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A B S T R A C T

Ole e 7 allergen from Olea europaea pollen possesses a major clinical relevance because it produces severe
symptoms, such as anaphylaxis, in allergic patients exposed to high olive pollen counts. Ole e 7 is a non-specific
lipid transfer protein (nsLTP) characterized by the presence of a tunnel-like hydrophobic cavity, which may be
suitable for hosting and, thus, transporting lipids -as it has been described for other nsLTPs-. The identification of
the primary amino acid sequence of Ole e 7, and its production as a recombinant allergen, allowed characterizing
its lipid-binding properties and its effect at air-liquid interfaces. Fluorescence and interferometry experiments
were performed using different phospholipid molecular species and free fatty acids to analyse the lipid-binding
ability and specificity of the allergen. Molecular modelling of the allergen was used to determine the potential
regions involved in lipid interaction. Changes in Ole e 7 structure after lipid interaction were analysed by
circular dichroism. Changes in the IgE binding upon ligand interaction were determined by ELISA. Wilhelmy
balance measurements and fluorescence surfactant adsorption tests were performed to analyse the surface ac-
tivity of the allergen. Using these different approaches, we have demonstrated the ability of Ole e 7 to interact
and bind to a wide range of lipids, especially negatively charged phospholipids and oleic acid. We have also
identified the protein structural regions and the residues potentially involved in that interaction, suggesting how
lipid-protein interactions could define the behaviour of the allergen once inhaled at the airways.

1. Introduction

Prevalence of allergic diseases is increasing worldwide, especially in
developing countries [1]. Respiratory allergies constitute a growing
health problem that affects around 25% of the population [2]. Most of
the allergic disorders are caused by the exposition to foreign and
harmless molecules, called allergens. These antigens produce the

activation of a T-helper 2 cell-response (Th2), with the subsequent
specific IgE production and the onset of clinical symptoms [3]. Al-
though proteins are the main elicitors of allergic responses, they are
usually accompanied by other components such as carbohydrates or
lipids. Increasing evidences suggest that these components may also
promote a Th2 immune response profile, acting as adjuvants [4]. Re-
garding lipids, they also act as natural ligands of certain allergenic
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proteins, and thus modify their immunological properties [5–7].
Several allergens of many protein families show lipid binding ca-

pacity: i) Bet v 1-like proteins, ii) non-specific lipid transfer proteins
(nsLTPs), iii) 2S albumins, iv) secretoglobins, v) lipocalins, vi) oleosins,
and vii) mite group 2, 5 and 7 proteins [8–14]. Among them, nsLTPs,
belonging to the prolamin protein superfamily [15], are a group of
small and soluble ~10 kDa proteins with a ubiquitous distribution in
the plant kingdom [16]. nsLTPs are cysteine-rich proteins which have
four α-helices stabilized by four conserved disulphide bridges. nsLTPs
share common features on their structure, as the presence of a tunnel-
like hydrophobic cavity where the lipid-binding site is located [17].
Other physiological roles described for nsLTPs are cell wall organiza-
tion, membrane stabilization and signal transduction [18]. Ole e 7, the
olive pollen nsLTP, is one of the main causes of allergy in the Medi-
terranean basin [19,20]. This allergen has been associated to severe
symptoms such as anaphylaxis [21]. Despite its clinical relevance, the
influence of lipids on its structural and allergenic features remains to be
studied.

Aeroallergens, like Ole e 7, enter into the body through the upper
airways, reaching the mucosal surface and making a first contact with
two lipid-based barriers: the pulmonary surfactant layers located at the
outer side of the mucus, and the luminal plasma membrane of the
airway epithelial cells. Pulmonary surfactant is a complex mixture of
lipids and proteins, which covers the distal respiratory epithelium. It is
mainly composed of mostly saturated phospholipids (40–50% by mass)
as phosphatidylcholine (DPPC), which is essential for pulmonary sur-
factant surface active properties. Pulmonary surfactant also contains
proteins (6–8%), including the four surfactant specific entities: SP-A,
SP-B, SP-C and SP-D. The main role of pulmonary surfactant is to
maintain an operative respiratory surface at the lungs [22]. Ad-
ditionally, it is also involved in host defence and immune responses in
the lung. In fact, there are many evidences that SP-A and SP-D collectins
are mediators of allergen binding [23–25], and modulators of effector
cell activity [26–28].

