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Highlights 

 

- Ole e 7 mainly interacts with negatively charged phospholipids and oleic acid.  

- Aliphatic amino acids are involved in lipid-protein interaction. 

- Lipid-binding does not produce structural or immunological changes in Ole e 7. 

- Ole e 7 allergen possess interfacial adsorption ability. 

- Ole e 7 interacts with and transports lipids from pulmonary surfactant to the 

interface. 
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Abstract 37 

Ole e 7 allergen from Olea europaea pollen possesses a major clinical relevance 38 

because it produces severe symptoms, such as anaphylaxis, in allergic patients exposed 39 

to high olive pollen counts. Ole e 7 is a non-specific lipid transfer protein (nsLTP) 40 

characterized by the presence of a tunnel-like hydrophobic cavity, which may be 41 

suitable for hosting and, thus, transporting lipids -as it has been described for other 42 

nsLTPs-. The identification of the primary amino acid sequence of Ole e 7, and its 43 

production as a recombinant allergen, allowed characterizing its lipid-binding properties 44 

and its effect at air-liquid interfaces. Fluorescence and interferometry experiments were 45 

performed using different phospholipid molecular species and free fatty acids to analyse 46 

the lipid-binding ability and specificity of the allergen. Molecular modelling of the 47 

allergen was used to determine the potential regions involved in lipid interaction. 48 

Changes in Ole e 7 structure after lipid interaction were analysed by circular dichroism. 49 

Changes in the IgE binding upon ligand interaction were determined by ELISA. 50 

Wilhelmy balance measurements and fluorescence surfactant adsorption tests were 51 

performed to analyse the surface activity of the allergen. Using these different 52 

approaches, we have demonstrated the ability of Ole e 7 to interact and bind to a wide 53 

range of lipids, especially negatively charged phospholipids and oleic acid. We have 54 

also identified the protein structural regions and the residues potentially involved in that 55 

interaction, suggesting how lipid-protein interactions could define the behaviour of the 56 

allergen once inhaled at the airways. 57 

 58 
Keywords 59 

Aeroallergen; nsLTP; oleic acid; phospholipids; interfacial activity; pulmonary 60 

surfactant. 61 

 62 

Abbreviations 63 

nsLTP: non-specific Lipid Transfer Protein. 64 

Th2: T-helper 2 cell-response. 65 

IgE: immunoglobulin E.  66 

Chol: cholesterol. 67 

PAL: palmitic acid. 68 

OLE: oleic acid. 69 

ANS: 1-anilinonaphthalene-8-sulfonic acid.  70 

SUVs: small unilamellar vesicles 71 

LUVs: large unilamellar vesicles   72 
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1. Introduction 73 

Prevalence of allergic diseases is increasing worldwide, especially in developing 74 

countries [1]. Respiratory allergies constitute a growing health problem that affects 75 

around 25% of the population [2]. Most of the allergic disorders are caused by the 76 

exposition to foreign and harmless molecules, called allergens. These antigens produce 77 

the activation of a T-helper 2 cell-response (Th2), with the subsequent specific IgE 78 

production and the onset of clinical symptoms [3]. Although proteins are the main 79 

elicitors of allergic responses, they are usually accompanied by other components such 80 

as carbohydrates or lipids. Increasing evidences suggest that these components may also 81 

promote a Th2 immune response profile, acting as adjuvants [4]. Regarding lipids, they 82 

also act as natural ligands of certain allergenic proteins, and thus modify their 83 

immunological properties [5-7].  84 

Several allergens of many protein families show lipid binding capacity: i) Bet v 1-85 

like proteins, ii) non-specific lipid transfer proteins (nsLTPs), iii) 2S albumins, iv) 86 

secretoglobins, v) lipocalins, vi) oleosins, and vii) mite group 2, 5 and 7 proteins [8-14]. 87 

Among them, nsLTPs, belonging to the prolamin protein superfamily [15], are a group 88 

of small and soluble ~10 kDa proteins with an ubiquitous distribution in the plant 89 

kingdom [16]. nsLTPs are cysteine-rich proteins which have four α-helices stabilized by 90 

four conserved disulphide bridges. nsLTPs share common features on their structure, as 91 

the presence of a tunnel-like hydrophobic cavity where the lipid-binding site is located 92 

[17]. Other physiological roles described for nsLTPs are cell wall organization, 93 

membrane stabilization and signal transduction [18]. Ole e 7, the olive pollen nsLTP, is 94 

one of the main causes of allergy in the Mediterranean basin [19, 20]. This allergen has 95 

been associated to severe symptoms such as anaphylaxis [21]. Despite its clinical 96 
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relevance, the influence of lipids on its structural and allergenic features remains to be 97 

studied.  98 

Aeroallergens, like Ole e 7, enter into the body through the upper airways, 99 

reaching the mucosal surface and making a first contact with two lipid-based barriers: 100 

the pulmonary surfactant layers located at the outer side of the mucus, and the luminal 101 

plasma membrane of the airway epithelial cells. Pulmonary surfactant is a complex 102 

mixture of lipids and proteins, which covers the distal respiratory epithelium. It is 103 

mainly composed of mostly saturated phospholipids (80% by mass) as 104 

phosphatidylcholine (DPPC), which is essential for pulmonary surfactant surface active 105 

properties. Pulmonary surfactant also contains proteins (6-8%), including the four 106 

surfactant specific entities: SP-A, SP-B, SP-C and SP-D. The main role of pulmonary 107 

surfactant is to maintain an operative respiratory surface at the lungs [22]. Additionally, 108 

it is also involved in host defence and immune responses in the lung. In fact, there are 109 

many evidences that SP-A and SP-D collectins are mediators of allergen binding [23-110 

