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Annexin A2 (AnxA2) is a calcium-and phospholipid-binding protein that plays roles in cellular processes involving membrane and cytoskeleton dynamics and is able to associate to several partner proteins. However, the principal molecular partners of AnxA2 are negatively charged phospholipids such as phosphatidylserine and phosphatidyl-inositol-(4,5)-phosphate.

Herein we have studied different aspects of membrane lipid rearrangements induced by AnxA2 membrane binding. X-ray diffraction data revealed that AnxA2 has the property to stabilize lamellar structures and to block the formation of highly curved lipid phases (inverted hexagonal phase, HII). By using pyrene-labelled cholesterol and the environmental probe di-4-ANEPPDHQ, we observed that in model membranes, AnxA2 is able to modify both, cholesterol distribution and lipid compaction. In epithelial cells, we observed that AnxA2 localizes to membranes of different lipid order. The protein binding to membranes resulted in both, increases and/or decreases in membrane order depending on the cellular membrane regions. Overall, AnxA2 showed the capacity to modulate plasma membrane properties by inducing lipid redistribution that may lead to an increase in order or disorder of the membranes.

Introduction

Cellular membranes are composed of different protein and lipid species. The current model of membrane lipid organization propose the existence of lipid affinities that result in the formation of different membrane domains with particular physicochemical properties such as lipid order, fluidity, lipid packing and diffusional rates. Different aspects of membrane domain organization, membrane asymmetry, physicochemical properties and cellular functions have been discussed in several reviews [START_REF] Clarke | Physiological roles of transverse lipid asymmetry of animal membranes[END_REF][START_REF] Kusumi | Defining raft domains in the plasma membrane[END_REF][START_REF] Levental | Lipid Rafts: Controversies Resolved, Mysteries Remain[END_REF][START_REF] Lingwood | Lipid rafts as a membrane-organizing principle[END_REF][START_REF] Rosetti | Sizes of lipid domains: What do we know from artificial lipid membranes? What are the possible shared features with membrane rafts in cells?[END_REF][START_REF] Schmid | Physical mechanisms of micro-and nanodomain formation in multicomponent lipid membranes[END_REF][START_REF] Sezgin | The mystery of membrane organization: composition, regulation and roles of lipid rafts[END_REF][START_REF] Simons | Revitalizing membrane rafts: new tools and insights[END_REF]. The role of cholesterol (Chol) as a lipid-organizing molecule is now well known. Cholesterol is able to promote lipid ordering depending on its concentration in membrane models and giant plasma membrane vesicles, as well as by molecular dynamics simulations [START_REF] Favela-Rosales | A molecular dynamics study proposing the existence of statistical structural heterogeneity due to chain orientation in the POPC-cholesterol bilayer[END_REF][START_REF] Kaiser | Order of lipid phases in model and plasma membranes[END_REF][START_REF] Levental | Cholesterol-dependent phase separation in cell-derived giant plasma-membrane vesicles[END_REF][START_REF] Levental | Raft domains of variable properties and compositions in plasma membrane vesicles[END_REF][START_REF] Silvius | Cholesterol at Different Bilayer Concentrations Can Promote or Antagonize Lateral Segregation of Phospholipids of Differing Acyl Chain Length[END_REF]. Membrane domains have been classified into two groups; liquid-ordered domains (Lo) usually enriched in cholesterol and lipids with saturated acyl chains such as sphingomyelin, and liquid-disordered domains (Ld) which are enriched in lipids with unsaturated acyl chains and can be poor in cholesterol content. It has been shown that cholesterol mediated the formation of membrane domains and its increase in lipid order depended on the phospholipid head group and the saturation or unsaturation of the acyl chains [START_REF] Huster | Influence of docosahexaenoic acid and cholesterol on lateral lipid organization in phospholipid mixtures[END_REF][START_REF] Nyholm | The Affinity of Sterols for Different Phospholipid Classes and Its Impact on Lateral Segregation[END_REF][START_REF] Shaikh | Monounsaturated PE does not phase-separate from the lipid raft molecules sphingomyelin and cholesterol: role for polyunsaturation?[END_REF]. The CH-O hydrogen bonds between cholesterol and phosphatidylcholine (PC) or sphingomyelin seem to play a crucial role in the formation of membrane microdomains [START_REF] Pandit | Complexation of phosphatidylcholine lipids with cholesterol[END_REF], and the interaction of cholesterol with different phospholipids results in different cholesterol diffusional rates [START_REF] Pinkwart | Nanoscale dynamics of cholesterol in the cell membrane[END_REF].

