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ARTICLE INFO ABSTRACT
Keywords: Plant lipid transfer proteins are a large family that can be found in all land plants. They have a hydrophobic
Food allergy cavity that allows them to harbor lipids and facilitates their traffic between membranes. However, in humans,

Lipid transfer protein
Ligand
Phytosphingosine

this plant protein family is responsible for the main food allergies in the Mediterranean area. Nevertheless, not
only the protein itself but also its ligand is relevant for allergic sensitization.

The main aim of the present work is to analyse the natural ligands carried by four allergenic LTPs (Tri a 14, Art
v 3, Parj 2, and Ole e 7), compared with the previously identified ligand of Pru p 3 (CPT-PHS ligand), and clarify
their role within the immunological reactions.

Results showed that the ligands of the LTPs studied shared a chemical identity, in which the presence of a
polar head was essential to the protein-ligand binding. This ligand was transported through a skin cellular model,
and phosphorylated phytosphingosine could be detected as result of cell metabolism. Since sphingosine kinase 1
was overexpressed in keratinocytes incubated with the LTP-ligand complex, this enzyme might be responsible for
the phosphorylation of the phytosphingosine fraction of the CPT-PHS ligand. This way, phytosphingosine-1-
phosphate could be mimicking the role of the human inflammatory mediator sphingosine-1-phosphate,
explaining why LTPs are associated with more severe allergic responses. In conclusion, this work contributes
to the understanding of the chemical nature and behavior of lipid ligands carried by allergens, which would help
to gain insight into their role during allergic sensitization.

1. Introduction still unknown. Over 2000 allergenic proteins have been identified [3],

but they belong to only 1% of the known protein families [4]. It must

Allergic reactions are estimated to affect more than 20% of the USA also be noted that not all members of these families are allergenic [5], so

and Europe’s population, and their prevalence is increasing [1]. They belonging to a specific protein family does not seem to be what de-
are the result of an immune response against innocuous environmental termines their allergenicity.

proteins [2]. However, the reason why a protein becomes an allergen is It has been reported that more than 50% of plant allergens are lipid
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carriers [4], and these ligands may act as adjuvants and skew the im-
mune system towards a type 2 (pro-allergenic) response [6]. This kind of
ligands has been described in allergens that belong to the Bet v 1 family
[7,8], lipid transfer proteins (LTPs) [9], 2S albumins [10], globulins,
vicilins [11] and lipocalins [12]. Among these protein families, LTPs
contribute to either a primary food allergy or a pollen-food syndrome
[13].

Non-specific lipid transfer protein 1 (nsLTP1) is a protein family of
basic polypeptides of 9 kDa, widely distributed throughout the plant
kingdom [14]. Despite the heterogeneity in their amino acid sequence,
nsLTP1s share a high conserved compact fold, composed of four a-he-
lices connected by short loops and a non-structured C-terminal tail. This
fold, which is stabilized by four disulphide bridges, enables the forma-
tion of a hydrophobic tunnel-like cavity where ligands with long chains
can be accommodated [15].

Different computational analyses and in vitro assays have demon-
strated the plasticity of LTPs in their lipid-binding mechanism. The
flexibility of their inner cavity seems to allow them to accommodate
different kinds of lipids such as fatty acids, fatty acyl-CoA, phospho-
lipids, glycolipids and hydroxylated fatty acids [16-18]. However, only
the natural ligand transported by one LTP (the major peach allergen Pru
p 3) has been characterized up to now. This ligand was identified as a
derivative of the alkaloid camptothecin (OH-CPT) bound to a long hy-
drophobic tail of phytosphingosine (PHS) [9]. The essential role of LTP
ligand as an adjuvant in the allergic sensitization process was also
described [4].

Taking into account the immunomodulatory role of ligands carried
by allergens, their identification is a key step to understand the allergic
response. The types of ligands bound to allergens will depend on the
structure of the proteins, but also on their biological function and their
location at the time of binding. For that reason, the main goal of this
work is the identification and comparison of natural ligands carried by
four different allergenic LTPs to determine the in vivo selectivity and
specificity of the LTP protein family. Besides that, in vitro assays were
performed using liposomes, immunoassays, along with computational
analyses, in order to determine the binding affinity and interaction mode
of the protein-ligand complexes. In addition, this work aims to deepen
into the immunological role of the ligands of allergenic LTPs. These
goals would help us to understand the role of lipid ligands in the allergic
sensitization process.

2. Material and methods
2.1. Sequence and structural alignment

Amino acid sequences of four of the selected LTPs were obtained
from UniProt database: Pru p 3 (P81402), Tri a 14 (P24296), Art v 3
(C4MGG9), and Par j 2 (P55958) [19], while that of Ole e 7 was kindly
provided by Dr. M. Villalba (Department of Biochemistry and Molecular
Biology, Universidad Complutense de Madrid). Sequence identities
among all these LTPs were based upon Clustal 2.1 pairwise alignments
using Clustal Omega tool [20]. Secondary structure prediction was
performed using the PSIPRED server [21].

Experimental structures of Pru p 3 and Tri a 14, with PDB entries
2B5S [22] and 1BWO [23] respectively, were used for structural com-
parison analysis. Structures of Art v 3, Par j 2, and Ole e 7 were obtained
by homology modelling using the Swiss-Model server (https://swi
ssmodel.expasy.org/)  [24,25]. Structural superpositions were
computed and analysed using Chimera software (http://www.rbvi.ucsf.
edu/chimera) [26] and cavities were detected with the DogSite method
implemented in the Proteins Plus server (http://proteinsplus.zbh.uni-h
amburg.de/#dogsite) [27].

2.2. Isolation of proteins

Selected LTPs were purified from peach peel (Prunus persica), wheat
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bran (Triticum aestivum), mugwort pollen (Artemisia vulgaris), pellitory
pollen (Parietaria judaica), and olive pollen (Olea europaea) as previously
described [28], and their identities were confirmed by immunodetection
with specific anti-LTP antibodies (provided by Carlos Pastor, Hospital
Universitario Fundacién Jiménez Diaz, Madrid, Spain).

