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ARTICLE INFO ABSTRACT

Keywords: Fatty acid hydroperoxides (HPO) are free phyto-oxylipins known for their crucial role as signalling molecules
Linolenic fatty acid hydroperoxide during plant defense mechanisms. They were also demonstrated to have direct biocidal activities against plant
13-HPOT pathogens including gram negative bacteria. In the present work, the biocidal effect of one linolenic fatty acid
Oxylipins hydroperoxide, namely 13-HPOT has been investigated on three plant pathogen gram negative bacteria:

Antibacterial activity

N N Pectobacterium carotovorum, Pseudomonas syringae and Xanthomonas translucens. We showed that 13-HPOT has a
Membrane interaction

strong dose response effect on those phytopathogens.

In a second part, the molecular mechanism behind the antibacterial effect of 13-HPOT was investigated at a
molecular level using an integrative biophysical approach combining in vitro and in silico methods. Since other
antimicrobial amphiphilic molecules have been shown to target the lipid membrane of the organisms they act
on, we focused our study on the interaction of 13-HPOT with biomimetic membranes. In a first step, we hy-
pothesized that the inner membrane of the bacteria was the main site of action of 13-HPOT and hence we used
lipids representative of this membrane to form our models.

Our results indicated that 13-HPOT can interact with the lipid representative of the inner bacterial plasma
membrane. A strong membrane insertion is suggested but no major permeabilization of the membrane is ob-
served. Phosphatidylethanolamine (PE) and cardiolipin (CL), present in the bacterial plasma membrane, appear
to play important roles in this interaction. We suggest that the mode of action of 13-HPOT should involve either
subtle changes in membrane properties, such as its lateral organization and distribution, and/or interactions
with membrane proteins.

1. Introduction defenses, defense gene expression, hypersensitive response, etc.) [1,2].
Oxylipin is the common name for oxidized polyunsaturated fatty acids

Plant oxylipins are produced under a wide range of stress condi- (PUFASs) and their resulting metabolites. Their synthesis starts with the
tions. They are implicated in physiological processes (plant growth, oxidation of PUFAs chemically (autooxidation) or enzymatically via the
development and senescence) or response to stress (stimulation of plant action of lipoxygenases (LOXs, E.C 1.13.11.12) or a-dioxygenase (E.C
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terial plasma membrane; CL, cardiolipin; DMSO, dimethylsulfoxide; GP, Generalized Polarization; HPO, fatty acid hydroperoxide; IM, inner membrane; ITC, iso-
thermal titration calorimetry; LA, linoleic acid; LBA, Luria Bertani agar; LnA, a-linolenic acid; LOX, lipoxygenase; LPS, lipopolysaccharides; LUV, large unilamellar
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1.13.11) [1,3-9]. LOXs are ubiquitous enzymes found in both animals
and plants [1,10]. In plants, LOXs convert mainly 1-4 pentadiene
structure into fatty acid hydroperoxides (HPO), such as 9 or 13-hy-
droperoxi-9,11,15-octadecatrienoic acid (HPOT) from a-linolenic acid
(LnA, C18:3) and 9 or 13-hydroperoxi-9,11-octadecadienoic acid
(HPOD) from linoleic acid (LA, C18:2) [11-13]. These can further be
converted into several biologically active compounds varying in their
chemical structures [1,4,7], but a part of HPOs is also found un-
transformed in plants [14-16].

Recently, plant oxylipins were described as biocide compounds.
Prost et al. have tested, in vitro, different oxylipins by exogenous ap-
plication on several plant pathogens. Especially, key intermediate
oxylipins (HPOD and HPOT) were shown to be crucial agents in the
plant direct defense against fungi and bacteria [17,18]. Previous studies
on bacteria only focused on 13-HPOD and on one concentration
(100 pM) [17]. Antimicrobial properties of 13-HPOT were investigated
on the yeast model Yarrowia lipolytica, a rare opportunistic fungal pa-
thogen [19], and they were shown to be related to strong interactions of
this compound with membrane lipids [20]. Nonetheless, the complete
mechanism involved in their perception by the pathogen cell surface is
far from being known [21]. As many antibacterial molecules have
proved their efficiency through specific membrane interactions [22,23],
such behavior can be expected with phyto-oxylipins including 13-
HPOT. Indeed, in a previous work based on HPOs interactions with
plant biomimetic plasma membranes, we have demonstrated that 13-
HPOT has more affinity for model bilayer and displays a faster ad-
sorption kinetic as compared to 13-HPOD [24]. The presence of three
double bonds seems to be the key structural trait as 13-HPOT has a
higher biocidal effect in in vitro assays [17]. However, there is still no
study on the HPOT-bacterial membrane interactions.

A large part of phytopathogenic bacteria belongs to the Gram-ne-
gative group, with Agrobacterium, Pectobacterium, Pseudomonas,
Xanthomonas and Xyllela being responsible for most diseases in the field
[22]. The first objective of this study was to analyze the antibacterial
properties of 13-HPOT on three pathogens of agronomic interest: Pec-
tobacterium carotovorum, Pseudomonas syringae p.v. syringae DC3000 and
Xanthomonas translucens p.v. translucens.

