4 captured 100% of the retained descriptor
variance.
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Mapped conformational epitope: MIN dataset
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Figure 3-13. PCA biplots of retained descriptor differences for MCER.

PCA biplots are shown for the RAW and MIN mapped conformational epitope region (MCER) datasets. Points represent Bos d 5 and
query lipocalin structures, colored by biological group. Arrows indicate loadings for the retained Descriptor differences relative to Bos
d 5, including ESP, RSA, protrusion index, and aromatic enrichment. Axis labels show the percentage of variance explained by PC1
and PC2.
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Paratope + Interface + Epitope: RAW dataset

Paratope + Interface + Epitope: MIN dataset
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Figure 3-14. PCA biplots of retained composite descriptors.

PCA biplots are shown for the retained composite descriptor set in the RAW and MIN datasets. Points represent Bos d 5 and query
lipocalin structures, colored by biological group. Arrows indicate descriptor loadings from comparative epitope, paratope, and interface
descriptor classes. Axis labels show the percentage of variance explained by PC1 and PC2.
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Table 3-12. PCA variance summary for retained descriptor sets.

Descriptor set Protocol PC1 (%) PC2 (%) PC1+PC2 (%) PCs retained for 95% CEV
Interface RAW 30.5 221 52.6 PC1 - PC6
Interface MIN 29.3 23.1 52.4 PC1 - PC6
Epitope RAW 38.6 28.8 67.4 PC1 - PC4
Epitope MIN 42.4 25.2 67.6 PC1-PC4
Paratope RAW 40.5 35.1 75.6 PC1-PC5
Paratope MIN 37.1 36.6 73.7 PC1 - PC6
Composite descriptors RAW 271 16.8 43.9 PC1-PC10
Composite descriptors MIN 23.2 18.9 421 PC1 - PC11
Mapped conformational epitope RAW 39.1 28.1 67.2 PC1-PC4
Mapped conformational epitope MIN 41.7 27.7 65.8 PC1-PC4

PC1, PC2, cumulative PC1 + PC2 variance, and the number of PCs required to retain 95% variance are shown for each descriptor set
and protocol. PCA, principal component analysis; PC, principal component; CEV, cumulative explained variance.
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3.3.6 Nearest-neighbor ranking based on Euclidean distance to Bos d 5in PCA

space
3.3.6.1 Overview of nearest-neighbor ranking analyses

Rankings were generated separately for each descriptor set and protocol using
ascending Euclidean distance to the matched Bos d 5 reference profile in PCA space.

Full rankings are provided in Supplementary Tables S3.1-S3.6.

3.3.6.2 MLER rankings

Nearest-neighbor rankings were generated for each Bos d 5 mapped linear IgE-binding
region using Euclidean distances in the retained reference-relative descriptor PCA
space. Rankings were calculated separately for the RAW and MIN protocols after
applying the predefined 260% structural coverage threshold. Full rankings are provided
in Supplementary Table S3.1, while Table 3-13 summarizes the top ten ranked

aeroallergens.

Across the 12 mapped linear epitope regions (MLERSs), non-bovine ruminant B-
lactoglobulins were the group most consistently ranked nearest to Bos d 5 (Table 3-13;
Figure S3. 26-S3.30). They ranked first in 8 of 12 RAW analyses and 7 of 12 MIN
analyses, and accounted for most top-five placements in both protocols. This pattern was

most evident for epitopes No. 2, No. 3, No. 7, No. 9, No. 12, No. 15, No. 18, and No. 20.

Several regions showed descriptor-specific departures from this pattern. Epitope No. 4
showed mixed nearest-neighbor placement, including an aeroallergen as the closest-
ranked structure in the MIN protocol. Epitope No. 8 was closest to a carnivoran or
marsupial B-lactoglobulin in both protocols, while epitopes No. 10 and No. 15 showed
closest placements among human lipocalins. These results indicate that local similarity

to Bos d 5 varied among individual mapped linear regions.
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Aeroallergens were distributed across a broad range of ranks (Table 3-13; Figure S3. 26-
S3.30). They appeared within the top ten for most mapped regions, but top-five
aeroallergen ranks were limited to selected epitope/protocol combinations, including
epitopes No. 2, No. 3, No. 4, No. 7, No. 9, No. 12, and No. 16. No aeroallergen was
ranked within the top ten for epitope No. 20 in either protocol. Epitope No. 20 corresponds
to the C-terminal region of Bos d 5 and, after filtering, retained only close homologous

non-bovine ruminant B-lactoglobulins.

3.3.6.3 MCER rankings

Nearest-neighbor rankings were generated for the mapped conformational epitope
region (MCER) using Euclidean distances in the retained reference-relative descriptor-
difference PCA space. Rankings were calculated separately for the RAW and MIN
protocols after applying the =260% structural coverage threshold. The analysis retained
45 RAW mappings and 48 MIN mappings. Full rankings are provided in Supplementary

Table S3.2, while Table 3-14 shows the ten closest query structures.

Non-bovine ruminant B-lactoglobulins occupied the closest ranks to Bos d 5 in both
protocols (Figure 3-15;Table 3-14). In the RAW protocol, the three nearest structures
were non-bovine ruminant (3-lactoglobulins, with PCA distances of 0.54, 0.68, and 0.82.
A fourth non-bovine ruminant B-lactoglobulin was ranked fifth. In the MIN protocol, non-
bovine ruminant B-lactoglobulins occupied ranks 1 and 2, with PCA distances of 0.32 and

0.89, and two additional non-bovine ruminant 3-lactoglobulins were ranked fifth and sixth.

Aeroallergens were also represented among the ten nearest structures, but generally
after the closest non-bovine ruminant p-lactoglobulins. They occupied ranks 4, 6, 7, 9,
and 10 in the RAW protocol and ranks 3, 7, 8, 9, and 10 in the MIN protocol. One

carnivoran or marsupial B-lactoglobulin appeared among the top ten in each protocol.
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Human lipocalins and non-ruminant ungulate B-lactoglobulins were not present among

the ten nearest structures in either protocol.

3.3.6.4 Rankings based on composite descriptors

Nearest-neighbor rankings were generated from descriptor sets derived from the
comparative Fab—query allergen models, including the comparative epitope descriptors,
comparative paratope descriptors, comparative interface descriptors, and the composite
descriptor set. Rankings were calculated separately for the RAW and MIN protocols
using Euclidean distances to the Bos d 5 reference profile in the retained PCA space.
Full rankings are provided in Supplementary Table S3.3-S3.6, while Table 3-15 shows

the ten closest query structures for each descriptor set and protocol.

The comparative interface descriptor rankings showed the strongest protocol-dependent
pattern (Table 3-15; Figure 3-16). In the RAW protocol, the closest structure was a non-
bovine ruminant B-lactoglobulin, followed by three human lipocalins at rank 2 - 4.
Aeroallergens first appeared at ranks 5 and 6. In the MIN protocol, the three closest
structures were non-bovine ruminant (3-lactoglobulins, followed by an aeroallergen at

rank 4. Human lipocalins appeared at ranks 6 and 8.

The comparative epitope rankings showed the most consistent enrichment of non-bovine
ruminant BLGs among the closest structures. In the RAW protocol, non-bovine ruminant
BLGs occupied ranks 1 and 2 and were also present at ranks 6—8. In the MIN protocol,
the four closest structures were all non-bovine ruminant B-lactoglobulins. Aeroallergens
and human lipocalins were present among the top ten in both protocols but did not occupy

the closest ranks.

Comparative paratope descriptor rankings also placed several non-bovine ruminant

BLGs close to Bos d 5. In the RAW protocol, a non-ruminant ungulate B-lactoglobulin
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ranked first, followed by two non-bovine ruminant BLGs. Non-bovine ruminant BLGs
accounted for five of the ten closest RAW paratope ranks. In the MIN protocol, non-
bovine ruminant B BLGs occupied ranks 1, 2, and 4, while aeroallergen, human, non-
ruminant ungulate, and carnivoran/marsupial lipocalins were also represented among the

top ten.

The composite descriptor space showed a clear difference between RAW and MIN
rankings. In the RAW protocol, the closest structure was a non-bovine ruminant BLG, but
human lipocalins occupied ranks 2 and 3, and aeroallergens were also present among
the top ten. In the MIN protocol, non-bovine ruminant BLGs occupied the first five ranks,
followed by human lipocalins and aeroallergens at higher distances. Overall, the MIN
protocol produced stronger nearest-neighbor enrichment of non-bovine ruminant 8-

lactoglobulins across the interface, epitope, paratope, and combined descriptor rankings.

3.3.6.5 Ranking concordance across descriptor set

Comparison of nearest-neighbor rankings across descriptor sets showed that non-bovine
ruminant B-lactoglobulins were the most consistently recovered structures closest to Bos
d 5. This pattern was observed across the MLERs, MCER, comparative epitope,
paratope, interface, and the composite descriptor set (Figure 3-15-Figure 3-16; Figure

S3. 26-S3.35; Table 3-13-Table 3-15).