25], and modulators of effector cell activity [26-28].  111 

In the present study, we aimed at analysing the lipid-binding capabilities of the 112 

aeroallergen Ole e 7 and the impact of this interaction on its structure and IgE-binding. 113 

In addition, the interfacial behaviour of the allergen was evaluated using models of 114 

phospholipid layers. Our data demonstrate that Ole e 7 binds a wide range of lipid 115 

ligands, predominantly negatively charged phospholipids, and that the lipid-binding has 116 

no effect on its IgE-binding ability. 117 

118 
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2. Materials and Methods 119 

2.1.Patients 120 

The study was approved by the Ethical Committees of the Reina Sofía University 121 

Hospital, Córdoba, Spain (ref. 3033), and the Complutense University and Instituto de 122 

Salud Carlos III (CEI P49). Written informed consent was obtained from all patients. 123 

All samples were anonymously handled.   124 

Sera from 6 patients recruited at the Immunology and Allergy Department of the 125 

Reina Sofía University Hospital (Córdoba, Spain) with a confirmed history of allergy to 126 

olive pollen with sensitization to Ole e 7 were included in the study. Clinical evaluation 127 

included examination of patient history, SPT and determination of specific IgE (sIgE). 128 

The SPT was performed according to the European guidelines [29], using commercial 129 

extracts from Olea europaea pollen (ALK-Abello, Madrid, Spain). A SPT response was 130 

considered positive when the diameter of the wheal was 3 mm greater than that induced 131 

by the negative control. The sIgE was measured by ImmunoCAP 250 (Phadia, Uppsala, 132 

Sweden) according to the manufacturer recommendations.  133 

 134 

2.2.Materials 135 

Native porcine lung surfactant was purified from bronchoalveolar lavage as 136 

previously described [30]. Surfactant concentration was measured according to Rouser 137 

et al [31]. Labelling of native surfactant was performed with the BODIPY-PC                                   138 

(2-(4,4-difluoro-5,7-dimetil-4-bora-3a, 4a-diazo-s-indaceno-3-pentanoil)-hexadeca-noil-139 

sn-glicero-3-phosphocoline) probe (Invitrogen). Briefly, native surfactant (0.5 mg/ml) 140 

was resuspended in a buffered solution (5 mM Tris, 150 mM NaCl, pH 7.4) containing 141 

BODIPY-PC in a molar ratio 1:100. Then, the mixture was incubated at 37ºC for 1 h, 142 

with vigorous shaking every 5 min.  143 
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Dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidylglycerol 144 

(DPPG), dipalmitoylphosphatidylserine (DPPS), egg yolk phosphatidylcholine (PC), 145 

egg yolk phosphatidylglycerol (PG), porcine brain phosphatidylserine (PS), porcine 146 

brain sphingomyelin (SM), and ovine cholesterol (Chol) were obtained from Avanti 147 

Polar Lipids (Alabaster, AL). Palmitic acid (C16:0) (PAL) and oleic acid (C18:1) 148 

(OLE) were obtained from Sigma-Aldrich (San Luis, MO).  149 

 150 

2.3.Preparation of lipid mixtures and lipid vesicles 151 

Lipids were dissolved or diluted in chloroform:methanol (2:1, v/v): DPPC, 152 

DPPC:Chol (2:1), DPPG, DPPG:Chol (2:1), DPPS, DPPS:Chol (2:1), POPC:SM:Chol 153 

(2:1:1), PAL (C16:0) and OLE (C18:1). 154 

For liposome preparation, each phospholipid mixture was dried under a nitrogen 155 

stream. Vacuum was later applied for 2 h to remove any organic solvent trace. Samples 156 

were hydrated in a buffer solution (5 mM Tris, 150 mM NaCl, pH 7.4) at 42ºC, prior to 157 

use. Hydration was completed after vigorous shaking every 10 min for 1 h to 158 

reconstitute multilamellar suspensions. Experiments were performed using the buffer 159 

solution described above, unless indicated.  160 

SUVs and LUVs were prepared by extrusion of the multilamellar suspensions 161 

using polycarbonate filters with a pore size of 50 nm and 100 nm (Nucleopore, 162 

Whatman), respectively [32].  163 

 164 

2.4.Purification of natural and recombinant olive pollen nsLTP  165 

Natural and recombinant Ole e 7 were obtained as previously described [33]. Both 166 

proteins were purified by size-exclusion chromatography (Sephadex-50 medium and 167 

superfine) and RP-HPLC, and analysed by 17% SDS-PAGE and by WB with rabbit 168 
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antiserum against natural Ole e 7 (1:10000) [33]. All the experiments were carried out 169 

with the recombinant allergen, except for the Fluorescence surfactant adsorption test, 170 

which was performed comparing natural and recombinant Ole e 7.  171 

 172 

2.5.Fluorescent ligand displacement assay  173 

Fluorescent ligand displacement (ANS) assay was performed to detect protein-ligand 174 

binding as previously reported in previous works [34-36]. The phospholipids PC, PG 175 

and PS, the mixtures PC:Chol (2:1), PG:Chol (2:1) and PS:Chol (2:1), the unsaturated 176 

fatty acid, OLE (C18:1), and the saturated fatty acid, PAL (C16:0), were assessed for 177 

their abilities to compete with the fluorescent probe ANS (1-anilinonaphthalene-8-178 

sulfonic acid) for the binding to rOle e 7. Each phospholipidic mixture was added as 179 