One target of 13-HPOT could be the bacterial membrane. Few years
ago, interaction and disruption of the plasma membrane appeared as a
new track for antibacterial therapy in Humans [25-27]. Less known
than in eukaryotes, the composition of bacteria membranes is very di-
versified, especially for Gram-negative bacteria. They possess two dis-
tinct membranes: the outer membrane (OM) and the inner membrane
(IM) separated by a thin layer of peptidoglycan [28]. The OM is mainly
composed of lipopolysaccharides (LPS) and some glycerophospholipids,
whereas the IM is fully composed of glycerophospholipids (mainly
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardi-
olipin (CL)) [23,28-33]. Proteins have always been considered as the
main actors of physiological functions across biological membranes. But
in recent years, numerous studies have focused on the complexity of the
membranes and, in particular, the essential role of lipids in their or-
ganization and intrinsic properties. New perspectives have appeared on
the effect of amphiphilic drugs on lipid-protein interactions, with direct
consequences on membrane lipid domains [23,34,35]. In turn, these
modifications influence the localization/activity of proteins, particu-
larly highly sensitive to changes in the IM [28]. Many amphiphilic
molecules have shown their capacity to interact specifically with the
lipids constituting the plasma membrane and, in certain cases, to in-
fluence its properties [23,34,36-38]. Especially, some molecules ex-
tracted from plants or of plant origin would derive their multiple effects
via their ability to interact with the lipid part of the membranes
[39,40]. Such interactions are likely to have a significant impact on the
functioning of the membrane and could explain the mode of action or
the side effects of certain compounds. In this paper, we have decided to
focus on the interaction of 13-HPOT with IM, since this molecule has
shown strong interactions with plant glycerolipids that are also the IM
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main components but with different lipid head natures. Furthermore,
other small amphipiles, such as neamine derivatives, are able to interact
both with OM and IM [23,37,41]. The IM can thus be one of the pri-
vileged target for antibacterial amphiphilic molecules. In order to in-
vestigate the antibacterial mechanisms at the molecular level, we have
studied the interaction between 13-HPOT and bacterial plasma mem-
brane (BPM) lipids using complementary in vitro and in silico biophy-
sical approaches. Particularly, we have explored the interaction of 13-
HPOT with lipid models mimicking the IM of Pseudomonas sp. based on
the lipid composition described in the literature [23,37,42] with a
special focus on the lipid specificity of the interaction and its potential
effects on BPM lipid organization.

Overall, our results give valuable insights to discuss how the in-
teraction mechanism can be related to the in vitro biocidal assays.

2. Materials and methods
2.1. Materials

As described in our previous works [24,43], 13-HPOT was en-
zymatically synthetized from the reaction of LOX-1 on linolenic acid.
The purity (higher than 98%) was checked by high-performance liquid
chromatography. The bacterial strains Pectobacterium carotovorum and
Pseudomonas syringae strain DC3000 were supplied by DSMZ-German
Collection, Leibniz Institute (Germany) and Laboratory Stress, Defenses
and Plant Reproduction, Reims University (France; Dr. Stephan Dorey)
respectively. Xanthomonas translucens pv. translucens and Fusarium
oxysporum f.sp. radices-lycopersici were supplied by BCCM Laboratory
for Microbiology, University of Gent (Belgium). All bacterial strains
were grown at 28 °C on LBA Petri dishes for at least 24 h.

1-palmitoyl-2-oleyl-sn-glycero-3-phosphoethanolamine (POPE), 1-
palmitoyl-2-oleyl-sn-glycero-3-phosphoglycerol (POPG), heart bovine
cardiolipin (CL), lipoxidase from Glycine max (soybean) type I-B (LOX-
1), the linoleic and a- linolenic acids, Luria Bertani Agar (LBA) and the
potato dextrose agar (PDA) were purchased from Sigma-Aldrich
(Belgium). Chloroform and methanol were both purchased from
Scharlau Lab Co. Dimethylsulfoxide (DMSO) and tri(hydroxymethyl)
aminomethane (TRIS) were provided by Sigma Chemical. The ultrapure
water was produced by a Millipore system available in our laboratory,
the resistivity was 18.2 Q cm.

2.2. Biocidal assays

In vitro antibacterial activity of 13-HPOT was evaluated in a mi-
crospectrophotometric assay, based on [17]. Bacteria were grown in
sterile, flat-bottom, 96-well microplates, sealed with Parafilm, in a final
volume of 100 pL of LB liquid medium. They were grown at 28 °C
starting with approximately 2,000 bacteria per well. 13-HPOT was
dissolved in H,O with 1% of MeOH in a concentration range from
0.01 pM to 100 pM. Treatment was performed on four replicates in the
same plate, and experiments were repeated at least three times in-
dependently and for each strain. Control was treated with H,O/1%
MeOH. Beforehand, the effect of adding 1% methanol compare to the
liquid medium without methanol was tested, showing that methanol
has no effect on bacterial growth. Growth was monitored by measuring
every 30 min the absorbance of the microcultures at 600 nm with a
microplate reader (UV-Vis SpectraMax 190 Microplate Reader, Mole-
cular Devices) for 24 h of incubation in the presence or absence of the
tested compounds. Results analysis were performed on final absorbance
values within experiments. Growth inhibition for each target organism
was calculated using the following expression:

AODgooumo—2an in HPO
100 X (1 _ ( 600nm,0—24h )

AODegoonm,0—24n in control
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2.3. IMPALA procedure

The insertion of the molecule into an implicit bilayer was computed
by the IMPALA procedure as described previously [44,45]. Briefly, this
method allows the study of the insertion of a compound in a modelled
membrane using simple restraint functions designed to mimic the
membrane properties. The IMPALA method allows us to predict if a
molecule is able to penetrate a membrane and how deep it inserts into
the lipid phase.