The members of the annexin family of calcium-and phospholipid-binding proteins have been involved in many different cellular membrane processes (for reviews see [START_REF] Gerke | Annexins: linking Ca2+ signalling to membrane dynamics[END_REF][START_REF] Rescher | Annexins--unique membrane binding proteins with diverse functions[END_REF]). In particular, annexin A2 (AnxA2) is not only able to bind to membranes, but can also form protein bridges between two membranes in its monomeric and tetrameric forms. It has been suggested that these membrane bridges play a role in membrane fusion processes. The calcium dependence of these membrane binding and bridging properties is modulated by the presence of cholesterol. This cholesterol effect was observed in model membranes and cellular membranes such as chromaffin granules [START_REF] Ayala-Sanmartin | Cholesterol regulates membrane binding and aggregation by annexin 2 at submicromolar Ca(2+) concentration[END_REF]. Moreover, this membrane-binding modulation by cholesterol was observed for other annexins such as annexins A5, A6 and A8 in membrane models [START_REF] Ayala-Sanmartin | Cholesterol enhances phospholipid binding and aggregation of annexins by their core domain[END_REF] and cultured cells [START_REF] De Diego | Cholesterol modulates the membrane binding and intracellular distribution of annexin 6[END_REF][START_REF] Heitzig | Cooperative binding promotes demand-driven recruitment of AnxA8 to cholesterol-containing membranes[END_REF]. AnxA2 has been found associated to cholesterol enriched membrane domains in a calcium-dependent manner in smooth muscle cells [START_REF] Babiychuk | Annexins in cell membrane dynamics. Ca(2+)-regulated association of lipid microdomains[END_REF], and in HeLa cells' plasma membranes during entero-pathogenic E. coli cell attachment [START_REF] Zobiack | Cell-surface attachment of pedestal-forming enteropathogenic E. coli induces a clustering of raft components and a recruitment of annexin 2[END_REF]. AnxA2 does not bind directly to cholesterol [START_REF] Ayala-Sanmartin | Cholesterol regulates membrane binding and aggregation by annexin 2 at submicromolar Ca(2+) concentration[END_REF][START_REF] Gokhale | Phosphoinositide specificity of and mechanism of lipid domain formation by annexin A2-p11 heterotetramer[END_REF] suggesting that the cholesterol effect on AnxA2 binding is mediated by cholesterol-induced membrane domain organization. In agreement with this suggestion, experiments with membrane models show a very complex behaviour of AnxA2 calcium dependency that depends not only on cholesterol concentration, but also on different phospholipid proportions [START_REF] Illien | Lipid organization regulates annexin A2 Ca(2+)-sensitivity for membrane bridging and its modulator effects on membrane fluidity[END_REF]. Experiments with breast cancer cells showed that the presence of long-chain saturated fatty acids increases the translocation of AnxA2 to cholesterol-enriched, detergent-resistant membranes [START_REF] Zhao | Long-chain saturated fatty acids induce annexin II translocation to detergent-resistant membranes[END_REF].

Other experimental data suggest that annexins are able to induce lipid segregation and microdomain marker protein clustering in a calcium-dependent manner in smooth muscle cells, chromaffin cells and fibroblasts [START_REF] Alvarez-Guaita | Evidence for annexin A6-dependent plasma membrane remodelling of lipid domains[END_REF][START_REF] Chasserot-Golaz | Annexin 2 promotes the formation of lipid microdomains required for calcium-regulated exocytosis of dense-core vesicles[END_REF][START_REF] Draeger | Domain architecture of the smooth-muscle plasma membrane: regulation by annexins[END_REF]. In computer simulations, annexin A5 and AnxA2 induced clusters of phosphatidylserine (PS)/cholesterol, and lipid ordering [START_REF] Almeida | Monte Carlo simulation of protein-induced lipid demixing in a membrane with interactions derived from experiment[END_REF][START_REF] Hakobyan | Modeling of annexin A2-Membrane interactions by molecular dynamics simulations[END_REF]. In planarsupported bilayers and in giant unilamellar vesicles (GUVs), AnxA2 was able to induce the formation of different domains, indicating that the protein induces lipid segregation [START_REF] Drücker | Lipid segregation and membrane budding induced by the peripheral membrane binding protein annexin A2[END_REF][START_REF] Menke | Phosphatidylserine membrane domain clustering induced by annexin A2/S100A10 heterotetramer[END_REF].

AnxA2 also induced an increase in membrane order (Laurdan fluorescence shift), and phosphatidylinositol-bis-phosphate (PI(4,5)P2) clustering in GUVs. These clusters were stabilized by the presence of cholesterol [START_REF] Gokhale | Phosphoinositide specificity of and mechanism of lipid domain formation by annexin A2-p11 heterotetramer[END_REF]. Therefore, it seems that the pre-existent membrane domains modulate AnxA2 binding and, reciprocally, after membrane association, the protein induces lipid reorganization.

Herein, we studied the lipid membrane rearrangements induced by AnxA2. In model membranes, we focused the experiments on the comparison of AnxA2 effects on membranes in both, the presence and the absence of cholesterol. X-ray diffraction data showed that AnxA2 favours the lamellar structures and reduced the tendency of membranes to form highly curved structures. Experiments using fluorescent probes and large unilamellar vesicles (LUVs) indicated that the protein induced cholesterol reorganization and increased membrane fluidity. In cells, the protein seemed to modify membrane order in different plasma membrane domains. Overall, the data support that one of the most important roles of AnxA2 is to be a modulator of membrane lipid organization.

Materials and methods

Materials.