Recombinant Pru p 3 (rPru p 3) was produced in Pichia pastoris as
previously described [28]. The purity and identity of the protein were
confirmed by MALDI-TOF (UltraFlex II, Bruker Daltonics, Germany)
analysis at the Research Support Center of the Universidad Complutense
de Madrid using sinapinic acid as matrix. The absence of molecules
bound to its hydrophobic cavity was verified using the transfected cell
line THP1-XBlue™ (Invivogen, France).

2.3. Ligands isolation from allergenic LTPs

The presence of the ligands in the retained fraction obtained after
cationic exchange chromatography was confirmed by thin-layer chro-
matography (TLC) on silica gel-coated plates (Merck, USA) developed
with ethanol: acetic acid: ethyl acetate (6:3:1) in a saturated chroma-
tography chamber. The plates were visualized under UV light (254 nm)
and stained with vanillin (1% in ethanol) (Sigma-Aldrich, Germany).

Ligands were isolated and purified by size-exclusion LH-20 chro-
matography (GE Healthcare Sephadex™ LH-20, Fisher Scientific), as
previously described [9]. They were quantified by absorbance at 254
nm, using commercial OH-CPT (Sigma-Aldrich) as standard. The pres-
ence of protein contamination in ligand samples was discarded by
immunodetection on a nitrocellulose membrane (Amersham™ Hybond
ECL, Nitrocellulose Blotting Membrane, GE Healthcare) using specific
antibodies against LTP and recombinant Pru p 3 as a positive control.

2.4. Characterization of ligands

Characterization assays described for the identification of the ligand
of Pru p 3 [9] were carried out with all the LTP ligands. Elution profiles
by reversed-phase high-performance liquid chromatography were
compared. The presence of a camptothecin-like polar group in the li-
gands was confirmed by its capacity of emission under UV (365 nm) on
silica gel-coated plates, and its ability to inhibit topoisomerase I
(Inspiralis, UK) activity, as previously reported [9].

Besides that, the presence of a PHS tail was studied using the
transfected cell line THP1-XBlue™ (Invivogen) as previously described
[4]. The results were expressed as stimulation index (SI), calculated as
the ratio between the absorbance values of the stimulated cells and the
absorbance value of the negative control. Stimulation indexes above the
negative control value +3SD were considered positive.

2.5. Ligand identification by mass spectrometry

Ligands were identified by mass spectrometry in the Research Sup-
port Center of the Universidad Complutense de Madrid. Ligands were
solubilized in LC/MS quality methanol and injected with acetonitrile:
water (1:1) and 0.1% formic acid as mobile phase with a flow rate of 0,5
mL/min. The analysis was performed in a triple quadrupole LC-MS 8030
(Shimadzu, Japan). The following settings were applied: 2 min analysis
in Q3 scan mode; misting gas flow, 1 L/min; dry gas flow, 10 L/min; dry
gas temperature, 250 °C; interphase voltage, 3.5 kV; and detector
voltage, 1.84 kV. Samples were analysed in ESI+ mode.

2.6. Production and characterization of the synthetic CPT-PHS ligand

The synthesis of the molecule previously described as the natural
ligand of Pru p 3 was accomplished through the chemical formation of
an amide bond between two commercial compounds: OH-CPT and PHS
(Sigma-Aldrich). Briefly, an equimolar mixture of both compounds was
incubated with 0.25 mM N-Hydroxysuccinimide (NHS, Sigma-Aldrich)
and 0.1 mM EDC (Sigma-Aldrich) in MES buffer 50 mM (Sigma-
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Aldrich) 0.1% Tween® 20 (Sigma-Aldrich) overnight at 4 °C.

The synthetic CPT-PHS ligand was purified by high-performance
liquid chromatography using a Nucleosil 120-C18 column (5 pm
250x4mm, Scharlab) with an isocratic method in acetonitrile: water
(85:15) at a flow rate of 0.5 mL/min for 70 min. Sample peaks were
detected using absorbance at 254 nm. The identity of the ligand was
confirmed by its elution profile in HPLC, its capacity to emit under UV
light (365 nm) and to activate the NF-kB pathway, as described above
for the natural ligands included in Section 2.5 of materials and methods.
Furthermore, the stability of the complex (Pru p 3 + synthetic CPT-PHS)
was compared with that of Pru p 3 complexed with its natural CPT-PHS
ligand using nano differential scanning fluorimetry as explained in
Section 2.9 pf materials and methods.

2.7. Membrane model binding assay

To trace the binding of lipids to Pru p 3, all molecules were labelled
with different fluorophores according to the manufacturer’s in-
structions. PHS (Sigma-Aldrich) was labelled with Alexa 488 (Alexa
Fluor™ 488 NHS Ester, Thermo Fisher, USA) and selected fatty acids
(oleic, linoleic, and stearic acid purchased from Sigma-Aldrich) were
labelled with Alexa 488 (Alexa Fluor™ 488 Cadaverine, Thermo Fisher).
rPru p 3 was labelled with Alexa 647 (Alexa Fluor™ 647 NHS Ester,
Thermo Fisher).

Liposomes production protocol was based on Akbarzadeh et al.
(2013) with modifications [29]. Briefly, phosphatidylcholine (PC) and
selected lipids (13:1 proportion) were solubilized in chloroform: meth-
anol (1:1) and lyophilized to create a lipidic thin layer. Lipids were put
in contact with ammonium acetate 0.1 M and shaken with a vortex every
10 min for an hour. Once the liposomes were formed, they were washed
three times with ammonium acetate 0.1 M through centrifugation (10
min, 12.000 g). The proper formation of liposomes was confirmed by
contrast phase microscopy (Leica TCS-SP8, Germany).

