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Résumé :

Les Glycosyl-Inositol Phosphoryl Céramides (GIPCs) sont les sphingolipides
majeurs de la biosphére. lls représentent jusqu’a 40%mol des membranes
plasmiques (MP) des plantes et des champignons. Les GIPCs sont cependant
restés presque totalement ignorés depuis leur découverte il y a plus de 50 ans.
Aucune donnée n’est disponible sur leurs réles dans la structuration des membranes
biologiques, leur organisation en nanodomaines membranaires et leurs interactions
avec les autres lipides et les protéines. De nombreuses questions a propos des
GIPCs de plantes restent encore sans réponse, telles que la structure chimique
exacte de la téte polaire dont le nombre de sucres ; l'influence de ces molécules sur
I'épaisseur de la membrane ou encore sur la structuration des nanodomaines ; et
enfin I'implication des GIPC dans les relations héte-pathogéne chez les plantes. Le
but de ce projet est de purifier et caractériser les différentes classes de GIPCs de
plantes, afin d’étudier leurs réles structurants avec les phytostérols et les
phospholipides par des méthodes de biophysique et de biochimie structurale. Ce
projet multidisciplinaire permettra I'émergence d’'une nouvelle thématique et
procurera une base de données indispensable pour comprendre la structure des MP
végétales et entre autres, leurs réles dans la réponse contre les pathogeénes.

Summary :

Glycosyl Inositol Phosphoryl Ceramides (GIPCs) are the major sphingolipids of the
biosphere. They account for up to 40 mol% of the plasma membranes (PM) of plants
and fungi. Since their discovery over 50 years ago, GIPCs remained however almost
completely ignored. No data are available on their roles in the structure of biological
membranes, on their organization in membrane nanodomains and their interactions
with other lipids and proteins. Many questions about plant GIPCs remain
unanswered, such as the exact chemical structure of the polar as well as the number
sugars grafted; their influence on the thickness of the membrane or on the structure
of nanodomains; and also their involvement in host-pathogen interactions in plants.
The purpose of this project is to purify and characterize the different classes of plant
GIPCs to study their structural roles with phytosterols and phospholipids by
biophysical and structural biochemistry methods. This multidisciplinary project will
enable the emergence of a new theme and will provide an essential database for
understanding the structure of plant PM and among others, their roles in the
response against pathogens.
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General Introduction



A Biophysics overview of the Plasma Membrane as a lipid bilayer

The plasma membrane (PM) forms a selective biological barrier between the cell and
the extracellular medium. This membrane is essential for the protection, survival and
integrity of living cells from prokaryotes to eukaryotes. It is not only a simple structural
delimitation but also constitutes a sensor for any modification of the cellular
environment and a platform for the orchestration of signal transduction allowing the
translation of external signals into finely tuned appropriate adaptive responses.
Danielli-Davidson model first described in 1935 the cell membrane as a lipid bilayer
with proteins bound to the bilayer outer regions. The fluid mosaic model of Singer and
Nicolson represented the structure and random organization of lipids in a relative
symmetrical bilayer with a highly asymmetrical distribution of proteins in biological
membranes (Singer & Nicolson, 1972). In this model, both lipids and protein are in
constant motion through translational diffusion, taking into consideration
thermodynamic limitation. Membrane proteins can also be intrinsic, that is, integrated
in the lipid bilayer, or peripheral, that is associated with the lipid bilayer polar
headgroups. However, this basic model of cell membrane was updated to incorporate
new aspects (Gofii, 2014). One of those aspects is the temporary docking of proteins
to the membrane. These non-permanent membrane proteins interact with the
membrane through ‘interfacial hydrophobicity’ (White, 2007). The strength of
interaction varies. They can interact strongly with the membrane through hydrophobic
forces (but not exclusively), such as, in the case of bacterial toxins binding with

membrane lipid of the outer leaflet to form macromolecular pores.

“‘Membranes are more mosaic than fluid.” wrote Engelman in his updated version of
the general model of membrane structure (Engelman, 2005). Membrane proteins have
varying shapes and with lipids tend to group together to form lipid-lipid and lipid-protein
interactions. Lipid-protein interactions can be selective causing the distortion of the
membrane thickness, hence patches in the membrane. The lipid region varies in
thickness and composition (Engelman, 2005). The mean thickness of the plasma
membrane of the abdominal sympathetic ganglion of a bullfrog is 53 Angstrom, or
5.3 nm (YAMAMOTO, 1963).



The spatial organization due to preferential interactions creates regionalization of
the membrane and lateral segregation into ‘patches’, ‘rafts’ or ‘domains’,
heterogeneous in size but less than 100nm, characterized by a specific
composition and defined function (Gofi, 2014). These domains are the result of
lipid-protein interactions, protein-protein interactions, protein crowding and lipid
packing. They are transient structures enriched in sphingolipid and sterols,
important for the membrane trafficking of lipid and cell signaling cascades
(Gronnier et al., 2019; Simons & lkonen, 1997).

Lipids can also move between the bilayer. This phenomenon is known as flip-flop.
This is the case for phosphatidylserine localized in the inner leaflet of cell
membrane, is exposed to the outside, thus signaling the apoptotic cell removal
by macrophages. Ceramides can even cause flip-flop of lipids with a bulky
polar headgroup, such as a ganglioside (Contreras, Villar, Alonso, Kolesnick, &
Goni, 2003). Not all lipids are miscible with each other hence they are
present in different phases. The difference in the structure of the lipid gives way to
shape and phase polymorphism. A phase is defined as a region of space
throughout which all physical properties of a material are uniform. “Phase” is
synonym of “state of matter”. Phases are thermodynamic concepts, ideal
entities to which real objects resemble more or less. The condition of uniformity
in the context of membrane lipids is at the macroscopic level. The main
phases formed by membrane lipids in excess water are: lamellar phase,
micellar phase, inverted hexagonal phase (HIl) and inverted cubic phase (Goni,
2014).

Lamellar phases are well documented as they are relevant to cell membrane bilayer
organization. We will focus more on lamellar phases than non-lamellar phases. Most
saturated membrane lipids can give rise to a gel (or solid ordered phases (so)) L
lamellar phase at a given temperature, and to a fluid (or liquid crystalline or liquid
disordered (Id)) La phase observed at a higher temperature. In the La, the lipids
exhibit high translational and rotational diffusion due to high alkyl chain disorder. La
phases contain mainly lipid with unsaturated acyl chains. L phases are promoted
by low temperature and long saturated fatty acid such as phospholipids. A study by
Mason JT in 1998, shows the gel packing and phase transition of mixed-chain-
length PC and PE being affected by their fatty acid chain (Mason, 1998). Gel phase
regions tend to exclude proteins and have low lateral diffusion (Florine &
Feigenson, 1987; Rubenstein, Smith, & McConnell, 1979). 7



However, saturated phospholipid bilayer is an unrealistic biological model. In
nature, lipids are mainly unsaturated and organisms have developed adaptive
mechanism to modify the saturation of their lipids to avoid the formation of gel
phases in low environmental temperature (discussed further below). Exception
to the rule, the only membranes with gel phase domains are in the brain specifically
in regions enriched in cholesterol and glycosylceramide (Ruocco & Shipley, 1984).
Liquid-ordered (lo) phases are tightly packed and referred as the phase of the ‘raft’
domain, highly enriched sphingolipids, sterols and lipids with saturated acyl chains.
They are essential features for signal perception and transduction, it is
important to study the elements involved in the lipid rafts. The concept of rafts will
be further discussed in the PLR Review “Plant lipids: Key players of plasma

membrane organization and function” (see Review below).

Biophysical tools for PM lipid characterisation and study

The PM is a biological barrier that allows trafficking and signal transduction in and out
of the cell. It is fundamental to understand the interacting mechanism of
bioactive molecules with the PM at the molecular level. With the advent of new
technologies, new approaches have been set up to study this complex entity of the
cell. Biophysical tools provide a vast array of techniques to investigate the PM
(for review, (Deleu, Crowet, Nasir, & Lins, 2014)). It is important to know the type of
model and technique that yield the desired information. In this subchapter, | will focus

on the concept of some of the biophysical tools used during my PhD project.
Model membrane

Membranes are complex in their composition and interaction. It is very difficult to
study the biophysical interactions between a given membrane with bioactive
molecules or to investigate the interactions between molecules within the
membranes in vivo. A simplified version of membrane mimicking the natural
bilayer lipid membrane has been developed to enable investigating molecular
interactions (Deleu et al., 2014). There are three model membrane systems
mimicking lipid arrangement of natural membrane that are widely: lipid monolayers,
supported bilayers (SLB) and liposomes (Eeman & Deleu, 2010). The simplest

8
models are lipid monolayers representing half



Schematic representation of membrane models described (A)
lipid monolayer, (B) supported lipid bilayer, (C) liposome. Adapted
from the review by Deleu et al. 2014



the bilayer of biological membranes. They are formed at the air—water interface when
lipids are spread onto the subphase of a Langmuir trough (Deleu et al., 2014). To be
closer to the representation of a bilayer membrane, supported lipid bilayers (SLBs)
are the models to be used. They consist of a flat lipid bilayer supported onto
a solid surface such as mica, glass or silicon oxide wafers. These biomimetic
models are often used to investigate lipid head group interactions, lateral lipid
membrane organisation and phase behaviour (Eeman & Deleu, 2010).
However, while monolayers and SLBs lack membrane curvature, liposomes are
versatile biomimetic membrane model, fit to study a wide range of parameters:
phase behaviours, membrane fusion and trafficking, cell adhesion and
recognition. There are several techniques to make liposomes depending on the
generated size (small unilamellar vesicles, large unilamellar vesicles, giant
unilamellar vesicles and multilamellar vesicles). They are formed from
aqueous dispersion of lipids and enclose the aqueous medium in which they
are formed. Due to osmotic pressure, giant unilamellar vesicles are quite

fragile and maybe stable only over a short period of time (Marques, 2000) .
Langmuir trough

The Langmuir trough technique has been devised in the beginning of the 20
century and is applied on insoluble monolayer model at the air-water interface
(Daen, 1966). This technique has long been used to characterize lipid-lipid,
lipid-protein, lipid-bioactive molecules interaction at molecular level (Deleu et al.,
2014). It is an easy way to screen and learn about the molecular interactions
occurring at the cell surface combined with complementary techniques (Giner-
Casares, Brezesinski, & Moéhwald, 2014; Stefaniu, Brezesinski, & Moéhwald, 2014).
For instance, compression isotherm assays are basic experiments to record surface
pressure changes when the occupied area by insoluble molecules at the air-liquid
interface is reduced at equilibrium. This leads to information on the molecular
area, monolayer stability and phases, the compressibility parameters of the
monolayer, and the interaction of molecular species in the subphase with the
molecules of the monolayer (Dynarowicz-t. atka, Dhanabalan, & Oliveira, 2001). The
behaviour of the molecules upon compression of the monolayer mix can be
evaluated by thermodynamic analysis (excess free energy of mixing can be

calculated). Therefore, it is possible to assess molecular interaction between
9



different species spread at the air-liquid interface (Eeman & Deleu, 2010; Maget-
Dana, 1999).

Atomic Force Microscopy

Atomic Force Microscopy, invented in 1986, is applied to a broad field of bio-imaging
of molecules such as DNA, DNA—protein interaction, proteins, lipid
membranes, cells (Engel, Gaub, & Mduller, 1999)(Alessandrini & Facci, 2005). We can
also study the lateral organization of supported lipid model with nanometer resolution
and obtain information on the surface topography of membrane segregation (Giocondi
et al., 2010). Physical parameters of the model membrane are recorded such as the
adhesion, deformation, indentation, dissipation and elasticity. Single-molecule
inter- and intra-molecular interactions can be assessed by the use of force
curves (Alessandrini & Facci, 2005). The atomic force microscopy belongs to the
local probe microscopy methods. The local probe scans directly the sample
surface. The tip interacts with the surface via the electronic charges of the
atoms such that the interacting forces between the tip and the sample
surface is converted into measurements (Muller & Dufréne, 2009). AFM can
operate in different modes depending on the interaction between the tip and
the sample. Contact or tapping modes are used to visualize surface structures
and lateral organisation while force spectroscopy is applied to investigate intra-

and intermolecular forces (Deleu et al., 2014).
Nuclear Magnetic Resonance (NMR)

NMR is undeniably one of the most powerful tools to study PM lipid and protein
structures and dynamics (Grelard, Couvreux, Loudet, & Dufourc, 2009). Both liquid-
state and solid-state NMR rely on the presence of active atomic nuclei in the system
to be studied: 'H, 3'P, 'N. Lipids can be deuterated (?H) or fluorinated ('°F).
Phospholipids are organized in bilayers, which analysed in a 3'P spectrum have a
typical asymmetric profile with a peak at high and a shoulder at low fields. The
chemical shift anisotropy, Ac corresponds to the difference between the peaks.
It is used to determine specific interactions between candidate molecules at
molecular level (Deleu et al., 2014; Grelard et al., 2009). Phase transitions caused
by varying temperature affects the chemical shift. The structural modifications of

molecules, specially peptides,
10



upon anchoring or binding to lipid membrane can also be analysed by NMR (Gronnier
et al., 2017). The physical states of lipid membrane model can also be determined
(lamellar, hexagonal or cylindrical, lo, Id...). The dynamics of deuterated lipid
molecules in lamellar phase membrane can give information on the thickness,
organisation and order of the lipid organisation in the membrane (Deleu et al., 2014;
Eeman & Deleu, 2010; Grelard et al., 2009).

Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) measures the heat released or adsorbed when
two interacting components are brought together in the same environment to initiate a
reaction. One molecular partner is titrated in buffer containing the other partner at
regular interval at a constant temperature (Heerklotz & Seelig, 2000; Jelesarov &
Bosshard, 1999). The heat energy variations are recorded over time. By evaluating the
enthalpy changes due to the interaction of the molecular partners, a complete
thermodynamic profile of the interaction and molecular binding can be set up. Itis a
very sensitive method allowing the thermodynamic characterization of interactions at
equilibrium conditions, such as the interaction between receptor-ligand, enzyme—

substrate, without requiring a specific labelling(Seelig, 2004).
Neutron Reflectivity

Specular neutron reflectivity (NR) is a tool to characterize the average structure and
composition of ultra-thin film to a nanometric scale (~2 nm) (F. Ott, Cousin, & Menelle,
2004). Neutron scattering occurred from materials upon interaction with the nucleus of
the atoms (F. Ott et al., 2004). The sensitivity of the neutron reflection to the film
structure depends on the contrast in neutron refractive indexes of the layer
components and the surrounding media. The structural parameters measured include
thickness, surface coverage and refractive index of the film layers. This information is
derived from variation in reflected intensity as a function of the wave vector related to
the angle of incidence and the neutron beam wavelength (Vacklin, Tiberg, Fragneto,
& Thomas, 2005). Neutron reflectivity has been successfully used in life
science studies to characterize biomimetic membranes and investigate membrane/

candidate molecule interactions (Deleu et al., 2014).
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PM lipid homeoviscosity and thermal adaptation

Plants, as bacteria, fungi, reptiles and fish, are poikilothermic organisms, that they do
not control their body temperature. Their survival depends on their ability to acclimate
themselves to thermal changes. They maintain their membrane fluidity by
adapting their membrane lipids. This adaptive response was termed homeoviscous
adaptation (HVA). This response is thoroughly studied in the animal kingdom with

a particular focus on the acyl chain composition of membrane lipids (Los & Murata,

2004; Martin, Oh, & Jiang, 2007; Saita, Albanesi, & De Mendoza, 2016;

Tiku, Gracey, Macartney, Beynon, & Cossins, 1996). The paper of (Malekar
et al., 2018) is a study investigating the evolutionary HVA in Antarctic
and non-Antarctic fishes to determine the membrane lipid composition of the
four Perciformes fish: three Antarctic species and one non-Antarctic
species. They also investigated acclimatory HVA (that is short period
adaptive responses) to determine whether Antarctic fish that have
evolved in stable cold conditions for generations, still have the

acclimatory capacity to modulate their membrane saturation states. They
established that the lipid profile is consistent for all three Antarctic species,
and that membrane lipid composition varies between Antarctic species and
the non-Antarctic. High levels of wunsaturated fatty acids (predominantly
cis-vaccenic acid and EPA) and modulation of membrane cholesterol
level was recorded in Antarctic fish membranes as a mechanism for cold

adaptation.

Plants being sessile, it is necessary for their survival to activate efficiently
rapid responses to thermal stress. They have to adapt to varying temperatures
during night and day cycles and from 40°C in summer to negative temperatures in
winter. This includes rapid biochemical and physiological adjustments. Several recent
studies have shown that the tolerance mechanisms in plants when undergoing
thermal treatment are diverse targeting different aspects of the plant
metabolism: photosynthesis, maintenance of the cell membrane integrity,
production of heat shock proteins, antioxydants among others (Nievola,
Carvalho, Carvalho, & Rodrigues, 2017). The work of (Martiniére et al., 2011)
emphasized the direct effect of temperature on plant PM viscosity. They
investigated the effect of temperature fluctuations on Arabidopsis PM

viscosity by using dispersion tracking of photoactivated green fluorescent protein12



(GFP) and fluorescence recovery after photobleaching in wild-type and
desaturase mutant. The lipid profile was monitored to analyse the effect of
temperature and membrane lipid composition in PM viscosity. They showed that
the PM viscosity in A. thaliana reflects ambient temperature only in constant-
temperature conditions. In a varying temperature environment, the plant is actively
modulating its PM viscosity by altering the proportion of desaturated fatty acids
in the membrane. Plasma membrane viscosity is regulated by altering the
proportion of desaturated fatty acids. In cold conditions, cell membranes
accumulate  desaturated  fatty  acids (C18:2 and C18:3), which
decreases membrane viscosity and vice versa. Fatty acid desaturase 2
(FAD2)-dependent lipid desaturation is important for PM homeoviscosity.
fad2.2 plants are impaired in their PM ‘homeoviscosity’ and show

aberrant temperature responses (Martiniére et al., 2011).

Mass spectrometry-based lipidomics can provide new insights in the complex of
lipid remodeling triggered during adaptive responses to thermal stress. The team of
(Lynch & Steponkus, 1987) was the first to show the putative role of sphingolipids
of PM in cold responses. Four classes of sphingolipids are present in plants: Long
Chain base (LCB, free or phosphorylated), Ceramide (Cer, consisting of an LCB
amidified by a fatty acid), Glucosylceramide (gluCer with a glucose head group
graft to a ceramide) and GIPC, Glycosyl Inositol Phospho Ceramide. PM
fractions of rye leaves were isolated from non-acclimated and
acclimated seedlings for lipid analysis. They found that gluCer decreased from 16 to
7 mole % of the total lipid following cold acclimation. In addition, the relative
proportions of associated hydroxy fatty acids, including h22:0, h24:0, h22:1,
and h24:1 were altered (Lynch & Steponkus, 1987). (Yoshida, Washio, et
al., 1988) used differential scanning calorimetry (DSC) to investigate
the thermotropic properties of lipids extracted from plasma membrane and
tonoplast isolated from the chilling-sensitive mung bean. DSC measurements
on the separated classes of lipids revealed that gluCer and a highly
saturated phospholipid of the membranes are involved in the phase transitions

of the total lipid fractions, hence the possible role of gluCer in chilling responses.

The reduction of PM gluCer from 7.3 to 4.3 mol % after cold acclimation of
Arabidopsis genotypes was characterized by (Uemura, Joseph, & Steponkus,
1995). When comparing grapevine species having different tolerance

levels to freezing 13



temperatures, (Kawaguchi, Imai, Naoe, Yasui, & Ohnishi, 2000) demonstrated

that high levels of t18:1(82) in gluCer were correlated with freezing-tolerant species.

More recently, delta 8 desaturases in Arabidopsis (AtSLD1 and AtSLD2)
were characterized by (Ming Chen, Markham, & Cahoon, 2012). These
enzymes are involved in low temperature responses. Double sldl sld2
mutants lacked apparent growth phenotypes under optimal conditions, but
displayed altered responses when exposed to low temperatures. The mutants
displayed reduced levels of gluCer and when complemented with wild-type
AtSLD1, an increase in GIPC was observed (see below for details of
GIPC structure metabolism and function, PLR review, chapter 6.1.2).
Hence, there might be specific channeling of ceramides for the synthesis
of gluCer or GIPC in response to chilling stress (M. Chen, Han, Dietrich,
Dunn, & Cahoon, 2006). This paves the way into understanding more
about the role of sphingolipid, especially GIPC, in structuring the PM under

cold stress.

GIPC, plant major sphingolipid, as a mediator in PM signalling in salt stress

A tight equilibrium of different sphingolipid species is important for the survival
and growth of plants during both biotic and abiotic stresses. Various cellular
and environmental responses are conducted by sphingolipid metabolites and
sphingolipids (Hou, Ufer, & Bartels, 2016).

Recently, the involvement of GIPC was shown in response to salt stress. Salt stress
is caused by high concentration of sodium and chloride ions in the soil, it severely
impairs plant growth as it imposes osmotic and ionic stresses (Ismail, Takeda, &
Nick, 2014; Sewelam, Oshima, Mitsuda, & Ohme-Takagi, 2014). Excess soluble salt
is damaging for plant development and growth. It has wide agricultural and
economic impact. Salt stress triggers short-term responses, perceived and
transmitted signals then activates long-term responses at the transcriptional
level regulating the plant development and growth. One of the main mysteries
of the perception of salt stress in plant is salt sensors. Sensing salt stress
triggers different and complex stress-response pathways such abscisic acid

14
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(SOS) pathway and even plant cell through plasma membrane-located Arabidopsis

leucine-rich repeat receptor kinases (LRR-RKs) (Yang & Guo, 2018).

Salt is responsible to exert osmotic and ionic stress as high salinity increases both
osmotic pressure and ionic strength (Munns & Tester, 2008; Yang & Guo, 2018). To
isolate Arabidopsis mutants defective in osmotic stress-induced Ca?* increases, Ca?*-
imaging is used combined with genetic screens. As a result, osmosensing OSCA1 Ca?*
channel was discovered (Yuan et al., 2014). In a similar approach, a recent work by
(Jiang et al., 2019), optimized a similar Ca?*-imaging-based genetic screens and
isolated Arabidopsis mutants defective specifically in ionic stress-induced increases
in calcium ions. One of the mutants is called monocation-induced Ca?* increase 1
(mocal). MOCA1 protein is a glucuronosyltransferase (GT) for glycosyl inositol
phosphorylceramide (GIPC) in the plant PM. In mocal plants, monovalent cations are
reduced and an increase in calcium ions in response is observed. In the mutant, GIPC
level decreases while inositol phosphoryl ceramide (IPC) is increased. MOCA1
encodes a glucuronosyltransferase for GIPCs. Hydrophobicity analyses showed that
MOCAT1 is an integral membrane protein with six trans- membrane (TM) a-helices and

the moca1 mutant has a four-amino-acid-residue deletion in TM6.

It is suggested that in mocal, GIPC levels are above the threshold level required for
normal growth and development but being low enough to compromise salt
sensing (Jiang et al., 2019). The negatively charged GIPCs are structural
homologues of animal gangliosides, which regulate receptors and ion channels as
well as Ca?* homeostasis (Gronnier, Germain, Gouguet, Cacas, & Mongrand, 2016)
(Ledeen & Wu, 2015). It was hypothesized that the highly negatively charged GIPCs
could provide Na+-binding sites on the cell surface. Just like its homologous in
animal involved in the regulation of channels, GIPC could gate Ca?' influx
channels in plants (Green, 1991). They measured the cell surface charges in
response to sodium ion treatment, and found that in wild-type protoplasts, an
increase in NaCl concentration leads to increasing the C-potential corresponding to
cell-surface potentials. In mocal however, the (-potential was lower than in wild-
type protoplasts. The {-potentials of the mutant did not respond to NaCl treatment.
This demonstrates the importance of GIPC in maintaining the electric charges on
the surface of the plant plasma membrane.
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GIPC metabolites in biotic stresses

In this subchapter, we shall discuss briefly the importance of sphingolipids in
maintaining plant integrity when faced by biotic stresses (bacteria, fungi ...). We shall
focus on the importance of sphingolipid metabolites and some enzymes involved in
the biosynthesis of GIPC.

One of the main enzymes involved in the biosynthesis of GIPC polar head group is
InositolPhosphorylCeramide Synthase (IPCS) (see Annexe for biosynthetic pathway
of GIPC). A mutation in the inositol phosphoryl ceramide synthase (IPCS) gene
was shown to result in an increased level of ceramides leading to cell death. In its
functional form, IPCS gene is associated with plant defence by suppressing

RPW8-mediated resistance to powdery mildew (Wang et al., 2008).

Mycotoxins, such as fumonisin B1 (FB1) are able to inhibit the key ceramide
synthase enzymes, inducing programmed cell death (PCD) (Michaelson, Napier,
Molino, & Faure, 2016). The accumulation of long chain bases (LCBs) is a signal
for PCD even when other ceramides are depleted. These symptoms can be
avoided by treatment with the drug myriocin. Myriocin inhibits the
serine  palmitoyltransferase = (SPT) activity resulting in the reduced
accumulation of LCB (Spassieva, Markham, & Hille, 2002). Hence, the plant
remains viable during pathogen invasion and proliferation. During
pathogen invasion, the non-phosphorylated forms of sphingolipids are
produced, which trigger PCD, this is a defense reaction activated by plants at the

site of infection.

(Luttgeharm, Chen, et al.,, 2015) showed that the overexpression of ceramide
synthase genes in Arabidopsis triggered PCD. The ceramide synthase
genes, LOH1 (At3g25540), LOH2 (At3g19260) and LOH3 (At1g13580) are
key enzymes of sphingolipid synthesis. LOH1 and LOH3 produce ceramides
characterized by very long-chain fatty acids (VLCFA) linked to trihydroxy LCBs,
this is the Dbiosynthetic route of ceramides enriched in GIPC (see
Annexe for biosynthesis scheme). LOH2 produces ceramide enriched in GlcCer,
which have dihydroxy-LCBs and C-16 fatty acids acyl chain (Luttgeharm, Chen,
et al., 2015). The overexpression of LOHZ2 causes dwarf growth, enhanced

salicylic acid (SA) production and the constitutive expression of
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hypersensitive genes leading to PCD. The study also shows that LOH2 and
LOH3 overexpression in Arabidopsis increases resistance to FB1, while FB1 strongly
inhibits LOH1. The constitutive induction of PCD may have been caused by
increased accumulation of C16 fatty acids containing dihydroxy ceramides, which are
the product of LOH2, and that C16-ceramide may have enhanced the production of
SA.

Another example of the important role of sphingolipid in plant/pathogen interaction
is described in (Siebers et al., 2016). Fungi, just as plants, synthetize gluCer and
GIPC. Fusarium graminearum is a common pathogenic fungus of cereal grains. The
mutant deficient in GlcCer has reduced virulence on wheat but is able to retain its
virulence on Arabidopsis leaves and flowers. This implies that the sphingolipid plays
an important role in inducing host dependent virulence. For fungi such as Fusarium
graminearum, the methylation of gluCer at the C-9 position is important for
pathogenicity. This is helpful in agriculture as a strategy to reduce fungal
pathogen infection. Crop performance can be improved during fungal attack by
introducing structure specific demethylation mechanism in plant system integrating
the sensing of C-9 methylated GlcCer and regulating the ultimate response (Ali,
Li, Wang, & Guo, 2018). The importance of GIPC as receptors to pathogen-

secreted toxins will be discussed in the PLR review, chapter 6.1.2 (see below).

The plant plasma membrane in a biological point of view

The review Plant lipids: Key players of plasma membrane organization
and function thoroughly describes the plant plasma membrane in its
organization (lipid composition, protein, bilayer structure...) and physiological roles.
| am co-first author of this review with Paul Gouguet, published during the third
year of my thesis. Contributing to the edition of this paper has been a rich
experiment. | was responsible of writing chapter 2.2. on plant Sphingolipids,
chapter 4.1. on the Asymmetric composition of inner and outer leaflet, as well as

correcting and proof-reading the entire document.
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Here is a summary of the important aspects of the PM focusing on GIPCs followed by
the review Plant lipids: Key players of plasma membrane organization and

function:

The PM of eukaryotic cells is made up of protein and lipids. We shall focus on lipids.
There are three main classes of lipids: glycerolipids, sterols and sphingolipids, for
which several thousand different molecular species exist (Yetukuri et al., 2008;
Shevchenko et al., 2010). In plants, sphingolipids are highly complex with a large
structural diversity, and are of four main groups: LCB, ceramides (CER),
glucosylCERamide (gluCER) and Glycosyl Inositol Phosphoryl Ceramides (GIPCs)
representing ca. 0.2 %, 2%, 34% and 64% of total sphingolipids, respectively, in
Arabidopsis thaliana (Markham et al., 2006). GIPCs represent up to 45 mol% of the
total plant PM lipids, they are absent in animal and structurally homologous to

gangliosides.

GIPCs interact preferentially with themselves or with sterols to form segregated highly-
ordered domains or nanodomains (Cacas et al.,, 2016). By undergoing phase
separation into liquid-disordered (Ld) and liquid-ordered (Lo) phases, lipids regulate
and mediate protein clustering in the membrane, sub-organizing the PM into
nanodomains. GIPCs enhance the sterol-induced ordering effect by increasing the
formation and size of sterol-dependent ordered membrane domains in model
membranes (Grosjean et al., 2015). In addition, there is also an important trans-leaflet
lipid asymmetrical distribution in the PM (Takeda & Kasamo, 2001; Tjellstrom, Hellgren,
Wieslander, & Sandelius, 2010). Unsaturated phosphoglycerolipids and galactolipids
(DGDG) are mostly in the cytosolic PM leaflet, while sterols and gluCER are likely
located in the outer leaflet (Cacas et al., 2016a; Tjellstrom et al., 2010). The exact
location of GIPCs, between the two leaflets, still remains to be experimentally
determined although it is proposed that they are entirely located in the outer
leaflet(Cacas et al., 2016a).
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continuously fluctuating environment, crucial for cell survival. To ad-
dress this challenge, the PM needs to be both stable and robust yet
incredibly fluid and adaptable. This amazing combination of long-term
stability and short-term dynamics in order to adapt to signals relies on
its fascinating molecular organization. PMs are extremely complex
systems, harboring many different molecular species of lipids in which
heterogeneity is more likely to occur than homogeneity. In plants as in
animals, the recent development of proteomics, lipidomics and methods
to visualize lipids and proteins in vivo has greatly increased our
knowledge of the PM.

The combination of biophysical, biochemical, and cell biology ap-
proaches, recently including super-resolution imaging both of the PM's
physical state and of the nanometric distribution of its constituents has
significantly broadened our vision of PM organization. In this update
review, we will present the current state of knowledge of the plant-PM
lipid composition, then we will examine how lipids govern the nano-
and micro-scopic properties and organization of the plant PM. We will
illustrate how the available data show that lipids are not distributed
homogeneously within and between each leaflet of the PM. The role of
interdigitation and registration between these two leaflets will be also
discussed. Finally, we will show how lipids contribute to the organi-
zation of the PM, and how this organization plays a decisive role in a
certain number of essential processes of plant cell physiology including
immunity, abiotic stress and cell-to-cell communication through plas-
modesmata. The involvement of lipids as signaling second messenger
molecules are not reviewed in details here, except for plant microbe
interactions, and we prompted the readers to refer to reviews [1].

2. Update on the lipid content of plant PM: how to visualize them?

The PM is an asymmetric proteo-lipidic matrix. The lipid-to-protein
ratio (mass/mass) was experimentally determined to be close to 1.3 in
tobacco PM [2]. Therefore, one can estimate a molar ratio of 1 protein
for 50-100 molecules of lipids. Proteomic data on purified plant PM
identified ca. 500-1000 proteins in the PM, and the lipidome is theo-
retically made up of thousands molecular species of glyceropho-
spholipids, sphingolipids and sterol-based structures [3]. A conserved
feature of cellular organelles is the distinct lipid composition of their
membranes, essential to specify their identity and function.

Highly purified RSO (right side out) PM vesicles are easily obtained
using a two-phase aqueous polymer partition system from various plant
material [4]. Enzymatic reactions or western blotting are generally used
to address the purity of the PM fractions and the absence of con-
taminants. In parallel, development of high-throughput lipidomic
methods by LC-MS allow the complete characterization of the main
class of lipids present in the plant PM [5,6]: phospholipids [7], phos-
phoinositides [8], sphingolipids [9,10] and sterols [11,12]. Such pro-
cedures allow the characterization of the molecular species of each lipid
class at a level of detail including the fatty acid position for glycer-
olipids, the nature of long-chain bases for sphingolipids and the many
classes of phytosterols [13]. Besides these biochemical tools, strategies
have been developed to visualize lipids in vivo using biosensors showing
affinity for lipids. Imaging lipidomics have also been developed, par-
ticularly in seeds [14,15] but the resolution is not yet high enough to
allow the characterization of lipids inside a given membrane. Recently,
“Imaging lipidomics: automated MS imaging of tissue with lipid
structure identification” by Ellis et al. (Nature Methods) reported a
method that enables the acquisition of lipid tandem mass spectrometry
data in parallel with a high-resolution mass spectrometry imaging ex-
periment. Authors developed a lipidome-per-pixel approach able to
identify in rat cerebellar tissue hundreds of lipid molecule species and
their spatial locations [16,17]. Nano-SIMS (Secondary-ion mass spec-
trometry) has also been developed with labeled lipids allowing the
deciphering of lipid segregation in the plane of the PM in animal cell
culture with a lateral resolution of 90 nm [18]. This high-resolution
method is yet to be introduced in plants as the cell wall could strongly
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impair access to the PM.
2.1. Glycerolipids: galactolipids, phospholipids and phosphoinositides

Phospholipids represent ca. 30% of tobacco PM lipids [2]. As can be
expected, Phosphatidylcholine (PC) and Phosphatidylethanolamine
(PE) are the major phospholipids of plant PM with palmitic and linoleic
acids as main acyl chains [7,19-24]. Phosphatidylglycerol (PG), phos-
phatidylinositol (PI), phosphatidic acid (PA) and phosphatidylserine
(PS) are minor phospholipids. Among these phospholipids, only PS is
associated with a high proportion of very long chain fatty acids e.g.,
behenic C22 and lignoceric C24 acid.

Polyphosphoinositides or phosphatidylinositol-phosphates (PIPs)
represent a minor fraction of total phospholipids; they are composed of
a PI backbone with up to 3 phosphorylations on the inositol moiety.
PIPs are involved in many regulatory processes, such as cell signaling
and intracellular trafficking. Membrane compartments are enriched or
depleted in specific PIPs, providing a unique signature for these com-
partments. The precise subcellular localizations and dynamics of PIPs
were revealed in plants thanks to the design of genetically encoded
biosensors with distinct relative affinities [25,26]. Recently, a full set of
phosphoinositide biosensors was generated in Arabidopsis thaliana
called “PIP-lines” [27]. This library extended the range of available PIP
biosensors and allowed rapid progress in the understanding of PIP dy-
namics in plants as well as its monitoring in vivo, see below. Hence, not
only phosphatidylinositol-4-phosphate (PI4P), phosphatidylinositol-3-
phosphate (PI3P), phosphatidylinositol-4,5-bisphosphate (PI14,5P,),
phosphatidylinositol-3,5-bisphosphate (PI3,5P,), phosphatidylinositol-
3,4,5-triphosphate (P13,4,5P3), but also PS and PA can be visualized via
these biosensors [27-30]. Quantitative imaging analysis revealed that
there is a gradient of PI4P throughout the cell, with the highest con-
centration at the PM, intermediate concentration in post-Golgi/en-
dosomal compartments, and the lowest concentration in the Golgi ap-
paratus. A similar gradient of PI3P was observed from high
concentrations in late endosomes to low concentrations in the tono-
plast. Inside the PM, polyphosphoinositides (PI4P and PI4,5P,) were
enriched in detergent resistant membranes (DRMs, see below) com-
pared with the whole PM, suggesting that PIPs could be present inside
domains at the PM [31]. This hypothesis was further supported by the
visualization of nanodomain-like clustering by immunogold labeling
[31]. Importantly, PIPs and PS influence membrane biophysical prop-
erties, which emerge as important features in specifying cellular terri-
tories; this is discussed in the chapter 2.

Note that Digalactosyldiacylglycerol (DGDG), present in plastids, is
also found in the plant PM particularly in response to phosphate de-
privation [32,33]. Neutral lipids like diacylglycerol (DAG) were also
visualized in vivo [34] and showed to be present at the PM of root
epidermal cells in the transition zone, at the trans-Golgi network, the
cell plate during cytokinesis, and the apex of growing root hairs.

2.2. Sphingolipids

Sphingolipids are ubiquitous in eukaryotes with a sphingoid back-
bone called the long-chain amino-alcohol base (LCB). They are abun-
dant and essential components of biological membranes and they can
represent up to 10% of total lipids in plants [35] Detected for the first
time in 1870 in brain samples, their name comes from the greek Z¢ivé
“to squeeze, to strangle” related to the strong amide bond that com-
poses the link between their two lipophilic moieties and with an allu-
sion to the Sphinx for the cryptic nature of these lipids at the time of
their discovery. In animal PMs, the main sphingolipid class is sphin-
gomyelin, which is not present in plants. Minor sphingolipids called
gangliosides are a class of acidic glycolipids that play an important role
in immunity and modulate cellular signal transduction events [36].

Plant sphingolipids are of four major classes: ceramides (CER),
glucosylceramide (gluCer), Glycosyl Inositol Phosphoryl Ceramides
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(GIPC) and free Long Chain Bases (LCBs), representing ca., 2%, 34%,
64% and 0.5% of total sphingolipids, respectively in Arabidopsis
thaliana [10]. In addition to the PM, sphingolipids are enriched in en-
dosomes and tonoplasts, representing around 10 to 20% of total
membrane lipids [37]. The complex structural diversity of plant
sphingolipids arises from the possible occurrence of three very diverse
building blocks: the polar head, the fatty acyl chain linked by an amide
bond (forming a ceramide) to the LCB [38].

In this review, we will mostly focus on GIPC because recent dis-
coveries on the role of these lipids in the organization of the PM [39]
and as toxin receptors [40] swung them into the spotlight. GIPC are
representatives of a class of acidic glycolipids from plants, possibly
analogous to the acidic gangliosides found in animal cell membranes.
They have been discovered during the late 1950's by Edward Carter
[41], studied during 20 years and later forgotten until the beginning of
the 2000's, see below. GIPC are composed of a ceramide and a glycan
polar head group. The diversity of GIPC resides in: 1/the length, the
number and position of hydroxylations and unsaturations in the FA
chain; 2/the hydroxylation degree, saturation and position of double
bond(s) in the LCB; 3/the nature and the number of glycans, and the
type of glycosidic links between the glycans that compose the polar
head group [38,42]. In general, the ceramide moiety of plant GIPC
consists mainly of a t18:0 (trihydroxylated saturated LCB of 18 carbon
atoms) or a t18:1 (trihydroxylated and monounsaturated LCB of 18
carbon atoms) as LCB, amidified to a Very Long Chain Fatty Acid
(VLCFA) or 2-hydroxylated VLCFA (hVLCFA). Hence, 95 mol% of PM
VLCFA and hVLCFA are amidified in GIPC [39]. The polar head of GIPC
is made up of a phosphate linked to an inositol to which glycan moieties
are bound. The degree of glycosylation of the GIPC polar head groups
defines the different GIPC series.

The basic structure of the GIPC polar head is an inositol phosphoryl
ceramide (IPC) backbone linked to a glucuronic acid (GlcA). A sugar
unit bound to GlcA-IPC forms the series A GIPC. Only a few structures
have been fully resolved with the exact sugars and the nature of the
sugar bond: tobacco series A GIPC has the most basic known structure:
GlcNAc(al- > 4)GlcA(al- > 2)inositol-1-O phosphorylceramide
[43]. Additional sugar moieties such as glucosamine (GlcN), N-acetyl-
glucosamine (GlcNAc), arabinose (Ara), galactose (Gal) and mannose
(Man) may lead to glycan patterns of three to seven sugars, so-called
series B to F GIPC, see Fig. 1. GIPC found in corn seeds display branched
polar heads, see for review [44]. These series are species- and tissue-
specific [10,45-48]. In Arabidopsis, series A Man-GlcA-IPC is pre-
dominant in leaves [45,49], and GlcN(Ac)-GIcA-IPC is mainly in seeds
and leaves [50], seeds [51], as well as in cultured tissues of rice [52]
and tobacco [45]. The core structure of series B, predominant in
monocots is yet to be deciphered. A broad study of the GIPC polar head
of 23 plant species from algae to monocots [46] further showed that
polar head structures are largely unknown and versatile for the dif-
ferent biological taxa. Kaul and Lester calculated the ratio between
carbohydrate/LCB/Inositol in purified polyglycosylated GIPCs and
showed that GIPCs may contain up to 19-20 sugars [53].

The polar head also accounts for the high polarity of the GIPC and
its subsequent insolubility in traditional lipid extraction solvents, such
as chloroform/methanol (2/1, v/v). Hence, even 50 years after their
discovery, the structure and character of GIPC remain elusive. GIPC are
not commercially available but different purification procedures have
been published [45,49,53-55]. With the emergence of more compre-
hensive extraction techniques and technological advances in the field of
sphingolipidomics over that past decade, more accurate quantification
of sphingolipids and the discovery of novel structures are underway.

While the synthesis pathway of gangliosides, their animal counter-
parts, are well studied, that of plant GIPC remain uncharacterized. The
biosynthesis of sphingolipids starts with the condensation of serine and
palmitoyl-CoA in the Endoplasmic Reticulum (ER), catalyzed by serine
palmitoyl transferase (SPT) forming the 3-ketosphinganine [38]. The
second step is the reduction of 3-ketosphinganine by the enzyme 3-
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ketosphinganine reductase (KSR) generating sphinganine (d18:0), the
most basic LCB. The condensation of an LCB with a fatty acyl chain (in
the case of GIPC a VLCFA) by ceramide synthases also known as Lag 1
Homolog or LOH 1,2 and 3 produce a ceramide. The specificity of these
enzymes relies on the length of the acyl chain and the hydroxylation
degree (di- or tri-hydroxylation) of the LCB [56]. The next steps are the
modifications of LCBs by the LCB C-4 hydroxylase, A4 desaturase, and
A8 desaturase arising up to nine different LCB structures [9]. LCB un-
saturation steps are estimated to occur after condensation into ceramide
(discussed in [57]). Although this is not fully evidenced in plants, but
free LCB composition in plants supports this statement (much lower
unsaturation rate than complex ceramides) and animal delta-4 desa-
turase does catalyze unsaturation of [58].

Ceramides can also be phosphorylated in the ER by ceramide ki-
nases CERK or ACD5 [59]. There can also be a hydroxylation of the
alpha-carbon of the fatty acyl chain [35,45] yielding hydroxyl-cer-
amide. The hydroxylation of sphingolipids likely plays a role in the
interaction of the hydroxyl group between GIPC and with sterols in the
PM [60,39]. The enzymes responsible for the hydroxylation have been
identified in Arabidopsis, named FAH 1 and FAH2. As biosynthetic
intermediates, ceramides are used in the synthesis of the two major PM
sphingolipids: GluCer and GIPC accounting for 5-10% and 40 mol% of
PM lipids, respectively [2]. The synthesis of GluCer is located in the ER
and is catalyzed by plant a glucosylceramide synthase (GCS) with sterol
glucoside (SG) acting as a glucosyl donor [61]. The ceramides are
converted to GIPC by several glycosylation steps in the Golgi apparatus.
The first enzyme involved in the synthesis of GIPC is the inositol
phosphorylceramide synthase (IPCS) converting ceramide into inositol
phosphorylceramide (IPC). In plants and fungi, PI is the donor of the
phosphorylinositol moiety [62]. This enzyme first identified as ERH1
(enhance RPW8-mediated Hypersensitive response-like cell death) in
plant holds a key role in modulating plant programmed cell death as-
sociated with defense [62]. The pool of ceramide for GluCer or GIPC
synthesis is determined by the hydroxylation state of the LCB and acyl
chain length. In Arabidopsis seedlings, trihydroxy-LCBs (mostly t18:1)
are predominant in both GIPC and GlcCers. GIPC are characterized by
the presence of t18:0 largely associated with VLCFAs while GlcCer are
composed of dihydroxy-LCBs (d18:1 A8) in association with 16-18
carbon atom fatty acids (C16) [9]. In both cases, the KO mutation of
GCS or IPCS leads to dramatic functional and developmental impair-
ments.

The second enzyme of the GIPC synthesis pathway is the inositol
phosphoceramide glucuronosyltransferase (IPUT1). IPUT1 encodes an
IPC glucuronosyltransferase, transferring an alpha-glucuronic acid
(GlcA) residue onto the IPC backbone. It was the first GIPC glycosyla-
tion enzyme to be characterized. The silencing of IPUT1 triggers the
accumulation of IPC in Nicotiana benthamiana, as well as ceramides and
GluCer. Its overexpression increases GIPC content. In Arabidopsis,
IPUT1 is essential for pollen tube viability. The major defect of the iputl
mutant pollen is a disfunction in tube guidance and ovule fertilization
[63]. Further glycosylation patterns of GIPC and glycosyltransferases
involved are still not well documented. So far only three more proteins
involved in the glycosylation process have been characterized. Under-
standing the diversity of sugar moieties of the polar head and all the
biosynthetic pathways involved remain a challenge. Golgi-localized
nucleotide sugar transporter (GONST1) was shown to be indirectly in-
volved in GIPC synthesis by specifically supplying GDP-mannose to the
Golgi lumen for GIPC glycosylation. Interestingly, in gonstl mutants,
only mannosylation of GIPC is defective, while that of the cell wall
polysaccharides remain unchanged [47]. The mutants also have a
dwarfed phenotype and display spontaneous Hypersensitive Response
highlighting the importance of GIPC sugar head groups in different
plant functions such as defense signaling. Alongside GONST1, GIPC
mannosyl-transferase (GMT1) of the GlycosylTransferases (GTs) found
in the Carbohydrate-Active Enzymes data base (CAZyme, http://www.
cazy.org), located in the Golgi and specifically targeting GIPC has
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recently been reported to transfer a mannose (Man) onto the GIPC head
group by Mortimer team [49]. The phenotype of gmtl mutant is fairly
similar to that of gonst1 affecting GIPC mannosylation level, displaying
a constitutive plant immune response and reducing cellulose content. In
plants, GIPC are highly glycosylated with the most common pattern
being a GlcA-IPC to which additional glycan moieties such as Man but
also glucosamine (GlcN), N-acetyl glucosamine (GlcNac) and arabinose
(Ara) can be attached [42,45]. The most recent GT identified is glu-
cosamine inositolphosphorylceramide transferasel (GINT1). It is in-
volved in GIPC glycosylation in seeds and pollen yielding GIPC con-
taining GlcNac and/or GlcN. The study also showed the importance of
GlcN(Ac) GIPC in rice seedling survival suggesting once again the im-
portance of GIPC glycan patterns in essential and specific plant func-
tions [64].

Beside biochemical methods (i.e. purification of PM coupled with
lipidomic analyses), the location of sphingolipids is hardly known in
vivo due to the lack of appropriate biosensors and fluorescently-labeled
lipid-probes. Only one publication reported lipid staining protocols and
the use of several fluorescent lipid analogues in Arabidopsis leaf tissue
and protoplasts [65]. As stated earlier, tobacco PM contains GIPC re-
presenting up to 40 mol% of total tobacco lipids, enriched in the outer-
leaflet and interacting with sterols in the formation of microdomains of
ca. 35 nm. GIPC are further enriched in the DRMs. GIPC in DRMs are in
their polyglycosylated forms [39]. Modeling approaches of the orga-
nization of lipids in the plant PM proposed that acyl terminal ends (six
to seven carbon atoms) of the apoplastic leaflet (h)VLCFA of GIPC pe-
netrate within the inner-leaflet and interdigitate with carbon chains of
the inner-leaflet phospholipids [39]. This remains to be fully de-
termined in vivo. Interdigitation is an interesting phenomenon which
could explain the limited diffusion of proteins in the PM and thermal
adaptation [66]. All these aspects of GIPC function will be further
discussed in this review.
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Fig. 1. Determined structures of GIPC glycosidic
polar head from tobacco and maize.

A, tobacco GIPC of series A are major in tobaco
leaves (top) with glucuronic acid (GlcA) and either
glucosamine (GIcN) or N-acetyl glucosamine
(GlcNAc). Other minor polar head of series B and
higher glycosylated GIPC with arabinoase (Ara),
galactose (Gal) and Manose (Man) have been iden-
tified, but the precise structure remains to be de-
termined. Grey part is the conserved glycan moitie of
glucuronic-Hex. Cer indicates the ceramide moitie,
in tobacco, with t18:0 and t18:1 for LCB, and VLCFA
mostly alpha 2-hydroxylated; B, GIPC found in corn
seeds with branched polar head.

2.3. Free and esterified phytosterols

The amount of sterols is relatively stable among plant species i.e.
2-3 mg of total sterols per dry gram plant. Synthesized in the ER, sterols
accumulate in the PM and reach up to 30 mol% of PM lipids [2].
Higher-plant cells contain a vast array of sterols: e.g 61 sterols and
pentacyclic triterpenes have been identified in maize seedlings [67].
Sterols are characterized by a planar sterol backbone made up of four
condensed aliphatic rings. Phytosterols are mainly C28 and C29 des-
methylsterols with nine or ten carbons side chains. In most cases, the
second ring has a double bond between carbon C5 and C6. Phytosterols
mainly differ from mammalian cholesterol on the side chain by an extra
alkyl group in the C24 position (Fig. 2A, B). For example, campesterol is
the phytosterol whose chemical structure is the most similar to that of
cholesterol, with only an additional methyl group. In contrast, the A>-
sterols, with an ethyl group, are represented by p-sitosterol and stig-
masterol which contain an additional double bond in the C22 position.
The most abundant plant sterol is sitosterol in most species reported
including the plant model Arabidopsis, except for a few cases such as
stigmasterol in tobacco, spinasterol in Medicago and isofucosterol
(delta-5 avenasterol) in many plants [68]. Proportions of other pathway
end-products are genetically defined in higher plants [69]. In compar-
ison with cholesterol, the interesting fucosterol that is the major sterol
in green algae exhibits modifications at the hydrocarbon tail with a
branched chain and a double bond at position C24. Biosynthesis of
phytosterols is described in recent reviews [68].