Egg yolk L-α-phosphatidylcholine (PC), egg yolk L--phosphatidylethanolamine (PE), brain L-α-glycerophosphatidyl-L-serine (PS), cholesterol and the calcium ionophore ionomycin were purchased from Sigma-Aldrich. Human recombinant AnxA2 and S100A10 were purified as described [START_REF] Ayala-Sanmartin | Insight into the location and dynamics of the annexin A2 N-terminal domain during Ca(2+)-induced membrane bridging[END_REF]. 3-(trifluoromethyl)-3-(m[ 125 I]iodophenyl)diazirine ([ 125 I]TID) 9.25 MBq, was acquired from Amersham. Di-4-ANEPPDHQ (ANE) was obtained from Dr Leslie M. Loew (Connecticut, USA), and pyrene-labelled cholesterol (py-met-chol) was a kind gift of Dr. André Lopez (Toulouse, France). Goat polyclonal anti-AnxA2 (C16) was from Santacruz Biotechnology (Texas,USA), anti-MRP2 (Multidrug resistance-associated protein) (M2-I-4) antibody were purchased from Alexis Biochemicals (San Diego, CA). Secondary antibodies anti goat Alexa 488 and anti-mouse Alexa 555 were from Invitrogen-Life Technologies (Saint-Aubin, France) and DRAQ5 used to stain nuclei was from Cell-Signalling Technology (MA,USA).

Large unilamellar vesicles (LUV).

LUVs of varying lipid compositions were prepared by extrusion as described in [START_REF] Illien | Different molecular arrangements of the tetrameric annexin 2 modulate the size and dynamics of membrane aggregation[END_REF], in the calcium buffering solution A (Hepes 40 mM, pH 7, KCl 30 mM, EGTA 1 mM). LUVs containing the two most important phospholipids of the inner leaflet of the plasma membrane (PC and PE) and the most common AnxA2 ligand phospholipid (PS), both with and without cholesterol (PC/PS/PE, 25/15/60 and PC/PS/PE/Chol, 14/10/44/32 in mole%) were prepared.

For fluorescence experiments, cholesterol-pyrene probe was added at 3.6 mole%, and ANE were added at 1 µM in solution.

X-ray diffraction.

Samples for small angle X-ray diffraction (SAXD) were prepared as described in [START_REF] Almeida | Membrane rearrangements and rippled phase stabilisation by the cell penetrating peptide penetratin[END_REF].

Multilamellar vesicles (MLVs) with and without cholesterol (PC/PS/PE 25/15/60 and PC/PS/PE/Chol 14/10/44/32 in mole%), and MLVs without the AnxA2 ligand PS (PC/PE/Chol 20/50/30 in mole%) were prepared. Briefly, samples were prepared by dissolving 20 mg of lipids in chloroform/methanol (2/1, vol/vol) to obtain the indicated lipid proportions. The solvent was evaporated, and traces of solvent were removed by storage under high vacuum for two days. The dry lipids were hydrated with an equal weight of buffer A and 0.1 mM Ca 2+ containing 5 mg of AnxA2. For X-ray acquisition, lipid samples (20 l) were deposited between two thin mica windows and mounted on a programmable thermal stage (Linkam, UK). Increments of 2°C in temperature of the samples were raised from 15°C to 45°C before being decreased to 20°C. Temperature was monitored by a thermocouple (Quad Service, Poissy, France) inserted directly into the lipid dispersion. Samples were exposed to the beam (1.5 Å wavelength) for 30 seconds. The SAXD quadrant detector response was corrected for the uneven channel response using a static radioactive iron, and was calibrated for d-spacing using hydrated rat-tail collagen. The analysis of diffractogram peaks were performed with the programs Origin60 and PeakFit v4.

Cell culture and transfection.

MDCK (kidney) and HepG2 (hepatic) epithelial cell lines expressing AnxA2-GFP (green fluorescent protein; GFP) chimaera were used. The AnxA2-GFP expression vector was a kind gift from Dr Stephen Moss (London UK, [START_REF] Merrifield | Annexin 2 has an essential role in actin-based macropinocytic rocketing[END_REF]. MDCK and HepG2 cells were transfected by the standard lipofectamine (Thermo Fisher) protocol. Stable cell lines were obtained by selection of transfected cultures with neomycin during 10 days. The cells were cultured as previously described [START_REF] Zibouche | Annexin A2 expression and partners during epithelial cell differentiation[END_REF]. Briefly, cells were incubated in Dulbecco's Modified Eagle's Medium (DMEM; Life Technologies, France) supplemented with 10% heat-inactivated foetal bovine serum (Life Technologies), penicillin (0.1 IU/ml) and streptomycin (100 mg/ml). Cells were grown at 37°C in a 5% CO2/air atmosphere. µ-slide 8 well slides from Ibidi were used for live-cell di-4-ANEPPDHQ imaging.

Cell labelling and fluorescence microscopy.

For di-4-ANEPPDHQ (ANE) labelling, the probe was added at a final 5 µM concentration for 20 minutes and then ANE was washed out. We followed the protocol previously published [START_REF] Maniti | Basic cell penetrating peptides induce plasma membrane positive curvature, lipid domain separation and protein redistribution[END_REF]. Briefly, confocal images were acquired with a TCS SP2 laser-scanning spectral system (Leica, Wetzlar, Germany) attached to a Leica DMR inverted microscope. For ANE imaging, the samples were excited at 488 nm (Ar ion laser) and the fluorescence emission was collected at 570-590 nm for the liquid-ordered (Lo) contribution and at 620-640 nm for the liquid-disordered (Ld) contribution. Imaging of AnxA2-GFP was performed by excitation at 488 nm and the emission light was collected at 500-520 nm. With these range of wavelengths for each parameter (Lo, Ld, GFP) and at low sensitivity of PMTs, we avoided the contamination of GFP emission on ANE spectra. Optical sections were recorded with 63/1.4 or 100/1.4 immersion objectives. For the analysis of general polarization (GP) lipid order parameter, the images were analysed using ImageJ. Intensity images were converted into GP images and each pixel was calculated from the two ANE fluorescence intensity images according to the equation: GP = (I(570-590) -GI(620-640)) / (I(570-590) + 2GI(620-640))

Where I are the pixel intensities corresponding to the ordered (570-590) and disordered (620-640) components and G is the correction factor accounting for the instrumental difference in transmission of the I(570-590) and I(620-640) components.