LUVs in the buffer solution, while fatty acids were diluted in a chloroform:methanol 180 

(2:1, v/v) solution. The allergen (5 μM) was incubated with each lipid at 1:1 and 1:100 181 

molar ratios (protein:lipid). Ligand binding was analysed by adding 5 μM ANS, 182 

measuring the ANS fluorescence emission at 456 nm, upon excitation at 350 nm. All 183 

samples were analysed in triplicate. rOle e 7 without ligands was used as positive 184 

control of the maximum insertion of ANS into the hydrophobic pocket of the protein, 185 

reporting the highest fluorescence levels. Lipid ligands alone were used as negative 186 

controls. Fluorescence emission was measured in a FLUOstar OPTIMA microplate 187 

reader (BMG-Labtech, Ortenberg, Germany). 188 

 189 

2.6.Analysis of lipid-protein interaction by interferometry 190 

Lipid-protein interaction was also analysed by using the BLItz system (Bio- Layer 191 

Interferometry Technology (FortéBIO, Fremont, CA)), which provides real-time data on 192 

protein interactions based on surface interferometry [37]. rOle e 7 interaction analysis 193 
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was performed with PC, PG, PS, PC:Chol (2:1), PG:Chol (2:1), PS:Chol (2:1) and 194 

POPC:SM:Chol (2:1:1) LUVs, using final concentrations of 1 µg/µl of protein and lipid. 195 

An aminopropylsilane (APS) biosensor was used in the measurements because of its 196 

ability to adsorb proteins and other molecules through hydrophobic moieties. First, the 197 

biosensor was moisturized in buffer solution (5 mM Tris, 150 mM NaCl, pH 7.4). After 198 

performing a baseline, the corresponding lipid was immobilized, removing the non-199 

immobilized ligand. Then, the association of rOle e 7 to the biosensor (in the presence 200 

of the immobilized ligand) was quantified. Association and dissociation curves were 201 

recorded to determine lipid-protein interaction.  202 

 203 

2.7.Molecular modelling of Ole e 7 204 

The Ole e 7 allergen model was generated using ExPASy SWISS-MODEL [38] 205 

and nsLTP from peach (Pru p 3, PDB: 2b5s.2, 31.52% identity with Ole e 7) as 206 

template. 207 

The three-dimensional structure model of Ole e 7 allergen was generated using I-208 

TASSER (Iterative Threading ASSEmbly Refinement) [39]. Among the structural 209 

templates used by I-TASSER for modeling, the maize nsLTP (PDB: 1fk5.1, 36.56% 210 

identity with Ole e 7) was used, whose structure has been reported bound to OLE 211 

(C18:1) [40].  212 

 213 

2.8.Circular dichroism spectroscopic analyses 214 

The circular dichroism (CD) spectrum of rOle e 7 in the absence or presence of 215 

lipids was recorded in the far UV (190−250 nm wavelength) region in a JASCO J-715 216 

spectropolarimeter (Japan Spectroscopic Co., Tokyo, Japan) using 0.1 cm optical-path 217 

quartz cuvettes. CDNN software was used for CD spectra deconvolution [41]. 218 
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To analyse changes in the secondary structure of the protein as a result of the 219 

lipid-protein interaction, PG and PG:Chol SUVs and OLE (C18:1) were used. rOle e 7 220 

and the respective lipid were resuspended in sodium phosphate buffer 50 mM pH 7.5. 221 

The allergen (5 μM) was incubated with each lipid at 1:1 molar ratio after optimizing 222 

the assay. Incubations before spectroscopic analysis were performed at 4ºC overnight 223 

under shaking. The scattering caused by SUVs was corrected from the spectra before 224 

carrying out the secondary structure analysis.  225 

 226 

2.9.IgE-reactivity analysis 227 

96-well plates (Costar) were coated for 2 h at room temperature with the indicated 228 

protein-lipid mixture, previously incubated at 4ºC overnight under shaking. Protein final 229 

concentration was 1 µM (equivalent to 1 µg/µl) and lipid concentration 30 µM.  Each 230 

well was blocked with phosphate-buffered saline pH 7.3 (NaCl 0.8% (p/v), KCl 0.02% 231 

(p/v), KH2PO4 0.02% (p/v) and Na2HPO4·12H2O 0.3% (p/v)) -blocking buffer-, 232 

containing 0.5% v/v Tween 20 and 3% w/v calcium fat free milk. Individual sera (n=6) 233 

from Ole e 7 allergic patients were diluted (1:10) in blocking buffer and added onto the 234 

ELISA plates followed by an incubation at 37ºC for 2 h. Binding of human IgE was 235 

detected using a horseradish peroxidase-labeled mouse anti-human IgE Fc (1:1000) 236 

(Southern Biotech, Waltham, MA). Peroxidase reaction was detected by using 50 μl per 237 

well of 0.63 mg/ml o-Phenylendiamine in 0.1 M sodium citrate 4% methanol containing 238 