In the present study, we aimed at analysing the lipid-binding cap-
abilities of the aeroallergen Ole e 7 and the impact of this interaction on
its structure and IgE-binding. In addition, the interfacial behaviour of
the allergen was evaluated using models of phospholipid layers. Our
data demonstrate that Ole e 7 binds a wide range of lipid ligands,
predominantly negatively charged phospholipids, and that the lipid-
binding has no effect on its IgE-binding ability.

2. Materials and methods

2.1. Patients

The study was approved by the Ethical Committees of the Reina
Sofía University Hospital, Córdoba, Spain (ref. 3033), and the
Complutense University and Instituto de Salud Carlos III (CEI P49).
Written informed consent was obtained from all patients. All samples
were anonymously handled.

Sera from 6 patients recruited at the Immunology and Allergy
Department of the Reina Sofía University Hospital (Córdoba, Spain)
with a confirmed history of allergy to olive pollen with sensitization to
Ole e 7 were included in the study. Clinical evaluation included ex-
amination of patient history, SPT and determination of specific IgE
(sIgE). The SPT was performed according to the European guidelines
[29], using commercial extracts from Olea europaea pollen (ALK-Abello,
Madrid, Spain). A SPT response was considered positive when the
diameter of the wheal was 3 mm greater than that induced by the ne-
gative control. The sIgE was measured by ImmunoCAP 250 (Phadia,
Uppsala, Sweden) according to the manufacturer recommendations.

2.2. Materials

Native porcine lung surfactant was purified from bronchoalveolar

lavage as previously described [30]. Surfactant concentration was
measured according to Rouser et al. [31]. Labelling of native surfactant
was performed with the BODIPY-PC (2-(4,4-difluoro-5,7-dimetil-4-
bora-3a, 4a-diazo-s-indaceno-3-pentanoil)-hexadeca-noil-sn-glicero-3-
phosphocoline) probe (Invitrogen). Briefly, native surfactant (0.5 mg/
ml) was resuspended in a buffered solution (5 mM Tris, 150 mM NaCl,
pH 7.4) containing BODIPY-PC in a molar ratio 1:100. Then, the mix-
ture was incubated at 37 °C for 1 h, with vigorous shaking every 5 min.

Dipalmitoylphosphatidylcholine (DPPC), dipalmitoylpho-
sphatidylglycerol (DPPG), dipalmitoylphosphatidylserine (DPPS), egg
yolk phosphatidylcholine (PC), egg yolk phosphatidylglycerol (PG),
porcine brain phosphatidylserine (PS), porcine brain sphingomyelin
(SM), and ovine cholesterol (Chol) were obtained from Avanti Polar
Lipids (Alabaster, AL). Palmitic acid (C16:0) (PAL) and oleic acid
(C18:1) (OLE) were obtained from Sigma-Aldrich (San Luis, MO).

2.3. Preparation of lipid mixtures and lipid vesicles

Lipids were dissolved or diluted in chloroform:methanol (2:1, v/v):
DPPC, DPPC:Chol (2:1), DPPG, DPPG:Chol (2:1), DPPS, DPPS:Chol
(2:1), POPC:SM:Chol (2:1:1), PAL (C16:0) and OLE (C18:1).

For liposome preparation, each phospholipid mixture was dried
under a nitrogen stream. Vacuum was later applied for 2 h to remove
any organic solvent trace. Samples were hydrated in a buffer solution
(5 mM Tris, 150 mM NaCl, pH 7.4) at 42 °C, prior to use. Hydration was
completed after vigorous shaking every 10 min for 1 h to reconstitute
multilamellar suspensions. Experiments were performed using the
buffer solution described above, unless indicated.

SUVs and LUVs were prepared by extrusion of the multilamellar
suspensions using polycarbonate filters with a pore size of 50 nm and
100 nm (Nucleopore, Whatman), respectively [32].

2.4. Purification of natural and recombinant olive pollen nsLTP

Natural and recombinant Ole e 7 were obtained as previously de-
scribed [33]. Both proteins were purified by size-exclusion chromato-
graphy (Sephadex-50 medium and superfine) and RP-HPLC, and ana-
lysed by 17% SDS-PAGE and by WB with rabbit antiserum against
natural Ole e 7 (1:10000) [33]. All the experiments were carried out
with the recombinant allergen, except for the Fluorescence surfactant
adsorption test, which was performed comparing natural and re-
combinant Ole e 7.

