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). Cell membranes are composed of a specific set of biomolecules defining their identity. For example, phosphoinositide lipids and small GTPases proteins are major contributors to endosome identity [START_REF] Jean | Coordination between RAB GTPase and 465 phosphoinositide regulation and functions[END_REF][START_REF] Noack | Precision targeting by phosphoinositides: how PIs direct endomembrane trafficking in plants[END_REF]. A tremendous body of evidence shows that the motion and the organization of membrane constituents are dynamically regulated on the level of the membrane to form functional domains and this conversely throughout the tree of life [4 ,5,6]. Thus, it appears that membrane subcompartmentalization into domains is universal and may represent an essential characteristic. Taking into account the knowledge acquired in various model organisms and model systems over the past decades, membrane domains can be defined as membrane regions in which the local composition, lateral organization, and/or dynamics differ in some way from the average membrane properties [START_REF] Jacobson | The lateral organization and mobility of plasma membrane components[END_REF][START_REF] Sezgin | The mystery of membrane organization: composition, regulation and roles of lipid rafts[END_REF][START_REF] Gronnier | Divide and rule: plant plasma membrane organization[END_REF]. Such local specificity is dictated by preferential intermolecular interactions, including intra-membrane interactions (i.e lipid-protein, lipid-lipid and protein-protein) and associations with structures peripheral to the membrane for example cortical cytoskeleton and the cell wall in the case of plasma membrane. This also leads to the formation of inter-membrane interaction through Membrane Contact Sites (MCS), important functional platforms for the exchange of lipids and signalling proteins [START_REF] Michaud | Lipid trafficking at membrane contact sites during plant development and stress response[END_REF][START_REF] Petit | Lipids or proteins: who is leading the dance at membrane contact sites?[END_REF], see Figure 1. Yet, membranes being constituted of several thousands of molecules surrounded by variable and complex environments, a tremendous mechanistic complexity remains to be uncovered. Here, we review some described mechanisms regulating membrane architecture in plants and discuss recent technological advancements allowing researchers to study membrane organization with molecular and atomic resolution.

Examples of subcompartmentalization of plant membranes

Plasma membrane domains

The plasma membrane (PM) is the outermost boundary of the cell, acting as a communication headquarter integrating signal from the environment to the cell interior and vice-versa. The PM is asymmetric, as exemplified by the enrichment of sphingolipids in the outer leaflet and phospholipids in the inner leaflet [START_REF] Cacas | Revisiting plant plasma membrane lipids in tobacco: a focus on sphingolipids[END_REF][START_REF] Cassim | Plant lipids: key players of plasma membrane organization and function[END_REF]. The PM associates with the cortical cytoskeleton network and the cell wall creating a continuum at the cell surface [START_REF] Mckenna | Across the great divide: the plant cell surface continuum[END_REF]. PM establishes MCS with organelles, notably with ER at the level of PD, see Figures 1a and2. The lipid and protein composition of the domains formed at these MCS is very Protein production is achieved in minimal culture media supplemented with isotope labelled metabolites depending on the desired isotopic labelling scheme of the protein (e.g. 13C-glucose, 1,3-13 C-glycerol, 2-13 C-glycerol . . . ). Proteins are purified and reconstituted into liposomes of a chosen lipid composition. ssNMR allows obtaining two types of structural data: magic angle spinning (MAS) ssNMR is used to analyze the structure and dynamics of the membrane protein [START_REF] Gronnier | molecular mechanism regulating the formation of functional nanodomains invoveld in plant immunity against a virus[END_REF], and 2 H (unpublished typical data) and 31 P (not shown) ssNMR to decipher the dynamics and phase behavior of the membranes of interest comprising deuterated lipids.

specific [START_REF] Petit | Lipids or proteins: who is leading the dance at membrane contact sites?[END_REF]. Organization of the PM can be rationalized into two types: microdomains and nanodomains.

Microdomains are site-specific enrichment of membrane compounds at the cellular level usually referred to as polar domains that control localized cell activities. Nanodomains represent submicrometric heterogeneity of the PM whose visualization often requires the use of high or superresolution microscopy techniques [START_REF] Ott | Membrane nanodomains and microdomains in plantmicrobe interactions[END_REF][START_REF] Gronnier | Divide and rule: plant plasma membrane organization[END_REF]. Nanodomains have been proposed to act as dedicated platforms regulating cell signalling notably [4 ,16 ,9,17 ,15].