The membrane is described as a continuous medium whose prop-
erties vary along the axis perpendicular to the bilayer plane (z axis).
The forcefield is set to mimic a membrane in aqueous environment by
considering 1) the hydrophobic effect between the membrane and a
solute (Epho) and 2) the perturbation effect of the solute on the lipid acyl
chain organization (Ej;). The two restraints are calculated and summed
at each position of the 13-HPOT molecule into the implicit membrane;
the molecule is systematically moved along the z axis by 1 A steps, from
one side of the membrane to the other. A profile of the total energy
restraint (Eecny = Epho + Eiip) as a function of the mass centre position
of 13-HPOT into the implicit bilayer is then obtained.

2.4. Isothermal titration calorimetry

For isothermal titration calorimetry (ITC), large unilamellar vesicles
(LUVs) were made. Lipid films were prepared the same way as for
calcein leakage experiments. This time no fluorescent probes were
added while hydrating them. The flask was maintained at a tempera-
ture above the transition phase temperature for 1 h and vortexed every
10 min. Thereafter, the suspension underwent 5 freeze-thaw cycles and
then extruded 15 times through polycarbonate filters with a pore dia-
meter of 100 nm, in order to get LUVs. The size and homogeneity of the
produced liposomes was verified by Dynamic Light Scattering. BPM
liposomes had an average diameter 120 * 5.7 nm.

The measurements were performed with a VP-ITC from Microcal
(Microcal Inc., Northampton, MA, USA) at 26 °C. Before starting, so-
lutions were degassed by stirring under vacuum or by ultrasonication.
The sample cell (volume = 1,4565 mL) was filled out with 10 mM Tris-
HCI buffer at pH 7.4 (blank) or 13-HPOT at 10 uM (below CMC) in
10 mM Tris HCl buffer at pH 7.4 and the reference cell was loaded with
milli-Q water. Small aliquots of LUV suspension at 2 mM in Tris HCI
buffer at pH 7.4 were added to the sample cell with a software-con-
trolled syringe (volume = 300 pL). The first injection was 2 pL (not
taken into account for data treatment) and was followed by 28 injec-
tions of 10 pL. A spacing time of 360 s was used between each injection
to reach a steady state before each new injection. The sample cell was
stirred continuously at 305 rpm during experiments. By subtracting the
values obtained for the blanks (same experiment in DMSO and without
13-HPOT) from the observed heats, the effective heats were de-
termined. Raw data were treated using ORIGIN7 software (Originlab,
Northampton, USA) according to the cumulative model described hi-
therto [46] and previously applied for other surfactants [47,48]. The
thermodynamic parameters were calculated as described in [46] and
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 13-HPOT for LUVs. All experiments were carried out at least
three times, each time with freshly prepared LUVs.

2.5. Calcein leakage

POPE/POPG/CL (60:21:11) small unilamellar vesicles (SUVs) were
prepared as described previously [41,49,50]. While hydrating the film,
10 mM calcein in 10 mM TRIS-HCI buffer pH 7.4 was added. The lipid
dispersion was maintained at 37 °C for at least 1 h and vortexed every
10 min. 5 cycles of freeze-thawing were applied to spontaneously form
multilamellar vesicles. To obtain SUVs, this suspension was sonicated to
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clarity (5 cycles x 2 min) using a probe with 400 W amplitude keeping
the suspension in an ice bath. Finally, generated titanium particles were
removed from SUV solution by centrifuging during 10 min at 6200 rpm.
The unencapsulated calcein was removed from the SUV dispersion by
the Sephadex G65 mini-column separation technique [51]. The actual
phospholipid content of each preparation was determined by phos-
phorus assay [52] and the concentration of liposomes was adjusted for
each type of experiment to 5 uM in 10 mM TRIS-HCI at pH 7.4 buffer.

Fluorescence was measured as previously described in [51] and
with a Perkin Elmer (model LS50B) fluorescence spectrometer equipped
with polarizers. Total amount of calcein release was determined by
adding Triton-X100 (0.2%) to a liposome suspension that dissolved the
lipid membrane without interfering with the fluorescence signals. The
emission and excitation wavelengths were set at 517 nm and 467 nm,
respectively. A fluorescence signal of 750 pL of SUV was first recorded
as a baseline, followed by the addition of 13-HPOT (at t = 30 sec) in 7
different concentrations while continuing the recording for 900 s. The
amount of calcein released after time t was calculated according to
[53]:

RF (%) = 100- k=)

(Imux - Io)
where RF is the fraction of calcein released, I,, I, and I, are the
fluorescence intensities measured at the beginning of the experiment, at
time t and after the addition of 0,2% Triton X-100, respectively. All
experiments were carried out at least three times, each time with
freshly prepared SUVs.

