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Background: Non-specific lipid transfer proteins (LTPs) are important allergens in fruits, pollen, vegetables, nuts
and latex. Due to their compact structure, LTPs are highly resistant to heat treatment. Here, Art v 3 from
mugwort pollen and Pru p 3 from peach were used as model allergens to in-depth investigate structural and

Le}llnthio;lineb.l. immunological properties upon thermal treatment at different buffer conditions.
grjr:; stability Methods: Recombinant Art v 3 and Pru p 3 were purified from E. coli and incubated at 95 °C up to 120 min using

sodium phosphate buffer pH 3.4 or 7.3. Physicochemical properties of allergens were analyzed in circular di-
chroism spectroscopy, Fourier transform infrared spectroscopy, dynamic light scattering, size exclusion chro-
matography, and mass spectrometry. The crystal structure of Art v 3.0201 was determined to 1.9 A resolution.
1gG and IgE binding was investigated in ELISA using murine and LTP allergic patients’ sera.

Results: Highly pure and homogenous recombinant allergens were obtained from bacterial production. The
crystal structure of Art v 3.0201 revealed an antiparallel four helix bundle with a C-terminal extension mediating
an asymmetric, transient dimer interface and differently sized cavities. Both allergens showed high thermal
stability at acidic conditions. In contrast, extensive heat treatment in neutral buffer induced irreversible struc-
tural changes due to lanthionine-based cysteine rearrangement. This fostered loss of the typical a-helical
structure, increased molecular size and abrogation of IgG and IgE binding epitopes. Pru p 3 lost its structural
integrity at shorter heat stress duration than Art v 3, which did however only partially affect the molecule’s IgE
binding epitopes.

Conclusion: During thermal treatment, susceptibility to structural changes of the LTP-fold is highly dependent on
the surrounding environment but also on intrinsic features of individual LTPs. This is a crucial fact to consider
when processing LTP-containing food or food products as this will directly influence their allergenic potential.

Buffer environment

1. Introduction

Non-specific lipid transfer proteins (LTPs) type 1 are widely dis-
tributed in the plant kingdom presenting important allergens in fruits
and vegetables, but also in pollen and latex. To date, more than 50
allergens of the LTP family are officially acknowledged by the WHO/
IUIS Allergen Nomenclature Sub-Committee and the vast majority of
them are food allergens. As LTPs are suggested to primary sensitize
patients via the gastrointestinal route they are categorized as true food

allergens (Egger et al., 2010; van Ree, 2002). They are small, basic
proteins containing a characteristic a-helical structure stabilized via
four disulfide bonds. The four a-helices form a hydrophobic cavity
which can interact with different types of lipids and a function in
transferring lipids between membranes was determined in vitro.
Nevertheless, this biological function of LTPs is still debated as so far in
vivo evidence is lacking and LTPs are primarily located extracellularly
(Salcedo et al., 2007; Yeats and Rose, 2008). They belong to the pa-
thogenesis-related (PR)-14 family, and a role in the defense against

* Corresponding author at: Department of Biosciences, Christian Doppler Laboratory for Biosimilar Characterization, University of Salzburg, Hellbrunner Stralle 34,

A-5020 Salzburg, Austria.
E-mail address: Gabriele.Gadermaier@sbg.ac.at (G. Gadermaier).

https://doi.org/10.1016/j.molimm.2019.10.012

Received 9 September 2019; Received in revised form 11 October 2019; Accepted 15 October 2019

Available online 22 October 2019
0161-5890/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01615890
https://www.elsevier.com/locate/molimm
https://doi.org/10.1016/j.molimm.2019.10.012
https://doi.org/10.1016/j.molimm.2019.10.012
mailto:Gabriele.Gadermaier@sbg.ac.at
https://doi.org/10.1016/j.molimm.2019.10.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molimm.2019.10.012&domain=pdf

S. Wildner, et al.

bacterial, fungal or viral plant pathogens was proposed which depends
on the presence of lipids and can activate the plant immune system via
a receptor-dependent mechanism (Finkina et al., 2016; Scheurer and
Schulke, 2018).

Two prototypic members of the LTP family are Art v 3 from mug-
wort (Artemisia vulgaris) and Pru p 3 from peach (Prunus persica). Art v 3
represents a relevant mugwort allergen with a sensitization prevalence
up to 89% among Artemisia vulgaris pollen sensitized patients. Pru p 3
plays the most important role in LTP-mediated food allergies especially
in the Mediterranean areas (Barber et al., 2008; Asero et al., 2018).
Analysis of cross-reactivity between pollen and food allergens showed
that Art v 3 at least partially cross-reacts with homologous proteins
from chestnut, celery stalks, peach and hazelnut (Egger et al., 2010;
Gadermaier et al., 2011a; Salcedo et al., 2004; Palacin et al., 2012).
However, IgE cross-reactivity between the LTPs highly depends on the
patient cohort and even individual patients. Several studies demon-
strated that Pru p 3 acts as primary sensitizer and thus seems to be the
key driver in sensitization to other LTPs (Zuidmeer and van Ree, 2007;
Scala et al., 2015; Pastorello et al., 2002; Bernardi et al., 2011). On the
other hand, studies from China and southern Europe revealed that al-
lergy to peach could originate from primary sensitization to Art v 3 in
some patients (Palacin et al., 2012; Gao et al., 2013; Lombardero et al.,
2004). Therefore, it cannot be entirely ruled out that primary sensiti-
zation to pollen LTP can lead to food allergy within the LTP syndrome.
Though plant non-specific LTP type 1 constitute relevant allergens, the
structure of only a limited number of molecules from this family is
available. Solved structures of allergenic representatives originate from
peach, lentils, pea, and hazelnut, while also other non-allergenic plant
food LTPs from e. g potato, dill, barley, and rice were determined
(Pasquato et al., 2006; Shenkarev et al., 2017; Bogdanov et al., 2016;
Melnikova et al., 2016; Bakan et al., 2009; Offermann et al., 2015;
Cheng et al., 2004; Jain and Salunke, 2017). So far, research has fo-
cused on plant food representatives and no structure of a pollen
member has been resolved.