Mechanisms regulating the organization of PM domains

being recently reviewed [START_REF] Gronnier | Divide and rule: plant plasma membrane organization[END_REF][START_REF] Ott | Membrane nanodomains and microdomains in plantmicrobe interactions[END_REF][START_REF] Cassim | Plant lipids: key players of plasma membrane organization and function[END_REF][START_REF] Faulkner | A cellular backline: specialization of host membranes for defence[END_REF][START_REF] Burkart | Dynamic complexity: plant receptor complexes at the plasma membrane[END_REF][START_REF] Tilsner | Staying tight: plasmodesmal membrane contact sites and the control of cell-to-cell connectivity in plants[END_REF][21][22], we present here only three case studies to illustrate the molecular mechanisms at play in the organization and dynamics of PM domains.

REMORINs are plant-specific proteins regulating notably immunity [START_REF] Raffaele | Remorin, a solanaceae protein resident in membrane 24[END_REF][24][25][26], symbiosis [START_REF] Lefebvre | A 545 remorin protein interacts with symbiotic receptors and 546 regulates bacterial infection[END_REF][START_REF] Toth | 549 Functional domain analysis of the Remorin protein 550 LjSYMREM1 in Lotus japonicas[END_REF][START_REF] Liang | Symbiotic root infections in Medicago truncatula 36[END_REF] and development [30] possibly by modulating nanodomain-associated complexes [16 ,31,32,17 ,29 ]. REMORINs predominantly associate with the PM [33, [START_REF] Raffaele | Remorin, a solanaceae protein resident in membrane 24[END_REF]31,34,35]. In addition, isoforms from group 1 and group 6 REMORINs have been shown to be associated with plasmodesmata (PD) in Rice and in Solanaceae [START_REF] Raffaele | Remorin, a solanaceae protein resident in membrane 24[END_REF]36,30,31]. Electron microscopy immunolocalization, stimulated emission depletion microscopy (STED) and photoactivated localization microscopy (PALM) studies showed group 1 REMORINs are organized into nanodomains of about 70-90 nm in diameter that are sensitive to sterol composition [START_REF] Raffaele | Remorin, a solanaceae protein resident in membrane 24[END_REF][START_REF] Demir | Arabidopsis nanodomain-delimited ABA signaling pathway regulates the anion channel SLAH3[END_REF][START_REF] Gronnier | molecular mechanism regulating the formation of functional nanodomains invoveld in plant immunity against a virus[END_REF] and cytoskeleton integrity [START_REF] Szymanski | Cytoskeletal components define protein location to membrane microdomains[END_REF]. Molecular mechanisms at the basis of REMORIN domain organization are being discovered: REMORINs are targeted from the cytosol to the cytosolic leaflet of the PM via a short unconventional sequence at the extremity of the C-terminus of the protein, called REM-CA (REMORIN C-terminal Anchor) [START_REF] Perraki | Plasma membrane localization of Solanum tuberosum remorin from group 1, homolog 3 is mediated by conformational changes in a novel C-terminal anchor and required for the restriction of potato virus X movement[END_REF]34,[START_REF] Raffaele | The remorin C-terminal anchor was shaped by convergent evolution among membrane binding domains[END_REF], see Figures 1b and2; REM-CA undergoes conformational changes upon binding of conserved positively charged residues to phosphoinositides and provides to REMORINs biochemical properties indistinguishable from integral proteins [START_REF] Raffaele | Remorin, a solanaceae protein resident in membrane 24[END_REF][START_REF] Perraki | Plasma membrane localization of Solanum tuberosum remorin from group 1, homolog 3 is mediated by conformational changes in a novel C-terminal anchor and required for the restriction of potato virus X movement[END_REF][START_REF] Gronnier | molecular mechanism regulating the formation of functional nanodomains invoveld in plant immunity against a virus[END_REF]; REM-CA-sterol-phosphoinositide interactions are required for Group 1 REMORINs supra-molecular organization into functional domains involved in plant response to the Potato Virus X (PVX). Numerous REMOR-INs present cysteine residues that can be S-acylated [START_REF] Hemsley | Assaying protein S-acylation in plants[END_REF]34,[START_REF] Gui | Grain setting defect1 (GSD1) function in rice depends on S-acylation and interacts with actin 1 (OsACT1) at its C-terminal[END_REF][START_REF] Fu | Rice stripe virus interferes with S-acylation of remorin and induces its autophagic degradation to facilitate virus infection[END_REF]. While S-acylation of Arabidopsis REMORINs seems to regulate PM affinity but not primarily nanodomain organization [34], the substitution of an S-acylated cysteine of Nicotiana benthamiana REM alters nanodomain organization [START_REF] Fu | Rice stripe virus interferes with S-acylation of remorin and induces its autophagic degradation to facilitate virus infection[END_REF], suggesting functional divergence of REMORIN S-acylation. Oligomerization of group 1 REMORINs into homotrimers is required for PM localization [START_REF] Perraki | Plasma membrane localization of Solanum tuberosum remorin from group 1, homolog 3 is mediated by conformational changes in a novel C-terminal anchor and required for the restriction of potato virus X movement[END_REF][START_REF] Martinez | Coiled-coil oligomer Q7 ization controls localization of the plasma membrane REMORINs[END_REF], suggesting that REMORINs' self-assembly constitute an early step of PM targeting. Furthermore, REMORIN organization seems regulated by intermolecular protein association. Figure 2a shows several examples of diverse contributions, including solid-state nuclear magnetic resonance (ssNMR), X-ray crystallography, modelling, FTIR, tomography by EM and solution NMR. The development of lipid and protein imagery by isotope-labeled high-resolution secondary ion mass spectrometry (nano-SIMS) would allow the study of molecular events at play in domain formation and dynamics [START_REF] Frisz | Sphingolipid domains in the plasma membranes of fibroblasts are not enriched with cholesterol[END_REF][START_REF] Frisz | Direct chemical evidence for sphingolipid domains in the plasma membranes of fibroblasts[END_REF]. In plants, nano-SIMS was used to localize elements such as manganese, arsenic, iron, zinc, and cadmium at the nanoscale level [START_REF] Ondrasek | Zinc and cadmium mapping by NanoSIMS within the root apex after short-term exposure to metal contamination[END_REF], but this approach could also be used for lipids and proteins in internal organelles.