The strongest concordance was observed for epitope descriptor sets. In the MLER
analysis, non-bovine ruminant BLGs ranked first in most RAW and MIN rankings. The
recurrent closest homologous structures included AF-P67975-F1 (mouflon BLG), AF-
P02755-F1 (bBLG), 1TYUP (rBLG), 4TLJ (gBLG), and 4CK4 (sBLG). A similar pattern was
observed for the MCER, where AF-P67975-F1, AF-P02755-F1, 1YUP, and 4TLJ

occupied the closest ranks. Comparative epitope descriptors also ranked non-bovine
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ruminant BLGs as the closest structures, with AF-P67975-F1 ranked first in both RAW
and MIN protocols. Epitope No. 20 was more restricted after coverage filtering and
retained only close homologous non-bovine ruminant BLGs among the top-ranked

structures.

Comparative paratope and interface descriptor sets showed greater rank variation.
Paratope rankings still recovered several non-bovine ruminant BLGs, including 4TLJ,
4CK4, 1YUP, AF-P02755-F1, and AF-P67975-F1, among the top ten. However, other
lipocalin groups also appeared, particularly in the MIN protocol, where 4N7C ranked third.
Interface rankings were more protocol-dependent. In the RAW protocol, 1YUP ranked
first, but several human lipocalins and aeroallergens were also present among the
closest structures. In contrast, the MIN protocol placed 1YUP, 4CK4, and 4TLJ in the first

three ranks, indicating stronger recovery of close BLG homologs after filtering.

The composite descriptor rankings reflected this protocol dependence. In the RAW
protocol, 1YUP ranked first, but human lipocalins and aeroallergens also appeared within
the top ten. The aeroallergens included 8AMC (cat Fel d 4.0101), AF-D7PBH4-F1 (dog
Can f 4.0101), 40DD (dog Can f 4), and 1106 (mouse Mus m 1.0101). In contrast, the
MIN protocol placed non-bovine ruminant 3-lactoglobulins in the first five ranks, including
1YUP, 4TLJ, 4CK4, AF-P67975-F1, and AF-P02755-F1. Aeroallergens were still present
in the MIN combined ranking, but only at lower positions, represented by 1106 (mouse

Mus m 1.0101) and 8EPV (cat Fel d 7.0101).

Aeroallergens appeared repeatedly across descriptor sets, but they were less
consistently ranked nearer than non-bovine ruminant BLGs. In the MLER analysis, the
strongest aeroallergen enrichment was observed for epitope No. 4, where 8AEJ (dog

Can f 6.0101) ranked first in the MIN protocol and AF-AOA3Q2HX90-F1 (horse Equ ¢
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1.0102), 8AEJ (dog Canf6.0101), 1EW3 (horse Equ ¢ 1.0101), 8AMC (cat Fel d 4.0101),
AF-SOBDX9-F1 (Cav p 6.0101), 2A2U (rat Rat n 1.0101), and AF-S5ZYD3-F1 (Siberian
hamster Phod s 1.0101) appeared among the top ten. Epitopes No. 9 and No. 12 also
showed repeated aeroallergen placements, including AF-D7PBH4-F1 (dog Can f
4.0101), 2NND (mouse Mus m 1.0102), 1106 (mouse Mus m 1.0101), AF-SOBDX9-F1
(Cav p 6.0101), 2A2U (rat Rat n 1.0101), AF-AOA3Q2HX90-F1 (horse Equ ¢ 1.0102),

and 8AEJ (dog Can f 6.0101).

Across the mapped linear epitope descriptors, mapped conformational epitope
descriptors, and comparative Fab—query model descriptor sets, the most recurrent
aeroallergen structures were 8AMC (cat Fel d 4.0101), AF-D7PBH4-F1 (dog Can f
4.0101), 1106 (mouse Mus m 1.0101), 8EPV (cat Fel d 7.0101), and AF-A0OA484HRI4-F1
(Cav p 1.0201). These structures appeared in more than one descriptor set and were
therefore the most consistent aeroallergen candidates in the cross-region comparison.
Other aeroallergens, including AF-S5ZYD3-F1 (Phod s 1.0101), 1TEW3 (horse Equ ¢
1.0102), 40DD, 8A0D, 2A2U (rat Rat n 1.0101), 8AEJ (dog Can f 6.0101), and AF-
SOBDX9-F1 (Cav p 6.0101), showed region-specific proximity but were less broadly

ranked as the closest query structures.

Human lipocalins also appeared among the nearest neighbors in selected descriptor
sets, particularly the RAW interface descriptor set, the RAW composite descriptor set,
and several comparative paratope and comparative epitope descriptor sets. The
recurrent human structures included 409S, AF-Q8WX39-F1, 3CBC, 2XST, 4R0B, and
2HZQ. This pattern suggests that these descriptor sets captured broader lipocalin
similarity. In contrast, human lipocalins did not show the same consistency across

descriptor sets as the non-bovine ruminant -lactoglobulins.
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Overall, comparison across descriptor sets showed that similarity to Bos d 5 was
strongest and most reproducible for close B-lactoglobulin homologs. Aeroallergens were
repeatedly recovered across several descriptor sets, particularly 8AMC (cat Fel d
4.0101), AF-D7PBH4-F1 (dog Canf4.0101), 1106 (mouse Mus m 1.0101), 8EPV (cat Fel
d 7.0101), and AF-AOA484HRI4-F1 (Cav p 1.0201), but their proximity was more

descriptor-set-dependent.
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Figure 3-15. Nearest-neighbor rankings for the MCER.

Rankings for mapped conformational epitope region (MCER). Rank-distance plots show query structures ordered by ascending
Euclidean distance from the Bos d 5 reference profile in retained PCA space for the RAW and MIN protocols. Points are colored by
biological group. Lower ranks indicate greater similarity to Bos d 5.
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Figure 3-16. Nearest-neighbor rankings for composite descriptor sets.

Rank-distance plots show query structures ordered by ascending Euclidean distance from the Bos d 5 reference profile in retained
PCA space. Rankings are shown for interface, interface, epitope, paratope, and composite descriptor sets under RAW and MIN
protocols. Points are colored by biological group. Lower ranks indicate greater descriptor-space similarity to Bos d 5.
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Table 3-13. Aeroallergens among the ten closest query structures for each mapped linear epitope region.

Epitope No. 2 Epitope No. 3
RAW protocol | MIN protocol RAW protocol | MIN protocol
Rank PDB/ AFDB ID dpcy  Rank PDB/ AFDB ID dpcs | Rank PDB/ AFDB ID dpcy  Rank PDB/ AFDB ID dpcy
6 8AMC 1.63 5 8AMC 1.30 4 AF-P83508-F1 0.75 7 4WFV 1.29
7 AF-AO0A3Q2HX90-F1 2.28 8 AF-AO0A3Q2HX90-F1 2.47 6 8AEJ 0.77 8 AF-P83508-F1 1.31
9 AF-SOBDX9-F1 2.54 7 AF-AO0A3Q2HX90-F1 0.95
8 4WFV 1.06
Epitope No. 4 Epitope No. 7
2 AF-AO0A3Q2HX90-F1 1.03 1 8AEJ 1.29 6 1106 1.27 5 1106 1.24
3 8AEJ 117 2 AF-SO0BDX9-F1 1.42 9 2A2U 1.50 7 2A2U 1.34
5 1EW3 1.38 5 AF-AO0A3Q2HX90-F1 1.51 10 AF-Q9QXU1-F1 1.52 8 AF-Q9QXU1-F1 1.35
6 8AMC 1.46 7 2A2U 1.60 10 8EPV 1.51
10 AF-S52YD3-F1 1.65
Epitope No. 8 Epitope No. 9
None in top 10 7 AF-U6C8D6-F1 1.18 5 AF-D7PBH4-F1 1.02 3 4N7C 0.90
7 2NND 1.15 4 AF-D7PBH4-F1 0.99
9 1106 1.26 7 2NND 1.32
10 AF-SOBDX9-F1 1.29 9 1106 1.34
Epitope No. 10 Epitope No. 12
6 8AMC 1.42 7 8AMC 1.43 4 2A2U 0.62 4 AF-SOBDX9-F1 1.04
8 AF-D7PBH4-F1 1.52 8 AF-Q9QXU1-F1 1.54 7 AF-SO0BDX9-F1 1.07 6 2A2U 1.09
10 AF-D7PBH4-F1 1.63 9 AF-AO0A3Q2HX90-F1 1.33 8 AF-AO0A3Q2HX90-F1 1.34
10 8AEJ 1.39
Epitope No. 15 Epitope No. 16
10 8AEI 1.02 None in top 10 6 1106 1.21 4 8EPV 1.42
7 2NND 1.24 9 1106 1.95
8 AF-AOA484HRI4-F1 1.33 10 AF-A0A484HRI4-F1 1.98
9 8EPV 1.38
Epitope No. 18 Epitope No. 20
8 AWFV 1.29 7 40DD 1.32 None in top 10 None in top 10
10 AF-D7PBH4-F1 1.41 8 AF-D7PBH4-F1 1.41
10 AF-P83508-F1 1.49

For each mapped Bos d 5 linear epitope region (MLER), the table reports aeroallergen query structures occurring among the ten
closest structures under the RAW and MIN protocols. Rank position and Euclidean distance in the retained PCA space (dpca) are
shown. Lower dpca values indicate greater similarity to the Bos d 5 reference descriptor profile.
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Table 3-14. Ten closest query structures to the Bos d 5 reference for the mapped conformational epitope region.