2.6. Langmuir monolayer

Adsorption experiments at constant surface area were performed in
a Kibron Minitrough (24 cm®) placed on a vibration-isolated table and
equipped with a Wilhelmy wire. Experiments in the absence or in the
presence of lipids at the interface were made as previously described
[50].

The subphase was 10 mM Tris-HCl buffer at pH 7.4 (prepared with
milliQ water) and continuously stirred with a magnetic stirrer. Lipid
molecules chloroform/methanol (2/1, v/v) mixture were spread at the
air-water interface in order to reach desired initial surface pressure.
After 15 min waiting for the solvent evaporation and film stabilization,
13-HPOT dissolved in DMSO was injected underneath the pre-formed
lipid monolayer to a final concentration of 12.7 uM in the subphase
(below the critical micellar concentration of 13-HPOT which is
25.4 += 1.9 pM (data not shown)) in order to have it in a monomer
form. The adsorption of 13-HPOT at the lipid monolayer was followed
by the increase of the surface pressure over time as described previously
[49,50]. As a control, 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 (MIP), defined as the
surface pressure above which 13-HPOT no longer adsorbs into the lipid
monolayer, was determined at the intersection of linear regression of
the plot Am vs mt; with the x-axis. The “differential x, (dx,)” parameter
was calculated as follows:

dmy = Ay — 7,

where A, corresponds to the y-intercept of the linear regression of the
A vs m; plot, and 7, is the surface pressure increase at the equilibrium
obtained in an independent experiment performed at the same 13-
HPOT concentration but without lipids spread at the interface. The
uncertainty in the MIP and in the dn, were calculated as described
previously [54].

2.7. Hypermatrix docking method

Hypermatrix is a simple docking method described in [49,55]. Like
it was recently done for saponins [56] and amphiphilic azobenzenes
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Fig. 1. Effect of 13-HPOT on the growth of three bacteria of agronomic interest. Growth inhibition percentages were calculated based on the optical density
measured for each condition. Horizontally hatched bars indicate results for Pectobacterium carotovorum, hatched bars for Xanthomonas translucens and black bars
for Pseudomonas syringae pv. syringae. Data represent mean + standard deviation of three independent experiments.

[34], it was used to dock 13-HPOT to different lipid molecules. 13-
HPOT is fixed at a central position of the system and oriented at the
hydrophobic/hydrophilic interface and the lipid molecule, also or-
iented at the lipid/water interface, is positioned around the HPOT
molecule by rotations and translations (more than 107 positions tested).
For each position, an interaction energy is calculated, based on an
empirical forcefield [57]. The most stable assembly is the one having
the lowest energy value.

2.8. Big monolayer method

The Big Monolayer (BM) method allows to visualize lipid domains
and was used as described [38,49,56]. The first step consists in calcu-
lating the paired interactions between molecules, according to Hy-
permatrix (see above). In this study, these pairs were HPOT/POPE,
HPOT/POPG, HPOT/CL, POPE/POPG, POPE/CL and POPG/CL. For
each pair, a Boltzmann energy is calculated by adding the interaction
energy of each relative position tested multiplied by the probability of
the position. After that, a grid of 40,000 (200 x 200) molecules, ran-
domly positioned at the beginning, is constructed and the energy of the
configuration is calculated. Then, random permutations are performed,
and the energy of the new configuration is again calculated. A Monte
Carlo procedure of 100 000 steps permits to minimize the whole
system. Three repetitions of each system were calculated. At the end,
each molecule is represented by a pixel, generating an image of the
molecular domains formed.

2.9. Laurdan generalized polarization

For Laurdan generalized polarization experiments, multilamellar
vesicles (MLVs) were prepared based on [38,58]. POPE, POPG and CL
in proportion 60:21:11 were dissolved in a chloroform/methanol mix-
ture (2/1, v/v). 13-HPOT was added to the lipid mixture to reach a
lipid:HPOT molar ratio of 5:1. The solvent was evaporated under a
gentle stream of nitrogen to obtain a dried lipid film which was
maintained under vacuum overnight. The resulting film was hydrated
with 10 mM TRIS-HCI buffer at pH 7.4 prepared from Milli-Q water and
1 pL of Laurdan solution prepared in DMSO was added in order to
obtain a final concentration of 5 nM. The lipid dispersion was main-
tained at a temperature well above the transition phase temperature of
the lipid for at least 1 h and vortexed every 10 min.