GP distributions were obtained from the GP images' histogram values from regions of interest (ROI) (free plasma membranes, cell-contacting membranes and canalicular membranes) using a custom-built macro in ImageJ [START_REF] Alvarez-Guaita | Evidence for annexin A6-dependent plasma membrane remodelling of lipid domains[END_REF][START_REF] Owen | Quantitative imaging of membrane lipid order in cells and organisms[END_REF]. For comparison of different cell culture fields, we normalised the GP distributions in percentage considering the maximum as 100%. Pixel-bypixel correlation of AnxA2-GFP intensity and membrane GP values was performed by quantifying the pixel values of GP, and the AnxA2-GFP fluorescence intensity with ImageJ software.

For statistical purposes, we analysed different cell culture fields by acquisition of 4 to 6 confocal planes containing several cells. For each confocal plane, the regions of interest (ROIs: free, junctional or canalicular membranes) were analysed pixel by pixel (GP values and AnxA2-GFP intensity). For comparison, the AnxA2-GFP levels were normalized in %.

The results of all the planes of each cell culture field were summed. These last values were considered as one experimental point (n=1). Notice that all data were obtained from three independent cell cultures.

For immunofluorescence, HepG2 cells were fixed in cold Methanol (-20°C) for 1min and co stained with Goat polyclonal anti-AnxA2 (C16) and mouse monoclonal anti-MRP2 (M2-I-4), followed by secondary antibodies anti goat Alexa 488 and anti-mouse Alexa 555, nuclei were stained with DRAQ5.

Fluorescence spectroscopy.

Spectra were obtained with a Varian fluorimeter. The cholesterol-pyrene (py-met-chol) probe emission spectra were recorded from 360 to 600 nm using a 335 nm excitation wavelength.

Excitation and emission band-passes were set at 5 nm. 250 μl of buffer A at a 500 µM calcium concentration containing 5 μg of py-met-chol-labelled LUVs were added to a quartz cell. Temperature was regulated with a Peltier device. 5 μg of AnxA2 were added (protein/lipid molar ratio 1/20) and after 7 minutes, spectra were recorded. To characterize pymet-chol movements and its environment, we followed the wavelengths recommended in [START_REF] Almeida | Cholesterol-pyrene as a probe for cholesterol distribution on ordered and disordered membranes: Determination of spectral wavelengths[END_REF]. Briefly, 474 nm to characterize the py-met-chol aggregation (excimers) normalized by the iso-emissive point 432 (474/432), and the 373/379 (Lo/Ld) ratio. 373 nm is a marker of liquid-ordered (Lo) domain environment around the py-met-chol, and 379 nm is a marker of liquid-disordered (Ld) environment [START_REF] Almeida | Cholesterol-pyrene as a probe for cholesterol distribution on ordered and disordered membranes: Determination of spectral wavelengths[END_REF].

For ANE fluorescence, the probe was used at 1 μM. Ca 2+ was added to 200 μl of LUVs for a final 500 μM concentration. Then, 10 μg of AnxA2 were added and incubated for 10 minutes.

Emission spectra were recorded from 500 to 750 nm using 485 nm excitation and the wavelengths used for GP calculation were 570 and 630 nm for the ordered and disordered phases respectively. ∆GP = GP in the presence of AnxA2 and Ca 2+ minus GP in the presence of Ca 2+ alone.

Data analyses and statistics.

The principal component analysis (PCA) of normalized spectra treated as a multivariate (wavelength) set of data was performed with SIMCA software (Umetrics) as previously described [START_REF] Almeida | Cholesterol-pyrene as a probe for cholesterol distribution on ordered and disordered membranes: Determination of spectral wavelengths[END_REF]. Briefly, the program finds the components (correlated set of variables) that are responsible for the optimal separation of experimental observations in a multivariate space.

Both, principal components analysis (PCA) and orthogonal partial least square-discriminant analysis (OPLS-DA) were performed. Different tools of the program SIMCA were used to evaluate the discriminant variables. The variable importance of the projection (VIP) summarises the importance of variables to explain X (wavelengths) and correlate to Y (experimental conditions) in the projection plane, and group-to-group comparisons show the determinant variables differentiating two groups.

The mean GP distributions were analysed with GraphPad-Prism, and the peaks values were obtained with the PeakFit program using the EMG+GMG fitting curve. The student t tests were performed to analyse the TID labelling experiments (two tailed, unpaired) and py-metchol spectral analysis (two tailed, paired) with GraphPad-Prism. Graphs are given as means ± standard error.