To study the binding of Pru p 3, different liposomes were incubated
with labelled Pru p 3 in agitation for 2 h at RT. After several washes with
ammonium acetate 0.1 M, the binding of Pru p 3 was studied by flow
cytometry (BD Accuri™ C6 Cytometer, BD Biosciences, USA). Labelled
lipids and Pru p 3 were traced using a laser excitation wavelength of 488
nm and 640 nm, respectively. The emission was detected by the optical
filters FL1 533/30 nm and FL4 675/25 nm, and 100.000 events were
collected in all the experiments. Co-localization and homogeneity of
liposomes were visualized by confocal microscopy (Leica TCS-SP8)
using the 488 nm and 633 nm laser excitation and 63 x objective.

2.8. Experimental determination of protein-ligand binding affinities

The affinity of Pru p 3 for different lipid-ligands was studied using
Polysorp Nunc-Immunoplates (Thermo Scientific, Denmark) as previ-
ously described with modifications [30]. The plates were coated with
2,5ug/well of CPT-PHS ligand, PHS, oleic, linoleic, or stearic acid
respectively, dissolved in methanol. Pru p 3 was incubated at different
concentrations (31.3, 15.6, 7.8, 3.9, 1.9, 0.98, 0.49, 0 pg/mL) in PBS for
3 h at 37 °C. Specific antibodies against Pru p 3 and horseradish
peroxidase (HRP)-conjugated anti-rabbit secondary antibodies were
used for the detection of bound protein. Absorbance values of three
independent experiments were fit to a curve with non-linear regression
using One site — Specific binding equation in GraphPad Prism version
6.01 for Windows (GraphPad Software, San Diego, California, USA) to
calculate a Kd value for each ligand.

2.9. Thermal stability assays

Nano differential scanning calorimetry (nanoDSF) experiments were
carried out using the Prometheus NT.48 instrument (NanoTemper
Technologies, Germany). Melting temperatures (Tm) of Pru p 3 alone
and complexed with different ligands (sCPT-PHS ligand, PHS, CPT,
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oleic, linoleic, and stearic acid) were determined. The capillaries were
filled with 10 pL sample consisting of a mixture of Pru p 3 at 50 pM in
PBS and the ligand in each case at 200 pM in dimethyl sulfoxide. A
temperature gradient of 2.0 °C/min from 20 to 110 °C was applied and
the intrinsic protein fluorescence at 330 and 350 nm was recorded. The
fluorescence intensity ratio and its first derivative were calculated with
the manufacturer’s software (PR.ThermControl) in order to obtain the
unfolding transition temperature (Tm).

2.10. Molecular-dynamics simulations

The affinity of Pru p 3 for six different ligands was simulated using
umbrella sampling. This technique is widely employed to study the
energy changes of different phenomena [31]. In this case, the energy
differences between bound and unbound states were compared. The
initial conformation for Pru p 3 was retrieved from the entry 2ALG of the
Protein Data Bank (PDB) [22]. The structures of the ligands were
modelled using Chimera [26] and the protein-ligand docking software
AutoDock-Vina [32] was used to obtain the geometries of the ligands
docked into the protein cavity. The CHARMM-GUI portal [33] provided
the simulation set-ups (topology files, parameters, solvation, etc) for the
molecular dynamics (MD) calculations. MD simulations were carried out
using the CHARMMS36 force field [33] [34] implemented in NAMD2.14
[35] combined with the collective variables module COLVARS [36].
Previously to the umbrella-sampling protocol, a 10 ns MD simulation
relaxed the protein-ligand system and avoided docking artefacts. The
umbrella sampling protocol consisted of moving the constraint along 21
equally spaced steps to pull out the ligand from the binding site. The
force of the constraints was 3.33 kcal/mol/A2. The umbrella sampling
step lasted 42 ns. The output of the simulations (distances to restraint
centre) was analysed using the weighted histogram analysis method
(WHAM) [37,38].

2.11. Ligand cleavage

A431 cells (ATCC® CRL-1555TM; human epidermal keratinocytes)
were seeded in coverslips in supplemented DMEM (Lonza, Switzerland)
and were incubated with 20 pg/mL of complex (rPru p 3 + CPT-PHS
ligand (10:1)), 2 pg/mL of CPT-PHS ligand, 2 pg/mL of PHS or 2 pg/mL
of OH-CPT for 48 h. After washing, they were fixed for 10 min with 4%
PFA and stained with DAPI. Specimens were mounted with ProLong™
Gold (Invitrogen) and images were obtained by confocal microscopy
(Zeiss LSM 880, USA).

2.12. In vitro skin cellular model

An in vitro skin cellular model was designed to mimic the skin mu-
cosa. 24-well Transwell® culture plates (0.4 pm pore diameter; Corn-
ing® Inc., Sigma-Aldrich) were treated with collagen from human
placenta (Sigma-Aldrich) and seeded with 6 x 10° BJ cells (ATCC® CRL-
2522™; human fibroblasts). Cells were seeded in the Transwell®
membrane but oriented towards the basolateral chamber. After 24 h of
culture, 1 x 10° A431 cells were seeded onto the apical chamber and
grown O/N. After that, cells were cultured on airlift for 96 h. Supple-
mented DMEM (Lonza, Basel, Switzerland) was used as the culture
medium. The permeability of the skin epithelium was evaluated by
fluorescein transport as previously described for other epithelial
monolayers [39].

To determine whether Pru p 3 and its CPT-PHS ligand could be
transported or metabolized by the epidermal epithelium, complex (1 pg)
was added to the apical side of the Transwell®. Basolateral medium was
substituted by Hank’s Balanced Salt Solution (Lonza) and samples were
collected after 10, 20, 60, 90, 120, and 240 min. The amount of Pru p 3
in these media was measured by ELISA, coating 96-well microtiter
plaques (Corning® Costar®, Sigma-Aldrich) with the basolateral sam-
ples and using specific antibodies. Basolateral samples were also
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collected after five days of incubation with complex in supplemented
DMEM media, and analysed to determine its lipid profile by ESI-QQQ-
MS (LC-MS 8030, Shimadzu, Japan) in the Universidad Complutense
de Madrid, after performing a metabolite extraction as previously
described [40].