Fluorescence of Laurdan in MLVs was monitored at various tem-
peratures (between 20 and 50 °C by step of 5 °C) with a Perkin Elmer
LS50B fluorescence spectrometer. Samples were placed in 10 mm
pathlength quartz cuvettes under continuous stirring while the cuvette

holder was thermostated with a circulating bath. Samples were equili-
brated at each temperature for 10-15 min before measurement was
performed. The excitation wavelength was set to 360 nm
(slit = 2.5 nm), and at least 10 measurements of emission intensities at
440 nm and 490 nm were recorded and averaged for each sample and
the blank (DMSO) at each temperature. An emission spectrum from
400 nm to 600 nm (slit = 4,5 nm) was also recorded for each sample-
temperature combination. Generalized polarization (GP) of Laurdan
was then calculated according to [59,60]:

GP = L4400 = Lyoo
Ty + Lioo

where L4 and I,9, are the blank-subtracted emission intensities at
440 nm and 490 nm, respectively. All experiments were carried out at
least three times, each time with freshly prepared MLVs.

3. Results and discussion

3.1. Evaluation of 13-HPOT inhibitory activity against plant bacterial
pathogens

The first objective of this study was to evaluate the antibacterial
effect of 13-HPOT, in a range of defined concentrations, against three
crop pathogenic bacteria: P. carotovorum, P. syringae and X. translucens.
Bacteria were grown in vitro in 96-well plates in liquid medium in
presence or absence (control) of 13-HPOT for 24 h. After subtracting
growth values from the sterile medium in the presence of HPOT (dif-
ferent concentration tested) and comparing these values to the positive
control (bacterial medium + solvent), growth inhibition percentages
were calculated for each tested concentration and each pathogen
(Fig. 1).

Fig. 1 shows that 13-HPOT induced a dose-dependent antibacterial
effect on the three pathogens. The molecule seems less effective below
10 uM, whereas at concentrations above 10 uM the inhibition percen-
tages are increasing up to 100% in the case of P. syringae. For all the
concentrations tested, 13-HPOT seems to be more active and at lower
concentrations on hemibiotrophic P. syringae than necrotrophic on P.
carotovorum and on X. translucens. Clearly, 13-HPOT exhibits in vitro
antimicrobial activities against these Gram-negative bacteria. As results
are promising with P. syringae, the rest of the study is focused on this
specific case.
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3.2. Biophysical investigation of the antibacterial mechanism

3.2.1. Investigation of 13-HPOT interactions with bacterial IM-mimicking
models

Since the membrane could be one target of antibacterial molecules,
we have investigated, in silico, the interaction of 13-HPOT with the
BPM. In a first approach, the IMPALA procedure [44] was applied to
predict the ability of 13-HPOT to insert into an implicit model mem-
brane. The molecule was systematically moved along the z axis from
one side of the membrane to the other and the total restraint
(Epno t+ Eiip) was calculated for each position. A profile of the energy
restraints as a function of the mass centre penetration into the implicit
bilayer was then obtained (Fig. 2).

A sharp drop of energy from the aqueous phase to the membrane
surface is observed (Fig. 2), indicating that the entry of the molecule
into membrane is clearly favourable. However, the large positive value
of the energy in the hydrophobic region of the membrane suggests that
the crossing of the membrane by 13-HPOT is unlikely. The most fa-
vourable positions corresponding to the lowest value of restraint energy
are those located at the level of the lipid polar head/lipid hydrocarbon
chain interface at around 14 A. Therefore, 13-HPOT is predicted to be
able to interact with a membrane and to fit into but could not cross the
bilayer and would remain localized at the outer leaflet.

In a second step, we experimentally analysed, in vitro, the thermo-
dynamic aspect of the interaction between 13-HPOT and bacterial mi-
micking model membranes using the ITC technique. LUVs were formed
with a lipid composition mimicking Pseudomonas sp. IM; palmitoyl oleyl
phosphatidylethanolamine (POPE), palmitoyl oleyl phosphatidylgly-
cerol (POPG) and cardiolipin (CL) as model phospholipids, in a molar
ratio 60:21:11 respectively [26,37,61]. The raw binding profile shows
weak positive peaks that decrease over time (Fig. 3A) and become ne-
gative (corresponding to the heat flow of the drop fall) with the suc-
cessive liposome injections.

After subtraction of the heat of dilution from the blank titration of
the liposomes into the buffer, the thermodynamic parameters were
calculated (Table 1). The binding reaction to liposomes mimicking
bacterial IM was spontaneous (AG < 0), endothermic (AH > 0) and

generated a positive change of entropy (AS > 0). Data demonstrate
that 13-HPOT can bind to these liposomes, suggesting an interaction
with the lipid phase of the IM. The binding coefficient (K) is quite high
compared to other surfactant molecules [46,48], suggesting that 13-
HPOT presents a high affinity for IM membrane lipids. As the absolute
values of entropy change is higher than the absolute value of enthalpy
change, the binding is notably driven by hydrophobic interactions [62].

Altogether, both in silico and in vitro results indicate that 13-HPOT is
attracted by and interact with IM-mimicking membranes and that the
hydrophobic interactions are the main driving forces for the interac-
tions with bacterial phospholipids.

3.2.2. Investigation of the mechanism : A non-detergent-like mode of action

Since most amphipathic antimicrobial agents derive their effec-
tiveness from a detergent-like action [63], we have investigated the
ability of 13-HPOT to permeabilize model membranes by using calcein
leakage assays. Following the interaction between 13-HPOT and the
biomimetic membrane, calcein can be released from the internal aqu-
eous medium of the vesicles, where it is self-quenched, into the external
aqueous environment, if the structure of the membrane is affected by
the interaction.