2.5. Fluorescent ligand displacement assay

Fluorescent ligand (ANS) displacement assay was performed to de-
tect protein-ligand binding as previously reported in previous works
[34–36]. The phospholipids PC, PG and PS, the mixtures PC:Chol (2:1),
PG:Chol (2:1) and PS:Chol (2:1), the unsaturated fatty acid, OLE
(C18:1), and the saturated fatty acid, PAL (C16:0), were assessed for
their abilities to compete with the fluorescent probe ANS (1-anilino-
naphthalene-8-sulfonic acid) for the binding to rOle e 7. Each phos-
pholipidic mixture was added as LUVs in the buffer solution, while fatty
acids diluted in a chloroform:methanol (2:1, v/v) solution were added
as aqueous (monomer/micelle mixtures) suspensions. The allergen
(5 μM) was incubated with each lipid at 1:1 and 1:100 M ratios (pro-
tein:lipid). Ligand binding was analysed by adding 5 μM ANS, mea-
suring the ANS fluorescence emission at 456 nm, upon excitation at
350 nm. All samples were analysed in triplicate. rOle e 7 without li-
gands was used as positive control of the maximum insertion of ANS
into the hydrophobic pocket of the protein, reporting the highest
fluorescence levels. Lipid ligands alone were used as negative controls.
Fluorescence emission was measured in a FLUOstar OPTIMA microplate
reader (BMG-Labtech, Ortenberg, Germany).
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2.6. Analysis of lipid-protein interaction by interferometry

Lipid-protein interaction was also analysed by using the BLItz
system (Bio- Layer Interferometry Technology (FortéBIO, Fremont, CA)),
which provides real-time data on protein interactions based on surface
interferometry [37]. rOle e 7 interaction analysis was performed with
PC, PG, PS, PC:Chol (2:1), PG:Chol (2:1), PS:Chol (2:1) and
POPC:SM:Chol (2:1:1) LUVs, using final concentrations of 1 μg/μl of
protein and lipid. An aminopropylsilane (APS) biosensor was used in
the measurements because of its ability to adsorb proteins and other
molecules through hydrophobic moieties. First, the biosensor was
moisturized in buffer solution (5 mM Tris, 150 mM NaCl, pH 7.4). After
performing a baseline, the corresponding lipid was immobilized, re-
moving the non-immobilized ligand. Then, the association of rOle e 7 to
the biosensor (in the presence of the immobilized ligand) was quanti-
fied. Association and dissociation curves were recorded to determine
lipid-protein interaction.

2.7. Molecular modelling of Ole e 7

The Ole e 7 allergen model was generated using ExPASy SWISS-
MODEL [38] and nsLTP from peach (Pru p 3, PDB: 2b5s.2, 31.52%
identity with Ole e 7) as template.

The three-dimensional structure model of Ole e 7 allergen was
generated using I-TASSER (Iterative Threading ASSEmbly Refinement)
[39]. Among the structural templates used by I-TASSER for modelling,
the maize nsLTP (PDB: 1fk5.1, 36.56% identity with Ole e 7) was used,
whose structure has been reported bound to OLE (C18:1) [40].

2.8. Circular dichroism spectroscopic analyses

The circular dichroism (CD) spectrum of rOle e 7 in the absence or
presence of lipids was recorded in the far UV (190–250 nm wavelength)
region in a JASCO J-715 spectropolarimeter (Japan Spectroscopic Co.,
Tokyo, Japan) using 0.1 cm optical-path quartz cuvettes. CDNN soft-
ware was used for CD spectra deconvolution [41].

To analyse changes in the secondary structure of the protein as a
result of the lipid-protein interaction, PG and PG:Chol SUVs and OLE
(C18:1) were used. rOle e 7 and the respective lipid were resuspended
in sodium phosphate buffer 50 mM pH 7.5. The allergen (5 μM) was
incubated with each lipid at 1:1 M ratio after optimizing the assay.
Incubations before spectroscopic analysis were performed at 4 °C
overnight under shaking. The scattering caused by SUVs was corrected
from the spectra before carrying out the secondary structure analysis.

2.9. IgE-reactivity analysis

96-well plates (Costar) were coated for 2 h at room temperature
with the indicated protein-lipid mixture, previously incubated at 4 °C
overnight under shaking. Protein final concentration was 1 μM
(equivalent to 1 μg/μl) and lipid concentration 30 μM. Each well was
blocked with phosphate-buffered saline pH 7.3 (NaCl 0.8% (p/v), KCl
0.02% (p/v), KH2PO4 0.02% (p/v) and Na2HPO4·12H2O 0.3% (p/v))
-blocking buffer-, containing 0.5% v/v Tween 20 and 3% w/v calcium
fat free milk. Individual sera (n = 6) from Ole e 7 allergic patients were
diluted (1:10) in blocking buffer and added onto the ELISA plates fol-
lowed by an incubation at 37 °C for 2 h. Binding of human IgE was
detected using a horseradish peroxidase-labelled mouse anti-human IgE
Fc (1:1000) (Southern Biotech, Waltham, MA). Peroxidase reaction was
detected by using 50 μl per well of 0.63 mg/ml o-Phenylendiamine in
0.1 M sodium citrate 4% methanol containing 1.6 μl/ml 30% H2O2. The
reaction was stopped with 50 μl 3 N H2SO4 and the corresponding
optical density was measured at 492 nm in an iMark microplate ab-
sorbance reader (Bio-Rad, Hercules, CA).