Results

AnxA2 membrane lipids rearrangements by small angle X-ray diffraction (SAXD).

X-ray diffraction is a particularly powerful technique to study lipid membrane phases [START_REF] Lamaziere | Lipid domain separation, bilayer thickening and pearling induced by the cell penetrating peptide penetratin[END_REF][START_REF] Rand | Structural dimensions and their changes in a reentrant hexagonallamellar transition of phospholipids[END_REF][START_REF] Tessier | Modulation of the phase heterogeneity of aminoglycerophospholipid mixtures by sphingomyelin and monovalent cations: maintenance of the lamellar arrangement in the biological membranes[END_REF]. Therefore, we followed changes in membrane lipid arrangements after AnxA2 membrane association by X-ray diffraction. Three different membranes were tested: a membrane without AnxA2 phospholipid ligand as a negative control (PC/PE/Chol), a membrane without cholesterol (PC/PS/PE), and a membrane containing cholesterol (PC/PS/PE/Chol). PC/PE/Chol multilamellar vesicles (MLVs) analyses at 15°C, showed diffractograms composed of two lamellar phases (Fig. 1A). By heating the sample at 45°C we observed a shift (0.26 nm) in the d-spacing of one lamellar phase indicating that it was quite fluid in nature (liquid-disordered Ld). The d-spacings are shown in table S1. The second lamellar phase showed only a very small temperature-driven shift (0.06 nm) indicating a more ordered (Lo) nature. This Lo lamellar phase is the result of the presence of cholesterol and saturated acyl chains on MLVs. The emergence of an inverted hexagonal phase (HII) by heating was also observed. This is due to the high propensity of PE to form the HII phase [START_REF] Rand | Structural dimensions and their changes in a reentrant hexagonallamellar transition of phospholipids[END_REF][START_REF] Tessier | Modulation of the phase heterogeneity of aminoglycerophospholipid mixtures by sphingomyelin and monovalent cations: maintenance of the lamellar arrangement in the biological membranes[END_REF].

Lowering the temperature demonstrated the reversibility of lipid organisation. In the presence of AnxA2, we observed no changes in the number of membrane phases, and only minor changes in the d-spacing of the lamellar phases at all temperatures, confirming the absence of AnxA2 binding without PS (Fig. 1A and table S1).

The PC/PS/PE diffractograms revealed three lamellar phases at 15°C. At high temperatures (45°C), a HII phase was also present (Fig. 1B). The binding of AnxA2 to these membranes results in the detection of two lamellar phases and two peaks that are likely the contribution of one cubic phase (Q). Briefly, AnxA2 stabilized lamellar phases and one cubic phase but blocked the formation of the HII phase. The rise of the cubic phase in the presence of AnxA2 could be due to phase separation creating a zone rich in PE, which is able to form the cubic structure but unable to form the hexagonal phase. Because cubic phases are thought to be intermediates between lamellar and hexagonal phases [START_REF] Marrink | Molecular dynamics simulation of spontaneous membrane fusion during a cubic-hexagonal phase transition[END_REF], the AnxA2 effect could be due to the blockage of the Q-HII transition. This AnxA2-induced behaviour was quite stable and the diffractograms were very similar at all temperatures. This result suggests that AnxA2 blocks strong negative curved structures.

The presence of cholesterol in MLVs (PC/PS/PE/Chol) results in a complex diffractogram. At 15°C, two lamellar phases coexist with at least one cubic phase (Fig. 1C). The temperature induces the emergence of an additional HII phase. This increase in membrane heterogeneity compared with the membranes without cholesterol illustrates cholesterol's capacity to induce membrane domain separation in agreement with its lipid de-mixing properties [START_REF] Favela-Rosales | A molecular dynamics study proposing the existence of statistical structural heterogeneity due to chain orientation in the POPC-cholesterol bilayer[END_REF][START_REF] Kaiser | Order of lipid phases in model and plasma membranes[END_REF][START_REF] Levental | Cholesterol-dependent phase separation in cell-derived giant plasma-membrane vesicles[END_REF][START_REF] Levental | Raft domains of variable properties and compositions in plasma membrane vesicles[END_REF][START_REF] Silvius | Cholesterol at Different Bilayer Concentrations Can Promote or Antagonize Lateral Segregation of Phospholipids of Differing Acyl Chain Length[END_REF]. The binding of AnxA2 reduced the intensity of the Q phase, conserved the two lamellar phases and blocked the formation of the HII phase. This blockage of the hexagonal phase was similar to the AnxA2 effect on PC/PS/PE MLVs. A summary of SAXD experiments is shown in Fig. 1D. Briefly, AnxA2 blocked the HII phase both with and without cholesterol revealing its capacity to flatten the membrane. However, the protein increased the intensity of cubic phase in the absence of cholesterol and decreased it in the presence of cholesterol. All these effects are probably due to a protein-induced modulation of the redistribution of PE, which is a lipid that induce membrane negative curvature.

Cholesterol redistribution and membrane order changes by AnxA2.

