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Hydrophobic ligands influence the
structure, stability, and processing of
the major cockroach allergenBlag 1

Alexander C.Y. Foo'3, Peter M. Thompson?, Lalith Perera®?, Simrat Arora?,
Eugene F. DeRose?, Jason Williams? & Geoffrey A. Mueller®"

The cockroach allergen Bla g 1 forms a novel fold consisting of 12 amphipathic alpha-helices enclosing
an exceptionally large hydrophobic cavity which was previously demonstrated to bind a variety of
lipids. Since lipid-dependent immunoactivity is observed in numerous allergens, understanding the
structural basis of this interaction could yield insights into the molecular determinants of allergenicity.
Here, we report atomic modelling of Bla g 1 bound to both fatty-acid and phospholipids ligands, with
8 acyl chains suggested to represent full stoichiometric binding. This unusually high occupancy was
verified experimentally, though both modelling and circular dichroism indicate that the general alpha-
helical structure is maintained regardless of cargo loading. Fatty-acid cargoes significantly enhanced
thermostability while inhibiting cleavage by cathepsin S, an endosomal protease essential for antigen
processing and presentation; the latter of which was found to correlate to a decreased production

of known T-cell epitopes. Both effects were strongly dependent on acyl chain length, with 18-20
carbons providing the maximal increase in melting temperature (~20 °C) while completely abolishing
proteolysis. Diacyl chain cargoes provided similar enhancements to thermostability, but yielded
reduced levels of proteolytic resistance. This study describes how the biophysical properties of Blag 1
ligand binding and digestion may relate to antigen processing, with potential downstream implications
forimmunogenicity.

Due to their close association with human-built environments such as homes, schools and food service loca-
tions, the German cockroach (Blatella germanica or BGER) represents a major source of indoor airborne aller-
gens. Indeed, studies on airborne dust samples obtained from urban schools and residences have identified the
BGER allergens Bla g 1 or Bla g 2 in 26-66% of the samples tested!?. In some inner-city environments where
allergens were prevalent, an astounding 80% of individuals tested demonstrated sensitization to these aller-
gens”. Additionally, BGER exposure and sensitization represents an important risk factor for the development of
asthma, and has been correlated with an increase in emergency room visits and healthcare usage in response to
the resulting respiratory symptoms!=->.

X-ray crystallography studies of the cockroach allergen Bla g 1 reveal a basic structural unit composed of two
consecutive amino acid repeats consisting of 6 amphipathic alpha helices, which is unique in the protein database.
Five of these helices arrange to form a planar pentagon while the 6" is positioned above to form a hemispherical
structure. Two consecutive hemispheres assemble to form the completed major allergy domain structure, which
encloses an exceptionally large 3758 A hydrophobic cavity at its center®. For context, a survey of around 600
enzymes produced a mean active site volume of 1072 A3”. Hydrophobic cavities, with their reduced potential for
hydrogen bonding, are even more restrained, with ~500 A? being proposed as a theoretical upper limit for most
proteins; indeed, a survey of several non-specific lipid transfer proteins (nLTP’s) reveals cavities in the 100 A>~400
A3 range, consistent with this limit®°. Previous studies show that Bla g 1 is able to bind a range of phospholipids
and fatty acids, and the available X-ray structure of Bla g 1 reports electron density within the central cavity
suggesting it may act as a lipid -binding site. However, the exact mode of binding and its contribution to Bla g 1
structure, stability, and allergenicity remains unknown.
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The distribution of allergens across the sequence space is biased in that allergens are found in only 2% of all
known protein families'. This suggests the existence of specific structural and/or functional characteristics that
allow certain proteins but not others to induce allergic sensitization. Understanding these characteristics remains
a key goal in allergology. A survey of the allergen database suggests that numerous allergens are expected to bind
lipids and other hydrophobic molecules'?, potentially representing an important molecular determinant of aller-
genicity for proteins like Bla g 1. These ligands can act as potent stimulators of TLR2, TLR4, and CD1 signalling
pathways that modulate the immune response generated against any accompanying proteins'®-'. Indeed, bacte-
rial lipids such as LTA and LPS are commonly found in dust particles, where they have been shown to enhance
the immune response against co-administered indoor and pollen-based allergic proteins'*~'8. Similar effects have
been observed for other pollen and food-derived lipids'®-2!. Thus, allergen-associated lipids can potentially act as
adjuvants, enhancing the efficacy of the former through their innate stimulatory properties.

Another possibility is that binding of hydrophobic ligands into enclosed cavities such as that found in Bla g 1
could alter the allergens’ structural or biophysical properties in a manner that promotes immunogenicity, provid-
ing an additional mechanism through which lipids can potentially contribute to the sensitization process. One
area which may be sensitive to such changes in allergen structure or stability is its degradation and subsequent
processing within the endosomal compartment of antigen-presenting cells. Here, proteases such as cathepsin S
cleave the allergen to produce peptide fragments, which are loaded onto the type two major histocompatibility
complex (MHCII) and exposed on the surface for T-cell recognition. Since MHCII loading occurs late in the
endosomal lifecycle, the rate at which this processing occurs may influence immunogenicity, as only antigens and
epitopes which are able to persist into the late endosomal compartment will generate an immune response?*-’.
Since proteases typically act on unstructured sequences?*, differences in endosomal processing rates provides a
potential mechanism through which the innate biophysical properties of an allergen can influence immunogenic-
ity. This is best exemplified by a series of recent studies in which isoforms of Bet v 1 that display enhanced stability
are able to avoid premature processing by cathepsin S, yielding a stronger allergic (Ty2) response than their less
allergenic variants®?*. It is possible that binding of lipid cargoes into Bla g 1 could elicit a similar response; modu-
lating allergen stability and endosomal processing in a manner which enhances sensitization. This article explores
this hypothesis using molecular dynamics simulations coupled with in vitro biophysical assays and simulated
endolysosomal degradation reactions to characterize the structural basis for lipid binding to this unique protein
fold, and its implications for Bla g 1 structure, stability, and processing.