Members of the LTP family have a high resistance to thermal pro-
cessing and proteolytic digestion due to their compact cysteine-stabi-
lized fold (Asero et al., 2001). This particular high stability is con-
sidered crucial for the allergens to survive the harsh environment in the
gastrointestinal tract and to reach the immune system in an im-
munogenic state. Some studies have recently demonstrated that LTPs
can refold after heating in acidic environment. Therefore, LTPs are able
to retain their allergenic capacity in thermally treated products like
juice, jam and nectars, which was previously demonstrated for Pru p 3
(Duffort et al., 2002; Brenna et al., 2000; Sancho et al., 2005). Although
LTPs are extremely heat stable, the secondary structure may be altered
after heating at neutral pH conditions. In circular dichroism spectro-
scopy, irreversible changes in secondary structures depending on the
buffer environment and concentration have been monitored for some
LTPs (Gaier et al., 2008; Gadermaier et al., 2009, 2011b; Vejvar et al.,
2013). However, none of the lipid transfer proteins have been in-
vestigated in detail regarding their structural characteristics and anti-
body binding profiles upon thermal processing at different environment
conditions.

Within this work, we solved the first 3-dimensional structure of a
pollen LTP, i.e. Art v 3. Structural alterations and dynamics of re-
combinant Art v 3 and Pru p 3 upon thermal treatment were monitored
by circular dichroism spectroscopy, dynamic light scattering, Fourier
transform infrared spectroscopy and mass spectrometry. In hand with
IgE and IgG antibody reactivity profiles we were able to demonstrate
intrinsic structural features established upon thermal processing of
pollen and food LTPs.
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2. Methods
2.1. Production of recombinant Art v 3 and Prup 3

For production of non-tagged recombinant proteins, Art v 3.0201 in
pHis Parallel2 and Pru p 3.0102 in pET26b were transformed into E. coli
Rosetta gamiB and E. coli Rosetta gami2 pLysS (Novagen, Gibbstown,
NJ, USA), respectively. Expression was induced with 0.4 mM isopropyl-
B-D-thiogalactopyranoside at ODgoo = 0.6 and cells were grown at
16 °C overnight. Proteins were extracted in 5 mM ammonium carbonate
pH 7.4, 5mM sodium chloride buffer and bacterial contaminants were
precipitated by adding 10% acetic acid for adjustment to pH 3.9.
Proteins were purified by cation exchange chromatography using a 1 ml
SPFF column (GE Healthcare, Chalfont St. Giles, UK). After washing
with 20 mM sodium acetate pH 3.9, fractions were collected during a
30ml linear gradient elution to 20 mM sodium acetate pH 3.9, 1M
NaCl. Fractions containing purified Art v 3.0201 (Art v 3) or Pru p
3.0101 (Pru p 3) were pooled, lyophilized and stored at -20 °C until
further use.

2.2. Gel electrophoresis

Proteins were analyzed by denaturing polyacrylamide gel electro-
phoresis (SDS-PAGE) using 15% mini-gels under reducing conditions
and Coomassie Brilliant Blue G-250 (Bio-Rad, Hercules, CA, USA) was
used for staining.

2.3. Intact mass spectrometry and amino acid analysis

Intact mass was determined on a Thermo Scientific™ Q Exactive™
Hybrid-Quadrupol-Orbitrap mass spectrometer. Detailed settings of
mass spectrometry-based analysis are provided online. Amino acid
analysis was performed in duplicates following the Pico-Tag™ method
(Waters, Milford, MA, USA). Phenylthiocarbamyl amino acid deriva-
tives were analyzed by reversed phase high-performance liquid chro-
matography (UltiMate 3000, Thermo Fischer, Waltham, MA, USA),
using a 3.0x150 mm XSELECT™ HSS T3 3.5um column (Waters,
Dublin, Ireland). Peaks of hydrolyzed amino acids were quantified at
254nm by peak area comparison to amino acid standard H (Pierce,
Rockford, IL, USA).