1.6 μl/ml 30% H2O2. The reaction was stopped with 50 μl 3N H2SO4 and the 239 

corresponding optical density was measured at 492 nm in an iMark microplate 240 

absorbance reader (Bio-Rad, Hercules, CA). 241 

 242 

2.10. Fluorescence surfactant adsorption test 243 
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Ole e 7 interfacial adsorption ability was evaluated in 96-well microtiter plates 244 

(Nunc®, Merck) as previously described [42], using a FLUOstar OPTIMA Microplate 245 

Reader (BMG Labtech, Offenburg, Germany). The allergen was added to each well 246 

containing 80 μl of a buffer solution (5 mM Tris, 150 mM NaCl, pH 7.4) and the 247 

strongly light-absorbing Brilliant Black (BB, 5 mg/ml) agent. Then, native surfactant 248 

from porcine lungs (25 µg/µl) labelled with the fluorescent dye Bodipy-PC (2-(4,4-249 

difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-250 

sn-glycero-3-phosphocholine) was applied at the bottom of each well at a 1% molar 251 

ratio. The plate was incubated under orbital shaking and then, fluorescence intensity 252 

measured from above, as due to the adsorption of surfactant to the interface. The plate 253 

was analysed for 1 h at 25 °C. Obtained data were represented in relative fluorescence 254 

units (RFU) as the mean of two replicate values corrected by background subtraction. A 255 

decrease in the fluorescence intensity indicates an inhibition of the adsorption of lung 256 

surfactant to the interface due to the presence of the allergen. Fluorescence achieved by 257 

the adsorption of natural surfactant in the absence of allergen was used as control of full 258 

surfactant adsorption activity. Inhibition by human serum (25 µg/µl) was used as 259 

control of full inhibition.  260 

 261 

2.11. Wilhelmy balance measurements  262 

Adsorption of the allergen to the air-liquid interface was also determined from the 263 

changes in surface pressure (ΔΠ) over a time interval of 35 min (Π-t isotherms). These 264 

studies were performed using a Wilhelmy teflon trough (NIMA Technologies, 265 

Coventry, UK) thermostated at 25 ± 1 ºC, with constant stirring. First, lipid monolayers 266 

were performed by depositing small volumes of the defined lipid solution (0.1 mg/ml) 267 

in chloroform:methanol 2:1), until the required surface pressure was reached. After 268 
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solvent evaporation, 10 µl of Ole e 7 were injected into the buffer subphase (1.8 ml), at 269 

a final concentration of 1 μM, and the ΔΠ was monitored during 35 min. Surface 270 

pressure changes were measured upon injection of the allergen against different initial 271 

pressures (Πi). Maximum increase in surface pressure (ΔΠmax) and critical insertion 272 

surface pressure (Πc) were estimated for each phospholipid mixture used from ΔΠ 273 

versus Πi plots. 274 



12 

 

3. Results 275 

3.1.Ole e 7 binds to a wide variety of lipids 276 

The interaction of rOle e 7 with phospholipid vesicles (LUVs) or fatty acids was 277 

studied by a displacement assay using the ANS probe, and by interferometry (Fig 1). 278 

Although the highest protein-lipid binding, which corresponds to the lowest 279 

fluorescence values, was observed when the protein was incubated with the unsaturated 280 

fatty oleic acid (C18:1), we observed that Ole e 7 binds to a greater or lesser extent to 281 

all tested lipids (Fig 1A).  282 

Interferometry experiments supported the results obtained by the ANS 283 

displacement assay, with Ole e 7 being able to bind to all lipid mixtures with different 284 

affinity. We observed that PG affinity to rOle e 7, but not PS, was decreased over time, 285 

suggesting that the interaction of rOle e 7 with PG was less stable than with PS (Fig 286 

1B). Moreover, the presence of Chol in the interaction of rOle e 7 with PS seems to 287 

stabilize the lipid-protein binding as dissociation constant suggests. In contrast to the 288 

obtained results by ANS displacement assay, the interaction between rOle e 7 and PC or 289 

PC:Chol (2:1) was almost stealthy.  290 

 291 

3.2.Lipid interaction does not have a large impact in the secondary structure of 292 

the allergen 293 

Next, to evaluate changes in the secondary structure of the allergen due to lipid 294 

binding, CD analyses after lipid-protein interaction with indicated lipids were 295 

performed (Fig 2). Oleic acid (C18:1) was used because it showed the highest lipid-296 

binding rates, and PG:Chol (2:1) and PG liposomes were used as models of 297 

phospholipid binding. 298 
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Slight changes in the secondary structure of Ole e 7 were detected, with the 299 

highest observed changes after incubation with oleic acid (C18:1) and PG:Chol (2:1). 300 

However, these differences did not exceed 5% regarding the contribution of α-helix to 301 

the secondary structure of the protein. 302 

 303 

3.3.Modelling of the Ole e 7 - oleic acid complex  304 

Changes in the secondary structure further support that ligand binding might 305 

slightly affect the overall 3D structure of the allergen Ole e 7. 306 

To address this question and get further insights into the interaction between Ole e 307 

7 and oleic acid (C18:1), the 3D model of the protein-fatty acid complex was obtained 308 

to identify the main amino acids involved in the interaction with oleic acid (C18:1). The 309 