Results

Purification of Apo-Blag 1. Previous studies demonstrated the ability of Bla g 1.0101 (34-216, hereafter
referred to as Bla g 1) to bind a heterogeneous range of lipids and hydrophobic cargoes, which remain associated
throughout the purification process®. While these retained lipids provided valuable insight into the phospholipid
headgroup preferences of Bla g 1, their heterogeneous nature precluded any systematic study of lipid-allergen
interactions. In order to remove the endogenously-bound lipids from the E. coli expression system, Bla g 1 was
further purified using a reverse-phase C18 column (see details in methods section). The resulting protein was
then lyophilized and annealed in aqueous buffer to produce apo-Bla g 1. To generate samples of Bla g 1 that were
uniformly loaded with a defined cargo the annealing process was carried out in the presence of >16:1 molar
excess of the desired molecules. 3'P NMR spectra obtained for Bla g 1 loaded with distearoyl phosphatidylcho-
line (DSPC) lipid in this manner show the presence of the desired phosphatidylcholine (PC) cargo while no
peaks from the recombinant expression system (phosphotidylethanolamine, PE, and phosphotidylglycerol, PG,
lipids) are detected, suggesting that the cleaning and loading protocol was successful (Fig. 1a); a conclusion sup-
ported by thin layer chromatography studies coupled with iodine staining, or CuSO,-phosphoric acid charring
(Supplementary Fig. S1). Comparing the peak intensity of the DSPC-loaded Bla g 1 against a standard curve of
known concentrations of DSPC yields a binding stoichiometry of 4.7 £ 0.5 phospholipids per molecule of Bla g 1
respectively (Fig. 1b). Circular dichroism (CD) spectra obtained for Bla g 1 prepared using this method displays
the characteristic minima at ~208 and 222 nm indicative of an alpha-helical protein consistent with the available
crystal structure’, suggesting that the structure of Bla g 1 is recovered after the purification and annealing process
(Fig. 1c). Finally, gel-filtration chromatography of apo and cargo-loaded Bla g 1 yields elution volumes similar to
those obtained from Bla g 1 purified directly from E. coli (Fig. 1d), indicating that the annealing and lipid-loading
process does not result in the formation of aggregates or other higher-order lipid-allergen structures

Cargo binding introduced minimal perturbations to Bla g 1 structure. To determine whether the
structure of Bla g 1 is perturbed in a more subtle manner than is appreciable from the above techniques, molecu-
lar dynamics calculations were carried out. A structural atomic model was created for Apo-Bla g 1 using the pre-
viously solved X-ray structure as a template, and allowed to equilibrate for a total of 120 ns (Fig. 2a). The available
crystal structure for Bla g 1 described electron density within the central hydrophobic cavity which resembled
that of a bound phospholipid®. Using this information, along with the binding stoichiometry obtained through
3IP-NMR, an additional model was constructed depicting Bla g 1 bound to its likely full complement of 4 phos-
pholipids identified in the previous section, for a total of 8 acyl chains (Fig. 2b). Given the headgroup preference
observed in Bla g 1 purified from P. pastoris, a saturated C18 phosphatidylcholine phospholipid was chosen for
these studies®. In the same study, Mueller et al. identified the endogenous cargo of natural Bla g 1 purified from
frass (nBla g 1) as being a mixture of C16-C18 fatty acids. To best replicate these conditions, an additional model
was created with Bla g 1 bound to eight saturated 18-carbon fatty acids (stearate) again likely representing full
stoichiometric binding (Fig. 2¢). In both cases the C18 acyl chains are able to completely fill the interior of the
hydrophobic cavity with little void volume remaining, and minimal structural perturbations compared to the
initial X-ray structure, consistent with the experimentally determined stoichiometry.
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Figure 1. Comparison of Apo and Cargo-loaded Bla g 1. *'P-NMR spectra (a) of Bla g 1 purified directly

from E. coli (top), and DSPC-loaded Bla g 1 purified using reverse-phase HPLC followed by the annealing
protocol (bottom). The DSPC standard curve used to estimate Bla g 1 binding stoichiometry from *'P-NMR
intensities is shown in (b). CD spectra (c) obtained for Bla g 1 purified using reverse-phase HPLC coupled with
annealing in the absence of cargo (Black). Spectra of Bla g 1 loaded with nMix, a mixture of palmitate, oleate,
and stearate fatty acids which mimics the cargo identified from Bla g 1 obtained from its natural allergen (Red),
or 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) phospholipid (Orange) cargo are shown for comparison.
Representative gel-filtration elution profiles (d) for Apo (Black) and nMix-loaded (Red) Bla g 1 generated
through the annealing process, and Bla g 1 purified from E. coli without annealing (Green).

A comparison of the resulting Apo, phospholipid-loaded and fatty acid-loaded structures shows changes in
the position and conformation of helices 6 and 6’ In the unloaded Bla g 1 these helices collapse into the cavity to
fill the interior cavity. Binding of fatty acid or phospholipid cargoes causes this cavity to be occupied by upwards
of 8 acyl chains, allowing 6 and 6’ to expand outwards, mirroring their conformation depicted in the available
X-ray structure. Here helix 6 and 6’ divide the exterior face of the central cavity, forming four semi-circular
openings (two per face) which are able to accommodate two acyl chains each, representing either two fatty acid
ligands or a single phospholipid each. In the case of the former, the two fatty acid headgroups are able to effec-
tively shield the occupied hydrophobic cavity from the aqueous environment. In contrast, the single headgroup
of phospholipid ligands is unable to carry out this task effectively, necessitating perturbations to helix 6/6 and the
downstream loop region in order to minimize unfavourable interactions between the hydrophobic central cavity
and the outside environment, contributing to the elevated dynamics observed for this region in the diacyl-chain
bound model (Fig. 2). Despite these differences, the pentagonal rings formed from helices 1-5 and 1’5’ are gen-
erally well aligned in all three models, conserving the overall a-helical structure of Bla g 1 (Fig. 2). This conclu-
sion is further supported by circular dichroism spectra obtained for Bla g 1 loaded with a range of lipid and fatty
acid cargoes of varying acyl chain lengths which showed no significant change in secondary structure (Fig. 1¢c)

Fatty-acid and phospholipid binding reduces Bla g 1 conformational dynamics. To explore the
consequences of ligand binding on Bla g 1 dynamics, molecular dynamics (MD) simulations were run on the apo
and cargo-loaded atomic models over a 120 ns window, from which the temperature values (B-factor) and root
mean square fluctuations in Ca position for each residue were obtained (Fig. 2). A high degree of conformational
dynamics was observed for the apo structure, with the majority of the fluctuations localized to the hemispherical
subunit corresponding to the N-terminal portion of the Bla g 1 sequence. Binding of both fatty acid and phospho-
lipid cargoes significantly reduced the structural fluctuations of Bla g 1. While the former significantly reduced
dynamics across the entire structure, significant dynamics remain in the 6’ and linker region when loaded with
the latter, potentially reflecting the localized perturbations required to accommodate diacyl chain ligands as
described in the previous section.