2.4. Crystallization and crystal structure determination

Purified Art v 3 was concentrated to 14 mg/ml in 10 mM Tris-HCI
pH 7.5 and crystallized by the sitting-drop vapor diffusion method at
293 K. Crystals with dimensions of 0.1 X 0.1 x 0.2 mm?® were obtained
in a condition consisting of 0.1 M HEPES pH 7.0, 3.2M ammonium
sulfate within 2 weeks. Diffraction data were collected at the ESRF
beamline ID29 to 1.9 A resolution, Online Table 1. The data were in-
tegrated with the program MOSFLM and scaled and merged with
SCALA software (Winn et al., 2011). The phase problem was solved by
molecular replacement using PHASER using Pru p 3 structure
(PDB:2ALG). Structure models were built using COOT and refined using
REFMAC and PHENIX (Afonine et al., 2012; Emsley et al., 2010). Co-
ordinates and data sets are deposited with the protein data bank (entry
6FRR). Ca-RMSD analysis was done using the ce-align algorithm in
PyMOL (version 1.7.2). Ligand binding pockets of both Art v 3 mole-
cules in the asymmetric unit were calculated individually using the
POCASA version 1.1 web server (parameters: probe radius, 1 Z\; SPF, 14,
PDF, 18; grid size 1A) at http://altair.sci.hokudai.ac.jp/g6/service/
pocasa/ (Yu et al., 2010).

2.5. Thermal treatment of Art v 3 and Prup 3

Lyophilized aliquots of Art v 3 and Pru p 3 were dissolved at a
protein concentration of 0.3 mg/ml in 10 mM sodium phosphate buffer
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Fig. 1. Characterization of recombinant LTPs. (A) Gel electrophoresis of Coomassie stained Art v 3 and Pru p 3. (B,C) Amino acid distribution determined by amino

acid analysis. (D) Intact mass spectrometry analyses.

pH 3.4 or pH 7.3. Protein samples were heated at 95°C for up to
120 min (Stock et al., 2018). Based on the determined isolectric point
for Art v 3 (pI 8.80) and Pru p 3 (pI 9.25), the net charge at the acidic
pH is strongly positive due to protonation.

2.6. Circular dichroism and FTIR

Circular dichroism (CD) and thermal denaturation were recorded in
10 mM sodium phosphate pH 7.3 or pH 3.4 using a JASCO J-815
spectropolarimeter  (Jasco, Tokyo, Japan). Far UV-spectra
(190-260 nm) were recorded at 20 °C, 95 °C and 20 °C after renatura-
tion in the CD cuvette. In addition, spectra of heat treated samples were
monitored at 20 °C and results are presented as mean residue molar
ellipticity. Secondary structure predictions were performed with the
online tool K2D3 (Louis-Jeune et al., 2012). Infrared spectra were re-
corded at 1.5 mg/ml at 25 °C using a Tensor II Confocheck FTIR system
(Bruker Optics Inc., Billerica, MA, USA) in the range of 3100-1000
cm ™!, details of the procedure are given online.

2.7. Dynamic light scattering and size exclusion chromatography

Aggregation behaviour of the differently treated samples of Art v 3
and Pru p 3 were investigated by dynamic light scattering (DLS 802,
Viscotek Corp., Houston, TX, USA). Data were accumulated for 10x5s
and the correlation function was fitted into the combined data curve
from which the intensity distribution was calculated. The hydro-
dynamic radius and estimated molecular mass of proteins were calcu-
lated with the provided software. SEC-UV was performed on an
UltiMate® 3000 (Thermo Fisher Scientific, MA, USA) equipped with an
Acclaim™ SEC-300 pre-column (4.6 x 33 mm; 5 um particle size; 300 A
pore size) and an Acclaim™ SEC-300 column (4.6x 300 mm; 5pum
particle size; 300 A pore size), both from Thermo Fisher Scientific
(Waltham, MA, USA). Details on the settings can be found in the online
repository.

2.8. Determination of lanthionine formation

Upon thermal treatment of Art v 3 and Pru p 3, the formation of
lanthionine bonds was analyzed by peptide mass fingerprinting.
Proteolytic digestion of 2 ug was performed upon addition of 1:10 (w/
w) trypsin (porcine pancreas, mass spec grade, Promega, Madison, WI,
USA) for 3h at 37 °C after prior reduction and alkylation of disulfides.
Obtained peptides were separated employing reversed-phase HPLC on
an UltiMate® 3000 Rapid Separation system equipped with a Hypersil
Gold aQ C18 column. Mass spectrometry was performed using a
Thermo Scientific Q Exactive™ Plus benchtop quadrupole-Orbitrap
mass spectrometer. Detailed settings can be found online.
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2.9. IgG and IgE ELISA

The IgG-binding activity of heated and non-heated Art v 3 and Pru p
3 was investigated in ELISA using a serum pool from mice (n = 6)
previously immunized with Art v 3 or Pru p 3 (Gadermaier et al.,
2011a). In addition, sera from 26 Italian patients presenting inhalation
and/or ingestion related allergy symptoms to LTP containing pollen or
food sources with a positive IgE result to Art v 3 and Pru p 3 on Im-
munoCAP ISAC (Thermo Fisher Scientific, Uppsala, Sweden) were in-
cluded in this study. Demographic details, clinical symptoms and IgE
sensitization determined by ImmunoCAP ISAC are provided in Online
Table 2. The study was approved by the Institutional Review Board (n.
106-CE-2005). For ELISA, purified non-treated and heated proteins
were coated overnight at 4°C to ELISA plates. After washing and
blocking steps as described in detail in the online section, plates were
incubated with a serial dilutions of the murine serum pool or 1:5 diluted
patients’ serum. Alkaline phosphatase conjugated rabbit anti-mouse
IgG/IgM or monoclonal mouse anti-human IgE antibodies were used as
secondary antibody. 4-Nitrophenyl-phosphate was used as substrate
and optical density was measured at 405 nm.