Steryl glycosides (SGs) and acylated steryl glycosides (ASGs) are
derivatives of a typical membrane-bound sterol molecule (Fig. 2C). The
composition of sterols in SG reflects usually the free sterol composition
of the plant. The sugar moiety, the number of sugar and the config-
uration of its linkage to the sterol may vary. The sugar moiety, most
common being the pyranose form of p-glucose, is attached to the 3-
hydroxy group at the C3-atom of a sterol and a hydrocarbon side chain
at C17. SGs generally carry one or more sugar residues, the steryl D-
monoglucopyranoside being the most abundant SG in plants. Finally, an
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Fig. 2. Structures of specific plasma membrane phytosterols compared with animal cholesterol.

A, free phytosterols; B, phytostanol; C, conjugated phytosterols.

acylation of the sugar moiety could increase SG diversity producing
ASG forms. Indeed, SGs may be acylated, usually at the C6-atom of the
sugar moiety with palmitic, oleic and less frequently with stearic, li-
noleic, and linolenic acid. Interestingly, the proportions of SG and ASG
in PM differ extremely depending on the plant species and the growth
conditions [22,70]. The biological role of conjugated sterols has been
discussed recently in [68,71].

Elucidation of sterol function benefit from the development of tools
for in situ visualization, together with forward and reverse genetic ap-
proaches are reviewed in. Several methods to visualize sterols have
been developed, for review [72]. Filipin has been extensively used as a
specific probe for detection of fluorescent filipin-sterol complexes, in-
cluding on fixed samples. It is the only established tool for sterol vi-
sualization in plants [73-76]. Although powerful to visualize domains
enriched or deprived in sterol, filipin has also been used to measure the
asymmetrical distribution of sterol using purified Right Side Out (RSO)
vs. Inside Out (ISO) PM oat vesicles [77]. Recently, imaging method
using tunable orthogonal cholesterol sensors allowed simultaneous in

situ quantification of cholesterol in two leaflets of various mammalian
cell PM [78]. This study revealed a marked transbilayer asymmetry of
PM cholesterol, with the concentration in the inner leaflet being 12-fold
lower than that in the outer leaflet. The asymmetry was maintained by
active transport of cholesterol and its chemical retention in the outer
leaflet [78]. Development of such sensors for phytosterols (free and
conjugated) is of great importance in order to address the role of these
lipids in plant biology.

3. Lipids govern global properties of the plant PM
3.1. Fluidity of PM

Confined in a restricted two-dimensional space, PM constituents are
mobile and animated with membrane fluidity reflecting the dynamic
organization of biological membranes [79]. Hydrocarbon chains per-
form balance and bending movements, giving elasticity to the PM.
These undulations are sources of fluidity and can be measured by
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Fig. 3. Biophysical features involved between a GIPC of series A and three molecules of sitosterols.
These interactions are important for nanodomain formations in the PM. LCB, Long Chain Base; VLCFA, Very Long Chain Fatty Acid.

atomic force microscopy that regrettably shows its real limits of use in
plants due to the presence of the cell wall. Lipids and proteins by ro-
tating around their axis or moving in the plane of the PM, lead to in-
crease fluidity. Notably, lateral diffusion within plant PM was firstly
evaluated around the order of 0.02pum?sec™ ' for the agglutinin re-
ceptor of the PM of wheat grain cells [80], whereas more recent data
gives a more than ten-fold higher value of 0.34 um?sec™?! for the fla-
gellin receptor FLS2 in Arabidopsis protoplast [81]. Indeed, PM pro-
teins exhibit distinct relatively low short-distance lateral mobility
within plant PM [82,83]. Depending on the lipid environment, the
diffusion of labeled tracer molecule also varies from 0.1 to 6 ym2.sec ™
in model membranes [84] highlighting the effect on lipid dynamics of
unsaturated and saturated PC and cholesterol. Thus, several factors
affect PM fluidity, notably the steric hindrance and the interactions of
its constituents. The huge diversity of plant lipids, many of which de-
viate from the canonical cylindrical form, would thus imply that the PM
is bound to be very heterogenous in its geometrical arrangement [85].
For example, PC occupies similar volumes at both its extremities i.e. its
polar head and its two acyl chains, corresponding to a cylinder, this
geometry generates a spontaneous organization in lamellar phase [86].
Furthermore, the level of unsaturation results in a larger steric hin-
drance of the carbon chain, and therefore a greater disorder in the ar-
rangement of the lipids.

Alterations in lipid composition during cold acclimation have been
known to be associated with increase in tolerance of plants to cold
stress e.g [87]. In particular, accumulation of N-acylpho-
sphatidylethanolamines (NAPEs) that is related to high lipid unsatura-
tion degree is critical to maintain membrane fluidity. Indeed, changes
in lipid composition regulate cryobehavior of the PM [88] by con-
tributing to maintain the membrane phase transition temperature
below the chilling temperature [89]. In cold conditions, plant cell PMs
accumulate unsaturated fatty acids to decrease membrane viscosity
[90]. A similar positive effect on membrane stability is achieved by a
decrease in the unsaturation level of individual phospholipids and total
lipids during water deprivation [23].

3.2. Phytosterols are crucial regulators of membrane order

Sterols are known to favor the packing effect in the membrane bi-
layer as firstly described for cholesterol in animal membranes [91].
Phytosterols are the major component contributing to plant PM rigidity
[92-94], Interestingly, major free phytosterols differentially modulate
the level of membrane order [95,96]. Indeed, campesterol shows a high
potency to organize lipid bilayers [97,98] which could be attributed to

its short hydrocarbon tail. Stigmasterol exhibits a much weaker or-
dering effect than other sterols [99], even if it is a somewhat con-
troversial question [100]. This phytosterol carries an extra car-
bon-carbon double-bond on the side chain in the C22 position, similarly
with a-spinasterol [101] and brassicasterol [95] that both also display a
feeble ordering capacity. Ultrasound velocimetry studies [102] and
thermodynamic analysis [103,104] propose a better condensing effi-
ciency for B-sitosterol than for stigmasterol. Such variable ability to
pack lipid bilayer has been explained by differential interactions be-
tween plant sterols and unsaturated or saturated lipids [105,106]. It is
worth noting that phytosterols exist as a mixture within plant PM, and
as such allows to finely control the level of membrane order in artificial
membrane [99], in model PM of soybean [106] and in native PM of
Arabidopsis mutants [107].

Conjugated forms of phytosterols, SG and ASG present in plant PM
(Fig. 2) have also been shown to have a strong ability to order mem-
branes [108,109]. Furthermore, free and conjugated phytosterols work
in synergy to order the membrane [99]. Regardless of the distribution
of SG and ASG between different phases of the PM, it seems very likely
that the proportion of these lipids in certain membrane domains clearly
exceeds those of phospholipids and thus could locally participate in the
control of the biophysical properties of membrane domains. Regarding
the scarcely documented properties of phytostanols i.e. the saturated
analogues of sterols reduced in the double bond in a ring skeleton,
Langmuir monolayer studies have evidenced that p-sitostanol (Fig. 2B)
exhibited a similar ability to B-sitosterol in strongly interacting with
saturated phospholipids [110]. Accordingly, incorporation of p-sitos-
tanol into artificial membranes is able to modify their packing level as
well as their behavior [111]. Overall, the multiple phytosterols are
essential regulators of membrane order.

3.3. Involvement of sphingolipids in PM membrane order

Plant sphingolipids also interact with phytosterols to increase the
level of plant PM order, with the notable exception of stigmasterol-
GluCer association [92-94,112]. In mammalian models, cholesterol
appears to interact preferentially with sphingolipids over phospholipids
[113]. Several parameters have been proposed to explain such affinity:
1/sterols emphasize a better shielding from water by the bulky sphin-
golipid head group; 2/a pairing between the two lipids i.e. hydrogen
bonding between these lipid species, with the low amount of water at
the PM interface increasing the stability of these bonds (Fig. 3). The
interface within the region of the membrane of the amide bond of the
sphingolipid LCB can both donate and accept a hydrogen bond as well
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as the hydroxyl groups of the LCB and Fatty acids; 3/the saturation of
sphingolipid hydrophobic tails which increases the order level [114].

In plants, GIPC also show an ability to increase, in a sterol-depen-
dent manner, the lipid packing of the PM [99] and both mechanisms
could be similarly proposed (Fig. 3). First, the major GIPC polar head is
composed of Hexose-glucuronic acid-inositol-phosphate, and up to
seven sugar moieties can be added [45]. Thus, the volume occupied by
the head group of GIPC is far much bulkier than phospholipid head
groups, and, as a general trend the volume occupied by the phospho-
inositol-sugar head group increases with the complexity of the oligo-
saccharide chain. Predictions based on the geometrical properties of
glycosphingolipid molecules indicated accordingly that local enrich-
ment of such bulkier head group strongly favors phase separation and is
concomitantly accompanied by spontaneous acquisition of a positive
membrane curvature (for review [36]). Moreover, GIPC LCB profiles
are abundant in tri-hydroxylated LCB species in widely varying pro-
portions (for review, see [38]), and one hydroxyl residue is very often
present at the 2 position of the fatty acid. One may hypothesize that the
presence of these three hydroxyl and the amide groups at the interface
between the polar phase and hydrophobic phase of the bilayer may be
of importance for sphingolipid/phytosterol interactions, see Fig. 3, but
also sphingolipid/sphingolipid interactions [60]. Similar mechanisms
have been experimentally confirmed, showing strong interactions be-
tween phytoceramides and POPC (palmitoyl-oleoyl-PC) into a highly
packed gel phase (32.1 A%/molecule) [115], and between GIPC and
sitosterols [2].

3.4. Electrostatic charge and pH domains of the PM

In all eukaryotes, the PM cytosolic-leaflet is the most electro-
negative compartment of the cell [116]. Electrostatic territories are
controlled by a combination of negatively charged lipids that are or-
ganized as a gradient along the endocytic pathway. Membrane surface
charge (MSC) is critical for the specific recruitment to membranes of
proteins with polybasic regions. Thus, PM electrostatics is fundamental
parameter in signaling, intracellular trafficking and polarity. For ex-
ample, MSC controls the PM localization and function of the polar auxin
transport regulator PINOID as well as proteins from the BRI1 kinase
inhibitor 1 (BKI1)/Membrane-associated kinase regulator (MAKR) fa-
mily, which are involved in brassinosteroid and receptor-like kinase
signaling [117]. MSC can be probed by biosensors constituted of a
fluorescent protein fused to an unstructured peptide of varying net
positive charges [117]. Negatively charged lipids regulate the MSC in
plant PM. By contrast to yeast and animals, PI4P strongly accumulates
at the PM establishing a negative inner surface potential of this mem-
brane [117]. In addition, it was recently shown that PM surface po-
tential varies according to other negatively charged PM lipids such as
PA and PS which are separately required to generate the electrostatic
signature of the plant PM [118]. Therefore, the combinatorial lipid
composition of the cytosolic leaflet of PM not only defines electrostatic
territory but also distinguishes different compartments within this ter-
ritory by specifying their MSC. How the spatiotemporal pattern of PIPs
is established and maintained within plant cell is one of the many future
challenges to tackle.

A recent study showed that the pH on both sides of the plant PM is
different in vivo. Genetically encoded fluorescent pH sensors enable
access to membrane-associated pH and transmembrane differential pH
values from the surface of the root to the deepest cell layers beyond the
Casparian strip barrier [119]. This study demonstrated that the apo-
plastic pH close to the PM was maintained at values ranging from 6.0 to
6.4 in mature root cells despite direct contact with the soil. By contrast,
the overall pH in the apoplastic space is far more acidic [119]. The role
of lipids in this observation remains to be determined.
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4. Plant lipids are unevenly distributed within the PM and able to
organize into domains

4.1. Asymmetric composition of inner and outer leaflets

During the 1970's, alongside the fluid mosaic model proposed by
Singer and Nicholson (1972), experimental evidences showed that
proteins and specially lipids could segregate forming a heterogeneous
membrane with both lateral and transversal asymmetry. It is also well
established in animal cells that there is a compositional heterogeneity
of PM lipids between the two leaflets of the PM. In human erythrocyte
membranes, the prototype of animal cell PMs, the outer-leaflet is
composed of mostly PC and sphingolipids, while the inner-leaflet of PS,
PE, and PI as described in [120]. Minor lipids such as PIPs and PA are
located in the inner-leaflet, whereas glycosphingolipids face the outer
surface. This out-of-equilibrium is maintained by the activity of lipid
translocases (namely flippases, floppases and scramblases), which
compensate for the slow spontaneous diffusion of lipids. Because of the
heterogeneity of lipids, the two monolayers display different physical
properties: the inner-leaflet has a lower average viscosity than the
outer-leaflet. The importance of membrane asymmetry is well studied
in animals, see for recent reviews [121,122].

In plants, only two publications experimentally address the asym-
metry of lipids in the PM: by using a phospholipase A2 treatment, filipin
labeling and immmuno-labeling with antibodies against DGDG and
gluCer on purified oat PM, it was shown that DGDG was exclusively
located in the inner-leaflet together with 60% of phospholipids, and the
GluCer and sterols were enriched in the outer-leaflet [77]. Un-
fortunately, GIPC and the exact phospholipid content were not ad-
dressed in this study. GIPC are synthesized inside the Golgi apparatus,
with their polar heads inside the lumen, see Fig. 4, therefore it is very
likely that these lipids are located in the outer-leaflet of the PM after
fusion of the secretory vesicles. Moreover, the large size of the GIPC'
polar heads likely prevents spontaneous flip between the two leaflets.
Immunogold labeling on tobacco PM vesicles showed that poly-
glycosylated GIPC mostly locate in the outer-leaflet of the PM [39].

By taking together these scarce experimental evidences, we recently
proposed a model for the distribution of lipids in the plant PM: 1/GIPC
and GluCer are exclusively located in the outer-leaflet; 2/sterols (free
and conjugated) are enriched in the outer leaflet; 3/phospholipids are
enriched in the inner-leaflet with PIPs, 4/PS, PA exclusively in the inner
leaflet [39]. Future work should be dedicated to the in depth analysis of
the lipid composition of each PM leaflet with special focus on deci-
phering the diversity of the various molecular species ie. fatty acid
content (unsaturation and length) of each class of lipids will be done
and the different forms of sterols will be characterized. Numerous
methods are available on RSO vs. ISO purified PM vesicles or on live
protoplasts cells to address this delicate question [123].

4.2. Membrane phases in model and biological membranes

4.2.1. Membrane phases, dyes and modeling approaches

Assembly of lipids can adopt different physical states, the so-called
phases. Following the nomenclature introduced by Ipsen [124], lipid
organization of lamellar bilayer structures can be divided in three main
phases: the solid-ordered (So), liquid-ordered (Lo) and liquid-dis-
ordered (Ld) phases depending on the lipid species, acyl chain un-
saturation, temperature, pressure and several additional parameters. In
So phases, lipids are tightly packed and lateral diffusion is very slow. In
Ld phases, lipids are much less condensed, acyl chains are mobile and
loosely packed, and lateral diffusion coefficients are high, especially at
high temperatures [125]. In Lo phases, like in So phases, a high degree
of acyl chain order is observed, but lateral diffusion coefficients are
comparable to those of Ld phases. Phase formation in lipid mixtures has
been extensively studied in vitro with liposomes and giant unilamellar
vesicles (GUV) as models. In most reports, GUV membranes exhibit
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Fig. 4. Formation of GIPC- and sterol-enriched domains along the secretory pathway.

GIPC are synthesized in the lumen of the trans Golgi network (TGN) by grafting on the ceramide sequentially inositol-phosphate (IPCS, inositolphosphorylceramide
synthase), glucuronic acid (IPUT1, inositol phosphorylceramide glucuronosyltransferase) and mannose (GMT1, GIPC mannosyl-transferasel). Golgi-localized nu-
cleotide sugar transporter (GONST1) is responsible for the import of GDP-mannose to fuel GIPC synthesis. After vesicular fusion to the PM, GIPC polar heads face the

apoplasm. Polyglycosylated GIPC form nanodomains in the PM (in red) [99].

micrometer-size liquid immiscibility over a wide range of temperatures.
GUVs with such properties contained a minimum of three components:
high-melting temperature lipids (e.g. saturated VLCFA-containing
sphingolipids), low melting temperature lipids (e.g. not necessarily but
often unsaturated phospholipids), and sterols, for more details see re-
view [126]. Lo phases are also referred to as cholesterol-dependent
phases because cholesterol was used in most studies on the subject,
[127,128] for reviews. In the mammalian model, lateral partitioning of
Lo and Ld phases is thus explained by a preferential interaction of
sphingolipids with cholesterol over phospholipids, likely due to better
shielding from water by the sphingolipid headgroup [99].

Lo phases are also observed in the presence of various free- and
conjugated-phytosterols such as SG and ASG [109,129,130]. Use of
environmental fluorescent probes sensitive to membrane order such as
di-4-ANEPPDHQ and Laurdan [131] allow the analysis of phase se-
paration on GUVs made of various mixtures of plant lipids. This reveal
contrasted abilities of free-phytosterols to control phase separation on
model membranes. Although stigmasterol added to 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC)/1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) vesicles fail to induce the lateral segregation of li-
pids into domains of different order levels, GUVs containing sitosterol
and campesterol promote the formation of Lo domains at the surface of
model membranes [99]. Noteworthy, SG and ASG added separately
exhibit the same ability as the corresponding free sterols, increasing the
amount of Lo phase. This effect is reinforced when used in combination
and increases strikingly when free and conjugated sterols are present in
the mixture [99]. The same study indicates that GIPC, the major plant

sphingolipids [2] are not able alone to promote the formation of a li-
quid-ordered phase within a phospholipid bilayer revealing no ex-
tensive phase separation in the binary sphingolipid/phospholipid
system. By contrast, this study shows the ability of GIPC to increase the
amount of Lo phase of the membrane in presence of phytosterol and
interestingly this remains still the case even in the absence of saturated
phospholipids such as DPPC. These in vitro studies expose the complex
association of different classes of lipids necessary to form distinct
phases that are in vivo linked to various membrane functions such as
cell signaling or development. Yet there is a real benefit to be able to
observe this partitioning in vivo via fluorescent probes and dyes.

The partitioning of lipid fluorophores between coexisting Lo and Ld
phases for different ternary lipid mixtures has been extensively per-
formed by comparing fluorescence intensities in coexisting domains.
These labeled lipids have a fluorophore (e.g. NBD, Texas Red, Bodipy,
etc...) attached either to the head group or to the hydrocarbon chain.
Studies using fluorescently labeled lipid analogues in different mixtures
must be analyzed cautiously for several reasons: 1/the fluorophore
might alter the distribution of the lipids on which it is grafted i.e. a large
fluorophore attached to an acyl chain might hamper the incorporation
of the labeled lipids into the Lo domains, as found in the case of
fluorescent ganglioside probes [132]; 2/It has been shown that the
same fluorescent probe might have different partitioning preferences
depending on the chosen lipid mixture [133]. Nevertheless, an im-
portant finding from this body of research is that partitioning in or-
dered-phases is increased for fluorophores with saturated chains that
approximately match the thickness of one leaflet of the host membrane
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[134]. Fluorescent lipid probes with unsaturated chains are found to
partition into the Ld phase. These studies indicate the ability of dif-
ferent molecular species of lipids to partition selectively in the different
phases of a complex model membrane, according their structure
[135,136].

There is a current lack of such fluorescent probes designed from
typical structures of plant PM lipids. This prevents unambiguous as-
sessing of specific lipid behaviors in different complex mixtures. Non-
perturbing specific-labeling of PM nanodomains in plant cells has been,
and remains, one of the foremost challenges in the field.

Modeling approaches based on simulation can also bring grist to the
mill of such experimental evidence. For example, very recent work by
Ingolffson et al., in a pioneering in silico study of PM-lipid assembly
mimicking the complexity of the animal PM, confirmed the non-ideal
lateral mixing of the different lipid species [137]. Based on large-scale
molecular dynamics simulation, this study provided a high-resolution
view of the lipid organization of the PM at an unprecedented level of
complexity since the model consists of 63 different lipid species, 14
types of head groups and 11 types of aliphatic moieties asymmetrically
distributed across the two leaflets. This closely mimics an idealized
mammalian PM. A general non-ideal lateral mixing of the different lipid
species was observed together with the formation and disappearance on
the microsecond time scale of transient domains with liquid-ordered
characteristics: in the outer leaflet, distinct nanodomains consisting of
gangliosides were observed, and PIPs showed preferential clustering in
the inner leaflet of PM. Nonetheless, the lack of biophysical parameters
for plant lipids necessary for the calculation of molecular dynamics
impairs the use of these approaches to modelize plant PM (see section
“Conclusions”).

4.2.2. Solubilization by detergents: evidences from model membranes
Detergents are amphiphilic molecules, most of them consisting of a
polar head and a hydrophobic chain. These molecules have a conical
shape and spontaneously form micellar structures displaying a positive
curvature in aqueous solution. Detergents have thus the ability of in-
corporating themselves into membranes and of solubilizing proteins by
replacing their lipid environment. Pioneering work evidencing corre-
lations between resistance to detergent solubilization of a fraction of
the PM and its peculiar lipid and protein composition suggested the
possible existence of lipid domains in the PM of mammalian cells [138].
Detergent-resistant membrane fractions (DRMs) could be isolated
from a variety of eukaryotic cells and gave birth to the hypothesis that
such fractions are present within native PM as a distinct phase within
the bilayer. DRMs are rich in saturated phospholipids, sphingolipids
and sterols, and display the properties of the Lo phase previously de-
scribed in model membranes. Such a hypothesis received strong support
from parallel studies on lipid vesicles constructed to mimic the lipid
composition of these membranes [139]. In particular, [140] demon-
strated that when mixtures of sphingolipids, unsaturated phospholipids
and cholesterol were treated in the cold with nonionic detergents such
as Triton X-100, the lower-melting phospholipids were readily solubi-
lized while the higher-melting sphingolipid species, and to a lesser
extent cholesterol, were largely recovered in an insolubilized and se-
dimentable fraction. Similar results were obtained using analogous lipid
mixtures without cholesterol, or in which long-chain saturated phos-
pholipids replaced the sphingolipid component. Measurements of di-
phenylhexatriene fluorescence polarization have suggested that the
existence of a DRM fraction was correlated with the presence of Lo
phases in the original bilayers. Since that, numerous studies have ad-
dressed the differential sensitivity of Lo and Ld domains to detergent
solubilization. Nevertheless, only a few reports, like that of [141]
compared the effect of distinct detergents on Ld and Lo domain solu-
bilization within model bilayers. Most works indeed focused solely on
the impact of Triton X-100. Atomic Force Microscopy (AFM) observa-
tions on vesicles containing dioleoyl-PC/sphingomyelin/cholesterol
provided evidence for both Triton X- 100-insoluble domains composed
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of sphingomyelin and cholesterol, and Triton X-100-soluble areas sur-
rounding them [142]. Similarly, using real-time AFM imaging of dio-
leoyl-PC/sphingomyelin/cholesterol mixtures, [143] found that de-
tergent did not affect sphingomyelin/cholesterol Lo phases, while
dioleoyl-PC Ld phases were completely solubilized. Developing the
same experimental approach on dioleoyl-PC/dipalmitoyl-PC vesicles,
authors showed that Triton X-100 concentrations right above the critical
micellar concentration (CMC) enabled the solubilization of the dioleoyl-
PC matrix, but prevented dipalmitoyl-PC domains from solubilization
[144]. [145] proposed a model based on equilibrium thermodynamics
showing that resistance to solubilization only depends on the target
lipid affinity with the micellar phase. The effects of cholesterol on the
resistance of lipid mixtures to solubilization have also been in-
vestigated. Ahyayauch et al. demonstrated that cholesterol facilitates
PC solubilization better than sphingomyelin [146]. Furthermore, cho-
lesterol was found to induce higher resistance to solubilization of di-
palmitoyl-PC vesicles, with a notable exception at 4 °C. Interestingly,
cholesterol also induced higher resistance of palmitoyl-oleoyl-PC bi-
layers to detergent solubilization on a broader range of temperatures
(from 4 to 15 °C) [147]. In addition, sterols are not the only lipid family
determining detergent insolubility. For example, it was shown that
addition of 5-30 mol% ceramides prevented Triton X-100 from com-
pletely solubilizing sphingomyelin-containing bilayers [148]. It is no-
teworthy that microscopic observations carried out by Staneva et al.
[147] revealed neither domain formation, nor domain coalescence in
response to Triton X-100 treatment in heterogeneous GUV systems.
Such observation supports the idea that isolation of DRM from biolo-
gical membranes by detergent-induced extraction is not an artifact and
moves the question of DRM controversy back to the central importance
played by the used methodology.

Cholesterol is not the only sterol to induce resistance to detergent
solubilization. Plant sterols, had similar capacity even if a weaker effect
than cholesterol, when incorporated in phospholipid bilayers [100],
with the lowest efficiency being observed with stigmasterol, see below.
All these results, based on biophysical analysis performed on model
membranes indicate: 1/that animal and plant PM-mimicking lipid
mixtures undergo a segregation between different phases corresponding
to different physical states; 2/that the different lipids present within the
bilayer partition differentially in these phases according to their che-
mical structure; 3/that there is a close correlation between the com-
position and physical characteristics of the DRM fraction isolated from
model membranes and the ones displayed by the Lo phase.

4.2.3. Isolation of detergent resistant membranes from PM, biochemical
fractions with a specific lipid composition

Based on the conceptual framework exposed in the previous sec-
tions, a tremendously high number of publications (about 2000 in the
last 40 years) reported the isolation and characterization of DRMs from
biological membranes from a wide variety of animals, plants and mi-
croorganisms [149]. Virtually all protocols rely on a similar experi-
mental procedure: treatment of either intact cells or purified mem-
branes with a nonionic detergent (most frequently Triton X-100, but
Triton X-114, Brij or Lubrol have also been used), generally at low
temperature (4 °C) followed by ultra-centrifugation on a sucrose (or
Ficoll) gradient to recover the insoluble fraction [150]. Parameters
which have been proven to be crucial and were carefully adapted to
each material concern mainly the concentration of detergent and the
detergent-to-membrane ratio used. The protein yield recovered in the
insoluble fraction may vary between 5 and 20% of the initial amount of
membrane proteins, depending on the biological material and the ex-
perimental conditions. In animal cells, extensive characterizations of
lipids associated to DRMs consistently revealed a 3- to 5-fold enrich-
ment in lipids associated to the Lo phase of model membrane, in par-
ticular cholesterol, saturated phospholipids, gangliosides and sphingo-
myelin [151,152]. Analyses of the phospholipids content of DRMs
classically exhibit a decrease in anionic phospholipids compared to the
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whole membrane [153], an increase of the proportion of saturated fatty
acids [154], and a typical enrichment in GM1 gangliosides [155]. The
biochemical analysis of such DRMs extracted from animal cell mem-
branes have been extensively performed using proteomics approaches
(see for review [156]). It emerged from this huge amount of data that
some typical proteins, such as caveolin, or protein families, such as
kinases of the Src family or small G proteins (Guanine nucleotide-
binding proteins), are in a systematically enriched in such fractions,
together with some proteins harboring particular post-translational
modifications such as GPI-anchored proteins. We can note here that
some detergent-free methods to isolate sub-fraction of the PM have also
been developed. [157-159].

In plants, DRMs were first purified in tobacco, with the first isola-
tion reported by [160] and the characterization of DRM-associated
proteins and lipids provided by [19]. Similar studies revealing by mass
spectrometry the catalogue of proteins were then performed on dif-
ferent species such as Arabidopsis thaliana [161-165], Medicago trun-
catula [166,167], Oryza sativa [168], Avena sativa and Secale cereale
[169] or more recently Beta vulgaris [170]. According to the metho-
dology used, the amount of proteins may differ between the studies but
the continuous improvement of performance and sensitivity of the mass
spectrometry approaches, led to an increase of the number of proteins
identified which reached > 300 proteins in the more recent studies
[163,164,171]. The latest extensive analysis published on plant PM
proteome, performed in rice, allowed the identification of > 3900
proteins, which is quite consistent with the yield of PM-derived DRM
proteins which is typically around 10% of total proteins in most studies
[19,172]. The family of proteins identified in the different studies is
also quite consistent, with a high proportion of proteins involved in
signal transduction, responses to different stress, and plant-micro-
organism interactions. Accordingly, a few studies implementing quan-
titative proteomics approaches based on different methodologies,
clearly revealed a qualitative and/or quantitative modification of the
proteins associated to DRMs upon environmental modifications, for
instance in the early steps of plant defense signaling [171,164,168], or
following abiotic stress [173,170]. Note that by contrast with proteins
where genetically encoded fluorescent tags or specific antibodies are
available, generating DRMs is the most used technique in order to study
the potential segregation of lipids. In the next chapters, we will discuss
the lipids found in DRMs purified from plant PMs.

4.2.3.1. Glycerolipids in plant DRMs. As expected from biophysical
work, major structural phospholipids, ie. PC, PE, PS, PA are
markedly depleted in plant DRMs when compared to the total PM
[19,162]. The case of phosphoinositides (PIPs) deserves a particular
attention. Despite the real challenge related to the detection of such a
minor class of lipids in very reduced biological sample such as DRMs,
the combined use of Thin-Layer Chromatography to separate the
different classes of phosphoinositides prior to quantitative Gas
Chromatography-Mass Spectrometry analysis [174] allows to quantify
PI4P and PI(4,5)P, in DRMs isolated from tobacco leaves and tobacco
Bright-Yellow 2 cell culture (BY-2 cells) [31]. It was shown that both
PIPs isomers represent < 5mol% of the total lipids of tobacco PM.
However, their relative amount is 11-fold higher in DRMs compared to
PM from which they originate. Hence, it is estimated that 50 mol% of
PM phosphoinositides likely segregate in BY-2 cell PM-domains. A
lower increase in PI4P and PI(4,5)P, was also observed in tobacco leaf
DRMs: 43 and 31 mol% of the isomers were found to concentrate in this
fraction respectively. Moreover, PIPs display highly saturated fatty
acids in both DRMs and PM, with 16:0, 18:0 and 18:1 being the major
fatty acids, which is all the more consistent with the packed lipid
environment or liquid-ordered phase characteristic of this fraction. This
work has demonstrated that PIPs are the only glycerolipids enriched in
plant DRMs, which is in agreement with biochemical studies performed
on animal cells. In good agreement with this result, the nanodomain-
protein marker from the potato REM group 1 isoform 3 (StREM1.3 or
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REM) was shown to cluster in the PM inner-leaflet nanodomain by
specific binding to PI4P [175]. The question arises whether PI4P is
clustered in PM-nanodomains before the anchoring of REMORIN, or
whether REM's C-terminal anchor promotes PI4P clustering. In line
with the results obtained for PIPs, striking evidence related to the
characteristics of the fatty acyl chains associated to DRM glycerolipids
have been obtained. Indeed, the comparative analysis of polar lipids
from tobacco leaves or BY-2 cells revealed a very significant enrichment
in saturated fatty acids (C16:0 and C18:0), in agreement with a DRM
phospholipids double-bond index lower than that of the overall PM
[19]. This was consistently observed in maize embryos and bean leaves
with the total amount of saturated long-chain fatty acids being higher in
the PM than in DRMs. Similarly, the saturated/unsaturated ratio PM/
DRM also rised in the DRMs compare with PM [176]. These
characteristics perfectly fit with the direct relationship classically
observed in model membranes between the proportion of lipids with
saturated fatty acyl chains and the global order of the bilayer which has
been confirmed using lipids from plant PMs [99].

4.2.3.2. Sterols in plant DRMs. In all plant tissues tested, free sterols are
major components of isolated DRMs. Quantitative analyses showed a
clear increase in the sterol-to-protein ratio to around 1.7-fold in DRMs
prepared from both tobacco leaves and Medicago truncatula roots
[19,166] or even 2.7- and 4-fold enrichment in DRM fractions from
bean leaves and Arabidopsis cell cultures [161,177]. On the other hand,
maize embryo [177] and Arabidopsis seedlings [173] exhibited a
smaller free-sterol accumulation with only an 1.3-fold enrichment in
DRM fractions indicating a range of plant sterol enrichment factors as
broad as that observed in animal cells. In general, relative abundances
of individual free-sterol species such as stigmasterol, spinasterol and
sitosterol fractions are similar in DRM and PM [19,161,162], with the
noticeable exception of maize embryo membranes [177]. For the first
two sterols that showed very low even not clear ability to order
membrane, such observation is surprising. However, their differential
ability to order membrane had been measured in artificial membranes,
a context in which i) they are the only one sterol among the lipid
mixture (a crucial difference with PM sterol mixture, where an additive
effect of ordering-capacity of each sterol was furthermore demonstrated
[99]) and ii) their specific capacity to segregate into a DRM fraction
was not assessed to date, to the best of our knowledge.

Moreover, additional results reinforced the possible role of phytos-
terol in the structuration of plant PM domains suggested by their en-
richment in DRMs. They were essentially provided by the use of the
pharmacological compound methyl-B-cyclodextrin. This cyclic oligo-
saccharide able to trap sterols from artificial and biological membranes
has been widely used to lower the content of membrane cholesterol in
various types of animal cells and to assess sterol-associated membrane
structuring, see for review [178] to read about the specific and non-
specific effects of cyclodextrins. This molecule has been proven to re-
move from isolated plant PM, with a comparable efficiency to that as-
sociated with cholesterol, the free phytosterols (campesterol,
stigmasterol, sitosterol and isofucosterol) [93]. Such a treatment re-
sulted in a decrease by about 50% of BY-2 cell PM sterols, without
affecting PM-content in conjugated sterols, phospholipids, sphingoli-
pids and proteins. Importantly, methyl-pB-cyclodextrin treatment totally
abolished the recovery of any DRM fraction after PM solubilization at
4 °C with Triton X-100 [93]. Moreover, the use of environment sensitive
fluorescent probes allowed to associate this depletion in free-sterols
with a decrease in liquid phase heterogeneities, and particularly in Lo
phases [93]. This work on isolated PM has been further corroborated by
similar results obtained on living BY-2 cells showing a clear decrease of
the proportion of ordered PM-domains by cyclodextrin treatment that
reduced by ca. 20% the amount of PM sterols [92]. Finally, the com-
bination of cyclodextrin and extensive quantitative proteomic char-
acterization of DRMs isolated from Arabidopsis PM identified a subset
of proteins, whose association to DRMs is sterol-dependent [163,165].
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As exposed in Section 1.3, phytosterols can be conjugated with su-
gars, which in turn can be acylated to form SG and ASG (for a review
see [71]). Lipidomic analyses have shown varying amounts of SG and
ASG in plant DRMs. In M. truncatula roots, the same enrichments in SG,
ASG and free-sterols were observed in DRMs compared to PM fractions
[166]. Conversely, while free-sterols did not show any significant en-
richments in DRMs from Arabidopsis thaliana seedlings and plants, SG
and ASG were found considerably enriched (> 4-fold) in these fractions
[162,173]. In oat roots, conjugated-sterols were observed in similar
proportions in PM and DRMs whereas a clear enrichment of free-sterols
was reported [77]. Furthermore, total sterol amounts were markedly
increased in tobacco leaf DRMs, mainly because of the high-enrich-
ments in free-sterols and ASG [31]. As exposed in section 2.1, con-
jugated-sterols in combination with free-phytosterols are potent mod-
ulators of the order level of model membranes, suggesting again a close
relationship between the composition of the DRM fraction and the
presence of a Lo phase in plant PM.

4.2.3.3. Sphingolipids in plant DRMs. By contrast with DRMs extracted
from animal cells, plant DRM sphingolipid content has only been
investigated in very few studies. A first line of evidence of the
enrichment of sphingolipids in DRMs relies on the characterization of
their VLCFA content. By analyzing highly-purified PM from bean leaves
and germinating maize embryos, a 3- to 4-fold increase of VLCFA
relative amount in DRMs compared to PM was evidenced [176].
Moreover in the two plant species considered, VLCFAs harboring 20-
to 32-carbon chains were present in DRMs. A significant enrichment of
VLCFAs (from C20:0 to C26:0) in DRMs compared to PM was also
observed in tobacco leaves and BY-2 cells [2]. Among the hundreds of
sphingolipid species that exist in plants many possess 2-hydroxy fatty
acids, containing a hydroxylated C-2 position [9] may contributes to
the rigid binding of sphingolipids between themselves and other lipids
through hydrogen-bonding between hydroxyl groups, as evidenced in
artificial membranes [179,180]. It is thus likely that 2-hydroxy
sphingolipids contribute to the ordered structure of PM domains.
Using mutant rice lines in which the levels of sphingolipids
containing 2-hydroxy fatty acids were decreased by knocking-down
two genes encoding fatty acid 2-hydroxylases (FAH1 and FAH2), [52]
demonstrated that the DRM/PM ratio was altered in these lines. This
result suggested a role for such lipids in structuring Lo phases within
the PM, which was further confirmed by the observation using the
environmental probe ANEPPDHQ that the PM in OsFAH1/2-KD1 was
significantly more disordered than in the wild type.

GluCer belongs to the monosaccharidic cerebroside family, and
many GluCer species have been reported in plants, and lipidomics ap-
proaches showed that GluCer can exhibit a wide range of LCB and fatty
acid composition [38]. Their relative abundance in plant PMs has not
been unequivocally determined, varying significantly form one species
to another and also according to the photosynthetic activity of the
tissue considered [181]. In line with those observations, various
quantitative data have been reported concerning the enrichment of
GluCer in DRMs. In DRMs isolated from tobacco leaves and BY-2 cells
[19] or Medicago truncatula roots [166], GluCer was only slightly en-
riched. On the other hand, GluCer was found significantly enriched in
Arabidopsis and leek DRMs prepared from PM and microsomal mem-
branes [161,173]. DRMs isolated from leek Golgi membranes displayed
a 4-5-fold in GluCer compare th the PM [162]. Similarly, DRMS isolated
from tobacco pollen tubes harbored a percentage of GluCer which in-
creased up to two fold with the detergent/protein ratio [182]. Taking
into account these data, it is difficult to conclude whether or not GluCer
enrichment can be considered as an essential component of plant DRMs,
even if its relative proportion increased in this fraction compared to the
PV, in most studies performed.

The first indication of an enrichment of GIPC in plant DRMs was
reported by [161], showing an approximately 5-fold higher LCB-to-
protein ratio in DRMs extracted from Arabidopsis microsomal fractions.
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The relative decrease of (8Z)-4-hydroxy-8-sphingenine (abbreviated
t18:1c¢) in the DRMs compared with microsomes and the increase of the
ratio of this LCB compared with its stereoisomer (8E)-4-hydroxy-8-
sphingenine (t18:1t) in the DRMs suggested that DRMs might contain a
high proportion of GIPC, which have a greater 8Z:8E ratio than cere-
brosides [161]. However, although GIPC belong to one of the earliest
classes of plant sphingolipids that were identified [41], their study has
for long been impaired by their limited solubility in typical lipid ex-
traction solvents, and very recent progress concerning their structural
characterization and role in membrane organization relies on the de-
velopment of efficient protocols of purification [42,54]. By taking ad-
vantage of such methodological developments, [39] showed that the
hVLCFA and VLCFA contents were highly comparable between DRMs
and purified GIPC, with an even higher proportion of hVLCFAs in DRMs
purified from BY-2 cells, suggesting that hVLCFA-containing GIPC are
most likely present in this fraction. Moreover, levels of the two LCBs
t18:0 and t18:1, which are mostly present in GIPC [45], strongly in-
crease in DRMs when compared with PM, reaching 80% of total LCBs in
DRMs. A further characterization indicated that series A GIPC were
found in both PM and DRM fractions of tobacco leaves, whereas for BY-
2 cell series B GIPC were 3-fold enriched in DRMs when compared with
the PM, reaching 17% of total GIPC in BY-2 DRMs [39]. When the
global lipid composition of the PM and DRM fractions was recalculated
taking into account these data, it appeared that GIPC represent 45 and
30 mol% of total PM lipids isolated from leaves and BY-2 cell suspen-
sions, respectively, and up to 60 mol% of the DRM fraction, suggesting
that the contribution to sphingolipid-enrichment in PM Lo phases is
mainly due to GIPC [39].

4.2.4. The use of DRMs to study the segregation of lipids in plant PM; some
limits but significant contributions

The “raft hypothesis” states that specific PM-lipids, mainly sterols
and saturated sphingolipids, interact together to form dynamic nano-
scale clusters by recruiting lipids and proteins that are present in sig-
naling and trafficking platforms in the PM [114]. Experimentally, the
nonionic detergent Triton X-100 is used to separate Lo phases from the
rest of membrane preparation by isolation of DRMs isolated in the
upper-phases of a sucrose density gradient after ultracentrifugation.
DRMs are considered by many as in vitro counterparts of membrane
rafts [150]. The characterization of lipids found in DRMs isolated from
PM fractions of various plant species gave rise to a overall features such
as a global decrease of glycerolipids content, with the noticeable ex-
ception of phosphoinositides; a strong enrichment in lipids containing
saturated fatty acyl chains; an increase in free- and conjugated-sterols;
and a strong enrichment in sphingolipids, and in particular in GIPC.
These characteristics are consistent with the canonical description of
DRMs isolated from a plethora of animal PMs whilst taking into account
the specificities of plant PM lipids [183]. Moreover, it appears that such
a composition is typical of the Lo phase in model membranes, as de-
tailed in Section 3.2.1. Yet, as stated in several publications (e.g.
[184-187]) the use of DRMs to evidence PM-associated dynamics
should be accompanied with great precaution as DRM fractions should
not be considered as direct equivalents to PM-domains. However, the
numerous convergent correlations obtained on many different biolo-
gical materials and model membranes have indicated for instance that
1/a consistency between the composition of the Lo phase in situ and the
DRM lipid content; 2/a relationship between the presence and abun-
dance of DRMs and the order of biological membranes; 3/the associa-
tion of particular proteins to DRMs and their clustered distribution
within the PM make them valuable tools to progress towards a better
understanding of plant PM organization. An example of this last point is
the PM-associated NADPH-oxidase RbohD, which was demonstrated to
be responsible for the oxidative burst observed in the very early steps of
the plant immune signaling cascade, was proved to be exclusively as-
sociated to DRMs in tobacco [19]. This characteristic could be related to
the immunoelectron microscopy observation that this protein is



A. Mamode Cassim et al.

Table 1
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Examples of inhibitors used to modify in vivo the pools of lipids, and some recent related references.

The used concentration of the inhibitors is indicative, and must be tested for each plant species or tissues. To address the modification of the PM lipid pool, a phase
partition to purify PM vesicles must be conducted coupled with a dedicated lipidomic approach. PLD, Phospholipase D; PLC, Phospholipase C, DAG, Diacylglycerol;
VLCFAs, Very Long Chain Fatty Acids; HMG-CoA reductase, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase.

Inhibitors of: Name References
Phosphoinositides PI3-Kinase (50-100 puM) LY-294002 [398]
PI3P 5-Kinase (1 uM) YM-201636 [399]
PI4-Kinase (30-60 uM) Phenylarsine oxide (PAO) [117,398]
PI3-Kinase (1 uM) Wortmannin [283,31]
PI3-Kinase + PI4-Kinase (30 uM) Wortmannin
Sphingolipids Ceramide synthase (1 pM) Fumonisin B1 (1 mg) [400,401]
Glucosylceramide synthase (50 M) DL-THREO-PDMP [402]
VLCFAs/sphingolipid (50-100 nM) Metazachlor [235]
Serine palmitoyltransferase (SPT) Myriocin [56,403]
Inositol phosphorylceramide synthase (fungi) Aureobasidin A [404]
Diacylglycerol/phosphatidic acid Lyso PA Acyl transferase CI-976 [405-407]
PLD-derived PA formation (50 uM) (R)-(+)-Propanolol hydrochloride [408]
PLD-derived PA formation (0.2-0.4%) 1- butanol [409,410]
PLC-derived DAG formation (5 puM) U73122 (active analog) [31,411]
PLC-derived DAG formation (5 pM) U73343 (inactive analog) [411]
PLC-derived DAG formation (50 uM) Edelfosine [283]
DAG-Kinase (50 pM) R59022 [283]
Sterols Cyclopropylsterol isomerase 1, CPI1 Fenpropimorph [7,175,162]
HMG-CoA reductase Lovastatin [7]

organized within the PM in clusters of about 20 nm in diameter [188].
Upon activation, NADPH-oxidase products (the Reactive Oxygen Spe-
cies) were also present as discrete nanometer sized patches along the
PM [189]. Similarly, the enrichment of the flagellin receptor FLS2 in
DRMs observed a few minutes after treatment of Arabidopsis cells with
the bacterial elicitor flagellin flg22 is fully consistent with recent results
observed using super-resolution microscopy indicating its clustered
distribution in the PM. Noteworthy, a significant modification of its
dynamics within PM, namely an increased population of long-lived
receptor clusters and a reduction of its lateral displacement was ob-
served a few minutes after flg22 treatment [190]. Moreover, group 1
Remorin proteins were the first biochemical markers of plant DRMs and
observed as forming PM-associated clusters of about 75 to 100 nm in
diameter [191,192]. Such nanodomain-organization was shown to be
sterol-dependent as it was strongly impaired by the use of sterol-che-
lator methyl-f-cyclodextrin [191] or by inhibitors of sterol biosynth-
esis, see Table 1 [175]. More recent data have confirmed the confine-
ment of group 1 Remorin in PM-nanodomains to be sterol- and PI4P-
dependent and by using in vivo single-particle tracking microscopy that
the size of group 1 Remorin-associated domains were of ca. 80 nm in
diameter [175].

One must note that the colocalization studies of Remorins of dif-
ferent phylogenetic groups, namely groups 1, 3, 4 and 6 have shown the
coexistence of highly-distinct membrane domains in the plane of the
PM [193]. These results have demonstrated that the use of biochemical
approaches such as DRMs cannot be sensitive enough to accurately
represent the biological complexity of membrane-compartmentaliza-
tion in vivo. A decisive milestone will be the ability to describe, in an
extensive and comprehensive manner, the distribution of the various
lipids together with proteins within PM, and to identify key causal
mechanisms underlying such an organization. To do so, super-resolu-
tion microscopy with one or more fluorophores can be used for proteins
to visualize in vivo whether the protein of interest is enriched in na-
nodomains; this kind of method is currently at its infancy for lipids due
to the few fluorescently-labeled lipids available and because it is hard to
insure a proper intake of such dyes in plant cells (see below). The use of
chelator of lipids, fluorescent lipid probes or lipid-biosynthesis in-
hibitors (Table 1) are the next steps to address the role of lipids in PM-
nanodomain formation and maintenance.
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5. Spatial and multiscale segregation of lipids and proteins: a
complex picture emerging from the combined use of various
imaging techniques

Since the publication of the fluid mosaic model for biological
membranes in 1972, a lot of experimental evidences revealed the out-
standing complexity of the PM. Rafts characterized by tight lipid-
packing are involved in a wide variety of cellular processes: regulation
of endo- and exocytosis, hormone signaling, membrane trafficking in
polarized epithelial cells, T-cell activation, cell migration, life cycle of
influenza and HIV viruses [194]. As expected for biology as an ex-
perimental science, understanding the organization of the PM strongly
relies on the evolution of microscopic methods. Thanks to the devel-
opment of new efficient methodologies, among them imaging lipids and
super-resolution microscopy [114], very important results have been
published refining this organization but at the same time raising new
questions. Currently, we can clearly state that the PM is organized in
domains that differ in the nature of their components, their stability and
their size from the nanometer to the micrometer scale. This complex
remodeling is highly-dynamic and respond to various abiotic and biotic
stresses. Particular interest of the scientific community for cell surface
signaling processes in the past decade has led to an improved vision of
the PM's membrane organization: a complex multi-component and
multi-scale heterogeneity with a high degree of subcompartmentiliza-
tion into micro- to nano-domains have been evidenced in vivo and de-
serve to be clearly qualified. Domains were originally referred as to
“lipid-rafts” but the designation has very much evolved since. It is now
known that lipid-rafts do not cover a single type of domain but rather
include a collection of domains differing in their protein and lipid
composition and their resident time (aggregation/disaggregation).

5.1. Micro- and nano-domains coexist in the plant PM

5.1.1. Microdomains in plant cells

Cell polarization-induced PM-microdomains (above 1 pm) are easily
observed by classical confocal fluorescence microscopy in leaf, root and
pollen tube cells [185,195]. The accumulation of proteins and lipids
into microdomains is involved in defining cells' fate, functional spe-
cialization for cell polarity and specialization of host membranes for
defense [196,197]. These include the polar distribution of PINFORMED
(PIN), AUX1-Auxin transporter protein 1, ABCB (ATP-binding cassette
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protein subfamily B)/P-glycoprotein, Auxin binding protein 1 (ABP1) or
RAC/Rho of plants GTPases (ROP) that localize to the apical or basal
pole of a cell [198] and the lateral and equatorial domains in plant
endodermal cells populated by DYNAMIN-RELATED PROTEIN1A
(DRP1A) or CASPARIAN STRIP MEMBRANE DOMAIN PROTEINs
(CASPs) [185,199]. Similarly, tip-growing cells like pollen tubes and
root hairs are also of particular interest for the study of membrane
microdomains. For instance, the pollen-specific H*-ATPase is located in
the shank whereas Phospholipase C, G proteins and phosphoinositide
kinases are located at the apex of the pollen tube (for review see [200].
Lipids are also segregated into microdomains i.e. sterol-, phosphoino-
sitide-, PI4,5P, and diacylglycerol-rich microdomains are shown to be
especially concentrated in the apex of the pollen tube [182]. The pre-
sence of microdomains enriched in phosphoinositides (PIPs) plays an
important role in polar tip growth by regulating the machinery main-
taining polarity and by controling cytoskeletal dynamics and the re-
modeling of vesicle trafficking [201]. In root endodermal cells,
EXO70A1 exocyst subunits colocalize with PI4,5P, [202]. Finally, in
plants, plasmodesmata (PDs), which are channels characterized by the
apposition of the ER and the PM possess a specific lipid composition
[203]. These PM-lined PD (PD-PM) have been shown to contain definite
microdomains where not only proteins such as Plasmodesmata-located
protein 1 (PDLP1) and PD callose binding proteins (PDCBs), but also
lipids such as sterols and sphingolipids are enriched [204,205,7].