RAW protocol MIN Protocol

Rank PDB/ AFDB ID Lipocalin group dPCA PDB/ AFDB ID Lipocalin group dPCA
1 AF-P67975-F1 Non-bovine ruminant BLGs 0.54 AF-P02755-F1 Non-bovine ruminant BLGs 0.32
2 AF-P02755-F1 Non-bovine ruminant BLGs 0.68 AF-P67975-F1 Non-bovine ruminant BLGs 0.89
3 1YUP Non-bovine ruminant BLGs 0.82 AF-AO0A484HRI4-F1 Aeroallergens 0.97
4 AF-D7PBH4-F1 Aeroallergens 0.97 AF-P33685-F1 Carnivoran and marsupial BLGs 1.06
5 4TLJ Non-bovine ruminant BLGs 0.98 4TLJ Non-bovine ruminant BLGs 1.10
6 8AMC Aeroallergens 1.09 1YUP Non-bovine ruminant BLGs 117
7 1106 Aeroallergens 1.20 8A0D Aeroallergens 1.28
8 AF-P33685-F1 Carnivoran and marsupial BLGs 1.26 8AMC Aeroallergens 1.29
9 AF-AO0A484HRI4-F1 Aeroallergens 1.26 AF-S5ZYD3-F1 Aeroallergens 1.41
10 8EPV Aeroallergens 1.38 1EW3 Aeroallergens 1.41

For the mapped Bos d 5 conformational epitope region (MCER), the table reports query structures appearing among the closest ranks
in the RAW and MIN protocols. Rank position and Euclidean distance in retained PCA space (dpca) are shown. Lower dpc, values
indicate greater similarity to the Bos d 5 reference descriptor profile.

Table 3-15. Ten closest query structures to the Bos d 5 reference for each descriptor set.

RAW protocol | MIN Protocol
Rank PDB/ AFDB ID Lipocalin group dpca PDB/ AFDB ID Lipocalin group dpca
Comparative interface ranking

1 1YUP Non-bovine ruminant BLGs 1.84 1YUP Non-bovine ruminant BLGs 0.77
2 40RR Human 1.92 4CK4 Non-bovine ruminant BLGs 1.00
3 AF-Q8WX39-F1 Human 2.53 4TLJ Non-bovine ruminant BLGs 1.19
4 4098 Human 2.56 8EPV Aeroallergens 1.45

5 Carnivoran and marsupial
AF-D7PBH4-F1 Aeroallergens 2.90 AF-Q29146-F1 BLGs 1.71
6 AF-S5ZYD3-F1 Aeroallergens 2.94 2HZQ Human 1.74
7 AF-P07380-F1 Non-ruminant ungulate BLGs 2.97 AF-S5ZYD3-F1 Aeroallergens 1.86
8 AF-Q29146-F1 Carnivoran and marsupial BLGs 3.04 AF-Q8WX39-F1 Human 1.91
9 AF-QI9NPH6-F1 Human 3.40 AF-P07380-F1 Non-ruminant ungulate BLGs 1.94
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Carnivoran and marsupial

8AMC Aeroallergens 3.41 AF-P33688-F1 BLGs 1.96
Comparative paratope ranking

1 3KZA Non-ruminant ungulate BLGs 0.53 4CK4 Non-bovine ruminant BLGs 0.92
2 4TLJ Non-bovine ruminant BLGs 0.75 4TLJ Non-bovine ruminant BLGs 0.94
3 4CK4 Non-bovine ruminant BLGs 0.82 4N7C Aeroallergens 1.45
4 2XST Human 1.04 1YUP Non-bovine ruminant BLGs 1.52
5 4R0B Human 1.10 AF-Q6JVE9-F1 Human 1.54
6 AF-P02755-F1 Non-bovine ruminant BLGs 1.1 3CBC Human 1.63

7 ] ) Carnivoran and marsupial
AF-P67975-F1 Non-bovine ruminant BLGs 1.23 AF-P33687-F1 BLGs 1.64
8 1EXS Non-ruminant ungulate BLGs 1.38 1EXS Non-ruminant ungulate BLGs 1.72
9 3CBC Human 1.45 AF-Q8WX39-F1 Human 1.87
10 1YUP Non-bovine ruminant BLGs 1.49 2HZQ Human 1.88

Comparative epitope ranking
1 AF-P67975-F1 Non-bovine ruminant BLGs 0.68 AF-P67975-F1 Non-bovine ruminant BLGs 0.49
2 AF-P02755-F1 Non-bovine ruminant BLGs 0.71 4TLJ Non-bovine ruminant BLGs 0.66
3 4098 Human 1.10 4CK4 Non-bovine ruminant BLGs 0.84
4 AF-Q8WX39-F1 Human 1.12 1YUP Non-bovine ruminant BLGs 1.17
5 AF-AOA484HRI4-F1 Aeroallergens 1.60 AF-AOA484HRI4-F1 Aeroallergens 1.19
6 4TLJ Non-bovine ruminant BLGs 1.61 1EW3 Aeroallergens 1.20
7 1YUP Non-bovine ruminant BLGs 1.62 AF-Q8WX39-F1 Human 1.24
8 4CK4 Non-bovine ruminant BLGs 1.63 409S Human 1.24
9 4ES7 Human 1.64 4R0B Human 1.38
10 8AMC Aeroallergens 1.67 8A0D Aeroallergens 1.43
Composite ranking

1 1YUP Non-bovine ruminant BLGs 2.63 1YUP Non-bovine ruminant BLGs 1.51
2 4098 Human 2.66 4TLJ Non-bovine ruminant BLGs 1.55
3 AF-Q8WX39-F1 Human 2.91 4CK4 Non-bovine ruminant BLGs 1.60
4 8AMC Aeroallergens 3.64 AF-P67975-F1 Non-bovine ruminant BLGs 2.25
5 4CK4 Non-bovine ruminant BLGs 3.78 AF-P02755-F1 Non-bovine ruminant BLGs 2.41
6 3CBC Human 4.01 AF-Q8WX39-F1 Human 2.82
7 AF-D7PBH4-F1 Aeroallergens 4.14 1106 Aeroallergens 3.09
8 40DD Aeroallergens 4.40 2HzZQ Human 3.10
9 2XST Human 4.44 4098 Human 3.15
10 1106 Aeroallergens 4.52 8EPV Aeroallergens 3.23

For each descriptor set, the ten query structures with the smallest Euclidean distances (dpca) from the Bos d 5 reference in the retained
PCA space are shown separately for the RAW and MIN protocols. Lower dpc, Values indicate greater similarity to the Bos d 5 reference
descriptor profile.
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3.3.7 Statistical testing of group differences

3.3.7.1 Group differences in MLER distances

Group differences in reference-relative PCA distances to Bos d 5 were assessed for each
mapped linear epitope region (MLER) using pairwise permutation tests. Results were
broadly consistent with the nearest-neighbor rankings, with non-bovine ruminant BLGs
generally showing the lowest distance distributions across RAW and MIN protocols
(Figure 3-17 - 3-24). Complete pairwise test results are provided in Supplementary Table

S3.7.

In the RAW protocol, significant group differences were most frequent for epitopes No.
2, No. 7, No. 8, No. 9, No. 15, No. 16, and No. 18. These differences mainly reflected
lower distances for non-bovine ruminant BLGs compared with aeroallergens and/or
human lipocalins. Epitopes No. 3, No. 4, and No. 12 showed no significant pairwise
separation, while epitope No. 10 showed a more limited difference pattern. The MIN
protocol showed a similar overall trend, with significant differences observed for epitopes
No. 2, No. 3, No. 7, No. 8, No. 9, No. 10, No. 12, No. 15, No. 16, and No. 18. As in the
RAW protocol, significant comparisons were mainly driven by lower distances among
non-bovine ruminant BLGs relative to aeroallergens and/or human lipocalins. Epitope No.

4 remained weakly separated, with no significant pairwise differences.

Non-ruminant ungulate B-lactoglobulins and carnivoran/marsupial BLGs generally
showed intermediate distance distributions and were less consistently separated from
the other groups. Aeroallergens and human lipocalins showed broader distance
distributions, with some low-distance observations but less consistent proximity to Bos d

5 across mapped linear regions.
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3.3.7.2 Group differences in MCER distances

PCA distances to Bos d 5 were compared among the protein groups for the mapped
conformational epitope region (MCER).The resulting group differences were consistent
with the nearest-neighbor rankings (Figure 3-19; Table 3-16). In the RAW protocol, non-

bovine ruminant BLGs had the lowest median distance to Bos d 5 (median = 0.82),

followed by carnivoran and marsupial BLGs (median = 2.02), aeroallergens (median

2.09), non-ruminant ungulate BLGs (median = 2.25), and human lipocalins (median
2.89). After FDR adjustment, the difference between non-bovine ruminant @3-

lactoglobulins and aeroallergens remained significant (FDR-adjusted p = 0.0311).