2.10. Statistical analyses

Statistical analyses were performed in GraphPad Prism 7.03. For
ELISA, a Spearman correlation of the IgE reactivities was performed
and the correlation coefficient (r) is given. In addition, a Friedman test
followed by Dunn’s multiple comparison post-hoc test was performed.

3. Results

3.1. Production and physicochemical characterization of Art v 3 and Pru p
3

Art v 3.0201 and Pru p 3.0102 were obtained under analogous
production conditions as non-fusion proteins in E. coli. Recombinant
proteins were purified by cation exchange chromatography to > 98%
purity and a yield of 4.5mg (Art v 3) and 3.0 mg (Pru p 3) per liter
bacterial culture, respectively (Fig. 1A). Exact concentrations were
obtained by amino acid analysis and residue distributions were in good
agreement with theoretical values (Fig. 1B,C). The experimentally de-
termined mass of intact allergens under non-reducing conditions was in
excellent agreement with the theoretical value (Fig. 1D), and revealed
that all eight cysteine residues were involved in disulfide bond forma-
tion. CD spectra presented minima at 222 and 208 nm and a maximum
at 193 nm indicative of an alpha helical fold (Online Fig. E1). Upon
heating to 95 °C in the CD cuvette, proteins showed an overall decrease
in spectra signals. After subsequent cooling to 20 °C, both proteins were
able to refold under acidic conditions while in contrast spectra at
neutral pH were identical with those obtained at 95 °C.
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3.2. Crystal structure of Art v 3 and comparison to Prup 3

As the structure of Art v 3 was unknown, we first solved the 3-D
structure by X-ray crystallography to 1.9 A (PDB: 6FRR). The stability of
the structure depends on the presence of four intramolecular disulfide
bonds determined at C4-C51, C14-C28, C29-C74 and C49-C88
(Fig. 2A,B). Despite only 51% identity at the amino acid level, the
previously published structure of Pru p 3 (PDB: 2ALG) presents an
overall similar fold and was used for comparison. Under the given
crystallization conditions, Art v 3 presented two independent molecules
in the asymmetric unit, each molecule organized as antiparallel four
helix bundle (M1-C74) with a C-terminal extension that was not sec-
ondarily structured (G75-K92). Both, Art v 3 and Pru p 3 crystals
contain two molecules in the asymmetric unit, while the protein con-
tacts are different (Fig. 2B). When structurally aligning Art v 3 and Pru
p 3, the potential ligand entry site between alpha 1 and 3 were posi-
tioned similarly. The observed differences in the lipid binding cavities
at (the entrance to) the ligand binding pockets result from cumulative
changes in side chain and loop positions rather than a pronounced
change in the secondary structure elements (Fig. 2C). Additionally, the
flexible Q loop (G75-D87, numbering based on Art v 3) significantly
influenced the volume of the binding pocket. Notably, the differences in
the Q-loop were more pronounced between the two chains in Art v 3 as
compared to Pru p 3. The three hydrophobic residues V76, 178 and Y80
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Fig. 2. X-ray crystallography of Art v 3 and
comparison to Pru p 3. (A) Sequence alignment
of Art v 3 and Pru p 3 generated by CLUSTAL O
1.2.4; asterisks (*) indicate identical residues,
colons () indicate strongly similar residues,
periods (.) indicate weakly similar residues.
Black lines indicate disulfide bonds and the
dashed line represents the Q loop. (B) The
crystallographic asymmetric units of Art v 3
(PDB 6FRR) and Pru p 3 (PDB 2ALG) contain
two molecules each, interacting asymme-
trically at different interfaces. (C) The ligand-
binding cavity is depicted as green mesh and
the differences in cavity volume reflect the
adaptive nature of the proteins. The pockets
were calculated using POCASA (version 1.1)
web server (Yu et al., 2010). (D) Close view of
the aligned Q loop region of Art v 3 and Prup 3
chain A and B. Hydrophobic residues V76, 178
and Y80 formed a lid to the hydrophobic
cavity, thereby reducing the cavity volume (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.).

Y80 178

formed a lid to the hydrophobic cavity thereby reducing the cavity
volume; changes like flipping of Y80 and V76 are necessary to generate
a larger cavity volume for accommodation of ligands (Fig. 2D).

3.3. Effects of heating on secondary structure elements

To investigate the influence of thermal stress conditions on intrinsic
features of LTPs, Art v 3 and Pru p 3 were in parallel heated at 95 °C
under acidic (pH 3.4) and neutral (pH 7.3) conditions for 0, 5, 15, and
120 min. CD spectra of native proteins revealed identical spectra for
either protein at pH 3.4 and 7.3, respectively, indicative of alpha helical
structures at both pH conditions (Fig. 3). At acidic pH, Art v 3 was more
susceptible to denaturation as observed in the 15min denatured
sample, while the spectra of Pru p 3 was only affected after 120 min
treatment (Fig. 3A,B). Treatment at neutral conditions induced random
coil structures indicated by the negative amplitude around 195-200 nm
(Fig. 3C,D). Art v 3 is more stable under neutral conditions, as loss of
the alpha helical structure is only observed in the 120 min treatment
sample while random coil structures are detectable in the 15 min de-
naturation sample of Pru p 3. Secondary structure predictions using the
online tool K2D3 revealed a loss of alpha helices at prolonged thermal
treatment at acidic pH with higher susceptibility of Art v 3. At neutral
conditions, a substantial loss of alpha helices was noted already after
5 min which extended to < 6.6% at 120 min. While the vast majority of
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Fig. 3. Circular dichroism spectra of thermally treated LTPs and secondary structure predictions of Art v 3 and Pru p 3.

the protein appeared disordered, concomitant induction of beta sheets
up to 19% was suggested by the online prediction tool (Fig. 3).