Importantly, besides local enrichment of specific lipids and proteins
within microdomains, the characterization of the biophysical state of
pollen tube microdomains has shown that they are highly-segregated in
the cell, i.e. they are especially concentrated at the PM of the cellular
apex but also present as a ring-like distribution around the tube
[74,182]. Similarly, the cell plate of Arabidopsis contains highly-or-
dered membrane microdomains which rely on sterols and DRP1A-de-
pendent endocytosis [206]. Yet, how the localization of proteins and
lipids in microdomains relies on the cooperativity of multiple me-
chanisms is not yet understood [207,208,200].

5.1.2. Nanodomains in plant PM

The development of new methods of high- and super-resolution
imaging has provided the ability to observe membrane domains at the
nanoscale level, termed nanodomains and defined by a size below 1 pm
[209,210]. These methods include mainly stimulated emission deple-
tion microscopy (STED), structured illumination microscopy (SIM) and
single-molecule localization microscopy (SMLM, including methods
such as Photo-Activated Localization Microscopy (PALM) and Sto-
chastic Optical Reconstruction Microscopy (STORM)). These techniques
have been routinely used in animal cells but have only recently
emerged in plant studies. Super-resolution microscopy techniques allow
the acquisition of high-density super-resolved nanoscale maps of in-
dividual fusion-protein localizations and trajectories in the PM [211].
Single-molecule tracking combined with photoactivated localization
microscopy (spt-PALM) allows not only the description of the supra-
molecular organization of proteins at the PM level far below the re-
solution limit of confocal microscopy but also allows the determination
of the mobility dynamics of single molecules or particles in the PM.

Super-resolution microscopy methods have shown that PM-asso-
ciated proteins are sub-compartmentalized within nanodomains, to
only name a few: Hypersensitive Induced Response HIR1 [212] PIN2
[2071, Borate efflux transporter (BOR1) [213], Dynamin-related protein
la (DRP1A), Cellulose synthase A6 CESA6 [214], IDQ family of cal-
modulin-binding proteins [207,213,215] S-type anion efflux channel/
Calcium protein kinase SLAH3/CPK21 and REM1.3 [192,175], flagellin
receptor FLS2 [190], Brassinosteroid insensitive 1/Somatic embry-
ogenesis receptor kinase 1- BRIl-associated receptor kinase 1 BRI1/
SERK1-BAK1 [216], Flotilin [217] and the NADPH oxidase [218]. No-
tably, the study of group 1 REM mutants has revealed that the protein
mobility rate (measured by the Mean Square Displacement) and protein
supramolecular organization are not necessarily coupled. These results
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have shown that proteins displaying the same mobility rate can how-
ever assemble into clusters of different sizes [175]. Differential com-
binations of multiscale organizations have been evidenced as for in-
stance PIN2, which is preferentially targeted in a polar fashion to PM-
microdomains in Arabidopsis roots, locates at a lower scale into PM-
nanodomains as shown by STED microscopy [207]. By contrast, RE-
MORIN StREM1.3 localizes in nanodomains of ca. 80 nm observed by
SPT-PLAM [175], but without a particular polar localization in N.
benthamiana leaf epidermal cells.

Lipids are also found in nanodomains both in the inner-leaflet and in
the outer-leaflet. Inmunogold-electron microscopy has shown that PI
(4,5)P,, is found clustered in the inner-leaflet of the PM [31]. Interest-
ingly this cluster formation was not significantly sensitive to sterol
depletion [31]. More recently, immunogold-electron microscopy
strategy has revealed that the distribution of polyglycosylated GIPC,
likely in interaction with phytosterols, form nanodomains of ca. 40 nm
in the outer-leaflet of tobacco PM [39]. These two results strengthen the
idea that lateral nano-segregation of lipids also takes place at the PM in
plants. Yet, tools dedicated to the study the dynamic of plant lipids at
the nanoscale level are still lacking, impairing progress in under-
standing their molecular distribution, behavior and dynamics of PM
lipids.

Therefore, the plant PM must be acknowledged as a fluid yet highly-
compartmentalized mosaic wherein numerous membrane domains with
different compositions and biophysical properties co-exist at different
scales [195,219]. The challenging questions now reside in clearly de-
fining the essential mechanisms governing specific interactions be-
tween the different molecular species of PM intrinsic components.
Currently microcopy methods are able to localize and track single
molecules with a resolution of 1 nm achieving an ultimate resolution
limit in fluorescence microscopy: MINFLUX [220,221], subdiffusive
motion at the single trajectory level [222] or motion transition state
[223]. Such methods must be adapted to plant cells to address the
specific question of plant PM biology and will pave the way to a better
understanding of the PM's dynamic organization.

5.2. PM lipids are critical regulators of plant PM organization at the
nanometer scale

Lipid-lipid interactions and protein-lipid interactions are believed to
be key regulation parameters governing plant PM organization. In
pollen tubes, various isoforms of the exocyst complex colocalize with
either PI4,5P, or PA, resulting in the formation of PM domains [224].
The localization of EXO70A1 not only coincides with, but is also re-
quired for the accumulation of PI4,5P, [202]. The targeting of REMs to
inner-leaflet PM nanodomains is independent of the secretory pathway,
although it is still mediated by direct interactions with PI4P in a sterol-
dependent manner [175]. This understanding of the anchoring me-
chanisms of REMs confirms the impairment of clustered distribution of
REMs by phytosterol depletion [191,225]. The use of raster image
correlation spectroscopy (RICS) has shown that the lateral mobility of
auxin transporters PIN is dependent on the amount of sterols in tobacco
cell PM, arguing in favor of a sterol-dependent protein organization
within the plant PM [82].

In PD, modulations of the sterol composition alter callose-mediated
PD permeability and reversibly impaired the PD localization of the
glycosylphosphatidylinositol-anchored proteins Plasmodesmata Callose
Binding 1 (PDCB1) and the Plasmodesmata beta-1,3-glucanase
(PdBG2). This study emphasizes the importance of lipids in defining PD
membrane microdomains and is in line with the lipid-raft model pos-
tulating the existence of nanoscopic assemblies of sphingolipids and
sterols in the outer-leaflet of the PM. Finally, it is important to ac-
knowledge that nanodomains exist in both leaflets and the lipid content
of each of them regulates the clustering of proteins and lipids. The
possible interaction between nanodomains across the two leaflets (a
process called pinning or registration) will be discussed in the following
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section.

5.3. PM heterogeneity might originate from a tight control along the
secretory pathway

The neo-synthesis of lipids found at the PM results from intricate
pathways that originate at the ER, which is certainly the most ancient
eukaryotic endomembrane compartment. From the ER, lipids are
transported to the Golgi apparatus where they are further assembled
and modified before reaching the PM, see Fig. 4. At the PM, it is thought
that the auto-association of glycerolipids, sphingolipids and sterols
drives membranes close to a demixing point (phase separation) and
induces sorting of lipids to either Lo phases or Ld phases of the mem-
brane [226]. The Lo phase is enriched in sphingolipids and sterols. A
higher proportion of free-hydroxyl groups in the long-chain-bases and
acyl-chains of sphingolipids as compared to glycerophospholipids, al-
lows more interactions with sterols and thereby ensuring the stabili-
zation of sphingolipid-enriched membrane domains (see Section 3). The
characteristic length of sphingolipid acyl-chains is a particularity
among lipids that confer special physical properties to biological
membranes. This particularity increases the melting-point of sphingo-
lipids as compared to other lipids and causes strong hydrophobic mis-
matches between sphingolipid acyl-chains and the polar heads of other
lipids with smaller acyl-chains. Hence, sphingolipids are segregated and
more physically-ordered microdomains are created within the mem-
brane [227]. Acyl-chain length also induces the formation of inter-
digitated phases (interdigitated lipid-leaflets) and plays a role in
membrane stiffness and thickness [227,66].

Considering that these different phases are observed at the PM, one
might ask how this complexity is implemented. Does this PM-lipid
heterogeneity already occur within secretory pathways that lead to the
PM and does it have a role in the secretion of proteins? In mammalian
cells, a protein secretion model called the rapid-partitioning model,
proposes a cis-to-trans gradient of the sphingolipid/glycerophospholipid
ratio that would account for a partitioning of transmembrane cargos
and enzymes into distinct domains of the Golgi: domains enriched in
Golgi resident enzymes (low sphingolipid/glycerophospholipid ratio)
and domains where transmembrane cargos are progressively enriched
(high sphingolipid/glycerophospholipid ratio) at the trans-most cisterna
of the Golgi until their loading into post-Golgi vesicles [228]. This
model is in agreement with the observation that newly arrived cargos
exit the Golgi with mono-exponential export kinetics. Moreover, al-
teration of sphingolipid homeostasis by treating mammalian cells with
short acyl-chain ceramides (for further incorporation in sphingolipids at
the Golgi) impacts the export of protein cargos from the Golgi, reduces
the lipid order in Golgi membranes, and alters the ultrastructure of
Golgi cisternae from flat to highly-curled membrane sacs, further sup-
porting the role of very-long-chain sphingolipids in Golgi morpho-dy-
namics and sorting [229,230].

In plants, inhibition of the condensation of glucose with ceramides
(produces GluCer) results in the disaggregation of Golgi cisternae into
vesicular structures and in the inhibition of secretion [231]. In animal
and plant cells, the trans-most cisterna of the Golgi apparatus is con-
tinuous with a tubular, branching and reticulated Golgi structure called
the trans-Golgi Network (TGN). In yeast, it has been observed that se-
cretory vesicles budding-off of the TGN are enriched in sterols and
sphingolipids and possess a high proportion of Lo phases [232]. In
mammalian cells, a genetically encoded probe that labels sphingo-
myelin has revealed that sphingomyelin synthesis at the Golgi promotes
sphingomyelin enrichment in a subset of TGN-derived secretory ve-
sicles, where the sorting of a glycosylphosphatidylinositol-anchored
protein is in turn also promoted [233]. In plants, extraction of DRMs
has revealed that both PM and Golgi yield DRMs suggesting that they
can be enriched in sterols and sphingolipids [162]. However, as stated
before, this method can generate artificial segregations of lipids within
membranes. Therefore, a combination of subcellular remodeling of
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sterols using the fluorescent probe filipin, and a novel extraction ap-
proach to specifically immuno-purify TGN sub-domains and Golgi ap-
paratus without any detergents coupled with quantitative mass spec-
trometry, has opened new perspectives in defining which lipids are
present in these compartments [234,235]. The in situ subcellular re-
modeling of sterols by filipin has revealed that sterols are the most
present at the PM and in sub-populations of TGN vesicles [234]. Further
on, purification fractions of TGN sub-domains and Golgi have identified
an enrichment of sterols and a-hydroxylated VLCFAs, a specific sig-
nature of plant sphingolipids. Moreover, this signature was specifically
stronger in a sub-domain of TGN: Secretory Vesicles [235]. Not only an
enrichment of sphingolipids is observed in TGN-derived vesicles, but
the length of the sphingolipid acyl-chains is found to be a critical factor
for the correct polarized secretory sorting of the auxin-carrier protein
PIN2 in root epidermal cells [235]. Altogether, the enrichment of
sterols and sphingolipids at TGN-derived secretory vesicles seems to be
a conserved feature in eukaryotic cells, and appears to be required for
sorting and vesicle budding. This enrichment is favorable to Lo phase
lipid-segregation at TGN and suggests that a gradient of lipids along the
secretory pathway is established from the ER where no enrichment of
sterols and sphingolipids is observed through the TGN to the PM. This
membrane heterogeneity is not only a structuration of pre-PM lipids but
it has as well an important role to play in many intracellular trafficking
pathways, see Fig. 4.

The lipid heterogeneity within the secretory pathway also exists for
lipids other than sterols and sphingolipids. In plants, the TGN-localized
choline transporter likel (CTL1) is involved in PM-recycling of the ion
transporter NRAMP1 and the auxin efflux carrier PIN1 [236]. An in-
teresting observation is that free-choline, but not PC, can inhibit
phospholipase D (PLD) activity [236]. PLD hydrolyses PC and PE to
produce PA, a phospholipid that favors the fission of vesicles [237].
Hence, one hypothesis is that CTL1 transports choline inside the TGN
lumen to maintain a low choline concentration on the cytoplasmic side
of TGN in order to conserve high PLD activity converting PC and PE
into PA. This mechanism would require further characterization, but it
could be a possible way to establish membrane heterogeneity between
the lumenal and cytoplasmic leaflets of TGN membranes. Another ex-
ample of phospholipid membrane heterogeneity is with PS in yeast
where it has been suggested that PS resides primarily in the lumenal
leaflet of the Golgi and is flipped to the cytosolic leaflet in the TGN
[238]. This leaflet translocation of PS is operated by PS flippases at the
TGN and is thought to control oxysterol-binding proteins (OSBP), which
exchange ER-associated sterols with TGN-associated PI4P in unidirec-
tional fashion [238]. The exchange of lipids participates in creating
sterol enrichment and membrane lipid order at the TGN [239]. An
elegant model has proposed that this exchange of sterols for PI4P occurs
at ER-TGN membrane contact sites, where PI4P is generated at the TGN
by PI4 kinases (PI4KIIa) which are themselves regulated in an oscilla-
tory (waves of PI4P consumption by OSBPs) fashion by sterols [239].
These studies have revealed a crucial characteristic of membrane het-
erogeneity at the TGN: its highly-dynamic and oscillatory nature.

In plants, PIPs are localized in a gradient throughout the en-
domembrane system, PI4P being mainly located at the PM with a sec-
ondary pool at the TGN while PI3P is mainly located in late endosomal
compartments, see Section 1 [27]. The function of PI4P at the TGN and
its relationship with other lipids have not yet been addressed in plants
and will definitely be an exciting field to explore in respect to plant
trafficking specificity. In plants, unlike animal TGNs, at least two po-
pulations of TGNs are observed, one is associated to the Golgi apparatus
and one is independent from it, as TGNs detach from the Golgi appa-
ratus to form a highly-dynamic Golgi-independent structure [200],
[240-243]. This highly-dynamic TGN can undergo homotypic fusion
and can associate transiently with the Golgi apparatus similarly to what
is found for early endosomes and TGN in mammalian cells. In addition,
it has been observed that the plant TGN can integrate the endocytic
tracer FM4-64 relatively fast (a couple of minutes) during endocytosis
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before reaching Late endosomes/MVBs [244,242]. Hence, plants have
no early endosomes as described in animals, and endocytic vesicles
converge directly to the TGN, where endocytic cargoes are sorted for
recycling and/or degradation [242,240,200]. As such, plant TGNs can
be viewed as a functional equivalent of mammalian early endosomes.
Hence, it will be interesting in the future to see how the two systems
evolve in respect to lipid heterogeneity regulation at the plant TGN.

5.4. A model for plant PM organization, interdigitation, pinning and
registration

5.4.1. A model for plant PM organization: mechanisms at work

All these observations led to a model of plant PM organization that
supposes both lipid-driven phase segregation and protein-dependent
protein localization. This model is based on experiments on artificial
membranes, composed of lipids mimicking plant PMs (lipids and/or
proteins), indicating that lipid-lipid interactions strongly order plant
membranes [99], whereas protein-lipid interactions could untighten
plant PM organization [245]. Several models could explain lipid-lipid
interactions. The “condensed lipid complex” model has been stated
following the visualization of low-energy free stoichiometric choles-
terol-lipid complexes occupying smaller molecular lateral zones than
those occupied by each lipid alone [246]. Sphingolipids, originally
proposed as preferred partners of cholesterol, cannot form this type of
complex. The existence of cholesterol superlattice in lipid bilayers
highlights a parallel model proposing long-distance repulsion forces
between cholesterol molecules as the source for sterol-lipid interactions
[247]. The “umbrella” model states that the shift between the small
polar head of cholesterol and its large apolar body determines its pre-
ferential association with some adjacent molecules of the membrane
[248]. In this model, cholesterol is covered by the polar heads of
neighboring phospholipids to limit the unfavorable free energy due to
the exposure of the apolar portion of cholesterol to water molecules.
Such interactions between cholesterol and “large-headed” lipids pro-
vide increased protection. In addition, the free energy needed to cover a
cholesterol cluster is larger than the energy required to cover a single
cholesterol. An essential property thus emerges from these models,
namely the strong tendency of cholesterol molecules not to regroup,
which has been accordingly demonstrated by Monte Carlo simulations
[249]. By sailing between lipid molecules, proteins increase membrane
line tension and modify the mean size of the ordered domains as re-
ported in Lung Surfactant Monolayers [250]. In agreement, it has been
demonstrated that short hydrophobic transmembrane peptides decrease
the affinity of sterols for neighboring phospholipids.

In animal, all these data led to a model that incorporates the im-
portance of hydrophobic matching between integral membrane pro-
teins and the lipid bilayer thickness considered in the so-called “mat-
tress” model [251]. This thermodynamic model includes the elastic
properties of lipids and proteins, as well as indirect and direct lipid-
protein interactions expressed in terms of the geometrical variables.
The notion of hydrophobic mismatch regions between lipids and pro-
teins is also an important component of the model. This proposal re-
mains speculative in plants and calls for further investigations.

5.4.2. PM asymmetry, interdigitation, pinning and registration

As stated before, the animal cell PM has a highly asymmetric dis-
tribution of lipids with PIPs, PE and PS mostly confined to the inner-
leaflet, and sterols and sphingolipids to the outer-leaflet [252]. The
same observations seem to be true in plant PM [77,2]. In addition, the
PM contains dynamic nanodomains involved in a continuous re-
partitioning of components between different domains. Recent experi-
mental data in the animal field have shown that transient links between
lipids and proteins involving both the extracellular matrix and cyto-
plasmic components may temporarily pin membrane domains, see
below. It is becoming increasingly clear that asymmetry and pinning
processes, also called registration, play important roles in PM
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nanodomain formation and coupling between the 2 PM leaflets [253].

For example, a direct interaction between outer-leaflet sphingoli-
pids Lactosylceramides containing VLCFAs, and inner-leaflet nanodo-
main acylated-protein kinase has been shown. This interleaflet pinning
has been shown to specifically modulate neutrophil activity [254]. Si-
milarly, transbilayer pinning between outer-leaflet long-acyl-chain-GPI-
anchored proteins and inner-leaflet PS are demonstrated to be pivotal in
generating actin-dependent nanoclusters of PM lipid-anchored proteins
[255]. These interactions may provide clues to the underlying me-
chanisms for the registration of functional lipid domains between both
leaflets of the PM. Yet, cross leaflet lipid-lipid interactions seem to be
the main driving force behind the formation of ordered membrane
domains in vivo [256].

How asymmetry, pinning, and interdigitation contribute to PM or-
ganization is only beginning to be unraveled in animals. Currently, very
little is known in plants but this area of research will surely be devel-
oped in the next few years of membrane biology. The pending questions
are of a fundamentally compelling nature. One may ask whether
VLCFA-containing GIPC in PD could register with acylated-proteins
across the plant PM, or whether phytosterols in one leaflet influence the
fluidity of the other leaflet. This makes PM domains exceptionally
challenging to study and even then, much of what is known about
membrane domains has been deduced from studies on model mem-
branes at equilibrium. However, living cells are by definition not at
equilibrium, PM-lipids are still distributed asymmetrically in vivo so
model membranes may not be as biased as can be expected. Moreover,
each phospholipid group encompasses a wealth of species that vary
according to their different acyl-chain combinations, and consequently
their lateral distribution is heterogeneous and modulated in vivo. It is
therefore with a combination of in vivo and in vitro analyses that these
questions clearly need to be tackled in plant membrane biology.

6. Lipids are key players in plant PM function

Proteins and lipids located in PM nanodomains serve as modulators
of host—pathogen interactions such as the binding of the cholera toxin
to animal PM-located outer-leaflet gangliosides GM1 to form a pore
through the PM [257]. The discovery of a high level of saturated
sphingolipids and cholesterol in the viral envelope of HIV also proposed
that enveloped virus budding is nanodomain-mediated [258,259]. Be-
sides, a large number of proteins and lipids that are associated with
cancer, atherosclerosis and immune responses have been found in na-
nodomains, see the recent review [114]. The example of the K-Ras
protein is of particular interest as the molecular mechanisms to un-
derstand its precise PM localization have been detailed in recent re-
views [260-262].In the next chapter, we will focus on the role of plant
PM lipids in different physiological functions.

6.1. Plant-microbe interactions

6.1.1. Membrane lipids in plant-microbe interactions

Plants counteract pathogenic microbes by sensing non-self and
modified-self molecules by cell-surface and intracellular localized im-
mune receptors [263]. PM lipids and lipid-derived metabolites have
been shown to operate in plant immune signaling [264,265]. As a result
of the sensing of a pathogen, enzymes hydrolyzing the polar heads of
phospholipids are mobilized to trigger signaling cascades essential for
cellular responses. Phospholipases generate crucial messenger mole-
cules such as oxylipins, jasmonates and notably PA which can regulate
the activity of defense-associated proteins [266,267]. For example, the
activation of phosphoinositide-specific phospholipase C (PI-PLC) is one
of the earliest responses triggered by the recognition of several mi-
crobe-associated molecular patterns (MAMPs), such as xylanase, flg22,
and chitosan or of pathogen effector proteins [268-270]. PI-PLC cata-
lyzes the hydrolysis of phosphatidylinositol 4-phosphate and phospha-
tidylinositol 4,5-bisphosphate (PIP2) to generate water-soluble inositol



A. Mamode Cassim et al.

bisphosphate (IP2) or inositol triphosphate (IP3), and diacylglycerol
(DAG), which remain in the membrane. In plants, DAG produced by PI-
PLC activity is phosphorylated by DAG kinase (DGK) to produce PA
[271,272]. PA has been implicated specifically in the modulation of
immune signaling components, such as MAPKs and PHOSPHOINOSIT-
IDE-DEPENDENT PROTEIN KINASE 1, PDK1; [273,274]). Binding of
PA to proteins/enzymes has been shown to affect their activity, loca-
lization, and binding to other signaling components [275,276,267]. For
example, PA binds to the NADPH oxidase isoforms RBOHD and RBOHF
to induce ROS formation during abscisic acid (ABA)-mediated stomatal
closure [277]. PM-localized PI-PLC2 [278], is rapidly phosphorylated
upon flg22 recognition [279] and plays an important role in stomatal
pre-invasion immunity and non-host resistance as it associates with
RBOHD [280]. This suggests a potentially central regulation of the
Arabidopsis NADPH oxidase and, consequently, of ROS-dependent
processes induced by PLC2.

In addition, it has been shown that PLC activity is required for ROS
production during effector triggered immunity (ETI) responses [281],
that NPC2 is involved in the response of Arabidopsis to Pseudomonas
syringae attack, by regulating elicitor-induced ROS production [282].
Furthermore, it has been demonstrated that DGK-produced PA is re-
quired for optimal ROS production in response to cryptogein [283].
Nonetheless, direct regulation of Rboh isoforms by PA binding during
immune responses remains to be investigated. In addition, PA binding
inhibits regulator of G-protein signaling (RGS1) activity to affect spe-
cific immune signaling pathways in Arabidopsis. Interestingly, the
central immune receptor cytoplasmic-like kinase BIK1 directly linked
nanodomain-localized pattern recognition receptor (PRR) [190] and
RBOHD [284]. BIK1 regulates RGS1 activity by direct phosphorylation
[285] and by inhibiting PLC activity. FLS2 has been shown to be no
longer endocytosed after binding to flg22 [286], pointing PA as a core
regulatory component of plant receptor kinase-based immunity. Inter-
estingly, remodeling of cortical actin network in response to elicitors is
mediated by the negative regulation of CAPPING PROTEIN by PLD-
produced PA [287].

The production of PA by Phospholipase D enzymes (PLD) is in-
volved in ROS production in response to elicitation [288]. This pro-
duction of PA has been also shown to be essential for phytoalexin
biosynthesis [289] yet considering the various subcellular localizations
of PLDs this may not be specific to PM-associated PA [290]. PLD8 has
been also found to be involved in non-host resistance of A. thaliana
epidermis against the barley powdery mildew fungus Blumeria graminis
f. sp. Hordei and the pea powdery mildew fungus Erysiphe pisi. PM-lo-
calized PLDS is enriched at the penetration sites and PA is supposedly
produced and necessary for resistance considering the observed in-
crease in susceptibility after treatment with n-butanol, a PLD inhibiting
drug [291]. PLD-produced PA is also involved in plant-virus interac-
tions by promoting the RNA replication of the Red clover necrotic
mosaic virus. A viral auxiliary replication protein binds PA in vitro and
the exogenous addition of PA increase replication rates. This is con-
sistent with the observed increase of PA levels in infected cells [292].
PA could therefore play a central role in viral replication by tethering
protein complexes to each other and to the membrane, thereby puta-
tively modulating catalytic activities [293] and membrane curvature
[294]. As PA negatively favors curved membranes [295], a local in-
crease in PA levels is likely to impact membrane structure and charge.
Nonetheless, stimuli-dependent impact of PA production on membrane
organization and the dynamics of plant immune component remain to
be studied. What are the molecular function(s) of PA in immunity is still
to be further studied.

In addition to PA, both phosphoinositides and lysophospholipids
have been shown to play a role in plant defense. Lysophospholipids are
derived from glycerophospholipids by the action of PLAs. Examples of
lysophospholipids include L-PA, lysophosphatidylcholine, sphingosyl-
phosphorylcholine, and sphingosine-1-phosphate [296]. The signaling
activity or specificity of these compounds is dependent on the length
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and position of the acyl chain, the degree of saturation, and the pre-
sence of the phosphate head group. Acyl chain length and degree of
saturation have been shown to influence plant-pathogen interactions.
The accumulation of C16:1 and C16:2 fatty acids in tomato and egg-
plant, due to the overexpression of a yeast delta-9-desaturase, resulted
in a heightened resistance to powdery mildew Erysiphe polygoni DC and
Verticilium dahliae, respectively. An increase in C18:2 and C18:3 has
also been shown to increase resistance to Colletotrichum gloeosporioides
and Pseudomonas syringae in avocado and tomato respectively
[297,298]. Moreover, bean resistance to Botrytis cinerea induced by a
non-pathogenic strain of Pseudomonas has been correlated with an
increase of C18:2 and C18:3 [299].

As stated in chapter 1, plant sterols are core components of mem-
brane and accumulate in the PM. Conversely, PM sterols are conserved
regulators of membrane organization. Mutants altered in sterol bio-
synthesis and the use of sterol-biosynthesis inhibiting drugs, affect cell
wall composition and induce abnormal callose and lignin deposits (cell
wall compounds involved in biotic stress) [300]. Cryptogein is able to
induce an increase in PM-fluidity via sterol-binding [112]. Highly-hy-
droxylated sphingolipids increase membrane stability and decrease
membrane permeability which are both associated to increased defense
against phytopathogenic fungi [35,301]. Rice fahl/2 knock-down
mutants, displaying the lack of an a-hydroxyl group on the fatty-acid
moiety of sphingolipids, exhibit a decrease in PM order level [52].
These mutants show reduced resistance to the rice blast fungus Mag-
naporthe oryzae, with the delocalization of major actors of innate im-
munity such as NB-LRRs, NADPH oxidases, Small GTPases and Calcium-
dependent kinases [52]. On the contrary, Arabidopsis fah1/2 knock-out
mutants display an increased resistance to obligate biotrophic fungi
Golovinomyces cichoracearum potentially due to a consequential increase
in intracellular ceramides and salicylate [302]. Interestingly, a sphin-
gosine analogue produced by the fungal pathogen Alternaria alternata f.
sp. Lycopersici (AAL), serves as a virulence factor that induces PCD in
plants and animals [303].

6.1.2. Sphingolipids as receptors of necrotrophic toxins and plant-pathogen
elicitors

Glycosylated lipids are often receptors in insect host binding to
microbial toxins [304]. One very important glycosylated lipids of the
animal kingdom are gangliosides. Their polar heads act as surface re-
cognition markers and surface receptors for bacterial toxins such as
cholera and Bt toxins [257]. They are recognized and used by virus to
enter and infect cells [305]. Plant GIPC bear structural similarities with
gangliosides because they contain negatively charged glycan polar
heads located in the outer-leaflet of the PM [306].

A recent study has shown that GIPC were located in the outer-leaflet
of plant PM are receptors to Necrosis and ethylene-inducing peptide 1-
like (NLP) proteins [40]. In the study of Lenar¢ic et al. 2017, microbial
NLP proteins are used for the identification and characterization of NLP
receptors. NLPs are part of a superfamily of cytotoxins produced by
plant pathogens such as bacteria, fungi and oomycetes [307]. They can
be cytolysins, inducing symptoms on eudicot plants but not monocot
plants where no necrotic and cytolytic effects are observed [308]. The
secretion of NLPs occurs in the extracellular environment of host plants
with the toxins targeting the PM outer-leaflet [307,309].In vitro, NLPs
were shown to specifically bind to purified GIPC from tobacco and
Arabidopsis but not to phospholipids, GluCer or sphingomyelin.
Moreover, NLPs also bind to all GIPC, irrespective of the plant clade,
with similar affinities [40]. Upon binding to the sugar moieties of the
GIPC polar heads, NLPs undergo structural changes triggering the
conformational modification of their L3 loop and the incorporation of a
Mg?™ ion responsible for its cytotoxicity. This results in the interaction
of the W155 residue of the L3 loop with the membrane, crucial for
cytolysis [40]. The study has also showed that sugar residues exposed
on the plant outer membrane surface are important for NLP toxicity,
such that Glucosamine, Man/Glucose being GIPC terminal sugars of
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tobacco and Arabidopsis respectively, induces membrane damage upon
binding to NLPs. Plant mutants impaired in the GIPC biosynthetic
pathway, are less sensitive to NLPs, implying the importance of intact
GIPC for NLP cytotoxicity [40]. The sensitivity to NLP toxicity occurs
only for eudicots but not monocots with the exception of a monocot
Phalaenopsis species (an orchid). This intriguing fact could be explained
by the presence of different GIPC series in these two plant clades. While
both have similar terminal sugars with similar affinity to NLPs; eudicots
GIPC contain two sugars linked to IPC (series A GIPC) whereas monocot
GIPC contain three sugars (series A GIPC), with the exception of Pha-
laenopsis containing both series A and B. Biophysical characterization of
GIPC series in monolayer artificial membranes suggests a perpendicular
arrangement of the polar head of both series A and B GIPC, such that
the terminal hexose in series B GIPC, is located further away from the
membrane surface compared to series A GIPC. Hence, NLPs binding to
series B GIPC terminal sugars have their L3 loop positioned farther from
the plant membrane, preventing NLP contact with the membrane and
thereby, cytolysis. Both, the length of GIPC head groups and the
structural design of the NLP sugar-binding sites explain the differential
sensitivity of host plants to NLP toxins.

6.1.3. Lipid domain-associated proteins in plant microbe interaction

Remorins (REM) are plant-specific nanodomain-organized proteins
notably involved in plant-microbe interactions. REMs are anchored by
their C-terminal domain to the cytosolic leaflet of the PM. The an-
choring and lateral segregation in the PM is PI4P- and sterol-mediated
[175]. REM1.3 was shown to be delocalized after sterol disrupting
treatments, such as methyl-B-D-cyclodextrin [192,225,163,191,175] or
fenpropimorph [175]. Both their presence at the PM and their correct
partitioning within their cognate nanodomains, are essential for their
cellular function, e.g. StREM1.3's role in hindering Potato Virus X cell-
to-cell movement [175,310]. Other REM-group proteins have been
evidenced as key players in biotic interactions such as SYMREM1
(MtREM2.2) involved in the nodulation process of M. truncatula with
Sinorhizobium meliloti [311] Its role was also shown to be essential in
the dynamic stabilization of the LYK3-FLOT4-SYMREM1 PM-nanodo-
mains, important for root bacterial symbiosis [312]. Remorins are
found in DRM, the closest biochemical counterpart to PM-nanodomains
known today, in virtually all clades of land plants: Poplar [313], Oat
and Rye [169], Tobacco [172], Arabidopsis [165]. The role of REMs as
actors involved in a wide range of biotic interactions has been estab-
lished throughout the years: ranging from susceptibility factors to viral
infections [314], to oomycetes [315] or on the contrary as resistance
factors to Potato Virus X [191]. Their capacity to impact PD perme-
ability [175,316] also demonstrates their implication in innate im-
munity. Super-resolution microscopy has been used to understand the
role of nanodomain dynamics in the context of viral infection, revealing
that an optimal partition (i.e. size of nanodomains, number of molecules
in and out domains, and mobility) of REM-associated nanodomains was
necessary for the function of REMs [175].

PM receptors involved in the oxidative-burst response to the per-
ception of Pathogen-Associated Molecular Patterns (PAMPs) are key
players in plant innate immunity [317]. Their PM localization gives
them the role of gatekeepers capable of dynamically associating to co-
receptors complexes and triggering signaling pathways to prepare the
cell for immediate and short-to-mid-term defense responses [317]. The
best example is FLS2, an LRR receptor-like kinase involved in the per-
ception of the bacterial elicitor flagellin (flg22) in Arabidopsis [318].
PM-subcompartmentalization via raft-like domains is an essential phe-
nomenon in the PAMP perception and response processes. Upon cryp-
togein treatment on tobacco cells, a quantitative proteomics approach
has evidenced the delocalization of various Dynamin and 14-3-3 pro-
teins into the DRM fraction, both involved in PM-based signaling [171].
The reorganization of the PM in response to elicitors is not only ob-
served via its protein composition but also via the biophysical properties
conferred by lipids: upon elicitation with flg22 or cryptogein, PM order
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and fluidity are altered [92]. As regards to flg22's cognate receptor
FLS2, it was shown to relocate to DRM fractions upon flg22 treatment
as well as many other key proteins involved in immunity-associated
signaling [164], revealing that PM-remodeling, at both the lipid and
protein level, is important for a functional immune response.

In good agreement, perception of flg22 in BY-2 cells induces global
increase of the order level of the PM. While this modification of the PM
properties correlates with signal initiation [319], the potential func-
tional implication and molecular basis of such membrane modification
remains to be elucidated. Cryptogein is shown to be able to induce an
increase in PM-fluidity via sterol-binding [112]. Sterols and their as-
sociated micro-environments appear to be crucial for immune responses
at the cellular level to the extent that both mutants for sterol bio-
synthesis and sterol-biosynthesis inhibiting drugs affect cell wall com-
position and induce abnormal callose and lignin deposits i.e. cell wall
compounds involved in biotic stress [300].

6.1.4. GPI-anchored proteins & outer-leaflet PM domains

The importance of outer-leaflet PM-nanodomains enriched in
sphingolipids and sterols is also underscored by the presence of GPI-
anchored proteins in these domains, many of which are implicated in
host responses to invading microbes. GPI-anchored f3-1,3-glucanases
(BGs), responsible for callose degradation, are found in DRM fractions
alongside callose synthases [313]. Their presence in microdomains
around PD enable a turnover of callose deposits when proper signaling
occurs. The localization of BGs at PD is regulated by the presence of
sterol-enriched domains at the PM, which share a virtually identical
lipid composition with the PD-PM interface to the extent that sterol-
biosynthesis inhibitors abolish this targeting [7]. The PD-enriched GPI-
anchored protein LYM2 has been found to impact PD conductance in
response to chitin treatments [320]. Several GPI-anchored BGs have
been shown to associate to PD thanks to their GPI-anchoring motif
[321] in a salicylic acid-dependent fashion [322] consolidating the idea
that addressing proteins to PM-PD microdomains via GPI-anchoring
plays a significant role in host responses to pathogens.

6.1.5. Extracellular vesicles & host-induced gene silencing

Extracellular vesicles (EVs) are PM-derived vesicles secreted in the
extracellular matrix involved in inter-cellular communication and in
response to stress, notably biotic stimuli. The existence of these vesicles
has been first observed in plants in the 1960's [323] yet EVs have only
recently been better characterized [324] regarding their function
during plant-pathogen interactions. They are observed upon xylanase
treatment [325] and in response to hormone treatments [326]. EVs are
believed to be derived from multi-vesicular bodies (MVB) which ac-
cumulate around appressoria and haustoria during defense against
fungal pathogens [327,328]. They have recently been shown to contain
a number of biotic stress-related compounds such as phytoalexins like
glucosinolates [326], small-interfering RNAs that can effectively silence
pathogen-associated virulence and/or housekeeping genes [329-331]
and signaling-associated enzymes, such as PLD and PLC [332]. The
presence of these phospholipases hints to the possibility of EVs being
involved in lipid signaling pathways.

Plant EVs contain phospholipids such as PI4P [325,333], PI and PA
[326]. The lipid composition may vary upon which organ they are se-
creted, and upon different stimuli applied to the secreting cells. For
example, upon jasmonic acid treatment, sunflower seed-derived EVs
will be enriched in PI4P and depleted in PI [326]. The lipidome of plant
EVs, in different conditions, has yet to be published and it will surely
reveal crucial information on their biogenesis and activity.

6.2. Hormone signaling and transport
Lipid-mediated protein sorting mechanisms at TGN have strong

impact on plant development since they are involved in directing the
secretion and endosomal recycling pathways of a set of proteins that
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includes hormone transporters. Higher plants are multi-cellular organ-
isms able to respond and quickly adapt to their environment. In parti-
cular, the plant hormone auxin plays a fundamental role in the reg-
ulation of a variety of developmental processes enabling plants to adapt
to their environment, including directional growth as gravitropism
[334-340]. Auxin mediated control of plant development relies on es-
tablishment of concentration gradient of auxin that are generated by
the activity of plasma membrane localized auxin carriers [338-342].
Therefore, the mechanisms that control the remodeling of auxin carriers
represent a key control point for signals that control plant development
and response to abiotic stress. Several studies have shown that the TGN
is involved in auxin-carrier trafficking but the sorting mechanisms are
poorly understood [343-345]. Several elements related to G proteins
are known to be involved in TGN-mediated auxin-carriers' trafficking.
Our goal in this review is not to create an exhaustive list of all these
elements but we can name a few: the small GTPase protein RAB-Alb,
the ECHIDNA protein which interacts with YPT/RAB GTPase inter-
acting protein 4a (YIP4a) and YIP4b, the ADP ribosylation factor (ARF)
ARF1 as well as the ARF-guanine exchange factors (ARF-GEFs) GNOM
and BIG1-5, and finally the ARF-GTPase activating proteins (ARF-GAPs)
SCARFACE/VANS3 [345-350]. On the lipid side, sphingolipids represent
a class of lipids particularly interesting since VLCFAs, an imprint of
sphingolipids, are enriched at TGN [235]. Shortening of the acyl-chain
using pharmacological and genetic tools reveal that the length of
sphingolipid acyl-chains is involved in the secretory sorting of the efflux
auxin carrier PIN2 (but not in PIN1 or AUX1 trafficking), auxin redis-
tribution during root response to gravity (root gravitropism) and root
gravitropism per se [235]. Interestingly, it had been shown before that
VLCFA-containing sphingolipids are involved in PIN1 and AUX1 traf-
ficking (but not PIN2 trafficking) and lateral root formation [56]. These
results are not necessarily contradictory. Indeed, the structural diversity
of sphingolipids is wide and has been described in chapter 1 and in
several reviews [35,301]. LCBs are not always found included in a
ceramide molecule but can also be freely found at non-negligible pro-
portion inside the cell as sphinganine and phytosphingosines. Finally,
aside from sphingolipids, VLCFAs can also be included in some phos-
pholipids. On this topic, it has been shown that the pas2 mutant dis-
plays a reduced level of VLCFA-containing PE and show endocytic
trafficking defects [351]. Decrease of VLCFA-containing PE in the pas2
mutant targets the RAB-A2a compartment and the plasma membrane
endocytic recycling of the auxin efflux-carrier PIN1 but has no effect on
PIN2 localization [351,352].

Coming back on sphingolipids, it has been shown that the loh1/loh2
double mutant, which is defective in ceramide synthases LOH1 and
LOH2, are involved in endocytosis and plasma membrane recycling of
the auxin carriers PIN1 and AUX1, but not PIN2, potentially through
RAB-A2a compartments [56]. Hence, it is possible that VLCFA-con-
taining sphingolipids are important for endocytic/recycling of certain
subset of proteins from plasma membrane through a RAB-A2a-positive
subdomain of TGN that would host the recycling pathway. In contrast,
the herbicide metazachlor, that drastically modifies both GluCer and
GIPC fatty acids composition by replacing VLCFAs in GluCer and GIPC
pools by 16-18 carbon atom fatty acids without modifying the global
quantity of either GluCer or GIPC, alters PIN2 polarity at plasma
membrane while it neither affects PIN1 polarity nor AUX1 localization
[235]. Importantly, metazachlor blocks PIN2 predominantly at SYP61/
secretory vesicles (SVs) compartments as compared to RAB-A2a/CCVs
[235]. Concomitantly, metazachlor treatment neither alters endocytosis
nor plasma membrane recycling of PIN2 but rather blocks the secretion
of de novo synthetized PIN2 at SYP61/SVs compartments. From these
studies, it can be postulated that TGN-associated RAB-A2a/Clathrin-
coated vesicles (CCVs) compartments could host the ceramide-depen-
dent PM recycling of auxin carriers PIN1 and AUX1 while TGN-asso-
ciated SYP61/SVs compartments could host VLCFA-containing GluCer
and GIPC-dependent secretory sorting of PIN2. However, future chal-
lenges on this topic need to address TGN sub-domains' dynamics,
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interactions and maturation, which could involve a tight regulation of
lipid homeostasis and crosstalk to define the identity of each sub-do-
main.

The VLCFAs of sphingolipids determine a specific physical property
of sphingolipids, which is the ability to insert their acyl-chain within
the opposing leaflet of the membrane, a phenomenon known as inter-
digitation, see Fig. 4. Interestingly, it has been shown in animal cells
that the coupling of membrane leaflets is cholesterol-dependent [66]. In
yeast and in plants, it has been shown by immuno-purification of intact
compartments coupled with lipid mass spectrometry analyses, that
TGN-derived secretory vesicles are enriched in both sphingolipids and
sterols [232,235]. Currently, it is not clear whether the pool of sterols at
the TGN would play a role in the trafficking of auxin carriers. Pre-
viously, it has been shown that sterols are involved in endocytosis and
recycling at plasma membrane of the PINs auxin carriers [353-355].
Sterol-mediated endocytosis is involved in PIN2 polarity establishment
after cytokinesis by removing PIN2 from the new basal membrane of
daughter cells, while PIN2 at the new apical membrane remains [354].
Sterol-mediated auxin carriers' sub-cellular localization impacts auxin
distribution at the tissue-level, which has repercussions on plant de-
velopment such as the graviresponse of the root [354]. Interestingly,
not only are the major sterols: sitosterol, stigmasterol and campesterol
involved in plant development, but also some very rare intermediate-
sterol compounds such as derivatives of cycloartanol (4-carboxy-4-
methyl-24-methylenecycloartanol) and 4a-methyl sterols (24-ethyllo-
phenol and 24-ethylidenelophenol) [356,357]. Future studies will re-
veal how sterols interplay with other lipids such as sphingolipids and
anionic phospholipids to regulate hormone transport.

6.3. Abiotic stress

Lipids have been involved as second messengers in many responses
to abiotic stress, see for review [265,358-360,361]. PLD and PLC/DGK-
mediated PA formation and it subsequent phosphorylation to form
Diacylglycerol Pyrrophosphate (DGPP) are key players in this response
[362]. Other lipids participate to the response: oxylipins, PIPs, sphin-
golipids, fatty acids, lysophospholipids, N-acylethanolamines and ga-
lactolipids, see for reviews [1,363]. Studies have started deciphering
the different isoforms of enzymes involved in these transduction path-
ways as well as their tight regulations, for recent reviews see [364]. For
example, PA displays different modes of action, including direct target
protein binding and biophysical effects on cell membranes. It is puz-
zling that PA production can be triggered by opposite stressors, such as
cold and heat. How PA regulates this diversity of response is discussed
in this recent review [267].

PLD-derived PA was shown to recruit the ABA-regulated ABI1
phosphatase 2C (PP2C) to the PM [365]. The identification of ABI1 as a
direct target of the PA provides a functional link between the two fa-
milies of important signaling enzymes, PLD and PP2C. Recently, a study
on the regulation of ion transport in plants showed that C2-domain
ABA-related (CAR) family of small proteins is involved in the Ca?*-
dependent recruitment of the pyrabactin resistance 1/PYR1- like (PYR/
PYL) ABA receptors to the PM. CARs are peripheral membrane proteins
that cluster at the PM and generate strong positive membrane curva-
ture. These features represent a mechanism for the generation, stabili-
zation, and/or specific recognition of PM discontinuities involved in the
recruitment of PYR/PYL receptors and other signaling components in
cell responses to salt stress [366].

6.4. Plasmodesmata function

Plasmodesmata (PD) are specialized nano-sized membrane-lined
channels, which cross the walls of plants and of some algal cells. PDs
enable direct, regulated, symplastic transport of small RNAs and mo-
lecules between cells. They are also hijacked by phytoviruses to allow
their propagation from cell-to-cell. Ultrastructure of PD has been
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deciphered. They are lined by the PM forming what is termed the PD-
PM subcompartment (PD-PM) and contain a strand of tubular modified
ER called desmotubule, and the space between these two membranes is
thought to control PD permeability [203]. A recent study has re-
constructed PD three-dimensional ultrastructure with an unprecedented
resolution using electron tomography, showing that ER-PM contact
sites undergo substantial remodeling events during cell differentiation
[367]. Post-cytokinesis PD, called type I PD, present an intimate ER-PM
contact along the entire length of the pores whereas during cell ex-
pansion, the PD pore widens and the two membranes separate, leaving
a cytosolic sleeve spanned by tethers whose presence correlates with
the appearance of the intermembrane gaps, called type II PD. Surpris-
ingly, the type II PD allow diffusion of macromolecules despite the
apparent lack of an open cytoplasmic sleeve, forcing the reassessment
of the mechanisms that control plant cell-to-cell communication [367].

The membrane organization of PDs is therefore characterized by the
close apposition of the ER-derived desmotubule and the PM with spoke-
like structures linking the two membranes likely defining microdomains
of the PM, PD-PM and desmotubules has been recently proposed to be
membrane contact sites (MCS). MCS control close appositions between
two membranes that form microdomains involved in the control of lipid
exchanges or in coupling events (review in [368]). MCS-subdomains are
likely to display specific biophysical properties and may cluster proteins
and negatively-charged lipids like phosphoinositides, promoting spe-
cific physicochemical membrane properties taking part in shaping local
membrane electronegativity gradients [368].

Firmly anchored within the cell wall, PDs are difficult to purify. A
two-step simple purification procedure (consisting in isolating cell wall
fragments containing intact PD and an enzymatic degradation of the
wall matrix to release of PD) has been successfully design to obtain
highly-purified PD preparations [369]. Hence, analyses of PD fractions
have provided valuable information on the functional and structural
elements that define PD, particularly for lipids. PD membranes display
enrichment in sterols and sphingolipids with saturated VLCFAs (likely
GIPC) when compared with the bulk of the PM. This profile is re-
miniscent of DRMs although the isolation procedure is detergent-free
and suggest that lipids are laterally segregated at the PD-PM cell-to-cell
junction in Arabidopsis thaliana [7]. This study identifies a role for
sterols in modulating cell-to-cell connectivity, possibly by establishing
and maintaining the positional specificity of callose-modifying GPI-
anchored proteins at PD and emphasizes the importance of lipids in
defining PD-associated nanodomains. The role played by the other
major lipid constituents, such as GIPC and glycerolipids in defining
specialized membrane domains in PD, remains to be further studied.
This change of paradigm regarding the membrane organization of PD
will likely pave the way to a deep understanding of cell-to-cell com-
munication in plants.

7. Conclusions and perspectives: how to get a comprehensive
membrane organization in plants?

The deep-seated understanding of how the plant PM is organized in
terms of the involvement of lipids and proteins clearly necessitates
multiple approaches. Our community needs to develop new dedicated
methodologies and dare multidisciplinarity even further that what we
have been accustomed to. For example, the extensive use of biophysical
approaches to study lipid/protein interactions as reviewed in [370],
among them: 1/surface plasmon resonance [40], isothermal titration
calorimetry (ITC), Langmuir monolayer tensiometry, liposomes binding
and lipid strips and arrays [117] to study the interaction of proteins
with lipids; 2/liposome leakage and lipid-mixing assays [310] to in-
vestigate how proteins can destabilize membrane bilayers; 3/Circular
dichroism [310], Fourier-transform infrared spectroscopy [175], solid-
state NMR with labeled lipids or proteins [371] to obtain 3D structures
of the membrane-bound interaction-complexes; 4/Atomic force micro-
scopy (AFM) to scan the surface of bilayers and access the topology of
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different membrane organizations. A deep understanding of the struc-
tural aspects of protein/lipid interactions will allow the targeted-mu-
tagenesis of key residues, the biological role of which could be further
addressed by reverse genetics approaches.

In all the methods described above, there is an urgent need for
biochemistry to obtain purified proteins and lipids, in order to recon-
stitute proteoliposomes. Concerning proteins, the problem of in-
solubility of highly hydrophobic proteins could be solved by using
different expression systems [372]. As for lipids, most of plant lipids are
commercially available with the notable exception of GIPC. The lack of
commercially-available GIPC strongly impairs any serious in vitro re-
constitutions of true plant PM-like vesicles. One must undertake hard-
core preparative biochemistry as described during the 1970's to obtain
milligrams of purified GIPC from living material [53,55]. Purification of
mg amount of GIPC will also pave the way to the development of
fluorescently labeled sphingolipid analogs by conjugating a hydrophilic
fluorophore to the headgroup or a hydrophobic fluorophore to the
amidified fatty acids e.g [373]. Unfortunately, very few plant lipids
labeled with a fluorochrome or deuterated are available. Similarly,
none of the great diversity of free- and conjugated-phytosterols are
commercialized in a labeled form, which strongly impairs NMR studies
that would enable to further enquire about the role of each molecular
species individually. From purified lipids, the preparation of asymme-
trical liposomes will also be very challenging. To have access to the
properties of asymmetric vesicles that mimic the plant PM would pro-
vide means to understand lipid raft formation or transmembrane helix
orientation [374],

Molecular dynamics (MD) is a method that computes the physical
movements of atoms and molecules in order to give a view of the dy-
namic evolution of a virtual chemical system. It can therefore study the
interaction dynamics of lipids and proteins, or the conformational
changes of molecules, for a fixed period of time. MD computes lipid-
lipid and lipid-protein interactions and provides a comprehensive ato-
mistic model of a typical lipid bilayer and gather information on
membrane domain formations [375,376]. MD has been used in plant
membrane biology to decipher the structural basis of the unconven-
tional lipid-binding motif of REM that confers nanodomain organiza-
tion [175]. Such approach of “computational microscopy” captures the
molecular interactions within a complex system at a spatiotemporal
resolution, unmatched by any other conventional experimental
methods e.g. [137,377]. MD can be of particular interest in grasping the
intricacies of plant PM dynamics because the control of the thermo-
dynamic parameters permitted by MD can be used to mimic the con-
stantly varying environmental conditions sustained by plants in their
natural habitats, and thereby to understand the biophysical implica-
tions of these variations on the PM. Unfortunately, neither plant
sphingolipids (GluCer, GIPC), nor phytosterols (free or conjugated)
have been, to this day, modelized in the force field, preventing all MD
studies with plant PM lipids. The force field refers to the functional
form and parameter sets used to calculate the potential energy of a
system of atoms or coarse-grained particles; it is the necessary step for
MD simulations. The parameters of the energy functions may be derived
from experiments in physics (solid-state NMR, Langmuir monolayer,
calorimetry...) or chemistry (chemical structure, liquid-state NMR...)
[378]. All-atom force fields provide parameters for every type of atom
in a system. Coarse-grained potentials, which are often used in long-
time simulations of macromolecules and multi-component complexes,
provide even cruder representations for higher computing efficiency.
Such modelization must be carried for plant sphingolipids and phy-
tosterols as it was described for animal gangliosides in [379].