3D model of Ole e 7 showed the traditional conformation of nsLTPs, with a 310 

hydrophobic cavity formed between the four packed α-helices. That cavity acts like a 311 

deep tunnel where the oleic acid molecule fits between H2, H3 and H4 helixes through 312 

interactions with the hydrophobic residues of the protein, while the carboxylate portion 313 

is turned towards the solvent. Thus, Ole e 7 was in contact with oleic acid (C18:0) 314 

through the aliphatic residues Leu18, Leu57, Leu72, Leu82, Leu85, Val33, Val36 and 315 

Val80, and the Asp81 residue (Supporting Figure 1).  316 

 317 

3.4.Lipid-binding does not modify the recognition of IgE epitopes in rOle e 7 318 

Next, the potential effect in the IgE-binding ability to Ole e 7 due to protein-lipid 319 

interaction was examined by ELISA. No significant IgE-binding variations after lipid 320 

interaction in comparison to the ligand-free rOle e 7 were detected in any of the six-321 

olive pollen allergic patients’ sera tested (Fig 3).  322 

 323 
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3.5.Ole e 7 shows interfacial adsorption at air-liquid interfaces 324 

We next evaluated the surface and phospholipid interaction abilities of Ole e 7 as 325 

it may be a crucial feature for the allergic response triggered at the airways.  326 

First, the interfacial activity of Ole e 7 was characterized. To this end, we 327 

previously determined the optimal allergen concentration to perform the experiments, 328 

by following the increase in surface pressure reached by different amounts of allergen in 329 

the subphase [32]. Then, for subsequent experiments, the optimal concentration was 330 

fixed at 0.5 µM, where a surface pressure of 11 mN/m is observed (Fig 4). Different 331 

lipid mixtures were tested according to their high presence in the pulmonary surfactant 332 

(DPPC), their charge (DPPS and DPPG) or the packaging that they may produce in cell 333 

membranes (POPC:SM:Chol as model of liquid-ordered domains [43]) (Fig 5, 334 

Supporting Figure 2).  335 

Injection of Ole e 7 into the subphase produced an increase in surface pressure in 336 

all cases, reaching the highest increment (ΔΠ) upon insertion into negatively-charged 337 

DPPG and DPPS monolayers, with surface pressure values of 14.4 and 14.8 mN/m, 338 

respectively (Supporting Figure 3). These values were 10.4 mN/m for DPPC and 11.2 339 

mN/m for POPC:SM:Chol (2:1:1) (Supporting Figure 3). Conversely, using DPPC as 340 

model of study, we detected a slight increment in the surface pressure of insertion of 341 

Ole e 7 when Chol was present in the monolayer, resulting in a maximum surface 342 

pressure of 17 mN/m (Supporting Figure 3).  343 

In addition, the critical pressure of insertion (Πc), which indicates the theoretical 344 

maximum initial pressure that allows the insertion of the protein within a preformed 345 

lipid monolayer, was estimated by extrapolating to the abscissa axis the regression lines 346 

obtained from the experimental data fitting (Fig 5). Πc values were higher for the 347 

insertion of the allergen into DPPS and DPPG monolayers, 14.7 mN/m in both cases, 348 
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than in DPPC films (Fig 5A). Moreover, Πc was substantially higher in films of DPPC 349 

containing Chol (2:1 w/w) (20.5 mN/m) than in pure DPPC monolayer (10.5 mN/m) 350 

(Fig 5B).   351 

 352 

3.6.Ole e 7 partially inhibits the interfacial adsorption of pulmonary surfactant  353 

Finally, the ability of Ole e 7 to inhibit the adsorption of pulmonary surfactant 354 

was analysed using a fluorescence surfactant adsorption test (SAT). We also tested 355 

whether natural or recombinant Ole e 7 showed equivalent interfacial adsorption 356 

behaviour to confirm the feasibility of using the recombinant isoform instead natural 357 

Ole e 7 in functional experiments, as previously reported [33]. Both natural and 358 

recombinant allergens displayed an equivalent capability to reduce the rate of 359 

adsorption of pulmonary surfactant to the air-liquid interface, especially at short periods 360 

of time (Fig 6). Next, the Ole e 7 interfacial activity was compared to that of another 361 

allergen from olive pollen with marked interfacial activity, Ole e 1 [32]. In contrast to 362 

Ole e 7, Ole e 1 inhibited completely the adsorption and spreading of native surfactant 363 

into the air-liquid interface at the highest concentrations (50 and 25 µg/µl) tested, in a 364 

comparable manner to BSA, which also possess a marked interfacial activity [44-46] 365 

(Fig 6). Interestingly, in a mixture of Ole e 1 and Ole e 7, we observed that Ole e 7 366 

abolishes the inhibitory action of the highest concentrations of Ole e 1 against 367 

pulmonary surfactant (Fig 6). 368 
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4. Discussion 369 

Non-specific lipid transfer proteins (nsLTPs) are relevant panallergens present in 370 

fruits, vegetables, nuts, pollen and latex [16]. These allergens present a hydrophobic 371 

cavity with the ability to accommodate a wide variety of lipids, from phospholipids to 372 

fatty acids, interacting with apolar amino acids [47, 48]. Although it is known that the 373 

ligand specificity depends on the protein family member [40, 49-54], the potential lipid 374 

ligands of most nsLTPs and the clinical effects produced by this interaction remain 375 

unclear. Related to the affinity of nsLTPs to bind hydrophobic ligands, to clarify the 376 

potential interfacial properties of aeroallergens may facilitate the understanding of their 377 

behaviour once they reach the airway mucosa. However, few works have been focused 378 

on the study of the interfacial activity of clinically relevant allergens [32, 55]. In this 379 

sense, the completion of the primary amino acid sequence of Ole e 7 by proteomics, and 380 

its recombinant production [33], have made possible to deepen into these processes.  381 