No permeabilization effect was observed (values less than 10%)
regardless of the tested concentrations of 13-HPOT in a range from 0.1
to 12.5 uM (data not shown). The same result was observed with plant
membrane models (unpublished data) suggesting that 13-HPOT would
not derive its mode of action from a mechanism of solubilization of the
membrane but rather from a more subtle modification of the membrane
organization that could lead to the activation of a signalling cascade
and de facto to cell death. Actually, some antibiotics can also exert their
biological activity against microbes by interacting directly and speci-
fically with the membrane lipid parts [23,28]. Discovered a few years
ago in Bacillus subtilis [64] and more recently in other bacteria
[26,27,65], functional domains might be the target for novel anti-
bacterial agents. Modifications of these domains might be lethal as they
are related to important cell processes (cell division, signal transduc-
tion, biofilm formation, etc.) [64,65].
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Fig. 3. Thermodynamic profiles of one ITC experiment conducted with 13-HPOT and the bacterial liposome composition. A) Raw thermogram (heat flow) observed
upon addition of POPE/POPG/CL vesicles (2 mM) into 10 uM 13-HPOT, both in buffer (10 mM Tris-HCl, pH 7.4). B) Cumulative heats of reaction as obtained from
the integration of the thermogram shown in A. Red curve correspond to the fitting from which the thermodynamic parameters are calculated.

Table 1
Summary table of thermodynamic parameters calculated based on the cumu-
lative heats of reactions.

Mean values Standard deviations

AH (J/mol) 1,10 0,40
K (mM™Y) 49,78 7,38
AG (J/mol) -36,83 0,37

TAS (J/mol) 37,93 0,65

3.2.3. Involvement of specific lipids in BPM — 13-HPOT interactions

To better understand a potential specific interaction between 13-
HPOT and bacterial lipids, adsorption experiments into pure lipid
monolayers composed of POPE, POPG or CL were performed using the
Langmuir monolayer technique. Indeed, monolayers are excellent al-
ternatives to study interactions in two-dimensional arrangements of
amphiphilic molecules and well suited for mimicking membrane sur-
face processes [66,67]. The adsorption profile was monitored by the
increase of the surface pressure over time at a constant trough area.
From the plot of the maximal surface pressure variation (AII) versus the
initial surface pressure (I;) (data not shown), two different parameters
have been calculated: the MIP which reflects the penetration power of
the molecule into a lipid monolayer and corresponds to the pressure
above which a surface-active molecule is no longer able to insert into a
lipid monolayer, and the differential I1, (dI1,) which indicates the (non-
)attracting effect of the lipid towards the molecule.

The AII vs. I1i curves (data not shown) decreased linearly with in-
creasing values of II;, suggesting that a higher packing of lipid mole-
cules at the air-water interface leads to a weaker adsorption of 13-HPOT
into the monolayer, as observed for various amphiphilic molecules
[24,49,50]. All the MIP values are higher than the lateral pressure
supposed to prevail within biological membranes (30-35 mN/m) [68]
(Fig. 4), suggesting again that 13-HPOT could insert into natural plasma
membranes. These results agree with the IMPALA results but should be
interpreted with caution because monolayers studied here are very far
from representing the IM. The positive values of dIl, confirm the affi-
nity of 13-HPOT for the individual lipid monolayers. The affinity was
significantly higher for monolayers composed of PE than PG or CL.

In silico docking between 13-HPOT and the three lipids tested ex-
perimentally was then performed to obtain a description of the inter-
action at the atomic level. For all the lipids, the total energy of inter-
action was negative, confirming an energetically favourable interaction
between 13-HPOT and the lipids mimicking the BPM (Fig. 5). As ex-
perimentally, 13-HPOT presents less affinity for CL, with even a posi-
tive hydrophilic component. The absolute value of interaction energy is
significantly higher in presence of PE, confirming a specific interaction

0

50 % N\ 2 MIP (mN/m)
0 %\ mdno (mN/m
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; \J )

N N

POPE POPG

Fig. 4. Adsorption of 13-HPOT into lipid monolayers: POPE: palmitoyl oleyl
phosphatidylethanolamine, POPG: palmitoyl oleyl phosphatidylglycerol, CL:
cardiolipin. Maximal insertion pressure (MIP) in hatched bars and differential
110 (dII,) value in black bars.