Other aspects still missing in the plant membrane biology field, are
the methods to image lipids in vivo necessary to follow their segregation
at the nanoscale level, their dynamics and interactions with proteins.
Two reasons can be given: firstly, as stated before, very few fluores-
cently-labeled lipids are available, and secondly, the cell wall strongly
impairs the intake of fluorescently labeled molecules. Nevertheless, the
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use of in vivo bioorthogonal click chemistry could be an elegant ap-
proach to circumvent this problem in plants [380,381]. Although ge-
netically encoded biosensors for PIPs, PA, DAG and PS have already
been developed [27,117,118], biosensors of plant sphingolipids and
phytosterols are crucially missing and will surely be developed using
lipid-binding domains found in plant proteins. Inhibitors of lipid
synthesis (Table 1), and genetically-modified lipid-using enzymes
(phosphoinositides kinase, lipid phosphatase, lipase) able to target the
PM and specifically modify in vivo pools of lipids, are used to address
the question of the role of lipids in nanodomain formation and dy-
namics [118,175,382]. Similarly, membrane surface charge or pH
biosensors must be improved as described in animal literature with
intramolecular fluorescence resonance energy transfer (FRET) sensors
[383,384]. The development of environmentally-sensitive probes to
label the outer- or inner-leaflet and measure independently the fluidity
of plant PM leaflets, must also be engaged (see examples of available
probes in [385]). Furthermore, super-resolution microscopy will con-
tinue to allow a deep understanding of segregation and dynamics of
proteins and lipids at the nanometer scale. The development of fluor-
escent bimolecular tracking in the live-cell PM will reveal whether
proteins and lipids may directly or indirectly interact with each other
[211].

Finally, state of the art lipidomics [386] and proteomics approaches
must be further developed including phosphoproteomics and lipid-
modification of proteins (myristoylation, palmitoylation, isoprenylation
and GPI-anchoring, review in [387]).

The study of K-RAS protein which controls cell proliferation in an-
imal cells should be exemplified for the combinations of approaches
mobilized by Hancock's group to tackle its function in relation to its
organization within PM [260-262,388-390]. K-Ras controls cell pro-
liferation, and when mutated, cells continuously proliferate and often
develop into cancer. This group tackled the role of K-Ras in PM nano-
domains by using in parallel biochemistry, biophysics, modeling, high-
resolution imagery, mutagenesis, structural biology, model membranes,
transcriptomics, cancerology and genetics techniques. This form of
multidisciplinary approach has led to a deep understanding of the an-
choring, the clustering of K-Ras with PM lipids, as well as the integra-
tion of these molecular mechanisms into higher levels of cell biology,
hence determining their consequences on the fate of the cell. For ex-
ample, a recent paper of this group has shown that K-Ras anchoring
sequences can create lipid nanodomains with a remarkable specificity
[261], and that lipid nanodomains are not preexisting. A matter of the
chicken or the egg causality dilemma! Similarly the works of Katharina
Gaus' [383,384,391-394] or Akihiro Kusumi's labs [132,395-397] are
exemplary to understand, by developing single-molecule imaging
methods, how T-cells initiate an immune response and to better fathom
the intricate complexity between cytoskeleton and protein/lipid seg-
regation. These two research groups have been remarkable by devel-
oping, in collaboration with biophysicists, state of the art technology to
follow single-molecules in the PM.

Taken together, tools and methods must be developed by the plant
membrane biology community in the near future to pave the way to-
wards the better understanding of the intimate molecular relationships
between lipids and proteins at the basis of domain segregation, dy-
namics, signaling and function.
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Thesis Objectives

In plants as in animals, there are three main classes of lipids in plasma membrane:
glycophospholipids, sterols and sphingolipids. These classes of lipids are shared by all
living organisms, but plants exhibit some striking characteristics. While animal plasma
membrane (PM) essentially comprises cholesterol, diverse structures and abilities to
organize PM are present in plants. Plant sphingolipids are of four major classes:
ceramides (CER), glucosylceramide (gluCERgluCer), Glycosyl Inositol Phosphoryl
Ceramides (GIPC) and free Long Chain Bases (LCBs), representing ca., 2%, 34%,
64% and 0.5 % of total sphingolipids, respectively in Arabidopsis thaliana (Markham,
Li, Cahoon, & Jaworski, 2006). As such, GIPCs are the major sphingolipid on earth.
First described as phytoglycolipid (PGL) in 1964 by HE Carter (Carter, Brooks, Gigg,
Strobach, & Suami, 1964), a broad study of the GIPC polar head of 23 plant species
from algae to monocots (Buré, Cacas, Mongrand, & Schmitter, 2014) further showed
that polar head structures are largely unknown and versatile for the different biological
taxa. The vast structural diversity of GIPC has never been studied, as GIPCs are not
soluble in classical lipid extraction solvents. As such this lipid has been forgotten for
almost 25 years until the mid-2000 (Markham et al., 2006), still much remain to be
investigated about the structure and role of GIPCs.

Plants PM exhibits a striking and to date mysterious ability to ensure these functions
across a wide range of temperatures, from negative ones to 40°C: this makes the
understanding of this membrane organization a fascinating challenge. The unexpected
and outstanding complexity of PM organization, and the essential role of lipids in
organization and intrinsic properties of PM, appeared crucial for ensuring its
physiological functions. The abundance and the particular structure of GIPCs with its
(h)VLCFA of 22 to 28 carbon atoms, (h)VLCFA, as well as their close interactions with
sterols put them as a good candidate to be involved in phase transition regulation of
the PM.

The relevance to understand more about GIPCs cannot be underestimated.
Biophysics seems to be the tool by excellence to study the interactions of lipids with
other molecules helping to develop new strategies to understand the role of lipids in
plant PM. The principal aims of my thesis were to obtain GIPC samples from
different species so as to investigate how GIPCs are structured, the polar head
group, the number of sugars in the head group. Then we investigated how GIPCs are
organized inthe membrane and their role in modulating lipid domains through
particular interactions with sterols. My thesis is based on the study of GIPCs, where |
was able to investigate the biochemical properties of GIPCs as well as their
biophysical characteristics.

Most of the experiments were performed in Bordeaux at the LBM for purification and
lipidomic assays, at the IECB for the NMR experiments, at the CBMN for the cryo-EM
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observations and on the BIC platform for all microscopy experiments. | was also
able, for several weeks during the 3 years of my thesis, to learn and perform
biophysic assays such as Langmuir Trough Isotherm compression technique
as well as molecular modelling, in Gembloux, Belgium at the Laboratoire de
Biophysique Moléculaire aux Interfaces (LBMi) with our collaborators Laurence
Lins and Magali Deleu . With our collaborator Eric Lesniewska in Dijon at the
Université de Bourgogne Franche-Comté, | was able to visit his lab for five
days to perform Atomic Force Microscopy and Nano-IR assays. | also
collaborated with Laurent Heux and Yotam Navon at the CERMAYV in Grenoble to
obtain data of Neutron Reflectivity experiments on GIPC organisation in model
membranes. GIPCs were sent to them by mail and Yotam performed the different
experiments. To investigate more about sugar head group identity of GIPCs, |
also collaborated with Jenny Mortimer at the University of California, Berkeley
where assays were performed on GIPC series that | isolated and sent for analysis.

Chapter I. Multipolar approaches into deciphering GIPC structure and its role
in membrane organisation

In this chapter, presented as a draft of a paper to be submitted soon, | focused
on optimizing the protocols for the extraction, purification and isolation of plant
GIPCs. Through different trial and errors of sequencing experimental steps extracted
from old to more recent papers, | devised a protocol that optimized the purification
of GIPCs. | analysed GIPCs purity by GC-MS assay on the fatty acid and sugar
content, and HPTLC. These results gave an indication of the (h)VLCFA content
which was correlated with GIPC amount and GIPC series in the samples.
GIPC molecules underwent hydrolysis to free the sugar moieties of the head
group and analysed in GC-MS and HPAE.

To investigate more about the biophysical characteristic of GIPCs, | performed at

the LBMi in Gembloux, the interaction of GIPCs with phytosterols (free and
conjugated phytosterol) in Compression Isotherm Langmuir Trough assays.
Molecular Modelling using Hypermatrix was also used to see the different
parameters of the interactions. This gave an insight on the specific GIPC/sterol
interaction that takes place in nanodomains. By AFM and Nano-IR experiments,
performed in Dijon, | showed that on supported monolayer containing GIPC,
sitosterol is important for the formation of domain-like structures, which is not the
case for stigmasterol and conjugated sterols (SG and ASG).

| also made liposomes with GIPC, to find out that GIPC alone was not able to form
membrane bilayers, but makes crystals. We further showed that
the presence of phospholipids and sterols is required for the
formation of liposomes. We were able to make MLVs and GUVs
containing GIPCs. Deposited on solid support to form supported lipid
bilayers (SLB), these GIPC-containing bilayers were analysed by Neutron

Reflectivity to characterize the properties of the bilayer. The vesicles were
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also observed under Cryo-EM and different structures were observed depending on
the sterol identity. It seems that sterol affects the thickness of membrane containing
GIPCs.

Inspired by the study of the effect of phytosterols on phase transition using model
membranes (Beck, Mathieu, Loudet, Buchoux, & Dufourc, 2007b), | investigated the
effect of sterol in the presence of GIPCs on phase transition. The experiments were
performed at the IECB with Axelle Grelard and Jean-Paul Douliez on liposomes
containing deuterated POPC, GIPC and sterol (sitosterol or stigmasterol) — see
Additional Data of Chapter 1.

Chapter Il. Role of VLCFA and hydroxylation in PM marker mobility

This chapter deals with the role of VLCFA and hydroxylation of GIPC in the in vivo
mobility of proteins and lipids of the PM in root epidermal cells of Arabidopsis thaliana.
Minimum protein markers were described by Alexandre Martiniére (Martiniere et al.,
2012), WAVE-lines and PIP-Lines lipid probes were provided by Yvon Jaillais’s group
in Lyon . Arabidopsis lines expressing the PM markers were generated as well as
mutant lacking the FAH gene, important for the hydroxylation of fatty acid. A
pharmaceutical approach using Metazachlor (Mz), a drug shortening fatty acid chain
length was also used.

This part of my thesis was done in collaboration with Minoru Nagano (Saitama
university, Japan), who spent 1 year as a visiting scientist at our lab, and Yohann
Boutté (LBM, Bordeaux). Minoru performed all the FRAP experiments. | also
generated lines of double mutants and analysed their fluorescence under confocal
microscopy. | performed the lipid analysis of PM lipids purified from Mz-treated
plants (GC-MS and LC-MS) with Laetitia Fouillen (LBM, Bordeaux).

Christophe Der and Francoise Simon-Plas, at INRA Dijon analysed with di-
ANEPPDH, an environment-sensitive fluorescent probe, the effect of metazachlor on
the PM fluidity in wild type and fah mutants. di-ANEEAP fluorescent measures
the degree of order of membrane, and we showed that this dye mostly probes the
outer leaflet of the plasma membrane.

Chapter Ill. GIPC, receptor to microbial NLP, determine host sensitivity

Thorsten NUrnberger (University of Tubingen, Germany) team works on (Nep1-like
protein) NLP toxins. These toxins are produced by bacteria, oomycetes and fungi
causing necrosis in eudicot plants but not monocot. The NLP toxins are quite similar
to animal actiniporin that binds with sphingomyelin and cause cell lysis. My contribution
to this work started during my Master degree internship on the project that became my
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phD thesis project. | generated milligrams of GIPCs from cauliflower and leek
which are eudicots and monocots respectively and also analysed the mean
molecular area of these GIPCs through Langmuir Trough Compression assay to
investigate how an added sugar group (present in GIPC from monocot but not
eudicots) can influence the amount of space occupied by GIPC. This result was a
crucial information in this paper showing how the conformation of a sugar
moieties of a GIPC molecule can have dramatic role in plant-pathogen interaction.

This work has been published in Science in 2017, where | am 18" authors on 25
authors.

Lenardi¢ T, Albert |, Bohm H, Hodnik V, Pirc K, Zavec AB, Podobnik M, Pahovnik D,
Zagar E, Pruitt R, Greimel P, Yamaji-Hasegawa A, Kobayashi T, Zienkiewicz A,
Gomann J, Mortimer J, Fang L, Mamode-Cassim A, Deleu M, Lins L, Oecking C,
Feussner |, Mongrand S, Anderluh G*, Nurnberger T,* (2017) Eudicot plant-specific
sphingolipids determine host selectivity of microbial NLP cytolysins. Science, Dec
15;358(6369):1431-1434. *co- corresponding authors

To follow up this work and to investigate more about the mode of action of NLPs, |
went to Gembloux at the LBMi to perform Langmuir trough compression isotherms
experiments with lipid monolayer mimicking the outer-leaflet of plant PM in presence
of NLPs. NLPs were produced, extracted and purified from Pichia pastoris in TUbingen
and sent to Gembloux by our collaborator Isabel Albert from Nurnberger Lab. This
experiment was part of a larger scheme in order to understand more about the binding
process of NLPs to GIPCs. The different GIPC series interact differently with NLPs —
see Additional Data of Chapter 3.

Chapter IV. Miscellaneous

| participated in the redaction of a News & Views with Sébastien Mongrand on a paper
published in Nature plants on the development of a FRET biosensors of Phosphatidic
Acid (PA) in plants, called PAleon.
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Multipolar approaches into deciphering
GIPC structure and its role in
membrane organisation
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In chapter 1, you shall find a draft of a paper to be submitted soon. This
publication will contain the main findings of my thesis through a multi-disciplinary
approach. The primary aim of my phD project is the optimization of the protocols for
the extraction, purification and isolation of plant GIPCs. Through different trial and
errors of sequencing experimental steps extracted from old to more recent papers,
| devised a protocol that optimized the purification of GIPCs. GC-MS and HPTLC
assays were used to assess GIPC purity. These analyses gave an indication of the
(h)VLCFA content which was correlated with GIPC amount, and GIPC series content
in the samples.

To investigate more about the characteristic of GIPCs, | performed biophysics

assays at the LBMi (Laboratoire Biophysique Moléculaire aux Interfaces),
Université de Liége, Gembloux (Laurence Lins and Magali Deleu). | studied the
interaction of GIPCs with sterols (both free and conjugated sterols) using
Compression Isotherm Langmuir Trough assays. Molecular Modelling using
HyperMatrix (HM) was also used to see the different parameters of the
interactions. This gave an insight on the specific GIPC/sterol interaction that
takes place in nanodomains. By AFM and Nano-IR experiments, performed in Dijon
(Eric Lesniewska, Institut Carnot de Bourgogne and Francoise Simon-Plas/
Christophe Der, unité Agroécologie), | showed that on supported
monolayer containing GIPCs, sitosterol is important for the formation of domain-like
structures, which is not the case for stigmasterol and conjugated sterols (SG and
ASG).

| also made liposomes with GIPC, to find out that GIPC alone was not able to form
membrane bilayer, but made crystals. We further showed that the presence of
phospholipids and sterols is required for the formation of liposomes. We were
able to make MLVs and GUVs containing GIPCs. Deposited on solid support to
form supported lipid bilayer (SLB), these GIPC-containing bilayers were analysed
by Neutron Reflectivity to characterize the properties of the bilayer At ILL
Grenoble in collaboration with CERMAYV laboratory (Yotam Navon, Laurent Heux. The
vesicles were also observed under Cryo-EM and different structures were
observed depending on the sterol identity. It seems that sterol affects the thickness
of membrane containing GIPCs (done on the cryo-EM facilities of CBMN Pessac,
Marion Decossas).

Inspired by the study of the effect of phytosterols on phase transition using
model membranes (Beck et al., 2007b), | investigated the effect of sterols in the
presence of GIPCs on phase transition during change of temperature. The
experiments were performed at the IECB with Axelle Grelard and Jean-Paul
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Douliez on liposomes containing deuterated POPC, GIPC and sterol (sitosterol or
stigmasterol) — see Additional Data of Chapter 1.

The first step of my PhD was to obtain GIPCs pure enough to characterize the
molecule, since GIPCs are not commercially available. The chemical synthesis of
this molecule is difficult due to the complexity of its structure and the lack of
information and studies on the molecule. So my first challenge starting my PhD was
to set up a protocol for the scaling up of GIPC extraction and purification. The
protocol described in the proposed paper of this chapter is the product of one and a
half year of long trial and error to obtain the perfect sequence of steps that give time-
efficient reasonable yield. The following is a summary of what did not work on some of
the most published GIPC extraction protocols.

After testing the protocols published in recent years, it was clear that most of them
were not adequate for purifying large amount of GIPC. One published protocol
for GIPC extraction (Mortimer et al., 2013) used plant material incubated in
a mix of solvent and ammoniac defined as buffer A (chloroform/
methanol/ammoniac/water [10:60:6:24 v/v/v/v]) overnight at 21°C. The next day,
after centrifugation, the supernatant was transferred to a weak AEX SPE cartridge
(Strata X-AW; Phenomenex). The column was before, equilibrated with methanol.
The following series of wash steps were performed using one column volume:
chloroform, chloroform/methanol (2:1, 1:1, and 1:2 v/v), and methanol and the
cartridge was allowed to dry overnight. While the apolar lipids are washed away,
GIPCs bind to the cartridge due to ionic forces. Bound GIPCs were eluted with the
buffer A and the elution was dried under a N2 stream. This protocol although
published several times did not work in our hands. The problematic part was that
the loading solvent and elution solvent of the SPE column were buffer A, such that
almost all lipids were eluted at the first two washes.

| then tried the protocol published by (Blaas & Humpf, 2013). The first step of this
extraction procedure was to lyophilize plant material as only the dry mass is treated
with solvent during extraction. It was noted that using large amount of plant
material, involved finding the right material to lyophilize. Space and material
were the limiting factors of this step. Once Iyophilized, we proceeded to
extracting sphingolipids in 2-propanol/n-hexane/water in a ratio of 55:20:25 (v/
v/v) for 1 h at room temperature on a shaker. This extraction solvent was
described in (Markham & Jaworski, 2007) and is a classic method of extracting
sphingolipids. When mixing lyophilized plant material with the solvent mix, a
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slurry mixture was obtained. After filtration under vacuum, the filtrate was again
extracted with 2-propanol/n-hexane/water and filtered. A third extraction of the
filtrate was performed with chloroform/methanol (2:1, v/v) using an Ultra-Turrax at the
highest adjustment for 5 min followed by 30 min on a shaker. The mixture was again
fitered, and all filtrates were concentrated. We could not proceed further as,
despite all attempts, the filter paper was completely clogged and only a third of the
filtrate was collected. This represented a loss of 80% of GIPCs. It seems that once
plant material was lyophilized, it became very difficult to extract GIPCs. To compare,
extracts of sphingolipids from fresh plant material and lyophilized one using the
same solvent mix propanol/n-hexane/water (55:20:25, v/viv) were compared. The
yield of GIPC was slightly higher when non-lyophilized material was used. It
appeared that hydration was an important component during extraction.

The extraction process of (Rennie et al., 2014) began with the lyophilization of plant
material which was then ground and resuspended in water. Lipids were first
extracted with CHCI3/CH30H/4M  NH40H (9:7:2, v/v/v) with 0.2M
C2H302NH4 at 37°C and centrifuged to separate the organic from the aqueous
phase. The top aqueous phase was collected, cooled to -20°C, and then
centrifuged again. After centrifugation, the bottom phase was collected as the
crude GIPC fraction and dried under a N2 stream. This protocol did not work in our
hands. After lipid analysis by HPTLC, no GIPC band was detected in the bottom
phase fraction. An intermediate phase was also formed after the first
centrifugation, making the collect of the top aqueous phase difficult. This once again
highlights that lyophilization was not the best option.

The problem with lyophilization could be due to the close interaction of GIPC with
the cell wall, such that by removing moisture, the cell wall and GIPCs stick together
such that it becomes difficult to extract GIPC afterwards as the material becomes
fibrous like paper. The team that studied the interaction of GIPC and call component
rhamnogalacturonan Il published an extraction protocol of GIPC (Voxeur & Fry,
2014a). It involved a butan-1-ol/water (1:1) phase partioning to discard cell wall
contaminants in the aqueous phase. The problem arises as we scale up to increase
GIPC vyield. A thick cloudy intermediate phase is formed containing 90% of total
GIPC. We tried adding aqueous hydrochloric acid to break RGII-boron-GIPC
bridges as suggested in the publication, however the concentration of aqueous
hydrochloric acid used to destroy the boron bond, also breaks the head group of
GIPCs. HPTLC analysis showed the appearance of intermediate bands above those
of GIPC series A, suggesting the presence of GIPC with cleaved polar heads. An
increase of GIPC series A and B at the
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expense of polyglycosylated GIPCs, was also observed upon treatment with acid.
To avoid compromising the structural integrity of GIPCs, the protocol was abandoned
in our purification process.

Inspired from the following publications: (H E Carter & Koob, 1969; Kaul & Lester,
1975; Markham & Jaworski, 2007), the right combination of steps to have an effective
yield to purity ratio was set up. The protocol is illustrated in Figure 2. The yield before
the purification step is about 85%. Step 3 describes the purification step of GIPCs
(according to Kaul and Lester, 1975). It consists of fixing GIPCs on a homemade silica
column activated by chloroform. Using two column volumes of chloroform and
chloroform/methanol (2:1 v/v), apolar lipids such as sterol, GluCer and phospholipids
are discarded as shown in the HPTLC analysis of collected sample, supplementary
data S1. Solvent mixtures containing CHCI3/MeOH/H20 at different volume ratios
were prepared and labelled A and B. A linear gradient of solvent A and solvent B is
used to eluate the different GIPC series based on their polarity. Eluates containing
the same GIPC series are pooled together. For tobacco GIPC for instance, pool a
contains mostly PSL1 GIPC series A, B contains both GIPC series A and B, y contains
mainly series B, C, D, E and F (polyglycosylated GIPCs) (Figure 3).
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Abstract

Plant PM is an essential barrier between the cell and the external environment.
PM is stable but adaptable, crucial for signal perception and transmission. It
consists of an asymmetrical lipid bilayer made up of three different classes of
lipid: sphingolipids, sterols and phospholipids. The most abundant sphingolipid
in plant PM is GlycosyllnositolPhosphorylCeramide (GIPC) representing up to
50-60% of total sphingolipids in plants. GIPCs are assumed to be almost
exclusively in the outer leaflet of the PM. In this study, we investigate the
structure of GIPC and its role in membrane organization. Since GIPCs are not
commercially available, we develop a protocol to extract and isolate GIPC-
enriched fractions from eudicots (cauliflower and tobacco) and monocots (leek
and rice). Lipidomic analysis confirmed the presence of different GIPC series
containing mostly h24/t18:1 as the most abundant ceramide. The glycan head
groups of the different GIPC series from monocots and dicots were analyzed
showing different sugar components. Biophysics tools such as Langmuir, AFM
and molecular modelling were used to investigate the physical properties of
GIPC and its interaction with free and conjugated phytosterols. We demonstrate
the importance of molecular structure in these interactions. We showed that
GIPC increases the thickness and electronegativity of model membrane through

different complementary approaches

Keywords:

Plant PM, GIPC, biophysics, phytosterol, extraction, lipidomic, glycan group,

molecular modelling, Atomic Force Microscopy, Langmuir, neutron reflectivity
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Introduction

The plant plasma membrane model is made up of an asymmetric distribution of
lipids and proteins. There are three main classes of lipids: phytosterols,
sphingolipids and phospholipids with a great level of molecular complexity, see
(Cacas et al., 2016a) (Yetukuri, Ekroos, Vidal-Puig, & OreSi¢, 2008). In plants,
the major sphingolipid is Glycosyl Inositol Phosphoryl Ceramide (GIPCs).
GIPCs, in plant and fungi were discovered during the 1950’s (CARTER, GIGG,
LAW, NAKAYAMA, & WEBER, 1958). They are composed of a ceramide moiety
and a glycan polar head group. The structural diversity of GIPCs also lies in the
hydroxylation, degree and position of saturation of their fatty acid chain and LCB
(Pata, Hannun, & Ng, 2010). Plant GIPCs consist mainly of an LCB t18:0
(trihydroxylated saturated LCB of 18 carbon atoms) or a t18:1 (trihydroxylated
and monounsaturated LCB of 18 carbon atoms) amidified to a Very Long Chain
Fatty Acid (VLCFA) or 2-hydroxylated VLCFA (hVLCFA) (Cacas et al.,
2016a)(Buré et al., 2011). The presence of VLCFA increases the hydrophobicity
of sphingolipids, likely important for the interdigitation with the inner leaflet as
described from animal gangliosides (Manna et al., 2017). In the plant PM, 95%
of VLCFA and hVLCFA are amidified to a LCB to make GIPC (Cacas et al.,
2016a).

GIPCs are classified into series based on degree of glycosylation of their polar
head group (Buré et al., 2011). The head group of GIPC consists of a phosphate
linked to an inositol to which glycan moieties are bound. The basic structure of
the GIPC’s polar head is an inositol phosphoryl ceramide (IPC) backbone linked
to a glucuronic acid (GIcA). GIPC series A with 2 sugars is defined as a sugar
unit bound to the GICA-IPC form (Buré et al., 2011). In the 1960s, the first
characterization of GIPC structure was made in tobacco plant (Hsieh, Lester, &
Laine, 1981; Kaul & Lester, 1978). In order to do so, they used hundreds of
kilograms of plant materials and litres of solvents to extract GIPC. They fully

resolved the exact number and type of sugars as well as the nature of the sugar
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bond. For instance, GIPC series A of tobacco, has the most basic known
structure: GIlcNAc(a1->4)GIcA(a1->2)inositol-1-O-phosphorylceramide.
Additional sugar moieties such as glucosamine (GIcN), N-acetyl-glucosamine
(GIcNAc), arabinose (Ara), galactose (Gal) and mannose (Man) may lead to
glycan patterns of three to seven sugars, so-called GIPC series B to F. GIPC
found in corn seeds and Erodium display branched polar heads, see for review
(Sperling & Heinz, 2003)(Buré, Cacas, Badoc, Mongrand, & Schmitter, 2016).
GIPC series are species- and tissue- specific. In Arabidopsis, series A Man-
GIcA-IPC is predominant in leaves (Buré et al., 2014, 2011), whereas GIcN(Ac)-
GIcA-IPC are mainly in seeds and leaves, as well as in cultured tissues of rice
and tobacco (Buré et al., 2011; Nagano et al., 2012; Tellier, Maia-Grondard,
Schmitz-Afonso, & Faure, 2014). In monocots, the predominant GIPC series is
series B (Buré et al., 2011). Nevertheless, their core structures are yet to be
deciphered. A broad study of the GIPC polar head of 23 plant species from algae
to monocots further showed that polar head structures are largely unknown and
versatile for the different biological taxa (Cacas et al., 2013). Kaul and Lester
calculated the ratio between carbohydrate/LCB/Inositol in purified
polyglycosylated GIPCs and showed that GIPCs may contain up to 19-20
sugars (Kaul & Lester, 1975). The polar head is responsible for the high polarity
of the GIPC, accounting for its insolubility in traditional lipid extraction solvents,
such as chloroform/methanol. GIPCs, although being one of the fundamental
component of the plant PM model is hardly studied due to its absence on the
commercial market. The old published protocols used quite a lot of material
involving litres of solvents, which is not feasible in modern labs. More recently
published protocols did not yield enough pure material for characterization. In
this project, we devise a new protocol to obtain GIPC-enriched samples from
plants of different clades, monocots and eudicots. The aim being to study the

structure of GIPC and its role in PM organization.

Multiple studies have suggested the presence of GIPC in nanodomains (Cacas
et al., 2016a; Markham et al., 2011). Lipid domains are lateral partitioning; due
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to the different lipid, molecular species are unhomogeneously distributed within
lipid bilayers. The lateral segregation observed in plant PM might be due to
differential phase behaviours of different lipid species (Sampaio et al., 2009).
They were reported in model membrane using biophysical approaches and
super resolution microscopy (Levental & Veatch, 2016). Lipid domains or liquid-
ordered (Lo) phases are formed from saturated phospholipids and sphingolipids
in the presence of cholesterol, while liquid-disordered (Ld) phases are formed
mainly from unsaturated phospholipids (Baumgart, Hunt, Farkas, Webb, &
Feigenson, 2007; Lingwood & Simons, 2010). In Lo phases, the high degree of
conformational order is imposed on the acyl tails of lipids by the rigid ring
structure of cholesterol. This increases the thickness of the lipid bilayer and lipid
packing, although lipids remain laterally mobile (Mannock, Lewis, McMullen, &
McElhaney, 2010). Sterols and sphingolipid/sterol interactions have recently
been reported as important determinants of lipid partitioning and organization
within membranes (Beck, Mathieu, Loudet, Buchoux, & Dufourc, 2007a;
Gerbeau-Pissot et al., 2014b; Grosjean, Mongrand, Beney, Simon-Plas, &
Gerbeau-Pissot, 2015a). In its huge lipid diversity, plant PM contains of 30-50%
phospholipids, 20-50% sterols, and 6—-30% sphingolipids, depending on plant
species and organs (Furt, Lefebvre, Cullimore, Bessoule, & Mongrand, 2007).
Higher plant species contain a wide range of sterols (free and conjugated)
whereby sitosterol, stigmasterol, and campesterol often predominate (Moreau
et al., 2018). These phytosterols play significant roles in regulating the order
level of the membrane such that ternary mixtures (sterol/sphingolipid/saturated
PC) have a lesser temperature sensitivity to thermal variations compared
to system mimicking lipid rafts of animal and fungi (Beck et al., 2007a).
Sitosterol was shown to have the most important effect in lipid ordering
(Beck et al.,, 2007a; Cacas et al., 2016a; Grosjean et al.,, 2015a).
Conjugated form of sitosterol and stigmasterol is proposed as
reinforcing the membrane cohesion by additional attractive van der
Waals interactions with the acyl chains of sphingolipids and phospholipids

(Beck et al., 2007a). To measure the order level of the leaflets, e



the most prominent tools are environment—sensitive probes. Di-4-ANEPPDHQ
marks the lipid bilayer with its chromophore, which is aligned to the surrounding
tails of the lipid molecules and its head group oriented toward lipid polar heads.
Membrane packing around the dye molecules affects its emission spectrum, by
sensing exposure to level of hydration of the lipid bilayer (Jin, Millard, Wuskell,
Clark, & Loew, 2005; Jin et al., 2006). This probe was used in various studies
to show that the spatial distribution of the order level of membrane areas by
ratiometric analysis if the green to red emission spectrum (Gerbeau-Pissot et
al., 2014a; Grosjean et al., 2015a). It was shown that various phytosterols have
the ability to modulate the proportion of Lo phases and membrane
heterogeneity, with the notable exception of stigmaterol. Thus, GIPCs in synergy
with sterols may organize and promote large ordered domains such that both
have important roles in PM subcompartmentalization and membrane dynamics
(Grosjean et al., 2015a).

In this study, we set up a protocol to obtain GIPC enriched samples so as to
obtain enough materials for the physical characterization of the molecules.
Using biophysics tools such as Langmuir trough, molecular modelling, atomic
force microscopy, supported lipid bilayers, GUVs, dynamic light scattering, zeta-
potential, cryo-EM and neutron reflectivity, we aim to uncover the role of GIPCs

in model membrane structuring in synergy with sterols.
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Results

Extraction and Purification of GIPC-enriched fractions from different plant
species tissue and cell culture

The structure of GIPC is illustrated in Figure 1A. The main GIPC molecule has a
ceramide with a t18:1 or t18:0 as LCBs which is amidified by a hVLCFA of about 24
carbon as the acyl chain. The ceramide is attached to a head group with a phosphoryl
group, a glucuronic acid and several sugar moieties such as GlucA, GlucNAc, Man,
etc. The head group defined the different GIPC series dependant on the plant species
and tissues. Previous papers of Buré et al, 2014 and Cacas et al, 2016 have shown
the diversity of GIPC in plants (Buré et al., 2014; Cacas et al., 2016b). Eudicots contain
main GIPC series A with two sugar moieties, while monocots contain GIPC series B

mainly, with three sugar as polar head group (Buré et al., 2014).

GIPC are not commercially available. In order to purify large amount of GIPCs, we
first appreciate the amount of GIPCs by quantifying the non-hydroxylated and 2-
hydroxylated (h)VLCFA, diagnostic of plant's GIPC (Cacas et al., 2016a). Because
milligrams of material were needed for the characterization of GIPCs, we choose
plant tissues abundantly available to give the highest yield. Four species were
selected: Cauliflower head (Brassica oleacera) and tobacco cell culture Bright-
Yellow 2 (BY-2) which are eudicots, as well as leek white leaves (Allium porrum)
and rice cell culture (Oryza sativa) which are monocots. White part of plant tissues
and cell cultures were used to avoid contamination by abundant chloroplastic lipids
and pigments. Cauliflower and rice cell culture have the highest GIPC content with
an estimated 4.3 mg and 3.4 mg per fresh weight respectively (Figure 1B). Leek has
the least amount of GIPC with a mean estimated content of 0.4 mg/ml per fresh

weight.

GIPCs were extracted from each material to get a diverse GIPC series pool
for characterization. In order to maximize the yield, several trials were performed
to test the different published protocols of GIPCs ((L. Fang et al., 2016). Steps
from three protocols were sequenced to obtain the best yield of GIPC. These
protocols were extracted from (H E Carter & Koob, 1969), (Markham & Jaworski,
2007) and (Kaul and Lester, Plant Physiol. 1975). Figure 2 shows the extraction and
purification process to obtain GIPC-enriched fractions of cauliflower (Bo-GIPC),
tobacco culture cell BY-2 (Nt-GIPC), leek (Ap-GIPC) and rice (Os-GIPC). Some fine-

tuning was done to maximize
61



oH
" O H
H ..T;fﬁﬁ_.ﬂ'_:;w\mﬂﬂ#
J} il L=

i T/WWWW S

long chain base (LCB)
A T

fatty acid

ceramide |

inositolphosphorylceramide (IPC) |

GlcA-IPC |

Hex-GlcA-IPC |

Plant Species Estimated GIPC by | Main GIPC series
(h)VLCFA content as per Cacas et
(mg/g fw) al., 2016
Plant Brassica oleacera (n=5) 43109 A
@ (white
3 part)
E Cell Nicotiana bentamiana (BY-2) 06+0.2 ABCDEF
culture | (N=3)
Plant Allium porrum (n=3) 0.4+0.1 B
2 (white
3 rt
S part)
2 Cell Oryza sativa (n=3) 34+0.2 B
culture

Figure 1. A. GIPC structure of series A (2 sugar after the inositol group)

B. GIPCs content of different plant species: Brassica oleacera (cauliflower),
Nicotiana tabacum (BY-2 cell culture), Allium porrum (leek) and Oryza sativa
(rice cell culture). The GIPC content in mg per g of fresh weight was estimated
by calculating the plant sample (h)VLCFA (hydroxylated Very Long Chain Fatty
Acid) from FAMES content by GC-MS. The type of GIPC was defined by
HPTLC analysis based on Cacas et al., 2016. Three to five independent
samples were processed.



Extraction process of sphingolipid Purification process of GIPCs
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Figure 2. Extraction and purification protocole of GIPCs. GIPC
purification scheme, adapted from Carter & Koob, Kaul & Lester and
Markham et al.. The three steps labelled 1, 2 and 3, respectively are
important milestones in the GIPC isolation steps.



the yield such as refluxing in boiling ethanol for 20 min and using large lab-made
silica column to process several hundreds of grams of material, see Material and
Methods. The column chromatography was performed by depositing on the packed
column the sphingolipid extract directly dried in silica. The column was then washed
by 4 volumes of column using a mix of chloroform/methanol with increasing
polarity to get rid of sterols, glucosylceramide and phospholipids. For the elution of
GIPCs, a step gradient of two solutions with different volume ratio of chloroform/
methanol/water was used (Figure 2). Hence, molecules of increasing polarity are
eluted in the last fractions. All washed and eluted fractions were collected and
analysed by High Performance Thin Layer Chromatography (HPTLC) as
shown in Supplementary data 1. The HPTLC protocol used for lipid
migration allows the clear separation of sterols, phospholipids and GIPC
series. HPTLC is a quick and reliable way to select fractions containing
GIPCs with few sterol and phospholipid contamination. To check the
quality and quantify GIPCs, samplings were done at steps labelled 1, 2 and 3.
These steps were key to determine the success of the extraction and

purification protocol.
Fatty acid and sugar content of GIPC-enriched fractions

To estimate the GIPC content and the amount of contamination
by phospholipids (containing medium chain 16-18 carbon atom FA), samples
were trans-esterified in hot methanol/sulfuric acid solution to release both fatty
acid-esterified glycerolipids and fatty acid-amidified sphingolipids. The samples
were then derivatized in hot BSTFA-TMCS. Gas
Chromatograph-Mass Spectrometry (GC-MS) using C17 and h14 as internal
standards, quantified total fatty acid content as internal standards. The
percentage of fatty acid with medium chain length (%FA) and (hydroxylated)
very long chain length (%(h)VLCFA) was calculated from 2 to 3
independent  experiments. Samples after step 1 (raw plant material),
step 2 (sphingolipid extract) and step 3 (GIPC-enriched fractions),
were analysed for their fatty acid content at each step (Figure 3A). As
we proceeded through the purification steps, it can be noted that the amount
of medium chain FA decreased as the amount of (h)VLCFA increased (Figure
3A), the latter being correlated to an increase in sphingolipid more precisely
GIPCs as shown by high performance chromatography assay (HPTLC) (Figure 3B).
At step 2, the percentage of (h)VLVCF in the sphingolipid extract was around 50%
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Figure 3. Gas Chromatography- Mass Spectrometry (GC-MS) analysis of fatty acid content
(A) and High Performance Thin Layer Chromatography (HPTLC) assay of lipid content (B)
after steps a, B and y of the extraction and purification process (see Figure 2). A. Aliquots of
() Bo-cauliflower, (Il) Nt-BY-2, (lll) Ap-leek and (IV) Os-rice samples at step 1,2 and 3 underwent
trans-methylation to release fatty acid before derivatization by BSTFA, the resulting FAMES were
analysed by GC-MS and the fatty acid content calculated (n=3). FA refer to fatty acid of 16 to 18
carbon atoms fatty acids and (h)VLCFA refer to hydroxylated or non-hydroxylated very long chain
fatty acid of 20 to 28 carbon atoms. The amount of GIPC in each sample were extrapolated from
the (h)VLCFA content. Data shown for 3 independent replicas + SD. B. HPTLC assay shows the
lipid content of GIPC-enriched samples after step 3. Cauliflower (I) contains mainly GIPC series A,
BY-2 (Nt-GIPC) sample were further separated by column chromatography to isolate the different
GIPC series. Nt (1) GIPC-enriched sample contains mainly series A, B and C while Nt (2) and
Nt(3) show presence of polyglycosylated GIPCs (series D, E ,F, etc). Leek (lll) and rice (IV)
samples contain mainly GIPC series B.

GIPCs




and at the final step, the amount of (h)VLCFA was at about 80% for all GIPC-
enriched extract (Figure 3A). The detailed FA composition of the GIPC-enriched
fractions of all four species is provided in supplementary data 2. It was estimated
that the enrichment in GIPC between the first and last step of the extraction and
purification process, was 5-fold for Bo-GIPC, 4.2-fold for Nt-GIPC, 3.6-fold for Ap-
GIPC but only 2-fold for Os-GIPC.

The GIPC-enriched samples were analysed by HPTLC to verify the lipid component
present in the fractions. Bands on TLC plate clearly showed the predominant GIPCs
present in the samples. Only traces of sterols and phospholipids were observed, and
Glucosylceramide was not detected. As reported in (Buré et al., 2011), eudicots
contained mainly series A, monocots series B and plant cell culture a mix of GIPCs
with highly glycosylated ones. Bo-GIPC enriched fraction contained one major band of
GIPC series A. Nt-GIPC fraction contained GIPC series A to F, with two bands of series
A closely packed together, representing PSL1 (with N-acetyl glucosamine) and PSL2
(with glucosamine) of GIPC series A as described in (Kaul & Lester, 1975) (Figure 3B).
These fractions were a pool of three fractions Nt-GIPC (fraction a), Nt-GIPC (fraction
B) and Nt-GIPC (fraction y). These fractions were collected after elution of step 3 and
clearly showed the presence of polyglycosylated GIPC in Nt-GIPC (fraction 8) and Nt-
GIPC (fraction y) enriched-fractions (Figure 3B). As expected, Ap-GIPC enriched
fraction contained mainly GIPC series B, same for Os-GIPC enriched which contained

also slight presence of series A and polyglycosylated GIPCs (Figure 3B).

The GIPC predominantly present in GIPC-enriched fractions contained different
(h)VLCFA species depending on the sample. It appeared that the Bo-GIPC enriched
fraction consisted in h24, h24:1 and h26 as main fatty acyl chain. Nt-GIPC enriched
fractions contained GIPC with h24, h22, h23 and h25 acyl chain. Ap-GIPC enriched
fractions had C24, h24, h22 and C22 as main acyl chain. Lastly, Os-GIPC enriched
fraction consisted of GIPC with C24, C22, C20 and h24 as main fatty acids (Figure
4A).

We also investigated the sugar moieties present in GIPC-enriched fractions from both
the monocots and eudicots samples by High performance anion exchange

chromatography (HPAEC) with pulsed Pulsed Amperometric Detection (PAD), a
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Figure 4. A. Very long-chain fatty acid (VLCFA) and hydroxylated VLCFA (hVLCFA) content of
GIPC enriched samples from cauliflower, BY-2 cell culture, leek and rice cell culture. The fatty
acids were released from the GIPC enriched samples by transmethylation followed by
derivatization using BSTFA, before GC-MS analysis. B. HPAEC analysis of GIPC-enriched
samples shows glycan content after TFA hydrolysis. Abbrevations are as followed: GICA:
glucuronic acid; Glc: glucose; GIcN: glucosamine; Man: mannose; Gal: galactose; Ara: arabinose;
Xyl: xylose; Fuc: fucose; Rha: rhamnose; GalA: galacturonic acid. C. Yariv reactivity test of GIPC-
enriched samples to detect arabino-galactanes (AGPs) content. No AGPs were detected. 50ug of
each sample (1mg/ml) was deposited in each well, the picture was taken 48h after initiating the
reaction.



technique used to measure carbohydrate (Figure 4B). As a control, to ensure that
sugar content was not damaged by hydrolysis during sample preparation, the sugar
content for BO-GIPC enriched fraction was analysed 1h, 3h and 4h after hydroxylation.
Results showed that hydrolysis has no to very little effect on sugar moieties of GIPC

fractions (Supplementary data 3).

As expected all GIPC-enriched fraction contained Glucuronic acid and inositol found
in all GIPC previously characterized [see for review, (Mamode Cassim et al., 2019)].
Bo-GIPC enriched fraction not only contains Glucose (Glc) and mannose (Man)
previously found in Brassicaceae species (L. Fang et al., 2016), but also large amount
of arabinose (Ara) and galactose (Gal). These latter sugars, never described in
Brassicaceae such as Arabidopsis, could be a real specificity of Bo-GIPC’s polar head,

or a cell wall contamination of the GIPC-enriched fraction, see below.

The different fractions of Nt-GIPC series have a complex glycan content. Nt-GIPC
(fraction a) contained glucuronic acid (GIcA), glucosamine (GIcN) and mannose (Man)
(Figure 4B). Note here that N-acetyl glucosamine is hydrolysed during the extraction
procedure and is mixed with glucosamine. Galactose (Gal) and arabinose (Ara)
became the main glycan moieties in fractions B and y as described for highly
glycosylated GIPC, series D and further, in (Kaul & Lester, 1978). Monocot GIPC-
enriched sample, both Ap-GIPC and Os-GIPC contained mainly Man, Gal and GIcN at

relatively same amount, GIcA and Arabinose at lower amount (Figure 4B).

From previous studies, GIPC seems to be in close contact with the cell wall
components and particularly Rhamnogalacturonan I, RGIl (Voxeur & Fry, 2014b), but
we did not detect neither galacturonic acid (GalA) and rhamnose (Rha), two main
component of pectins, suggesting no major pectin contamination (Figure 4B). But
we detected a large amount of arabinose and galactose (Figure 4B) so we performed
a Yariv test to check out for the presence the arabino-galactane (AG)
as contaminants in the GIPC-enriched fractions (Figure 4C). No clearance of
the zone was observed in the different samples in the Yariv reactivity
test (Kitazawa et al., 2013), suggesting no AGs in the 50 uyg of each
sample deposited in the well. Gum Arabic and saline buffer were used as control

(Figure 4C). The contamination by protein was also tested by Bradford.
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Figure 5: Surface pressure-area (P-A) isotherms, at the air-aqueous phase interface, of pure GIPC
and sterol monolayers and of mixed GIPC/sterol monolayer prepared at a molar ratio of 0.80. A, The
isotherms were recorded at 25°C in an aqueous subphase composed by 10 mM Tris buffer at pH 7. Dupli-
cate experiments using independent preparations yielded similar results. B, Comparison of the experi-
mental (blue bars) and theoretical (red bars) mean molecular areas at a surface pressure of 10, 20, and
30 mN/m2 for a GIPC/sterol molar ratio of 0.80. The theoretical value is obtained according to the additivity
rule: A12 = A1X1 + A2X2, where A12 is the mean molecular area for ideal mixing of the two components
at a given P, A1 and A2 are the molecular areas of the respective components in their pure monolayers at
the same P, and X1 and X2 are the molar ratios of components 1 and 2 in the mixed monolayers. C,
Excess free energy of mixing (DGex; blue bars) and free energy of mixing (DGM; red bars) of the mixed
monolayer GIPC/sterol at a molar ratio of 0.80 for various surface pressures. DGex and DGM were calcu-
lated according to the equations as shown in (Maget-Dana, 1999; Eeman et al., 2005). Abbrevations are
as follows: SG, steryl glucoside (sitosterol, glucose head group); ASG, acyl steryl glucoside (sitoste-
rol,glucose head group with C18:2 acyl chain)



Up to 30 pg of GIPC were tested by Bradford method and no protein was

detected (data not shown).

Biophysical characterisation of GIPC-Sterol interaction and

molecular modelling

The Langmuir trough compression technique applied on a monolayer model at the
air-water interface has been used extensively to characterize the lipid-lipid interactions
at the micrometric level (Deleu et al., 2014). As previously published in (Cacas et al.,
2016a), the biophysical characteristic of GIPC series A alone or together with sitosterol
was conducted and the energetic calculations suggested a preferential interaction of
GIPC with sitosterol defined as ‘cooperative effect’. We went further in our investigation
of the characterization of the interaction of Bo-GIPC (cauliflower) with phytosterols by
conducting biophysical experiments to characterize the outer leaflet organization with
free and conjugated sterols (SG, sitoSteryl Glucoside and ASG, Acyl (18:2) sitoSteryl
Glucoside). The ratio of GIPC:sterol (80:20 mol ratio) is conform to the estimated ratio
of the lipids in the outer leaflet of the PM (Cacas et al., 2016a)(Tjellstrom et al., 2010).
The compression isotherm of Bo-GIPC (green line) (Fig. 5A) shows a low and relatively
constant surface pressure in large molecular areas, corresponding to a ‘gaseous’ state.
Compression of a monolayer with purely GIPC (green line) induced a progressive
increase in surface pressure, indicating the appearance of a liquid-expanded state,
which is characterized by a certain degree of cooperative interaction between the
molecules at the interface (Fig. 5A). The two-dimensional compressibility modulus (Cs-
1=38.3 mN m™! in the 160- to 110- A2 per molecular region). The mean interfacial area
of Bo-GIPC is 212.9 + 4.9 A2 at its expanded form and at its most condensed form is
60.0 + 14.6 A2 These results are in agreement with the results obtained with BY-2
GIPC (Cacas et al., 2016b).

The interaction of Bo-GIPC mixed with different sterols was assessed by the
thermodynamic analysis of the compression isotherms of mixed GIPC-sterol
monolayers. In this comparative study, we adhere to the rule of additivity, which
suggests that if two molecules within a mixed monolayer are immiscible, the area

occupied by the mixed film will be the sum of the areas of the separated components.
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The only deviation to that rule is in the case of specific interaction between the two
molecules (Maget-Dana, 1999). The mean molecular area of the mixed monolayer Bo-
GIPC:sitosterol (80:20) was lower than the calculated theoretical value (using the rule
of additivity), irrespective of the considered surface pressure (10, 20 and 30 mN m™")
(Figure 5B). This cooperative effect of sitosterol in presence of Bo-GIPC confirms the
data in Cacas et al., 2016 with tobacco GIPCs.