In the MIN protocol, non-bovine ruminant LGs again showed the lowest median distance
to Bos d 5 (median = 1.10). Aeroallergens showed an intermediate median distance
(median = 1.70), whereas human lipocalins showed the highest median distance among
the planned comparisons (median = 2.96). After FDR adjustment, human lipocalins were
significantly more distant than aeroallergens (FDR-adjusted p = 0.0500) and non-bovine
ruminant BLGs (FDR-adjusted p = 0.0500). The difference between non-bovine ruminant
BLGs and aeroallergens did not remain significant after FDR correction in the MIN

protocol.

3.3.7.3 Group differences in composite distances

PCA distances to Bos d 5 were compared among the protein groups for the comparative
interface, epitope, paratope, and comparative composite sets. Planned comparisons

focused on aeroallergens, non-bovine ruminant BLGs, and human lipocalins.

For the interface descriptor set, RAW distances showed no significant group differences
after FDR correction (Figure 3-20; Table 3-17). In the MIN protocol, non-bovine ruminant

BLGs had a lower median distance than both aeroallergens (1.19 versus 3.18; FDR-
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adjusted p = 0.0079) and human lipocalins (1.19 versus 2.71; FDR-adjusted p = 0.0089).

Aeroallergens and human lipocalins were not significantly different.

For the epitope descriptor set, non-bovine ruminant BLGs had the lowest median
distance in both protocols. In RAW, they were significantly closer to Bos d 5 than
aeroallergens (1.61 versus 2.80; FDR-adjusted p = 0.0281). In MIN, they were
significantly closer than both aeroallergens (0.84 versus 2.33; FDR-adjusted p = 0.0079)
and human lipocalins (0.84 versus 3.03; FDR-adjusted p = 0.0089). Aeroallergens and
human lipocalins were not significantly different in either protocol. For the paratope
descriptor set, non-bovine ruminant LGs again showed the lowest median distances. In
RAW, they were significantly closer to Bos d 5 than aeroallergens (1.11 versus 3.03;
FDR-adjusted p = 0.0079), while the comparison with human lipocalins did not remain
significant after FDR correction. In MIN, non-bovine ruminant BLGs were significantly
closer than both aeroallergens (1.52 versus 3.08; FDR-adjusted p = 0.0285) and human

lipocalins (1.52 versus 2.53; FDR-adjusted p = 0.0267).

For the combined paratope, interface, and epitope descriptor space, RAW distances
showed no significant group separation after FDR correction. In MIN, non-bovine
ruminant BLGs were significantly closer to Bos d 5 than aeroallergens (1.60 versus 4.46;
FDR-adjusted p = 0.0079) and human lipocalins (1.60 versus 4.51; FDR-adjusted p =

0.0089). Aeroallergens and human lipocalins were not significantly different.

Together, the permutation tests confirmed that close B-lactoglobulin homologs were the
group most consistently closer to Bos d 5. Aeroallergens appeared among top-ranked
structures in selected rankings, but their group-level distance distributions did not show

the same consistent pattern like non-bovine ruminant B-lactoglobulins.
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Figure 3-17. Group differences in RAW MLER Euclidean distances to Bos d 5.

Group comparisons of Bos d 5 mapped linear epitope regions (MLERSs). Violin and box plots show Euclidean distances from query
structures to the matched Bos d 5 reference profile in retained reference-relative descriptor-difference PCA space. Panels correspond
to mapped Bos d 5 linear IgE-binding regions. Points are colored by biological group, and brackets indicate planned pairwise
permutation-test results after multiple-testing correction. Lower distances indicate greater descriptor-space similarity to Bos d 5.



B-MIN | Epitope No. 2 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | A

124

B-MIN | Epitope No. 3 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | A

B-MIN | Epitope No. 4 | PC1-PC4 (CEV = 100.0%} | Coverage 260% | A

B-MIN | Epitope No. 7 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | A

ns ns 10 ns
ns 10 - ns 10 4 ns ns

g ns ns ns ns

—— —— —— 8 ——

ns ns ns ns
— 8 — 8- — —
ns ns ns ns

6 R — - — ns — 64 . —

r T 1 6 - r ry 1 64 r s 1 r T 1
44 i 4
.. &> . (& & /N @ 1 o> B G

€D) 2 &
T T T T T @ T T T T T T T T T T T T T
n=5 n=5 n=7 n=9 n=10 n=5 n=5 n=7 n=22 n=16 n=5 n=5 n=7 n=19 n=7 n=5 n=5 n=7 n=23 n=10

B-MIN | Epitope No. 8 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | A

——
*

B-MIN | Epitope No. 9 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | A

ns
—

B-MIN | Epitope No. 10 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | &

ns
—

B-MIN | Epitope No. 12 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | A

ns
—

10 4 8 ns ns ns
° ns ' ns ' 8 - ns ! 8 ns '
g 8- ns ns ns ns
2 — 6 — — —
7] ns ns ns ns
< 6 . — N — 6 - o — 6 - . —
&} N r d r 1 r 1 r 1
o B = s T
< : \ 4 : ) | r , " ,
L & @ 4 £ | &
)
: 2N i @
o 24 2 - 1 2 -
c
P @ > P @) 2, (B
E 0 T T T T T T T T T T T T T T 1 T T T T
@ n=5 n=5 n=7 n=23 n=16 n=5 n=5 n=7 n=22 n=16 n=5 n=5 n=7 n=22 n=14 n=5 n=5 n=7 n=21 n=14
2
T BMIN|Epitope No. 15 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | A B-MIN | Epitope No. 16 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | A B-MIN | Epitope No. 18 | PC1-PC4 (CEV = 100.0%) | Coverage 260% | A B-MIN | Epitope No. 20 | PC1-PC3 (CEV = 99.8%) | Coverage 260% | &
B 12 ns ns ns
= ns 12 1 ns ns 354
310 ns ns 8 - ns
. s 10 1 s ns 3.0 7
— —_— —
8 4 ns ns ns
- — 8 o — 6 - . — 254
6 r — . | : - . r - ! 20
" 6 r ] i r P
4 24 ]
: @ @ 21 @ 10
$ T T T L] T T T T T @ T T T T 05 T T T T T
n=5 n=5 n=7 n=23 n=16 n=5 n=5 n=7 n=22 n=17 n=5 n=3 n=6 n=18 n=16 n=5 n=1 n=0 n=0 n=0
Lipocalin proteins
@ Non-bovine ruminant BLGs @ Non-ruminant ungulate BLGs @® Carnivoran and marsupial BLGs @ Aeroallergens @ Human
ns:p>005 *p=0.05 *:p=0.01 ***p=<0.001 ***:p=0.0001

Figure 3-18. Group differences in MIN MLER Euclidean distances to Bos d 5.

Violin and box plots show Euclidean distances from query structures to the matched Bos d 5 reference profile in retained reference-
relative descriptor-difference PCA space after structural coverage filtering. Panels correspond to mapped Bos d 5 linear IgE-binding
regions. Points are colored by biological group, and brackets indicate planned pairwise permutation-test results after multiple-testing
correction.
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Figure 3-19. Group differences in MCER Euclidean distances to Bos d 5.

Group comparisons of Bos d 5 PCA distances for the mapped conformational epitope region (MCER). Violin and box plots show
Euclidean distances from query structures to the Bos d 5 reference profile in retained reference-relative descriptor-difference PCA
space for the RAW and MIN protocols. Points are colored by biological group. Brackets indicate planned pairwise permutation-test
results after FDR correction. Lower distances indicate greater descriptor-space similarity to Bos d 5.
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Figure 3-20. Group differences in composite descriptor Euclidean distances to Bos d 5.

Violin and box plots show Euclidean distances from query structures to the Bos d 5 reference profile in retained PCA space for
comparative interface, comparative epitope, paratope, and composite descriptor sets. Results are shown for RAW and MIN protocols.
Points are colored by biological group, and brackets indicate planned pairwise permutation-test results after FDR correction.
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Table 3-16. Pairwise permutation-test results for the mapped conformational epitope median Euclidean distances.

Protocol Lipocalin group x Lipocalin group y Median x dPCA Median y dPCA p FDR-adjusted p Results
RAW Aeroallergens Non-bovine ruminant BLGs 2.09 0.82 0.0062 0.0311 *
RAW Aeroallergens Human 2.09 2.89 0.0945 0.1890 ns
RAW Non-bovine ruminant BLGs Human 0.82 2.89 0.0400 0.0999 ns
MIN Aeroallergens Non-bovine ruminant BLGs 1.70 1.10 0.0310 0.0774 ns
MIN Aeroallergens Human 1.70 2.96 0.0055 0.0500 *
MIN Non-bovine ruminant BLGs Human 1.10 2.96 0.0100 0.0500 *

The table reports planned pairwise comparisons of PCA distances from the Bos d 5 reference for the mapped conformational epitope
region (MCER) under RAW and MIN protocols. Group median distances, permutation-test p-values, FDR-adjusted p-values. Not
significant (ns): p>0.05; *: p<0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001.
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Table 3-17. Pairwise permutation-test results for comparative Fab-allergen model descriptor distances.

