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Highlights:
- Key intermediate oxylipins interact with plant plasma membrane models
- The interaction modifies the membrane lateral domains
- Hydrophobic effect and polar interactions are involved in the binding

- Chemical structure of hydroperoxides influences their affinity for plant membranes

Abstract

Linoleic and linolenic acid hydroperoxides (HPOs) constitute key intermediate oxylipins
playing an important role as signaling molecules during plant defense processes in response to
biotic or abiotic stress. They have also been demonstrated in vitro as antimicrobial agents
against plant fungi and bacteria. To reach the phytopathogens in vivo, the HPOs biosynthesized
in the plant cells must cross the plant plasma membrane (PPM) where they can also interact

with plasma membrane lipids and have an effect on their organization.



In the present study, we have investigated the interaction properties of HPOs with PPM at a
molecular level using biophysical tools combining in vitro and in silico approaches and using

plant biomimetic lipid systems.

Our results have shown that HPOs are able to interact with PPM lipids and perturb their lateral
organization. Glucosylceramide (GluCer) is a privileged partner, sitosterol lessens their binding
and the presence of both GluCer and sitosterol further reduces their interaction. Hydrophobic

effect and polar interactions are involved in the binding.

The chemical structure of HPOs influences their affinity for PPM lipids. The presence of three
double bonds in the HPO molecule gives rise to a higher affinity comparatively to two double

bonds, which can be explained by their differential interaction with the lipid polar headgroups.

Keywords: Oxylipins; plant membrane; molecular interactions; lipid specificity.



1. Introduction

Plants oxylipins are a group of molecules coming from the oxidative catabolism of poly
unsaturated fatty acids (PUFAs) such as linoleic and a-linolenic acids [1-3] and known to play
a role as signaling molecules during plant defense processes in response to biotic or abiotic
stress [4—6]. The lipoxygenase (LOX), an enzyme frequently localized in the cytoplasm and
catalyzing the first step of oxylipin pathway, converts polyunsaturated fatty acids (PUFAS) with
1-4 pentadiene structure to fatty-acid hydroperoxides (HPOs), such as 9 or 13-hydroperoxy-
9,11,15-octadecatrienoic acid (HPOT) from a-linolenic and 9 or 13-hydroperoxy- 9,11-
octadecadienoic acid (HPOD) from linoleic acid [7-10] (Figure 1). Following the reaction of
LOX, these HPOs can be converted by at least seven diverging enzymatic pathways into various
biologically active compounds differing in their chemical structures [2,5]. Among them, the
pathway of 13-HPOs generates oxylipins very well characterized in the literature such as
jasmonic acid, cis-12-oxo-phytodienoic acid (OPDA), cis-dinor-12-oxo-phytodienoic acid (dn-
OPDA) or traumatic acid, indicating that 13-HPOs constitute key intermediate oxylipins [4].
Even though HPOs are principally converted into other oxylipins, free HPOs are also detected

in plants [11].

In addition to their precursor role in the oxylipin pathways, HPOs have been demonstrated
in vitro as antimicrobial agents against plant fungi and bacteria [12,13]. In terms of mechanism
of action, Prost et al. have proposed that fatty acid derivatives like HPOs could exert their
antimicrobial activity through interactions with pathogen biological membranes [12]. In this
context, the antimicrobial effects of 13-HPOD have been analyzed on yeast and found to be
linked to a strong interaction of this compound with the cell membrane lipids [14]. 13-HPOD
can fluidize yeast plasma membranes inducing a biocide effect [14]. It has hence been suggested
that HPOs exert their biological activity against different microbes by interacting with their

membrane lipids [12].



To reach the phytopathogens, the HPOs biosynthesized in the plant cells must cross the
plant plasma membrane (PPM). At that location, they may also interact with plant membrane
lipids and could have an effect on their organization. To our best knowledge, the interactions
of HPOs with plant lipids have not yet been analyzed at the molecular level, nor in the light of

their conformation and/or lipid specificity.
The aim of the present paper is to answer to three main questions:

) Is there any interaction between PPM lipids and HPOs?
i) Is there any lipid specificity in these potential interactions?

iii) Do 13-HPOT and 13-HPOD similarly behave with PPM lipids?