2.10. Fluorescence surfactant adsorption test

Ole e 7 interfacial adsorption ability was evaluated in 96-well mi-
crotiter plates (Nunc®, Merck) as previously described [42], using a
FLUOstar OPTIMA Microplate Reader (BMG Labtech, Offenburg, Ger-
many). The allergen was added to each well containing 80 μl of a buffer
solution (5 mM Tris, 150 mM NaCl, pH 7.4) and the strongly light-
absorbing Brilliant Black (BB, 5 mg/ml) agent. Then, native surfactant
from porcine lungs (25 μg/ml) labelled with the fluorescent dye Bodipy-
PC (2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-do-
decanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine) at a 1% molar
ratio was applied at the bottom of each well. The plate was incubated
under orbital shaking and then, fluorescence intensity measured from
above, as due to the adsorption of surfactant to the interface. The plate
was analysed for 1 h at 25 °C. Obtained data were represented in re-
lative fluorescence units (RFU) as the mean of two replicate values
corrected by background subtraction. A decrease in the fluorescence
intensity indicates an inhibition of the adsorption of lung surfactant to
the interface due to the presence of the allergen. Fluorescence achieved
by the adsorption of natural surfactant in the absence of allergen was
used as control of full surfactant adsorption activity. Inhibition by
human serum (25 μg/ml) was used as control of full inhibition.

2.11. Wilhelmy balance measurements

Adsorption of the allergen to the air-liquid interface was also de-
termined from the changes in surface pressure (ΔΠ) over a time interval
of 35 min (Π-t isotherms). These studies were performed using a
Wilhelmy teflon trough (NIMA Technologies, Coventry, UK) thermo-
stated at 25 ± 1 °C, with constant stirring. First, lipid monolayers were
performed by depositing small volumes of the defined lipid solution
(0.1 mg/ml) in chloroform:methanol (2:1), until the required surface
pressure was reached. After solvent evaporation, 10 μl of Ole e 7 were
injected into the buffer subphase (1.8 ml), at a final concentration of
1 μM, and the ΔΠ was monitored during 35 min. Surface pressure
changes were measured upon injection of the allergen against different
initial pressures (Πi). Maximum increase in surface pressure (ΔΠmax)
and critical insertion surface pressure (Πc) were estimated for each
phospholipid mixture used from ΔΠ versus Πi plots.

3. Results

3.1. Ole e 7 binds to a wide variety of lipids

The interaction of rOle e 7 with phospholipid vesicles (LUVs) or
fatty acids was studied by a displacement assay using the ANS probe,
and by interferometry (Fig. 1). Although the highest protein-lipid
binding, which corresponds to the lowest fluorescence values, was ob-
served when the protein was incubated with the unsaturated fatty oleic
acid (C18:1), we observed that Ole e 7 binds to a greater or lesser extent
to all tested lipids (Fig. 1A).

Interferometry experiments supported the results obtained by the
ANS displacement assay, with Ole e 7 being able to bind to all lipid
mixtures with different affinity. We observed that PG affinity to rOle e
7, but not PS, was decreased over time, suggesting that the interaction
of rOle e 7 with PG was less stable than with PS (Fig. 1B). Moreover, the
presence of Chol in the interaction of rOle e 7 with PS seems to stabilize
the lipid-protein binding as dissociation constant suggests. In contrast
to the obtained results by ANS displacement assay, the interaction be-
tween rOle e 7 and PC or PC:Chol (2:1) was almost stealthy.

3.2. Lipid interaction does not have a large impact in the secondary
structure of the allergen

Next, to evaluate changes in the secondary structure of the allergen
due to lipid binding, CD analyses after lipid-protein interaction with
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indicated lipids were performed (Fig. 2). Oleic acid (C18:1) was used
because it showed the highest lipid-binding rates, and PG:Chol (2:1)
and PG liposomes were used as models of phospholipid binding.