2.13. RNA isolation and RT-qPCR

A431 cells were seeded in 24-well plates in supplemented DMEM and
were incubated with 20 pg/mL of complex for 72 h. Cells were lysed and
homogenized with GIT extraction buffer (pH = 7; 4 M guanidine iso-
thiocyanate (Sigma-Aldrich); 25 mM sodium citrate (Sigma-Aldrich);
0.5% sarcosyl (Sigma-Aldrich); 0.1 M 2-mercaptoethanol (Carl Roth,
Germany)). RNA was purified by phenol: chloroform extraction and
precipitated with ethanol. Its purity and concentration were assessed
using a spectrophotometer (NanoDropTM, ThermoFisher).

c¢DNA was obtained with the High-Capacity cDNA Reverse Tran-
scription Kit (ThermoFisher), following the provider’s instructions.
qPCR was performed using the FastStart Universal SYBR Green Master
(Roche, Switzerland) and specific oligonucleotides for sphingosine ki-
nase 1 (SphK1; Forward: GCTGGCAGCTTCCTTGAACCAT; Reverse:
GTGTGCAGAGACAGCAGGTTCA) and GAPDH (Forward: GAGT-
CAAACGGATTTGGTCGT; Reverse: TTGATTTTGGAGGGATCTCG).
GAPDH was used as an endogenous gene to normalize the results.
Relative expression of the treated sample for each gene was referred to
the untreated one.

2.14. Colocalization of complex with SphK1

A431 cells were incubated with 0.5 pg of complex for 10 min RT.
After washing, they were fixed for 10 min with 4% PFA and stained with
DAPI. Blocking was performed with Casein Blocking Buffer (Sigma-
Aldrich) for 1 h RT. Specific antibodies against Pru p 3 (1:300) and
SphK1 (1:1000, G Biosciences, USA) were added for 1 h RT. After
washing, Alexa Fluor-labelled antibodies (Hospital Puerta de Hierro,
Spain) were added for an additional hour. Specimens were mounted
with ProLong™ Gold (Invitrogen) and images were obtained by confocal
microscopy (Zeiss LSM 880).

2.15. In vitro phytosphingosine phosphorylation assay

To study the capacity of the human SphK1 to phosphorylate the CPT-
PHS ligand, PHS was incubated with SphK1 (2 U; SRP0283, Sigma-
Aldrich) in Mg2+ containing buffer pH = 7.5 with an excess of ATP
(adenosine 5'-triphosphate disodium salt hydrate, Sigma-Aldrich). The
reaction was performed O/N at 37 °C. The product was analysed by
MALDI-TOF (UltraFlex II, Bruker Daltonics) in the Universidad Com-
plutense de Madrid, with a laser model LTB MNL 106. 2.5-dihydroxy-
benzoic acid was used as matrix.

2.1. Migration assay

The biological activity of phytosphingosine-1-phosphate (PHS1P) as
chemoattractant was evaluated performing a monocyte migration assay
as previously described with modifications [41]. 10° THP-1 monocyte-
like cells were seeded in 24-well Transwell® culture plates (8 pm pore
diameter; Falcon®, Corning® Inc.). 40 nM of PHS (Sigma-Aldrich) and
PHS1P (Avanti Polar Lipids, USA) were added to RPMI medium (Lonza)
in the basolateral chamber. Sphingosine-1-phosphate (S1P; Avanti Polar
Lipids) was used as positive control and RPMI medium alone as negative
control. The percentage of cell migration with different stimuli was
calculated with the cells counted in the basolateral chamber after 6 h of
incubation using a cytometer (BD Accuri™ C6 Cytometer, BD
Biosciences).
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2.16. Statistical analyses

Statistically significant differences were analysed by GraphPad Prism
version 6.01 using the Kruskal-Wallis test with Dunn’s correction for
multiple comparisons and the Mann-Whitney test. P-values <0.05 were
considered significant.

3. Results

3.1. Five selected allergenic LTPs show higher structural than sequence
similarity

To study the nature of the ligands transported by LTPs, five allergenic
nsLTPs were selected: Tri a 14 (Triticum aestivum), Art v 3 (Artemisa
vulgaris), Par j 2 (Parietaria judaica), Ole e 7 (Olea europea), and Pru p 3
(Prunus persica) as reference. Although the studied LTPs have sequence
identities between 24.7% and 51.1% (Fig. 1A), some residues with a role
in lipid binding, such as Arg44 and Tyr79 [21], are conserved. Arg44 is
conserved in Tri a 14 and Art v 3, while it is substituted by another basic
amino acid (Lys) in Par j 2 and Ole e 7. Likewise, Tyr79 is conserved in
Tria 14 (Tyr78) and Art v 3 (Tyr79), while it is replaced by Leu in both
Par j 2 (Leu81) and Ole e 7 (Leu82). Other amino acids known to spe-
cifically interact with the ligand of Pru p 3 are LeulO, Ile14, Vall7, Leu
51, Leu54, Ser55, and Ala 66 [34]. They are mostly conserved or
substituted by equivalent amino acids in the other LTPs investigated.

On the other hand, the structural alignment showed higher similar-
ities than the sequence alignment. The secondary structure was pre-
dicted from sequence and it revealed the presence of four helices located
in the same amino acid region for all the LTPs studied. Moreover, the
tridimensional structure showed that this fold is stabilized by four
disulphide bridges and it could be detected the non-structured long C-
terminal tail (Fig. 1B). The analysis of the internal cavity of these pro-
teins revealed the presence of a hydrophobic pocket of similar volume in
all of them, providing enough space to hold a ligand with similar size
and properties as the ligand of Pru p 3, hereinafter referred to as CPT-
PHS ligand (Fig. 1C).