The investigation was conducted using biophysical tools combining in vitro and in silico

approaches and using plant biomimetic lipid systems.



2. Materials & Methods

2.1. Materials

Palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC), sitosterol and D-glucosyl-R-
1,1'-N-palmitoyl-D-erythro-sphingosine (d18:1/16:0) (Glucosylceramide or GluCer) were
purchased from Avanti Polar Lipids and used without further purification. Deuterium oxide
(D20) at 99.9% isotopic purity, dimethylsulfoxide (DMSO) and
Tris(hydroxymethyl)aminomethane (Tris) were provided from Sigma Chemical Co. The
ultrapure water was produced by a Millipore system available in our laboratory, the resistivity
was 18.2 'Q cm. Chloroform and methanol were both purchased from Scharlau Lab Co. The
lipoxidase from Glycine max (soybean) type 1-B (LOX-1), the a-linolenic and linoleic acids

were purchased from Sigma- Aldrich.

2.2. Synthesis of HPOs

13-S-HPOT and 13-S-HPOD were obtained by the enzymatic reaction of soybean LOX-1 on
linolenic and linoleic acid, respectively as described previously [15]. The HPLC-DAD purity

of the molecules was superior to 95% and their structure was checked by NMR.
2.3. Experiments using Langmuir technology

For the adsorption experiments at constant surface area, the balance built by KSV
(Helsinki, Finland) placed on a vibration-isolated table was equipped with a Wilhelmy plate.
Adsorption experiments were performed in a KSV Minitrough (190 cm?®) in the absence or in
the presence of lipids at the interface as described previously [16]. The subphase was 10mM
Tris buffer at pH 7.4 prepared with ultrapure water with a constant temperature at 25°C. The
subphase was continuously stirred with a magnetic stirrer. Lipid molecules in
chloroform/methanol (2/1, v/v) mixture were spread at the air-water interface in order to reach

desired initial surface pressure. After 30 minutes-waiting for solvent evaporation and film



stabilization, HPOs dissolved in DMSO were injected underneath the pre-formed lipid
monolayer to final concentration of 12.7 uM in the subphase, i.e. at a concentration below the
critical micellar concentration of HPO which is 25.4 + 1.9 yM and 24.0 + 1.3 pM for HPOT
and HPOD respectively (see Figure S1) in order to have HPOs in a monomer form. The
adsorption of HPOs to the lipid monolayers was followed by the increase of surface pressure
as described previously [16,17]. As control experiment, the same volume of pure DMSO was
injected underneath the lipid monolayer and no change of the surface pressure was observed.
The maximal insertion pressure is defined as the initial surface pressure for which the injection
of HPOs did not induce any surface pressure increase of the monolayer. The maximal insertion

surface pressure (MIP) was obtained by linear regression of the plot ATT vs ITi. The “differential

ITo (dITo)” parameter was calculated as follows:

dITp = Allp- TTe

where AIlp corresponds to the y-intercept of the linear regression of the AIT vs IT; plot,
and ITe is the surface pressure increase at the equilibrium obtained in an independent experiment

performed at the same HPO concentration but without lipids spread at the interface.

The uncertainty in the MIP and in the dITo were calculated as described previously [18-21].