Additionally, FTIR measurements of the native and 120 min heat
treated proteins were performed and depicted as the second derivative
spectra of the amide I region at 1700-1600 cm ™! (Fig. 4). The spectra of
both native proteins showed a negative peak around 1655 cm™ under
both pH conditions which can be assigned to alpha helices. While the
spectrum of heat-treated Art v 3 at pH 3.4 was similar to the native, Pru
p 3 alpha helical signals decreased and an additional signal around
1644 cm’! was revealed (Fig. 4A,B). Upon heating at neutral pH, both
proteins showed slightly increased signals around 1680cm™! and
1640 cm ! indicative of p-sheets/turns and B-sheets, respectively. Si-
milar to CD, changes in spectra were typically more pronounced for Pru
p 3 except for the (-sheet region.

3.4. Effects of heating on protein conformation and aggregation

The aggregation behavior of heat-treated proteins was monitored by
DLS and SEC. A hydrodynamic radius (Ry) of 1.8 nm (~13kDa) was
determined for native Art v 3, indicating a monomeric molecule
(Fig. 5A). The Ry of Pru p 3 is lower presenting only 1.5 nm, translating
to a molecular mass of ~9 kDa. Heat treatment under acidic conditions
did not lead to significant changes for Art v 3 while minor differences in
peak shape of Pru p 3 were observed. In contrast, both molecules
showed a significant increase in Ry upon heating at neutral pH. While
for Art v 3 this effect was noticeable after 15 min, Pru p 3 already
showed a gradual increase in size after 5min of treatment (Fig. 5A).
Upon treatment for 120 min, Art v 3 showed a hydrodynamic radius of

2.3nm (~24kDa) and Pru p 3 presented with 2.1 nm (~19 kDa).

To analyze if the observed Ry increase is due to dimerization or
multimerization, SEC experiments were carried out (Online Fig. E2).
The retention time of native Art v 3 was 8.6 min, translating to a cal-
culated mass of 10 kDa. After 120 min heating at acidic conditions, the
peak height decreased while the retention time was the same. At neutral
conditions, heat treatment showed a retention time of 8.4min in-
dicating a slight increase in the Ry corresponding to a 12-13 kDa pro-
tein (Online Fig. E2A). Retention time of native Pru p 3 was 9.3 min
(~5kDa) suggesting a considerable smaller protein compared to Art v
3. While treatment at acidic conditions did not lead to significant
changes, heating for 120 min at neutral conditions presented an elution
time of 8.7 corresponding to an increased mass of ~9 kDa (Online Fig.
E2B).

3.5. Effects of heating on disulfide bond disruptions and lanthionine
formations

Since observed changes in the hydrodynamic radius do not result
from multimerization, we focused on cysteine bond rearrangement by
non-reversible lanthionine formation as described for Art v 3 recently
(Stock et al., 2018). Of note, untreated Art v 3 and Pru p 3 were devoid
of lanthionine formations. Heat-treated Art v 3 presented numerous
different peptides involving lanthionine bonds, which were mostly de-
tectable after 120 min heating at neutral conditions (pH 7.3), whereas
under acidic conditions (pH 3.4) lanthionine formation was hardly
observed (Online Fig. E3). It seems that especially lanthionine C28-C29
is involved in a rather early onset of this irreversible modification;
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Fig. 4. Secondary structure analysis using FTIR. Second derivatives in the amide I region of the FTIR absorbance spectra of thermally treated LTPs. Continuous lines
indicate non-treated samples and dotted lines represent samples after 120 min heating at 95 °C.

alternative linkages of C28 and C29 with C49 and C51, respectively,
were also observed, albeit on a somewhat slower time scale (Fig. 5B).
Other prominent lanthionine formations involve C4-C14 and C74-C88.
Regarding Pru p 3, similar observations were made with the exception
of only minor appearance of C28/C29-C49/C51 peptides during the
course of the experiment (Fig. 5F). Notably, lanthionine formation
cannot generally be predicted from the native structure, as structural
disruptions precede the lanthionine formations as illustrated for Art v 3
(Fig. 5C).

3.6. Effects of heating on IgG- and IgE-binding epitopes

The influence of heat treatment regarding IgG and IgE binding
epitopes of Art v 3 and Pru p 3 was analyzed by ELISA. Using serial
dilutions of sera from Art v 3 or Pru p 3 immunized mice, no significant
differences in reactivity were observed for the native proteins in dif-
ferent buffers (Fig. 6 A,B). Heat treatment at acidic conditions did not
influence antibody binding to Art v 3 while a slight decrease in re-
activity towards Pru p 3 was noted. At neutral conditions, a strong time-
dependent decrease in IgG binding was observed which was more
pronounced for Pru p 3, leading to an abrogated antibody reactivity
after 120 min for both allergens.