3.2. The isolated ligands from allergenic LTPs share the same chemical
nature

To identify the chemical nature of the natural ligands transported by
the selected LTPs, they were purified from different natural sources as
previously described [9] and their presence was confirmed by TLC and
vanillin staining. All samples showed a single band with a retention
factor of 0.5, except Tri a 14, for which at least three different com-
pounds were observed (Fig. 2A). The characterization of the ligands was
based on the analysis performed by Cubells-Baeza et al. [9]. All of them
showed the same retention time by reversed-phase high-performance
liquid chromatography, a single overlapping peak with a retention time
of 12 min. However, in the Tri a 14 ligand sample, three different peaks
could be noted, in accordance with the observation of the TLC (Fig. 2B).

CPT-PHS ligand was previously identified by mass spectrometry
analysis and activity assays were performed to ensure the chemical
nature. Camptothecin is able to emit blue autofluorescence under 360
nm and also inhibit topoisomerase I [42] [43]. All the analysed ligands
showed the capacity to emit under UV light (Fig. 2C) and inhibit the
topoisomerase I activity (Fig. 2D), implying the presence of campto-
thecin polar head.

On the other hand, previous reports showed that CPT-PHS ligand can
stimulate the NF-kB/AP-1 pathway and this activation is due to the
presence of a PHS-like fraction in the lipid-ligand and not to the
camptothecin polar head [4]. For that reason, the immunological ac-
tivity was tested in all the purified ligands using THP1-XBlue™ cells,
and all of them were able to induce its activation. This result suggests the
presence of a fraction in the ligand with the ability to induce the
response of the immune system, which could be related to the



Z. Gonzalez-Klein et al. BBA - Molecular and Cell Biology of Lipids 1866 (2021) 158928

A % Iden.
Pru g 3 -ITCGQVSSALAPCIPYVRGGGA-VPPACCNGIRNVNNLARTTPDRQAACNCLKQLSASVP-GVNPNNAAALPGKCGVHIPYK-ISASTNCATVK-====--- 100
Iri a 14 ==DCGHVDSLVRPCLSYVOQGGPG-PSGOCCDGVKNLHNOARSOSDRUSACNCLKGLIARGLH-NLNEDNARS I PPKCGVNLPY | =LSLNIDCSKRY-=-=====-~- 44,4
Art v 3 -LKCSDVSNKISACLSYLKQGGE-VPADCCTGVKGLNDAAKTTPDRQTACNCLKTTFKSNK-DFKSDFAASLPSKCGVNIPYK-ISLETDCNKVK--=---~-~ 51 ,1
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Fig. 1. Characterization of LTPs. A) Multiple sequence alignment using Clustal Omega tool. Residues implicated in ligand binding are marked in red. “*” indicates
positions which have a single, fully conserved residue; “.” indicates conservation between groups of weakly similar properties; “:” indicates conservation between
groups of strongly similar properties. Regions predicted to contain an alpha helix secondary structure are shown in green. The % of sequence identity compared to
Pru p 3 was calculated for all the LTPs. B) Structural alignment using Chimera Software. Pru p 3 (pink) and Tri a 14 (yellow) are experimental structures (PDB entries
2B5S and 1BWO, respectively). Art v 3 (green), Par j 2 (orange) and Ole e 7 (blue) are homology-modelled structures obtained with SwissModel. ¢) Internal cavity
volume of the LTPs (53) calculated with the DogSite method implemented in the Proteins Plus server.
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Fig. 2. Characterization of LTP ligands. A) Detection of the ligands by TLC in a silica gel plate and stained with vanillin. B) Ligand fractionation by phase reverse-
HPLC in an isocratic method of 85% acetonitrile and detected at 254 nm. C) Emission of the ligands loaded onto a silica gel plate under UV light (365 nm).
Commercial OH-CPT was used as positive control. D) Inhibition of topoisomerase I activity. Plasmid pGEM was incubated with topoisomerase I in the presence of the
ligands and visualized in agarose gel stained with ethidium bromide. E) NF-kB/AP-1 activation assay using the transfected cell line THP1-XBlue™. Cells were
incubated with each ligand in triplicates and the activation was measured using QUANTI-Blue™. Results were represented by the stimulation index, referenced to the
negative control (PBS). The threshold was established as the negative control +3SD.

phytosphingosine tail. described. (Fig. 3A, B) [9]. In all cases, it was possible to identify the
Ligands were finally analysed based on the ESI-QQQ-MS fragmen- presence of some characteristic m/z peaks from the fragmentation of
tation pattern of PHS, OH-CPT and the ligand of Pru p 3 previously PHS (m/z values = 115.1; 233.1); OH-CPT (m/z values = 277.1; 321.2;
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Fig. 3. Identification of the LTP ligands by mass spectrometry (LC-ESI-QQQ) A) Structural formula of the ligand of CPT-PHS ligand reported in Cubells-Baeza et al.
[9]. B) Identification of the m/z values obtained from the fragmentation of the CPT-PHS ligand. Positive ion mass spectra. C) Comparison of m/z and relative in-

tensity values obtained for the LTP ligands by mass spectrometry. )

commercial OH-CPT fragmentation;

365.1); and others specific of the link between OH-CPT and PHS moi-
eties (m/z = 304.3; 381.1) (Fig. 3C). The exception was the ligand of Tri
a 14 for which the results obtained suggest the presence of a non-
hydroxylated CPT. All these data together show that the ligands ana-
lysed share a common chemical nature between them and with the one
previously described in Cubells-Baeza et al.[9].

In order to carry out the characterization of the binding mode and
biological activity, the CPT-PHS ligand was chemically synthesized
(sCPT-PHS Ligand).