2.4. Preparation of liposomes

2.4.1. Preparation of multilamellar vesicles

Multilamellar vesicles (MLVs) were prepared as described in [16,22]. Pure PLPC or PLPC with
sitosterol (PLPC/sitosterol, 70/30 molar ratio) or PLPC with GluCer (70/30, molar ratio) were
dissolved in a chloroform/methanol mixture (2/1, v/v) alone or in the presence of HPOs at a
molar ratio lipid/HPOs 20/1. The chloroform/methanol mixture was evaporated to obtain a lipid

film dried under vacuum overnight. The resulting film was hydrated by deuterium oxide above



the phase transition temperature of lipids. The hydrated film was vortexed continuously to

obtain MLVs.
2.4.2. Preparation of large unilamellar vesicles

Large unilamellar vesicles (LUVs) were prepared as described previously [16,23]. Lipid films
were prepared in the same manner than MLVs and were then hydrated above the transition
temperature of lipids during 1h at 40°C and shaken every 10 min. 5 cycles of freeze-thawing
were applied to the spontaneously formed multilamellar vesicles. To obtain LUVS, this
suspension was sonicated to clarity (5 cycles x 2min) using a probe with 400 W amplitude
keeping the suspension in an ice bath. At the end, titanium particles were removed from LUV

solution by centrifuging during 10 min at 2000 g.
2.5. Infrared spectroscopy (FT-IR)

Infrared spectra were measured using a Bruker Equinox 55 spectrometer (Karlsruhe, Germany)
equipped with a liquid nitrogen-cooled Mercury—Cadmium-Telluride detector and linked to a
computer with OPUS software (Bruker). The number of scans was 128 at 4 cm™ resolution.
During all measurements, the spectrometer was continuously purged with N2 flux. All the
experiments were performed with a demountable cell (Bruker) equipped with CaF2 windows.

Each spectrum is the representative of at least two independent measurements.
2.6. Isothermal titration calorimetry measurements

ITC experiments were performed as described previously [16]. All measurements were
performed using a VP-ITC (MicroCal, Northampton, MA). Before starting the experiments,
solutions were degassed by stirring under vacuum or by ultrasonication. The sample cell was
filled out with Tris HCI buffer at pH 7.4 (blank) or a HPO solution at 10 uM (below CMC) in

Tris HCI buffer at pH 7.4 and the reference cell was loaded with milli-Q water. The volume of



sample cell was 1.4565 ml. Titration experiments were done with a 300 pL-syringe containing
lipid LUV suspension at 2 mM in Tris HCI buffer at pH 7.4 at 25 °C. The sample cell was
stirred continuously at 305 rpm during experiments. A titration experiment was performed by
consecutive injections of 10 puL of LUV into the HPOs solution. Each injection took 14.5 sec
and a delay of 200 sec between injections was applied in order to reach a steady state before
each new injection. The effective heats were determined by subtracting the values obtained for
the blanks from the observed heats. Raw data were processed using the software provided by
the manufacturer (ORIGIN 7 — Originlab, Northampton, USA). The ITC data were treated
according to the cumulative model described previously [24] and previously applied for other
types of surfactants [25,26]. The thermodynamic parameters were calculated as described in
[24]. Calculations provided the values of the molar free energy (AG), the molar enthalpy change
(AH) and the molar entropy change (TAS) of the binding reactions as well as the binding

coefficient (K) related to the affinity of HPOs for LUVs.

2.7. In silico approaches

2.7.1. Hypermatrix docking method

A simple docking method called Hypermatrix described elsewhere [23,27,28] was used in order
to dock HPOs to different lipid systems, as recently done for saponins [29]. Briefly, the HPO
molecule is put in a fixed position at the center of system and oriented at the
hydrophobic/hydrophilic interface and the lipid molecule, also oriented at the lipid/water
interface, is positioned around the HPO molecule by rotations and translations (more than 10’
positions tested). For each position, an energy value is calculated, according to an empirical
forcefield [30]. The energy values together with the coordinates of all assemblies are stored in
a matrix and classified according to decreasing values. The most stable matching is used to
decide the position of the first lipid. The position of the second lipid is then defined as the next

most energetically favorable orientation stored in the matrix taking steric and energetic



constraints due to the presence of the first lipid molecule into account. The process is completed
when the central molecule is completely surrounded with lipids [23,27,28]. The structure of

HPOs correspond to the structure obtained after molecular dynamics (see point 2,7,3).