The trend was however reversed for mixed monolayer Bo-GIPC:SG (80:20), Bo-
GIPC:ASG (80:20) and Bo-GIPC:stigmasterol (80:20), where the mean molecular area
is significantly higher than the theoretical value irrespective of the surface pressure
(Figure 5B). The most significant difference between the experimental and theoretical
mean molecular area was obtained for the mixed monolayer Bo-GIPC:stigmasterol
(80:20). It is interesting to note that the only structural difference between sitosterol
and stigmasterol is the presence of a double bond at C22 in stigmasterol. The mixed
monolayer GIPC:ASG (80:20) had a comparable mean molecular area to GIPC
molecule at low surface area (Figure 5A) and the average difference between the mean
molecular area and its theoretical value is 30 A2 per molecule for all three surface
pressures (Figure 5B). We calculated the compressibility modulus to evaluate the
stability or the mixed lipid monolayer. The compressibility modulus is the inverse of the
monolayer elasticity. The two-dimensional compressibility modulus for the mixed
monolayer of GIPC/sitosterol is, Cs'=32.4 + 0.74 mN m™' in the 120- to 90 A2 per
molecular region, for GIPC/stigmasterol Cs'=28.1 + 0.02 mN m™" in the 160- to 140 A2
per molecular region, for GIPC/SG Cs'=28.6 + 0.09 mN m in the 150- to 110 A2 per
molecular region and for the mixed monolayer of GIPC/ASG is Cs'=27.14 + 0.24 mN
m" in the 140- to 120 A2 per molecular region. The lower the compressibility modulus,
the higher is the interfacial elasticity, and consequently, the lower is the monolayer
stability. There is not much difference between the compressibility modulus of
GIPC/stigmasterol, GIPC/ASG and GIPC/SG. Interestingly, monolayer GIPC/sitosterol

was more stable compared to the other monolayers.

In order to appreciate the interaction and thermodynamic stability of the two
components, the excess free energy of the mixing (AGex) and the free energy of mixing
(AGM) were calculated for all four mixed monolayers. The negative value of AGex for
the mixed monolayer GIPC:sitosterol (80:20) suggests a strong attractive interaction
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GIPC/PLPC (2:1, mol/mol) GIPC/PLPC/sitosterol GIPC/PLPC/stigmasterol
(1:1:1, mol/mol) (1:1:1, mol/mol) 2 nm

0 nm

Figure 7: Influence of sterol in nanodomain organisation in monolayer membrane
containing GIPC. Atomic Force Microscopy topographique analysis (A to C, scan size 10 uym)
and Nano-Infrared observations (Nano-IR) (D to F) images of lipid films transferred on mica
plate at an initial surface pressure of 10mN/m. The lipid monolayer contains: GIPC/PLPC (2:1)
(A and D), GIPC/PLPC/Sitosterol (B to E) and GIPC/PLPC/Stigmasterol (C and F). NanolR
images (D to F) indicate the amplitude of IR signal. Different colors refer to different molecular
signatures of the monolayer.



between the two components and the negative value of AGM indicates that the mixed
monolayer is thermodynamically stable (Figure 5C) as suggested by (Cacas et al.,
2016b). The positive value of AGex and of AGM for the mixed monolayers GIPC:SG
(80:20), GIPC:ASG (80:20) and GIPC/Stigmasterol (80:20) are both positive in all three
mixed monolayers (Figure 5C) showing strong repulsion between the molecules within

the monolayer and the thermodynamic instability of the mixed monolayer.

Hypermatrix is a simple theoretical docking method used to calculate specific
interactions between a molecule with itself and other lipids. The calculations of the
different interacting forces help to understand the organization of the molecules. The
interaction of one molecule of GIPC series A with t18:0/h124:0 and one molecule of
sterol was generated in silico using Hypermatrix and analysed. The sterols used
were the four molecules studied by Langmuir trough i.e. R-sitosterol, ASG with a
B-sitosterol, glucose head group esterified by 18:2 acyl chain, SG composed of -
sitosterol and glucose head group, and stigmasterol (Figure 6). The interactions of the
different sterols and one GIPC molecule were calculated. The molecules displayed
very different configurations. The difference between the spatial organization of
GIPCl/sitosterol and GIPC/stigmasterol is striking: the alpha-side of the steryl moities
of sitosterol is directed towards the acyl chains of GIPC whereas the steryl rings
of stigmasterol are positioned at a perpendicular angle with respect to GIPC acyl
chains. Hence, the structural difference of the desaturation on C22 in stigmasterol
seems to alter its interaction with GIPC (Figure 6), being in very good agreement
with the non-cooperativity effect observed experimentally in monolayer
compression experiments. The conjugated sterol, ASG has its acyl chain in direct
interaction with the alpha side of its steryl rings, such that the beta-side of the steryl
cycle interacts with GIPC acyl chains (Figure 6B). The acyl chain is responsible for
hydrophobic interactions thus orienting the acyl chain away from the GIPC molecule
such that the atoms interact with minimum energy. For steryl glucoside (SG), the
beta side of the steryl group is oriented towards GIPC. It is interesting to note the
the sugar head group of GIPC is bent favouring interaction with the glucose head
group of SG (Figure 6C).
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A. Freeze-thaw method

It | GIPC/PLPCISitosterol , } 1l GIPC/POPC/Sitosterol

B. Teflon method C. DLS and Z-potential
GUVs GIPC/DOPC/Sitosterol (GIPC/DOPC/Sitosterol)
(1/1/1; mol ratio)

DOPC GIPC

Figure 8. A, Bo-GIPC containing-liposomes in buffer solution after 3 cycles of
freeze and thaw. Enriched Bo-GIPC (cauliflower), underwent freeze (-20°C, 20 min)
and thaw (50°C, 20 min) cycles three times GIPC in TBS buffer pH 5,8 with or
without phospholipid and sitosterol at a concentration of 1 mg/ml. (I) GIPCs alone
form crystals in a saline buffer solution. A lipid mix, at a concentration of 1mg/ml, of
GIPC/PLPC/Sitosterol or GIPC/POPC/Sitosterol (1:1:1, mol/mol), shown in (lI) and
(1) respectively, forms vesicles of approx. 2 ym. B. Fluorescence and phase
contrast microscopy images of Giant unilamellar vesicles (GUVs) of
GIPC/DOPC/Sitosterol (1:1:1, mol/mol). The lipid mix was labled by NBD-PC at
0.1%. mol. C. Dynamic light scattering (DLS) and C(-potential of liposomes
containing DOPC/Sitosterol (7:3, mol ratio) (yellow) and GIPC/DOPC/Sitosterol
(1:1:1, mol ratio) (green), respectively provide the size which is around 100nm and
(-potential values of -28mV in the presence of GIPC



Lipid segregation observed in AFM is dependent on both GIPC and phytosterol

Monolayers previously obtained were transferred on mica plates by the method of
Langmuir-Blodgett. = Atomic Force  Microscopy (AFM) assay on model
monolayer  containing Bo-GIPC  (cauliffower  GIPC  enriched  sample),
showed differential segregation of lipids in the presence of sterols and GIPC
(Figure 7 A-C). The mean height and width of the observed structures were
calculated after analysis of five different areas of the sample. Using the NanolR
assay, we were able to assess the distribution of particles of different molecular
signatures in the structures observed (Figure 7 D-F). A monolayer of GIPC:PLPC
(1:2, mol ratio) showed structures of a mean width of 515 nm of about 1.5
nm high (Figure 7A). These structures were not present in PLPC
monolayer (supplementary data 4A). The GIPC signature can be seen as
agglomerates in the nanolR image (Figure 7D). Mixed monolayer
GIPC:PLPC:sitosterol (1:2:1) formed structures of 890 nm wide of 2 nm high
(arrows in Figure 7B). The nanolR image showed a co-existence of GIPC and
sitosterol forming these structures in a PLPC background (Figure 7E). Sitosterol
seemed to also form fibrils of sterols (star in Figure 7B). These fibre-like
structures were also  observed in PLPC:stigmasterol (4:1) monolayer
(Supplementary data 4A). Sitosterol promoted the formation of wider circular
domain-like structures of 2nm in height in the presence of GIPC. Sitosterol
with  PLPC formed a flat uniform monolayer (Supplementary data 4).
Domain-like structures were dissipated in the presence of stigmasterol. Indeed
mixed monolayer GIPC:PLPC:stigmasterol (1:2:1) contained smaller structures of
width 330 nm and 1.3 nm high (Figure 7C). The nanolR imaging showed
dissipation of stigmasterol signature around GIPC agglomerates (Figure 7F).
Stigmasterol seemed to disperse GIPC agglomeration hence
forming smaller structures. Without GIPC, PLPC:stigmasterol (1:1) did
not form similar structures (Supplementary data 4). These data paved the way to
understand more the synergic effect of GIPC and sitosterol in organizing domain-

like structures in model bilayers.

Effect of GIPC on membrane organization and thickness

To investigate more about the properties of GIPC using model bilayers, we tried to

make liposomes with Bo-GIPC by freeze/thawing. We found that GIPC are made
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A. GIPC/POPC-d31

B. GIPC/POPC-d31/Sitosterol

C. GIPC/POPC-d31/Stigmasterol

Figure 9: Liposomes shapes varies with lipid composition of liposomes. A,
Cryo-EM images of liposomes containing: GIPC:POPC-d31(2:1), shows mutila-
mellar structures. with bilayers of 7.5 nm thick. B, GIPC/POPC-d31/Sitosterol
(1:1:1) indicates mostly large bilayer liposomes of 6 nm thick with the presence of
structures with high ridigity bilayer. C, GIPC/POPC-d31/Stigmasterol (1:1:1)
present similar structures. Lipid concentration 0.3 mg/ml. scale bar, 100 nm.
POPC-d31 is a deuterated POPC on the carbon of the palmitoyl chain :
16:0-d31-18:1 PC



crystal-like structure but not vesicles (Figure 8A). We also tried with Nt-GIPC
and obtained similar results (Supplementary data 5A). Only by adding
phospholipids of short fatty acyl chain we observe liposomes (Supplementary data
5A). To be closer to mimicking the outer leaflet of the PM, we generated liposomes
with a ternary system of GIPC:phospholipid:sitosterol (1:1:1). As phospholipids, we
tried PLPC, POPC or DOPC, in all cases the ternary system yielded liposomes using
the freeze-thaw method with liquid nitrogen and water bath of 60°C (Figure 8A)
(Supplementary data 5B). Giant unilamellar vesicles (GUVs) were made, using
the Teflon method by (Kubsch, Robinson, Steinkuhler, & Dimova, 2017) with
ternary mix GIPC/DOPC/sitosterol (Figure 8B). The incorporation of GIPC in the
liposomes were analysed by dynamic light scattering (DSL) and quartz crystal
microbalance with dissipation monitoring (QCM-D), which gave respectively the
diameter of the liposomes and the zeta-potential of the GIPC-containing liposomes
(Figure 8C). The addition of GIPC did not seem to affect the diameter of liposomes,
which was about 100nm. Since GIPC is negatively charged due to the presence of
phosphate group and the glucuronic acid, the zeta-potential of the liposomes
containing GIPC were measured to be around -26 mV, while DOPC/sitosterol
alone had a potential of -5mV. It seemed therefore that GIPC play an important role
in the potential of plant PM, which might influence its interaction with different

actors of the cell wall for example.

Further investigation by cryo-EM showed that depending on the content of ternary
mix containing Bo-GIPC, the bilayer structures formed differed. We first
analysed liposomes made by the freeze/thaw method (Figure 9). While
GIPC:dPOPC formed multilamellar structures with bilayers of 7 to 8 nm thick,
GIPC:dPOPC:sitosterol formed more regular-shaped liposomes of 6 nm thick
(Figure 9). Rigid bilayer structures can also be seen (arrow in figure 9).
GIPC:dPOPC:stigmasterol seemed to form vesicles similar to
GIPC:dPOPC:sitosterol. It appeared that sterols dissipate stacked structures that are
observed in GIPC:dPOPC alone.

Finally, we investigated influence of GIPC on membrane thickness
by neutron reflectivity (Figure 10A). Liposomes containing 30% of GIPC were
no entirely deposited on the plates, therefore to increase the amount
of deposition we generated liposomes with 15% of GIPC. It could be that
30% of GIPC in the lipid mix modified the bilayer properties such that it

does not adhere to the membrane.
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B
Parameter POPC/Sitosterol GIPC/POPC/Sitosterol
Bilayer formation Yes Yes
% solvent in the tails 5 5
Inner Sugar (A) - 4
Inner Head (A) 8 8
Tail (A) 31 31
Outer Head (A) 8 8
Outer Sugar (A) - 4
C

Figure 10: Reflectivity profiles and calculated Scattering lenght density
(SLD) following lipid bilayer deposition of (i) POPC/Sitosterol (70:30, mol/mol)
and (ii) GIPC/POPC/Sitosterol (55:15:30, mol/mol). The multilayer model was
composed from the silicon substrate (SLD=2.07 10-6A-2) covered with a layer of
silicon oxide(SLD=3.47 10-6A-2). (B) Structural parameters of the lipid bilayers
obtained after fitting of reflectivity data. (C) Scheme showing the SLD profile
overlaid on the multilayer model as obtained for POPC membrane.



15% containing GIPC liposomes were thus used to make a supported bilayer (SBL)
and analysed by neutron reflectivity. The scattering length density (SLD) were
generated, after model fitting, giving the profile of how the polar head and acyl tail
were organized in the bilayer. The addition of GIPC seemed to increase by 8 A the
thickness of the bilayer due to the 4 A of sugar head group (Figure 10B). Refer to the
tables of supplementary data 6 for more details of the structural parameters that
were generated. Figure 10C shows a schematic representation of the different

thickness of the lipids head and tails of GIPC-containing SBL.
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Discussion
Fine tuning GIPC purification

This paper describes a protocol for the purification of GIPC. It has been inspired
from three publications (H E Carter & Koob, 1969),(Kaul & Lester, 1975) and
(Markham & Jaworski, 2007), whereby the steps were rearranged in order to get
rid of all sterols and glycerolipids along the extraction procedure and retain GIPCs
which are eluted in the column purification steps. For better yield and purity, we still
have to fine-tune the purification and extraction process of GIPCs, nevertheless we
were able to obtain 30 mg of material of 85% purity from 4 distinct plant materials.
In the near future, it will also be important to purify different GIPC series
individually, such as to study their polar head composition and to understand their
biological roles. To do so, preparative chromatography needs to be developed such

as by elution with the solvent with the right polarity.

In all enriched GIPC fractions (Bo-GIPC, Nt-GIPC, Ap-GIPC and Os-GIPC)
galacturonic acid and rhamnose are absent suggesting no contamination by pectins,
and particularly RGIlI known that bind GIPC, see (Voxeur & Fry, 2014b) (refer to
Figure 4B). We detected arabinose and galactose in Bo-GIPC and especially in large
amount in Nt-GIPC (fraction y) (Figure 4B). Both of these sugars are main
constituents of Rhamnogalacturonan |, RGI. To test for the presence of RGI we
performed a Yariv test, this test did not detect presence of AGs. We hypothesized
from literature that GIPC of cauliflower potentially have hexoses as sugar moieties of
polar head and not pentose (Buré et al., 2014). Hence, could arabinose be a
contamination from cell wall RGI? Cauliflower being from the brassicacea family as
Arabidopsis, the biosynthesis of the polar head group might involve enzymes that
will add hexoses to the sugar head group such as GMT1. The latter transfers a
mannose to the core structure GlcA-Ins-P-Cer in vegetative tissues of Arabidopsis
(L. Fang et al., 2016). As for Arabidopsis seeds and pollen, rice and tobacco, the
work of (Ishikawa et al., 2018) shows that GINT1, another glycosyltransferase adds
a GIcNAc instead of a Man to the core structure of GIPC. However, we cannot
conclude whether Ara and Gal are contaminations or intricate sugar moieties of
GIPC. The polar head sugar diversity of GIPCs are species-dependent (Buré et al.,

2011). For instance the increasing large amount of galactose and arabinose
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in Nt-GIPC(fraction a), Nt-GIPC(fraction B) and Nt-GIPC(fraction y) has been
described in (Kaul & Lester, 1978) where GIPCs of tobacco leaves contain up to 4
arabinose and 2 galactose attached to the GIPC structures GIcN/GIcNAc-GIcA-Ins-P-
Cer, see (Kaul & Lester, 1978). Hence, it is correct to assume that the large amount of
Ara and Gal of Nt-GIPC(fraction y) accounts for polyglycosylated GIPC of up to GIPC
series E of Ara-Ara-Gal-Gal-Man-GIcN/GIcNAc-GIcA-Ins-P-Cer.

The full structure and diversity of sugar moieties in GIPCs polar head remain to be
understood and investigated. Such diversity cannot be futile. The importance of GIPC
polar head structure is highlighted in plant/pathogen interactions. GIPCs are receptors
to necrotic toxin, Necrosis and ethylene-inducing peptide 1-like (NLPs) such that plant
enriched in GIPC series A are sensitive to NLPs while those enriched in GIPC series
B are insensitive to NLPs, hence conferring resistance against pathogens secreting
NLPs (LenarCi¢ et al. 2017). The protocol of this study, although not perfect, is
simpler, time-efficient, with reasonable yield, compared to the old publications where
large amounts of solvents were used. Material can be generated for 'H and 3C NMR
analysis to decipher the number, the bonds and the types of sugar residues of plant
GIPC polar head group, as was done for fungi GIPC (Simenel, Coddeville, Delepierre,
Latgé, & Fontaine, 2008). While the purification of polyglycosylated GIPC is
challenging, it paves the way to analyse different GIPC series as described in
(Gutierrez et al., 2007).

GIPC interaction with sterols in membrane order

We showed that GIPC interacts differentially with sterols by biophysical technics of
Langmuir compression isotherms, molecular modelling and AFM. We confirmed that
GIPC with sitosterol had a cooperative effect as shown by (Cacas et al., 2016a) and
showed that stigmasterol had the reverse effect, known as non-cooperative effect
(Figure 5). These differential interactions are structure dependent. Just adding a
glucose head group (SG) and an acyl chain (ASG) or an unsaturation (C22 in
stigmasterol) to the sitosterol steryl moities change the interaction with GIPCs and
modify the characterisation of model membrane (Figure 5, 6 and 7). The interaction

between SG and GIPC seems slightly non-cooperative while ASG and GIPC have a
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cooperative effect (Figure 5). In drought stressed plants, there are accumulation of
GIPCs, ASG and SG (Tarazona, Feussner, & Feussner, 2015). It is suggested that
glycosylated sterols in addition to GIPC, contribute to dehydration responses by
providing sugar head groups (Tarazona et al., 2015). The specific interaction with GIPC
due to their different backbones may confer special membrane physicochemical

properties that remain to be investigated.

The structural difference between sitosterol and stigmasterol is an unsaturation on
C22. This has dramatic effect on membrane fluidity as discussed in (Grosjean et al.,
2015a). Using model membranes and environment-sensitive probes, they showed that
plant lipids promote various spatial organization of membrane and that sitosterol
promotes lipid ordered (lo) phases while stigmasterol has a low ordering effect and
is correlated with low level of lo phases. Plant sterols and sphingolipid make lipid
rafts which are signalling platforms (Mongrand et al., 2004) (Cacas et al., 2016a)
(Gronnier, Gerbeau-Pissot, Germain, Mongrand, & Simon-Plas, 2018). These
structures can be clearly seen as domain-shaped structures in model monolayers
containing sitosterol and GIPC that interact with each other (Figure 7). This
interaction might translate into liquid ordered phases. Stigmasterol, on the other
hand, tends to sequester small structures containing GIPC which might contribute

to deter lo and domain formation.

Compared to animals, plants are poikilotherm organisms and have to
adapt the viscosity of their membrane when temperature varies. By modulating the
fluidity of their membrane to be functionally viable, plants can adapt to
temperature fluctuations. These properties of altering the membrane fluidity can
explain why plants can readily convert sitosterol to stigmasterol by
expressing C22 desaturase CYP710 during temperature acclimation
(Morikawa et al.,, 2006). Sensitivity to temperature model membranes
mimicking membrane domains with phytosterols and glucosylcerebroside is
lower compared to the temperature sensitivity of the system with
cholesterol and sphingomyelin typical to animal (Beck et al., 2007a). Specific
plant cell membrane components like sitosterol, stigmasterol and
glucosylcerebrosides, are produced to adapt to temperature to make
membrane-associated biological processes possible (Beck et al., 2007a). Here
we use GIPCs which represent 50% of sphingolipids in plant PM (Cacas et al.,
2016a). It seems that GIPCs are more conducive to enable thermal adaptation and

regulation of homeoviscosity in interaction with sterols in plant PM.
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It will be interesting to further investigate how GIPC is involved in modulating PM

fluidity in thermal adaptation.

GIPCs alone form crystal-like structures, but not liposomes

With the aim to study the physical properties of GIPC, we attempted to make
liposomes. Liposomes are spherical lipid bilayers whose composition
depends on the desired model of study. GIPCs having large polar heads and very
long chain fatty acid that tend to agglomerate and make crystal-like structures
similar to pure sterols. In order to make liposomes and further study
GIPCs, secondary mix with phospholipids or ternary mix with phospholipids and
sterols were used. To be closer to biological PM model, we use lipid mix of GIPC/
phospholipid/sterol at a molar ratio of 1:1:1. As expected for lipid with
hydroxylated very long chain fatty acid, GIPC forms thicker membrane in
model membrane. GIPC increases the membrane thickness by few nm as shown
by neutron reflectivity on supported bilayer. AFM analysis of monolayer lipid mix
showed particular structural organization in presence of GIPC and
sterols suspected to be nanodomains. Liposomes containing GIPCs,
observed under cryo-EM are around 6-7 nm for the ternary mix, which
correspond to the thickness of purified PM from Medicago truncatula
and tobacco (Lefebvre et al., 2007)(Mongrand et al., 2004). The rigid
structures of 7 nm resembled the purified Detergent Insoluble
Membranes (DIMs) described as parallel membrane sheets of 6.5 nm
thick (Lefebvre et al., 2007)(Mongrand et al., 2004). In order to confirm so, we
can treat the liposomes samples with triton X100 to see if the rigid
structures dissolve away.

One important feature of the PM is its electrostatic charges. PM purification
using polymers phase separation PEG/Dextran relies on the fact that PM is
highly negatively charged and PM right-side-out (RSO) fraction are attracted to the
positively charged PEG phase (Morré & Morre, 2000). The membrane surface
charge (MSC) is regulated by lipids and post transcriptional modification of
proteins such as phosphorylation (Goldenberg & Steinberg, 2010). The
zeta-potential of GIPC-containing liposomes is -26 mV, five times higher than a
PC-containing bilayer, likely due to the large electronegativity of GIPC conferred by
its phosphate group and GIcA residue of the polar head. Therefore, GIPC being
mostly located in the outer leaflet of the PM (Cacas et al., 2016a), we demonstrated
here that GIPCs contribute strongly in conferring electronegative charges to the

outer leaflet of the PM.
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GIPC structure in membrane organization

Recent studies provide new insight on the important role of GIPC structure in
plants through genetic approach (L. Fang et al.,, 2016; Ishikawa et al., 2018;
Mortimer et al., 2013). By generating mutants combined with the multidisciplinary
approach used in this study like AFM, neutron scattering, DLS and QCM-D, we can
uncover more about GIPC intricate structure and its biological implications. The
modification of the ceramide length and hydroxylation of GIPC might alter
the organization of the membrane like sphingomyelin (SM) in animal cell
responsible for interdigitating between the bilayers and domain formation with
cholesterol (Rog et al., 2016) (London & Brown, 2000). The closest homologue in
term of membrane structuring role of plant GIPC series A and B could be SM, even
if the latter —absent in plant PM- is made up of a phosphocholine head group. The
theoretical model of plant PM showed GIPC as the major sphingolipid in the outer
leaflet, just like SM and a lateral segregation to form liquid ordered phases with
phytosterols (Cacas et al., 2016a)(Tjellstrom et al., 2010). Structurally, GIPC are
homologous to animal gangliosides that are absent in plants. Gangliosides are
acidic glycolipids containing sialic acid in their polar head that play an important
role in immunity, modulating cellular signal transduction in the PM, essential
brain and retinal functions in animal cells (Sonnino & Prinetti, 2010)(Sibille et al.,
2016). It is possible that polyglycosylated GIPCs have the same role of
gangliosides that are heavily glycosylated. It is hence worth investing into
understanding the  glycosylation patterns and enzymes involved in
GIPC biosynthesis. The present study paves the way to tackle the function of

plant glycosylated sphingolipids in membrane organisation and function.
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Material and Method
Plant Material

Cauliflower and leek were store-bought. Wild-type tobacco (cv. Bright Yellow) cell
culture were obtained by (Cacas et al., 2013). Rice cultured cells were obtained as
described in (Nagano et al., 2012).

Extraction and purification of GIPCs

Leafy green parts of cauliflower and leek were removed to prevent contamination by
galactolipid mainly present in chloroplasts. The plant material (about 250 g fresh
weight) were blended with 5 litres of cold 0.1 N aqueous acetic acid in a chilled
stainless-steel Waring Blendor at low, medium and high speed for 30s each. The slurry
was filtered through 16 layers of acid-washed miracloth. The residue was extracted
once (twice for leek) again in the same manner. The aqueous acetic acid filtrate was
discarded. The residue was air-dried overnight under a fume hood and was then
refluxed with 2 litres of hot 70% ethanol (0.1 N in HCI) for 20 min. The slurry was filtered
hot through 16 layers of miracloth pre-washed with acidic ethanol (press well to remove
all liquid). This process was repeated twice more using a total of 5 litres of acidic
ethanol. The combined filtrates were chilled at - 20°C for 48h. The precipitate was
removed by centrifugation at 30,000 g (14000 rpm at using a Sorvall SLA-1500 rotor)
at 4°C for 15 min. Sphingolipids were then extracted from the precipitates in hot
isopropanol/hexane/water (55:20:25, v/v). The solution was homogenized using an
Ultra-Turrax for 20 s and incubated at 60°C for 20 min. After centrifugation at 3000 g
for 10 min, the supernatant was decanted to another tube and the residue extracted
twice more with the hot solvent. A total of 100 ml of solvent was used at this step. The
supernatants were combined and its lipid content was analysed by TLC and GC-MS to
evaluate the amount of GIPC content.

Porous silica beads (Silica gel for chromatography 60 A, 75-125 um, Acros Organics),
were used throughout for packing the column chromatography. The column consists
of 70 ml of silica beads, sand of Fontainbleau followed by the sphingolipid sample dried
in 20 ml of silica beads (see Figure 2). The column was washed and equilibrated with
chloroform. Apolar lipids were washed with a mix of chloroform/methanol of different
volume ratios of increasing polarity (4:1 then 3:1 and 2:1). The volume used was
equivalent to 4-fold the volume of the column. The column was then eluted with a step
gradient of chloroform:methanol:water. Solvent A was chloroform:methanol:water
(59:37.5:3.5, v/v) and the solvent B chloroform:methanol:water (46:42:12, v/v). The
step gradient elution started with 100% A to end with 100% B, with 10% intervals. The
volume of elution corresponds to 2-fold the volume of the column. 1/100™ of each
elution fractions were collected and dried for GC-MS and TLC analysis to test the purity
of the fractions (see below HPTLC of eluted fractions). Once the latter was determined,
fractions containing the same type of GIPCs were pooled and dried. The estimated
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quantity of GIPC is assessed by calculating the amount of (h)VLCFA ((hydroxylated-)
Very Long Chain Fatty Acid). (h)VLCFA represents 1/3 of total GIPC molecular mass.

Fatty Acid Analysis

Each sample was transmethylated at 110°C overnight in methanol containing 5% (v/v)
sulfuric acid and spiked with 10 mg of heptadecanoic acid (c17:0) and 10 mg of 2-
hydroxy-tetradecanoic acid (h14:0) as internal standards. After cooling, 3 mL of NaCl
(2.5%, w/v) was added, and the released fatty acyl chains were extracted in hexane.
Extracts were washed with 3 mL of saline solution (200 mM NaCl and 200 mM Tris,
pH 8), dried under a gentle stream of nitrogen, and dissolved in 150 mL of BSTFA and
trimethylchlorosilane. Free hydroxyl groups were derivatized at 110°C for 30min,
surplus BSTFA-trimethylchlorosilane was evaporated under nitrogen, and samples
were dissolved in hexane for analysis using GC-MS under the same conditions as
described (Buré et al., 2011). Quantification of fatty acids and hydroxyl acids was
based on peak areas, which were derived from total ion current, and using the
respective internal standards.

Langmuir Trough

GIPC-enriched fractions were purified in this study. A solution at 0.4 mM in
chloroform:methanol:water (30:60:8) was prepared. Sterols and PLPC were purchased
from Avanti Polar Lipids. They were dissolved at 0.4 mM in chloroform:methanol (2:1).
The surface pressure-area (P-A) isotherms were recorded by means of an automated
Langmuir trough (KSV Minitrough [width, 75 mm; area, 24.225 mm2]; KSV
Instruments) equipped with a platinum plate attached to a Wilhelmy-type balance. The
GIPC sample was heated to 60°C for 15 min for a better solubilization. Pure solutions
and lipid mixtures were spread (fixed volume of 30 mL) as tiny droplets to produce a
uniform monolayer on a Tris:NaCl 10:150 mM (Millipore) subphase adjusted to pH 7
with HCI. After evaporation of the solvent (15 min), monolayers were compressed at a
rate of 5 mm/min and at a temperature of 22°C + 1°C. Before each experiment, the
cleanliness of the system was confirmed by checking the surface pressure over the
surface compression of the pure subphase. The reproducibility of the P-A isotherms
was checked by repeated recordings, and the relative SD in surface pressure and area
was found to be 3% or less.

Molecular modelling Approaches

The Hypermatrix docking procedure was used to study the monolayer formed by GIPC
and its interaction with sterols, as already described in (Cacas et al., 2016a). Briefly,
one GIPC molecule is positioned and fixed for the whole calculation at the centre of
the system, oriented at the hydrophobic /hydrophilic interface. The inter- acting GIPC
(for GIPC monolayer) or sterols (for mixed monolayer) is also oriented at the
hydrophobic/hydrophilic interface, and by rotations and translations, more than 107
positions of the interacting molecule around the central molecule are calculated. The
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most stable matching is used to decide the position of the first interacting molecule.
The position of the second one is then defined as the next most energetically
favourable orientation stored in the matrix, taking steric and energetic constraints due
to the presence of the first molecule into account. Refer to (Cacas et al., 2016a) for
more details.

Liposomes preparation (Freeze and thaw method)

The lipid solution of Tmg/ml (GIPC/PLPC or POPC or DOPC/Stigmasterol or Sitosterol)
at different molar ratio, was dried and resuspended in water. Several cycles of freeze
and thaw were done with freezing occurring in liquid nitrogen for 5 min and thawing at
50°C for 15min.

LUV preparation for DLS and ¢-Potential

The lipid solution (GIPC/DOPC/Sterol) in 3/1 viv THF/H20 methanol mixture was
transferred into a round-bottom flask and the organic solvent was removed by
evaporation under high vacuum pumping for 2 h, until complete evaporation of the
solvent. The lipid film was then hydrated in an appropriate amount of buffer solution at
room temperature, well above the melting point of the lipids, to yield suspensions with
concentrations in the 0.5-2.8 mM range. Multilamellar vesicles were then obtained by
vortexing for 30 min. The resulting suspensions were then successively extruded 20
times through 200 and 100 nm polycarbonate membranes using a mini-extruder
(Avanti Polar Lipids). The vesicle size distribution and C-potential were finally
characterized by light scattering.

DLS and ¢-potential values

Dynamic Light Scattering (DLS) and {-Potential. DLS measurements were performed
with a Malvern NanoZS instrument operating with a 2 m\W HeNe laser at a wavelength
of 632.8 nm and detection at an angle of 173°. All measurements were performed in a
temperature-controlled chamber at 20 °C (£0.05 °C). Three measurements of 15 runs
each were usually averaged. The intensity size distribution was obtained from the
analysis of the correlation function using the multiple narrow mode algorithm of the
Malvern DTS software.

The electrophoretic mobility of vesicles and CNCs was measured by using the same
Malvern NanoZS apparatus performing at 17° from which the -potential values are
determined by applying the Henry equation. The (-potential values and the C-deviation
were averaged over at least three measurements with at least 30 runs per
measurement. They were expressed as mean + SD (n = 3).

GUV preparation (Teflon method)

GUV were prepared as previously described by Dimova (Kubsch et al., 2017). Briefly,
50 L of lipid mixture (1 mg mL") dissolved in organic solvent mixture were deposited
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on a pre-cleaned Teflon disk and the solvent was evaporated with vacuum for 2 hr.
The disk was then placed in a 4 mL sealed glass vial with 200 mM sucrose and 50 mM
NaCl at 60°C for 12 hours, until a cloudy deposit was formed. For microscopy
observation, one volume of the vesicle suspension was mixed with 4 volumes of iso-
osmolar glucose/NaCl solution for better contrast.

Cryogenic Electronic Microscopy (Cryo-EM)

For cryo-EM studies, lacey carbon formvar 300mesh copper grids were used. They
were first submitted to a standard glow discharged procedure (3mbar, 3mA for 40sec).
Plunge freezing was realized using the EM-GP apparatus (Leica). Four microliters of
the sample (description / concentration) was deposited on the grid and immediately
blotted for 2 sec with a whatmann paper grade 5 before plunging into a liquid ethane
bath cooled with liquid nitrogen (-184°C). The settings of the chamber were fixed at
70% humidity and 20°C. Deuterated POPC (POPC-?Hs1) were bought from Avanti,
GIPC were prepared from cauliflower. Sitosterol and stigmasterol were store bought
from Avanti. Specimens were observed at -170 °C using a cryo holder (626, Gatan,
USA), with a ThermoFisher FEI Tecnai F20 electron microscope operating at 200 kV
under low-dose conditions. Images were acquired with an Eagle 4k x 4k camera
(ThermoFisher FEI).
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Supplementary data 1: High performance thin layer chromatography (HPTLC) assay
of eluted fractions collected during the GIPC purification process (described in Figure
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Supplementary data 2: Fatty acid contents of GIPC-enriched fractions purified from
cauliflower, BY-2 cell culture, leek and rice cell culture. The fatty acid content was
quantified after releasing fatty acid by transmethylation of GIPC-enriched samples, followed
by derivatization by BSTFA before GC-MS analysis. The most abundant pool of fatty acid
are hydroxylated fatty acid >20 carbons (hVLCFA) for Bo-GIPC and Nt-GIPC enriched-
samples and non- hydroxylated fatty acid >20 carbons (VLCFA) for Ap-GIPC and Os-GIPC
enriched-sample. The data are means of three independent experiments + SD.
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Supplementary data 3: Determining glycan content by HPAE analysis of GIPC-
enriched samples. A slight change in sugar amount was seen after 1h, 3h and 4h
of TFA hydrolysis. (GIcA: glucuronic acid; Glc: glucose; GIcN: glucosamine; Man:
mannose; Gal: galactose; Ara: arabinose; Xyl: xylose; Fuc: fucose; Rha: L-
rhamnose; GalA: galacturonic acid)
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Supplementary data 4: A. Atomic Force Microscopy topographic images of lipid
monolayer containing PLPC or PLPC/Sitosterol or stigmasterol at different molar ratio.
No distinguishable structure was observed amid fiber-like structures for
PLPC/Stigmasterol (4:1, mol/mol). Scan size is 10um with the exception of
PLPC/Stigmasterol (4:1, mol/mol) scan size 400nm. B. NanolR images display low
amplitude signal and no particular difference in molecular signature.
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Supplementary data 5. Fluorescent microscopy observations of Nt-GIPC
containing liposomes in water at RT, pH 7. A, Liposomes obtained after 3 cycles of
freeze in liquide nitrogen and thaw (water bath at 60°C) containing (I) Nt-GIPCs
2mg/ml; (Il) Nt-GIPC/ 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (4:1
mol/mol) at 2mg/ml; (lII) Nt-GIPC/ DMPC (1:1 mol/mol) at 2mg/ml shows crystals; (IV)
Nt-GIPC/DMPC molar ratio (1:4 mol/mol) at 2mg/ml forms liposomes of 10um. (V)
HPTLC analysis of lipid mixture confirms the presence of GIPC and DMPC in the
liposome mix observed. The higher the GIPC content, the higher the occurence of
crystal formation. GIPCs can form liposomes with phospholipids of short acyl chains
when the latter is four-folds more abundant in the mix. B, Liposomes of Bo-cauliflower
GIPC/POPC/Sitosterol (1:1:1 mol/mol) at 1mg/ml in TBS 1X. Clusters as shown in (I)
were obtained after three cycles of 20min freezing at -20°C and thawing in a water
bath at 60°C. Liposomes in (II) were formed after three cycles of freezing in liquid N,
and 20min heating in a water bath at 60°C; no cluster was observed. The type of
freeze/thaw determines the size and shape of liposomes formed.



Table 1

POPC/Sitosterol SLD (10-6A-2) |Thickness (A) [Solvent (%) |Roughness (A)
SiOp 347 10 3 3
Head 1.8 8 45 3
tails -0.31 31 5 5
head 1.8 8 39 4
Table 2

GIPC/POPC/Sitosterol [SLD (10-6A-2) [Thickness (A) |Solvent (%) |Roughness (A)
SiOp 3.47 10 1 3
Sugar 1.9 4 80 3
Head 1.8 8 50 3
tails -0.31 31 5 7
head 1.8 8 45 6
Sugar 1.9 4 80 5

Supplementary data 6: Structural

parameters after multilayer

model fitting of reflectivity profiles of lipid bilayer. Scattering length
density (SLD), thickness, solvent and roughness profiles of POPC/
Sitosterol (Table 1) and GIPC/POPC/Sitosterol (Table 2). The addition
of GIPC in the Dbilayer increases the membrane thickness
by 8 A
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Additional data

A survey to analyse the structure of tobacco GIPC polar head by liquid-state H-
NMR

As it will be described in chapter 3, the structure of GIPC polar head group has a
huge implication in its role as receptors for necrotic toxin NLPs (Lenarci¢ et al.,
2017a, 2019). Our recent publication (LenarCi¢ et al., 2017a) showed that the
sensitivity and resistance to NLPs lies in the GIPC series sugar structure. Eudicots
containing mainly GIPC series A (2 sugar moieties after the inositol group) are
prone to necrosis upon NLP binding, while monocots are resistant to the cytolytic
toxin as they contain mainly GIPC series B (3 sugar moieties after the inositol group).
Our biophysics experiments and molecular modelling showed that in monocots (leek
GIPC-enriched fractions), the additional sugar molecule is arranged perpendicular
to the horizontal plane of the membrane such that the toxin on binding far away from
the PM to induce necrosis. Understanding the structure of GIPC sugar head
might yield important information about the important role of GIPC in plant/pathogen

interactions.

The following report presents the results of experiments done with BY-2
GIPC-enriched samples in order to obtain information on the polar head structure
of By-2 GIPCs. The aim was to use liquid-state 'H-NMR to understand the
identity of the sugar moieties, type of bonds between the glycan components of
GIPC polar head group. | purified few milligrams GIPC-enriched fractions from
tobacco BY-2 cells and sent them for analysis to our collaborator in Lille, Dr
Emmanuel Maés at the Unité de Glycobiologie Structurale et Fonctionnelle, CNRS
UMR 8576, Lille.

The first step for solid-state 'H-NMR analysis was to remove the polar head
group. This was done by acidic methanolysis. | provided twice tobacco
GIPC-enriched fractions since the first samples were not pure enough to
extrapolate results. Tobacco GIPC was wused as they were already
characterized by chromatography in the old papers of (H. E. Carter, Strobach, &
Hawthorne, 1969; Kaul & Lester, 1978). Since NMR analysis was never done on
plant GIPC fractions, we wanted to do so with a GIPC which has an already
published structure. We were inspired by the publication of (Gutierrez et al., 2007)

which use liquid-state NMRharacterize fungi GIPCs.
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The results of our NMR experiments were not conclusive which might be blamed on
the insufficient amount of GIPCs, as well as the insufficient purity. The acidic hydrolysis
might have also damaged the sugar moieties to such an extent that they were no longer
detected. The report attributed the amount of Arabinose, Galactose and Mannose
found in the polyglycosylated fraction (Figure 7, samples F3 and F4) to partial
contamination of the samples. The signal threshold was too close to the baseline to be
conclusive. We argued that the presence of these sugars might actually be part of the
polar head group structure of tobacco GIPC as (Kaul & Lester, 1975) propose a
polyglycosylated structure of tobacco GIPC enriched in arabinose and galactose. (H.
E. Carter et al., 1969) also propose the presence of mannose after hydrolysis of GIPC
samples. The Yariv test done on the BY-2 samples (refer to Figure 4 of chapter 1)
showed absence of arabinogalactan. Could there be other contaminants that we

neglect to identify?

We hence have to work towards improving our extraction and purification protocol so
as to obtain better quality GIPC for solid state NMR analysis. The ultimate objective is
to obtain the molecular identity and bond orientation of a vast array of GIPC polar head
group to supply information for molecular modelling and simulations in order to

represent GIPC in plant PM models.

Here follows the pdf report of the platform written by Emmanuel Maés:
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Nmr spectra were acquired in appropriate solvent (CDCI3:CDsOD:D20)
showing an high complexity of the mixture. In order to elucidate the main structure of
this sample, we decided to saponify it. Saponification done with KOH 0.5 N during 6h
at room 100°C. The fraction was purified through C18 sep-pak® cartridge from
waters@. The column was firstly eluted with 5 mL of water and secondly by 5 mL of
acetonitrile. The acetonitrile fraction further analyzed by GC-FID and GC-MS after
derivatization whereas, prior to analyses, water fraction passed through molecular
sieving BioGel© P2 column. 3 water fractions were obtained and analyzed by nmr
and GC-MS.

In order to determine sugar composition we analyzed compound by two ways,
firstly we did itol-acetate derivates after acidic hydrolysis and secondly trimethylsilyl
(TMS) derivates after methanolysis. Finally, to obtain linkage analysis we did partially
methylated and acetylated alditols derivates (PMAA) after total methylation,

hydrolysis, reducing and finally peracétylation.

1- ITOL ACETATE DERIVATES

As shown on Fig. 1A, 2 main peaks identified based on electronic impact
spectra (Fig 1B and Fig 1C). The peak at 22.74 min has identified as penta-acetyl
pentitol and that at 30.65 as hexa-acetyl hexitol. The both retention times and the
analyses of fragmentation spectra comparing to both standard derivates, i.e. pentitol
and hexitol prove that were an arabinitol and galactitol derivates respectively.
Moreover, three minor peaks eluted between 29.5 to 30.5 min correspond to hexa-
acetyl of inositol, mannitol and glucitol residues respectively. The integration of mains
peaks indicated that arabinitol and galactitol residues represent 43.5 % and 47.9% of
total identified residues, whereas inositol, mannitol and glucitol represente 1.5, 1.6

and 5.4 % respectively of total identified residues and considered as traces.

No hexosamine and no uronic acid identified by this method.
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Figure 1 : Part of TIC chromatogram from GC-MS in impact electronic mode for acetonitrile fraction of BY2 Itol-
acetate derivates

2- TRIMETHYL SILYL DERIVATES

In order to confirm the ltol-acetate results we did trimethylsilyl derivates
method that was much more sensitive. Thus, sample subjected to methanolysis
following by heptan extraction to put off lipids, and finally trimethylsilylation done.
Based on retention time and electronic impact spectra from GC-MS analysis, as
shwon Fig. 2, allowed us identify four sugars residues Ara, Gal, Glc and GIcA and
one Ino. Relative ratio of monosaccharides reported in table 1, these information
obtained by integrated areas of their corresponding peaks. Moreover, some sugars
possessed some retention times corresponding to their configuration as pyranne or

furane cycles and their anomeries (i.e. a- and f-).

Table 1 : Relative proportion of monosaccharides in molecule from GC-MS analyses

’ Ara Ino Glc GicA Gal
areas 40303757 1505470 6515577 1270907 54799282
% 38.6 1.4 6.2 1.2 52.5
With Ino setto 1 26.8 1.0 4.3 0.8 36.4
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Figure 2 : Part of TIC chromatogram from GC-MS in impact electronic mode for acetonitrile fraction BY2 TMS
derivates. @ : Arabinoses, * : Galactoses, # : Glucoses, & : Glucuronic acids, $ :Inositol

Such composition leading us to think an arabinogalactane molecule linked to
GIPC core without ceramide part deleted after saponification. No hexosamine was
identified.

3- PARTIALLY METHYLATED AND ACETYLATED ALDITOLS (PMAA) DERIVATES

In order to known the linkages between sugars; we performed an analysis of
partially methylated and acetylated alditols from sugars. The methylation analysis
done according to Hakomori's method where methylation derivation obtained with

natrium hydrure in anhydrous DMSO and methyl iodide.

Figure 3 : TIC of Partially Methylated and Acetylated Alditol (PMAA) derivates obtained by electronic impact
source of GC-MS spectrometer. Arrows indicate retention time of identified molecules
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The TIC chromatogram (Fig. 3) shows the complex mixture of volatile
derivatives including non-sugar molecules and containing GIPC fraction. Seven kind
of monosaccharide derivates identified based on their characteristic fragmentation;
main ions reported in table 2. The presence of terminal pentoses as well as furan and
pyranic forms identified as proved by the presence or absence of typical ions, i.e.
concomitant absence of m/z 45 and presence of m/z 117 allowed identifying pyranic
form of pentose. In the same way, we have identified a 2-O-substitued pentose
thanks to its m/z set fragmentation values 161,190 and 101. Moreover a 3,6-di-O-
substitued hexosyl residue with the m/z set values 189, 234 and 305 related to 6-O-
galactosyl residue has been detected and so one. No terminal galactose identified
indicating firstly an absence of ramification of internal galactosyl sequence or

secondly all possible terminal galactoses substituted by Arabinose
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Table 2 : Partially Methylated and Acetylated Alditol derivates (PMAA) identified by impact electronic mass
spectrometry. m/z ions in bold characters represents most important ions for identification

t?rit:?r:?r:; PMAA residues Corr::::rr;dmg Characteristic ions Ati)(s:‘nt

16.35 1,4 di-O-acetyl-2,3,5 tri-O-Methyl pentitol t-Araf 118 161 45

18.15 1,5 di-O-acetyl-2,3,4 tri-O-Methyl pentitol t-Arap 161 162 117 a5
20.66 1,2,4-tri-O-acetyl-3,5-di-O-methyl-pentitol 2-Araf 161 190 101

22.39 1,4,5 tri-O-acetyl-2,3 di-O-Methyl pentitol 5-Araf or 4-Arap 118 189 162

31.01 1,2,4,5 tetra-O-acetyl-3 mono-O-Methyl pentitol 2,5-Araf or 2,4-Arap 189 190

32.07 1,5,6-tri-O-acetyl-2,3,4-tri-O-Methyl Hexitol 6-Galp 118 189 233

36.20 1,3,5,6-tetra-O-acetyl-2,4-di-O-methyl-Hexitol 3,6-Galp 189 234 305 45

4 NMR STUDIES
NMR spectra were very complex but they allowed us firstly to define anomeric
form of the some monosaccharides, secondly to prove the both presence of furanic
and pyranic forms for monosaccharides and thirdly to confirm some substitution

features.

We recorded 1D 1H-NMR spectra before and after saponification (Fig 4), the
results were relevant since we observe that trace, after saponification, represent
molecule with lower molecular weight than before saponification. Indeed, signals
between 3 to 1 ppm represented large alkyl chains, founded in fatty acid chains, and
shown a large chemical shift anisotropy. Surprisingly, some alkyl chains remained on
the molecule despite the saponification. It was possible that chain was differently
linked and thus more resistant to saponification. However, we identified between 6 to
3 ppm, signals corresponding to carbohydrate significant signals recovered after

saponification and purification on C18 column.
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Figure 4 : *H-nmr spectra of molecule before (red B) and after (A blue) saponification.
In order to elucidate spin system of carbohydrate we recorded a set of nmr
experiments like homonuclear correlation spectroscopy (i.e. COSY and TOCSY

experiments) and heteronuclear correlation Fig. 5 (i.e. 'H-13C edited HSQC).

Unfortunately, nmr spectra were not nice quality to elucidate complete
sequence. However, we confirmed that both main carbohydrates were f-
Galactopyranosyl and a-Arabinofuranosyl residues. Anomeric proton of p-Gal
resonated between 4.40 to 4.52 ppm and their '3C chemical shift at 104.6 ppm
whereas anomeric protons of a-Araf resonated at 5.09 and 5.26 ppm and anomeric
carbons at 109.1 and 110.4 respectively. We demonstrated the presence of both O-
3-monosubstitued and O-3, O-6 disubstitued B-Gal as proved its H3-C3 chemical
shift at 3.74-81.5 ppm and their H6,6’ resonating around & 3.92,3.67 and C6 at o
67.5-67.8. In the same way, the downfield shifted of the C2 and some C5 of a-

Arabino-furanoside indicated their respective substitution at these positions.
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Figure 5 : part of 1H-13C edited HSQC, green signals corresponded to secondary alcohol bearing carbons.
Letters correspond to identified residues, i.e. A = a-GlcpNH2, B = o-Araf, C=may be uronic acid and D= p-Galp

The unit A was supposed as an a-GIcNHz2, since H2-C2 correlation resonated
at 3.33-55.3, with two spin system indicating two states of substitutions. Carefulness,
this unit could also be a nitrogen bearing carbon of a ceramide molecule.
Unfortunately, the poor quality of nmr spectra forbidden the clean reading of their
entire spin systems. In the same way, the unit C was unlabeled since its spin system

appeared not clear but it could be uronic acid.
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Amount of samples were too few to engage extensive 2D nmr experiments.

Figure 6 : *H-NMR spectra of different fractions eluted from Bio-Gel P2 chromatography. A, fisrt eluted fraction, D

last eluted fraction.

As shown Fig 6, the fraction B seemed the main sugar-containing fraction. The
amount of material was too few to record extensive 2D nmr experiment, however, we
recorded low resolved tocsy experiment allowed us to show that B fraction contained
highly hydroxylated alkyl chains and not sugars. Unfortunately, not all other fractions

contained not enough material to continue structural investigation.
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In a second part, we analyzed five fractions labeled F1 to F5. In order to

compare molecular composition, we did TMS derivates of these fractions (Fig. 6).

Figure 7 : GC-MS chromatograms of TMS derivates of BY2 F1 to F5 fraction, Ino added as internal standard

On Fig 6, we observe that fractions are heterogeneous, some peaks remained

unresolved and didn’t correspond to classicial sugar, some more investigations must
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be done. Indeed, nmr fraction of F1, F2, F3 and F5 were done but the sugar ratio is
really poor compare to lipid part. Fig 7 shows 1D nmr experiment of fraction F2, after
2D experiments, the anomeric zone corresponds to protons correlated with -CH2- as
observed for 2 deoxysugars (e.g. 2-d-Rib), but the chemical shifts of both carbons
and protons (HSQC spectrum not shown) were uncompatible with this case of figure.
In our opinion, it is possible firstly, that it is highly hydroxylated glycolipids or
secondely that it is other kind of sugar, like apiose, branched pentose largely found in
plants. Indeed, the nmr trace remained compatible with this [ref Gloagen et al J. Nat.
Prod. (2010),73, 6,1087-92]. Unfortunately, we don’t possess this sugar in pure form

to do standard analysis for TMS.