In this study, we have investigated the lipid-binding ability of Ole e 7, the 382 

specificity of that binding and their effect on its structure and immunological properties. 383 

Furthermore, we have checked whether Ole e 7 is able to interact with air-liquid 384 

interfaces efficiently, which may be linked to its potential to develop an allergic 385 

response.  386 

Binding assays demonstrated that Ole e 7 interacts with a wide range of lipid 387 

ligands, as it has been described for other nsLTPs [56]. According to the literature, the 388 

lack of specificity of nsLTPs relies on the high plasticity and flexibility showed by their 389 

lipid-binding cavity, which influence the protein-lipid interaction [57, 58]. Interestingly, 390 

it was a fatty acid, oleic acid, which showed the highest binding to Ole e 7, which 391 

agrees with other related studies with nsLTPs, such as maize, peach, apple, hazelnut, 392 

sun flower seeds and walnut [34-36, 40]. Moreover, we built a 3D structural model of 393 
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Ole e 7 interacting with the oleic acid by using the maize nsLTP as template. Despite its 394 

scarce identity sequence with Ole e 7, this nsLTP showed the highest score after the 395 

analysis by the I-TASSER software, which provides accurate structural and function 396 

template predictions using state-of-the-art algorithms. Furthermore, lipid-protein 397 

interaction takes place in the hydrophobic pocket of the allergen, which is a consistent 398 

and highly conserved feature of nsLTPs. Hence, the location of this cavity, and most of 399 

the amino acids forming it, are highly conserved in the maize nsLTP and Ole e 7, as 400 

well as in all nsLTPs described so far. Thereby, the amino acids potentially involved in 401 

the lipid-protein interaction were determined (Supporting Fig 1). It was confirmed that 402 

most of them were aliphatic residues (Leu18, Leu37, Leu72, Leu82, Leu85, Val33, 403 

Val36 and Val80) as previously described for Jug r 3, the nsLTP from nut [36]. Oleic 404 

acid is an unsaturated fatty acid with a long C18 chain, and a double bond that imposes 405 

a specific conformation, both optimal features to form stable complexes, which are not 406 

present in saturated fatty acids such as palmitic acid (C16:0) [36, 57]. Moreover, Han et 407 

al. [40] suggest that oleic acid has a similar affinity to other unsaturated fatty acids. 408 

Consequently, the interaction of Ole e 7 with other unsaturated fatty acids cannot be 409 

excluded. Regarding phospholipids, allergen interaction with PG and PS vesicles was 410 

reported, with or without the presence of Chol. The analysis of the interaction of the 411 

protein with lipid vesicles by interferometry allowed us to monitor the real-time 412 

interaction with lipid vesicles, which also determines their binding stability. Hence, we 413 

observed that Ole e 7-PG or Ole e 7-PG:Chol (2:1) interaction was less stable than the 414 

interaction observed with PS or PS:Chol (2:1) vesicles. Furthermore, a high interaction 415 

of Ole e 7 with POPC:SM:Chol (2:1:1) LUVs was also observed, suggesting that Ole e 416 

7 could potentially interact with eukaryotic plasma membranes [59, 60]. 417 
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No significant variations were detected in the secondary structure of the allergen 418 

upon ligand binding, with changes in the proportions of secondary structure elements 419 

below 5%. In this regard, the use of the recombinant protein purified by HPLC makes it 420 

possible to ensure the absence of lipids previously attached to the cavity that could 421 

prevent the detection of these changes caused by the binding of the lipids with respect to 422 

their free form. However, slight changes in the secondary structure may produce the 423 

exposition of epitopes which would be hidden in the native conformation of the protein, 424 

modifying the immunological properties of the allergen, as it has been previously 425 

suggested for other nsLTPs [34, 35]. Hence, we performed the in vitro analysis of the 426 

IgE-binding capability of Ole e 7, in the absence or presence of lipid ligands. Our 427 

findings indicate that no additional IgE epitopes are exposed after lipid-binding, 428 

although modifications in the IgE recognition have been reported by other authors in 429 

other nsLTPs [34, 36]. Therefore, since there are no studies related to the IgE-epitope 430 

mapping of Ole e 7, it could also be speculated that the major epitopes (or some of 431 

them) may overlap with certain amino acids relevant for the interaction with lipids, 432 

avoiding any change in the IgE reactivity. Further studies ex vivo by basophil activation 433 

test and in vitro using the RBL-2H3 mast cell model should confirm whether an effect 434 

of lipid-binding on Ole e 7 allergenic properties or not might be observed. 435 

Regarding the interfacial activity of the allergen, Wilhelmy plate experiments 436 

demonstrated that Ole e 7 was able to effectively adsorb onto air-liquid interfaces. This 437 

behaviour is consistent with the hydropathy calculated for the allergen (Supporting Fig 438 

3) [61]. We estimated the Grand average of hydropathicity (GRAVY) value in 439 

comparison to Ole e 1 [61], an olive pollen aeroallergen exhibiting a remarkable 440 

interfacial activity [32]. Ole e 7 and Ole e 1 reached a GRAVY values of -0.105 and -441 