Protocol Lipocalin group x Lipocalin group y Median x dPCA Median y dPCA P FDR-adjusted p Results
Interface
RAW Aeroallergens Non-bovine ruminant BLGs 4.60 4.98 0.6841 0.9773 ns
RAW Aeroallergens Human 4.60 414 0.1589 0.8219 ns
RAW Non-bovine ruminant BLGs Human 4.98 414 0.2351 0.8219 ns
MIN Aeroallergens Non-bovine ruminant BLGs 3.18 1.19 0.0016 0.0079 *
MIN Aeroallergens Human 3.18 2.71 0.0509 0.0849 ns
MIN Non-bovine ruminant BLGs Human 1.19 2.71 0.0027 0.0089 >
Epitope
RAW Aeroallergens Non-bovine ruminant BLGs 2.80 1.61 0.0056 0.0281 *
RAW Aeroallergens Human 2.80 3.06 0.3667 0.4583 ns
RAW Non-bovine ruminant BLGs Human 1.61 3.06 0.0518 0.1035 ns
MIN Aeroallergens Non-bovine ruminant BLGs 2.33 0.84 0.0016 0.0079 >
MIN Aeroallergens Human 2.33 3.03 0.1533 0.2555 ns
MIN Non-bovine ruminant BLGs Human 0.84 3.03 0.0027 0.0089 *
Paratope
RAW Aeroallergens Non-bovine ruminant BLGs 3.03 1.1 0.0016 0.0079 >
RAW Aeroallergens Human 3.03 2.48 0.0519 0.0897 ns
RAW Non-bovine ruminant BLGs Human 1.1 2.48 0.0196 0.0631 ns
MIN Aeroallergens Non-bovine ruminant BLGs 3.08 1.52 0.0085 0.0285 *
MIN Aeroallergens Human 3.08 2.53 0.1516 0.2526 ns
MIN Non-bovine ruminant BLGs Human 1.52 2.53 0.0027 0.0267 *
Composite
RAW Aeroallergens Non-bovine ruminant BLGs 5.57 4.80 0.2358 0.5152 ns
RAW Aeroallergens Human 5.57 5.56 1.0000 1.0000 ns
RAW Non-bovine ruminant BLGs Human 4.80 5.56 0.2576 0.5152 ns
MIN Aeroallergens Non-bovine ruminant BLGs 4.46 1.60 0.0016 0.0079 *
MIN Aeroallergens Human 4.46 4.51 0.9929 0.9929 ns
MIN Non-bovine ruminant BLGs Human 1.60 4.51 0.0027 0.0089 *

The table reports planned pairwise comparisons of PCA distances from the Bos d 5 reference for the comparative interface, epitope,
paratope, and composite descriptor sets under the RAW and MIN protocols. Group median distances, permutation-test p-values, FDR-
adjusted p-values. Not significant (ns): p>0.05; *: p<0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001.
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4 DISCUSSION

This study introduced and applied a template-based structural workflow to examine
whether lipocalin homologs preserve IgE-binding surface features observed in Bos d 5
IgE binding regions. The main finding was that the workflow reproduced the interface
descriptors defined by the reference template in the validation controls and, when applied
to Bos d 5, consistently identified close B-lactoglobulin homologs as the most similar
proteins. Several respiratory lipocalin allergens also showed local similarity to Bos d 5 in
specific descriptor sets, but this pattern was less consistent. Human lipocalins sometimes
overlapped with allergens in descriptor space, showing that structural similarity alone is

not sufficient to infer IgE binding or clinical cross-reactivity.

The method validation supported the internal reproducibility of the IgE Fab-allergen
complex construction and descriptor extraction workflow. This workflow follows the
general logic of template-based protein—protein complex modelling, in which a known
complex structure provides a structural framework for constructing related
complexes'®2%0-233  and of protein—protein interface analysis, where geometric and
interaction descriptors are commonly extracted from complex structures.’®%-%0 |n the
identity control tests, each template allergen was reprocessed as its own query. The
reconstructed complexes reproduced the expected interface descriptor values under both
RAW and MIN protocols, showing that alignment, template replacement, contact
definition, and descriptor extraction did not introduce artificial descriptor differences when

no allergen substitution was made.
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The validation also showed that the workflow produced descriptor outputs for most
comparisons. The RAW protocol produced descriptor outputs for all template—query
comparisons, while MIN produced a small number of unavailable descriptor records
because some structures did not converge during energy minimization. This supports the
practical use of the workflow at the scale tested here. Energy minimization was used to
relax local geometry optimize intermolecular contacts, reduce steric clashes, and
examine protein complex stability. However, although coarse geometric descriptors were
stable between RAW and MIN protocols, geometry-sensitive interaction counts shifted
more strongly. This aligns with established practice in docking and refinement, where
near-native ranking and interface scoring improves when side-chain conformations are
optimized and interface clashes are relieved.?** A practical implication is that RAW and
MIN represent distinct analytical states and should not be regarded as interchangeable.
RAW more directly reflects the transferred coordinates and is less confounded by energy-
function biases introduced by minimization. MIN better reflects whether the transferred
interface can support locally consistent polar geometry and packing after relaxation, but
it is more expensive and can fail when starting geometries contain severe clashes or

topology issues.

A further validation result was that structural alignment quality depended on fold
compatibility. Lipocalin template complexes showed stronger alignment support across
the lipocalin query set, whereas non-lipocalin templates showed weaker support and
shorter aligned regions. This defines an important boundary of the method: template-
based replacement is most interpretable when the template allergen and query allergen

share a conserved fold. This is consistent with the logic of template-based structural
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comparison, where the biological meaning of the model depends on whether the query

can reasonably occupy the same structural frame as the template.187:230-233

The Bos d 5 application tested whether lipocalins from different biological groups
preserve structural and physicochemical features of the Bos d 5 IgE-binding surface. The
comparison included close non-bovine ruminant B-lactoglobulins, more distant -
lactoglobulin homologs, respiratory lipocalin allergens, and human lipocalins. This design
allowed the analysis to compare expected positive controls, candidate respiratory

allergens, and tolerated human comparators within the same lipocalin fold.

The closest and most consistent lipocalin queries came from non-bovine ruminant B-
lactoglobulins. These proteins were closest to Bos d 5 across mapped linear epitope
regions, the contact-defined conformational epitope, and the generated IgE Fab—query
allergen complexes. This result is biologically expected because goat, sheep, buffalo,
and related B-lactoglobulins are highly conserved homologs of bovine B-lactoglobulin.
Experimental studies have shown extensive immunological cross-reactivity among
ruminant B-lactoglobulins, with IgE from cow's milk-allergic patients recognizing
homologous proteins from goat, sheep, and buffalo milk, and inhibition assays
demonstrating substantial sharing of IgE-binding determinants.40:42:47.111,118,210,212,235-238
The molecular basis for this cross-reactivity is the exceptional conservation of both
sequence and structure within the ruminant B-lactoglobulin family. Reported sequence
identities commonly exceed 94%, and crystallographic studies show that caprine and
ovine B-lactoglobulins superimpose closely on Bos d 5, with RMSD values as low as
0.35-0.7 A, indicating near-identical positioning of surface residues.'%''21'3 Conserved

linear and conformational epitopes have also been identified across ruminant [3-
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lactoglobulins.’® Given this established structural and immunological conservation,
recovery of these proteins as the closest matches across all query types is consistent
with known biology. The result therefore provides an internal positive control for the
workflow, demonstrating that proteins with the greatest experimentally supported
preservation of Bos d 5-relevant surface features are correctly identified as the nearest

structural neighbors.

More distant B-lactoglobulin homologs showed intermediate behavior. Although these
proteins retained the conserved lipocalin B-barrel fold, they were less consistently similar
to Bos d 5 than the non-bovine ruminant B-lactoglobulins. This trend is consistent with
experimental evidence showing that distant homologs such as porcine and equine B-
lactoglobulins preserve the overall B-lactoglobulin scaffold despite substantially lower
sequence identity.'211823 Studies of B-lactoglobulin cross-reactivity indicate that while
the structural core remains highly conserved, divergence accumulates primarily in
surface-exposed residues and loop regions that contribute to antibody recognition.56.76.1%5
Consequently, preservation of the global fold does not necessarily imply preservation of
Bos d 5-relevant epitopes. The observed pattern therefore supports a graded
interpretation in which structural features observed for Bos d 5 are most stable among
close homologs and become progressively less conserved as evolutionary distance

increases.