Figure 8 : *H-NMR spectrum of BY2 F2 fraction

In this work, we identified arabinogalactan type polysaccharide as main
molecule.The simultaneous presence of typical monosaccharides constituting GIPC
with both arabinosyl and galactosyl residues allowed us to think that
arabinogalactane is linked througout the GIPC anchor into the membrane.
Unfortunately, we have not real proof of this conclusion since not extensive nmr has

possible. Moreover, it could be possible to have some atypical sugars as apiose
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related monosaccharides but both proton and carbon chemical shifts could be
confused with poly-hydroxylated acyl chains. Thus it was not possible to give an

complete structure of analyzed samples with these pooled data.
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Phase transition of GIPC containing-vesicles analysed by liquid state 2H-NMR
and 3'P-NMR

From past studies on GIPC as well as our recent experiments, it was strongly
suggested that GIPC preferentially interact with sterols to form potentially
nanodomains (please refers to Chapter 1 Figures 5 and 7) (Cacas et al., 2016a).
The cooperative effect with -sitosterol and non-cooperative effect with stigmasterol
might definitely account for important physiological role, involving lipid packing in the
PM. Stigmasterol is synthesized from [-sitosterol by the cytochrome P450
CYP710, a desaturase responsible for the C22 desaturation (Morikawa et al., 2006).
This enzyme activity is important during plant/pathogen interactions and thermal
adaptation (heat and cold). Stigmasterol formation is also triggered through the
perception of pathogen-associated molecular patterns such as flagellin and
lipopolysaccharides, and through production of reactive oxygen species, but does
not depend on the salicylic acid, jasmonic acid or ethylene defence pathways. There
is an increased amount of stigmasterol in leaves after pathogen attack. Plant
disease susceptibility is promoted through stimulation of sterol C22 desaturation in
leaves of Arabidopsis, which increases the stigmasterol to B-sitosterol ratio in plant
membranes (Griebel & Zeier, 2010). Is this conversion and accumulation of
stigmasterol in membrane associated with fluidity? Could the plant susceptibility be
associated with increased membrane fluidity due to stigmasterol? Could it be that
stigmasterol is shortly involved in fluidifying the membrane to recruit new

components for defence again pathogens?

(Grosjean, Mongrand, Beney, Simon-Plas, & Gerbeau-Pissot, 2015b) showed
the effect of sterols on the order level of membrane using environment-sensitive dye.
With a nonintrusive method, (Beck et al., 2007a) uses solid-state 2H-NMR
spectroscopy to demonstrate the role of phytosterol in abolishing membrane
phase transitions in varying temperatures. Solid-state 2H-NMR spectroscopy gives
information on the order parameters of lipid bilayers. They used binary and ternary
systems of saturated PC, phytosterol and sphingolipid to show that the lamellar
gel-to-fluid phase transition is almost or completely abolished in the presence of
sterols. In ternary system mimicking fungi, mammalian and plant rafts, the latter
prove to be sensitive to thermal variation. In  this work, they used

glucosylceramide, stigmasterol, sitosterol, 24- methylcholesterol and cholesterol
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Additional data Figure 1. 2H-NMR powder spectra of lipid mix containing GIPCs (A)
GIPC/d-POPC (1:3 mol ratio), GIPC/d-POPC/B-sitosterol (1:1:1 mol ratio), GIPC/d-
POPC/Stigmasterol (1:1:1 mol ratio); and as control binary lipid mix (B) d-POPC/B-
sitosterol (1:1 mol/mol) and d-POPC/Stigmasterol (1:1 mol/mol)



to mimick tobacco BY-2 DRMs as described in (Mongrand et al., 2004).

Since it is strongly suggested that GIPCs are the most abundant sphingolipid in plants,
localised in the PM (Cacas et al., 2016a), we aim at finding how GIPCs are involved in
membrane phase transition. Will replacing glucosylceramide with GIPCs have an

increased effect on abolishing gel-to-fluid phase transition?

We used GIPC-enriched fractions from cauliflower to make binary and ternary system
using deuterated palmitoyl oleoyl phosphatidylcholine with 31 deuterium on the
palmitoyl chain (d-POPC; POPC-2Hz1). We choose to use POPC as it is a phospholipid
with a long chain fatty acid with an unsaturation found in plant PM, and most
importantly commercially available deuterated. The POPC phase transition is
-2°C. (note that PLPC is the most abundant phospholipid in plants but its deuterated
form is not commercially available). All our systems were suspended in de-deuterated
water so as to see only the d-POPC signal in 2H-NMR. We made liposomes using the
freeze/thaw method as previously described. The liposomes used for the ?H-NMR
experiments are the ones observed under cryo-EM in Chapter 1, Figure 9. Axelle
Grelard performed the 2H-NMR and 3'P-NMR experiments and data treatment. | went
to the IECB on several occasions to drop the liposomes and with the help of Axelle |
learned the simplified theoretical and practical science behind solid-state ?H-NMR. |

observed from afar the loading of the rotor containing the sample into the NMR field.

Figure 1 shows the selected NMR spectra of lipid mix system containing GIPC (Figure
1 A) and control system without GIPC (Figure 1 B), while fluctuating the temperature
from -10°C to 40°C. Those are plausible thermal variations, that plants are constantly
being submitted to in nature. The ternary mix consists of GIPC/d-POPC/B-sitosterol
(1:1:1, mol ratio) and GIPC/d-POPC/stigmasterol (1:1:1, mol ratio), mimicking the
outer leaflet of the PM. The binary systems consist of GIPC/d-POPC (1:3, mol ratio),
d-POPC/ B-sitosterol (1:1, mol ratio) and dPOPC/stigmasterol (1:1; mol ratio). | used 3
times more d-POPC in the GIPC/d-POPC binary mix, so as to obtain liposomes as
GIPC alone form crystals as described previously. Figure 2 shows the first moments
calculated from 2H-NMR powder spectra of samples GIPC containing samples (Figure
2 A) and samples without GIPC (Figure 2 B). The M1 gives indication on the

deuterated
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Additional data Figure 2. Moment of 2H-NMR spectra showing membrane
ordering vs temperature in binary and tertiary lipid mix containing (A) GIPC/d-
POPC (1:3 mol ratio), GIPC/d-POPC/Sitosterol (1:1:1 mol ratio), GIPC/d-
POPC/Stigmasterol (1:1:1 mol ratio). As control, lipid mix (B) d-POPC, Sitosterol/d-
POPC (1:1 mol ratio), and Stigmasterol/d-POPC (1:1 mol ratio) were investigated.



(C-D) chain dynamics. We can hence appreciate the phase transition of the membrane
such that a low M1 corresponds to a fluid (Id) phase and high M1 to a rigid (lo) phase.
The thermal variation shows an abolished phase transition upon adding GIPC to
d-POPC (Figure 2, lines in blue). This means that GIPCs are able to fluidify the
membrane at low temperatures (-10°C to 0°C). However, in these experiments, we
did not take measurements between -10°C to 0°C and the phase transition
temperature (Tm) of POPC is -2°C. It might be wiser to use a deuteurated
phospholipid with higher Tm such as 14:0-16:0 PC (Tm=35°C) or 16:0 PC (DPPC)
(Tm=41°C) as used in (Beck et al., 2007a). However, these phospholipids
have too short carbon chain to be representative of plant phospholipid. GIPC
with its unsaturation (24:1), hydroxyl groups (tri-hydroxylated ceramide), amide
function might decrease the order level of the d-POPC chain such that at low
temperature the bilayer has a lower M1. The phase transition in the presence of
GIPCs is easily abolished, compared to bilayer of dPOPC.

It is also interesting to note that the sterols in the ternary systems behave
differently compared to the ternary system described in (Beck et al., 2007a),
(Figure 2 A). Sitosterol seems to be more lo compared to stigmasterol which has
a lower ordering level (Figure 2 A). At 20°C, both ternary systems have the same
M1.

| did not include the above results in the paper of chapter 1 as they were performed
on only one set of samples, with GIPC-enriched fractions from two independent
extraction process. It is arguable that some of the results between sitosterol and
stigmasterol are not comparable as the two ternary mix contain GIPC from two
independent extraction batch. d-POPC/GIPC/Stigmasterol and d-POPC/GIPC are
from the same GIPC enriched fraction. More importantly, they contain
contaminants that cause the apparition of extra unknown phosphorous signal
in 3P-NMR (Figure 3) in the d-POPC/GIPC/sitosterol (1:1:1 mol ratio) system.
Such signal could be due to the presence of hexagonal phase, but such
hexagonal phases were not observed by cryo-EM in the same liposome preparations

(see draft of the paper above, Figure 9).

In the next future, we will need to further improve the purity of our GIPC fractions

to get rid of this unknown phosphorous signal.
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solid-state 31P NMR on liposomes
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Additional data Figure 3. 3!P-NMR spectra of lipid mix control d-POPC and binary
lipid mix control: d-POPC/B-sitosterol (1:1 mol/mol) and d-POPC/Stigmasterol (1:1
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Chapter 2

Role of VLCFA and hydroxylation in
PM marker mobility
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In this chapter, we shall see the role of very long chain fatty acid (VLCFA) and
hydroxylation of PM lipid GIPC in the in vivo mobility of proteins and lipids of the plasma
membrane (PM) of root epidermal cells of Arabidopsis thaliana (At). Minimal protein
markers described by Alexandre Martiniére (Martiniere et al., 2012) were used as well
as WAVE-lines and PIP-Lines lipid probes were provided by Yvon Jaillais’s group in
Lyon. Arabidopsis lines expressing the PM markers were generated in a wild-type
background as well as in mutants lacking the FAH gene, important for the hydroxylation
of fatty acid. We used a pharmaceutical approach to shorten VLCFA chain length using

the drug Metazachlor (Mz).

This part of my thesis was done in collaboration with Minoru Nagano (Saitama
university, Japan), who spent 1 year as a visiting scientist in our lab, and Yohann
Boutté (LBM, Bordeaux). Minoru performed all of the FRAP experiments and started
generating genetic lines at the LBM. He also continued on working on generating third
and fourth generations of transgenic lines at his new lab at the University of
Ritsumeikan, Kyoto, Japan. | also generated lines of double mutant fahl-fah2
expressing GPI-GFP using the floral dipping techniques. | also analysed their
fluorescence under confocal microscopy. | performed lipidomic analysis of PM lipids
purified from Mz-treated plants (GC-MS and LC-MS/MS), and LC-MS/MS in
collaboration with Laetitia Fouillen (LBM, lipidomic plaform, Bordeaux).

Christophe Der and Frangoise Simon-Plas, at INRA Dijon analysed with di-ANEPPDH,
an environment-sensitive fluorescent probe, the effect of metazachlor on the PM
fluidity in wild type and fah mutants. di-ANEPPDH fluorescence measures the degree
of order of membrane, and they showed that this dye mostly probes the outer leaflet of
the plant PM.

Overall this project is still underway and we are looking forward to complete the FRAP
analysis and lipidomic analyses soon. We faced a lot of huddles in generating the
appropriate genetic lines since some of the plasmids used were quite old. However,
we now have all of the genetic lines and most of the FRAP experiments are done. We

expect to be able to publish by next year.
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The plant plasma membrane is stable, robust but yet adaptable to its environment.
With the development of a battery of methods in proteomics, lipidomics and
microscopy, we are able to increase our understanding of the PM in both plants and
animals. The PM is a complex system, with different molecular species of lipids and
proteins that are heterogeneously distributed throughout the bilayer. The molecular
organization of the PM allows a combination of long-term stability and shot-term
dynamics allowing the transmission of signals and the adaptation of the PM to be a
signalling platform transmitting signals between the surrounding cell environment to
the cell. In animal cells, the compositional heterogeneity of PM lipids is well
established. For instance, human erythrocyte PM, considered as the archetype
animal cell PM, contains mostly phosphatidylcholine (PC) and sphingolipids in the
outer-leaflet while the inner leaflet consists of phosphatidylserine (PS),
phosphatidylethanolamine (PE) and phosphatidylinositol (P1) (Zachowski, 1993). PS
is associated with high content of VLCFA. Minor lipids such as PIPs and PA are in
the inner leaflet while outer leaflet consists of predominantly sphingomyelin and
glycerosphingolipids such as gangliosides. There is also a lateral segregation in the
PM due to the segregation of lipids in liquid ordered (lo)- liquid disordered (Id)
phases giving rise to membrane domains or ‘rafts’ (Simons & Vaz, 2004). These
domains are fundamental for the good functioning of the mammalian cells (Simons &
Gerl, 2010). The cell membrane contains various lipids of different acyl chain
length/saturation/hydroxylation and sterol levels, which can cause small, transient
regions of lo regions locally. (Swamy et al., 2006) showed by various approaches
such as local probes, spin-labelled lipids and electron-spin resonance techniques,
the existence of a fraction of membrane lipids exhibiting lo-like conformations in live
cells. As for transbilayer lipid asymmetry, it is maintained by the activity of lipid
translocases such as scramblases, flipases and flopases, allowing the movement of
the lipids between the leaflets, much faster than the slow random diffusion of lipids.
The diversity of the acyl chain length also leads to the connection of the bilayer

known as interdigitation.

(Raghupathy et al., 2015) showed that there is a bilayer coupling, a lipid
interaction mediated by long-chain interdigitation between the outer and inner
leaflet of the PM lipids of mammalian cells. They demonstrated that it requires long

acyl chains of outer
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leaflet lipid, GPI anchor proteins (GPI-APs) and identified inner leaflet lipid
phosphatidylserine (PS), as responsible for this mechanism. They showed that this
connection is stabilized by cholesterol and occurs when the two lipid species involved
are immobilized. More precisely, they did molecular dynamic (MD) simulations to show
that interdigitation of VLCFA can occur even in membranes above their main transition
temperature, that is in Id phase, as long as VLCFA-containing lipids are immobilized at
one of the leaflets. It was demonstrated by the use of synthetic linker PS-actin that the
immobilization may occur due to inner leaflet PS binding to actin structures at

physiological conditions in live-cells.

In plants, the structure of the PM remains a model as it is more difficult to access to
the plant directly like live animal cell, due to the presence of the cell wall. The models
proposed consist of sphingolipids and sterols mainly in the outer leaflet and
phospholipids in the inner-membrane, with lateral segregation of sphingolipids and
phytosterols to form lipid domains (Cacas et al., 2016a; Tjellstrom et al., 2010)(Takeda
& Kasamo, 2001). In plants, there are neither sphingomyelin nor gangliosides, the two
main sphingolipid classes in animal PM. Plant sphingolipids are of four major classes:
ceramides (CER), glucosylceramide (gluCer), Glycosyl Inositol Phosphoryl Ceramides
(GIPC) and free Long Chain Bases (LCBs), representing ca., 2%, 34%, 64% and 0.5%
of total sphingolipids, respectively in Arabidopsis thaliana (Markham et al., 2006).
GIPCs are the main component of the plant outer leaflet (Cacas et al., 2016a). They
consist of a ceramide attached to a glycan polar head group. GIPCs show diversity in
their structure mainly in: 1/ the length, the number and position of hydroxylations and
unsaturations in the FA chain; 2/ the hydroxylation degree, saturation and position of
double bond(s) in the LCB; 3/ the nature and the number of glycans, and the type of
glycosidic links between the glycans that compose the polar head group (Pata et al.,
2010)(Buré et al., 2014). Globally, plant GIPC consists of a ceramide moiety made up
mainly of a t18:0 (trihydroxylated saturated LCB of 18 carbon atoms) or a t18:1
(trihydroxylated and monounsaturated LCB of 18 carbon atoms) as LCB, amidified to
a Very Long Chain Fatty Acid (VLCFA) or 2-hydroxylated VLCFA (hVLCFA). (Cacas
et al., 2016a) showed that 95 mol% of PM VLCFA and hVLCFA are amidified in GIPC.
When it comes to phospholipids, PC, PE, PI consist mostly of 16 to 18-carbon species

combined. PS is the only phospholipid with significant amounts of VLCFA. VLCFAs
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represents 30% of total PS in roots while 1% of PC and 5% of PE (Bach & Faure,
2010)(Yamaoka et al., 2011). The dynamic of PS can be monitored by the use of lipid
anionic sensors (Platre et al., 2018). A recent paper by Jaillais’ team showed that PS
is important for the stabilization of Rho of Plants 6 (ROP6) protein in nanodomains and
cell signalling. This protein is from the Rho/Rhas superfamily implicated in the
regulation of cell signalling, trafficking, polarity and cytoskeleton dynamics. They
showed that PS is present in nanodomains and is necessary for ROP6 lateral
segregation and stabilisation into these domains. They argued that this stabilization of
ROPG6 in PS-nanoclusters constitutes the functional signalling unit of the protein (Platre
et al., 2019a).

Polyphosphoinositides or phosphatidylinositol-phosphates (PIPs) are another minor
lipid class, which are composed of a Pl backbone phosphorylated by up to 3 inositol
residues. They are involved in cell signalling and trafficking and can be used as
markers of cell compartments (Tejos et al., 2014). Their localisation and dynamics can
be studied by the use of biosensors (Vermeer & Munnik, 2013). The “PIP-lines”
generated by (Simon et al., 2014) in Arabidopsis thaliana, are phosphoinositide
biosensors with various fluorophores, allowing the rapid visualisation of PIP dynamics
in vivo. It is thus possible to visualize PIPs such as phosphatidylinositol-4-phosphate
(P14P),  phosphatidylinositol-3- phosphate  (PI3P),  phosphatidylinositol-4,5-
bisphosphate (P14,5P2), phosphatidylinositol-3,5-bisphosphate (P13,5P2),
phosphatidylinositol- 3,4,5-triphosphate (P13,4,5P3) (Hirano, Stecker, Munnik, Xu, &
Sato, 2017; Van Leeuwen, Vermeer, Gadella, & Munnik, 2007).

All of these lipid anionic reporters have a high binding affinity with their respective
lipid target in the membranes. What we observe is the on and off interaction of the
marker with its lipid ligand. We need to consider that since these markers are
expressed in vivo, and are in competition with the lipid’s endogenous binding
partners. The marker might affect the way that lipids interact under normal
conditions with their usual partners. A marker with a too high affinity to the
lipid target might displace the endogenous protein ligand, abolishing its
function and causing undesirable phenotypes. The cell might also respond to
the endogenous protein displacement with an upregulation of the lipid causing
yet another undesirable effect that can be misinterpreted as useful data. It is

hence important to use the minimum anionic lipid
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sensors so as to obtain adequate imaging without influencing the normal cell

functioning (Heilmann, 2016).

In vivo, we can also study membranes through the use of environment-sensitive dye
that can detect membrane lo domains such as di-4-ANEPPDQH (Gerbeau-Pissot, Der,
Grebe, & Stanislas, 2016). Di-4-ANEPPDHQ is a fluorescent probe sensitive to lipid
order phases that can be used to quantify the level of membrane order using
ratiometric fluorescence microscopy to map localized lo levels. It is a probe that
exhibits a shift in its emission spectrum. This shift does not depend on the local
composition of the membrane but rather on the different lipid packing phases (Jin et
al., 2005) (Dinic, Biverstahl, Maler, & Parmryd, 2011). (Gerbeau-Pissot et al., 2016)
describe a protocol for ratiometric live imaging using di-4-ANEPPHDQ to quantify
membrane lo during plant cell division in cultured cells and Arabidopsis thaliana roots.
The Dijon team previously characterized the PM order level in tobacco cells as well as
the spatial distribution of Lo phases on the plant membrane and variations upon
treatment with the elicitor cryptogein (Gerbeau-Pissot et al., 2014a). Most recently, the
study of (Grosjean et al., 2018) used the environment-sensitive probe to investigate
the membrane order at a local level in BY-2 tobacco cell. To identify mechanisms and
cell components involved in maintaining ordered membrane organization, they use the
lipid packing-sensitive probe on different models: model membrane GUVs, GUVs of
native PM, protoplasts, treated living cells with affected cytoskeleton and intact tobacco
BY-2 cells. We also used di-4-ANEPPHDQ to show the importance of sterols and GIPC
in lipid packing in LUVs (Cacas et al., 2016a).

(Pinto, Silva, De Almeida, & Prieto, 2008) showed the importance of very long
chain ceramide in the formation and segregation of gel domains. The
behaviour and morphology were associated to the formation of multiple,
interdigitated gel phases in mammalian cell model. Another study on mammalian
very long chain sphingolipids showed the importance of C24 sphingomyelin in
lateral organization of live cell PM as well as the partitioning of cholesterol in the
PM (Courtney et al, 2017). In plants, (Luttgeharm, Chen, et al., 2015)
showed the importance of VLCFA- and trihydroxylated-sphingolipids in both
growth and cell division of using LOH1 and LOH3 overexpressing plants. (Molino et
al.,, 2014) demonstrated that membrane VLCFA-sphingolipids of 24 carbons are

important in the regulation of Golgi vesicular trafficking
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in Arabidopsis. They also affect cell division and shape in tobacco BY-2. Trans Golgi-
network secretory vesicles are shown to be enriched in sterols and alpha-hydroxylated
VLCFA containing 24 or 26 carbon atoms (h24 or h26) (Wattelet-Boyer et al., 2016).
By altering the pool of VLCFA in sphingolipids, the morphology of TGN-associated
secretory vesicles is impacted. The membrane apical polarity mediated by PIN2 is lost,
due to the secretory blockage of PIN2 in secretory vesicles (Wattelet-Boyer et al.,
2016). The importance of VLCFA in the plant is also highlighted in responses to stress.
The elongation of VLCFA goes through the ER-localized membrane protein complex
of four enzymes (Haslam & Kunst, 2013). The successive action of p-ketoacyl-CoA
synthase (KCS), B-ketoacyl-CoA reductase (KCR), B-hydroxyacyl-CoA dehydratase
(HCD) and enoyl-CoA reductase (ECR). KCS is tissue-specific and coded by a
multigenic family of 21 members (Joubés et al., 2008). The genes coding for KCS
were shown to be sensitive to stresses such as dehydration, light, salt, cold
and osmotic stresses (Joubés et al., 2008). In Arabidopsis, endogenous levels of
VLCFA increase during induced resistance to bacterial pathogen (Raffaele et al.,
2008). hVLCFA may also be involved in stress acclimation (Nagano et al.,
2012). Arabidosis BAX INHIBITORS-1 (At-Bl1), an ER-resident cell death
regulator can interact with the cytochrome-b5, associated electron donor, with
FATTY ACID HYDROXYLASE1 (FAH1). The enzyme catalyses the hydroxylation
of VLCFA. The overexpression of At-BlI1 was correlated with a high hVLCFA
content and decreased cell death under stressful conditions. fahl knock-down
plants however have decreased hVLCFA amounts and enhanced sensitivity to
hydrogen peroxide. This suggests that FAH1 might be activated by BI1 to protect

the cells from cell death against oxidative stress (Nagano et al., 2012).

Our project aims at understanding the effect of both VLCFA and hydroxylation of lipids,
mainly GIPCs, the most abundant sphingolipids in plant PM, in the dynamics of
membrane proteins. To investigate the effect of VLCFA in the mobility and fluidity of
the two leaflets of the PM, we used the drug metazachlor (Mz) on Arabidopsis thaliana
plants as described in (Wattelet-Boyer et al., 2016). Mz is an inhibitor of KCS
responsible for the elongation of VLCFA acyl chain. We did not use a genetic approach
as kcs mutants have weak phenotype. We also show the importance of hydroxylation

in PM markers mobility by generating fah mutant plants expressing the PM markers.
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Di-4-ANEPPDQH also helped in determining the effect of sphingolipid hydroxylation in

membrane fluidity.
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Results

Metazachlor treatment modifies sphingolipid pool in purified PM

The first step was to purify by PEG-Dextran phase partitioning PM from 10-days old
Arabidopsis thaliana (At) plants grown in liquid medium. We used control treatment or
100nM metazachlor treated seedlings. The microsomal fraction and PM fraction of
each condition were collected. We verified the purity of the PM fractions by western-
blot. The western-blot assay showed the enrichment of three PM markers AtREM1.3
(PM protein remorin of 20kDa), PMA2 (a PM ATPase of 104 kDa) and PIP2;7
(aquaporin, PM intrinsic protein of 25 kDa) in the PM fractions of both the control and
Mz-treated plants (Figure 1A). Neither Golgi (Sec21), nor vacuolar (V-ATPase)
proteins were detected in the PM fractions, but their presence was observed in the

microsomal fractions (data not shown).

The GC-MS analysis of the total fatty acid content of each PM fraction was first
analysed. Fatty acid content of sample fractions was hydrolysed from lipids by
overnight transmethylation at 85°C, followed by derivatisation by BSTFA, before GC-
MS analysis. Results showed most dramatic decrease of FA with 24 or more carbon
atoms, mainly C24, h24 and h24:1 (Supplementary data S1), and an increasing of C16
to C20 FA.

The PM fractions were then analysed by LC/MS-MS after a specific extraction of
sphingolipids and hot methylamine treatment to remove glycerolipids. Sphingolipid
analysis showed the presence of two main species in the control, GIPC series A t18:1
as LCB and either a h24:1 or a h24:0 as (h)VLCFA (Figure 1B). However, the treatment
with Mz showed a strong shift in the sphingolipid profile with a strong increase of GIPC
with long fatty acid chains, notably h16 and h20. Although GIPC with LCB t18:1
remained the most abundant species after Mz treatment, it was worth noting the
increased presence of GIPC with LCB d18:1 and d18:0 (Figure 1B). Therefore, this
change significantly altered the h16:0, h24, h24:1 and h26 acyl chain. These
results correlated with the previous paper of (Wattelet-Boyer et al., 2016) which
showed that, Mz caused an increase in the acyl chain of less than 24 carbons and
a decrease of acyl chain with more than 24 carbons in the total sphingolipid

composition of At roots.
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A. Western-blot of purified PM from At treated and non-treated by Metazachlor

Microsomal fraction PM
Mz ctl 100nM Ctrl 100nm  KkDa

AtREM1.3 — 20
PMA2 100
PIP2;7

25

B. LC-MS/MS analysis of At PM
PM Ctrl

LC-MS
Phospholipid analysis of At PM
fractions
+/- Metazachlo

PM 100nM Mz

Figure 1: Arabidopsis thaliana plasma membrane (PM) were purified from 6-day old plant,
treated with 100 nM of metazachlor (100nM Mz), or non-treated control (Ctrl). The purity of the
PM was assessed by Western Blot (A) with the presence of PM markers in the PM fractions.
Abbrevations: REM, remorin; PMA, plasma membrane ATPase; PIP2;7, plasma membrane
intrinsec protein. LC-MS/MS analysis of sphingolipid (B, left) of the PM fractions of meta-
zachlor treated and non-treated displays an abundance of GIPCs and a shift towards GIPC
species with shorter fatty acid lenght.



In order to further investigate about the effect of Mz on PM phospholipid, we planned
to perform LC-MS/MS analysis to analyse the glycerophospholipid composition of our
At PM fractions, with a special focus on PS located in the inner leaflet of the PM
and known to be the phospholipid containing VLCFA (Maneta-Peyret et al.,
2014). As stated before, in animal cells, PS VLCFA are essential for domain

formation (Raghupathy et al., 2015).

PM membrane markers are visible after Mz treatment of wild type and in At fah

mutants

We next measured the dynamic of a set of markers tagged with GFP, located either
specifically in the inner leaflet or in the outer leaflet of the PM, or markers containing
several transmembrane domains (TMD). Figure 2 shows a conceptual model of the
PM as an asymmetrical bilayer with sphingolipids, GIPC, mainly located in the outer
leaflet, and phospholipids specially PS as well as phosphatidyl inositol phosphate
(P14P) located in the inner leaflet according to (Cacas et al., 2016a) . Sterols locate
between the acyl chains of both leaflets but predominantly in the outer leaflet (Figure
2) according to (Tjellstrom et al., 2010). We used a multiple set of markers and probes
to study the dynamics of the two leaflets of the PM in At roots. For instance, we used
minimal protein constructs anchored in the membrane developed by (Martiniere et al.,
2012) which include a glycosylphosphatidylinositol-anchored GFP (GFP-GPI) as outer-
membrane marker, a myristoylated and palmitoylated GFP (MAP-GFP) and a
prenylated GFP (GFP-PAP) as inner-leaflet markers. Full protein remorin (REM) fused
with YFP (YFP-AtREM102 and YFP-REM1.3) were also used to mark the inner-leaflet.
We also used plants expressing transmembrane markers YFP-NPSN12 and YFP-
PIP1;4 which were from a collection of fluorescent proteins developed by (Geldner et
al.,, 2009) known as ‘WAVE-lines’ (Figure 2). In addition, plants, expressing
transmembrane fluorescent marker PIN2 fused with GFP (PIN2-GFP) were also
generated. While these markers give us a comprehensive understanding of the lateral
movement of protein in the leaflets, we also wanted to see the behaviour of two
important inner leaflet lipids namely PS and PI4P. We generated At lines expressing
PS marker the C2 domain of lactadherin (C2-A€T) fused with mCitrine (mCIT-C2-ACT)
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Outer leaflet-anchored

markers Transmembrane markers
IGFP'GP YFP- YFP- PIN2-GFP
NPSN12 PIP1;4 (10 TMDs)

(1TMD) (6 TMDs)

MAP-GF GFP-PAP mCIT-C2“4T mCIT-mCIT-
ME0s-C2YT P4M  1xPHFAPP!

YFP-REM PS markers  Pl4P-binding
markers

Inner leaflet-anchored markers

GIPC Pl4P PS Phospholipid Sterol

MAP: myristoylated and palmitoylated
PAP: prenylated

GPI: glycosylphosphatidylinositol-anchored
NPSN12: syntaxin

PIP1,4: aquaporin

PIN2: auxin efflux carrier

Figure 2: Schematic repesentation of the plasma mebrane markers used to determine the lateral
mobility of PM proteins and lipids. Minimal constructs anchored proteins from Martiniére et al., 2012,
include the outer-leaflet marker glycosylphosphatidylinositol-anchored GFP (GFP-GPI),
inner-leaflet markers myristoylated and palmitoylated GFP (MAP-GFP), prenylated GFP
(GFP-PAP). Inner-leaflet markers also include YFP fused with remorine (YFP-REM). Transmem-
brane markers are Wave-line markers YFP-NPSN12 and YFP-PIP1;4, as well as PIN2-GFP. Lipid
lateral diffusion is assessed by using PS-markers and P14P-binding markers.



and C2MACT fused with mEos fluorescent (mEos- C2ACT) (Platre et al., 2018). As for
Pl4P reporters, we used ‘PIP-line’ marker mCIT-1XPHFAPP1 (Simon et al., 2014) and
P4M reporter (Figure 2). P4M reporter consists of a SidC, an effector protein of
Legionella pneumophila with its 20-kDa “P4C” fragment (Hilbi, Weber, & Finsel, 2011).
It is a robust and specific probe for PI4P.

Before undertaking FRAP experiments to study the markers recovery, we tested
the fluorescence o f Arabidopsis lines expressing all the markers at 6 days old.
Confocal microscopy observations showed fluorescence of all reporters in the PM,
at the level of the root tip except for GFP-PAP whose fluorescence was also

detected in the root elongation zone (EZ) (Supplementary data 2).

The recovery of PM marker GPI-GFP is significantly higher in metazachlor-

treated plants

We investigated the mobility of the PM reporters through FRAP analysis on
Arabidopsis thaliana roots at 6 days old, treated or not with 100nM of metazachlor. The
amount of metazachlor used for treatment of At seedlings where at a final
concentration of 100nM as 50nM metazachlor did not strongly affect PM marker
mobility nor lipid profile when compared to the control (OnM Mz). FRAP analysis was
performed on 10 to 20 plants per condition. The time of recovery after bleaching was
recorded until the stabilization of the fluorescence intensity in a plateau. The intensity
was normalized to the background autofluorescence and data was fitted.
Fluorescence recovery post-bleaching in outer-leaflet marker, GPI-GFP were
significantly (p<0.0001) less in Mz-treated roots (Figure 3). This means that Mz
clearly increased the lateral mobility of outer-leaflet marker GFP-GPI. This increase
was however neither observed for the inner-leaflet markers (MAP-GFP, GFP-PAP,
YFP-AtREM1.2 or YFP-REM1.3), nor for the TMD markers (YFP-NPSN12, YFP-
PIP1;4, PIN2-GFP) (Figure 3). This result strongly suggests that the length of
VLCFA of GIPC regulates the outer leaflet dynamic of proteins.

To further challenge the role of the hydroxylation of VLCFA of GIPC that was shown to
be important to regulate PM degree of order (Nagano et al., 2012), we also generated
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Protein Markers expressed in At wild-type plants
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Protein Markers expressed in At fah mutant plants
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Figure 4: Curve-fitting FRAP data shows the range of diffusion of membrane protein markers in
At fah mutants and plants with no fah mutation (Ctrl). Gray boxes are experiments to be done.



At fah mutants expressing the different fluorescent reporters. The generation of lines
expressing some PM reporters in a fah mutant background is still underway. This is
illustrated by grey boxes in figure 4. So far, we showed that there is no significant
difference in the recovery post-bleaching of fah mutants expressing inner-leaflet
markers (Figure 4). No significant difference was either observed for PIN2-GFP
recovery in control and fah mutants. We are now looking forward the generation of
GFP-GPI marker in fah mutants.

Anionic lipid sensors and metazachlor treatment

Lipid biosensors mCIT-1XPHAPPT and mCIT-P4M recovery after bleaching was not
affected by Mz treatment (Figure 5). For PS reporter mCIT-C2'ACT, a slight difference
in the recovery could be observed between 75 s and 115 s but this difference was not
consistent all over the recovery data points. Hence, we believe that if any, Mz has a
minor effect on PS movement. These results have to be further investigated
and reproduced to conclude. As said before, the biosensors used here may not
be only representative for lateral movement of the lipids they are targeting when
performing FRAP experiments due to the fact that they can associate and
dissociate rather fast from their targeted lipid. Thus, other methods should be
employed to explore lateral diffusion of anionic lipids within a membrane as we don’t
believe that FRAP experiment would completely reflect lateral movement, oppositely
to protein-GFP fusion which are covalently bound. Therefore, we are looking
forward to performing single particle tracking-photoactivated localization
microscopy (SPT-PALM) on lines expressing mEos-C2ACT treated with Mz to
investigate the effect of shortening the acyl chain on PS mobility and segregation.
These experiments are in line of the recent paper of Yvon Jaillais’s group (Platre et
al., 2019b) who showed that PS is necessary for auxin-induced stabilization of
ROP6 into nanodomains, and we wanted to understand whether this

stabilization is VLCFA-dependant or not.
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Figure 5: Curve-fitting FRAP data illustrates the range of diffusion of membrane lipid biosensors
on metazachlor treated (100 nM) and non-treated control (Ctrl) of At plants (A) and of At fah
mutant (B). No significant mobility difference is observed when wild-type plants undergo meta-
zachlor treatment. (B) represents experiments are underway as all marker lines are not yet avai-
lable. Gray boxes represents experimental assays to be performed for a more conclusive study
of lipuid marker mobility.



PM outer-leaflet order decreases with Metazachlor treatment

Environment sensitive dye di-4-ANEPPDHQ was used to determine the membrane
degree order of PM of At root (Jin et al., 2005). Its fluorescence properties change such
that the red to green ratio (RG) is inversely correlated with the membrane order level
(Jin et al., 2006). We first checked which leaflets are probed by di-4-ANEPPDHQ. To
do so, Tobacco (BY-2) cells incubated in the dye showed quenching of the
fluorescence after incubation by non-permeable trypan blue (Supplementary data 3).
At 1min or 10min after incubation in trypan blue, the quenching percentage of the
fluorescence was quite the same suggesting that the dye remained on the outer-leaflet
only of the PM (Supplementary data 3). Therefore, we can conclude that the PM order
detected by di-4-ANEPPDHQ seemed to be mostly that of the outer-leaflet
(Supplementary data 3).

At roots were incubated in di-4-ANEPPDHQ and its fluorescence was observed in all
regions of the root (Supplementary data 4). The treatment of At root cells with 100nM
of metazachlor (Mz) seemed to decrease significantly the RG ratio in the growth
differentiation zone (GDZ) of the root as well as in the elongation zone (EZ), but not in
the root transition zone (RTZ) and root apical meristem (RAM) (Figure 6A). This
suggested that Mz by decreasing the acyl chain length of the hVLCFA of GIPCs,
increased the outer membrane order. In fah mutant, there seemed to be no significant
difference between the control (WT) and fah mutant (Mut) RG ratio, hence no
significant difference (Figure 6B). It was worth noting that the PM order in fah mutant,
decreased as we got closer to the RTZ and RAM regions suggesting the importance

of hydroxylation in membrane ordering (Figure 6B).

To summarize, the reduction of VLCFA in the GIPC of the PM increases the dynamic
of the outer leaflet markers. Counterintuitively, the degree of order is also increased,
suggesting that these two parameters may not be closely connected. All the results
described ‘to be done’ along the presentation of the results should be finished in the
next months. We will draft a paper and send it for submission where | will be co-first

author.
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A. At wild-type treated and non-treated with metazachlor

WT- non treated with meta-
zachlor

Mtz- treated with 100 nM of
matazachlor

B. At fah mutants

Membrane Order

Figure 6: Membrane order determined uing fluorescent probe di-4-aneppdhq in At wild-type and
At fah mutants. A.thaliana plants were incubated with di-4-aneppdhq and the green to red ratio
(G/V) measured. (A) Metazahlor treatment of the plants does not alter the G/V ratio in the RTZ
and RAM regions. (B) At fah mutant show a decrease in G/V ratio the closer RTZ region. Data
were recordede for 6 independent experiments of n=19 for each condition per experiment.
Abbrevations are as follows: GDZ, growth differenciation zone; EZ, elongation zone; RTZ, root
transition zone, ; RAM, root apical meristem



Supplementary Data
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Supplmentary data 1, S1 : Fatty acid content of (A) microsomal fractions
and (B) PM fractions, treated with metazachlor (Mz) at 100 nM and
non-treated (Ctrl). The fatty acid content was quantified by GC-MS after
transmethylation of the samples afollowed by derivatization by BSTFA.
Metazachlor treatment (100 nM) does not modify quantitatively the lipid
pool but rather is responsible for a shift towards shorter fatty acid chain
both in PM and microsomal fractions.



Supplementary data 2, S2: Confocal Microscopy observations confirm the presence
of fluorescent markers at the root tip and root elongation zone for prenylated-GFP
(GFP-PAP) marker. Observations were done on 6 days-old Arabidopsis thaliana
plant grown on MS medium. Scale bar, 10 micrometers.
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Supplementary data 3, S3: Tobacco (BY-2) cells marked with fluorescent marker
di-4-ANEPPDHQ is quenched in the presence of trypan bleu by 83 to 84% showing
presence of flourescent on the outer leaflet of the membrane.



Di-4-aneppdhq probe

Supplementary data 4, S4: Schematic representation of a A. thaliana root sections and chemi-
cal equation of the di-4-aneppdhq probe (A). Di-4-aneppdhq probe are highly visible in PM of
all three regions of the root (B). Abbrevations are as follows: GDZ, growth differenciation zone;
EZ, elongation zone; RTZ, root transition zone, ; RAM, root apical meristem



Discussion and Perspectives

Metazachlor treatment and PM lipids

In this project, we studied how alteration of the fatty acid structure of PM lipids can
alter the organisation and dynamic of the PM more specifically the mobility of its
components. At PM was obtained using phase partitioning with PEG/Dextran. The PM
is highly electronegative. Based on this characteristic, the PM is attracted to the
positively charge PEG phase (Morré & Morre, 2000). Since PEG/Dextran phase
partitioning is based on membrane negative charges, PEG phase contains mostly
PM. Both leaflets of PM are highly negatively charged due to the presence of
P14P and GIPCs (Simon et al., 2014).

Previous studies showed that there are specific recruitment of proteins with specific
post-translational modifications, such as myristoylation, palmitoylation, or presence of
a glycosylphosphatidylinositol anchor in PM domains (Morel et al., 2006). (Martiniere
et al., 2012) showed that for the two inner leaflet markers, myristoylated and
palmitoylated GFP (MAP-GFP) are in detergent insoluble membrane (DIM) while
prenylated GFP (GFP-PAP) occurred mostly in non-DIM fractions. The only difference
between the two markers are the lipid motif of their acyl tail. Could the lipid structure of
PM components (proteins or lipids) affect their mobility, lateral diffusion and
segregation in nanodomains? We focused on the role of two important structural
components of lipid in PM organisation: VLCFAs and hydroxylation. Very long chain
fatty acid (VLCFA), is defined as fatty acid with acyl chain with more than 18 carbon
atoms. In plants, there are strong suggestions that GIPCs are the most abundant
sphingolipid enriched in the outer leaflet of the PM (Cacas et al., 2016a). PS is an
anionic phospholipid, rich in VLCFAs, that accumulates in the inner leaflet of the PM
and endosomes (Platre et al., 2018). We hypothesized that altering the acyl chain
length and hydroxylation degree of GIPCs of the outer leaflet and perhaps acyl chain

length of PS of the inner membrane, modifies PM lateral diffusion and phases.

In the PM control fraction, GIPC acyl chain consists of a ceramide containing
three hydroxylations and a hVLCA (Figure 1). This confirms the results of (Wattelet-
Boyer et al., 2016) which showed that in Arabidopsis root, FAs of GIPCs contained
83.5% of hFAs and mainly of VLCFA (more than 20 carbon atoms).
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Our LC-MS/MS analysis effectively showed that in both control and MZ treated,
PM GIPCs are enriched in hVLCFA.

Metazachlor (Mz) is a chloracetamide-based herbicide that inhibits VLCFA
synthesis by targeting the 3-ketoacyl CoA synthase (KCS) enzymes of the
elongase complex. On the pre-existing FAs chain, the complex condenses two
carbons at a time to elongate the acyl chain (Tresch, Heilmann, Christiansen,
Looser, & Grossmann, 2012). Lipid analysis by LC-MS/MS of PM fractions showed
the a shift of (h)VLCFA from 24 carbon atoms towards 20 carbon atoms or less in
Mz treated samples. This shift in FA>22 to FA<22 was also observed in GC-MS lipid
analysis. It is also important to note that Mz does not affect quantitively the GIPC
content in the fractions but rather qualitatively as shown in (Wattelet-Boyer et al.,
2016).

When it comes to the degree of hydroxylation, control PM fraction contains only t18:1
GIPC while Mz-treated fractions displayed the presence of both trihydroxylated LCB
(t18:1) and dihydroxylated LCB (d18:1 or d18:0). The depletion of VLCFA-
GIPC resulted in an increase of d18:1- or d18:0/C16-GIPC. In wild type, the
C16-specific ceramide synthase LOH2 uses dihydroxylated LCB, d18:1/d18:0 to
synthesize GluCer (Luttgeharm, Kimberlin, et al., 2015). Could Mz hijack LOH2
for the synthesis of C16/20-GIPC instead of GluCer? We need to analyse the
lipid composition of WT plants in more detailed. Moreover, we also have to analyse
the lipid composition (LC-MS/MS and GC-MS) of At fah mutants to determine
whether the PM fractions have the same lipid profile as described in (Nagano et al.,

2012) where they use total plant lipid extract.

Among the phospholipids of the PM, PE and PC are the most abundant phospholipids
in Arabidopsis representing each ca. 15 mol% of membrane lipids. However, they are
both mainly composed of C16 and C18 and VLCFAs represent only 1.7% and 3.4% of
total fatty acids in PC and PE, respectively (Furt, Simon-Plas, & Mongrand,
2010)(Yamaoka et al., 2011). On the other side, even if PS accounts only for 3 mol%
of membrane lipids in Arabidopsis leaves, it contains VLCFAs such as arachidic acid
(C20:0), eicosenoic acid (C20:1), behenic acid (C22:0), erucic acid (C22:1), and
lignoceric acid (C24:0). These VLCFAs account for 34.7% of total fatty acids in PS

118



(Furt et al., 2010)(Yamaoka et al., 2011)(Maneta-Peyret et al., 2014). It is important to
know to what extent Mz affects PS acyl chain length to further investigate its effect on
PM lateral diffusion. This is why we plan to perform LC-MS/MS analysis of
phospholipids to compare the lipid acyl chain composition between PM control and PM
Mz treated fractions. It may be that there is a similar shift of PS VLCFAs towards

medium length chain fatty acid, as it was the case for GIPCs.

Metazachlor targets several KCS enzymes among which KCS2, KCS17 and KCS20
are highly expressed or expressed at medium level in primary roots (Joubés et al.,
2008). In roots, KCS4 and KCS9 are highly expressed or expressed at medium level
(Hruz et al., 2008; Joubés et al., 2008). (Lee et al., 2009) showed that in double mutant
kcs2,20 the reduction of C22- and C24-containing FAs is accompanied by the
accumulation of C20-containing FAs. (Kim et al., 2013) determined that kcs9 knockout
mutant displayed a reduction of C24-containing FAs and an accumulation of C20- and
C22-containing FAs. This mutant showed similar lipid component profile as Mz-treated
fractions (Supplementary data, S1). We hence developed At lines of kcs9 mutants
expressing the various PM markers (Figure 2) to investigate the effect of VLCFAs in
PM lateral diffusion of PM markers by genetic approach to complement the

pharmaceutical approach.

We also develop, for FRAP analysis, other Arabidopsis lines of lipid defective
mutants expressing the lipid markers: ipcs 1.2 amiRNA, sld1sld2, ads2 and gmtl.
While Inositol Phosphoryl Ceramide Synthase (IPCS) and GIPC Mannosyl-
Transferase1 (GMT1) are enzymes affecting the grafting of the polar head, LCB A8
desaturase (SLD) and Acyl- CoA Desaturase (ADS2) are involved in the ceramide
desaturation of sphingolipids. More precisely, ADS2 is responsible to add
unsaturation on very long chain fatty acid, such as the h24:1 unsaturation in GIPC.
In ads2 mutants, there is a specific deficiency in the VLCFA unsaturated ceramides
in Arabidopsis (Xie et al., 2015). ads2 mutants are sensitive to dark and light
treatment showing the importance of very long chain species in controlling
submergence tolerance (Xie et al., 2015). AtSLD1 and AtSLD2 are expressed in the
ER and target A8 desaturase of gluCer. GluCer LCB are significantly enriched in
d18:1A 8cis/trans and d18:21A 8cis/trans (combined with a C16 to form the
ceramide) and may also contain a t18:1A8cis. In contrast, GIPCs are predominantly

composed of t18:1A8trans LCB combined with a very long-chain fatty acid, as well
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as some t18:0 LCB, absent from gluCers. Double mutants sld1sld2 do not contain
LCB A8 desaturation revealing 50% reduction in gluCer levels and a
corresponding increase in GIPCs containing mainly t18:0 LCB. This mutant phenotype
is restored by complementation with a wild-type AtSLD1 (Ming Chen et al., 2012).
Using the double mutant will increase the amount of t18:0 GIPC in the PM. However,
since the double mutants are impacted on their growth, it is quite delicate to make them
express the PM markers. Inositolphosphorylceramide synthase, IPCS is the enzyme
involved in attaching a phosphoinositol to the ceramide base, to form inositol
phosphatidyl ceramide triggering GIPC synthesis in the Golgi. The lack of IPCS causes
the accumulation of ceramide and HR response and cell death. Expression of the PM
markers in this mutant might give more information on the importance of GIPC in PM

organisation.

The cell wall restricts lateral mobility of membrane proteins (Martiniere et al., 2012). It
will be interesting to see whether outer leaflet GIPC polar head group is involved in this
process. In vitro experiments have shown that GIPCs make complexes with the
rhamnogalacturonane Il (RGlII) of the cell wall (Voxeur & Fry, 2014a). Although not all
glycosyl transferases involved in GIPC biosynthesis are identified, they seemed to be
close to those in the cell-wall pectin biosynthesis (Voxeur, André, Breton, & Lerouge,
2012). We can hypothesize that GIPC acts as a scaffold in maintaining a cell wall-PM
continuum, such that by genetically modified GIPC polar head, we can affect the lateral
mobility of PM proteins. And if the modification of GIPC head group also affects PS
mobility, could there be interdigitation involved between the two leaflets as suggested
in animal model by (Raghupathy et al., 2015)? By using Arabidopsis mutants such as
gintl, gonstl and gmtl, we can investigate the importance of glycosylation, especially
that of polyglycosylated GIPCs in PM protein mobility of both leaflets (L. Fang et al.,
2016; Ishikawa et al., 2018; Mortimer et al., 2013). Mutated lines of gmtl expressing
the different PM markers developed by Minoru Nagano are ready for FRAP analysis.

During this project, we measured two parameters: the lateral diffusion of markers in
a restricted area of the root PM by photobleaching using FRAP and the order of the
PM leaflet by using environment-sensitive probe ANEPPDHQ. It is important to note
that these two parameters can be mutually exclusive. For instance, (Martiniere et al.,
2012) showed that even if GPI-GFP and MAP-GFP are both in DIMs, they have
contrasting mobility with MAP-GFP having a recovering intensity 3.5 times faster

than GPI-GFP.
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This showed no direct relationship between membrane subcompartmentation

and mobility in PM.

FRAP analysis and GPI-GFP lateral mobility affected by metazachlor treatment

Of all the FRAP analyses done using PM markers in the various conditions, only
outer-leaflet GPI-GFP mobility showed a significant difference with Mz treatment
(Figure 3). GPI-GFP recovery was significantly increased by Mz treatment. In order
to conclude that the PM outer leaflet proteins are more dynamic upon Mz
treatment, we need to use other plant PM outer leaflet markers. The marker that
we used to tag the outer leaflet of the PM is a minimal protein GPI fused with a
GFP. It will be interesting to do FRAP with the full native protein of the outer leaflet
PM tagged with a fluorophore. We will use GIPC fused GPl-anchored PD
proteins, PDCB (Plasmodesma Callose Binding) and PDBG (Plasmodesma Beta-
Glucanase) as used in (Grison et al., 2015) and will analyse the recovery post-
bleaching in PM with shortened sphingolipid acyl chain, either treated with

metazachlor or in At fah mutant.