NMR is a technique that can be used to report on the conformational dynamics of proteins making it an
empirical compliment to the computational studies described above. Typical >N protein labelling of Apo-Bla g
1 gave rise to poor quality spectra with extensive peak broadening which did not allow for unambiguous assign-
ments (Fig. 3a). Addition of 8 M urea resulted in a further reduction of peak dispersion in the proton dimension
and peak narrowing, suggesting that the poor quality of the Apo-Bla g 1 spectra is a result of extremely unfavour-
able backbone conformational dynamics on the intermediate (us-ms) timescale rather than protein unfolding;
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Figure 2. Molecular Dynamics Simulations of Ligand Binding to Bla g 1. Structural models of Apo-Blag 1
(a), Bla g 1 loaded with 4 phosphatidylcholine phospholipid cargo (b), or with eight saturated C18 fatty acids
(c) obtained through 120 ns molecular dynamics simulation. Structures colour-coded by B-factor values. Cou
displacement values for all residues averaged over the last 30 ns of the simulation are shown on the right.

a conclusion supported by the previously presented circular dichroism and atomic modelling data. Binding of
nMix (C16-C18) fatty acid cargoes reduced broadening (Fig. 3b), indicating a change in conformational exchange
rates, which may reflect the structural fluctuations obtained from the atomic models described above. Similarly,
YF-NMR spectra of 3-fluoro-phenylalanine labelled apo-Bla g 1 show extensive broadening of the fluorophe-
nylalanine side-chain peaks (Fig. 3¢), the dispersion of which was notably reduced by the addition of 8 M urea,
yielding a single sharp peak in the middle of the spectrum. As with the 'H-!*N spectrum, addition of fatty acid
significantly reduced peak broadening while enhancing dispersion (Fig. 3¢), with both effects showing a strong
dependence on alkyl chain length suggesting that different cargoes might give rise to varying levels of structural
stabilization. This hypothesis is supported by the H-!*N spectra, in which some peaks show moderate broaden-
ing in the palmitate (C16)-loaded sample relative to its nMix (C16-C18) counterpart (Fig. 3b)

Reduced Bla g 1 dynamics correlate with enhanced thermostability. The observed reduction in
conformational flexibility could potentially correlate with an increase in thermostability due to more favourable
enthalpic interactions. To explore this hypothesis, thermal denaturation experiments were carried out on apo and
cargo-loaded Bla g 1, using the CD signal at 222 nm to monitor unfolding as described previously?. As shown in
Fig. 4, binding of fatty acids resulted in a notable increase in melting temperature (T,,), the magnitude of which
is dependent on the ligand acyl chain length consistent with the ’F NMR studies with maximum stabilization
(~20°C) observed with C16-C18 ligands, mirroring the preference for palmitate, oleate and stearate (C16:0,
C18:1, C18:0) fatty acid cargoes observed in nBla g 1. This high level of stabilization was experimentally verified
in nBla g 1 and could be replicated by loading recombinant Bla g 1 loaded with an equimolar mix of all three fatty
acids (nMix).

Binding of 16 and 18-carbon PG, PE, and PC phospholipids yielded similar enhancements as their fatty acid
counterparts. However, lipid A, the lipophilic portion of the bacterial outer membrane lipopolysaccharide (LPS),
failed to yield a notable increase in stability. This lack of binding was further confirmed through the Limulus
Amebocyte Lysate (LAL) assay which revealed a binding stoichiometry of ~1.2 x 1073 for the lipid A-treated aller-
gen, with similar values being reported for both the Apo and nMix-loaded Bla g 1. This lack of binding suggests
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Figure 3. Examining Bla g 1 Dynamics Using NMR. 'H-""’N-NMR spectra of Apo-Bla g 1 in the absence
(Black) or presence (Green) of 8 M urea (a) showing significant peak broadening indicative of intermediate
(pns-ms) exchange dynamics. Spectra of Bla g 1 loaded with nMix (Black) or palmitate (Red) fatty-acid cargoes
is shown in (b). Arrows indicate some of the peaks which experience broadening in the C16 sample relative

to nMix. ’F-NMR spectra obtained for 3-fluorophenylalanine-labeled Bla g 1 in the absence and presence of
various fatty-acid cargoes (c) showing the dependence on peak broadening on cargo acyl chain length. Spectra
of denatured Bla g 1 in 8 M urea is shown for comparison (Green). Structure of Bla g 1 illustrating the location
of all phenylalanine residues (Blue) is shown at bottom. PDB ID: 4JRB

that the opening into the Bla g 1 hydrophobic cavity is unable to accommodate the greater number of acyl chains,
likely due to the position of capping helices 6 or 6. In line with this hypothesis, Bla g 1 could be loaded with lipo-
teichoic acid (LTA); another bacterial cell wall component containing two acyl chains with large (~5-7kDa) and
varied glycerophosphate and glycopeptide subunits®®. LTA’s from both B. subtilis and. S. auerus yielded similar
enhancements in thermostability as their equivalent 14-16 C phospholipids and fatty acids***!. The ability of such
a wide range of ligands to enhance Bla g 1 thermostability suggests that this interaction is relatively nonspecific,
with binding site accessibility being the main limitation.

Enhanced Bla g 1 thermostability hinders processing by endosomal proteases.  Proteolytic cleav-
age of potential allergens by endosomal proteases, particularly cathepsin S (Cat S) is required for the generation
of T-cell epitopes®>. To explore the possibility that Cat S cleavage of Bla g 1 is influenced by lipid cargo binding,
proteolysis rates were measured for both apo and cargo-loaded Bla g 1 under endosomal conditions®. SDS-PAGE
analysis revealed a linear correlation between Cat S proteolysis and Bla g 1 concentration for all conditions tested,
suggesting that all measurements were obtained within the linear range, and that any differences in proteolysis
rates between the various conditions tested represent variations in catalytic turnover (k) rather than binding
affinities (Kp or K,,). Samples of Bla g 1 loaded with fatty acids showed a chain length-dependent decrease in the
rate of proteolytic cleavage, which broadly anticorrelates with thermostability (Fig. 5). Addition of fatty acids
after thermal annealing of the protein to the reaction did not alter the rate of proteolysis (Supplementary Fig. S3),
suggesting that the reduced proteolysis reflects the stabilizing effect of the ligand, rather than any inhibitory effect
which might be exerted by residual, free fatty acid micelles.

To assess the effect of cargo loading on the generation of specific peptide fragments, cathepsin S digest reac-
tions were carried out on natural abundance (NA) apo and cargo loaded, uniformly '*N-labeled Bla g 1. The
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Figure 4. Influence of Hydrophobic Cargo Binding on Bla g 1 Thermostability. Representative thermal melt
curves (a) tracking the relative loss of CD signal intensity at 220 nm for apo-Bla g 1 (Black) at increasing
temperatures. The curve for Bla g 1 loaded with a representative fatty acid (C18 stearate) cargo is shown in
green. Note that the C18-loaded sample does not reach 50% denaturation. As such, the melting temperature
(Ty) as employed throughout this manuscript is defined as the temperature at which 25% denaturation is
observed. Ty, values for Bla g 1 in the presence of various fatty-acid (C12-C22) and diacyl-chain (C16-C18)
cargoes are shown in (b). The T, for Bla g 1 obtained from its natural allergen source is shown in red for
reference. The error for this assay and all subsequent data presented in this work represent the standard
deviation about the mean obtained for at least three independent trials representing at least two biological
replicates unless otherwise specified. Raw data shown in Supplementary Table S2a.
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Figure 5. Influence of Hydrophobic Cargo Binding on Endosomal Proteolysis. Proteolysis rates of cargo-
loaded loaded Bla g 1 by cathepsin S relative to Apo-Bla g 1. Proteolysis of fatty-acid loaded Bla g 1 (Green) is
dependent on acyl chain length. Diacyl chain (Blue) and LTA (Purple) cargoes yield a more modest response.
SDS-PAGE of the peptides produced from the cleavage of apo and fatty acid (mix) loaded Bla g 1 (inset)
suggests that cargo binding alters both the rate of proteolysis, and the fragments generated. Raw data shown in
Supplementary Table S2b. Full-length image of SDS-PAGE gels shown in Figs. S4 and S5.