Respiratory lipocalin allergens showed a more variable pattern. Several aeroallergens
appeared repeatedly among the closest structures in selected descriptor sets, especially
Feld 4, Canf4,Mus m 1, Feld 7, and Cav p 1. These recurrent hits suggest that some

inhalant lipocalins can present local surface features that resemble parts of the Bos d 5
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IgE-binding region. This is plausible because mammalian lipocalins share a conserved
B-barrel fold even when their sequence identity is low.8':828410" However, the aeroallergen
ranking was region- and descriptor-dependent. No aeroallergen was consistently closest
to Bos d 5 across all analyses, and group-level tests did not show that aeroallergens were
consistently distinct from human lipocalins. Therefore, these proteins should be
considered structural candidates for further experimental testing. This pattern is
consistent with previous reports in the literature. IgE cross-reactivity among lipocalins has
been reported, but it is often incomplete, asymmetric, and dependent on the specific
allergen pair and patient serum.%¢:129.131.152 The present results add structural candidates
to this problem. The aeroallergen findings are still useful because they narrow the set of
proteins that could be tested experimentally. Rather than testing all respiratory lipocalins
equally, follow-up studies could prioritize the recurrent candidates identified here. For
example, inhibition ELISA, basophil activation testing, or monoclonal IgE binding assays
could test whether these aeroallergens inhibit IgE binding to Bos d 5 or whether Bos d 5
inhibits IgE binding to these respiratory lipocalins. These experiments would determine

whether the observed structural compatibility has immunological relevance.

Human lipocalins were included as tolerated comparators because they are endogenous
self-proteins that are normally immunologically tolerated, whereas loss of self-tolerance
can contribute to autoimmune pathology. Some human lipocalins appeared near Bos d 5
in selected descriptor spaces, especially in RAW interface, RAW combined, and some
epitope or paratope rankings. This result is important because it shows that the workflow
can detect local structural similarity even in proteins that are not expected to be clinically
allergenic. This overlap clarifies the meaning of the results. The lipocalin scaffold can

generate similar local surface patches in allergenic and non-allergenic proteins.
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Therefore, preserving a structural surface similar to Bos d 5 is not, by itself, enough to
infer allergenicity. IgE binding also depends on immune exposure, sensitization history,
antibody repertoire, epitope accessibility, affinity, and the ability to cross-link FceRI-bound
IgE on effector cells. 7387191 This finding supports a conservative interpretation of the
aeroallergen hits and explains why structural comparison should be followed by

experimental testing.

The results partially support the initial hypothesis. The study hypothesized that Bos d 5-
like IgE-binding surface features could be detected across lipocalins and might help
identify candidate links between cow’s milk allergy and asthma. The strongest support
came from close B-lactoglobulin homologs, where the expected structural conservation
was recovered. The respiratory lipocalin results provided partial support by identifying
repeated candidate aeroallergens with local features observed in Bos d 5. However, the
hypothesis was not fully proven because aeroallergens were not consistently separated
from human lipocalins, and no IgE-binding assays were performed. Therefore, the results
suggest that some respiratory lipocalins contain local structural features that resemble
parts of the Bos d 5 IgE-binding surface. These proteins should be considered candidates
for targeted experimental studies to determine whether the observed structural

similarities have immunological significance.

This work has several limitations. The template-based complex generation used one IgE
Fab binding orientation. Patient IgE responses are polyclonal, and different individuals
may recognize different Bos d 5 epitopes.*56.103104 Therefore, the results describe

compatibility with one known IgE binding mode, and not the full Bos d 5 IgE repertoire.
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Moreover, the analysis depends on structural model quality, alignment quality, descriptor
definitions, and filtering thresholds. The validation showed that fold compatibility is
important, and the application analysis showed that some mapped regions were more
informative than others. Regions with poor coverage or limited retained observations are

less suitable for group-level interpretation.

The workflow defines the epitope, paratope and the interface based on a threshold. Such
thresholds are common in interface analysis and docking evaluation.?*® However, any
hard cutoff creates boundary effects, which were observed as small changes in interface

after minimization.

Finally, Energy minimization provides more physically coherent geometry for interactions
but introduces a major runtime cost and occasional failures due to severe model steric
clashes. This mirrors broader experience in docking and refinement: expensive

refinement can improve interaction but is not always robust for all starting models.?*’
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5 CONCLUSION

This study presents a reproducible structural framework for evaluating IgE-relevant
surface similarity across homologous lipocalins using epitope mapping and comparative

Fab-allergen modelling.

Application to Bos d 5 demonstrated that non-bovine ruminant B-lactoglobulins
consistently preserve Bos d 5-like structural and physicochemical descriptors across
mapped epitopes, contact-defined patches, and antibody—antigen interfaces, providing

an internal positive control consistent with their high evolutionary conservation.

In contrast, respiratory and more distant lipocalins showed intermittent, region-dependent
similarity signals, with several aeroallergens recurrently identified among nearer
structural neighbors but without consistent recovery across descriptor spaces. Human
lipocalins also overlapped in selected analyses, indicating that descriptors of the shared
lipocalin fold alone are insufficient to infer allergenic relevance or IgE-mediated cross-

reactivity.

The RAW and MIN preprocessing protocols provide complementary views of structural
similarity, with RAW preserving template-constrained geometry for scalable screening
and MIN providing relaxed interfaces for refined structural interpretation but at a high

computational cost.

Overall, the workflow enables prioritization of candidate proteins and interface regions for
experimental validation, while highlighting the necessity of immunological testing to

establish biological relevance.
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6 FUTURE WORK

Future work should focus on experimental validation of the recurrent candidate lipocalins
and further testing of the comparative Fab—query allergen modelling framework. The
most direct next step is to test whether the structural similarities identified here
correspond to measurable IgE recognition. This could be done using IgE-binding assays
with Bos d 5-sensitized sera and, where available, Bos d 5-specific monoclonal IgE.
Competitive inhibition assays would be particularly useful for testing whether selected
homologous lipocalins can inhibit IgE binding to Bos d 5, or whether Bos d 5 can inhibit
IgE binding to those proteins. Functional assays, such as FceRI-mediated basophil or
reporter-cell activation assays, would help determine whether any observed binding is

sufficient to produce effector-cell activation.

A second direction is to apply the workflow to additional IgE Fab-allergen template
complexes. This would test whether the similarity patterns observed in this study are
specific to the Bos d 5 IgE Fab binding orientation or are also observed under other
template-defined paratope constraints. Including additional IgE complex templates would
also help assess how strongly the workflow depends on epitope topology, antibody

orientation, and allergen conformational state.

A third direction is to test the workflow beyond the lipocalin family to evaluate whether
RAW and MIN protocol behavior remains consistent in other systems. Lipocalins are well
suited for this study because they share a conserved fold despite variation in sequence

and surface chemistry. Applying the same approach to other allergen families would help
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determine whether the workflow is transferable to protein groups with different folds,

different epitope architectures, and different levels of structural conservation.

Finally, further computational refinement could focus on descriptor robustness and
protocol sensitivity. This includes testing the effect of structural alignment quality, contact-
distance cutoffs, patch definitions, changes in pH, and differences between RAW and
MIN outputs. Such analyses would help clarify which descriptor patterns are stable across
protocols and which are sensitive to local model preparation. In summary, these future
studies would determine whether the framework can improve prioritization of candidate

IgE cross-reactivity tests beyond structural similarity alone.
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APPENDIX |
METHOD DEVELOPMENT AND VALIDATION
Supplementary data

Table S2. 1. Complete RAW protocol descriptor output and metadata for MLERs.

Access this table from the google drive.

Table S2. 2. Complete MIN protocol descriptor output and metadata for MLERs.

Access this table from the google drive.

Table S2. 3. Complete RAW protocol descriptor output and metadata for MCER
region

Access this table from the google drive.

Table S2. 4. Complete MIN protocol descriptor output and metadata for MCER
region

Access this table from the google drive.

Table S2. 5. Complete RAW protocol descriptor output for experimental IgE Fab—
allergen template complexes and comparative Fab—query allergen models.

Access this table from the google drive.

Table S2. 6. Complete MIN protocol descriptor output for experimental IgE Fab—
allergen template complexes and comparative Fab—query allergen models.

Access this table from the google drive.
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APPENDIX Il
METHOD APPLICATION
Supplementary tables

Table S3. 1. Lipocalin structures ranked using Euclidean distance in PCA spaced based
on retained linear epitope descriptors.

Access this table from the google drive.

Table S3. 2. Lipocalin structures ranked using Euclidean distance in PCA spaced based
on retained conformational epitope descriptors.

Access this table from the google drive.

Table S3. 3. Lipocalin structures ranked using Euclidean distance in PCA spaced based
on retained interface descriptors.

Access this table from the google drive.

Table S3. 4. Lipocalin structures ranked using Euclidean distance in PCA spaced based
on retained epitope descriptors.

Access this table from the google drive.

Table S3. 5. Lipocalin structures ranked using Euclidean distance in PCA spaced based
on retained paratope descriptors.

Access this table from the google drive.

Table S3. 6. Lipocalin structures ranked using Euclidean distance in PCA spaced based
on retained combined descriptors.