The influence of AnxA2 on cholesterol movements was studied by characterization of the pyrene-labelled cholesterol probe py-met-chol which has been successfully used to study lipoprotein-mediated cholesterol trafficking [START_REF] Gaibelet | Specific cellular incorporation of a pyrene-labelled cholesterol: lipoprotein-mediated delivery toward ordered intracellular membranes[END_REF]. The lateral distribution and self-association of the probe is essentially due to its cholesterol moiety [START_REF] Lagane | Lateral distribution of cholesterol in membranes probed by means of a pyrene-labelled cholesterol: effects of acyl chain unsaturation[END_REF][START_REF] Guyader | Changes of the membrane lipid organization characterized by means of a new cholesterol-pyrene probe[END_REF]. In previous studies, we succeed defining the specific wavelengths to characterize the liquid-ordered and liquiddisordered environments of py-met-chol (373 and 379 nm, respectively) [START_REF] Almeida | Cholesterol-pyrene as a probe for cholesterol distribution on ordered and disordered membranes: Determination of spectral wavelengths[END_REF][START_REF] Almeida | Cholesterol re-organisation and lipid de-packing by arginine-rich cell penetrating peptides: Role in membrane translocation[END_REF]. The more accurate parameters to study cholesterol distribution are: 474/432 nm ratio, which corresponds to the pyrene excimers signal (cholesterol multimers) normalized to the isoemissive point, and the ratio 373/379, which characterize the balance between ordered and disordered environments. We compared the AnxA2 effect on PC/PS/PE and PC/PS/PE/Chol LUVs at 37°C. Representative spectra are shown in Fig. S1A-D was also observed at 20°C (Fig. S1E,F) indicating that the protein conserve its ability to redistribute lipids in less fluid membranes. These data suggest that AnxA2 increases the proportion of Lo domains in model membranes (Lo/Ld increase) resulting in dilution of the labelled cholesterol probe and therefore in reduction of the excimer signal (474/432) as previously demonstrated [START_REF] Almeida | Cholesterol-pyrene as a probe for cholesterol distribution on ordered and disordered membranes: Determination of spectral wavelengths[END_REF][START_REF] Almeida | Cholesterol re-organisation and lipid de-packing by arginine-rich cell penetrating peptides: Role in membrane translocation[END_REF]. Overall, the py-met-chol experiments show that AnxA2 induces cholesterol redistribution in model membranes.

In a second series of experiments we studied the action of AnxA2 on membrane order (fluidity) by using the environmental probe Di-4-ANEPPDHQ (ANE) which is able to differentiate the Lo and Ld membranes [START_REF] Jin | Characterization and application of a new optical probe for membrane lipid domains[END_REF][START_REF] Klymchenko | Fluorescent probes for lipid rafts: from model membranes to living cells[END_REF]. This probe is sensitive to the cholesterol membrane content [START_REF] Amaro | Laurdan and Di-4-ANEPPDHQ probe different properties of the membrane[END_REF] and its spectral properties are not modified by peptide insertion into the membranes [START_REF] Dinic | Laurdan and di-4-ANEPPDHQ do not respond to membrane-inserted peptides and are good probes for lipid packing[END_REF]. We prepared PC/PS/PE and PC/PS/PE/Chol LUVs in the presence of the probe (1 µM). We performed fluorescence experiments in the presence and absence of calcium and AnxA2 and calculated the GP parameter. AnxA2 alone showed no effect on ANE spectra. On the contrary, Ca 2+ showed a slight change in the GP parameter (ΔGP about 0.02, increase in order). Therefore we compared the GP values of LUVs in the presence of Ca 2+ and AnxA2 with those in the presence of Ca 2+ alone (ΔGP = GP in the presence of AnxA2 and Ca 2+ minus GP in the presence of Ca 2+ ) at 37°C. Fig. 2C shows that AnxA2 is able to increase significantly the order of LUVs membranes without cholesterol. Overall, these experiments show that AnxA2 is able to change membrane fluidity and cholesterol reorganisation in membrane models.

Membrane order and AnxA2 localization in living cells.

The environmental probe Di-4-ANEPPDHQ (ANE) has been used recently in the study of membrane organization in animal and plant cells [START_REF] Alvarez-Guaita | Evidence for annexin A6-dependent plasma membrane remodelling of lipid domains[END_REF][START_REF] Gerbeau-Pissot | Modification of plasma membrane organization in tobacco cells elicited by cryptogein[END_REF][START_REF] Gerbeau-Pissot | Ratiometric Fluorescence Live Imaging Analysis of Membrane Lipid Order in Arabidopsis Mitotic Cells Using a Lipid Order-Sensitive Probe[END_REF][START_REF] Sezgin | Polarity-Sensitive Probes for Superresolution Stimulated Emission Depletion Microscopy[END_REF][START_REF] Zhao | Di-4-ANEPPDHQ, a fluorescent probe for the visualisation of membrane microdomains in living Arabidopsis thaliana cells[END_REF]. Herein, we performed a series of experiments to verify that the spectral properties of fluorophores were adapted to the simultaneous capture of three signals by confocal microscopy: AnxA2 intensity and localization (AnxA2-GFP) and plasma membrane order (Lo and Ld contributions from ANE). Fig. S2A shows the fluorescent spectra of both probes. To avoid light contamination of different channels, we used the band ranges 500-520 nm for the AnxA2-GFP signal, 570-590 nm for ANE Lo and 620-640 nm for ANE Ld contributions. We adjusted the laser intensity and the PMT sensitivities to obtain specific signals. 

Membrane order and AnxA2 in MDCK cells.