2.7.2. Big monolayer method

The big monolayer method was used as described [23,29,31]. First, paired interactions between
molecules are calculated according to the docking method (see above) and secondly a grid of
200x200 molecules is constructed taking the molar ratios used experimentally into account. In
this study, these pairs were HPOD/PLPC, HPOD/sito, HPOD/GluCer, HPOT/PLPC,
HPOT/sito, HPOT/GluCer, PLPC/sito, PLPC/GluCer and sito/GluCer. For each pair of
molecules, a Bolzmann energy is calculated by adding the interaction energy of each relative
position tested multiplied by the probability of the position. Then, a grid of 40,000 (200%200)
molecules, initially positioned at random, is constructed and the energy of the system is
calculated. Random permutations are made, and the energy of the new configuration is
calculated. The whole system is minimized by a Monte Carlo procedure performing 100.000
steps. Three repetitions of each system were calculated. Each molecule is represented by a pixel,

generating an image of the molecular domains formed.

2.7.3. Molecular dynamics

HPOD and HPOT have been studied by molecular dynamics (MD) in presence of a
membrane of PLPC, PLPC/Sitosterol (70/30), PLPC/GluCer (70/30) or
PLPC/Sitosterol/GluCer (60/20/20). Their topologies for the Gromos 53a6 force field [32] have
been  generated by using the  Automated Topology  Builder  server
“http://compbio.chemistry.uq.edu.au/atb/” [33—-35]. The membranes (288 molecules) have been
generated at a coarse grained resolution suitable for the MARTINI forcefield [36] by using

Insane [37]. A 5,000 steps of steepest-descent energy minimization was performed to remove

10



any steric clashes and production simulations have been run for 100 ns. Temperature and
pressure were coupled at 303 K and 1 bar using the weak coupling Berendsen algorithm with
1T =1 ps and tP = 1 ps [38]. Pressure was coupled semiisotropically. Non-bonded interactions
were computed up to 1.2 nm with the shift method. Electrostatics were treated with € = 15. The
compressibility was 3 x 10* (1/bar).

The membrane systems have been converted to an atomistic representation suitable for the
Gromos 53a6 force field using Backwards [39]. HPOD and HPOT were placed at 1 nm from
the membrane and the box filled with SPC water [40]. All the systems studied were first
minimized by steepest descent for 5,000 steps. 100 ps NVT and 1 ns NPT simulations with the
peptides under position restraints were run before production simulations were performed.
Periodic boundary conditions (PBC) are used with a 2 fs time step. The dynamics were carried
out at 303 K and 1 bar for 500 ns. After this simulation, HPOs have been translated in the XY
plane to generate a membrane with 20 HPOs. 100 ps NVT and 1 ns NPT simulations with the
peptides under position restraints were run before production simulations of 1us were
performed. Temperature was maintained by using the v-rescale method [41,42] with 1T = 0.5
ps and an semi-isotropic pressure was maintained by using the Parrinello-Rahman barostat [43]
with a compressibility of 4.6 x 10”5 (1/bar) and TP = 2 ps. Electrostatic interactions were treated
by using the particle mesh Ewald (PME) method [44]. Van der Waals and electrostatics were
treated with a 1.0 nm cut-off. Bond lengths were maintained with the LINCS algorithm [45].
Trajectories were performed and analyzed with GROMACS 5.0.7 tools. MDAnalysis has also

been used [46]. 3D structures were analyzed with both PYMOL [47] and VMD [48] softwares.
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3. Results and discussion
3.1. Interaction of HPOs with PPM-mimicking models

The first objective of this study was to determine the ability of HPO to interact with