Here, we further describe the powerful technique ssNMR that emerges as a tool to understand domain assembly.

SsNMR is a versatile technology reporting on membrane and protein structure, sensitive to dynamics and proteinlipid interactions. A major advantage relies in its application on systems in the native bilayer environment, that is reconstituted liposomes that can represent membranes of a chosen lipid composition. The flowchart in Figure 2b illustrates the overall procedure applied to inquire on the previously mentioned aspects of membrane-associated proteins. Reporting membrane biophysical and structural parameters are achieved by well-established membrane-focused ssNMR, mainly recorded on 2 H and 31 P nuclei [START_REF] Epand | Membrane curvature modulation of protein activity determined by NMR[END_REF][START_REF] Molugu | Concepts and methods of solidstate NMR spectroscopy applied to biomembranes[END_REF]. The quad- 
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 2 signal in static ssNMR encodes for the overall lipid mobility and, importantly, the local dynamics along the acyl chain. Upon varying the membrane components (lipid composition, presence or absence of protein) and environment (temperature, pH), 2 H ssNMR reveals detailed insights on phase, phase transitions, acyl chain dynamics and membrane thickness and curvature depending on the precise lipid composition and on the presence of a potential interaction partner. The chemical shift of 31 P nuclei complements and corroborates the data reporting on phase behavior and the impact of potential partner molecules on the lipid head groups. Tackling membrane proteins is based on Magic-Angle spinning (MAS) ssNMR, a method which has seen tremendous advances in elucidating insoluble protein structures, dynamics and interactions in soft matter states such as assemblies, aggregates [97 ,98,99] or membrane-association [100 ,101,102]. Since 2002, when the 416 first structure of a microcrystalline protein has been solved by 417 MAS ssNMR [103], the technology has proven very powerful 418 to elucidate protein assemblies such as the first amyloid 419 protein structure [104], bacterial filaments [105,106] and 420 protein-membrane complexes [107 ]. A considerable knowl-421 edge has already been derived from ssNMR on protein-lipid, 422 lipid-lipid interactions and membrane dynamics and func-423 tioning [108-110,96,102]. Most recent technological devel-424 opments achieving ultra-fast MAS frequencies (100 kHz) 425 MAS ssNMR allow for observing proton nuclei in protonated 426 protein samples (500 mg) and should facilitate ssNMR to 427 serve as a common tool for structural biology on membrane/ 428 protein related questions. Because of its striking technologi-429 cal evolution, MAS ssNMR has recently been applied in few 430 cases to shed light on protein structures, dynamics and 431 protein-lipid interactions promoted by lipid-dependent 432 membrane features [100 ]. Membrane domain formation 433 in plants, relying on the plant protein and lipid interplay (see 434 below the example of REMORIN in PM [16 ,44]) remains a 435 field to explore by MAS ssNMR. 436 Conclusions 437 Virtually all membranes are organized in functional 438 domains that coordinate cell functions. Recent break-439 through in biochemistry, biophysic and microscopy 440 approaches allow nowadays the study of the mechanisms 441 regulating the formation of membrane domains, particu-442 larly the interplay between lipids and proteins. The next 443 decade will likely open a vast area of research to under-444 stand the roles of membrane organization during plant 445 development and a Q5 daptation.