0.473 respectively, which indicate that Ole e 7 exhibits a higher hydrophobicity than 442 
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Ole e 1 (Supporting Fig 3), most likely due to the presence in Ole e 7 of the 443 

characteristic hydrophobic pocket of LTPs. Despite GRAVY theoretical values, Ole e 1 444 

showed experimentally higher interfacial activity than Ole e 7, suggesting that Ole e 7 445 

might convey additional effects at the air-liquid interface related with its lipid-transfer 446 

ability. 447 

Once the interfacial capabilities of Ole e 7 were confirmed, this feature was 448 

studied in the context of other surface-active lipid-based complexes of physiological 449 

relevance, such as the pulmonary surfactant. Ole e 7 inhibited the adsorption of 450 

surfactant to the interface, as well as Ole e 1, although surfactant was able to spread 451 

against the allergen at the air-liquid interface at long term, indicative of a competitive 452 

inhibition of the allergen to rapidly occupy the air-liquid interface instead of pulmonary 453 

surfactant. Differences observed between Ole e 7 and Ole e 1 could be explained by the 454 

allergen size and its steric effect at occupying the interface. Ole e 1 is a protein with 455 

different glycoforms of 20 and 22 kDa and shows a high trend to form oligomers [62], 456 

rising higher molecular masses in comparison to the 9.8 kDa monomer of Ole e 7 [63]. 457 

Thus, at similar molar ratios, Ole e 7 would provide more space at the interface for other 458 

surfactant components while the size and disposition of Ole e 1 would difficult the 459 

spreading of those components to the air-liquid interface. Another explanation would 460 

imply the role played by nsLTPs [64-66]. These proteins are characterized for 461 

transferring lipids between membranes, mainly phospholipids such as 462 

phosphatidylcholines (PC), phosphatidylinositols (PI), or phosphatidylglycerols (PG) 463 

[67-69], and thus, in this context, Ole e 7 could be effectively transferring surfactant 464 

lipids to the interface.  465 

On the other hand, the interaction of Ole e 7 with a preformed lipid film at the 466 

interface seems to be determined by the charge of the lipid component, being higher 467 
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when lipids are negatively charged. This is in agreement with the results derived from 468 

the binding assays, where a higher interaction affinity was achieved with PG and PS. In 469 

addition, a model of Ole e 7 was obtained taking as a model the structure of the nsLTP 470 

Pru p 3 from peach (Supporting Fig 4) [54]. It was relevant to observe that positively 471 

charged amino acids of the allergen are accumulated in α-helical segments, which may 472 

be involved in the direct interaction with biological membranes and lipid binding [70, 473 

71]. Interestingly, those regions overlapped with the most hydrophobic regions of Ole e 474 

7 according to the Kyte-Doolittle diagram showed in Supporting Fig 4, which supported 475 

the involvement of these α-helix structures in the interaction of Ole e 7 with lipids. The 476 

spontaneous interaction/adsorption of aeroallergens such as Ole e 7 with lipid layers 477 

such as those formed by pulmonary surfactant at the respiratory surface, or with the 478 

outer membranes of underlying epithelial cells, could be then a major determinant to 479 

initiate their distribution at the airways to further induce its pathophysiological effects. 480 

 481 

5. Conclusions 482 

 In summary, we have here performed a multidisciplinary study of the Ole e 7 483 

aeroallergen which provides, for the first time, information about its lipid-binding 484 

capacity. Moreover, the Ole e 7 structure model in the presence of oleic acid, the ligand 485 

with the highest binding affinity for the allergen, showed that the amino acids involved 486 

in the interaction are aliphatic residues. Furthermore, we have determined the 487 

adsorption of Ole e 7 into air-liquid interfaces free or occupied by phospholipids, which 488 

can be relevant to define the fate of the allergen after entering the airway mucosa and its 489 

potential to trigger the allergic response in the lung. Further studies should be 490 

performed to clarify the effects of Ole e 7 once transferred from the interface into the 491 

epithelium and on the epithelial barrier integrity. 492 
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Legend to the Figures 721 

Figure 1. Binding assays by ANS displacement and interferometry analysis of Ole e 722 

7 with indicated lipids. (A) Fluorescence changes induced by the incubation of Ole e 7 723 

with phospholipids liposomes and fatty acids at two different molar ratios 724 

(protein:ligand 1:1 = 5 µM ligand, or 1:100 = 500 µM ligand). Fluorescence of Ole e 7 725 

without lipid incubation was considered as negative control of lipid binding. (B) Ole e 7 726 

biolayer interferometry sensor after incubation with phospholipids. A fixed 727 

concentration of 1 µg/µl of protein and lipid mixtures was used. Association and 728 

dissociation kinetics were analysed during 300 sec. Chol, colesterol; PC, 729 

phosphatidylcholine; PG, phosphatidylglycerol; PS, phosphatidylserine; POPC, 730 

palmitoyloleoylphosphatidylcholine; SM, sphingomyelin; PAL (C16:0), palmitic acid; 731 

OLE (18:1), oleic acid. All the experiments were performed in duplicate.  732 

 733 

Figure 2. Analysis by CD of changes in the secondary structure of Ole e 7. CD 734 

spectra of recombinant Ole e 7 after incubating with lipids at a fix molar ratio 735 