Slight changes in the secondary structure of Ole e 7 were detected,
with the highest observed changes after incubation with oleic acid
(C18:1) and PG:Chol (2:1). However, these differences did not exceed
5% regarding the contribution of α-helix to the secondary structure of
the protein.

3.3. Modelling of the Ole e 7 - oleic acid complex

Changes in the secondary structure further support that ligand
binding might slightly affect the overall 3D structure of the allergen Ole
e 7.

To address this question and get further insights into the interaction
between Ole e 7 and oleic acid (C18:1), the 3D model of the protein-
fatty acid complex was obtained to identify the main amino acids in-
volved in the interaction with oleic acid (C18:1). The 3D model of Ole e
7 showed the traditional conformation of nsLTPs, with a hydrophobic
cavity formed between the four packed α-helices. That cavity acts like a
deep tunnel where the oleic acid molecule fits between H2, H3 and H4
helixes through interactions with the hydrophobic residues of the pro-
tein, while the carboxylate portion is turned towards the solvent. Thus,
Ole e 7 was in contact with oleic acid (C18:0) through the aliphatic
residues Leu18, Leu57, Leu72, Leu82, Leu85, Val33, Val36 and Val80,
and the Asp81 residue (Supporting Fig. 1).

3.4. Lipid-binding does not modify the recognition of IgE epitopes in rOle e 7

Next, the potential effect in the IgE-binding ability to Ole e 7 due to
protein-lipid interaction was examined by ELISA. No significant IgE-
binding variations after lipid interaction in comparison to the ligand-
free rOle e 7 were detected in any of the six-olive pollen allergic pa-
tients' sera tested (Fig. 3).

3.5. Ole e 7 shows interfacial adsorption at air-liquid interfaces

We next evaluated the surface and phospholipid interaction abilities
of Ole e 7 as it may be a crucial feature for the allergic response
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Fig. 1. Binding assays by ANS displacement and in-
terferometry analysis of Ole e 7 with indicated lipids.
(A) Fluorescence changes induced by the incubation
of Ole e 7 with phospholipids liposomes and fatty
acids at two different molar ratios (protein:ligand
1:1 = 5 μM ligand, or 1:100 = 500 μM ligand).
Fluorescence of Ole e 7 without lipid incubation was
considered as negative control of lipid binding. (B)
Ole e 7 biolayer interferometry sensor after incuba-
tion with phospholipids. A fixed concentration of
1 μg/μl of protein and lipid mixtures was used.
Association and dissociation kinetics were analysed
during 300 s. Chol, colesterol; PC, phosphati-
dylcholine; PG, phosphatidylglycerol; PS, phospha-
tidylserine; POPC, palmitoyloleoylphosphatidylcho-
line; SM, sphingomyelin; PAL (C16:0), palmitic acid;
OLE (18:1), oleic acid. All the experiments were
performed in duplicate.

Fig. 2. Analysis by CD of changes in the secondary structure of Ole e 7. CD
spectra of recombinant Ole e 7 after incubating with lipids at a fix molar ratio
(protein:lipid 1:1 = 5 μM) in 20 mM sodium phosphate buffer 50 mM pH 7.5 at
20 °C. The experiments were performed in duplicate.
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triggered at the airways.
First, the interfacial activity of Ole e 7 was characterized. To this

end, we previously determined the optimal allergen concentration to
perform the experiments, by following the increase in surface pressure
reached by different amounts of allergen in the subphase [32]. Then, for
subsequent experiments, the optimal concentration was fixed at 0.5 μM,
where a surface pressure of 11 mN/m is observed (Fig. 4). Different
lipid mixtures were tested according to their high presence in the pul-
monary surfactant (DPPC), their charge (DPPS and DPPG) or the
packaging that they may produce in cell membranes (POPC:SM:Chol as
model of liquid-ordered domains [43]) (Fig. 5, Supporting Fig. 2).

Injection of Ole e 7 into the subphase produced an increase in sur-
face pressure in all cases, reaching the highest increment (ΔΠ) upon
insertion into negatively-charged DPPG and DPPS monolayers, with
surface pressure values of 14.4 and 14.8 mN/m, respectively
(Supporting Fig. 3). These values were 10.4 mN/m for DPPC and 11.2
mN/m for POPC:SM:Chol (2:1:1) (Supporting Fig. 3). Conversely, using
DPPC as model of study, we detected a slight increment in the surface
pressure of insertion of Ole e 7 when Chol was present in the mono-
layer, resulting in a maximum surface pressure of 17 mN/m

(Supporting Fig. 3).
In addition, the critical pressure of insertion (Πc), which indicates

the theoretical maximum initial pressure that allows the insertion of the
protein within a preformed lipid monolayer, was estimated by extra-
polating to the abscissa axis the regression lines obtained from the
experimental data fitting (Fig. 5). Πc values were higher for the inser-
tion of the allergen into DPPS and DPPG monolayers, 14.7 mN/m in
both cases, than in DPPC films (Fig. 5A). Moreover, Πc was sub-
stantially higher in films of DPPC containing Chol (2:1 w/w) (20.5 mN/
m) than in pure DPPC monolayer (10.5 mN/m) (Fig. 5B).