resulting products were then pooled and analysed simultaneously using MALDI-MS, allowing us to measure
the relative abundance of the >N and NA cleavage fragments, and thus the relative rates of proteolysis in a quan-
titative manner (Fig. 6a). From the MALDI spectrum of the 4 h time point, about 20 peptides could be readily
assigned and observed as isotope pairs, and further 6 NA peptides were identified without a corresponding *N
counterpart (Fig. 6b, Supplementary Fig. 3). The relative abundance of all >N cathepsin S fragments is signifi-
cantly lower (20-40%) than their NA counterpart, confirming the reduction in proteolysis observed previously
(Supplementary Table S5). A number of these fragments correspond to cleavage sites within the region encom-
passing helix 5 and 6, along with the flexible intra-domain linker region (residues 66-100). While this region is
stabilized by the binding of fatty acid ligands, the localized perturbations required to accommodate diacyl chain
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Figure 6. Assessing Cat S Proteolysis and T-cell Epitope Generation via Quantitative Mass Spec. The overall
scheme describing the approach to quantitative mass spec analysis of epitope generation is shown in (a).
Samples of empty natural abundance (NA) and cargo-loaded uniformly *N-labeled Bla g 1 are generated

and subjected to Cat S proteolysis. Equal amounts of sample from each reaction are combined and run
simultaneously using MALDI. The mass difference between the natural abundance and *N-labeled samples
allows differentiation between fragments produced from the cleavage of the empty and loaded Bla g 1. Since
both samples were prepared under identical conditions and run simultaneously, the relative peak intensities
reflect the relative amounts of fragments generated during the Cat S cleavage step. (b) shows the peptide
fragments observed after a 4 h cathepsin digestion mapped onto the Bla g 1 sequence (Red) compared to the
known T-cell epitopes identified by Dillon et al. (Black). A detailed view of the MALDI peaks corresponding to
the 981.6/991.6 Da epitope fragment after a 4h digestion is shown in (c). The ratio of N:'*N peak intensities for
this peptide over a 24 h time-course is shown on the right.

cargoes may leave it susceptible to proteolysis, accounting for the reduced proteolytic resistance observed for
phospholipid and LTA ligands relative to their fatty-acid counterparts. Another fragment that was differentially
detected in the apo and nMix-loaded reactions could be mapped to Bla g 1 residues 23-31 (m/z"*N =981.6,
m/z"”N =991.6 Da). This region overlaps with several known T-cell epitopes identified by Dillon et al.** (Fig. 6b),
providing a possible link between ligand binding and immunogenicity®. To further evaluate the effect of Bla g 1
cargo loading on the formation of this peptide, the ratio of the m/z 991.6 ion to the m/z 981.6 ion was evaluated
over a more extensive time course. At earlier timepoints, the peak intensity of the '°N (loaded) version of this
peptide is significantly reduced relative to its "N counterpart (Fig. 6c). This difference is somewhat reduced at
later timepoints, likely due to the NA (empty) cathepsin S cleavage reaction reaching completion. Nonetheless,
a small but notable difference remains even after 24 h. This provides direct evidence that cargo loading inhibits
T-cell epitope fragment generation of the ’N-labeled sample under simulated endosomal conditions employed
here and elsewhere in the literature?, further supporting a link between Bla g 1 ligand binding, endosomal pro-
teolysis, and epitope generation.
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Discussion

Lipid binding has been proposed to represent a functional property of many allergenic proteins, with many aller-
gens including albumins, lipocalins, non-specific lipid transfer proteins (nLTP) and globulins displaying an ability
to bind hydrophobic ligands within an internal binding site. However, to the best of our knowledge none are
able to match the sheer size and binding capacity of the Bla g 1 hydrophobic cavity described in this study. This
hydrophobic cavity provides an uninterrupted, spherical 3758 A® space which we show here may be occupied by
up to 8 ligand molecules. For comparison, most other lipid-binding allergen families typically enclose a single
100 A3-400 A? cavity that accommodates a binding stoichiometry <1%*%, Two notable exceptions are serum
albumins, and the group 5 dust mite allergens Der p 5. The former employs multiple binding sites allowing for a
theoretical binding stoichiometry approaching that of Bla g 1. However, studies on the human albumins reveal
that only 0.5-2 of these sites are occupied under physiological conditions suggesting that lipids bind to the shal-
low, surface-exposed cavities of albumins with low affinity and in rapid exchange with the solution, consistent
with the physiological role of these allergens as transport proteins®*-*%. In the case of the group 5 mite allergens,
crystal studies of Der p 5 and its homologue Der f 21 reveal a helical bundle which can assemble into a dimeric
structure, the interface of which encloses a 3000 A* cavity*>*°, While the size of this cavity is comparable to that of
Bla g 1, docking studies along with crystal structures of the related allergen Der f 21 reveal an average occupancy
of only a single fatty-acid or PEG detergent molecule**!. Moreover, subsequent studies suggest that Der p 5 exists
predominantly in the monomeric form, in line with fluorescence assays which reveals an average of 0.66 fatty acid
ligands per Der p 5*'. Given the immunomodulatory abilities of lipids and other hydrophobic ligands (reviewed
by Bublin et al. in 2014, among others)"!, the extraordinary binding capacity of Bla g 1 might allow for the more
effective codelivery of potentially adjuventising compounds relative to other lipid-binding allergens, allowing it
to exert a disproportionately large impact on the sensitization process.

In addition to the innate immunomodulatory properties of these ligands phospholipids vesicles and other
hydrophobic ligands can also influence sensitization through modulating protein stability. In previous studies,
this effect was primarily manifested through an increased resistance to gastric digestion, and extended the length
of time for which allergens can persist in the environment, and thus the likelihood of immune exposure*>**.
While this is an important contributor to immunogenicity, our study of Bla g 1 suggests a role for fold stabil-
ity in endosomal processing. This finding mirrors observations reported by Angelina et al. (2016) in which the
food allergens Sin a 2 and Ara h 1 were found to interact with phospholipid vesicles in a manner that enhanced
their resistance to endosomal degradation'®. However, the structural basis for this interaction and the resulting
proteolytic resistance was not discussed. It should be noted that the previous study made no attempt to remove
excess lipid. This fact, combined with the lack of a defined lipid binding cavities suggests that both globulin
proteins associate with the bilayer surface in a non-specific manner, reducing the exposed surface area available
for proteolysis, as has been observed previously for the apple allergen Mal d 1*%. The nonspecific nature of these
interactions potentially raises questions concerning their physiological relevance; indeed, the stability of Arah 1
showed little enhancement in the presence of lipids from its natural allergen source. In contrast, the studies pre-
sented herein focus on the ability of an inhaled allergen (Bla g 1) to bind lipid cargoes in a specific manner via an
internal binding cavity, and employ high-resolution structural data and MD studies to demonstrate the ability of
these ligands to significantly alter the intrinsic conformational stability of the protein fold on the molecular level
without the need for large bilayer structures. Additionally, our study focuses on ligands which are known to be
retained by Bla g 1 from the allergen source material (nMix), providing insight into the determinants of Bla g 1
allergenicity within the context of the human exposome.