In a first series of experiments, we characterized membrane order (GP values) in MDCK cells. The cells were cultured for two days at low and intermediate densities to obtain cell aggregates of different sizes permitting the quantification of two different plasma membrane regions of interest: membranes contacting only the culture medium (called "free membranes" here) and the plasma membranes forming part of cell-cell contacts (called "junctions" here).

We analysed 24 different cell culture fields containing several cells and from four to six confocal sections. For statistics, the data from the confocal sections for each cell culture field were summed and considered as an experiment. Firstly, we compared the GP distribution of free membranes and junctions. As shown in Fig. 3D,E, the GP distribution of free membranes presented a peak at 0.09 ± 0.01 (mean ± SEM), and for the junctional membranes, at 0.03 ± 0.01 (mean ± SEM). These data show that in these conditions, free membranes are more ordered than the membranes involved in cell-cell contacts.

Differences in the plasma membrane associated AnxA2-GFP intensity were observed. As shown in Fig. 3C, the free membranes express less AnxA2-GFP (blue and cyan) than the junctional membranes (green and red). This was expected because the junctional membranes are composed of two membranes from two adjacent cells. Notice also that in the microscopy images, free membranes show a stronger Lo character than the junctional membranes (green and blue respectively in Fig 3B). The difference in membrane order measured by the GP parameter does not depend on the membrane quantity (a ratio-metric parameter) but only on the lipid order of the environment of the probe. Therefore, the difference in membrane order (GP) between the free membranes and the junctional membranes is not due to the fact that the junctions are composed of two adjacent plasma membranes. In order to find out whether there exists a preference of AnxA2 for a specific membrane order (GP value) in a particular membrane region, we characterized the correlation of AnxA2-GFP intensity and GP value pixel-by-pixel. AnxA2-GFP distribution intensity as a function of GP for both membranes shows that the maximal AnxA2-GFP intensity is close to the GP values corresponding to the maxima of GP distributions. For free membranes, AnxA2-GFP distribution was quite homogeneous in the GP range from -0.05 to 0.25, covering the whole peak of GP values (Fig. 3F). On the contrary, for junctional membranes the AnxA2-GFP is enriched in the left part of the GP peak (-0.1 to 0.05) indicating that in junctional membranes, AnxA2 has a relative preference for less ordered domains (Fig. 3G). This is illustrated in Figs 3B andC 3F,G). The strongest AnxA2 expression in free membranes were at -0.023, 0.092 and 0.225 GP values and at 0.002 and 0.058 in junctional membranes (stars in Fig. 3F,G). Therefore, AnxA2 seems to show small preferences for some GP values in the membrane surfaces in MDCK cells.

Membrane order and AnxA2 in HepG2 cells.

In a second series of experiments, we characterized membrane GP values in HepG2 cell line.

Cells were cultured at low densities to obtain cell aggregates permitting the quantification of three different regions of interest, the free membranes, the junctional membranes and the canalicular membranes, which correspond to the apical membranes in epithelial cells. In our culture conditions, HepG2 cells were fully differentiated as shown by the presence of clear canaliculi expressing the apical transporter MRP2 (Fig. 4). The WT cells showed no AnxA2 expression at the level of the "free" plasma membrane, and low expression in the junctional membranes. In the canalicular membrane, a strong AnxA2 expression was observed (Fig 4A).

We analysed 72 different cell culture fields from four independent experiments containing several cells and from four to six confocal sections. We compared the GP distributions of membranes in cells expressing or not expressing AnxA2-GFP. As presented in Figs. 5D-F, the GP distribution of free membranes shows a peak at 0.22±0.01. The junctional membranes show a peak at 0.18±0.01, and the canalicular membranes at 0.13±0.01. The peaks are close to each other; however, the view of the whole GP distributions revealed specific enrichments in the ordered zone for each membrane region resulting in differences in the spreading of the distributions (Fig. S3). Overall, the data reveal that in these conditions, the free membranes are more ordered than the canalicular membranes and that the junctional membranes possess an intermediate degree of order. The mean global membrane order in cells expressing the AnxA2-GFP was the same compared to WT cells (Fig. 5D-F).

The GP distributions peaks were found at 0.22±0.01 for free membranes, at 0.19±0.01 for junctional membranes, and at 0.13±0.01 for canalicular membranes. Careful examination reveals differences in the shape of the GP distributions. Overall, we observed different widths of GP distributions in cells expressing AnxA2-GFP compared to WT cells. This is shown by subtracting the WT cells distributions from AnxA2-GFP distributions (Fig. 5D-F bottom of panels). Free membranes did not show significant change in the shape of the distribution. We observed a minor thinning of GP distribution for junctional membranes, and a more pronounced thinning for canalicular membranes. This reduction in GP spreading suggests that AnxA2 is able to restrain membrane heterogeneity in canalicular membranes.