  Hahn A, Meier T, Davies KM, Kuhlbrandt W: Dimers of mitochondrial ATP synthase induce membrane curvature and self-assemble into rows. Proc Natl Acad Sci U S A 2019. Use of electron cryotomography provided experimental proof that mitochondrial ATP synthase dimers assemble spontaneously into rows upon membrane reconstitution, likely the first step in the formation of mitochondrial cristae. 82. Iinuma T, Aoki T, Arasaki K, Hirose H, Yamamoto A, Samata R, Hauri HP, Arimitsu N, Tagaya M, Tani K: Role of syntaxin 18 in the organization of endoplasmic reticulum subdomains. J Cell Sci 2009, 122:1680-1690.83.Cai Y, Goodman JM, Pyc M, Mullen RT, Dyer JM, Chapman KD:ArabidopsisSEIPIN proteins modulate triacylglycerol accumulation and influence lipid droplet proliferation. Plant Cell 2015, 27:2616-2636. First role of SEIPIN in regulation lipid droplet formation in plants. 84. Taurino M, Costantini S, De Domenico S, Stefanelli F, Ruano G, Delgadillo MO, Sanchez-Serrano JJ, Sanmartin M, Santino A, Rojo E: SEIPIN proteins mediate lipid droplet biogenesis to promote pollen transmission and reduce seed dormancy. Plant Physiol 2018, 176:1531-1546. 85. Thazar-Poulot N, Miquel M, Fobis-Loisy I, Gaude T: Peroxisome extensions deliver the Arabidopsis SDP1 lipase to oil bodies. Proc Natl Acad Sci U S A 2015, 112:4158-4163. 86. Hunte C, Richers S: Lipids and membrane protein structures. Curr Opin Struct Biol 2008, 18:406-411. 87. Maslennikov I, Choe S: Advances in NMR structures of integral membrane proteins. Curr Opin Struct Biol 2013, 23:555-562. 88. Oxenoid K, Chou JJ: The present and future of solution NMR in investigating the structure and dynamics of channels and transporters. Curr Opin Struct Biol 2013, 23:547-554. 89. Nicolas WJ, Grison MS, Trepout S, Gaston A, Fouche M, Cordelieres FP, Oparka K, Tilsner J, Brocard L, Bayer EM: Architecture and permeability of post-cytokinesis plasmodesmata lacking cytoplasmic sleeves. Nat Plants 2017, 3:17082. Using electron tomography the authors shows that within plasmodesmata ER-PM contact sites undergo substantial remodelling events during cell differentiation to regulate cell-cell communication. 90. Hosy E, Martiniere A, Choquet D, Maurel C, Luu DT: Superresolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms. Mol Plant 2015, 8:339-342. lipid bilayers. Nat Commun 2017, 8:2073. 815 Recent MAS ssNMR approaches have been used to determine the 816 structure of an integral membrane protein. This study is a well-timed 817 example of the potential of MAS ssNMR in structural investigations on 818 membrane proteins. 819 108. Huster D: Solid-state NMR spectroscopy to study protein-lipid 820 interactions. Biochim Biophys Acta 2014, 1841:1146-1160. 821 109. Brown LS, Ladizhansky V: Membrane proteins in their native 822 habitat as seen by solid-state NMR spectroscopy. Protein Sci 823 2015, 24:1333-1346. 824 110. Elkins MR, Hong M: Elucidating ligand-bound structures of 825 membrane proteins using solid-state NMR spectroscopy. Curr 826 Opin Struct Biol 2019, 57:103-109. 827 111. Long SB, Tao X, Campbell EB, MacKinnon R: Atomic structure of 828 a voltage-dependent K+ channel in a lipid membrane-like 829 environment. Nature 2007, 450:376-382. 830 112. Wang J, Pielak RM, McClintock MA, Chou JJ: Solution structure 831 and functional analysis of the influenza B proton channel. Nat 832 Struct Mol Biol 2009, 16:1267-1271.

  Plant Signal Behav 2018, 13:e1500064. 74. Erickson JL, Kantek M, Schattat MH: Plastid-nucleus distance alters the behavior of stromules. Front Plant Sci 2017, 8:1135.