When the characteristics of the sCPT-PHS ligand were compared
with the natural one, similar results were obtained for both of them. The
retention time in an isocratic method in the HPLC revealed that both
molecules have a similar chemical features (Fig. 4A). Furthermore, both
ligands emit under UV light, which may be caused by the presence of a
camptothecin-like polar head (Fig. 4B), and both activate the NF-kB
pathway, which probably indicates the presence of the phytosphingo-
sine fraction (Fig. 4C). Finally, the stability of the complex formed by
Pru p 3 and the sCPT-PHS ligand is comparable with the one formed by
the natural one (Fig. 4C), and this stabilization is not due to the sepa-
rated fractions of the sCPT-PHS ligand (PHS or CPT), as it is later shown
in Fig. 5B.

3.3. Binding mode and interaction analysis of Prup 3

To study the affinity of Pru p 3 to its CPT-PHS ligand and different
hydrophobic tails (PHS, stearic acid, oleic acid, and linoleic acid), hy-
drophobic ELISA plates were used. The Kd values obtained were in the
micromolar range for all the lipids. The Kd value for the Pru p 3 and CPT-

m/z values coincident with commercial PHS fragmentation;
m/z values identified as a fragment of the published structure of the CPT-PHS ligand [9].

@ m/z values coincident with

PHS ligand complex was 0.36 pM while the Kd values for fatty acids
were between 0.38 pM for oleic acid to 0.88 pM for linoleic acid. Of note,
the PHS alone showed the lowest affinity, with a Kd value of 5.94 pM
(Fig. 5A). To confirm these results, an analysis was performed using
nanoDSF (Fig. 5B). As it can be seen, Pru p 3 mixed with PHS presented
the lowest Tm of all the hydrophobic tails used as well. However, in the
case of the CPT-PHS ligand, where PHS is linked to the OH-CPT, the Tm
drastically increased. These results highlight the relevance of the polar
head in the binding mode.

Finally, computational simulations were used to calculate the energy
necessary to tear the lipids from the tunnel of Pru p 3 once they are
inside (Fig. 5C). The results are represented in relative terms compared
to the molecule on which more energy needs to be applied. As can be
observed, once the lipids have been able to bind to Pru p 3, it is necessary
to apply more energy to extract CPT-PHS ligand than the rest of the
hydrophobic tails, which show no significant differences between them
(Fig. 5D). Thus, all these results together seem to indicate that the
presence of the polar head plays a role in the interaction with the ligands
transported by LTPs.

3.4. Prup 3 can only bind ligands with a polar head group in a membrane
model

In order to verify the role of the polar head in the binding mecha-
nism, the interaction of Pru p 3 with the ligands was studied in a hy-
drophobic environment using a membrane model based on liposomes of
PC. PC was mixed with hydrophobic tails such as PHS, stearic, oleic, and
linoleic acid, attached or not to the polar head (alexa fluorescent
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Fig. 4. Characterization of synthetic CPT-PHS ligand. A) Elution profiles of sCPT-PHS ligand and nCTP-PHS ligand by phase reverse-HPLC in an isocratic method of
85% acetonitrile and detected at 254 nm. B) Emission of sCPT-PHS ligand and native CPT-PHS ligand (nCPT-PHS ligand) loaded onto a silica gel plate under UV light
(365 nm). Commercial OH-CPT and PHS were used as controls. C) NF-kB/AP-1 activation assay using the transfected cell line THP1-XBlue™. Cells were incubated
with each ligand in triplicates and the activation was measured using QUANTI-Blue™. Results were represented by the stimulation index, referenced to the negative
control (PBS). The mean of three independent measurements and their SEM is depicted. The threshold was established as the negative control +3SD. D) Unfolding
transition temperatures (Tm) were calculated by nanoDSF through the incubation of Pru p 3 with sCPT-PHS ligand or nCPT-PHS ligand. The mean Tm of three
independent measurements and their SEM is depicted. Pru p 3 without ligand was used as control. **p-value <0.01.

molecule) to form the liposomes.

Liposomes were incubated with labelled rPru p 3 and flow cytometry
analysis revealed that Pru p 3 was weakly bound to PC or PC + PHS
liposomes. However, when PHS was bound to a polar head as Alexa 488
fluorophore (PC + PHS*), the binding of Pru p 3 drastically increased
(Fig. 6A). The proper formation of vesicles and the co-localization of Pru
p 3 and labelled PHS was also verified by confocal microscopy (Fig. 6B).
The same results were obtained with stearic, oleic, and linoleic acid: Pru
p 3 was only able to bind liposomes with these fatty acids when they
were labelled with the fluorophore (data not shown).

Same way, when PC liposomes with CPT-PHS ligand were incubated
with Pru p 3, binding increase could be observed in comparison to li-
posomes without ligand (Fig. 6C), with a similar binding percentage
than that obtained in the case of liposomes containing labelled PHS.

3.5. PHS from the CPT-PHS ligand could be phosphorylated by SphK1 in
keratinocytes

To study the role of Pru p 3 bound to CPT-PHS ligand in human
epithelia, a skin cellular model based on A431 cells (human epidermal
keratinocytes) was developed. Firstly, a keratinocytes monolayer was
grown on coverslips, which was then incubated with Pru p 3 complexed
with CPT-PHS ligand (complex), CPT-PHS ligand alone, PHS or OH-CPT
(Fig. 7A). In the presence of complex, or CPT-PHS ligand after 48 h, cell
density was decreased due to cell death as it happened with the incu-
bation of OH-CPT alone. This phenomenon could be due to the ligand
cleavage inside the cells, releasing out the polar head, OH-CPT, which

has been described as a cytotoxic drug in previous reports [44].