PPM. Complex liposomes mimicking PPM composed of palmitoyl linoleoyl
phosphatidylcholine (PLPC) as model phospholipid, sitosterol as model sterol and
glucosylceramide (GluCer) as model sphingolipid were prepared [23]. The thermodynamic
profile (Figure S2) and parameters (Figure S3) of the binding of both HPOs with these
liposomes were determined by isothermal titration calorimetry. The binding profiles of HPOT
or HPOD show negative peaks with an area decreasing gradually with the successive liposome
injections. The rate of decrease is much higher for HPOT than HPOD.
For both HPOs, their binding reaction to complex liposomes mimicking PPM, was spontaneous
(AG < 0), exothermic (AH < 0) and generated a positive change of entropy (AS > 0). These data
demonstrate that both molecules can bind to liposomes, suggesting an interaction with the lipid
phase of the PPM. The absolute values of entropy change are higher than the absolute values
of enthalpy change indicating that the binding is notably driven by hydrophobic interactions
[49]. The binding coefficient (K) and AH are significantly different for HPOT and HPOD,
showing a higher affinity of HPOT compared to HPOD for the complex liposomes.

Molecular dynamics was performed to visualize the insertion of HPOs in a ternary
model of plant plasma bilayer at an atomistic scale. Each molecule inserts into the membrane
in few nanoseconds when they are outside the membrane in a coarse-grained representation
(Figure 2), suggesting significant affinity for plant lipids, in agreement with the above
experimental assays. After insertion, both HPOs adopt a conformation with their acid group in
contact with lipid choline groups and water, the peroxide at the level of glycerol and the double

bonds in the hydrophobic core, mainly parallel to the membrane. The distance of characteristic
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moieties from the membrane center is as follows: COO- > OOH > carbon of the first double
bond > CHs.

The simulation of the lateral distribution of HPOs within the ternary model membrane
was obtained by the modeling method Big Monolayer (BM) (Figure 3).
In the absence of HPOs, GluCer-sitosterol enriched domains are generated within the PLPC
matrix in quite accordance with previous molecular dynamics study [50]. The presence of each
HPO influences very differently the lateral reorganization of the domains. In presence of HPOT,
bigger GluCer domains comprising some HPOT and a very few sitosterol are formed in the
PLPC matrix besides smaller dissociated domains of sitosterol containing also HPOT
molecules. In contrast, the addition of HPOD results into the dissociation of sitosterol clusters
and their regular distribution around the similar size GluCer patches containing the majority of
HPOD.

3.2. Lipid specificity of the HPO-model membrane interactions
Since HPOs are able to interact with the complex liposomes, the next question is to

determine if there is any lipid specificity for this interaction. To address this question, liposomes
containing pure PLPC, PLPC/sitosterol or PLPC/GluCer were prepared and the thermodynamic
parameters for the binding of both HPOs with these different liposomes were determined
(Figure 4).

Regardless the composition of the liposomes, the binding reactions are spontaneous (AG<0),
exothermic (AH<0) and generate a large positive change of entropy (TAS>0). As for complex
liposomes, hydrophobic interactions are the predominant component in the binding of both
HPOs to liposomes. For each lipid system, the binding coefficients are higher for HPOT
compared to HPOD, confirming a higher affinity of HPOT for lipids. Concerning the lipid
specificity, the presence of sitosterol decreases the binding coefficients and the enthalpy values
for HPOT and to a lesser extent for HPOD comparatively to pure PLPC and binary

PLPC/GluCer compositions. The negative influence of sitosterol is strengthened by the
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presence of GluCer seeing that the binding coefficients and AH values are lower for the ternary
system (Figure S3) compared to the binary ones (Figure 4).

Since it is not possible to prepare liposomes containing only sitosterol or GluCer, the
interactions energies with individual lipid were calculated using the hypermatrix docking
method (Figure S4). The absolute values of the interaction energies were in the order
GluCer>PLPC>sitosterol for both HPOs, confirming the less favorable interaction of HPOs
with sitosterol molecules.

To determine if the first step of insertion plays a role in this lipid specificity, adsorption
into individual lipid monolayer was analyzed. The adsorption was monitored by the increase of
the surface pressure at a constant trough area (Figure S5).

For an initial surface pressure between 5 and 10 mN/m, the adsorption kinetics of HPOT and
HPOD into PLPC or sitosterol monolayers were not significantly different while in the case of
GluCer or lipid ternary mixture monolayers, HPOT displays a faster adsorption kinetic than
HPOD (Figure S5).