-5 k\
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=
(9]
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(fig. 7A)
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(Fig. 7B)

HPOT/PG HPOT/CL

W Hydrophilicenergy % Hydrophobic energy

Fig. 5. Total energy of interaction of 13-HPOT with POPE (palmitoyl oleyl
phosphatidylethanolamine), POPG (palmitoyl oleyl phosphatidylglycerol), and
CL (cardiolipin) in a multimolecular monolayer assembly, calculated by the
Hypermatrix docking method. In black: hydrophilic component of the energy;
hatched: hydrophobic component of the energy.

with this phospholipid. Moreover, we observe two possible interaction
cases for PE. As shown on Fig. 6A (upper panel), the OOH group and
part of the alkyl chain of 13-HPOT interact respectively with the ester
group and the beginning of the alkyl chain of the lipid. The other en-
ergetically favourable interaction is between the amine group of PE and
the carboxy group of 13-HPOT (Fig. 6B, upper panel), increasing sig-
nificantly the polar interactions but decreasing the hydrophobic energy
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Fig. 6. Modelling of the interaction between one molecule of HPOT with PE (A and B), PG (C) or CL (D). The orange plane represents the hydrophobic (upper)/
hydrophilic (Below) interface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 5). For the two other lipids, the interaction resembles the first one
of PE/13-HPOT (Fig. 6C-D). When comparing the energy of interaction
(from Fig. 5), PE is ahead of PG, which is also ahead of CL.

Data from Langmuir monolayer experiments and docking calcula-
tions strongly suggest that PE plays a key role in the interaction be-
tween 13-HPOT and the BPM. Then, one can wonder how these specific
interactions could be related to the biological effects of 13-HPOT. It is
well known that such interactions can influence the membrane orga-
nization, the distribution and localization of certain proteins leading
notably to the activation of signalling cascade reactions [26,65,69].

3.2.4. Effect of 13-HPOT on the BPM structure and organization

Our final step was to investigate the effect of 13-HPOT on the BPM
order and organization. First, to determine the potential effect of lipid
organization on the interaction with 13-HPOT, measurements made on
a monolayer of the POPE/POPG/CL ternary mixtures were performed
(Fig. 7). The corresponding parameters are 23.3 = 3.9 mN/m for the
MIP and 1.9 = 0.9 mN/m for the dIIO. In this case, the MIP value was

20
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)
O

0 4 8 12 16 20 24
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Fig. 7. Adsorption of 13-HPOT into a POPE/POPG/CL (60/21/11, molar ratio)
monolayer. Plot of the maximal surface pressure variation (AII) versus the in-
itial surface pressure (IIi) for the monolayer.

lower although remaining not too far from the lateral pressure within
biological membranes (30-35 mN/m). In addition, the value of dITI0
was significantly reduced, similar to that obtained with the monolayers
CL. This suggests that, in the ternary mixture (nigh to real BPM), the
lipid organization would disturb but not hinder the interaction between
13-HPOT and the different lipids. The organization can be such that the
POPE and POPG molecules are inaccessible or misdirected to interact
with 13-HPOT.

In a second time, the simulation of the lateral distribution of 13-
HPOT within the ternary lipid mixture was obtained using the BM ap-
proach (Fig. 8). The presence of 13-HPOT clearly influences the lateral
organization of bacterial lipids. By comparing the two simulations, it is
predicted that the presence of HPOT modifies the lipid domains (Fig. 8).
This in silico simulation suggests that CL is excluded from the lipid bulk
when 13-HPOT is present and forms large CL clusters. Formation of CL
domains have been reported in the membranes of Escherichia coli and B.
subtilis [26]. These domains are localized in the polar and septal re-
gions, but it is still not clear how these domains form. CL domains are
known to induce a curvature in the plasma membrane at the poles and
to be involved in cell division process [26,64]. The modification of the
membrane organization and of the distribution of CL induced by the
presence of 13-HPOT might influence the curvature and fluidity of the
membrane which could impact the cell division process or even cause
cell death.

To experimentally investigate the effect of 13-HPOT on the mem-
brane order, we evaluated the lipid bilayer fluidity by the Laurdan
polarization. Laurdan is a fluorescent probe that readily partitions at
the hydrophilic/hydrophobic interface of bilayers [70]. According to its
environment, the fluorescence properties of Laurdan change. When
inserted into a lipid bilayer in the gel state, the fluorescence is maximal
at an emission wavelength around 440 nm. As soon as the bilayer un-
dergoes a liquid phase transition, the maximum fluorescence intensity
is shifted toward higher emission wavelengths. This phenomenon is so-
called the “red-shift” and is awarded to an increased presence and
mobility of water molecules around the probe, directly linked to the
lipid bilayer order [60]. From raw data, Laurdan Generalized Polar-
ization (GP) parameter was calculated to monitor the change in lipid
order. In our experiments, Laurdan GP was used to determine the effect



D. Estelle, et al.

—o— MLV 13HPOT
c
X 012 [ T
=]
= !
& L
S — 0,1
Q 5
T ©
E - 0,0 I I I
g 18 28 \33\.\l 48
c ®
8 ol T i\;

-0,2 - Temperature (°C)

Fig. 9. Evolution of Laurdan generalized polarization as a function of tem-
perature for POPE/POPG/CL MLVs (50 puM) in the absence or presence
(lipid:HPOT molar ratio 5:1) of 13-HPOT. Dark grey: MLVs only; Grey:
MLVs + 13-HPOT.

of 13-HPOT on the lipid order at the hydrophilic/hydrophobic interface
at different temperatures.