To confirm the fact that the CPT-PHS ligand could be processed by
human keratinocytes, a skin cellular model was developed in Trans-
well® culture plates in the presence of complex, and metabolites in the
basolateral media were analysed by ESI-QQQ-MS. The protein fraction
(Pru p 3) was not found in the basolateral side (data not shown), sug-
gesting that it was not transported. This is consistent with the role of the
skin as a watertight barrier against external agents. In contrast, mass
spectrometry revealed the presence of several peaks corresponding to
the fragmentation of PHS1P (m/z 158.00, 166.05, 167.00, and
201.05) (Fig. 7B). Given the fact that PHS is chemically related to
sphingosine (SPH), it is likely that it could also be modified by SphK1.
This enzyme has been described to phosphorylate SPH into S1P, both in
humans and mice [45,46] (Fig. 7C). In the same way, gene expression of
the enzyme was increased 10-fold in A431 cells after incubation with the
complex, comparing to untreated cells (Fig. 7D). Besides that, complex
molecules and SphK1 showed co-localization by immunofluorescence
(Fig. 7E).

In order to confirm that the enzyme could also use PHS as substrate,
an in vitro phosphorylation assay was performed using isolated human
enzyme SphK1. A peak corresponding to PHS1P (m/z = 398.4) could be
detected after phosphorylation reaction, when products were analysed
by MALDI-TOF (Fig. 7F). Furthermore, it was demonstrated that PHS1P
is biologically active as it showed chemoattractant activity in a migra-
tion assay with the monocytic cell line THP-1 (Fig. 7G).

All these results together confirm that the PHS fraction from CPT-
PHS ligand can be modified by human enzymes to produce PHS1P, a
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Fig. 5. Binding mode between lipids and Pru p 3. A) Increasing concentrations of Pru p 3 were incubated in a 96-well hydrophobic ELISA plate coated with the
indicated lipids. Protein binding was revealed using specific polyclonal antibodies against Pru p 3. Graphs illustrate the means of the absorbance values at 450 nm +
SEM, n = 3. B) Unfolding transition temperatures (Tm) were calculated by nanoDSF through the incubation of Pru p 3 with different ligands. The mean Tm of three
independent measurements and their SEM is depicted. Pru p 3 without ligand was used as control. C) Diagram of the umbrella sampling molecular dynamics (MD)
protocol. It consists of the following steps: left) Generate a set of windows using a reaction variable, which in this case is the distance between the centres of mass of
the ligand and the protein; centre) simulate the ligand inside each of this windows by constraining its position using a harmonic restraint; right) recover the un-
perturbed histogram by applying the weighted histogram analysis method (WHAM) on the perturbed trajectory. The result is a curve of mean potential force from
which the binding free energy can be derived as the difference between the minimum (protein state) and maximum (solvated state). D) Relative energy necessary to
apply to different ligands for pulling out the from Pru p 3 with regard to CPT-PHS ligand taken as 100% reference. Data obtained from the computational MD

simulation. The mean and SEM of five replicates for each ligand are represented. *p-value<0.05, **p-value <0.01,

molecule that seems to mimic S1P immunological activity.
4. Discussion

LTPs are widely distributed throughout the plant kingdom. They are
found in all land plants [47] and they are implicated in relevant pro-
cesses for plant growth and maturing, such as signaling [48], repro-
duction [49] or seed and fruit development [50], among others [47]. In
humans, they are involved in the development of allergies, being major
allergens of different fruits, vegetables and nuts in the Mediterranean
area [51]. Nevertheless, it has been demonstrated that not only the
proteins themselves are relevant in the development of allergic re-
actions, but also their ligands, especially during the sensitization phase

[4].

**¥*p-value <0.001.

Since LTPs have been found to take and transfer lipids, their binding
capacity and the molecular features of these ligands have been studied.
Due to their large hydrophobic cavity, it has been shown that several
LTPs can bind a wide range of ligands in vitro, including fatty acids (FAs),
acyl derivatives of coenzyme A (CoA), phospho- and galactolipids,
prostaglandin B2, molecules of organic solvents, and some drugs
[52-56]. However, these ligand-binding studies have not deepened in
the understanding of their in vivo functions and binding capacity [47].

The first natural ligand of an LTP identified was that of Pru p 3, the
major allergen from peach. That ligand was characterized as a derivative
of camptothecin (OH-CPT) linked by an amide bond to a PHS tail [9].
Following that line of study, the natural ligands transported by other
four allergenic LTPs from Triticum aestivum, Artemisia vulgaris, Parietaria
judaica and Olea europea were analysed and the results showed that the
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Fig. 6. Binding specificity of Pru p 3 in a liposome membrane model. A) Liposomes of phosphatidylcholine (PC), PC and phytosphingosine (PC + PHS), and PC and
labelled PHS (PC + PHS*) were produced and incubated for 2 h with labelled Pru p 3 (Pru p 3**). The binding was studied by flow cytometry. B) Model of liposomes
structure is depicted in the figure. Liposomes of PC and PHS* incubated with Pru p 3** (PC + PHS* + Pru p 3**) were visualized by confocal microscopy. C) Li-
posomes of PC and PC + CPT-PHS ligand were incubated with Pru p 3**. The binding was studied by flow cytometry. Representative data are shown from three
i‘ndependent experiments.
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Fig. 7. The CPT-PHS ligands metabolized into a S1P-like molecule. A) A431 cells were seeded in coverslips and incubated with complex (Pru p 3 + CPT-PHS ligand
(10:1), CPT-PHS ligand, PHS, OH-CPT or PBS for 48 h. Cell density was analysed by confocal microscopy after DAPI staining. Bar = 20 pm. B) In vitro skin cellular
model was incubated with complex or PBS. After five days, basolateral media were analysed by ESI-QQQ-MS and the identification of metabolites was carried using
standards as fragmentation control. C) Scheme of the phosphorylation reaction catalyzed by SphK1. D) A431 cells were incubated with complex for 72 h. Relative
expression of Sphk1 gene was analysed by RTqQPCR. Results are shown as Fold Change = 2 - (Ct GAPDH - Ct gene) / 2 - (Ct GAPDH control — Ct gene control). Data
obtained from three independent experiments are presented as mean and SEM. E) Immunofluorescence of A431 cells incubated with complex (orange) co-locating
with SphK1 (green). Nuclei stained with DAPI (blue). Bar = 2 pm. F) In vitro phosphorylation of the PHS fraction of CPT-PHS ligand by SphK1, analysed by MALDI-
TOF. Substrate-free reaction was used as negative control. G) THP-1 cells were seeded in 24-well Transwell® culture plates and PHS, PHS1P, S1P or RPMI were added
in the basolateral chamber. After 6 h the number of cells in the basolateral side were counted by flow cytometry. The percentage of cell migration of three inde-
pendent experiment is depicted (mean + SEM). *p-values <0.05, **p-value<0.01.