3.6. Ole e 7 partially inhibits the interfacial adsorption of pulmonary
surfactant

Finally, the ability of Ole e 7 to inhibit the adsorption of pulmonary
surfactant was analysed using a fluorescence surfactant adsorption test
(SAT). We also tested whether natural or recombinant Ole e 7 showed
equivalent interfacial adsorption behaviour to confirm the feasibility of
using the recombinant isoform instead natural Ole e 7 in functional
experiments, as previously reported [33]. Both natural and re-
combinant allergens displayed an equivalent capability to reduce the
rate of adsorption of pulmonary surfactant to the air-liquid interface,
especially at short periods of time (Fig. 6). Next, the Ole e 7 interfacial
activity was compared to that of another allergen from olive pollen with
marked interfacial activity, Ole e 1 [32]. In contrast to Ole e 7, Ole e 1
inhibited completely the adsorption and spreading of native surfactant
into the air-liquid interface at the highest concentrations (50 and 25 μg/
ml) tested, in a comparable manner to BSA, which also possess a
marked interfacial activity [44–46] (Fig. 6). Interestingly, in a mixture
of Ole e 1 and Ole e 7, we observed that Ole e 7 abolishes the inhibitory
action of the highest concentrations of Ole e 1 against pulmonary sur-
factant (Fig. 6).

4. Discussion

Non-specific lipid transfer proteins (nsLTPs) are relevant panaller-
gens present in fruits, vegetables, nuts, pollen and latex [16]. These
allergens present a hydrophobic cavity with the ability to accommodate
a wide variety of lipids, from phospholipids to fatty acids, interacting
with apolar amino acids [47,48]. Although it is known that the ligand
specificity depends on the protein family member [40,49–54], the po-
tential lipid ligands of most nsLTPs and the clinical effects produced by
this interaction remain unclear. Related to the affinity of nsLTPs to bind
hydrophobic ligands, to clarify the potential interfacial properties of

Fig. 3. Analysis of the IgE-binding to recombinant Ole e 7 in presence or ab-
sence of indicated lipidic ligands. IgE-binding from six Ole e 7-allergic patients
was evaluated in duplicate with recombinant Ole e 7 alone and after protein
incubating with different phospholipids liposomes and fatty acids. 1 μM (or
1 μg/μl) protein concentration and 30 μM lipid concentration were used. The
response of two non-allergic patients to Ole e 7 was used as negative control of
the IgE-binding.

Fig. 4. Interfacial adsorption kinetics of Ole e 7. (A) Π-t isotherms (25 ± 1 °C) of Ole e 7 at different concentrations (mg/ml) 3 (●), 1.5 (○), 0.75 (▼), 0.375 (△)
and 0.1875 (■)- injected in buffer solution (5 mM Tris, 150 mM NaCl, pH 7.4) at time = 0 (min). (B) Maximum surface pressure after 30 min after allergen injection
(Π30min, mN/m). Hyperbolic trend for the protein interfacial behaviour was shown. Solid line shows the fits protein interfacial behaviour (r = 0.9031). Each
concentration was tested in duplicate.
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aeroallergens may facilitate the understanding of their behaviour once
they reach the airway mucosa. However, few works have been focused
on the study of the interfacial activity of clinically relevant allergens
[32,55]. In this sense, the completion of the primary amino acid se-
quence of Ole e 7 by proteomics, and its recombinant production [33],
have made possible to deepen into these processes.

In this study, we have investigated the lipid-binding ability of Ole e
7, the specificity of that binding and their effect on its structure and
immunological properties. Furthermore, we have checked whether Ole
e 7 is able to interact with air-liquid interfaces efficiently, which may be
linked to its potential to develop an allergic response.