Access this table from the google drive.

Table S3. 7. Pairwise permutation-test results for mapped linear epitope distances.

Access this table from the google drive.
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Table S3. 8. . Curated set of literature-reported Bos d 5 linear IgE-binding regions.

Published linear IgE-binding regions of Bos d 5 were curated from epitope-mapping studies.

Residue positions are reported relative to the UniProt Bos d 5 sequence P02754.

No. Epitope position Epitope sequence Reference

/P02754
1 1-15/17-31 LIVTQTMKGLDIQKV (Cong & Li, 2012)
2 1-16/17-32 LIVTQTMKGLDIQKVA (Jarvinen et al., 2001)
3 9-29/25-45 GLDIQKVAGTWYSLAMAASDI (X. Wang et al., 2023)
4 31-60/47-76 LLDAQSAPLRVYVEELKPTPEGDLEILLQK (Jarvinen et al., 2001)
5 41-60/57-76 VYVEELKPTPEGDLEILLQK (Sélo et al., 1999)
6 45-57//61-73 ELKPTPEGDLEIL (X. Wang et al., 2023)
7 56-70/72-86 ILLOKWENGECAQKK (Cong & Li, 2012)
8 58-77/74-93 LQKWENGECAQKKIIAEKTK (Cerecedo et al., 2008)
9 67-86/83-102 AQKKIIAEKTKIPAVFKIDA (Jarvinen et al., 2001)
10 76-90/92-106 TKIPAVFKIDALNEN (Cong & Li, 2012)
11 77-80/93-96 KIPA (X. Wang et al., 2023)
12 95-113/111-129 LDTDYKKYLLFCMENSAEP (Heinzmann et al., 1999)
13 97-108/113-124 TDYKKYLLFCME (Ball et al., 1994)
14 98-101/114-117 DYKK (X. Wang et al., 2023)
15 102-124/118-140 YLLFCMENSAEPEQSLVCQCLVR (Sélo et al., 1999)
16 121-135/137-151 CLVRTPEVDDEALEK (X. Wang et al., 2023)
17 124-134/140-150 RTPEVDDEALE (ADAMS et al., 1991)
18 127-156/143-172 EVDDEALEKFDKALKALPMHIRLSFNPTQL (Jarvinen et al., 2001)
19 136-150/152-166 FDKALKALPMHIRLS (Cong & Li, 2012)
20  149-162/165-178 LSFNPTQLEEQCHI (Sélo et al., 1999)
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Supplementary figures

Descriptor correlation structure and redundancy
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Figure S3. 1. Correlation networks of RAW and MIN Fab-allergen interface descriptors.

Nodes represent interface descriptors, and edges connect descriptor pairs with absolute Spearman correlation |p|=0.70. Networks are
shown separately for RAW and MIN interface descriptor datasets. Edge labels indicate pairwise |ps| values for clustered descriptors.
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Figure S3. 1. Correlation networks of epitope descriptors.

Nodes represent interface descriptors, and edges connect descriptor pairs with absolute Spearman correlation |p|20.70. Networks are
shown separately for RAW and MIN interface descriptor datasets. Edge labels indicate pairwise |ps| values for clustered descriptors.
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Figure S3. 2. Correlation networks of paratope descriptors.
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shown separately for RAW and MIN interface descriptor datasets. Edge labels indicate pairwise |ps| values for clustered descriptors.
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shown separately for RAW and MIN interface descriptor datasets. Edge labels indicate pairwise |ps| values for clustered descriptors.
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Correlation networks of the mapped conformational epitope region (MCER) descriptors. Nodes represent interface descriptors, and
edges connect descriptor pairs with absolute Spearman correlation |p|20.70. Networks are shown separately for RAW and MIN
interface descriptor datasets. Edge labels indicate pairwise |ps| values for clustered descriptors.
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Exploratory PCA
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Figure S3. 5. RAW dataset PCA biplots of retained descriptor differences for MLERs.

PC1-PC2 score distribution after applying the structural coverage filter are shown for each mapped linear epitope region (MLER).
Points represent query structures and the Bos d 5 reference, colored by lipocalin protein group. Arrows indicate loadings for the retained
descriptor differences. Epitope 20 mostly contains retained close homologous non-bovine ruminant BLG mappings after filtering.
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Figure S3. 6. MIN dataset PCA biplots of retained descriptor differences for MLERs.

PC1-PC2 score distribution after applying the structural coverage filter are shown for each mapped linear epitope region (MLER).
Points represent query structures and the Bos d 5 reference, colored by lipocalin protein group. Arrows indicate loadings for the retained
descriptor differences. Epitope 20 mostly contains retained close homologous non-bovine ruminant BLG mappings after filtering.
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Figure S3. 7. CEV of PCA models fitted to MCER descriptors.

Cumulative explained variance (CEV) is shown for PCA models fitted to the retained mapped conformational epitope region (MCER)
descriptor set in the RAW and MIN datasets. In both datasets, PC1-PC3 captured more than 90% of the variance, while PC1-PC4

captured 100% of the retained descriptor variance.
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Figure S3. 8. CEV of PCA models fitted to composite descriptors.

Cumulative explained variance (CEV) is shown for PCA models fitted to the retained composite descriptor set in the RAW and MIN
datasets. The combined descriptor set included comparative paratope, interface, and epitope descriptors. In the RAW dataset, PC1-
PC5 captured 74.55% of variance and PC1-PC10 captured 95.76%. In the MIN dataset, PC1-PC5 captured 73.87% of variance and
PC1-PC10 captured 95.52%. All 13 components captured 100% of the retained descriptor variance.
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Figure S3. 9. PCA biplots of full interface descriptors.

PCA biplots are shown for the full interface descriptor set in the RAW and MIN datasets. Points represent Bos d 5 and query lipocalin
structures, colored by biological group. Arrows indicate descriptor loadings from interface descriptor classes. Axis labels show the
percentage of variance explained by PC1 and PC2.
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Figure S3. 10. Cumulative explained variance of PCA models fitted to interface descriptors.

Cumulative explained variance is shown for PCA models fitted to the full interface descriptor set in the RAW and MIN datasets. The
combined descriptor set included comparative paratope, interface, and epitope descriptors.



168

Epitope: RAW dataset

Epitope: MIN dataset
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Figure S3. 11. PCA biplots of full epitope descriptors.

PCA biplots are shown for the full epitope descriptor set in the RAW and MIN datasets. Points represent Bos d 5 and query lipocalin
structures, colored by biological group. Arrows indicate descriptor loadings from epitope descriptor classes. Axis labels show the
percentage of variance explained by PC1 and PC2.
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Figure S3. 12. Cumulative explained variance of PCA models fitted to epitope descriptors.

Cumulative explained variance is shown for PCA models fitted to the full epitope descriptor set in the RAW and MIN datasets. The
combined descriptor set included comparative paratope, interface, and epitope descriptors.
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Figure S3. 13. PCA biplots of full paratope descriptors.

PCA biplots are shown for the full paratope descriptor set in the RAW and MIN datasets. Points represent Bos d 5 and query lipocalin
structures, colored by biological group. Arrows indicate descriptor loadings from epitope descriptor classes. Axis labels show the
percentage of variance explained by PC1 and PC2.
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Figure S3. 14. Cumulative explained variance of PCA models fitted to paratope descriptors.

Cumulative explained variance is shown for PCA models fitted to the full paratope descriptor set in the RAW and MIN datasets. The
combined descriptor set included comparative paratope, interface, and epitope descriptors.
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Figure S3. 15. PCA biplots of full composite descriptors set.

PCA biplots are shown for the full composite descriptor set in the RAW and MIN datasets. Points represent Bos d 5 and query lipocalin
structures, colored by biological group. Arrows indicate descriptor loadings from comparative epitope, paratope, and interface
descriptor classes. Axis labels show the percentage of variance explained by PC1 and PC2.
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Figure S3. 16. Cumulative explained variance of PCA models fitted to composite descriptor set.

Cumulative explained variance is shown for PCA models fitted to the full composite descriptor set in the RAW and MIN datasets. The
combined descriptor set included comparative paratope, interface, and epitope descriptors.
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Figure S3. 17. PCA biplots of individual comparative Fab-allergen model descriptor targets.

PCA biplots are shown separately for comparative paratope, interface, and epitope descriptor sets in the RAW and MIN datasets.
Points represent query lipocalin structures, coloured by biological group. Arrows indicate descriptor loadings for each retained
descriptor set. Axis labels show the percentage of variance explained by PC1 and PC2.
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Figure S3. 18. Cumulative explained variance of PCA models fitted to retained interface descriptors.

Cumulative explained variance is shown for PCA models fitted to the retained interface descriptor set in the RAW and MIN datasets.
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Figure S3. 19. Cumulative explained variance of PCA models fitted to retained paratope descriptors.
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Cumulative explained variance is shown for PCA models fitted to the retained paratope descriptor set in the RAW and MIN datasets.
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Figure S3. 20. Cumulative explained variance of PCA models fitted to retained epitope descriptors.
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Cumulative explained variance is shown for PCA models fitted to the retained epitope descriptor set in the RAW and MIN datasets.
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Figure S3. 21. PCA biplots of full Descriptor differences relative to Bos d 5 for MLERs in the MIN dataset.