			75. Erickson JL, Schattat MH: Shaping plastid stromules-principles
			of in vitro membrane tubulation applied in planta. Curr Opin
			Plant Biol 2018, 46:48-54.
			76. Gao H, Metz J, Teanby NA, Ward AD, Botchway SW, Coles B,
			Pollard MR, Sparkes I: In vivo quantification of peroxisome
			tethering to chloroplasts in tobacco epidermal cells using
			optical tweezers. Plant Physiol 2016, 170:263-272.
			77. Jaipargas EA, Mathur N, Bou Daher F, Wasteneys GO, Mathur J:
			High light intensity leads to increased peroxule-mitochondria
			interactions in plants. Front Cell Dev Biol 2016, 4:6.
			78. Quintana-Cabrera R, Mehrotra A, Rigoni G, Soriano ME: Who and
			how in the regulation of mitochondrial cristae shape and
			function. Biochem Biophys Res Commun 2018, 500:94-101.
			79. Pan R, Jones AD, Hu J: Cardiolipin-mediated mitochondrial
			dynamics and stress response in Arabidopsis. Plant Cell 2014,
			26:391-409.
			80. Jiko C, Davies KM, Shinzawa-Itoh K, Tani K, Maeda S, Mills DJ,
			Tsukihara T, Fujiyoshi Y, Kuhlbrandt W, Gerle C: Bovine F1Fo ATP
			synthase monomers bend the lipid bilayer in 2D membrane
			crystals. eLife 2015, 4:e06119.
			synthesis during salt stress. Cell 2015, 162:1353-1364.
	676	67. Jouhet J: Importance of the hexagonal lipid phase in biological
	677		membrane organization. Front Plant Sci 2013, 4:494.
	678	68. Nawrocki WJ, Santabarbara S, Mosebach L, Wollman FA,
			Rappaport F: State transitions redistribute rather than
	679		dissipate energy between the two photosystems in
	680		chlamydomonas. Nat Plants 2016, 2:16031.
	681	69. Flori S, Jouneau PH, Bailleul B, Gallet B, Estrozi LF, Moriscot C,
			Bastien O, Eicke S, Schober A, Bartulos CR et al.: Plastid
	682		thylakoid architecture optimizes photosynthesis in diatoms.
	683		Nat Commun 2017, 8:15885.
	684	70. Furse S: Is phosphatidylglycerol essential for terrestrial life? J
	685		Chem Biol 2017, 10:1-9.
		71.	Rast A, Schaffer M, Albert S, Wan W, Pfeffer S, Beck F, Plitzko JM,
			Nickelsen J, Engel BD: Biogenic regions of cyanobacterial
	686		thylakoids form contact sites with the plasma membrane. Nat
	687 688	Plants 2019, 5:436-446. have been highlighted as: Cryo-electron tomography was used here to show that thylakoids orga-
	689 690 691	nized in domains enriched in ribosomes, but deprived in photosynthetic of special interest machinery, to allow contact sites with the cyanobacterial plasma of outstanding interest membrane.
		72.

Michaud M, Gros V, Tardif M, Brugiere S, Ferro M, Prinz WA, Toulmay A, Mathur J, Wozny M, Falconet D et al.: AtMic60 is 692 involved in plant mitochondria lipid trafficking and is part of a 693 large complex. Curr Biol 2016, 26:627-639. 694 Elegant biochemical characterization of the MCS between mitochondria 695 and chloroplasts involved in the exchange of DGDG during phosphate 696 deprivation. 73. Park E, Caplan JL, Dinesh-Kumar SP: Dynamic coordination of plastid morphological change by cytoskeleton for chloroplast-nucleus communication during plant immune responses.

Available online at www.sciencedirect.com

www.sciencedirect.comCurrent Opinion in Plant Biology 2019, 52:1-10

Please cite this article in press as:Gronnier J, et al.: Mechanisms governing subcompartmentalization of biological membranes, Curr Opin Plant Biol (2019), https://doi.org/10.1016/j.pbi.2019.08.003 www.sciencedirect.com Current Opinion in Plant Biology 2019, 52:1-10

Please cite this article in press as:Gronnier J, et al.: Mechanisms governing subcompartmentalization of biological membranes, Curr Opin Plant Biol (2019), https://doi.org/10.1016/j.pbi.2019.08.003 Current Opinion in Plant Biology 2019, 52:1-10 www.sciencedirect.com

Acknowledgements 449 This work was sustained b Q6 y CNRS (Centre National de la Recherche

Conflict of interest statement