carried ligands have the same chemical nature. Moreover, when account for the energy necessary to pull out the ligands from the cavity
studying the binding affinity of Pru p 3 in vitro for different lipid tails and of Pru p 3, suggest that the complex of Pru p 3 and CPT-PHS ligand is
its CPT-PHS ligand, it was shown that all of them have slightly different more stable than the other ones. Furthermore, when in vivo function of
Kd values over the micromolar (M) range, in agreement with results LTPs was mimicked by using liposome membrane models, results
reported by other authors [57] and with the ones obtained by mea- showed that the presence of a polar head attached to the hydrophobic
surement of thermal stability. However, computational methods, which tail significantly increases the binding of Pru p 3. In combination, these

10
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results show that the presence of the polar head is key in the binding
process. Although this is probably not caused by an increase in the
binding affinity, it suggests that its presence clearly promotes the
anchorage, making its extraction more difficult, which in turn supports
the hypothesis that all the LTPs analysed carry indeed the same ligand.

Considering that the polar head in the natural ligands has been
identified as a derivative of camptothecin, the set of lipids that it can be
attached to is limited. The presence of an amine group in the lipid tail is
necessary to form an amide bond with the carboxyl group in the
camptothecin moiety. Although that functional group is not present in
the fatty acids studied here, it is present in long-chain bases (LCB) like
PHS, which are part of the sphingolipids. Sphingolipids are estimated to
constitute up to 30% of the tonoplast and plasma membrane lipids in
plants [58], and specifically, PHS is the major LCB in plants [59].

Regarding the pathophysiological role of PHS in human allergies, it
must be taken into account that molecules with similar structures usu-
ally show similar functionalities [60]. Following that principle, PHS
could be a functional analogue of human SPH, since these two molecules
only differ in the presence of a hydroxyl group. It is known that SPH is
converted by the epithelial enzyme SphK1 into S1P, a metabolite with an
important role in the pathogenesis of allergy [61]. The results presented
here show that PHS can also act as a substrate to this enzyme, which
metabolizes it into PHS1P. However, the enzyme was not able to
phosphorylate the complete CPT-PHS ligand, which seems to suggest
that PHS can only be converted into PHS1P by human epithelia if the
amide bond of the ligand is broken. In accordance with that observation,
it is here reported that the ligand of Pru p 3 shows pro-apoptotic effects
over human keratinocytes, which is a direct effect of its free campto-
thecin fraction, as OH-CPT has been used as a cytotoxic drug [44]. Since
the formation of an amide bond prevents the active form of CPT [9], it is
concluded that the CPT-PHS ligand of the LTPs is intracellularly pro-
cessed into its different components, resulting in the release of free PHS,
which is subsequently converted into PHS1P, an analogue of S1P, by
SphK1. The fact that human keratinocytes overexpress sphingosine ki-
nase transcripts upon incubation with complex furtherly supports this
theory. In fact, the results also show that SphK1 co-locates with Pru p 3,
suggesting an interaction between the enzyme and the ligand present
inside its cavity.

Finally, the presence of PHS1P in the supernatants of human kera-
tinocytes cultured with Pru p 3 and CPT-PHS ligand complexed might
evidence its putative role as a chemical signal used by the epithelium to
attract immune cells to the site of inflammation. It is well-known that
S1P interaction is needed for the egress of immune cells from lymphoid
organs (such as thymus and lymph nodes) into the lymphatic vessels
[62]. Concerning other type 2 diseases (such as allergy), S1P has been
reported to play an important role in the pathogenesis of asthma and
atopic dermatitis [63,64]. Here, it is demonstrated that PHS1P acts as a
chemoattractant to human monocytes, with an efficacy comparable to
that of S1P. That could explain the immunogenic property exerted by the
CPT-PHS ligand in previous reports [4]. Although the results obtained
pointed out the phosphorylation as a possible metabolic mechanism, it
should be taken into account that the biosynthesis and metabolism of
sphingolipids involve more than 40 enzymes in mammals [65]. There-
fore, PHS could not only be phosphorylated but also implicated in other
metabolic pathways.

In conclusion, natural ligands isolated from four different allergenic
LTPs have been characterized and compared with the previously
described CPT-PHS ligand of Pru p 3, identifying a chemical nature
common to all of them. Despite the ability of LTPs to bind a huge amount
of lipids in vitro, the presence of a polar head attached to the ligand
structure plays a key role in the stabilization of the binding. This fact
significantly reduces the number of molecules that in vivo can be
attached to these proteins, limiting it to molecules with a lipid tail
belonging to the sphingolipid family, being PHS the most representative
in plants. Once inside the epithelial cells, the associated lipid tail is
cleaved and recognized by enzymes involved in its phosphorylation
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process, leading to the release of PHS1P, a functional analogue of the
S1P.

These data together could help to understand why LTPs are associ-
ated with more severe allergic responses. To continue this study, it
would be interesting to identify the natural ligand of non-allergenic
members of the LTP protein family as well as to study the capacity of
non-allergenic LTPs to bind the CPT-PHS ligand of allergenic LTPs. That
could definitely demonstrate the potential of the ligands transported by
LTPs during the sensitization phase of allergic reactions.
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