Binding assays demonstrated that Ole e 7 interacts with a wide
range of lipid ligands, as it has been described for other nsLTPs [56].
According to the literature, the lack of specificity of nsLTPs relies on the
high plasticity and flexibility showed by their lipid-binding cavity,
which influence the protein-lipid interaction [57,58]. Interestingly, it
was a fatty acid, oleic acid, which showed the highest binding to Ole e
7, which agrees with other related studies with nsLTPs, such as maize,

peach, apple, hazelnut, sun flower seeds and walnut [34–36,40].
Moreover, we built a 3D structural model of Ole e 7 interacting with the
oleic acid by using the maize nsLTP as template. Despite its scarce
identity sequence with Ole e 7, this nsLTP showed the highest score
after the analysis by the I-TASSER software, which provides accurate
structural and function template predictions using state-of-the-art al-
gorithms. Furthermore, lipid-protein interaction takes place in the hy-
drophobic pocket of the allergen, which is a consistent and highly
conserved feature of nsLTPs. Hence, the location of this cavity, and
most of the amino acids forming it, are highly conserved in the maize
nsLTP and Ole e 7, as well as in all nsLTPs described so far. Thereby, the
amino acids potentially involved in the lipid-protein interaction were
determined (Supporting Fig. 1). It was confirmed that most of them
were aliphatic residues (Leu18, Leu37, Leu72, Leu82, Leu85, Val33,
Val36 and Val80) as previously described for Jug r 3, the nsLTP from
nut [36]. Oleic acid is an unsaturated fatty acid with a long C18 chain,
and a double bond that imposes a specific conformation, both optimal
features to form stable complexes, which are not present in saturated
fatty acids such as palmitic acid (C16:0) [36,57]. Moreover, Han et al.
[40] suggest that oleic acid has a similar affinity to other unsaturated
fatty acids. Consequently, the interaction of Ole e 7 with other un-
saturated fatty acids cannot be excluded. Regarding phospholipids, al-
lergen interaction with PG and PS vesicles was reported, with or
without the presence of Chol. The analysis of the interaction of the
protein with lipid vesicles by interferometry allowed us to monitor the
real-time interaction with lipid vesicles, which also determines their
binding stability. Hence, we observed that Ole e 7-PG or Ole e 7-
PG:Chol (2:1) interaction was less stable than the interaction observed
with PS or PS:Chol (2:1) vesicles. Furthermore, a high interaction of Ole
e 7 with POPC:SM:Chol (2:1:1) LUVs was also observed, suggesting that
Ole e 7 could potentially interact with eukaryotic plasma membranes
[59,60].

No significant variations were detected in the secondary structure of
the allergen upon ligand binding, with changes in the proportions of
secondary structure elements below 5%. In this regard, the use of the
recombinant protein purified by HPLC makes it possible to ensure the
absence of lipids previously attached to the cavity that could prevent
the detection of these changes caused by the binding of the lipids with
respect to their free form. However, slight changes in the secondary
structure may produce the exposition of epitopes which would be
hidden in the native conformation of the protein, modifying the im-
munological properties of the allergen, as it has been previously sug-
gested for other nsLTPs [34,35]. Hence, we performed the in vitro
analysis of the IgE-binding capability of Ole e 7, in the absence or
presence of lipid ligands. Our findings indicate that no additional IgE
epitopes are exposed after lipid-binding, although modifications in the
IgE recognition have been reported by other authors in other nsLTPs
[34,36]. Therefore, since there are no studies related to the IgE-epitope
mapping of Ole e 7, it could also be speculated that the major epitopes
(or some of them) may overlap with certain amino acids relevant for the
interaction with lipids, avoiding any change in the IgE reactivity. Fur-
ther studies ex vivo by basophil activation test and in vitro using the
RBL-2H3 mast cell model should confirm whether an effect of lipid-
binding on Ole e 7 allergenic properties or not might be observed.

Regarding the interfacial activity of the allergen, Wilhelmy plate
experiments demonstrated that Ole e 7 was able to effectively adsorb
onto air-liquid interfaces. This behaviour is consistent with the hydro-
pathy calculated for the allergen (Supporting Fig. 3) [61]. We estimated
the Grand average of hydropathicity (GRAVY) value in comparison to Ole
e 1 [61], an olive pollen aeroallergen exhibiting a remarkable inter-
facial activity [32]. Ole e 7 and Ole e 1 reached a GRAVY values of
−0.105 and−0.473 respectively, which indicate that Ole e 7 exhibits a
higher hydrophobicity than Ole e 1 (Supporting Fig. 3), most likely due
to the presence in Ole e 7 of the characteristic hydrophobic pocket of
LTPs. Despite GRAVY theoretical values, Ole e 1 showed experimentally
higher interfacial activity than Ole e 7, suggesting that Ole e 7 might

Fig. 5. Critical insertion pressure of Ole e 7 into preformed phospholipid
monolayers. (A) Critical insertion of the allergen in DPPC, DPPG, DPPS, and
POPC:SM:Chol (2:1:1) monolayers. (B) Critical insertion of the allergen in
presence of Chol, using DPPC:Chol monolayer as model. The intersection with
the horizontal axis allows estimation of the critical insertion pressure (Πc) in
each film. All the assays were performed at 25 ± 1 °C. The subphase was
composed of 5 mM Tris, 150 mM NaCl, pH 7.4. All the experiments were carried
out in duplicate.
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convey additional effects at the air-liquid interface related with its
lipid-transfer ability.