The plots of the maximal surface pressure variation (AIT) versus the initial surface pressure (ITi)
obtained for the individual lipid monolayers and the ternary composition monolayer, and the
corresponding binding parameters are shown in Figure S6, and Figure 5A and B respectively.
For all the compositions, AIl decreases linearly with increasing values of IIi, indicating that a
higher packing of lipid molecules at the air—water interface leads to a weaker adsorption of the
HPOs into the monolayer, as generally observed for other amphiphilic molecules [16,17,23].
The maximal insertion pressure (MIP) value which reflects the penetration power of HPOs into
lipid monolayer, shows, in the case of the ternary composition, values higher than the lateral
pressure supposed to prevail within biological membranes (30-35 mN/m) [51], suggesting that
HPOs can insert into natural PPM. The positive values of dITO values confirm an attractive

effect of PPM mimicking lipids on the HPOs adsorption. The effect is higher for HPOT than
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HPOD in terms of penetration power as well as in terms of attractivity for the ternary
composition.
Individual lipids do not shown the same trends as observed for the ternary lipid mixture,
especially in terms of attractivity. Each lipid exerts a higher attractive effect on HPOD
compared to HPOT. It suggests that the lateral arrangement of the whole lipids within the
membrane exerts an important effect on the insertion of the HPOs.
Differently to what it is observed by ITC, sitosterol does not show a less favorable effect on the
HPOs adsorption comparatively to PLPC and GluCer. In the adsorption experiments, the lipid
model is a monolayer while it is a bilayer in the ITC experiments. Moreover the liposome model
is composed of a binary mixture of PLPC and sitosterol while in monolayer ones, it is sitosterol
alone. The presence of a second sheet and the ordering effect of sitosterol on the PC membrane
[52] have undoubtedly an influence on the insertion behavior of the HPOs.
3.3. Molecular features of lipid-HPO’s interactions

The lipid chemical groups involved in the interaction were determined by FTIR
spectroscopy by comparing the spectra of liposomes with or without HPOs. Pure PLPC
liposomes and PLPC/sitosterol or PLPC/GluCer binary mixture liposomes were used.
In the 3000-2800 cm™ region , the spectrum of pure PLPC shows three bands located at 2956
cm?, 29235 cm™? and 2854 cm™ corresponding to the CHs stretching, CH2 asymmetric
stretching and CH> symmetric stretching of the alkyl chain, respectively [23,53]. In presence of
HPOs, a slight but significant shift [54,55] to lower wavenumbers is observed for the three
bands (Figure S7A and Table 1). It indicates a more rigid state for PLPC alkyl chains in the
presence of HPOs [56,57], HPOD and HPOT inducing the same effect.
No significant influence of HPOT or HPOD is observed in the C=0 ester region (band at 1732
cm™) (Figure S7B and Table 1). Interestingly, a significant difference between HPOD and

HPOT is noticed in the phosphate region (Figure S7C and Table 1). The band at 1226 cm™
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corresponding to the asymmetric stretching of the phosphate group [58,59] shifts slightly to
higher wavenumbers (1228 cm™) in the presence of HPOD while the presence of HPOT
considerably shifts the band to lower wavenumbers (1218 cm™). Shifts in the phosphoryl
stretching are interpreted in terms of hydrogen bonding which can be related to the degree of
hydration of the phosphate group [60]. For HPOT, the shift to lower wavenumbers indicates a
more hydrogen-bonded state of the phosphate groups while in the case of HPOD, the slight shift
to higher wavenumbers indicates a less hydrogen-bonded state of the phosphate groups.
Nonetheless, an effect on the orientation of the phosphate headgroups with respect to the bilayer
plane cannot be ruled out and could be analyzed with polarized IR. These effects could be due
to a direct interaction between the PLPC phosphate groups with the polar heads of HPOs and/or
to an indirect influence of the presence of HPOs on the arrangement of polar headgroups of the
phospholipids.

These results obviously reveal that the interactions of HPOT and HPOD with PLPC molecules
are quite different from a molecular point of view.