In addition, IgE reactivity of 26 LTP-allergic patients’ sera was
evaluated (Fig. 6 C,D). IgE binding capacity of the native proteins at
acidic and neutral pH was perfectly correlating for Art v 3 (r = 0.9913)
and Pru p 3 (r = 0.9891), respectively. Heat treatment of proteins at
acidic conditions showed a moderate but statistically significant re-
duction for Art v 3 starting from 15 min treatment (p = 0.0066) while
no changes were observed for Pru p 3. Heating at neutral pH led to a
drastic reduction in IgE binding towards both proteins. A difference in
the kinetics was though revealed when analyzing the 15min treated
sample. While IgE reactivity of Art v 3 was decreased by 30%
(p = 0.0018), only an 11% reduction which was statistically not sig-
nificant was observed for Pru p 3. After 120 min heating at pH 7.3, the
IgE binding capacity was abrogated with the exception of one patient
remaining clearly positive to Pru p 3 (Fig. 6 C,D).

4. Discussion

Within this study, we investigated the structural and immunological

features of clinically relevant non-specific LTPs (Asero et al., 2018;
Basagana et al., 2018; Sanchez-Lopez et al., 2014) using prototypic
family members from pollen (Art v 3 from mugwort) and food (Pru p 3
from peach). Due to their compact fold, LTPs exhibit high stability to
thermal treatment and proteolytic digestion which can lead to allergic
reactions towards processed (food) sources (Duffort et al., 2002; Brenna
et al., 2000; Sancho et al., 2005). It was previously shown that heat
treatment in different buffer environments has varying impact on their
secondary structure (Gaier et al., 2008; Gadermaier et al., 2009, 2011b;
Vejvar et al.,, 2013). However, detailed and systematic analysis of
structural changes especially upon heating for extended periods with
concomitant immunological investigations is not available.

The 3-dimensional structure of some allergenic and non-allergenic
food LTPs has been solved (Pasquato et al., 2006; Shenkarev et al.,
2017; Bogdanov et al., 2016; Melnikova et al., 2016; Bakan et al., 2009;
Offermann et al., 2015; Cheng et al., 2004; Jain and Salunke, 2017),
while so far no LTP originating from pollen has been addressed. Within
this work, we solved the first 3-D structure of a pollen LTP showing the
typical cysteine-stabilized alpha helical fold. Similar to other LTPs
(Pasquato et al.,, 2006; Bakan et al., 2009; Shenkarev et al., 2017;
Bogdanov et al., 2016; Melnikova et al., 2016; Bakan et al., 2009;
Offermann et al., 2015; Cheng et al., 2004; Jain and Salunke, 2017), Art
v 3 was found as dimer in the asymmetric unit. The fact that two mo-
lecules were observed in the asymmetric unit does not indicate any
tendency for dimerization but rather reflects an intrinsic variability of
e.g. Art v 3 and Pru p 3, leading to the crystallization of two different
protein conformations. In vitro, LTPs are able to adopt a variety of lipid
ligands in their hydrophobic cavity and recently the natural ligand of
Pru p 3 was identified as a derivative of camptothecin binding to
phytosphingosine (Scheurer and Schulke, 2018; Cubells-Baeza et al.,
2017; Dubiela et al., 2017, 2019). It is noteworthy to mention that the
published structure of Pru p 3 (PDB: 2ALG) was obtained upon Pichia
pastoris expression and crystalized in the presence of cargo molecules
(Pasquato et al., 2006). In specific, chain A was loaded with two li-
gands, i.e. lauric acid and heptane, chain B was half-loaded with lauric
acid with the lipid tail being inside and carbonyl group sticking out of
the protein. Based on this observation, one can speculate that one of the
potential ligand entry sites is between alpha 1 and 3 (Fig. 2B), where a
lipophilic ligand was bound in the Pru p 3 chain B. By contrast, Art v 3
was crystalized in an unloaded (apo)-form in our study. Interestingly,
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legend, the reader is referred to the web version of this article.).

while the cartoon representations emphasizing the secondary structure
elements to appear very similar in the studied molecules, the dimen-
sions of their binding pockets vary strongly. This indicates that the
pocket load as well as protein contacts influence the conformation more
than variations in the amino acid sequence difference of around 50%.
Consistent with this analysis, the conformational flexibility in the Q
loop region was shown by a high crystallographic B-factor and an in-
creased local variability as revealed by Pru p 3 molecular dynamics
simulations (Pasquato et al., 2006). In one of the two independent
chains of the Art v 3 and Pru p 3 crystals (chain B), the three hydro-
phobic residues V76, 178 and Y80 are pointing into the cavity, thereby
forming a lid to the hydrophobic cavity and reducing the internal vo-
lume. A similar conformation was observed in the apoform of rice LTP
(PDB: 1RZL). The closed conformation would theoretically crash with
the ligand DAO present in Pru p 3 chain A. To accommodate for DAO
binding, Y80 rotated away from the cavity and the entire Q loop region
was moving away, as shown in Pru p 3 chain A. Despite the absence of a
ligand, similar large movements were observed for chain A of Art v 3,
where Y80 and V76 were flipped out of the cavity and 178 was shifted
to the position of V76, thereby expanding the size of the cavity. These
structural variations show that the Q loop can adopt different con-
formations thereby changing the cavity volume and thus encodes an
adaptation element to accommodate different ligands with relevance to
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its physiological function.