Once the interfacial capabilities of Ole e 7 were confirmed, this
feature was studied in the context of other surface-active lipid-based
complexes of physiological relevance, such as the pulmonary surfac-
tant. Ole e 7 inhibited the adsorption of surfactant to the interface, as
well as Ole e 1, although surfactant was able to spread against the al-
lergen at the air-liquid interface at long term, indicative of a competi-
tive inhibition of the allergen to rapidly occupy the air-liquid interface
instead of pulmonary surfactant. Differences observed between Ole e 7
and Ole e 1 could be explained by the allergen size and its steric effect
at occupying the interface. Ole e 1 is a protein with different glycoforms
of 20 and 22 kDa and shows a high trend to form oligomers [62], rising
higher molecular masses in comparison to the 9.8 kDa monomer of Ole
e 7 [63]. Thus, at similar molar ratios, Ole e 7 would provide more
space at the interface for other surfactant components while the size
and disposition of Ole e 1 would difficult the spreading of those com-
ponents to the air-liquid interface. Another explanation would imply
the role played by nsLTPs [64–66]. These proteins are characterized for
transferring lipids between membranes, mainly phospholipids such as
phosphatidylcholines (PC), phosphatidylinositols (PI), or phosphati-
dylglycerols (PG) [67–69], and thus, in this context, Ole e 7 could be
effectively transferring surfactant lipids to the interface.

On the other hand, the interaction of Ole e 7 with a preformed lipid
film at the interface seems to be determined by the charge of the lipid

component, being higher when lipids are negatively charged. This is in
agreement with the results derived from the binding assays, where a
higher interaction affinity was achieved with PG and PS. In addition, a
model of Ole e 7 was obtained taking as a model the structure of the
nsLTP Pru p 3 from peach (Supporting Fig. 4) [54]. It was relevant to
observe that positively charged amino acids of the allergen are accu-
mulated in α-helical segments, which may be involved in the direct
interaction with biological membranes and lipid binding [70,71]. In-
terestingly, those regions overlapped with the most hydrophobic re-
gions of Ole e 7 according to the Kyte-Doolittle diagram showed in
Supporting Fig. 4, which supported the involvement of these α-helix
structures in the interaction of Ole e 7 with lipids. The spontaneous
interaction/adsorption of aeroallergens such as Ole e 7 with lipid layers
such as those formed by pulmonary surfactant at the respiratory sur-
face, or with the outer membranes of underlying epithelial cells, could
be then a major determinant to initiate their distribution at the airways
to further induce its pathophysiological effects.

5. Conclusions

In summary, we have here performed a multidisciplinary study of
the Ole e 7 aeroallergen which provides, for the first time, information
about its lipid-binding capacity. Moreover, the Ole e 7 structure model
in the presence of oleic acid, the ligand with the highest binding affinity
for the allergen, showed that the amino acids involved in the

Fig. 6. Effect of Ole e 7 on the interfacial adsorption kinetics of pulmonary surfactant. Interfacial adsorption of the recombinant Ole e 7 allergen was compared with
the natural Ole e 7 allergen, Ole e 1 allergen and bovine serum albumin (BSA) at five different concentrations of protein (50 μg/ml to 0.1 μg/ml). Data are expressed
as fluorescence intensity in relative fluorescence units (RFU) and represent the mean of 2 independent experiments. Native surfactant (NS) was consider as positive
control. Sera was considered as negative control of fluorescence. Ole e 1 and BSA were considered as model of proteins which reach the air-liquid interface [30].
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interaction are aliphatic residues. Furthermore, we have determined
the adsorption of Ole e 7 into air-liquid interfaces free or occupied by
phospholipids, which can be relevant to define the fate of the allergen
after entering the airway mucosa and its potential to trigger the allergic
response in the lung. Further studies should be performed to clarify the
effects of Ole e 7 once transferred from the interface into the epithelium
and on the epithelial barrier integrity.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamem.2020.183258.
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