PC1-PC2 score distribution after applying the structural coverage filter are shown for each mapped linear epitope region (MLER).
Points represent query structures and the Bos d 5 reference, colored by lipocalin protein group. Arrows indicate loadings for the full
descriptor differences. Epitope 20 mostly contains retained close homologous non-bovine ruminant BLG mappings after filtering.
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Figure S3. 22. PCA biplots of full Descriptor differences relative to Bos d 5 for MLERs in the RAW dataset.

PC1-PC2 score distribution after applying the structural coverage filter are shown for each mapped linear epitope region (MLER).
Points represent query structures and the Bos d 5 reference, colored by lipocalin protein group. Arrows indicate loadings for the full
descriptor differences. Epitope 20 mostly contains retained close homologous non-bovine ruminant BLG mappings after filtering.
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Figure S3. 23. CEV of PCA models fitted to full MLER descriptor set.

Cumulative explained variance (CEV) is shown for PCA models fitted separately to each mapped linear epitope region (MLER) in the
RAW and MIN datasets. Grey lines represent individual mapped regions, and the black line indicates the median CEV across regions.
In both datasets, PC1-PC3 captured more than 90% of the median variance, while PC1-PC4 captured 100% of the retained descriptor
variance.
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Figure S3. 24. PCA biplots of full Descriptor differences relative to Bos d 5 for the MCER.

PCA biplots are shown for the RAW and MIN mapped conformational epitope region (MCER) datasets. Points represent Bos d 5 and
query lipocalin structures, colored by biological group. Arrows indicate loadings for the full Descriptor differences relative to Bos d 5.

Axis labels show the percentage of variance explained by PC1 and PC2.
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Figure S3. 25. Cumulative explained variance of PCA models fitted to MCER descriptors.

Cumulative explained variance is shown for PCA models fitted to the full mapped conformational epitope region (MCER) descriptor set
in the RAW and MIN datasets.
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Nearest-neighbor ranking based on Euclidean distance to Bos d 5 in PCA space
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Figure S3. 26. RAW nearest-neighbor rankings for MLERs.
Rank-distance plots show query structures ordered by ascending Euclidean distance from the matched Bos d 5 reference in retained

PCA space for each mapped linear epitope region (MLER) under the RAW protocol. Points are colored by biological group. Lower
ranks indicate greater similarity to the Bos d 5 reference region.
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Figure S3. 27. MIN nearest-neighbor rankings for MLERs.
Rank-distance plots show query structures ordered by ascending Euclidean distance from the matched Bos d 5 reference in retained

PCA space for each mapped linear epitope region (MLER) under the MIN protocol after structural coverage filtering. Points are colored
by biological group. Lower ranks indicate greater similarity to the Bos d 5 reference region.
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Figure S3. 28. RAW nearest-neighbor rankings for MLERs.

Rank-distance plots show query structures ordered by ascending Euclidean distance from the matched Bos d 5 reference in full PCA
space for each mapped linear epitope region (MLER) under the RAW protocol. Points are colored by biological group. Lower ranks
indicate greater similarity to the Bos d 5 reference region.
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Figure S3. 29. MIN nearest-neighbor rankings for MLERs.

Rank-distance plots show query structures ordered by ascending Euclidean distance from the matched Bos d 5 reference in full PCA
space for each mapped linear epitope region (MLER) under the MIN protocol. Points are colored by biological group. Lower ranks
indicate greater similarity to the Bos d 5 reference region.
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Figure S3. 30. Nearest-neighbor rankings for the MCER.

Rankings for mapped conformational epitope region (MCER). Rank-distance plots show query structures ordered by ascending
Euclidean distance from the Bos d 5 reference profile in full PCA space for the RAW and MIN protocols. Points are colored by biological
group. Lower ranks indicate greater similarity to Bos d 5.
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Figure S3. 31. Nearest-neighbor rankings for interface descriptor set.

Rank-distance plots show query structures ordered by ascending Euclidean distance from the Bos d 5 reference profile in full PCA
space. Rankings are shown for interface descriptor set under RAW and MIN protocols. Points are colored by biological group. Lower
ranks indicate greater descriptor-space similarity to Bos d 5.
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Figure S3. 32. Nearest-neighbor rankings for epitope descriptor set.

Rank-distance plots show query structures ordered by ascending Euclidean distance from the Bos d 5 reference profile in full PCA
space. Rankings are shown for epitope descriptor set under RAW and MIN protocols. Points are colored by biological group. Lower
ranks indicate greater descriptor-space similarity to Bos d 5.
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Figure S3. 33. Nearest-neighbor rankings for paratope descriptor set.

Rank-distance plots show query structures ordered by ascending Euclidean distance from the Bos d 5 reference profile in full PCA
space. Rankings are shown for paratope descriptor set under RAW and MIN protocols. Points are colored by biological group. Lower
ranks indicate greater descriptor-space similarity to Bos d 5.
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Figure S3. 34. Nearest-neighbor rankings for composite descriptor sets.

Rank-distance plots show query structures ordered by ascending Euclidean distance from the Bos d 5 reference profile in full combined
PCA space. Rankings are shown for interface, interface, epitope, paratope, and composite descriptor sets under RAW and MIN
protocols. Points are colored by biological group. Lower ranks indicate greater descriptor-space similarity to Bos d 5.
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Figure S3. 35. Group differences in RAW MLER Euclidean distances to Bos d 5.

Group comparisons of Bos d 5 mapped linear epitope regions (MLERS). Violin and box plots show Euclidean distances from query
structures to the matched Bos d 5 reference profile in full reference-relative descriptor-difference PCA space. Panels correspond to
mapped Bos d 5 linear IgE-binding regions. Points are colored by biological group, and brackets indicate planned pairwise permutation-
test results after multiple-testing correction. Lower distances indicate greater descriptor-space similarity to Bos d 5.
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Figure S3. 36. Group differences in MIN MLER Euclidean distances to Bos d 5.

Violin and box plots show Euclidean distances from query structures to the matched Bos d 5 reference profile in full reference-relative
descriptor-difference PCA space after structural coverage filtering. Panels correspond to mapped Bos d 5 linear IgE-binding regions.
Points are colored by biological group, and brackets indicate planned pairwise permutation-test results after multiple-testing correction.
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A-RAW dataset | Conformational epitope | PC1-PC7 ( CEV = 85.0%) B-MIN dataset | Conformational epitope | PC1-PC6 ( CEV = 83.0%)
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Figure S3. 37. Group differences in MCER Euclidean distances to Bos d 5.

Group comparisons of Bos d 5 PCA distances for the mapped conformational epitope region (MCER). Violin and box plots show
Euclidean distances from query structures to the Bos d 5 reference profile in retained reference-relative descriptor-difference PCA
space for the RAW and MIN protocols. Points are colored by biological group. Brackets indicate planned pairwise permutation-test
results after FDR correction. Lower distances indicate greater descriptor-space similarity to Bos d 5
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B-MIN dataset | Interface | PC1-PC11 (CEV = 96.3%)
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Figure S3. 38. Group differences in interface descriptor Euclidean distances to Bos d 5.

Violin and box plots show Euclidean distances from query structures to the Bos d 5 reference profile in full PCA space for interface
descriptor sets. Results are shown for RAW and MIN protocols. Points are colored by biological group, and brackets indicate planned

pairwise permutation-test results after FDR correction.
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B-MIN dataset | Epitope | PC1-PC4 (CEV = 96.0%)
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Figure S3. 39. Group differences in epitope descriptor Euclidean distances to Bos d 5.

Violin and box plots show Euclidean distances from query structures to the Bos d 5 reference profile in full PCA space for epitope
descriptor sets. Results are shown for RAW and MIN protocols. Points are colored by biological group, and brackets indicate planned

pairwise permutation-test results after FDR correction.
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B-MIN dataset | Paratope | PC1-PC8 (CEV = 95.7%)
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Figure S3. 40. Group differences in paratope descriptor Euclidean distances to Bos d 5.

Violin and box plots show Euclidean distances from query structures to the Bos d 5 reference profile in full PCA space for interface
descriptor sets. Results are shown for RAW and MIN protocols. Points are colored by biological group, and brackets indicate planned

pairwise permutation-test results after FDR correction.
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A-RAW dataset | Paratope + Interface + Epitope | PC1-PC22 (CEV = 95.6%) B-MIN dataset | Paratope + Interface + Epitope | PC1-PC21 (CEV = 95.6%)
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Figure S3. 41. Group differences in composite descriptor Euclidean distances to Bos d 5.
Violin and box plots show Euclidean distances from query structures to the Bos d 5 reference profile in full PCA space for comparative

interface, epitope, paratope, and composite descriptor sets. Results are shown for RAW and MIN protocols. Points are colored by
biological group, and brackets indicate planned pairwise permutation-test results after FDR correction.
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