(protein:lipid 1:1= 5 µM) in 20 mM sodium phosphate buffer 50mM pH 7.5 at 20 °C. 736 

The experiments were performed in duplicate. 737 

 738 

Figure 3. Analysis of the IgE-binding to recombinant Ole e 7 in presence or 739 

absence of indicated lipidic ligands. IgE-binding from six Ole e 7-allergic patients was 740 

evaluated in duplicate with recombinant Ole e 7 alone and after protein incubating with 741 

different phospholipids liposomes and fatty acids. 1 µM (or 1 µg/µl) protein 742 

concentration and 30 µM lipid concentration were used. The response of two non-743 

allergic patients to Ole e 7 was used as negative control of the IgE-binding.  744 
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 745 

Figure 4. Interfacial adsorption kinetics of Ole e 7. (A) Π-t isotherms (25 ± 1 ºC) of 746 

Ole e 7 at different concentrations (mg/ml) 3 (●), 1.5 (○), 0.75 (▼), 0.375 (△) and 747 

0.1875 (■)-  injected in buffer solution (5 mM Tris, 150 mM NaCl, pH 7.4) at time = 0 748 

(min). (B) Maximum surface pressure after 30 min after allergen injection (Π30min, 749 

mN/m). Hyperbolic trend for the protein interfacial behavior was shown. Solid line 750 

shows the fits protein interfacial behavior (r = 0.9031). Each concentration was tested in 751 

duplicate.  752 

 753 

Figure 5. Critical insertion pressure of Ole e 7 into preformed phospholipid 754 

monolayers. (A) Critical insertion of the allergen in DPPC, DPPG, DPPS, and 755 

POPC:SM:Chol (2:1:1) monolayers. (B) Critical insertion of the allergen in presence of 756 

Chol, using DPPC:Chol monolayer as model. The intersection with the horizontal axis 757 

allows estimation of the critical insertion pressure (Πc) in each film. All the assays were 758 

performed at 25 ± 1 ºC. The subphase was composed of 5 mM Tris, 150 mM NaCl, pH 759 

7.4. All the experiments were carried out in duplicate.  760 

 761 

Figure 6. Effect of Ole e 7 on the interfacial adsorption kinetics of pulmonary 762 

surfactant. Interfacial adsorption of the recombinant Ole e 7 allergen was compared 763 

with the natural Ole e 7 allergen, Ole e 1 allergen and bovine serum albumin (BSA) at 764 

five different concentrations of protein (50 mg/ml to 0.1 mg/ml). Data are expressed as 765 

fluorescence intensity in relative fluorescence units (RFU) and represent the mean of 2 766 

independent experiments. Native surfactant (NS) was consider as positive control. Sera 767 
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was considered as negative control of fluorescence. Ole e 1 and BSA were considered 768 

as model of proteins which reach the air-liquid interface [30].  769 
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Legend to the Supporting Figures 770 

Supporting Figure 1. Model of the three-dimensional structure of Ole e 7 based on 771 

non-specific lipid binding in maize lipid-transfer protein complexes with oleic acid. 772 

(A) Ribbon diagram of Ole 7 e model complexed with oleic acid. The figure was drawn 773 

with the Chimera 1.8.1 [72]. The model contains four α-helixes H1 (dark blue), H2 774 

(light blue), H3 (green), H4 (yellow) and an oleic acid molecule (magenta). Amino 775 

acids involved in the lipid-protein interaction are shown. 776 

Supporting Figure 2. Interaction of Ole e 7 with DPPC, DPPG, DPPS, DPPC:Chol 777 

(2:1), and POPC:SM:Chol (2:1:1) films. Insertion/adsorption kinetics of Ole e 7 into 778 

preformed phospholipid monolayers at different initial surface pressures (symbol lines). 779 

Arrows indicate the injection of Ole e 7 (0.5 μM or 0.5 µg/µl) into the subphase. All the 780 

assays were performed at 25 ± 1 ºC. The subphase was composed of 5 mM Tris, 150 781 

mM NaCl, pH 7.4. All the experiments were carried out in duplicate. Each 782 

concentration was analysed in duplicate.  783 

 784 

Supporting Figure 3. Hydrophobicity of Ole e 7 in comparison to Ole e 1 allergen. 785 

Hydrophobicity profile and GRAVY value of the allergenic proteins was calculated 786 

according to [54]. The window size employed was 9 amino acids. Graph was made 787 

through simulation at Expasy ProScale web server tool 788 

(http://web.expasy.org/protscale/). 789 

 790 

Supporting Figure 4.  Molecular modelling of Ole e 7. The nsLTP structure from 791 

peach, Pru p 3, was used as model. (A) Amino acid sequence of Ole e 7. Positive 792 

charged amino acids -Lys, K- were marked in bold and negative charged amino acids    793 

http://web.expasy.org/protscale/
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-Asp, D- were underlined. Rows indicate Leu11, Val33, Ser55 and Val80, the amino 794 

acids with high hydrophobic character according to values calculated by using 795 

simulation at Expasy ProScale web server tool (http://web.expasy.org/protscale/); (B) 796 

Ribbon diagram of unligated Ole e 7. Amino acids Lys10, Lys35, Ser55 and Val80 are 797 

indicated. Red, (C-D) Hydrophobic residues on the structure (C) and surface (D) are 798 

shown in white, polar residues are shown in yellow, negative charged residues are 799 

shown in red and positive charged residues are shown in blue. 800 
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