Reducing the rate at which allergens are cleaved by cathepsin S has been proposed to skew the immune system
towards a T2 response by preventing premature endosomal degradation and effective MHCII loading*~*%. This
phenomenon likely contributes to the hypoallergenic nature of certain Bet v 1 isoforms possessing reduced fold
stability, and has even been used in the design of new immunotherapies for a range of allergens such as Fel d 1, Bet
v 1, and Der p 2 which aimed to enhance MHCII loading***. While these attempts generally employ engineered
versions of the targeted allergen, the observations presented in this study raise the possibility that Bla g 1 or other
lipid binding allergens such as Bet v 1 or Der p 2 in either its apo form or loaded with specialized ligands could
have similar therapeutic applications without the need for extensive protein modification. This ability of allergen
source-derived lipids to influence cathepsin proteolysis rates also raises the interesting possibility that hydro-
phobic ligands could differentially alter the accessibility of specific cut sites, giving rise to different processing
pathways with altered T-cell epitope sequences and distributions. SDS-PAGE analysis of the cleavage of apo and
cargo-loaded Bla g 1 by Cat S suggested qualitative differences in both the identity of the fragments generated and
their relative populations. Recent solution-NMR and molecular dynamics simulations carried out on various Bet
v 1 isoforms suggest that enhanced ps-ms-timescale flexibility at specific regions facilitate the transient exposure
of cathepsin S cut sites for proteolysis, giving rise to the different proteolytic cleavage patterns®. Ligand binding
has the potential to induce similar changes to Bla g 1; indeed, our MALDI experiments identified 6 fragments
which are present in the apo digestion reaction, but not its nMix-loaded (**N) counterpart, potentially reflecting
the presence of cryptic cut sites which are only accessible in the apo form (Supplementary Table S5). Similarly, the
perturbations observed in helix 6/6” upon binding phospholipid, but not fatty-acid ligands could similarly reveal
cathepsin sites, resulting in fragmentation patterns that reflects not only the presence of hydrophobic ligands, but
also the identity of these ligands and their ability to fit within the Bla g 1 cavity with minimal perturbation. Since
it has been previously demonstrated that Ty1/Ty2 differentiation is influenced by both the amount of epitopes
generated for a given antigen and the affinity of these epitopes for MHCII, the ability of a single protein sequence
to give rise to different epitope sequences depending on the context in which it is presented has important impli-
cations for the design of allergy treatments*.

In conclusion, this paper has characterized the lipid binding properties of Bla g 1; a novel fold whose unique
structure supports an unprecedented binding capacity, fulfilment of which produces significant changes in its
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thermodynamic properties. These changes and their concomitant effect on simulated endosomal processing
bear similarities with previous studies, with potential implications for allergencity. Future in vivo studies will be
required to verify this allergenic hypothesis in the context of Bla g 1.

Experimental Procedures

Bla g 1 purification and cargo loading. Bla g 1 in the paper refers specifically to Bla g 1.0101 (World
Health Organization, International Union of Immunology Society Subcommittee on Allergen Nomenclature:
www.allergen.org, and GenBank accession no. AF072219) residues 34-216. Bla g 1 was expressed in BL21 E.
coli as a fusion with Glutathione-S-Transferase (GST). Cells were grown in 2x YT media to an OD of ~0.8 at
37°C. Expression was induced with 0.5mM IPTG at 16 °C overnight. To produce samples for "’F-NMR, cells
were grown overnight in 1L LB media, harvested, and subsequently transferred to M9 media supplemented
with 50 mg/L L-tryptophan, 50 mg/L-tyrosine, 70 mg/L D/L-3-fluorophenylalanine, and 1 g/L glyphosate
(N-(phosphonomethyl)glycine) 1hr prior to induction®'. To produce uniformly '*N-labeled Bla g 1 for "N-NMR,
cells were instead transferred to M9 media with *’NH,Cl as the sole nitrogen source. Bla g 1 was purified from the
resulting cells using an immobilized glutathione column, and the GST tag was subsequently removed as described
previously®. The resulting protein was then loaded onto a C18 column equilibrated with 0.1% Trifluoroacetic Acid
(TFA) in H,O. Bla g 1 was eluted using a linear gradient from 0-95% organic buffer (0.1% TFA in acetonitrile).
The resulting Apo-Bla g 1 was collected and lyophilized.

Lyophilized Apo-Bla g 1was resuspended in refolding buffer (25 mM HEPES pH 7.5, 75 mM NacCl, 4%
DMSO), heated to 95°C in a hot water bath, and allowed to gradually cool to room temperature over the course
of 60-90 minutes. Samples were then buffer exchanged into the relevant buffer (PBS pH 7.5 or 100 mM citrate pH
5.4) using a centrifugal filter (Amicon) to obtain the final Apo-Bla g 1 product. Cargo-loaded Bla g 1 was pro-
duced by carrying out the annealing process in the presence of either a >16x or >8x molar excess of the desired
fatty acid/diacyl chain ligand respectively. A 1:1:1 molar ratio of palmitate, oleate, and stearate (nMix) was used to
replicate the endogenously-bound cargo previously identified in Bla g 1 purified from its native source material®.
Protein concentration was determined using a BCA assay (Pierce). Endotoxin levels were determined using a
chromogenic Limulus Amebocyte Lysate assay (Pierce). Heat-inactivated laminarin was added to the provided
LAL reagent at a final concentration of 20 pg/mL to prevent activation by B-glucan®.

Computational studies. Using molecular dynamics, solution structures of the Bla gl peptide and its lipid-
and phospholipid-bound forms were generated. The initial structure of Bla gl for simulations was taken from
the X-ray crystal structure from the PDB code 4JRB. Lipids and phospholipids were manually introduced and
energy-minimized using the program Amber, version 16°. The lipid complexes and a ligand-free Bla g1 system
were solvated in separate boxes of water (23133 water molecules in the lipid or phospholipid systems and 23483
in the lipid-free system). Prior to equilibration, all systems were subjected to (1) 100-ps belly dynamics runs with
fixed peptide, (2) minimization, (3) low temperature constant pressure dynamics at fixed protein to assure a rea-
sonable starting density, (4) minimization, (5) step-wise slow heating molecular dynamics at constant volume,
and (6) constant volume unconstrained molecular dynamics for 10 ns. All final unconstrained trajectories were
calculated at 300K under constant pressure (110 ns, time step 1 fs) using the PMEMD module of Amber.16 to
accommodate long range interactions®. The parameters were taken from the FF14SB force field for the protein
and the lipid and phospholipid parameters were from lipid14 in the AMBER.16 package. Partial charges on lipids
were calculated using Gaussian.09> at the B3LYP/6-31 g level.