In previous CD experiments, differences regarding structural sus-
ceptibility upon heat treatment of LTP in acidic and neutral environ-
ment were revealed (Gadermaier et al., 2011a; Gaier et al., 2008;
Gadermaier et al., 2011b; Vejvar et al., 2013; Johnson et al., 2010).
Typically, denaturation at neutral or slightly alkaline pH led to irre-
versible structural alterations, while Mal d 3 from apple was shown to
refold when the protein was heated in the absence of oxygen (Sancho
et al., 2005). Those studies prompted us to investigate this phenomenon
in more detail assessing for the first time structural changes of unloaded
Art v 3 and Pru p 3 in a holistic and time-dependent manner. To verify
intrinsic features, allergens were expressed as non-fusion proteins in E.
coli and formation of disulfide bonds was enabled using the Rosetta-
gami strain (Gadermaier et al., 2009, 2011b). To justify physicochem-
ical and immunological comparison, proteins were produced and pur-
ified under identical conditions. Highly pure recombinant proteins were
obtained and identity was verified by amino acid analysis and mass
spectrometry. The alpha helical fold was monitored in CD spectroscopy
as well as FTIR (Gaier et al., 2008; Gadermaier et al., 2009; Rigby et al.,
2008). Though both molecules are similar in mass, Pru p 3 consistently
appeared more compact in DLS and SEC experiment. This observation is
most likely due to the more extensive hydration shell for Art v 3 which
can be explained by the different composition of charged amino acids.
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Fig. 6. Antibody binding analyses to thermally treated LTPs using ELISA. (A,B) IgG binding in serial dilutions was investigated using a serum pool of mice (n = 6)
immunized with Art v 3 (A) or Pru p 3 (B). (C, D) IgE binding was investigated using 26 LTP allergic patients’ sera. Dotted lines represent ELISA thresholds, black lines
indicate mean values and + SEM. Data were statistically analyzed by a Friedman test followed by Dunn’s multiple comparison post-test against the 0 min sample.

#%% p < 0.001, ** p < 0.01.

Art v 3 contains 23 charged residues (14 basic and 9 acidic amino
acids), whereas the number of charged residues for Pru p 3 is only 9 (8
basic and 1 acidic amino acid). In fact, the percentage of charged
compared to total surface areas is 30% for Art v 3 while it is only 14%
for Pru p 3.

At acidic conditions, both proteins were highly stable and ex-
tensively heat-treated samples mostly demonstrated a minor decrease
in peak height while at the same time peak broadening was observed in
SEC. No relaxation of the compact LTP fold was observable for Art v 3
in DLS and SEC, while Pru p 3 did present a slightly enlarged Ry. While
previous studies mostly focused on CD denaturation and renaturation
(Gaier et al., 2008; Gadermaier et al., 2009, 2011b; Rigby et al., 2008),
this is the first to additionally assess differences upon extensive heating
using FTIR, a method providing an even closer insight. Generally, loss
of alpha helices and induction of disordered structures was observed for
both molecules, while neutral conditions additionally favored genera-
tion of some beta-sheets and turns. The observed spontaneous refolding
capacities under acidic conditions can be rationalized by the disulfide-
bond stabilized secondary structures where alpha helices can fold lo-
cally as disulfide shuffling is mostly suppressed at low pH (Rombouts
et al., 2015; Thing et al., 2010).

In contrast, thermal treatment at neutral pH drastically influenced
the structure with Pru p 3 being more prone to secondary structure
changes compared to Art v 3. Both molecules showed an increase in Ry
indicating a relaxation of the compact LTP fold. Based on the gradual
increase in the observed molecule size and only a minor shift in re-
tention time in SEC, it seems that proteins undergo structural re-
arrangements rather than dimerization or oligomerization (Sancho
et al., 2005). While both molecules presented a random coil spectrum
after extensive heat treatment, Pru p 3 lost its structural integrity

already after 15 min heating. Both, CD secondary prediction and FTIR
measurements indicate tremendous decrease of a-helices and interest-
ingly a minor induction of 3-sheets. Though formation of 3-sheets was
suggested to be related with protein aggregation (Koppelman et al.,
1999), results from SEC experiments do not support this hypothesis for
the investigated molecules.