The presence of sitosterol in the lipid system does not induce any modification of the alkyl
chains neither for the phosphate group, nor for the C=0 ester group when HPOT is present. In
the case of HPOD, a shift to lower wavenumbers is only observed for the phosphate group band,
in contrast to what happens when PLPC is alone (Table 1). By ordering the phospholipid
molecules [61], sitosterol could hinder the interactions between the polar parts of PLPC and
HPOs.

Addition of HPOs on the GluCer-containing system leads to a shift of the CH> asymmetric and
symmetric stretching bands to higher wavenumbers indicating a fluidizing effect. The influence
of HPOs on the phosphate group vibrations and on the C=0 ester group in presence of GluCer

is the same as the one observed for PLPC alone.
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Molecular dynamics performed on PLPC, PLPC/sitosterol, PLPC/GluCer and
PLPC/sitosterol/GluCer show that the interactions of HPOs with the membrane change when
sitosterol or GluCer or sitosterol/GluCer are added. HPOs and particularly HPOD are less
deeply inserted (Figure 6) and there are less salt bridges formed between HPO acid groups and
PLPC choline group (from 63 for PLPC alone to 52, 49 and 50 in average for 20 HPOD in
PLPC/sitosterol, PLPC/GluCer and PLPC/sitosterol/GluCer, respectively). Instead, HPOs are
forming more hydrogen bonds with water and GluCer, mainly between the acid group and the
glucosyl part. In the case of HPOD, the angle between the HPO double bonds and the membrane
normal is also influenced by the presence of sitosterol or GluCer or sitosterol/GluCer mixture.
In PLPC, the double bonds are almost parallel to the bilayer surface. When sitosterol or/and
GluCer are added, the angle tends to decrease, the carbon linked to the hydroperoxide (C2)
going at lower position than the one at the beginning of the double bonds (C1) (Figure 6B).
Differently, the angle for HPOT is not significantly influenced by the nature of the lipid and its
value is in average higher than for HPOD.

The differential insertion and interaction properties between HPOT and HPOD could hence be
explained by their respective orientation within the membrane. HPOT having a supplementary
double bond blocking its torsional angle has a more shaped conformation while HPOD has
more freedom on its acyl chain. Taking all together, these results suggest the modulation of the
lipid interactions of both HPOs by the presence of a double bond. Accordingly, we have
previously shown that a supplementary double bound could induce modulation of membrane

interaction properties of sugar bolaamphiphiles [62].
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4. General discussion and conclusion

Key intermediate oxylipins, HPOD and HPOT, play an important role during the plant
lifecycle [63,64], especially in plant defense against pathogens by direct antimicrobial action
[12]. Even though numerous studies have been carried out to understand the HPOs biosynthesis
and their conversion into molecules with different physiological features, there is no study
addressing the traffic of HPOs at a subcellular scale during pathogen attack. How they come
into contact with the phytopathogens, whether they are released into the apoplastic medium, are
still open questions. One hypothesis is that they are excreted by the plant cells through the
plasma membrane. As their structure is amphiphile they can also be supposed to interact with
plasma membrane lipids and play a role in the defense mechanism at this place.

The in silico and in vitro experiments conducted in the present study clearly demonstrate
that HPOs are able to interact with PPM lipids and to perturb their lateral organization. Even
though both HPOs are able to interact with phospholipids, sterols and sphingolipids, GluCer
seems to be a privileged partner while sitosterol has a less favored interaction. Moreover, the
physical state and nanolateral organization of the membrane has a strong influence on their
interaction. The presence of sitosterol known to order phospholipid bilayers [52] reduces the
binding of HPOs. We also suggest that the interplay of sitosterol with GluCer forming intricate
clusters separated from the PLPC matrix further reduces the propensity of HPOs to interact but
does not annihilate it. Of course, other lipids (such as campesterol, stigmasterol and conjugated
sterols in the sterol class, matched chain and saturated phospholipids and
glycosylinositolphosphoceramides in the sphingolipid category) are present in natural PPMs
and could be of importance for the interaction of HPO with plant cells.