Circular dichroism. Circular dichroism spectra were collected on 0.5pM Bla g 1 in CD buffer (100 mM Tris
pH 7.5, 50mM NaCl) at 25°C using a Jasco J-815 CD spectropolarimeter. Each spectrum represents the average
of four accumulations scanning at 20 nm/min with a data-pitch of 0.2 nm. Each spectrum was acquired on at least
three independent trials representing at least two biological replicates. To measure thermostability, samples were
heated from 25°C to 95°C at a rate of 0.5 °C/min., and the ellipticity at 222 nm was monitored. The data was fit
using a two-state Boltzmann curve to determine the melting temperature (T,,) at a-helical content was reduced
by 25%.

NMR. 'H->’N-NMR experiments were carried out using an 800 MHz 5 mm HCN triple-resonance cryogeni-
cally cooled probe on an Agilent DD2 NMR spectrometer. Samples were prepared at ~50-100 uM and maintained
at 37°C. 2D 'H->N HSQC spectra were collected at 37 °C with 32-192 scans, with 128 increments in the indirect
dimension. The resulting spectra were processed using NMRPipe® and NMRView]*. Spectra were normalized
for both protein concentration and number of scans with the exception of Apo-Bla g 1 due to the poor signal
to noise resulting from its unfavourable dynamics timescale. ’F-NMR experiments were carried out using an
Agilent DD2 600 MHz spectrometer equipped with a 5mm HCEF triple resonance Z gradient probe. Sample were
prepared at ~50-200 uM and maintained at 25°C. 1D ’F-NMR spectra were collected with 24576-40690 scans at
25°C. *'P-NMR experiments were carried out on the same spectrometer and temperature using a Varian broad-
band 5mm Z-gradient probe. Standard samples of DSPC were prepared in pH 8.0 PBS, and diluted 50% with
cholate buffer (100 mM Tris pH 8.0, 100 mM NaCl, 10% w/v cholate) prior to use. Spectra were collected over
1024 scans at 25 °C, and analysed using NMRPipe and NMRView] to obtain peak intensities, which were plotted
to produce a linear standard curve. Samples of Bla g 1 were loaded with DSPC and buffer exchanged into PBS
(pH 8.0) and diluted 50% with cholate buffer to solubilize the Bla g 1-bound DSPC. The intensity of the DSPC
3IP-NMR peak was compared to the standard curve and protein concentration to obtain an estimate of the bind-
ing stoichiometry. Reported values and error bars represent the average and standard deviation obtained from
three independent trials representing two biological replicates.
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Cathepsin proteolysis. 5-75uM Bla g 1 was incubated with 0.25 U cathepsin S (EMD Millipore) in protease
buffer (100 mM citrate pH 5.4,2mM DTT) at 37 °C as described by Machado et al.**. Samples were removed after
30 and 60 minutes, and analysed using SDS-PAGE. Gels were stained using Coomassie blue, and the intensity of
the product and substrate band(s) was quantified using ImageJ*’. Proteolysis rates were found to increased line-
arly with Bla g 1 concentration across the ranges tested. As such, rates were recorded relative to Bla g 1 concen-
tration, and normalized to the equivalent values obtained for Apo-Bla g 1 to obtain a relative rate of proteolysis.

Mass spec analysis. 201M Bla g 1 was incubated with 0.25 U cathepsin S in protease buffer as described
previously. Samples were removed at various timepoints and quenched with 1% TFA. Fragments were identified
by both LC-ESI-MS and MALDI-MS. For LC-ESI-MS, 1 pg of digest was analysed on a Q Exactive Plus mass spec-
trometer (ThermoFisher Scientific) interfaced with a M-Class nanoAcquity UPLC system (Waters Corporation)
equipped with a 75um x 150 mm BEH dC18 column (1.8 um particle, Waters Corporation) and a C18 trapping
column (180 pm x 20 mm) with 5um particle size at a flow rate of 400 nL/min. The trapping column was posi-
tioned in-line of the analytical column and upstream of a micro-tee union which was used both as a vent for trap-
ping and as a liquid junction. Trapping was performed using the initial solvent composition. Peptides were eluted
by using a linear gradient from 99% solvent A (0.1% formic acid in water (v/v)) and 1% solvent B (0.1% formic
acid in acetonitrile (v/v)) to 40% solvent B over 60 minutes. For the mass spectrometry, a data acquisition method
was employed with an exclusion time of 15 seconds and an exclusion of +1 charge states. The mass spectrometer
was equipped with a nanoflex source and was used in the positive ion mode. Instrument parameters were as
follows: sheath gas, 0; auxiliary gas, 0; sweep gas, 0; spray voltage, 2.7 kV; capillary temperature, 275 °C; S-lens,
60; scan range (m/z) of 200 to 2000; 2 m/z isolation window; resolution: 70,000; automated gain control (AGC),
2 x 10e5 ions; and a maximum IT of 200 ms. Mass calibration was performed before data acquisition using the
Pierce LTQ Velos Positive Ion Calibration mixture (ThermoFisher Scientific). For quantitative mass spec, 20 uM
samples of nMix-loaded, uniformly *N-labeled Bla g 1 and Apo natural abundance (NA) Bla g 1 were incubated
separately with 0.25 U cathepsin S in protease buffer at 37 °C. Equal volume samples were removed from both
reactions at fixed timepoints, pooled, and quenched by the addition of 1% TFA as described previously. The
pooled *N/"N samples were analysed by MALDI-MS to obtain peak intensities and thus relative populations for
the various cleavage fragments. Briefly, samples were desalted using C18 ZipTips (EMD-Millipore) using essen-
tially the manufacturer’s recommended protocol. Desalted peptides were spotted onto a stainless steel target and
mixed with 33% saturated o-cyano-4-hydroxycinnamic acid in 1:1 (0.2% formic acid:acetonitrile) and analysed
using an Applied Biosystems 4800 ToF mass spectrometer in the reflector mode. Data were collected from m/z
800 to m/z 4000 with a focus mass of m/z 1700 and accumulation of 2000 subspectra.

Data availability

All thermostability and cathepsin S kinetics data generated or analysed during the current study are included in
its Supplementary Information Files. All other datasets generated or analysed during the study are available from
the corresponding author on reasonable request.