The PS sensor, mCIT-C2"ACT recovery showed an increase although not significantly
related to Mz treatment. This particular FRAP analysis was performed in Japan by
Minoru Nagano. The team of Yohann Boutté carried out the experiments here using
the same seeds and Mz treatment condition. They did not find any difference in
postbleaching recovery between mock and Mz treatment. This increase could be

related to varied experimental conditions.

With ongoing experiments and incomplete set of data, we cannot draw a model to show
which exact components are involved in PM mobility, however we can argue several
scenarios that remain to be tested. For instance, is GPI-GFP chain altered by
metazachlor such that its shortened chain is related to its increase in mobility? This
can be tested by doing immunopurification of GPI-GFP of PM fractions to compare
control and Mz treatment conditions. The fatty acids of the fractions would be liberated

by transmethylation, followed by derivatization before GC-MS analysis of lipids. If Mz
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alters GPI-GFP acyl chain length, the complementary genetic approach using
kcs9 mutant will be compared with GPI-GFP mobility in Mz treated condition and

mutants.

In the case that Mz does not affect GPI-GFP acyl chain and that the increase
mobility of the GPI-GFP PM marker is the direct effect of Mz on the surrounding
VLCFA lipids of the PM, it could be that GIPC with shorted acyl chain no longer
interacts the same way with GPI which hence moves faster. It could also be
the impact of Mz on interdigitation. Interdigitation is the phenomenon that link
VLCFA of one leaflet into the other such that there is a connection between the two
leaflets. The study of (Platre et al., 2019a) just as that of (Raghupathy et al., 2015)
highlight the importance of PS in nanodomain clusters and protein
immobilization. We may suppose that, upon shortening VLCFA, there is
no more interdigitation, hence GPI mobility increases even though PS mobility is
not affected. It could be that Mz deter nanodomain formation, through the
structural alterations of its components. Hence, GPI not being clustered in these
domains, is able to move around more easily. But we do not see
recovery difference for inner leaflet MAP-GFP although the latter is also
present in nanodomains. Could it be that the components of nanodomains
of both leaflets have different mobilities? FRAP experiments have its
limitations. It measures the recovery of fluorescence for a relatively small
region through both PM leaflets. The anionic probes used have a certain
affinity for their targets in vivo as there is competition with other molecules
as described in (Heilmann, 2016). This is also the case for minimal PM

markers, we do not know how they interact differentially with neighbouring proteins.

To study more in details about the behaviour of particles, particularly their mobility
the best method is to use super resolution microscopy for single particle tracking.
This will give information on the confinement/diffusion behaviour of the each
marker. We prepared At lines expressing the PS probe mEos-C2Y€T to track
PS mobility through its rate of diffusion but also its confinement in specific
local region. The diffusion is related to the speed of motion of the particle within the
limit of the experiment and the confinement is related to the amount of time the

particle is packed in domain.

Order of the phases in the PM leaflets

Using di-4-ANEPPDHQ as an environmental sensitive probe specific to the
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outer leaflet, we showed that metazachlor treatment increases the overall order of the
outer leaflet. It will be interesting to see the phase order of the inner leaflet and how Mz
alters it. GPMVs using inside out fractions can be made and di-4-ANEPPDHQ used
to examine the order degree of the inner leaflet. We can also use another
membrane dye that reports packing. Laurdan displays a spectral red shift in emission
between the liquid-ordered and -disordered phases, as well as a shortening
of its fluorescence lifetime. It can be used at a control to confirm the di-4-
ANEPPDHQ results. It seems contradictory to our expectation that the GFP-
GPI seems very mobile in a more-ordered phase. We mentioned above that mobility
and phase order can be contrasting as demonstrated in (Martiniére et al., 2012). We
can also hypothesize that shorter chain GIPCs interact better with phytosterols,
since there is fewer conformational hinderance with the VLCFA of the GIPCs,

hence increasing degree of order.

The degree of order of the leaflet is an overall one. We don’t know how many
separated phases and how are organized membrane domains or ‘raft’ in the leaflet.
Past studies have investigated domain organization in intact cell membranes
through the mobility of membrane components (Dietrich, Yang, Fujiwara, Kusumi,
& Jacobson, 2002; Kusumi, lke, Nakada, Murase, & Fujiwara, 2005; Owen,
Williamson, Magenau, & Gaus, 2012). It seems that PM lipids and proteins
showed anomalous diffusion behaviour in cells. This was attributed to the
partitioning of the diffusing components into raft domains. Most of these studies use
a set of different methods. For instance in the study of (Owen et al., 2012) on
HelLa cells, they simultaneously recorded membrane order from Laurdan’s
emission  profile and protein  diffusion using fluorescence correlation
spectroscopy (FCS). They hence correlated membrane order to protein diffusion.
To see clustering and particle movement, they also did super-resolution
photoactivated localization microscopy (PALM). (Eggeling et al., 2009) used
stimulated emission (STED)-fluorescence correlation spectroscopy (FCS) to
observe the average time taken by single molecules to diffuse a defined area. They
observed that the slowly diffusing components were present even in very small spot
sizes. This suggested that single molecules can partition into very small membrane
domains. The study of single particle movement and confinement behaviours by
super resolution single particle tracking is one of the answers into understanding the

intricate role of PM protein diffusion and clustering.
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Our project opens doors towards the understanding of PM protein and lipid behaviours
in both leaflets and how PM lipid structures might influence the membrane organization
and behaviour of neighbouring molecules. The field of rafts and membrane domains is
ever evolving with new techniques, probes and methods devised to elucidate the
mechanism involved in nanodomain formation, components, lifespan and physiological
role. These new advents open new doors into elucidating the mystery of PM leaflet
asymmetry as so far our understanding of membrane asymmetry is purely passed on
presumed models (Cacas et al., 2016a; Tjellstrom et al., 2010) Takeda aussi. Plant
PM despite being particularly difficult to study due to the presence of the cell wall, is a

key element to understand cell function and integrity.

This paper where | will be co-first author with Minoru Nagano will be published next

year.
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Material and Methods

Plant Materials
Tobacco BY-2 cell culture

BY-2 cells (Nicotiana tabacum cv. Bright Yellow 2) were grown in Murashige
and Skoog medium, pH 5.6, containing Murashige and Skoog salt, 1 mg/liter thiamine
HCI, 0.2 mg/liter 2,4- dichlorophenylacetic acid, 100 mg/liter myo-inositol, 30 g/liter
sucrose, 200 mg/liter KH2PO4, and 2 g/l MES. Cells were maintained by weekly

dilution (2:80) into fresh medium.
Arabidopsis seedling liquid culture

Arabidopsis seeds were directly grown in liquid medium containing MES for 10 days

on agitation.
Treatments of At seedlings for FRAP

For metazachlor (Greyhound Chromatography and Allied Chemicals) treatment,
seedlings were grown on MS plates containing the drug at 50nM in most
experiments, except when specified. Metazachlor was added from a 100mM stock in
dimethylsulfoxide, an intermediate stock concentration at 100 mM was used
extemporarily to make the plates. For cycloheximide (CHX) and BFA treatments,
seedlings were treated in liquid medium (LM) containing 1XMS, 1% sucrose, 2.5mM
morpholinoethanesulfonic acid pH 5.8. In BFA experiments, seedlings were first
pretreated with 50 mM CHX (Sigma) for 90 min and then treated with 50 mM CHX
and 50 mM BFA for 90 min. Washout experiments were performed by washing in LM
implemented with 50 mM CHX for 90 min.

Arabidopsis PM purification protocol

All steps were performed at 4°C. PM isolation PM fractions were obtained
from seedlings grown in hydroponic medium by membrane partitioning in an
aqueous polymer two-phase system with polyethylene glycol 3350/ dextran T-500
(6.6% each), according to Mongrand et al. (2004). Protein content was quantified
using the Bradford method, in order to obtain an aliquoted solution of 10 mg ml-1

final concentration.
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Fatty acid analysis

Each sample was transmethylated at 110°C overnight in methanol containing 5% (v/v)
sulfuric acid and spiked with 10 mg of heptadecanoic acid (c17:0) and 10 mg of 2-
hydroxy-tetradecanoic acid (h14:0) as internal standards. After cooling, 3 mL of NaCl
(2.5%, w/v) was added, and the released fatty acyl chains were extracted in hexane.
Extracts were washed with 3 mL of saline solution (200 mM NaCl and 200 mM Tris,
pH 8), dried under a gentle stream of nitrogen, and dissolved in 150 mL of BSTFA and
trimethylchlorosilane. Free hydroxyl groups were derivatized at 110°C for 30min,
surplus BSTFA-trimethylchlorosilane was evaporated under nitrogen, and samples
were dissolved in hexane for analysis using GC-MS under the same conditions as
described (Buré et al., 2011). Quantification of fatty acids and hydroxyl acids was
based on peak areas, which were derived from total ion current (Rehman et al., 2008),

and using the respective internal standards. LC-MS/MS analysis of sphingolipid
Western-blot

All steps were performed at room temperature. After electrophoresis separation (1 h,
20 mA/gel), proteins were electroblotted onto nitrocellulose membrane (20 min, 15 V;
Trans-blot SD semidry transfer cell; Bio-Rad) in a buffer containing 30 mM Tris, 192
mM glycine, and 20% methanol. Membranes were blocked for 1 h with 5% powdered
milk in Tris-buffered saline (TBS)-Tween (2 mM Tris, 15 mM NaCl, 0.05% Tween 20,
pH 7.6), washed for 7 min three times in TBS Tween, and then incubated for 1 h with

primary antibody.
FRAP experiments

The relative mobile fraction of different fluorescent proteins was assessed by FRAP
following the technique of (Martiniere et al., 2012) as follows. The relative mobile
fraction at time 60 s postbleaching (160s) of different fluorescent proteins was.
Circular regions of interest (ROIs) (radius 4.3 um) were bleached in median optical
sections of the fluorescent PM. Recovery of fluorescence was recorded during 60 or

120 s with a delay of 1.5 s between frames. Fluorescence intensity data were
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normalized using the equation described in (Martiniere et al., 2012). Experiments

were performed on 10-15 samples for each condition.
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Chapter 3

GIPC, receptor to microbial NLP,
determine host sensitivity
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In this chapter, we shall see the role of GIPCs as receptors to toxins called necrosis
and ethylene-inducing peptide 1 (Nep 1)-like proteins (NLP) and that of GIPC polar

head diversity playing an important role in the sensitivity of plants to these toxins.

The teams of Thorsten Nurnberger in Germany and Gregor Anderluh in Slovenia work
on NLP toxins. These toxins are secreted by several phytopathogenic microorganisms
causing necrosis in eudicot, but not in monocot plants. The NLP toxins share similar
structure with animal actinoporin that binds to sphingomyelin (SM) and cause cell lysis.
While the abundant sphingolipid in animal is SM, plant GIPCs shared a number of
similarities to SM. So the affinity of NLP to GIPC was tested. My contribution to this
work started during my MSc degree internship on the project that later evolved into my
PhD thesis project. | worked on optimizing the extraction process of GIPC and
generated milligrams of GIPCs from mainly cauliflower (eudicot) and leek (monocot) at
the LBM, Bordeaux, see chapter 1. | then went to the LBMi, Université de Liege,
Gembloux in Belgium to characterize my GIPC samples, more precisely the spatial
differences of GIPC series A and B The aim was to find how an added sugar group
(present in GIPC from monocot but not eudicots) can influence the amount of space
occupied by the molecule. | measured the mean molecular area of these GIPCs
through Langmuir trough compression isotherm assays. The result obtained showing
that both GIPC series A and B occupied similar mean molecular area, was crucial
information for the submitted version of the paper. The experimental results were
backed by modelling showing a perpendicular orientation of the sugar moieties of GIPC
series B above the horizontal plane, rather than perpendicular. This highlighted how
the structure of the GIPC molecule with an added sugar residue can have dramatic

role in plant-pathogen interaction.

This work is published in Science 2017, where | am 18th author on 25 authors. My
contribution to the paper involved producing the GIPC extracts from cauliflower and
leek for the experiments and Langmuir trough experiment of supplementary data,

particularly Figure S15.

Lenarci¢ T, Albert I, Bohm H, Hodnik V, Pirc K, Zavec AB, Podobnik M, Pahovnik D,
Zagar E, Pruitt R, Greimel P, Yamaji-Hasegawa A, Kobayashi T, Zienkiewicz A,
Gomann J, Mortimer J, Fang L, Mamode-Cassim A, Deleu M, Lins L, Oecking C,
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Feussner I, Mongrand S, Anderluh G*, Nurnberger T* (2017) Eudicot plant-specific
sphingolipids determine host selectivity of microbial NLP cytolysins. Science, Dec
15;358(6369):1431-1434. *co- corresponding authors
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Eudicot plant-specific sphingolipids
determine host selectivity of
microbial NLP cytolysins

Tea Lenar¢ié,'” Isabell Albert,>* Hannah B6hm,?* Vesna Hodnik,"?* Katja Pirc,"
Apolonija B. Zavec,! Marjetka Podobnik,! David Pahovnik,* Ema Zagar,* Rory Pruitt,?
Peter Greimel,”® Akiko Yamaji-Hasegawa,”” Toshihide Kobayashi,>*

Agnieszka Zienkiewicz,”'° Jasmin Gémann,®'° Jenny C. Mortimer,''? Lin Fang,''?
Adiilah Mamode-Cassim,'®> Magali Deleu,'* Laurence Lins,'* Claudia Oecking,?

Ivo Feussner,?'° Sébastien Mongrand,'® Gregor Anderluh,'t+ Thorsten Niirnberger®

Necrosis and ethylene-inducing peptide 1-like (NLP) proteins constitute a superfamily of
proteins produced by plant pathogenic bacteria, fungi, and oomycetes. Many NLPs are
cytotoxins that facilitate microbial infection of eudicot, but not of monocot plants. Here, we
report glycosylinositol phosphorylceramide (GIPC) sphingolipids as NLP toxin receptors.
Plant mutants with altered GIPC composition were more resistant to NLP toxins. Binding
studies and x-ray crystallography showed that NLPs form complexes with terminal monomeric
hexose moieties of GIPCs that result in conformational changes within the toxin. Insensitivity
to NLP cytolysins of monocot plants may be explained by the length of the GIPC head

group and the architecture of the NLP sugar-binding site. We unveil early steps in NLP cytolysin
action that determine plant clade-specific toxin selectivity.

ecrosis and ethylene-inducing peptide
1-like (NLP) proteins are produced by bac-
terial, fungal, and oomycete plant patho-
gens, including Pectobacterium carotovorum,
Botrytis cinerea, and Phytophthora infestans,
the causal agent of the Great Irish Famine (7).
Many NLPs are necrotizing cytolytic toxins
(cytolysins) that facilitate infection of eudicot
plants, but not monocot plants (Z, 2). The basis
for host selectivity of cytolytic NLPs and their
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Fig. 1. Plasma membrane GIPCs are NLP targets. (A) Lysis of Arabidopsis o
protoplasts treated with Cyanine3 (Cy3)—labeled NLPp, or Cy3 (control). One of
three experiments with similar results is shown. (B) Lipid blotting reveals

binding of NLPp, to tobacco leaf GIPCs. GM;, monosialotetrahexosylganglioside;
Glc-Cer, glucosyl ceramide; SM, sphingomyelin; POPC, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine. (C) Electrospray ionization mass spectrometry
(ESI-MS)/MS fragmentation pattern of tobacco HexNGIcA-IPC isolated from the
NLP-reactive thin layer chromatography spot and (D) its schematic represen- |

tation (R = NH,, NHAC).
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mode of action has remained obscure. We have
used Phytophthora parasitica NLPp, and Pythium
aphanidermatum NLPpy, proteins, which have
similar folds and cytolytic activities (fig. S1) (3), to
identify and characterize the NLP toxin receptor.

NLPs are secreted into the extracellular space
of host plants and target the outer leaflet of the
plant plasma membrane (1, 4). Cyanine3-labeled
NLPp, bound Arabidopsts protoplasts and caused
cell collapse within 10 min upon treatment (Fig. 1A).

Fluorescent calcein-loaded Arabidopsis plasma
membrane vesicles are susceptible to NLP treat-
ment (3). Because vesicle pretreatment with pro-
teases did not affect NLP cytolytic activity, we
concluded that the NLP toxin receptor is not a
protein (fig. S2).

NLP tertiary structures resemble those of cyto-
Iytic actinoporins (3, 5, 6). Because these toxins
target metazoan-specific sphingomyelin (7), we
assumed that NLPs target plant-specific sphin-
golipids. We separated tobacco leaf sphingo-
lipids by means of high-performance thin-layer
chromatography and, upon incubation with NLPpy,
detected a single NLPpy,-binding spot (Fig. 1B).
Mass spectrometric analysis of this material re-
vealed a glycosylinositol phosphorylceramide
(GIPC) featuring trihydroxylated, monounsaturated
long-chain bases and 2-hydroxylated very-long-
chain fatty acids (20 to 26 C-atoms) (Fig. 1C).
GIPCs are sphingolipids found in plants, fungi,
and protozoa (8, 9). Plant GIPCs consist of inositol
phosphorylceramide (IPC) linked to glucuronic
acid (GIcA-IPC) and terminal sugar residues (Fig.
1D), which vary between plants and plant tissues
(8-10). Here, we identified glucosamine (GIcN)
(Fig. 1C) and N-acetylglucosamine (fig. S3) as sugar
head groups of NLPpy,-binding GIPCs.

NLPypy, bound purified tobacco GIPCs but not
unrelated sphingolipids or phospholipids (Fig. 1B).
To substantiate the NLP-GIPC interaction, we per-
formed a sedimentation assay using multilamellar
vesicles composed of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and tobacco
leaf GIPCs. NLPp,, bound to GIPC-containing
vesicles but not to those containing POPC only
(Fig. 2A). To quantify NLP-GIPC interactions, we
conducted surface plasmon resonance assays with
GIPCs from eudicot plants Arabidopsis, cauliflower,
or tobacco. NLPp,, or NLPpy, bound to all GIPC
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Fig. 2. Binding of NLP proteins to plant X 2 D158L 2000 4200
GIPCs. (A) NLPp,, binding to POPC and POPC- W15 g “5"
GIPCs 1:1 (m:m) multilamellar vesicles
monitored by means of liposome sedimenta-
tion. Pel, pellet; Sup, supernatant. (B) Surface
plasmon resonance analysis of NLPp, or NLPp, Fig. 3. Structural and functional analysis of a GIcN-NLPp,, complex. (A) Surface plasmon
binding to GIPCs (n = 3). (C) Cauliflower resonance analysis of GlcN binding (5 mM to 78.1 uM, from top to bottom in twofold dilutions) to
GIPC-mediated inhibition of NLPpy-induced immobilized NLPpy.. (B and C) Structural comparison of apo-NLPpy, (gray) and GIcN-NLPp,
(100 nM) calcein release from purified Arabidopsis | complex (orange). (B) GIcN is displayed in green sticks. Loops at the bottom are designated as L1,
plasma membrane vesicles. GIPCs:NLPp, molar L2, and L3. Mg®* ions are shown in magenta spheres: state 1, position in apo-NLPpy,; state 2,
ratios are given. Values represent means + SD of | positions in other three polypeptide chains from the asymmetric unit that did not bind hexose;
three replicates. state 3, position in Glc-N-bound NLPpgy.. (C) Amino acids involved in Mg?* coordination and GIcN
binding and residue W155 are shown in sticks. (D and E) Conformational changes presented by
preparations with dissociation constants (Fig. 2B protein surfaces. (D) apo-NLPey, structure (gray). (E) GlcN-bound form of NLPp,, (orange).
and fig. S4) similar to NLP concentrations re- Mg?* and GlcN are as in (C), and W155 is depicted as a blue surface. (F) Tobacco leaf necroses
quired to cause leaf necrosis (fig. S1D) (3). Soluble caused by wild-type NLPpy, and NLPp,, mutant proteins (200 nM). (G) Quantification of cell death
Arabidopsis GIPCs also bound chip-immobilized as in (F) by means of ion leakage measurement.
NLPpy,, but metazoan sphingomyelin and POPC
did not (fig. S5). Preincubation of NLPp, with | We next assayed whether NLPpy, can bind free To address how GIPC hexoses contact NLP
GIPCs reduced its cytolytic activity in a GIPC- | sugars corresponding to the terminal saccharides | toxins, we determined crystal structures of NLPpy,
concentration-dependent manner (Fig. 2C). This found in tobacco GIPC head groups. NLPp,, bound in complex with either GlcN or ManN (Fig. 3B,
suggests that saturating the toxin with its recep- | GleN and its epimer mannosamine (ManN) (Fig. 3A | figs. S6B and S7, and table S1). In both cases, we
tor prevented vesicle lysis, implying physical in- | and fig. S6A), but at concentrations higher than | found electron density indicating a bound sug-
teraction between NLP and its receptor, GIPC. those required to bind intact GIPCs (Fig. 2B). ar in one out of four polypeptide chains in the
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Fig. 4. Series A GIPCs determine NLP cytotoxicity. (A) Calcein-filled Arabidopsis plasma
membrane vesicles pretreated (1 hour) with a-glucosidase, a-mannosidase, or B-glucosidase before
addition of NLPp,, or water (control). Values represent means  SD of three replicates. Student’s

t test analyses (**P < 0.01, ***P < 0.001). (B) Cell death (quantified by means of ion leakage)

in Arabidopsis Col-O leaves treated for 6 hours with water (control) or NLPpy, with and without
mannose-specific GNA or galactose-specific SBA. Values are means + SD of three replicates.
Student’s t test analyses (*P < 0.05). (C) (Top) Arabidopsis lohl and fahlfah2 plants. (Middle) Cell
death (Trypan blue) staining of leaves after infiltration of NLPp, or water (control). (Bottom) Cell
death (quantified by means of ion leakage) in Arabidopsis Col-O leaves treated with NLPpy, or water
(control). Values are means * SD of three replicates. (D) NLPpy, (1 uM)-mediated plant leaf
necrosis (top). Images were taken 48 hours after infiltration. GIPC quantification (bottom) is as in
(17) and the supplementary materials. One of three experiments with similar results is shown.

asymmetric unit. Higher B-factors for the sugar
atoms relative to the protein atoms suggest partial
occupancy of the sugar, which is consistent with
low-affinity binding to monomeric sugars (Fig. 3A,
figs. S6A and S7, and table S1). The overall fit
between structures was high [root mean square
deviation values for apoprotein (apo)-NLPpy,
and GIcN-NLPpy, or ManN-NLPpy,-complexes are
0.56 and 0.55 A, respectively], but we observed
structural changes attributable to sugar binding
(Fig. 3, B and C, and fig. S6, B and C). Hexose
moieties bound to an elongated crevice between
loops L2 and L3, adjacent to a bound Mg?*-ion
crucial for NLPp, cytotoxicity (Fig. 3C and fig. S6C)
(3). Sugar binding induces a conformational change
in loop L3, causing widening of the 1.2-L3 crevice

Lenardic et al., Science 358, 1431-1434 (2017)

and movement of Mg>* toward the center of the
protein relative to its position in apo-NLPpy,
[Protein Data Bank (PDB) 3GNZ] (Fig. 3, Bto E,
and fig. S6, B and C) (3). L3 loops of sugar-free
NLPypy, chains within the same asymmetric unit
exhibited conformations similar to that of
apo-NLPpy, (fig. S6D). Conformational rearrange-
ments within hexose-bound NLPpy, suggest that
a portion of the GIPC head group is accommo-
dated within the protein (Fig. 3, D and E, and
fig. S6C). Residue W155 is placed at the bottom of
loop L3 close to the hexose-binding site (Fig. 3, C
to E). NLPpy, W155A mutant protein exhibited
neither binding to GIPCs (fig. S8) nor cytotoxic
activity (Fig. 3, F and G and fig. S9), suggesting the
involvement of this hydrophobic residue in inter-

15 December 2017

action with the membrane. (Single-letter abbrevi-
ations for the amino acid residues are as follows:
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; L, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr. In the mutants, other amino acids were
substituted at certain locations; for example,
WI155A indicates that tryptophan at position
155 was replaced by alanine.)

Translational movement of Mg>* affects its
coordination. In apo-NLPpy,, Mg?>* is octahedrally
coordinated by D93 and D104, and via four water
molecules, with side chains of residues H101, E106,
D158, and the main-chain carbonyl of H159 (fig.
S10A and table S2) (3). Upon binding of either
GleN or ManN, Mg?* is shifted 2.9 A closer to
E106 and becomes directly coordinated by E106
and the H159 main-chain carbonyl, whereas D93,
D104, D158 side chains, and the A127 carbonyl
group coordinate Mg* indirectly via four water
molecules (fig. S10, B and C). The hexose is posi-
tioned between H101 and D158 side chains (Fig. 3C
and fig. S6C), preventing interaction with Mg>*.
Mutations in D93, H101, D104, and E106 impair
NLP cytotoxicity and microbial infection (3), which
can now be explained by our structural insights.

Replacement of charged D158 with A158 did
not compromise NLP cytotoxic activity, but mu-
tation to hydrophobic F158 and L158 or charged
E158 and K158 residues reduced NLP cytotoxicity
(Fig. 3, F and G, and fig. S9). Space constraints in
the hexose-binding cavity of these NLPpy, mutants
probably hinder interaction with GIPC hexose
head groups. Again, hexose-NLPpy, structures sug-
gest an interpretation for the loss of function
because D93, D104, and E106 are involved in
Mg>*-binding, whereas H101 and D158 are en-
gaged in hexose binding (Fig. 3C; figs. S6C and
S10, B and C; and table S2).

Unlike tobacco, Arabidopsis GIPC terminal
sugars are mannose or glucose (8, 10). To corrob-
orate the role of GIPC hexose head groups in NLP
function, we pretreated calcein-loaded Arabidopsis
plasma membrane vesicles with o-glucosidase
or o-mannosidase before addition of NLPpy,.
NLPpy, caused calcein release from mock-treated
vesicles, whereas calcein release from enzyme-
treated vesicles was reduced (Fig. 4A). Vesicle
pretreatment with B-glucosidase did not impair
NLP toxicity (Fig. 4A). Thus, plant surface-exposed
sugar residues are important for NLP toxicity.
Galanthus nivalis agglutinin (GNA), a mannose-
specific lectin (17), partially blocked NLP-mediated
membrane damage, whereas galactose-specific
soybean agglutinin (SBA) did not (Fig. 4B). This
suggests that a mannose-specific lectin and
NLPpy, compete for binding to the NLP receptor.

Plants with completely disabled GIPC bio-
synthesis pathways are either nonviable or display
developmental defects (9, 10). Consequently, we
used Arabidopsis mutants with reduced GIPC
levels (fig. S11) to assess NLP sensitivity. NLPpy,
infiltration into leaves of ceramide synthase mu-
tant lohl (LONGEVITY ASSURANCE 1 HOMOLOGT)
(12) caused less cell death than in wild type (Fig.
4C), suggesting that lower GIPC levels promote
increased toxin tolerance. GIPCs from Arabidopsis
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gonstI mutants lacking mannosylation (13) were
less efficient in vesicle protection assays (fig. S12),
implying reduced NLP binding. Arabidopsis FATTY
ACID HYDROXYLASE (FAH) mutant fahlfah2 (14)
has reduced GIPC content (fig. S11) and altered
plasma membrane organization (fig. S13), as ob-
served in rice (I5). When treated with NLPp,,
fahlfah2 mutants exhibited enhanced NLP toxin
tolerance (Fig. 4C), suggesting that intact GIPCs
or ordered plasma membranes are required for
NLP cytotoxicity.

Of the two major clades of angiosperms, mono-
cots and eudicots, only eudicots are sensitive to
NLPs (7, 2, 16). Monocot GIPCs often carry three
hexose units linked to IPC (series B GIPC),
whereas eudicot GIPCs carry only two (series A
GIPC) (17). Monocot Phalaenopsis species rep-
resent an exception in producing both series A
GIPCs and series B GIPCs (Fig. 4D) (17). Unlike
other monocots tested, P. amabilis developed
necrotic lesions upon NLPpy, treatment (Fig. 4D).
Thus, it is series A GIPCs that determine plant
clade-specific NLP toxin sensitivity.

NLPpy, and NLPp, bind to monocot and
eudicot-derived GIPCs with similar affinities
(Fig. 2B and fig. S14). This is conceivable because
both GIPC types carry terminal hexose residues
(17). In model lipid membranes, both GIPCs oc-
cupy similar surface areas, despite their different
hexose chain lengths (fig. S15A). This is in agree-
ment with computer simulations, suggesting a
similar perpendicular arrangement of series A
(8) and B GIPCs. Thus, the terminal hexose res-
idue in series B GIPCs is located further away
from the membrane surface than that in series A
(fig. S15B).

Microbial toxins affecting vertebrate or insect
hosts often bind to glycosylated lipid receptors

Lenardic et al., Science 358, 1431-1434 (2017)

(18, 19). We show that this mode of toxin action
extends to plant hosts and that conformational
changes upon binding of NLPs to GIPC sugars
facilitate cytotoxicity in a manner that differs
from those of other cytolysins (5). Although GIPC
sphingolipids are abundant in plants (8, 10), only
eudicot and not monocot plants are sensitive
to NLP cytolysins (1, 2, 16). We found the expla-
nation to lie in the presence of series A GIPCs.
Monocots that lack series A GIPCs are indeed
insensitive to NLP cytolysins, but exceptions that
produce both series A and B GIPCs were sen-
sitive. Series A- and B-type GIPCs carry terminal
hexose residues, but in different numbers (8, 17).
Binding of NLPs to series B GIPC trisaccharide
terminal sugars would result in more distant
positioning of the L3 loop relative to the plant
membrane, impeding NLP insertion into the
plasma membrane. Thus, the difference in plant
sensitivity to NLP cytolysins is explained by the
length of GIPC head groups and the architecture
of the NLP sugar-binding site, which also ex-
cludes the branched sugar head groups found in
higher-series GIPCs (8, 20).
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Materials and Methods
Leaf infiltration assays and plant materials

Adult plant leaves [leek (Allium porrum), Arabidopsis thaliana, cauliflower (Brassica oleracea),
Coix lacryma-jobi, tobacco (Nicotiana tabacum), Phalaenopsis amabilis] were infiltrated
abaxially with NLP proteins or NLPpy, mutant proteins (100 pl) or water as control using a
needleless syringe. Necrotic symptoms occurred within 1-2 h, and images were taken after 48 h to
enhance visibility of the phenotype. Arabidopsis thaliana wild-type (Col-0), lohl, fahlfah2 and
gonstl mutants were grown in growth chamber under long-day conditions with a 16 h light (120-
150 pmol/m’s) and 8 h dark cycle at 22 °C and 60 % humidity. Commelina communis and
tobacco plants were grown as in (3). Cauliflower, Coix lacryma-jobi, Phalaenopsis amabilis
plants were grown as in (17).

Production of recombinant NLP protein

NLPp, was expressed as described (3). NLPpy, WT and NLPpy, mutant protein expression was
conducted with minor modifications of the original protocol (3). Prior to overexpression of the
protein in E. coli BL21(DE3) cells, NLPpy, cDNA was subcloned into the pET21c¢ vector.
Transformed cells were grown to an ODgg of 1.0 in TB media, and protein expression was
induced with 0.5 mM IPTG for 20 h at 20 °C (21). Site-directed mutagenesis was carried out as
described (22).

Protein crystallization

After purification, concentrated NLPpy, protein (32 mg/ml) was subjected to a set of optimized
crystallization trials (3, 23) by employing a hanging-drop vapor diffusion method using a 0.5:1
ratio of the protein to precipitant over 1 ml of well solution. Crystallization was carried out at 21
°C. To slow crystal growth and thus improve their quality 10 % glycerol was added to 22-24 %
PEG 4000, 0.3 M MgCl,, 0.1 M Tris, pH 9, and 5 % methanol mixture. The crystals were soaked
for 10 min in their crystallization solution containing 10 mM glucosamine and 5 mM
mannosamine, respectively, and frozen in liquid No.

Structure determination

X-ray diffraction data were collected at the ELETTRA Synchrotron XRD-1 beamline (Trieste,
Italy), and processed using XDS (24). Structures were determined by molecular replacement
program Phaser-MR using a 3GNZ NLP»y, search model to calculate initial phases, followed by
automated tracing using PHENIX (25). The atomic models were rebuilt by iterative cycles of
manual model building in COOT (26) and refined using PHENIX (25). At the final stages of
refinement, glucosamine and mannosamine were taken into consideration after generating
eLBOW (27) ligand restraints. Models were validated using MolProbity (28) and figures were
generated using Pymol (29).

Circular dichroism spectroscopy and thermofluor assay of NLPpy, and NLPp, proteins

Far ultraviolet circular dichroism spectra of NLPpy, and NLPp, (0.08 mg/ml) were recorded on a
Chirascan spectrometer (Applied Photophysics) in a 0.1 cm path length quartz cuvette. Spectra
were measured in a 200-260 nm wavelength range with a step size of 0.5 nm and integration time
of 0.5 s. Each spectrum was the average of 10 scans. Spectra were processed, baseline corrected,
smoothed and converted with the Chirascan software. Spectral units were expressed as the mean
molar ellipticity per residue.

The stability of proteins was measured by differential scanning fluorimetry using a thermofluor
assay at a protein concentration of 0.1 mg/ml supplemented with 2x SYPRO Orange dye (Thermo
Fisher Scientific) in 20 mM MES, 150 mM NacCl, pH 5.8. Samples were subjected to temperature
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denaturation from 25 °C to 95 °C at a gradient of 1 °C/min. Temperature melting profiles were
acquired with LightCycler 480 (Roche). Melting temperatures T, were determined by using
Boltzmann function in Origin 8.1 (Origin Lab). Shown are averages of 6 repeats, measured in 3
independent experiments.

GIPC preparations

Tobacco GIPCs were extracted as described (20, 30) Briefly, tobacco leaves were blended with
cold 0.1 N aqueous acetic acid and filtered through miracloth. The slurry was extracted with hot
70 % ethanol/0.1 N HCI, filtered and washed with acidic 70 % ethanol followed by two re-
extractions with acidic 70 % ethanol. The mixture was centrifuged (2,000 g), the GIPC-
containing pellet washed with cold acetone and diethyl ether to yield a whitish precipitate. This
pellet was dissolved in tetrahydrofuran (THF):methanol:water (4:4:1, v:v:v) containing 0.1 %
formic acid and sonicated at 60 °C. The GIPC extract was then dried and submitted to a butan-1-
ol:water (1:1, v:v) phase partition. The upper, GIPC-containing butanol phase was dried and the
residue was dissolved in THF:methanol:water (4:4:1, v:v:v) containing 0.1 % formic acid.
Arabidopsis, cauliflower, Commelina communis or leek GIPCs were prepared as described (10,
31). Total leaf GIPC contents were estimated by GC-MS (10, 31) on the basis of the amount of
very long chain fatty acids. GIPC concentrations (n = 3) such as those shown in Fig. 4D were (in
mg GIPC per gram leaf fresh weight): 0.58 + 0.07 (Allium porrum), 0.47 + 0.34 (Arabidopsis
thaliana), 0.65 + 0.03 (Coix lacryma-jobi), 0.69 + 0.17 (Nicotiana tabacum), 0.39 + 0.09
(Phalaenopsis amabilis).

Thin-layer chromatography (TLC) blotting

TLC was performed using HPTLC (high performance thin-layer chromatography) plates (Merck).
Standard lipids monosilaotetrahexosylganglioside 1 (GM1), glucosyl ceramide (Glc-Cer), bovine
brain sphingomyelin (SM) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were
from Avanti Polar Lipids (Alabaster, AL, USA). Approximately 8 pg of standard lipids (GM1
dissolved in chloroform:methanol (2:1, v:v) and Glc-Cer, SM and POPC dissolved in chloroform)
and 180 pg of GIPCs dissolved in THF:methanol/water (4:4:1, v:v:v) containing 0.1 % formic
acid were applied in thin lines to HPTLC plates. Lipids were separated using a
chloroform:methanol:2 M ammonia (65:25:4, v:v:v) mixture and visualized under UV light after
primuline staining.

For TLC blotting, plates were completely dried using a desiccator for 1 h, and lipids were heated
and transferred to activated polyvinylidene difluoride (PVDF) membrane (32). After overnight
incubation at 4 °C in PBS (137 mM NacCl, 2.7 mM KCIl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH
7.4) containing 5 % bovine serum albumin (BSA), the PVDF membrane was transferred into PBS
containing 5 % BSA and 10 pg/ml of NLP5y, and incubated for 2 h at room temperature (RT).
Unbound protein was washed off 3 times for 10 min in TBS (20 mM Tris, 150 mM NaCl, pH
7.4). The PVDF membrane was incubated in PBS, containing 5 % BSA, for 1 h at RT with the
primary anti-4His antibody and, subsequently, with the secondary antibody tagged with
horseradish peroxidase. Before addition of the secondary antibody filters were washed thrice with
TBS. Bound protein was detected using a Pierce ECL Western Blotting Substrate (Thermo
Scientific, USA).

Mass spectrometric analysis

The NLP-reactive spot was extracted from silica gel adopting the single phase sphingolipid
extraction protocol as described (33). In brief, the sample was extracted twice with a mixture of
ethyl acetate (1.2 ml), isopropanol (0.6 ml) and water (0.2 ml), subjected to three cycles of 30 s
sonic bath (AS One US-4R), each followed vigorous shaking (10 s). Solid material was pelleted
by 15 min centrifugation (Hitachi himac CF-16RN) at 3,100 rpm at RT. Supernatants were



collected in a fresh glass vial and dried under a flow of N, gas. The resulting lipid film was
dissolved in methanol, transferred to a screw vial with fixed insert, dried under a flow of N, gas
and stored under vacuum until analysis. Prior to analysis, the lipid film was resuspended in
running buffer (isopropanol:water:ammonium acetate, 2:1:4 mM) and the solution was kept at 4
°C until analysis. Electron spray ionization tandem mass (ESI-MS/MS) analysis was carried out
on an Agilent 1100 Series HPLC system with an integrated AB SCIEX 4000 QTrap mass
spectrometer. The mobile phase (isopropanol:water:ammonium acetate, 2:1:4 mM) was
maintained at a flow rate of 20 ul/min. The mass spectrometer was operated in negative ion mode
utilizing the same parameter set as described (31). Samples were analyzed utilizing either Q3 or
product ion mode.

Nanoelectrospray ionization triple quadrupole tandem mass spectrometry (UPLC-nanoESI-
MS/MS) of targeted molecular lipid species analysis was performed as described (34) and
adapted to a 6500 QTRAP" tandem mass spectrometer (AB Sciex, http:/sciex.com/). Lipid
extraction was achieved by immersing 100 mg of the frozen leaf material in a pre-heated (60 °C)
solvent mixture containing isopropanol:hexane:water (60:26:14, v:v:v) and performing a one-
phase extraction as described (35).

Surface plasmon resonance

Binding of NLPs to GIPC hybrid monolayers was monitored on Biacore X100 (GE Healthcare)
by using sensor chip HPA and 20 mM MES, pH 5.8, 140 mM NaCl as running buffer. For
analyzing NLP binding to GIPCs, small unilamellar vesicles produced by sonication in running
buffer (30 min on ice, 20 s pulse on, 20 s pulse off, amplitude 25 %) were captured on the second
flow cell (500 - 1000 response units) and both flow cells were washed with 100 mM NaOH and
blocked with 0.1 mg/ml BSA. Serial dilutions of NLPs were applied and steady-state affinity
calculation using Biacore X100 Evaluation Software was used to determine K, values.

Binding of Arabidopsis GIPCs to NLPpy, was monitored using Biacore T100 (GE Healthcare),
Series S sensor chip CMS5 and 20 mM MES, pH 5.8, 140 mM NaCl. NLPp, was captured on flow
cell 2 (5000 RU) and binding of GIPCs (0.005 mg/ml), POPC (0.25 mg/ml) or bovine brain SM
(0.09 mg/ml) was determined.

Binding of sugars to NLPpy, was monitored using Biacore T100, SPR running buffer (20 mM
MES, pH 5.8, 140 mM NaCl) and Series S sensor chip CM7. Following surface activation
according to manufacturer's recommendations, NLPypy, diluted in 10 mM sodium acetate, pH 4.5,
was injected three times for 180 s over the second flow cell. Both flow cells were blocked with 1
M ethanolamine (final immobilization level 10500 RU). Glucosamine and mannosamine were
titrated in concentrations of 78.1 pM-5 mM.

Liposome sedimentation assay

Multilamellar vesicles (MLVs) composed of POPC or POPC:GIPCs 1:1 (m:m) were prepared by
hydrating lipid film with 20 mM MES, 150 mM NaCl, pH 5.8, and vortexing. MLVs (4.5 mg/ml)
were incubated with NLPpy, (0.06 mg/ml) in 20 mM MES, 150 mM NaCl, pH 5.8, for 30 min and
600 rpm at RT. The mixture was centrifuged at 16,100 g for 20 min at RT. The liposomes were
washed twice with the same buffer, centrifuged at 16,100 g for 20 min and subjected to SDS-
PAGE followed by Coomassie Brilliant Blue staining.

Protoplast isolation, Cyanine3-labeling of NLPp, and di-4-ANEPPDHQ staining

Cells from 3-day-old Arabidopsis thaliana dark-grown cell culture were collected by
centrifugation at 400 g for 5 min and the pellet was washed with buffer A (§ mM CacCl,, 0.4 M
mannitol, pH 5.5). Subsequently, cells were incubated with buffer A including 1 % w/v cellulose,
0.25 % Macerozyme in the dark (RT, 50 rpm, 6 h). After sedimentation (5 min, 100 g, RT) and



washing with buffer A without enzymes and W5 solution (154 mM NaCl, 125 mM CacCl,, 5 mM
KCl, 5 mM glucose), protoplasts were resuspended in W5 solution and incubated in the dark (20
min, 4 °C). Protoplasts were pelleted as before and resuspended in K3 solution (36) and kept in
the dark at RT.

For Cyanine3-labeling, NLPp, (~10 mg/ml) was incubated with Cyanine3 mono-reactive NHS
ester (ThermoFisher Scientific) according to the manufacturer instructions. Excess dye was
removed by gel filtration (GE Healthcare HiLoad™ 16/60 Superdex 75, 20 mM Tris, pH 8.0, 150
mM KCI). Labeled protein was added to the protoplast solution (50 nM end concentration) and
analyzed via fluorescence microscopy after 30 s for 10 min.

For di-4-ANEPPDHQ staining Arabidopsis mesophyll protoplasts were isolated according to (37)
with some minor modifications. Mature leaves (numbers five to seven) from 4-week old plants
(three plants per one experiment) were cut with razor blade and digested in 10 ml of enzyme
solution (1.25 % cellulase R10, 0.3 % macerozyme R10, 0.4 M mannitol, 20 mM MES, pH 5.7,
20 mM KCI, 20 mM CaCl,) for 6 h at RT. Next steps, including protoplasts filtration and washing
with W5 solution were carried out as described (37). For plasma membrane labeling fresh
protoplasts were incubated with 10 pM di-4-ANEPPDHQ in DMSO (Molecular Probes) for 10
min at RT, washed briefly in W5 solution and analyzed under Zeiss LSM 510 Meta confocal laser
scanning microscope (CLSM) (Carl Zeiss).

Confocal Laser Scanning Microscopic observation and generalized polarization (GP)
calculation

To analyze differences in membrane lipid order between Arabidopsis wild-type (Col-0) and
fahl1fah2 mutants, di-4-ANEPPDHQ labeled Arabidopsis mesophyll protoplasts were used to
estimate GP values according to (15, 38, 39). Protoplasts were excited at 488 nm and emitted
fluorescence was detected in two channels: 500-580 nm (green) and 620-750 nm (red). A x63 oil
immersion objective was used. CLSM settings were applied from the protocol described (38)
including laser power or offset values. GP and HSB (Hue-Saturation-Brightness) images and GP
values were generated by using Imagel software (http://rsbweb.nih.gov/ij) with ImageJ macro
(38). GP values were obtained by using the following equation:

GP = (Is00-580-Gl620-750)/(I500-580+Gle20-750) €8

Is00-580, L620-750: Fluorescence intensity detected by CLSM in channel 500-580 nm and 620-750 nm,
G: calibration factor calculated by using equation 2 and 3.

In order to normalize GP values obtained from the two CLSM channels G factor was calculated
according to (39) by using following equations:

GPres = (Isoo-ss0-Ls20-750)/(Is00-s80L620-750)  (2)
GP = (GPref +GPref GPmes'GPmes- 1 )/(GPmes +GPref GPmes'GPref- 1) (3)

GPpes: mean pixel intensities of the undiluted di-4-ANEPPDHQ in DMSO measured in two
CLSM channels, GP,¢: reference value of the di-4-ANEPPDHQ in DMSO of -0.85 (38).
Histograms of GP values (n=3) and Gaussian fitted curves were created by using Origin 2016
(9.3.2.303) software.

Calcein release assay and enzymatic treatment of plasma membrane vesicles

Calcein-filled plasma membrane vesicles were prepared from 6 week-old Arabidopsis thaliana as
described (3). Permeabilization of the vesicles (1 ng protein/pL) induced by 100 nM NLP (0.2
ng/pl) was assayed at RT in 20 mM MES, pH 5.8, 140 mM NaCl by measuring fluorescence
(excitation 485 nm, emission 520 nm) in a microplate reader (Sirius HT Injector, MWG). The
percentage of calcein release (R) was calculated according to the equation



R = (Fmeas—Finit)/(Fmax—Finit)*100 4),

where Fmeas, Finit, and Fmax are the measured, initial, and maximal fluorescence, respectively.
Fmax was obtained by the addition of Triton X-100 to 0.5% (v:v) final concentration at the end of
each measurement. To test interference of GIPCs with NLP cytolysin activity, 100 nM NLPpy,
was incubated with a 10 to 1000x molar excess of cauliflower or leek GIPCs for 15 min prior to
the addition of vesicles. For digestion with proteases, plasma membrane vesicles (125 pg protein)
were incubated with 1 ug Trypsin, 40 ug PronaseE or 5 pg Chymotrypsin (+ 10 mM CacCl,) for
2.5 h at RT and subsequently applied to gel filtration as described above to remove external
calcein and proteases. Calcein release was analyzed by treatment with 20 nM NLPyp,. Plasma
membrane vesicles were pre-incubated with 125 pg/ml of the respective enzyme (Sigma-Aldrich:
a-glucosidase G5003, B-glucosidase 49290, a-mannosidase M7257) for 1 h at RT prior to
treatment with 10 nM NLPypy,. Enzyme activities were tested prior to use with synthetic p-
nitrophenyl-a-D-glucopyranoside, p-nitrophenyl-f3-D-glucopyranoside or p-nitrophenyl-o-D
mannopyranoside substrate (Sigma-Aldrich) for activity according to the supplier's instruction.

lon leakage

Leaves of 4 to 6-week-old Arabidopsis Col-0, lohl or fahlfah2 plants were infiltrated with 500
nM NLPpy,. 4-week-old Arabidopsis, tobacco and cauliflower plants were used for infiltration
with serial dilutions of NLPpy, and its mutants for determination of ECs, values or with NLPp,,.
For ion leakage experiments in the presence of Galanthus nivalis or soybean (Glycine max) lectin
(Medicago, lot no. 05-0120-5 and 05-0117-10), 500 nM NLPp,, was co-infiltrated with 10 pM of
the respective lectin. After 10 min of incubation, leaf discs were punched out (@ 7 mm) and
transferred into a 24-well plate. Two leaf pieces per well were floated on 1 ml ddH,O and shaken
at 50 rpm. After 30 min, leaf pieces were transferred to fresh ddH,O and conductivity was
measured at the times indicated using conductometer QCond2200. ECs, values correspond to
protein concentrations required to trigger half-maximum ion leakage after 6 h (Arabidopsis,
cauliflower) or 4 h (tobacco), respectively. Six replicates from three independent experiments
were used to calculate ECs, values.

Trypan blue staining

Leaves of 5-week-old Arabidopsis Col-0, lohl and fah1fah2 plants were infiltrated with 500 nM
NLPp, and harvested after 4 h. Leaves were incubated for 1 min at 100 °C in trypan blue solution
[1x lactophenol (equal amounts of lactic acid, glycerol, phenol and H,0O), 2x EtOH, 2.5 mg/ml
trypan blue] and de-stained in chloral hydrate solution (1 mg/ml) overnight.

Langmuir Trough

To facilitate quantification of molecular areas occupied by series A- and B-type GIPCs, we
studied the organization of GIPC polar heads in model membranes by Langmuir monolayer
tensiometry. Cauliflower (series A) and leek GIPCs (series B) (32) were used in this study. GIPC
solutions at 0.39 mM and at 0.31 mM in chloroform:methanol:water (30:60:8) were prepared for
series A and series B GIPCs, respectively. The surface pressure-area (IT-A) isotherms were
recorded by means of an automated Langmuir trough (KSV Minitrough [width, 75 mm; area,
24.225 mm’]; KSV Instruments) equipped with a platinum plate attached to a Wilhelmy-type
balance. The GIPC sample was heated to 60 °C for 15 min for better solubilization. Pure
solutions were spread (fixed volume of 30 pl) as tiny droplets to produce a uniform monolayer on
a Tris-HCI (10 mM), pH 7, sub-phase. After evaporation of the solvent (15 min), monolayers
were compressed at a rate of 5 mm/min and at a temperature of 22 °C + 1 °C. Before each
experiment, the cleanliness of the system was confirmed by checking the surface pressure over
the surface compression of the pure subphase. The reproducibility of the I1-A isotherms was
checked by repeated recordings, and the relative SD in surface pressure and area was found to be
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3 % or less.
Molecular Modeling Approaches

The conformation of major cauliflower series A GIPC: glucose (a1-4) glucuronic acid (a1-2)
inositol phosphate-ceramide [t18:0/h24:0], and major leek series B GIPC: mannose (a1-4) N-
acetylglucosamine (a1-4) glucuronic acid (a1-2) inositol phosphate-ceramide [t18:0/h24:0] was
calculated using the structure tree procedure as described (40). The Hypermatrix docking
procedure was used to study the monolayer formed by GIPC and to calculate the mean surface
area as described (8, 41, 42). The insertion of GIPC A and B into an implicit bilayer was carried
out using the IMPALA procedure as described (8, 43).



Fig. S1 Comparative analysis of NLPp,, and NLPp, proteins.