The binding of HPO to liposomes is globally dominated by hydrophobic interactions. However,
molecular details of the interaction analyzed by FTIR and MD approach showed that polar

interactions are also involved. The hydrogen bonding state of phosphate groups of PLPC as
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well as the amide groups of GluCer are modified. MD simulations show accordingly

interactions between the lipid polar parts and HPOs.

The chemical structure of HPOs plays an important role in the interactions. Globally,
HPOT, comprising three double bonds, has more affinity for model bilayers compared to HPOD
containing two double bonds. The interactions at the level of lipid polar parts seem to be
determinant for the differential effects of HPOT and HPOD, due to a stiffening of the acyl chain
of HPOT. Our results suggest that HPOT creates more interactions with the lipid polar parts

through both its acid and hydroperoxide groups than HPOD.

Lipid specificity of the HPO-membrane interactions as well as the differences observed
between HPOT and HPOD could also play an important role in plant cell signaling. By
modifying the plasma membrane lateral organization, they could participate to the recruitment
of key proteins in the signaling cascade of plant defense. This hypothesis is under investigation

by our group.
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Figure 1: Chemical structure of 13-HPOT (A) and 13-HPOD (B).

Figure 2: Representative conformation of HPOD (left panel) and HPOT (right panel) in a
membrane of PLPC/Sitosterol/GluCer (60/20/20) (288 molecules). For clarity, only half bilayer
is represented and double bond hydrogens have been added. The image shows one HPOD or
HPOT molecule after 1 ps simulation.
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Figure 3: Monolayer grid of 200x200 lipids calculated by the BM procedure. Each pixel
represents a molecule, green: PLPC, black: sitosterol, blue:GluCer, yellow: HPOT and red;
HPOD. A) PLPC/sitosterol/GluCer monolayer at 60:20:20 molar ratio in the absence of HPOs,
B) PLPC/sito/GluCer/HPOT  monolayer at  54:17:17:12 molar  ratio, C)
PLPC/sitosterol/GluCer/HPOD monolayer at 54:17:17:12 molar ratio.
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Figure 4: Thermodynamic parameters for the binding of HPOs with simplified liposomes. AG
= Molar free energy change, K = binding coefficient, AH = molar enthalpy change and TAS
molar entropy change of the interactions of HPOs with liposomes composed of PLPC or
PLPC/sitosterol or PLPC/GluCer. Black bars: HPOT, Grey bars: HPOD.
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Figure 5: Adsorption of HPOs into lipid monolayers. (A) Maximal insertion pressure (MIP)

and (B) differential I'lo (dITo) values for HPOT in black and HPOD in grey. These parameters

are described in the Material and Methods section.
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Figure 6: (A) Relative position of the acid group of HPOs against the average PO4 position of
PLPC in the different lipid compositions tested. Black bars= HPOT and grey bars= HPOD, (B)
Angle between the two double bonds of HPOs relative to the membrane normal. Black
diamond= HPOT and grey square= HPOD
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Table 1. Comparison of the location of the IR Bands (cm™) between the different systems
tested.

CHs CH> CH: P=0 C=0
asymmetric asymmetric symmetric  asymmetric ester

stretching  stretching  stretching  stretching  stretching

PLPC 2956 2923.5 2854 1226 1732
PLPC-HPOT 2955 2921 2852 1218 1733
PLPC-HPOD 2955 2921 2852 1228 1733
PLPC-sito 2954 2921 2852 1226 1737
PLPC-sito HPOT 2954 2921 2852 1226 1737
PLPC-sito-HPOD 2954 2921 2852 1220 1737
PLPC-GluCer 2956 2922 2852 1236 1738
PLPC-GluCer-HPOT 2956 2924 2854 1230 1738
PLPC-GluCer-HPOD 2956 2924 2854 1240 1738

The critical micellar concentrations were determined at the intersection between the linear
regression of the ascendant and horizontal regions of the curve.
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