Fig. 9 shows the temperature dependence of Laurdan GP for POPE/
POPG/CL MLVs mixed with 13HPOT (lipid:HPOT ratio of 5:1). Com-
paratively to other bioactive molecules (neamine derivatives, sorgo-
leone, etc.), the GP values are moderated [37,71]. In presence of 13-
HPOT, the Laurdan GP values are slightly decreased for temperature
below 40-45 °C, whereas above 40-45 °C, values are slightly higher
than those of pure MLVs. Hence, for temperatures below 40 °C, 13-
HPOT tends to fluidify, i.e. disorganize the bilayer. At higher tem-
peratures, it has rather a slight ordering effect on the bilayer. Inter-
estingly, 13-HPOT behaviour seems to be related to the temperature,
which might be explained by fluctuations of the lipid phase. Further
investigations are needed to better understand this specific behaviour.

4. General discussion and conclusion

Amphipathic molecules are good candidates for an optimal inter-
action with lipid membranes. This is especially critical for antibacterial
agents active against Gram-positive or -negative bacteria when unable
to pass through porins [28]. Fatty acid hydroperoxides appear hence as
potential biocidal candidates. Following previous studies [17,18,24],
13-HPOT is the most promising.

In this study, antibacterial assays showed that 13-HPOT exhibits a
high antibacterial activity against the three Gram-negative bacteria
tested: P. carotovorum, P. syringae and X. translucens. We have also de-
monstrated that 13-HPOT interacts with lipid bilayers mimicking the
Pseudomonas IM. However, it cannot cross the bilayer and rather re-
mains localized at the outer leaflet, likely due to its two polar groups

Bioorganic Chemistry 100 (2020) 103877

Fig. 8. Monolayer simulations of PE/PG/CL/HPOT
system (56,/19/10/16 M ratio) obtained by the Big
Monolayer method in a grid of 200 x 200 mole-
cules. Each molecule is represented by a pixel: blue:
PE; black: PG green: CL and yellow: HPOT. Left
picture represents the simulations without 13-
HPOT. Right picture represents one of the simula-
tions in presence of 13-HPOT. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

forcing it to stay into the region close to the membrane interface. 13-
HPOT does not permeabilize the IM models, unlike other small am-
phiphile molecules that have a detergent-like mechanism of action. Its
mode of action should involve either more subtle changes of membrane
properties, such as its lateral organization and distribution, and/or an
interaction with proteins within the membrane. Indeed, 13-HPOT
showed energetically favourable interactions with all the tested lipids.
The IM of bacteria could thus be the target of our compound. However,
one cannot rule out that HPOT could also interact with the outer leaflet
of Gram-negative bacteria. The OM lipid composition greatly differs
from that of IM, containing mainly LPS and traces of glycerolipids [31].
Preliminary results from our group showed also the ability of 13-HPOT
to interact with LPS monolayers (data not shown) but in a way very
different from the one observed with the IM lipids.

The interaction of 13-HPOT with PE is the most favourable. The fact
that 13-HPOT does not penetrate deeply into the bilayer should render
it an inducer of positive spontaneous curvature and, in turn, favours its
packing with a negative spontaneous curvature lipid such as PE. It
would probably improve packing and limit disordering compared to a
more positive-curvature lipid, which is in accordance with the absence
of leakage observed in our permeabilization assays [72,73]. This spe-
cific and strong lipid interaction can lead to significant changes in the
organization of the membrane, and in the distribution and functioning
of some membrane proteins [74]. By the way, our Big Monolayer results
suggest that 13-HPOT could influence the lateral organization of
Pseudomonas lipids. We assume that CL molecules are excluded from the
PE/PG areas in the presence of 13-HPOT, with formation of CL clusters.
CL is one important physiological lipid that is organized into micro-
domains containing proteins that are involved in essential processes
[32,75]. Therefrom, compounds that influence CL distribution are of
great interest in fighting against bacterial resistance to conventional
antibiotics in Humans. El Khoury et al. have notably shown that this
modification of CL domains causes bacterial cells to have serious
morphological defects in their membranes, including an increase in
curvature and a decrease in thickness [35]. Using Laurdan polarization
measurements, we have shown that 13-HPOT acts on the physical state
of the bacterial membrane by slightly fluidizing it. It would be worth to
study the influence of these rearrangements on the structure and
function of the plasma membrane, particularly using lipids labelled
with fluorescent probes. Those lipid organization modifications could
influence the conformation and/or function of membrane proteins,
notably at the level of the lipid domains present in the bacterial IM.
However, it has also been recently demonstrated that lipid domains can
be formed in the OM, which may have properties and functions dif-
ferent from what is observed in the IM [69]. Additional studies are
needed to further explore this hypothesis.

The biocide activities of 13-HPOT against three bacteria of agro-
nomical interest described in this study are attractive as they could offer
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a track for a new class of biopesticides. In this context, the antibacterial
effects of HPOs should be explored on other strains and in planta in a
future investigation. Their effects on the outer membrane should also
be further studied to have a more global view on the biological activ-
ities of HPOs on the bacterial membranes. This is even more true since
the composition and structure of LPS differ greatly from one organism
to another and from one strain to another [76-78]. The track of the
antifungal activity should also be explored in more depth. In the case of
plant-pathogen interactions, disrupting or modifying lipid domain or-
ganization might be an effective approach to new biopesticides.
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