Received: 12 May 2019; Accepted: 13 November 2019;
Published online: 04 December 2019

References
1. Amr, S. et al. Environmental allergens and asthma in urban elementary schools. Ann. Allergy, Asthma Immunol. 90, 34-40 (2003).
2. Sarpong, S. B., Hamilton, R. G., Eggleston, P. A. & Adkinson, N. E. Socioeconomic status and race as risk factors for cockroach
allergen exposure and sensitization in children with asthma. J. Allergy Clin. Immunol. 97, 1393-1401 (1996).
3. Rosenstreich, D. L. et al. The role of cockroach allergy and exposure to ockroach allergen in causing morbidity among inner-city
children with asthma. N. Engl. J. Med. 336, 13561363 (1997).
4. Gelber, L. E. et al. Sensitization and exposure to indoor allergens as risk factors for asthma among patients presenting to hospital.
Am. Rev. Respir. Dis. 147, 573-578 (1993).
. Call, R. S., Smith, T. E, Morris, E., Chapman, M. D. & Platts-Mills, T. A. E. Risk factors for asthma in inner city children. J. Pediatr.
121, 862-866 (1992).
6. Mueller, G. A. et al. The novel structure of the cockroach allergen Bla g 1 has implications for allergenicity and exposure assessment.
J. Allergy Clin. Immunol. 132 (2013).
7. Jimenez-Morales, D., Liang, J. & Eisenberg, B. Ionizable side chains at catalytic active sites of enzymes. Eur. Biophys. ]. 41, 449-460
(2012).
8. Matthews, B. W. & Liu, L. A review about nothing: Are apolar cavities in proteins really empty? Protein Sci. 18, 494-502 (2009).
9. Lee, J. Y. et al. Rice non-specific lipid transfer protein: The 1.6 A crystal structure in the unliganded state reveals a small hydrophobic
cavity. . Mol. Biol. 276, 437-448 (1998).
10. Radauer, C., Bublin, M., Wagner, S., Mari, A. & Breiteneder, H. Allergens are distributed into few protein families and possess a
restricted number of biochemical functions. . Allergy Clin. Immunol. 121, 847-852 (2008).
11. Bublin, M., Eiwegger, T. & Breiteneder, H. Do lipids influence the allergic sensitization process? J. Allergy Clin. Immunol. 134,
521-529 (2014).
12. Russano, A. M., Agea, E., Casciari, C., De Benedictis, F. M. & Spinozzi, F. Complementary roles for lipid and protein allergens in
triggering innate and adaptive immune systems. Allergy Eur. . Allergy Clin. Immunol. 63, 1428-1437 (2008).
13. Agea, E. et al. Human CD1-restricted T cell recognition of lipids from pollens. J. Exp. Med. 202, 295-308 (2005).
14. Kulhankova, K. et al. Early life co-administration of cockroach allergen and endotoxin augments pulmonary and systemic responses.
Clin. Exp. Allergy 39, 1069-1079 (2009).
15. Trompette, A. et al. Allergenicity resulting from functional mimicry of a Toll-like receptor complex protein. Nature 457, 585-589
(2009).
16. Simpson, A. et al. Endotoxin exposure, CD14, and allergic disease: An interaction between genes and the environment. Arm. J. Respir.
Crit. Care Med. 174, 386-392 (2006).
17. Matsui, K. & Nishikawa, A. Lipoteichoic acid from Staphylococcus aureus enhances allergen-specific immunoglobulin E production
in mice. Clin. Exp. Allergy 33, 842-848 (2003).

w

SCIENTIFIC REPORTS |

(2019) 9:18294 | https://doi.org/10.1038/s41598-019-54689-8


https://doi.org/10.1038/s41598-019-54689-8

www.nature.com/scientificreports/

18.
19.
20.
21.

22.
23.

24.
25.

26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

40.
41.

42.
43.
44.
45.
46.
47.
. Murray, J. S. How the MHC selects Th1/Th2 immunity. Immunol. Today 19, 157-163 (1998).
49.
50.

51.

52.

56.

57.

Matsui, K. & Nishikawa, A. Lipoteichoic acid from Staphylococcus aureus induces Th2-prone dermatitis in mice sensitized
percutaneously with an allergen. Clin. Exp. Allergy 32, 783-788 (2002).

Angelina, A. et al. The lipid interaction capacity of Sin a 2 and Ara h 1, major mustard and peanut allergens of the cupin superfamily,
endorses allergenicity. Allergy Eur. J. Allergy Clin. Immunol. 71, 1284-1294 (2016).

Dearman, R. J., Alcocer, M. ]. C. & Kimber, I. Influence of plant lipids on immune responses in mice to the major Brazil nut allergen
Ber e 1. Clin. Exp. Allergy 37, 582-591 (2007).

Russano, A. M. et al. Recognition of pollen-derived phosphatidylethanolamine by human CD1d-restricted v T cells. J. Allergy Clin.
Immunol. 117, 1178-1184 (2006).

Grutsch, S. et al. Conformational flexibility differentiates naturally occurring bet v 1 Isoforms. Int. J. Mol. Sci. 18, 1-15 (2017).
Machado, Y. et al. Fold Stability is a key factor for immunogenicity and allergenicity of the major birch pollen allergen Bet v1.0101.
Allergy Eur. . Allergy Clin. Immunol. 137, 1525-1534 (2016).

Freier, R., Dall, E. & Brandstetter, H. Protease recognition sites in Bet v 1a are cryptic, explaining its slow processing relevant to its
allergenicity. Sci. Rep. 5, 1-9 (2015).

van Niel, G., Wubbolts, R. & Stoorvogel, W. Endosomal sorting of MHC class II determines antigen presentation by dendritic cells.
Curr. Opin. Cell Biol. 20, 437-444 (2008).

Kleijmeer, M. J., Morkowski, S., Griffith, J. M., Rudensky, A. Y. & Geuze, H. J. Major histocompatibility complex class II
compartments in human and mouse B lymphoblasts represent conventional endocytic compartments. J. Cell Biol. 139, 639-649
(1997).

Humeniuk, P,, Dubiela, P. & Hoffmann-Sommergruber, K. Dendritic cells and their role in allergy: Uptake, proteolytic processing
and presentation of allergens. Int. J. Mol. Sci. 18, (2017).

Suskiewicz, M. J., Sussman, J. L., Silman, I. & Shaul, Y. Context-dependent resistance to proteolysis of intrinsically disordered
proteins. Protein Sci. 20, 1285-1297 (2011).

Foo, A. C. Y, Harvey, B. G. R., Metz, J. ]. & Goto, N. K. Influence of hydrophobic mismatch on the catalytic activity of E. coli GlpG
rhomboid protease. Protein Sci. 24, 464-473 (2015).

Villéger, R. et al. Characterization of lipoteichoic acid structures from three probiotic Bacillus strains: involvement of D-alanine in
their biological activity. Antonie Van Leeuwenhoek 106, 693-706 (2014).

Morath, S., Geyer, A., Spreitzer, 1., Hermann, C. & Hartung, T. Structural decomposition and heterogeneity of commercial
lipoteichoic acid preparations. Infect. Immun. 70, 938-944 (2002).

Villadangos, J. A. & Ploegh, H. L. Proteolysis in MHC Class II Antigen Presentation: Who's in Charge? Immunity 12, 233-239
(2000).