(A) The NLPyy, fold (green) was used as template to model the 3-dimensional structure of NLPp,
(blue) (3) using Modeler (44). (B, C) Circular dichroism (B) and differential scanning fluorimetry
(C) reveal comparable secondary structure properties and stability of both proteins. (D) Analysis
of NLPypy, (left panel) and NLPp, (right panel) necrotic activities in leaves of Arabidopsis (top
row), cauliflower (middle row) and tobacco (bottom row). Experiments were repeated three times
with similar results.



Fig. S2 Analysis of NLP cytolytic activity using a vesicle-based assay.

Intact fluorophor calcein-loaded Arabidopsis plasma membrane vesicles do not show
fluorescence emission due to quenching. Disintegration of membranes due to cytolytic NLP
results in calcein release and fluorescent light emission (top panel). Vesicles pretreated with
proteases Pronase E, Chymotrypsin or Trypsin were supplemented with 20 nM NLPp, for 10 min.
Water and NLPp, treatments served as controls. Values represent means = SD. Similar results
were obtained in two independent experiments (middle panel). Immunoblot analysis of
Arabidopsis plasma membrane vesicle protein before (w/o proteinase) or after protease treatment
indicated proteolytic degradation of intrinsic plasma membrane protein (bottom panel).
Immunoblotting was performed as described (45) using an antiserum recognizing plasma
membrane H'-ATPase.



Fig. S3 ESI-MS/MS fragmentation pattern of HexNAcGIcA-IPC isolated from the NLP
reactive TLC spot (Fig. 1B).
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Fig. S4 Surface plasmon resonance (SPR) analysis of NLP proteins.
SPR analysis of chip-immobilized Arabidopsis, tobacco or cauliflower GIPCs and NLPpy, (left
column) or NLPp, (right column). Mean values of dissociation constants (Kp) are given = SD (n =

3).
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Fig. S5 Binding of NLPpy, to plant GIPCs.
Surface plasmon resonance analysis of binding of Arabidopsis GIPCs prepared as in (15), bovine
brain SM or POPC to immobilized NLPpy,.
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Fig. S6 Interaction, structural and functional analysis of a ManN binding site in NLPpy..

(A) SPR analysis of ManN binding to NLPpy,. ManN was injected across chip-immobilized
NLPpy, at concentrations of 5 mM-78.1 UM (from top to bottom in two-fold dilutions). (B)
Structural comparison of apo-NLPypy, (gray) (PDB-ID 3GNZ) and NLPp,, in complex with ManN
(cyan). ManN is displayed in sticks (carbon: yellow; oxygen: red; nitrogen: blue). Numbers in
spheres are as in (C). (C) Close-up view of ManN binding site. Amino acid residues involved in
coordination of Mg*" and binding of ManN are highlighted and shown in sticks. ManN is
displayed in yellow sticks. Residue W155, placed at the bottom of the loop L3, is shown in sticks
as well. Mg®" ions are shown in magenta spheres: state 1 — a position in apo-NLPyp,,; state 2 —
positions of Mg”" ions in other three polypeptide chains from the asymmetric unit that did not
bind hexose; state 3 — a position of Mg®" ion in complex with ManN. (D) Left panel:
superposition of apo-NLPypy, (gray) (PDB-ID 3GNZ), NLP5y, polypeptide chains without bound
hexose in the asymmetric unit (blue), and NLPpy,, in complex with GlcN (orange). Mg2+ is
displayed in magenta sphere, GlcN is shown in green sticks. Right panel: Superposition of apo-
NLPpy, (gray), NLPp,, polypeptide chains without bound hexose in the asymmetric unit (pink),
and NLPpy, in complex with ManN (cyan). Mg”" is displayed in magenta sphere, ManN is shown
in yellow sticks.
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Fig. S7 Representative sections of electron-density maps.

(A) Polypeptide chains of NLPpy,, and sections of 2Fo-Fc electron-density map contoured at lo
(blue) are shown: NLPpy, in complex with GlcN (left panel); NLPpy, in complex with ManN
(right panel). In both cases, chains are depicted between residues A69 and G76. (B) 26 Fo-Fc
(before hexose placement) and 0.8c 2Fo-Fc (final refinement - hexose included) electron-density
maps of GIcN (left panel) and ManN (right panel) are displayed in green and blue mesh,
respectively. Sugars are shown as sticks, NLPpy, polypeptide chains as ribbons. Mg ions are
shown as magenta spheres. The incomplete electron density of the hexose ligand is reflected in
substantially high B-factors compared to the protein (Table S1).
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Fig. S8 Surface plasmon resonance (SPR) analysis of NLPp,, W155A mutant protein.
SPR analysis of NLPpy, and mutant NLPpy,, W155A with GIPCs from cauliflower (left graph) or

tobacco (right graph). NLP concentrations used were 1.6 M.
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Fig. S9 NLPp,, mutant protein analysis.

(A) Circular dichroism analysis of NLPp,, mutant proteins. (B-C) NLPp,, protein stability as
determined by differential scanning fluorimetry (B) or immunoblot analysis (C) in tobacco (left
panel) or Arabidopsis (right panel) leaves. Leaves were harvested at onset of visible necrosis (1 h
post inoculation of 1 UM protein as indicated). NLPpy,-specific antibodies (3) were used to detect
proteins. (D) NLPpy,-mediated Arabidopsis (left column) and cauliflower (right column) leaf
necrosis quantified by ion leakage measurements, water (control). Six replicates from three
independent experiments were used to calculate ECs, values.
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Fig. S10 Mg** coordination sites.

(A) Mg2+ coordination sites in apo-NLPp,, (gray), PDB-ID 3GNZ. (B) Mg2+ coordination site in
NLPpy, in complex with GIcN (orange). (C) Mg coordination site in NLPpy, in complex with
ManN (cyan). For better understanding of the coordination shift, sugars are not shown in panels
(B) and (C). Coordinating waters are presented as red spheres, sticks indicate amino acid residues
involved in coordination. Mg>" ions are colored magenta. Black dashed lines represent octahedral
coordination.
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Fig. S11 Arabidopsis loh1 and fah1fah2 mutants display reduced GIPC levels.

Lipids were analyzed using UPLC-nanoESI-MS/MS. Fold changes of the sum of all detected
molecular species are given in logarithmic scaling relative to the amounts detected in wild-type
plants. LCB, long-chain bases, Cer, ceramides, GlcCer, glucosyl ceramides, GIPC,
glycosylinositol phosphorylceramides. Each data point represents the mean value +£SD of six
biological replicates from two independent experiments. Data sets marked with asterisks indicate
significant differences to the wild-type confirmed by Student's t-test assuming equal variances (*,
p< 0.05; **, p<0.01; *** p<0.001).
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Fig. S12 Arabidopsis gonstl mutants display reduced ability to protect plasma membrane
vesicles from NLP cytotoxicity.

GIPCs prepared from Arabidopsis wild-type (Col-0) and gonstl mutants inhibit NLPp,-induced
(100 nM) calcein release from purified Arabidopsis plasma membrane vesicles. GIPCs:NLPyp,
molar ratios are given. Values represent means + SD of three replicates. Student-t-test analysis
(***, p<0.001). Water was used as control. Three experiments with similar results were
conducted.
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Fig. S13 Arabidopsis fah1fah2 mutants display lower levels of ordered plasma membranes in
comparison to those observed in wild-type plants.

(A) Mesophyll protoplasts isolated from mature leaves of Arabidopsis wild-type (Col-0) and fahl
fah2 mutant. (B) Representative CLSM images of Col-0 and fahlfah2 mesophyll protoplasts
labeled with di-4-ANEPPDHQ. To avoid saturated pixels in the area occupied by chloroplasts,
acquisition of images was carried out at low photomultiplier tube gain according to (38). Thus,
the remaining areas of the cell exhibited low levels of fluorescence and proportional increase of
brightness and saturation was necessary to visualize properly the labeling in all images. (C)
Quantitative comparison of plasma membrane order between the wild-type (Col-0) and fah1fah2
double mutant. Pseudocolored HSB (Hue-Saturation-Brightness) images of ROI (region of
interest) showing generalized polarization (GP) values of each pixel, where green represents low
order of plasma membranes and red indicates highly ordered plasma membranes. The scatter plot
shows the distribution of average GP values (n = 3) between the plasma membrane of Col-0
(black) and fahlfah2 double mutant (rose). GP values for Col-0 plasma membranes are shifted
towards higher GP (higher membrane order), whereas for fahlfah2 GP values move towards
negative GP (disordered membrane). Solid line curves show fitted Gaussian curves from the
relative distribution of respective GP values. Areas marked with dashed lines in (B) represent the
ROI used for quantification of GP values here.
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Fig. S14 Monocot plant-derived GIPCs bind NLPs.

(A-C) SPR analysis of chip-immobilized leek (Allium porrum) (A, B) and Commelina communis
(C) GIPCs and NLPyp, (B) or NLPpy, (A, C). Mean values of dissociation constants (Kp) are given
+SD (n = 3) (A-C). (D) Calcein-filled Arabidopsis plasma membrane vesicles treated with water
(control), NLPp, (500 nM) or NLPyp, (500 nM) in the presence of leek GIPCs. GIPCs:NLPp, molar
ratios are given. Values represent means + SD of three replicates. Student-t-test analyses (***,
p<0.001). Experiments were conducted three times with similar results.
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Fig. S15 Monocot and eudicot GIPCs are arranged in a perpendicular manner in model
membranes.

(A) Surface pressure-area (IT-A) isotherms at the air-aqueous phase interface of cauliflower series
A and leek series B GIPC monolayers. The isotherms were recorded at 22 °C with an aqueous
sub-phase composed of 10 mM Tris-HCI buffer, pH 7. Duplicate experiments using independent
preparations performed at an expanded or condensed state (8) yielded similar results. (B)
Modeling approach. Most stable insertion of series A and series B GIPCs into an implicit bilayer.
The yellow plane represents the center of the bilayer, the mauve plane represents the lipid polar
head/acyl chain interface, and the pink plane represents the water/lipid polar head interface. The
mean calculated interfacial molecular areas for GIPCs A and B are indicated.
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Table S1 Data collection and refinement statistics

Glucosamine complex

PDB ID: SNNW

Mannosamine complex

PDB ID: 5NO9

Data collection

Space group

Cell dimensions
a,b,c(d)

a B,y (%)
Resolution (A)
Rineas (%)°
Rpim. (%)""
I/ol®

CCy2 (%)
Completeness (%)”

Redundancy®
No. unique reflections

Refinement
Resolution (A)

No. reflections

Rwork/ Rfree (%)

No. atoms
Protein
Ligand (hexose)
Ions (Mg2+)
Water

B-factors
Protein
Ligand (hexose)
Ions (Mg2+)
Water

R.m.s deviations
Bond lengths (A)
Bond angles (°)

Ramachandran plot
Favoured (%)
Allowed (%)
Outliers (%)

222,

115.0,122.3, 121.1
90.0, 90.0, 90.0
49.09-1.54
6.5 (61.8)
2.5(37.2)
17.75 (2.26)
99.9 (79.4)
98.2 (89.3)

6.2 (4.4)
123,317

36.62-1.54
123,279
17.4/19.4 (28.4/32.7)

6409
12
4

721

20.1
54.1
23.6
27.5

0.006
0.830

98
2
0

€222,

115.0, 122.3, 121.1
90.0, 90.0, 90.0
43.03-1.75
11.7 (87.1)

4.5 (40.2)
11.63 (2.19)
99.7 (80.9)
99.5 (98.3)

6.7 (6.7)
85,943

36.59-1.75
85,885
17.5/20.3 (26.9/28.3)

6422
12
4

806

233
70.5
324

30.2

0.006
0.810

98

0

*Values in parentheses are for the highest-resolution shell. ber,_i_m_is calculated by Aimless (46). For each complex one
crystal was used to measure the data.



Table S2 Overview on NLPp,, amino acid residues implicated in coordination of Mg2+ in the
absence (-) and presence (+) of GlcN/ManN.

Residue - +

D93 Mg2+ (direct) Mg2+ (via H,0O)

H101 Mg*" (via H,0) Hexose

D104 Mg”" (direct) Mg”" (via H,0)

E106 Mg”" (via H,0) Mg*" (direct)

A127 (carbonyl group) Mg** (via H,0)

D158 Mg2+ (via H,O) Hexose and Mg2+ (via H,O)
H159 (carbonyl group) Mg*" (via H,0) Mg®" (direct)
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Discussion and Perspectives

The mode of action of NLP family remains to be deciphered. After binding to GIPC, NLPs
likely oligomerized in the PM and form a pore leading to the lysis of the cell. A number of
questions need to be addressed about the biological activities of NLP: At what extend
NLPs are functionally conserved proteins in phytopathogenic organism? How the necrosis
induced by NLPs contributes to infection? What is the mechanism leading to necrosis
and defence activities? What is the tertiary/quaternary structure of NLP in the membrane?
What is the role of lipids of the PM and particularly sterols involved in domain formation
with GIPC, (see Chapter 1)?
To answer these questions, molecular modelling, biochemical and genetic tools will be used.
(Ottmann et al., 2009) showed that the tertiary structure of NLPs is highly conserved and that
the proteins of the family might be functionally homologous. The structure of NLP consists of
a beta-sandwich flanked by alpha-helices. The promotion of virulence and cytolysis by NLPs
is based on structural requirements. They also showed that NLP structure bear resemblance
to the animal cytolytic toxin, actinoporins (Anderluh & Macek, 2002). Actinoporins are
cytolytic proteins in sea anemones that disrupt the PM upon binding to sphingomyelin (SM)
through pore formation (Crnigoj Kristan, Viero, Dalla Serra, Macek, & Anderluh, 2009; Rojko,
Dalla Serra, MacEk, & Anderluh, 2016). While NLPs are structurally similar to actinoporins,
GIPCs are quite similar to SM even if the later has a different polar head, indeed both are
found in the outer leaflet of the PM and form microdomains. The animal structural homologue
of GIPC is gangliosides. Cholera toxin subunit B (CT-B) interacts specifically with
nanodomain-residing ganglioside Gmi, forming pore in the PM. As such, fluorescently-
labelled CT-B may be used as a lipid probe for membrane domains (Skocaj et al., 2013). Do
NLPs have the same cytolytic mechanism when bound to GIPC as actinoporins or CT-B in
Gwm1? How does the mechanism occur?
The answer might rely in their structures. A recent study of our collaborators in Plos
Pathogens, showed that the conformation of the toxin is key for its cytotoxicity (Lenarcic¢ et
al., 2019). They used two members of the NLP type 1 family: non-toxic NLP (HaNLP3) and
toxic NLPpya to study the structural differences and how they impacted on the function of the
protein. They did surface plasmon resonance (SPR) on supported bilayers containing GIPC
and found that NLP binding to GIPC was concentration-dependent but non-toxic HaNLP3 did
not bind to GIPC. Moreover, the conservative loops L1-L3 were present in HaNLP3 as well
as the crevice located between loops L2 and L3 where GIPC sugar residue binds in the NLP.
Upon binding with the hexose residue of GIPC, there is a dislocation of the L3 loop of
NLPPya (Lenarcic et al., 2017b). 164



There is an opening of the crevice between loop L2 and L3 such that the magnesium ion is
displaced, crucial for the binding of GIPC. In HaNLP3, all amino acids involved in the
movement of Mg?* are conserved except for Asp158 which is replaced by Asn184. Asp158 is
important for glucosamine binding in NLPPya. HaNLP3 lacks a metal ion in its structure. The
Mg?* ion of NLPPya in the crevice between L2 and L3, is indirectly involved in GIPC binding.
In the presence of divalent ions Mg?* and Ca?*, HaNLP3 did not promote toxin activity. HaNLP3
has the particularity of having a second disulphide bond responsible for the rigidity of HaNLP3
upon interacting with membrane GIPC. These particular features of HaNLP3 could explain the
importance of particular structure in conducting specific role in the toxicity of NLP. By mutation
of particular amino acid of NLPrya, unique structural motifs were important for the toxin activity.
The introduction of amino acid residues in the plastic region of the L2/L3 loop of HaNLP3,
resulted in generating HaNLP3 variants which were able to bind with GIPC. The toxicity of
these HaNLP3 variants was at a lesser extent compared to that of NLPpya.

These results reveal the functional importance of loops L2 and L3 and the loops content for
GIPC head group binding and cytolytic activity of the toxin. The study highlighted how minute
changes of the primary structure affect functional features of NLPpys to the extent of
suppressing its toxicity. The amino acids of the loops around the binding cavity are essential
at two different levels of the toxin activity. They affect the conformational plasticity of the loops,
hence the binding cavity, as well as the interaction with the membrane. Membrane anchoring
seems to rely on residue Trp155 and its surrounding as well as distal amino acids Pro41,
Asp44, Asn48. The mutations of these amino acids can lead to generate a NLP protein, able
to bind on GIPC and anchor on the PM without inducing necrosis. For instance a GIPC fused
HaNLP3 mutated to unable GIPC binding, could be used as GIPC sensor, in the same way as
CT-B are used as gangliosides—enriched domain sensors (Skocaj et al., 2013). Such probe
will give tremendous information on the organisation of GIPCs in the outer leaflet of the PM.
By using inside out (ISO) and right-side out (RSO) PM fractions, we will be able to confirm the
hypothesis of an asymmetrical distribution of GIPC favouring the outer membrane at 90%
(Cacas et al., 2016a).

The question to tackle in the near future is the mechanisms mediated by NLPs in pore
formation upon binding to GIPCs. It seemed to be a complex process where distinct parts of
the toxin are involved differently in the stages leading to pore formation and subsequently plant
cell death. The review of (Yilmaz & Kobayashi, 2016) was a useful resource for information on
analysing pore-forming toxins by atomic force microscopy. Pore-forming toxins are monomers
soluble in aqueous medium, but on self-assembling, they form defined oligomers on the PM.
These structures can be visualized by high-resolution AFM imaging which require appropriate
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adjustments of conditions in order to obtain electrostatic balanced interaction between the tip
and the protein surface in contact mode (Mdller, Fotiadis, Scheuring, Miller, & Engel, 1999).
However to avoid damaging the fragile and weakly attached structures by friction forces,
tapping mode is more suitable for AFM analysis of pore-formation toxin oligomers. For AFM
imaging, supported lipid bilayers (SLBs) are used as membrane models (Sackmann, 1996).
Langmuir—Blodgett (LB) technique and liposome fusion can be employed to prepare SLBs (El
Kirat, Morandat, & Dufréne, 2010). For the LB technique, a solid support is lowered into the
trough containing an aqueous subphase. The appropriate lipid mix dissolved in solvent is
deposited on the surface on the subphase at the air/water interface, such as to form a lipid
monolayer. The solvent used has to be evaporated such that the surface pressure is
stabilised, before starting the transfer of the monolayer onto the support. Using automated
movable barriers, the monolayer is compressed. At a constant surface pressure, the
substrate support is withdrawn vertically from the subphase causing the deposition of the
lipid monolayer onto the support with the hydrophilic head group on the support and lipid tails
exposed to the air. The trough is cleaned and another lipid layer deposited. The support is
once more, dipped into the subphase at constant surface pressure or is lowered horizontally
onto the Langmuir film to form the bilayer. These are known as the Langmuir-Blodgett and
Langmuir-Schaeffer techniques, respectively. (Yilmaz & Kobayashi, 2016) listed pore-
formation toxins assemblies whose structure was solved by AFM, among which CT-B.
We decided to investigate pore-formation properties of NLPs on SLB containing GIPCs using
AFM. The first step was to make SLB with GIPCs. With the help of our collaborators L. Lins
from the LBMi, Université de Liege Gembloux, and E Lesniewska from Université de
Bourgogne Franche-Comté, | went to Gembloux to perform Langmuir-Blodgett experiments
and AFM analysis. We made asymmetric bilayer mimicking plant PM lipid model. The inner
lipid layer in contact with the mica substrate consists of PLPC/sitosterol (80:20, mol ratio) and
the outer layer consists of GIPC/sitosterol (60:40, mol ratio) (Additional Data A). The buffer
for the subphase was MES 20mM NaCl 140mM, pH 5.8 at 22°C, based on the condition
necessary for NLP binding used in surface plasmon resonance assay of (LenarCi¢ et al.,
2017b). The presence of salts in the SLB made AFM imaging challenging. The signal was
blurry and in spite of changing the tip several times, we were unable to obtain a clearer
image as shown in Additional Data A. The topography of the bilayer was also very irregular,
with the formation of patches from 1nm to 70nm high reminiscent to what we observed in
monolayer, see chapter 1. The SLB was hence unsuitable to be used for further
experiments. Too large height variations could undermine the detection of the
anchoring of the NLP protein, suggesting a wrong fixation of the protein. We are currently
still looking for a solution to make asymmetrical SLB. While symmetrical SLB can be obtained
by fusion of lipid vesicle, asymmetrical ones are

166



A

Assymetric bilayer of GIPC/sitosterol (60:40) outer layer and PLPC/sitosterol (80:20)

8 - PaNIE GIPC/Sito/PLPC (2:1:1)
—70nM-Pi=14.5mN/m
7
——270nM-Pi=12.8 mN/m
6 - W155A-330 nM-Pi =18mN/m
——Control-115nM-Pi =17.6mN/m
5 |
£ 4
=z
E
E 3
<
2
1- S PSSR Ve e e
0 Lpesens—anh) M A~ \ \
0 200 400 600 800 1000 1200 1400
1 Time (s)

Additional data : A. AFM imaging of assymetric SLB. Inner lipid layer in contact
with mica, PLPC/sitosterol (80:20, mol ratio) and outer lipid layer, GIPC/sitosterol
(60:40, mol ratio). Subphase, MES NaCl pH 5,8. B. Langmuir monolayer tech-
nique. Adsorption kinetic of NLP PaNIE (novel protein elicitor from Pythium apha-
nidermatum, Viet et al., 2001) in a mix monolayer of GIPC/Sitosterol/PLPC
(2:1:1, mol ratio). The surface pressure (mN/m) was measured after injection of
PaNIE in the subphase, in its native form at 70nM, 270nM., in his mutated form at
330nM. The subphase is MES NaCl pH 5.8, at a temperature of 22°C.



more challenging. The challenge is to find the right approach in modelling a
membrane system where the formation of complex protein structures, is as close as
possible at what happens in vivo. On SLBs, the curvature, protein content and
membrane potential are not taken into account and can produce significant

bias in the way NLPs might organized themselves.

To further our investigation on the binding properties of GIPCs, we also tested
the affinity of different variants of NLP, among which Novel Protein Elicitor
(PaNIE) from Pythium aphanidermatum and inactive mutant NLP W155
provided by our collaborator Isabel Albert from the Nurnberger team, University
of Tubingen, Germany. NLPs were produced, extracted and purified from Pichia
pastoris in Tubingen and sent to Gembloux where | performed the experiments.
Preliminary results showed that as expected, novel protein elicitor NLP
PANie binds to GIPC in a concentration-dependent manner and that the
elicitor that worked best was NLPPya PaNIE (Veit, Worle, Nurnberger, Koch,
& Seitz, 2001). In good agreement, the mutant W155 was unable to bind the
GIPC monolayer — see Additional Data B. These preliminary results pave the
way to tackle the role of lipids such as sterols that make domains with GIPC,

in the anchoring mechanism and pore forming of NLPs.

Our aim now, is still to find new approach to further increase our understanding in
the pore-formation mechanism of NLPs upon binding to GIPC. The best approach
seems to be multidisciplinary, combining biophysics, biochemistry, molecular
dynamic modelling and molecular biology. NLP structure has been mostly
studied by crystallography, which is not the proper method to study protein/
membrane interaction because of the very nature of the protein crystal
structure not allowing lipid/membrane/protein interactions. Solid state-NMR
(ssNMR) is clearly the appropriate approach to study protein-lipid interactions both in
model membrane and in cells (Kaplan et al., 2016; Medeiros-Silva et al., 2018).
ssNMR has been successfully used at LBM in collaboration with the team of Birgit
Habenstein, |IECB Pessac, to decipher the molecular mechanism of
REMORIN anchoring -a plant protein REMORIN- in inner leaflet nanodomain of
the PM (Gronnier et al.,, 2017). New methods are developed, such as the use of
nanodiscs, for the study of the organisation of lipids and protein-lipid interactions in
nanodomains, that can pave the way in understanding pre-pore and pore-formation
in membrane models closer to plant PM reality or in cell PM (Gronnier et al., 2017;

Martinez et al., 2017; Meca et al.,, 2019). For instance, NLPpya, the most virulent
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NLP (Lenarci¢ et al., 2017b, 2019), could be marked with C13 and N15 (to be
detectable in ssNMR), and its binding to tobacco (BY-2) cultured cell or rice cultured
cell would be studied and compared. Tobacco will be used as the eudicot (enriched
in GIPC series A, refer to chapter 1) sensitive to NLP while rice being a monocot
(enriched in GIPC series B, refer to chapter 1) is resistant to NLP-induced necrosis.
By 13C-ssNMR, we should be able to analyse the anchoring of 13C marked NLP
onto eudicot and monocot cells. The analysis will give information on whether NLP
agglomerates at specific regions upon its interaction with the PM. To see the specific
interactions with the PM, we shall purify PM from tobacco and rice cell, by phase
partitioning or make GIPC containing-liposomes (GUVs), before marked '3C- and
15C-NLP treatment for NMR analysis. We will obtain information on the chemical shift
of the marked '3C-NLP and 'SC-NLP which will be complementary to the
crystallography structure data published in (Lenarg¢ic et al., 2017b). By comparing ss-
NMR data between the two conditions (tobacco PM and rice PM), we shall see the
change of conformation of the toxin upon anchoring to the PM. To conclude this top-
down approach, we can construct liposomes with GIPCs of different series, so as to
analyse the effect of different sugar residues of the headgroup on the conformation
of NLP upon binding. With all those data, we might be able to characterize the
anchoring steps of NLP, just like that of REM (Gronnier et al., 2017).

Understanding the mechanism of NLP toxin family will help us prevent crop loss
infected by bacterial, fungal and oomycete phytopathogens. The consequences of
NLP-induced necrosis have dramatic economical and agricultural impacts. In our
era, Phytophthora infestans, an NLP-secreting phytopathogen, was responsible
for the dissemination of potatoes leading to the Great Irish Famine. With the threat
of global warming, immigration and the emerging number of organisms secreting
pore-formation toxins, such studies might lead to finding proper solution to secure

food security.
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Miscellaneous
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| participated in the redaction of a News & Views with Sébastien Mongrand on a
paper published in Nature plants on the development of a FRET biosensors of
Phosphatidic Acid (PA) in plants, called PAleon.

Mamode Cassim, A., Mongrand, S. Lipids light up in plant membranes. Nat. Plants
5, 913-914 (2019) doi:10.1038/s41477-019-0494-9
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LIPID BIOSENSOR

news & views

Lipids light up in plant membranes

Phosphatidic acid (PA) is a simple phospholipid of crucial importance in cell biology. Now, a new ratiometric,
PA-specific, optogenetic biosensor has been developed to track PA concentration and dynamics at the plant
plasma membrane. Using this tool, scientists have revealed a remarkable stress-specific temporal complexity

of PA accumulation.

Adiilah Mamode Cassim and Sébastien Mongrand

around 1% of all lipids. It
predominantly accumulates at the

plasma membrane (PM), but a significant
pool is also located in the endoplasmic
reticulum (ER) and in plastids. It is the
precursor of most phospholipid and
triglyceride synthesis, and also a key
signalling lipid. PA signalling is at the
crossroad of plant responses to a large
variety of stimuli, ranging from hormones
and biotic and abiotic stresses, to many
other developmental and environmental
cues. This involves abscisic acid (ABA)-
mediated guard cell regulation and
response against pathogens'. PA also plays
arole in vesicular trafficking, secretion
and endocytosis. It modulates the activity
of effector proteins, such as kinases,
phosphatases, phospholipases, transcription
factors, NADPH oxidases and microtubule-
associated proteins®. PA can be generated via
different routes: through its main metabolic
pathway by the sequential acylation
of glycerol-3-phosphate and lyso-PA;
through the hydrolytic cleavage mediated
by a plethora of plant phospholipase D
(PLD) isoforms’; through the sequential
phosphorylation of diacylglycerol; and
finally, through the dephosphorylation of
diacylglycerolpyrophosphate.

Intriguingly, PA production can be
triggered by opposite stimuli, such as
cold and heat or ABA and salicylic acid
(hormones that are considered as having
antagonistic effects). This property
highlights very paradoxical features of
PA molecular species, questioning the
specificity of the responses controlled by PA.
It was proposed that PA regulatory messages
are perceived as complex signatures that
take into account the site of production, the
availability of target proteins and cellular
environments’. Until now, the study of the
role of PA has been strongly impaired by
the lack of biosensors efficiently localizing
and quantifying the production of PA
after stimuli. In a recent paper published

P hosphatidic acid (PA) represents
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Fig. 1| Building a PA-binding biosensor to measure pools of PA in the plant PM. Simplified PM
(constituted of lipids) is shown, with sphingolipid and sterols mostly in the outer leaflet and
phospholipids in the inner leaflet. PA is indicated in red. The four pathways leading to PA synthesis

are represented on the left sides: (1) glycerol-3-phosphate acyltransferase (G3PAT) and lyso-PA
acyltransferase (LPAAT); (2) PLD; (3) non-specific phospholipase (NPC), PA phosphatase (PAP) and
diacylglycerol kinase (DGK); and (4) lipid phosphate phosphatase (LPP) of diacylglycerolpyrophosphate.

in Nature Plants, Li et al.* developed a
ratiometric, PA-specific, optogenetic
biosensor (named PAleon) that reports PA
concentration and dynamics at the PM.
PAleon is based on the translational
fusion of five domains: cyan fluorescent
protein (CFP) bound to a PA lipid-binding
domain (LB) of the NADPH oxidase, named
respiratory burst oxidase homologue
protein D; a flexible linker containing two
glycines; a yellow fluorescent protein, named
VENUS; and a C-terminal farnesylation
signal of the protein K-Ras4B, which targets
the whole chimaeric protein to the PM
(Fig. 1). The authors generated a mutated
PAleon (mPAleon), in which the four
PA-binding arginine residues were replaced

NATURE PLANTS | VOL 5 | SEPTEMBER 2019 | 913-914 | www.nature.com/natureplants

by alanines, to function as a negative control.
After PA binding, PAleon undergoes a
conformational change resulting in a Forster
resonance energy transfer (FRET) between
CFP and VENUS. PAleon was shown

to be sensitive in vivo to physiological
concentrations of PA, thereby enabling the
visualization of PA dynamics at subcellular
resolution in Arabidopsis.

To test the validity of PAleon, the authors
first exogenously supplied PA to the system
and recorded a dramatic increase of FRET
after 500 s of exposure, while no other
phospholipids induced FRET. In a more
physiological system, the authors applied
ABA to plants and observed PA changes
in the guard cells. PA accumulation was
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increased within 200 s after ABA exposure
and reached saturation at 300 s, moments
preceding stomatal closure. Salt stress also
induces specific patterns of PA accumulation
at the same rate in three different root
tissues: the root tip, differentiation zone
and maturation zone. Treatment with an
inhibitor of PLD efficiently hindered PA
accumulation in all three zones to near basal
levels. Consistently, PA accumulation was
impaired in pldal mutants. By comparing
PA changes under salt stress and osmotic
stress, the authors revealed that the
remarkable temporal complexity
of PA accumulation is highly stress-specific.
Finally, authors rationalized that changes
in intracellular pH would modulate the
protonation of PA polar head, the free
phosphate group. Consequently, PA may
function as a pH sensor during salt tolerance
management in plants.

PAleon is a biosensor that was
developed to study the role of lipids in
planta among other biosensors, such as
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the ones detecting phosphoinositides® and
diacylglycerol®. Besides the PM, PAleon
will also pave the way for the study of PA
by changing the C-terminal farnesylation
domain to target other organelles, such

as mitochondria or plastids. In this

latter case, PA is a fine regulator of

the plastidial lipids as it allosterically
regulates the monogalactosyldiacylglycerol
synthase responsible for the synthesis

of galactolipids in the plastid envelope.
The direct quantification of the pool of
plastidial PA in vivo would be essential

to better understand the regulation

of these metabolic pathways’. PAleon
could also find its use in the study of the
nuclear membrane or vesicular pathways.
In addition, this new tool will probably
help to gain insight into the paradoxical
effect of PA raised in the beginning of this
article. How can PA be synthesized both by
cold and heat stress, but trigger opposite
physiological responses? PAleon could help
solve this enigma by precisely localizing

and quantifying PA after exposure to
specific stimuli. a
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The plant plasma membrane (PM) is a bilayer barrier between the cell interior and its
environment. It is essential for cellular survival and is a signalling control tower. Among
its components are sphingolipids, more precisely GIPCs. GIPCs are the most
abundant sphingolipid in the plant kingdom and modelled to be localised almost
exclusively in the PM outer leaflet (Cacas et al., 2016a). The combined features of
GIPC’s VLCFA, trihydroxylated LCB and large polar head group, made it an interesting
molecule to investigate, suggesting fundamental roles in plant PM as important as

those of SM and gangliosides in animal PM.

The aim of this thesis has been to understand GIPC, so as to establish foundation
through multipolar approaches, on its role in plant PM leaflet asymmetry regarding its
interaction with other lipid components. Throughout our findings, we yield new
hypothesis for enquiry about how the whole PM membrane system might function. We
have developed tools and methods such as a GIPC purification protocol,
sphingolipidomics by LC-MS, and At fah mutants expressing PM markers. This will be
useful for the plant PM and sphingolipid community to investigate more hypotheses
and test models about the organisation of GIPC in PM leaflets and its physiological

impact in the plant overall.

Still much has to be done to contemplate the overall organisation and structuring of
the plant PM. Understanding the identity and organisation of PM lipids in the
leaflets remain a mystery. So far only models of PM asymmetry have been
proposed with no or little experimental proves (Cacas et al.,, 2016a; Tjellstrom et
al.,, 2010) (Takeda & Kasamo, 2002). So many questions remain such as the
molecular coupling between the two leaflets believed to have different compositions
and physical properties. The molecular mechanisms involved in coordinating the two
leaflets such as interdigitation and registration (Fujimoto & Parmryd, 2017). There is
also the lateral segregation of specific lipids and protein into sub-
compartmentalization of the PM into nano- and micro-domains exhibiting different
biophysical characteristics. The dynamic of the molecules in those
domains remains also unsolved (discussed in chapter 2). The fact that the PM, an
essential part of the cell physiology is still largely undeciphered, testifies of its
complexity as a biological subject of study. In the recent years, essential
methodologies and tools have been developed, combining traditional

molecular  biology  with advance biophysics and molecular modelling
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experiments such as acomplementary way to tackle complex questions. This
thesis is a testimony of an original way using multiple approaches to characterize
and highlight the role of a very important component of plant PM, GIPC that has been
largely forgotten for 50 years. | believe that my thesis paves the way to investigate
the ambiguity of the PM leaflet organisation in a comprehensive way. The
combined results of experimental and modelling approaches seem to be a good

approach to shed some clues in order to move forward on this non-negligible issue.

Purification and identification of GIPC

We managed to obtain GIPC-enriched fractions from eudicots (cauliflower and tobacco
BY-2 cell culture) and monocots (leek and rice cell culture) at an average purity of 85%.
There is still much to be done to obtain a 100% pure GIPC fractions. The challenge
lays in the identification of the contaminants that pollute our GIPC fractions. Indeed,
arabinogalactans (AGs) can be a major problem to solve, together with a unknow
phosphorous-containing contaminants detected in solid-state 3'P-NMR. It seems that
GIPCs are intricately woven in the cell wall lattice at some extent (Voxeur & Fry,
2014b). Butan-1-ol/water phase extraction at the end of the purification column might
get rid of any soluble sugar moieties of the cell wall. A solid phase extraction is also a
potential option although the yield might be negatively affected. The right balance
between yield and purity remains a challenge without using kilos of fresh weigh and
litres of solvents as was the case in old publication of Lester (Hsieh et al., 1981)(Kaul
& Lester, 1978). Our goal is to obtain pure enough GIPCs of a particular series in order
to decipher its structure by liquid-state NMR as described for fungi GIPC in (Gutierrez
et al., 2007). The development of sphingolipidomics by LC-MS/MS is a key part in
succeeding to obtain combined structure of the identity of the polar head group and
the ceramide moiety (see chapter 2). So far, we are able to do so for GIPC series A
and GIPC series B. The method has to be further developed to accommodate the study

of polyglycosylated GIPC.

This will be the starting point for further studies on the role of GIPC in structuring
and organising the plant PM. It is interesting to note that the lipidome of plant PM is

missing. The starting step will allow the investigation of the content of lipids in each
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leaflets of Arabidopsis, the reference model in plant biology, using a combination
of lipidomics studies. By studying the exact lipid species content of At PM of the
three main lipid classes: phospholipid, sphingolipid and sterols, we will be able to
challenge a model for plant PM similar to what has been described by (Ingdlfsson et
al.,, 2014) for animal PM, using molecular dynamics simulations with 63
different lipid species and thousands of lipids ! The advance in
sphingolipidomics is a key part for identifying different species of the sphingolipid
class. GIPCs can account for a few hundreds of molecules with different
permutations and combinations considering the vast possibilities of VLCFA,
LCB and sugar head group moieties (branched or linear). There is also the issue of
missing standards for GIPC. So far in all sphingolipidomics used to identify GIPC,
Gwm1t is used. Our collaborator, Jenny Mortimer's team of the Joint BioEnergy
Institute (JBEI), in Berkley, works on '3C-labelled Arabidopsis plants. The plants
during growth are fed with '3CO2 such that 80-90% of xylan molecules are
labelled. | hence purified '3C-enriched GIPC using the same method as described
in chapter 1. Although theoretically, for a GIPC series A t18:1/h24, the molecule is
only 80% labelled by '3C, it could still worth using it more accurately as an internal

standard instead of Gwm1 for LC-MS analysis of plant GIPC species.

GIPC and its interactants in the PM organisation in vivo

Described as mysterious, the lateral heterogeneity of PM and the
relationships between the dynamics of membrane organization and cell signalling
are key features being investigated in cell biology (Levental & Veatch, 2016)(Sezgin,
Levental, Mayor, & Eggeling, 2017)(Grosjean et al., 2015a) showed that plant
lipids in model membranes generate a biophysical heterogeneity with different
order levels. The liquid ordered (lo) regions are domains that can be of the nano-
or micro-scale level, depending on the type and spatial distribution of specific PM
lipids and proteins in plants (Gerbeau-Pissot et al., 2014b; Gronnier et al., 2018;
Raffaele et al., 2009).

Previous studies have demonstrated the link between plant/pathogen responses
and the segregation of lipids and proteins, relocalization in PM regions modifying its
order and fluidity to promote PM domains as signalling platforms (Gronnier et al.,
2018)(T. Ott, 2017). Distinct PM nanodomains can be considered as signalling
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platforms involved where plant immune responses and growth receptors are localized
(Bucherl et al., 2017). What could GIPC role be in nanodomain formation in vivo?
What impact does the structure of GIPC have in constituting lo domains in the outer
leaflet and its potential repercussion on the plant phenotype and response to

environmental stress?

A large part of the puzzle remains unsolved. Although we have shown that GIPC
interacts preferentially with sterols, more precisely sitosterol to form domain-
like structures on supported bilayer (refer to Chapter 1), we are missing essential
pieces of information on the general composition and organization of plant
nanodomains. The in silico through molecular modelling and biophysics
experiments on model membranes are reliable data, but it is difficult to gauge at
what extent it reflects the reality of plant PM. We usually use two or three lipids to
model a membrane, be it supported bilayers or vesicles, which in no case account
for the complexity of the composition of the plant PM. The use of membrane
models, is a step forward into understanding this complexity and should not

substitute in vivo experiments into asserting realities that do not exist.

The solution is to use arrays of complementary expertise on membrane biochemistry,
lipid analysis, and modelling to develop an interdisciplinary approach to address the
issue of comprehending the role of GIPC in plant PM asymmetry. The first step will be to
make a vast repertoire of the different possible lipid interactants of GIPC in the plant PM
using biophysics and modelling. By characterizing the lipid composition and in vivo
biophysical characteristics (lateral segregation, degree of order...) of each leaflet of
plant PM, we can tackle the question of plant PM asymmetry. This can be done using
purified PM from tobacco BY-2 cells or Arabisopsis plantlets as described in Chapter 2.
Use of RSO and ISO PM fractions treated by non-permeable lipases
(phospholipases A1, A2, or sphingolipases) or labelled with lipid-specific antibodies
and dyes can be the key on validating the plant PM model proposed by (Cacas et al.,
2016a; Tjellstrom et al., 2010). Understanding the components of each leaflet will yield
information on potential interactions between the two leaflets through interdigitation
(Raghupathy et al., 2015). The information is still crucially lacking in plant membrane

biology.
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We showed in Chapter 2 that decreasing the acyl chain length of PM lipids containing
VLCFA, affects outer leaflet marker (GPI-GFP) mobility. In the conclusion that was
drawn, we considered the membrane protein mobility between the leaflets and the
interactions of proteins associated to each leaflet as well as their respective
composition and physical properties. These factors contribute to PM protein
localization and regulation through processes largely unidentified. One important
potential interaction that we aim to identify is the potential interaction of GIPC in the
outer leaflet with PS in the inner leaflet. Both having VLCFA, we hypothesised that they
can interdigitate as reported in (Raghupathy et al., 2015) making a link between
extracellular matrix and actin for example. The team of Yvon Jaillais showed that PA
and PS sensors accumulate in the PM cytosolic leaflet in Arabidopsis root epidermis,
together with PI4P (Platre et al., 2018). This accumulation might confer the electrostatic
characteristics of plant PM inner leaflet while we showed that GIPC confer strong
electronegativity to the PM when inserted in model membrane. The precise localization
of each molecular species of GIPCs in PM remain elusive. One solution could be to
develop GIPC tags by using non-necrolytic NLP as described in Chapter 3. A
“‘desactivated” NLP tag with GFP used as powerful biosensor that can bind to GIPC
can be a solution to detect GIPC in vivo. By using RSO and ISO PM fractions, we will

be able at least to detect the percentage of enrichment of GIPC in each leaflet.

The detection of the other components of the PM that can influence interdigitation
is unknown. Since we used only lipid sensors targeting PI4P and PS in vivo, we do
not have any indication about the localization of the different molecular species of

free sterols and on the fatty acid associated with lipids.

GIPC-sterol interaction and GIPC role in membrane phase transition

We used the Langmuir film balance methodology in compression mode to
determine the molecular area of GIPC and each sterol (free or conjugated) and the
cooperativity behaviour of the lipid components within one leaflet as already
applied characterizing the specific interaction between GIPC and sitosterol,
stigmasterol, SG or ASG (refer to Chapter 1). To understand more about the
different interactions in the PM, we can do the same compression isotherms
experiments with all the lipid binary combinations based on the lipidomic analysis

performed on plant PM. 179



Within a mixed monolayer, if the two components are immiscible (or ideally
miscible), the area occupied by the mixed film will be the sum of the areas of the
separate components (obeying the additivity rule as described in (Maget-Dana,
1999)). Any deviation from the additivity rule can be attributed to a specific
interaction between the two components (K. Fang, Zou, & He, 2003; Maget-
Dana, 1999). The calculation of the excess free energy of mixing will give
information about the repulsive or attractive nature of the interaction. In addition,
the free energy of mixing will be calculated in order to evaluate the
thermodynamic stability of the system and compare with data of theoretical docking
using HyperMatrix or Big Monolayer molecular modelling. This will pave the way to

molecular dynamic studies of the asymmetrical model of plan PM.

IR and NMR spectroscopies on model membrane (refer to Chapter 1, Additional Data)
will be useful not only to identify aspect of the lipid-lipid interactions but also to
characterize the lipid chain dynamics in the monolayer. For instance, we showed that
solid-state NMR (?H-NMR on liposomes) is quite useful to determine the order
properties of the lipid system. This experiment was not conclusive due to
quantitative issues of lipids. Other sterols can be tested by both IR and NMR
experiments, performed over a range of temperatures so as to determine the
phase transition temperature of the different PM lipids and the influence of
each other. The data generated will be useful for modelling parametrization. We
can also determine the transition temperature of GIPC using differential
scanning calorimetry (DSC). The transition temperature of GIPC is important as we
tend to heat till 60°C when purifying and solubilizing GIPC in solvents. The
importance of GIPC in membrane phase transition closer to a plant PM model
can be done by modifying the carbon terminal of the GIPC acyl chain with a '3C and
perform solid-state '3C-NMR.

In vivo, environment-sensitive probes specific to each leaflet coupled with
fluorescence spectroscopy can be a powerful approach for imaging
membrane biophysical properties and organization (Oncul et al., 2010). Hence we
can use PM of tobacco and Arabidopsis cells to investigate the overall order level of
both leaflets and correlate with lipidomic analysis of each leaflet to have a
better understanding of how in vivo lipid may influence the physical state of
each leaflet of plant PM.
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Characterizing all the lipid dynamics of the membrane is quite challenging. The use
of super-resolution microscopy and single-particle tracking as suggested in Chapter
2 to track particular lipid species can give valuable information on the
diffusion, confinement and segregation of particular lipid in PM (Levental & Veatch,
2016) (Platre et al., 2019a). In order to map all PM lipids, it is best to consider the
combined use of super-resolution imaging and molecular modelling. Recently, the
work of (Gronnier et al., 2017) provided unique insight on how the control of spatial
segregation is critical to support biological function related to plant immunity. They
showed that this segregation was specific to the PM inner leaflet and was directly

related to the lipid composition, in particular sterols.

Quid of the polar head group of GIPC?

The identification and characterization of the polar head group of GIPC remain
an imperative. In the structuring of the plant PM, GIPC have all the necessary
qualities to be involved in the umbrella effect. The umbrella model states that the
shift between the small polar head of cholesterol and its large apolar body
determines its preferential association with some adjacent molecules of the
membrane (Huang, 2002). In this model, cholesterol is covered by the polar heads
of neighbouring phospholipids to limit the unfavourable free energy due to the
exposure of the apolar portion of cholesterol to water molecules. The polar head
group of GIPC seems to be an ideal candidate to shelter the apolar portion of sterols
in plant PM. Could the polar head size of GIPC be determinant in favouring GIPC/
sterol interactions in plant PM? (Cacas et al., 2016a) showed that polyglycosylated
GIPC were mainly in the DRMs. The combination of simulation and compression
isotherms experiments appears to be a good approach to determine the importance
of polar head group of GIPC in domain formation, phase transition through its

interaction with sterols.

The polar head group of GIPC is also involved in cell wall - PM continuum,
more precisely GIPC is linked to rhamnogalacturonan Il (RGII) through a boron
bridge. Yotam Navon, one of our collaborators in my PhD project, works on
cellulose nanocrystals (CNC). He showed the preferential interaction of GIPC
with CNCs in presence of calcium ions (data not published). This opens doors on

investigating more
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about the role of GIPC in cell wall-PM continuum. There are also hypotheses that
polyglycosylated GIPC could be a scaffold providing sugar moieties for the cell wall

construction.

In plant host/pathogen interactions, the sugar head group of GIPC proved to be
decisive in determining the host sensitivity to necrotoxin NLP (Lenarcic et al., 2017b).
It will be interesting to decipher the mechanism of NLP anchoring and pore formation
upon binding to GIPC as discussed in Chapter 3. Unexpectedly, a few experiments
that | performed during the beginning of my phD project showed the importance of the
polar head group of GIPC in interacting with surfactin (collaboration with Marc
Ongena, Gembloux Agro-Bio Tech, and Magali Deleu, LBMi). The data are not yet
published but it seems that gluCER rather than mutated GIPC, bind preferentially to
surfactine. This study evidences that all sugar-containing lipids may serve as

receptor to plant elicitors and toxins.

Molecular modelling and molecular dynamics simulation of plant PM

components

The use of modelling approaches will be inevitable in order to provide a comprehensive
model of the plant PM bilayer. With data generated by biophysics experiments
(Langmuir trough, NMR or IR) to fuel the topologies of lipids, molecular dynamic
simulation studies seem to be the best option to provide a dynamic model of a realistic

plant PM just like (Ingdlfsson et al., 2014) for animal PM model.

In this project, we experimentally observed thermodynamically stable interaction
between cauliflower GIPC and the plant specific sterol, sitosterol. This was further
confirmed by the use of a theoretical docking method indicating a good steric fit
between the two molecules. This interaction was however reversed in the case of
GIPC and stigmasterol (Chapter1). In (Cacas et al., 2016a) simulations were done to
compare the behaviour of GIPCs with t18:0/h24:0 and the one of gluCER with
d18:2/ h16:0 regarding their insertion in a simplified bilayer. The results
indicated that the size of the polar heads and the positioning of acyl chains are
strikingly different and that the saturated VLCFA of GIPCs runs out of the
middle of the bilayer and interdigitates by at least six to seven carbon atoms

within the inner leaflet. 182



In our project, the same docking methodology also suggests that the interaction of a
GIPC molecule with sitosterol and stigmasterol are different, notably by the
positioning of the a face of the sterols. Surface pressure measurements have
confirmed that GIPC/Sitosterol interactions are cooperative while GIPC/stigmasterol
are not (Chapter 1). This docking approach known as HyperMatrix (HM) enables the
study specific lipid-lipid interactions. HM can be used as a screening approach to
match interesting binary lipid interactions before MD simulation which is more time-
consuming and intensive. These two approaches are complementary to successfully
describe PM lipid-lipid interactions. MD simulations can also yield order parameters
of acyl chain of the lipids in the bilayer, which can be compared to NMR and IR

data.

Once the asymmetric plant PM is obtained by MD simulation, we can use the data
to build MD topologies to understand the binding and pore formation process
of phytotoxins such as NLP upon binding to the plant PM. A realistic plant PM
model will be an essential tool to understand molecular details of the membrane

activity especially in plant immune signalling.

In order to understand the ability of plant cells to face different biotic
and abiotic stresses, it is undoubtedly necessary to decipher the basis of
PM organization at the molecular level. The crucial aspect of PM organisation to
study is PM asymmetry to confirm that GIPC is evidently representing 90%
of the sphingolipid of PM outer leaflet. With a combination of approaches, the
future aim should be to develop a single model of a more accurate perspective of
plant PM. The deciphering of a plant model PM organisation from molecular
to cellular scale is long due. In an era where climate change is a scientific,
political and social reality, it is of upmost importance to anticipate plant
responses to ever changing environmental fluctuations. This goes through the
better understanding of the molecular mechanisms of the PM, whose

global organisation play a role in setting up plant responses.
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