Irreversible conformational changes at neutral to basic pH have
been related to thermally induced disulfide-bond shuffling, where new
intermolecular cysteine-linkages are generated after disulfide bond
cleavage by B-elimination. This reaction can lead to the formation of
stable aggregates, which was previously observed for bovine a-lactal-
bumin, thaumatin and transferrin (Gaier et al., 2008; Wijesinha-Bettoni
et al., 2007; Kaneko and Kitabatake, 1999). Another possible reaction is
the formation of thioether bonds due to disulfide bond cleavage. In-
tramolecular disulfide bonds can be cleaved by (-elimination reactions
upon heating at high temperatures and alkaline pH. This leads to the
generation of dehydroalanines and free cysteines which can further
react to form the irreversible cross-link lanthionine (Galande et al.,
2003; Lu and Chang, 2010). Lanthionine formation was shown to be
protein specific and depends on the proximity between alkaline amino
acids and free cysteines (Bar-Or et al., 2008; Rombouts et al., 2016).
Indeed, we could recently demonstrate by CZE-ESI-MS that irreversible
conformational changes of thermally treated Art v 3 are mainly due to
lanthionine formation and identified some lanthionine positions in-
cluding transiently formed trisulfide bonds. Those lanthionine variants
showed higher charge states in MS suggesting different conformations
in agreement with the enlargement of molecules shown within this
study (Stock et al., 2018). Of note is the fact, that Art v 3 presents 14
basic amino acids, while Pru p 3 contains 8 alkaline residues, with some
in close vicinity to cysteine residues.
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Based on the kinetics and semi-quantitative amount of lanthionine
containing peptides, initial formation of lanthionines seems to take
place between C28-C29 which must be preceded by the disruption of
the two original disulfide bonds C14-C28 and C29-C74. Interestingly,
C14 and C74 preferably linked as lanthionine C4-C14 and C74-C88
involving the most N- as well as C-terminal cysteine residues; the
terminal protein segments are typically the most flexible, thus sterically
enabling the lanthionine reactions. Other linkages between C28/C29-
C49/C51 were frequently observed which however cannot be exactly
localized due to the fact that two different cysteines each co-localize in
the respective peptides analyzed by MS. Although quantitatively most
prevalent, suggested arrangements are not mutually exclusive and dif-
ferent Art v 3 populations with slightly different lanthionine profiles are
simultaneously observed in capillary electrophoresis (Stock et al.,
2018). Lanthionine formation of Pru p 3 generally followed the same
pattern but lacked the interaction C28/C29-C49/C51 which was rather
prominent in Art v 3. Formation of novel non-reversible lanthionines
was certainly accompanied by structural disruption of the molecules as
represented in data from CD and FTIR measurements. Elucidation of
lanthionine establishment upon heat treatment of LTPs represents a first
step to better understand structural changes in cysteine-bond stabilized
molecules. So far, generation of hypoallergens for allergen specific
immunotherapy proved to be extremely challenging when targeting
disulfide bond stabilized molecules (Jongejan et al., 2016; Toda et al.,
2011; Eichhorn et al., 2019). New insights provided in this study might
help to better understand and thus rationally design such hypoaller-
genic variants of relevant allergens from e.g. peach, peanut and pelli-
tory pollen.

In ELISA experiments using sera from mice and LTP-allergic pa-
tients, antibody binding was largely unaffected upon thermal treatment
at acidic pH. These results are consistent with previous studies showing
that thermally processed LTP-containing foods like peach juice (Brenna
et al., 2000; Garino et al., 2012), cooked apples (Sancho et al., 2005;
Asero et al., 2003), polenta (Pastorello et al., 2003) and cooked cherries
(Scheurer et al., 2004) are still able to elicit allergic reactions. On the
other hand, IgG and IgE binding to both proteins was completely ab-
rogated after 120 min heating at neutral conditions. This strongly points
at conformational epitopes, which were disintegrated upon irreversible
cysteine bond rearrangement due to lanthionine formation. While Pru p
3 seems to unfold earlier and thus cause a faster loss of IgG reactivity,
IgE epitopes seem to be fairly intact in the 15 min heat-treated sample.
It generally seems that investigated epitopes are only partially over-
lapping and several studies reported that Pru p 3 possesses more IgE
epitopes which might explain the observation (Egger et al., 2010).
However, while IgE epitopes of peach, wheat and pellitory pollen LTP
have been identified using peptides, fragments or mimotopes (Garcia-
Casado et al., 2003; Colombo et al., 1998; Longo et al., 2015; Pacios
et al., 2008; Tordesillas et al., 2009), further data on conformational IgE
epitopes are largely missing for the LTP protein family. Within our
study, antibody reactivity of Art v 3 and Pru p 3 was clearly disrupted
upon extensive heating at neutral conditions, suggesting the formation
of novel structures that neither represent original conformational an-
tibody binding sites nor reflects regions present in linear epitopes. Our
findings have direct implications for processing of LTP-containing food
products, as allergenic epitopes might be destroyed but conversely also
still exist after heat-treatment depending on the pH of the product
matrix. As a result, the treatment procedure defines if predisposed in-
dividuals will be confronted with allergic reactions to the sensitized
food and possibly other LTP-containing food sources as a consequence
of IgE cross-reactivity.

Within this study, we solved the crystal structure of Art v 3 from
mugwort pollen and compared it with the prototypic LTP family
member Pru p 3. Upon extensive heating in acidic buffer, both re-
combinant allergens were highly stable and presented only minor
changes in conformation and antibody binding. In contrast, thermal
treatment in neutral conditions led to irreversible structural changes
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and cysteine bond rearrangements due to lanthionine formations.
Despite the overall similarity, the structural integrity of the more
compact Pru p 3 molecule was earlier affected which did however only
partially influence IgE binding epitopes. Based on our results, it is
crucial to consider the buffer environment and duration when ther-
mally processing LTP containing foods or food products as this will
highly influence the structure and consequently potential allergic
(cross)-reactions.
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