Dillon, M. B. C. et al. Different Bla-g T cell antigens dominate responses in asthma versus rhinitis subjects Experimental Allergy.
Clin. Exp. Allergy 45, 1856-1867 (2015).

Glasgow, B. J. & Abduragimov, A. R. Ligand binding complexes in lipocalins: Underestimation of the stoichiometry parameter (n).
Biochim. Biophys. Acta - Proteins Proteomics 1866, 1001-1007 (2018).

Derewenda, U. et al. The Crystal Structure of a Major Dust Mite Allergen Der p 2, and its Biological Implications. 2836, 189-197
(2002).

Zunszain, Pa, Ghuman, J., Komatsu, T., Tsuchida, E. & Curry, S. Crystal structural analysis of human serum albumin complexed
with hemin and fatty acid. BMC Struct. Biol. 3, 6 (2003).

Curry, S., Brick, P. & Franks, N. P. Fatty Acid Binding to Human Serum Albumin; New Inisghtes from Crystallographic Studies.
Biochem. Biophys. Acta 1441, 131-140 (1999).

Simard, J. R., Zunszain, P. A., Hamilton, J. A. & Curry, S. Location of High and Low Affinity Fatty Acid Binding Sites on Human
Serum Albumin Revealed by NMR Drug-competition Analysis. J. Mol. Biol. 361, 336-351 (2006).

Mueller, G. A. et al. Der p 5 crystal structure provides insight into the group 5 dust mite allergens. J. Biol. Chem. 285, 25394-25401
(2010).

Pang, S. L. et al. Crystal structure and epitope analysis of house dust mite allergen Der f 21. Sci. Rep. 9, 4933 (2019).

Pulsawat, P. et al. The house dust mite allergen Der p 5 binds lipid ligands and stimulates airway epithelial cells through a TLR2-
dependent pathway. Clin. Exp. Allergy 49, 378-390 (2019).

Scheurer, S. & Schiilke, S. Interaction of non-specific lipid-transfer proteins with plant-derived lipids and its impact on allergic
sensitization. Front. Immunol. 9, 1-9 (2018).

Bossios, A. et al. Effect of simulated gastro-duodenal digestion on the allergenic reactivity of beta-lactoglobulin. Clin. Transl. Allergy
1,1-11(2011).

Sancho, A. L. et al. Responsiveness of the major birch allergen Bet v 1 scaffold to the gastric environment: Impact on structure and
allergenic activity. Mol. Nutr. Food Res. 55, 1690-1699 (2011).

Scheiblhofer, S., Laimer, J., Machado, Y., Weiss, R. & Thalhamer, J. Influence of protein fold stability on immunogenicity and its
implications for vaccine design. Expert Rev. Vaccines 16, 479-489 (2017).

Van Panhuys, N. TCR signal strength alters T-DC activation and interaction times and directs the outcome of differentiation. Front.
Immunol. 7,1-14 (2016).

Akdis, C. A. & Blaser, K. Mechanisms of allergen-specific immunotherapy. Allergy 55, 522-530 (2000).

Martinez-Goémez, J. M. et al. Targeting the MHC class II pathway of antigen presentation enhances immunogenicity and safety of
allergen immunotherapy. Allergy 64, 172-178 (2009).

Crameri, R., Fluckiger, S., Daigle, 1., Kundig, T. & Rhyner, C. Design, engineering and in vitro evaluation of MHC class-II targeting
allergy vaccines. Allergy 62, 197-206 (2007).

Kitevski-LeBlang, J. L., Evanics, F. & Scott Prosser, R. Optimizing 19F NMR protein spectroscopy by fractional biosynthetic labeling.
J. Biomol. NMR 48, 113-21 (2010).

Walker, M. T. et al. Mechanism for initiation of food allergy: Dependence on skin barrier mutations and environmental allergen
costimulation. J. Allergy Clin. Immunol. 141, 1711-1725.e9 (2018).

. Case, D. D. et al. AMBER. (2016).
. Frisch, M. J. et al. Gaussian 09, Revision A.02. (2016).
. Delaglio, E et al. Nmrpipe - a Multidimensional Spectral Processing System Based On Unix Pipes. J. Biomol. NMR 6, 277-293

(1995).

Johnson, B. A. & Blevins, R. A. NMR View: A computer program for the visualization and analysis of NMR data. J. Biomol. NMR 4,
603-614 (1994).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nature Methods 9(7), 676-682 (2012).

Acknowledgements

We would like to thank Dr. Tom Kirby, Scott Gabel, and Dr. Robert London for their help and assistance
throughout this work, along with Dr. Bob Petrovich and Lori Edwards for the use of their instrumentation
and their assistance in generating the Bla g 1 constructs employed in this study. We thank Andrea Adams for
assistance with the mass spectrometry. This research was supported by the Intramural Research Program of the

SCIENTIFICREPORTS|  (2019)9:18294 | https://doi.org/10.1038/s41598-019-54689-8


https://doi.org/10.1038/s41598-019-54689-8

www.nature.com/scientificreports/

NIH, National Institute of Environmental Health Sciences, Z01-ES102906 (GAM) and Z01-ES043010 (LP). The
content is solely the responsibility of the authors and does not necessarily represent the official views of the
National Institutes of Health.

Author contributions

AF and P.T. designed and performed experiments. S.A. and L.P. designed and analysed molecular dynamics
simulations. E.D. performed and analysed NMR experiments. ].W. designed and performed mass spectrometry
experiments. A.F. and G.M. designed experiments and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54689-8.

Correspondence and requests for materials should be addressed to G.A.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:18294 | https://doi.org/10.1038/s41598-019-54689-8


https://doi.org/10.1038/s41598-019-54689-8
https://doi.org/10.1038/s41598-019-54689-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hydrophobic ligands influence the structure, stability, and processing of the major cockroach allergen Bla g 1

	Results

	Purification of Apo-Bla g 1. 
	Cargo binding introduced minimal perturbations to Bla g 1 structure. 
	Fatty-acid and phospholipid binding reduces Bla g 1 conformational dynamics. 
	Reduced Bla g 1 dynamics correlate with enhanced thermostability. 
	Enhanced Bla g 1 thermostability hinders processing by endosomal proteases. 

	Discussion

	Experimental Procedures

	Bla g 1 purification and cargo loading. 
	Computational studies. 
	Circular dichroism. 
	NMR. 
	Cathepsin proteolysis. 
	Mass spec analysis. 

	Acknowledgements

	Figure 1 Comparison of Apo and Cargo-loaded Bla g 1.
	Figure 2 Molecular Dynamics Simulations of Ligand Binding to Bla g 1.
	Figure 3 Examining Bla g 1 Dynamics Using NMR.
	Figure 4 Influence of Hydrophobic Cargo Binding on Bla g 1 Thermostability.
	Figure 5 Influence of Hydrophobic Cargo Binding on Endosomal Proteolysis.
	Figure 6 Assessing Cat S Proteolysis and T-cell Epitope Generation via Quantitative Mass Spec.