The correlation of AnxA2-GFP intensity and GP values reveals relative differences between the membranes. Free membranes distribution shows an increase of AnxA2-GFP correlated with an increase in GP values but with a small "peak" at -0.06 GP (Fig. 5G). For junctional membranes, AnxA2-GFP shows a similar tendency to increase its expression with the GP increase but shows more irregularities with a "peak" at 0.15 GP value (Fig. 5H). For canalicular membranes, the pattern of AnxA2-GFP expression was more complex. Fig 5I show a plateau-like expression with three "peaks" at -0.03, 0.02 and 0.16 GP values. To better characterize the differences of AnxA2 expression in the different membrane regions we performed multivariate principal component (PCA) and orthogonal partial least squarediscriminant analyses (OPLS-DA). As shown in Fig S4A -C, the AnxA2-GFP expression in junctional membranes was relatively stronger than in free plasma membrane in GPs ranging from -0.2 to 0.3. Three zones of GPs 0.04, 0.13 and 0.22 showed the strongest relative AnxA2-GFP difference between these two membrane regions. The AnxA2-GFP relative expression for different GP values for junctional and canalicular membranes was quite similar (Fig S4D -F). Only a small increase in junctional membranes was observed in GPs 0.1 and 0.23. The most interesting differences in the relative AnxA2-GFP expression on different GP values were observed when comparing the canalicular and the free membranes (Fig 5J). In the zones of positive GPs (Lo) the AnxA2-GFP expression was quite similar, but in the zones of negative GPs (Ld), AnxA2-GFP was more expressed in the canalicular membranes showing three spots of local difference of expression (GPs -0.15, -0.02 and 0.02). Overall, these data show that AnxA-GFP 2 distributes in all the membrane regions but with different enrichment in zones of specific GP values in the three plasma membrane regions.

Membrane order and AnxA2 in HepG2 cells after calcium entry.

In the previous experiments, we studied cells in a "steady state". In order to investigate the changes in membrane order induced by AnxA2 movement to the plasma membrane, we treated WT and AnxA2-GFP expressing HepG2 cells with the calcium ionophore ionomycin, which induces Ca 2+ -dependent AnxA2 membrane-binding. We followed GP distributions and AnxA2-GFP correlation before treatment (time 0) and at 10, 17, 24 and 31 minutes after ionophore addition. At time 0 we observed, as in previous experiments, that free membranes were more ordered than the canalicular membranes and that junctional membranes possess an intermediate degree of order in WT and AnxA2-GFP expressing cells. We compared the differences between the WT and AnxA2-GFP cells at different times after ionomycin treatment. After ionophore treatment, both the WT and the AnxA2-GFP free membranes showed a decrease in membrane order. After 31 minutes of ionophore treatment, we observed that the disordering effect was smaller for AnxA2-GFP cells, probably because in this cell line, membranes are enriched in AnxA2-GFP before the addition of the ionophore (Fig S5).

The ionophore induced small and non-significant changes in order of canalicular membranes.

For junctional membranes, the WT cells showed a diminution in order during treatment (Fig. 6A). Compared to the WT cells, the AnxA2-GFP cells showed less pronounced diminution in order (Fig. 6B). As shown in Fig. 5E, junctional membranes from AnxA2-GFP expressing cells are less ordered than the WT cells and therefore, the increase in AnxA2 membrane binding induced by the ionophore produces a less important membrane order changes in AnxA2-GFP rich cells than in the WT cells. Overall, these data is in agreement with a modulation of membrane order by AnxA2 in living cells.

Discussion

AnxA2 has been involved in many cell membrane functions. Its principal properties are to bind negative phospholipids in a Ca 2+ -dependent manner and to bridge membranes. Both properties are modulated by the lipid composition of the membrane bilayer in a very complex manner [START_REF] Illien | Lipid organization regulates annexin A2 Ca(2+)-sensitivity for membrane bridging and its modulator effects on membrane fluidity[END_REF]. Cholesterol does not bind AnxA2 but its presence in membranes regulates the Ca 2+ dependency for AnxA2 membrane binding and bridging which suggests that this phenomenon is due to cholesterol-mediated lipid redistribution [START_REF] Ayala-Sanmartin | Cholesterol regulates membrane binding and aggregation by annexin 2 at submicromolar Ca(2+) concentration[END_REF][START_REF] Gokhale | Phosphoinositide specificity of and mechanism of lipid domain formation by annexin A2-p11 heterotetramer[END_REF]. Cholesterol does not seem to be the only lipid molecule that regulates AnxA2 membrane binding, but the nature of the phospholipid head group and the degree of fatty acyl chain saturation might play a role in AnxA2 translocation to detergent-resistant membranes [START_REF] Zhao | Long-chain saturated fatty acids induce annexin II translocation to detergent-resistant membranes[END_REF]. Many experimental data suggest that, in one hand, AnxA2 membrane binding is able to induce membrane lipids redistribution, and on the other hand, that lipids organized in different domains modulate AnxA2 membrane binding and bridging [START_REF] Babiychuk | Annexins in cell membrane dynamics. Ca(2+)-regulated association of lipid microdomains[END_REF][START_REF] Gokhale | Phosphoinositide specificity of and mechanism of lipid domain formation by annexin A2-p11 heterotetramer[END_REF][START_REF] Draeger | Domain architecture of the smooth-muscle plasma membrane: regulation by annexins[END_REF][START_REF] Drücker | Lipid segregation and membrane budding induced by the peripheral membrane binding protein annexin A2[END_REF]. In other words, a reciprocal regulation ("cross talk") between AnxA2 and lipids seems to be a determinant of cell membrane organization and function.

In order to gain further insight into this reciprocal relationship, the aims of this study were twofold. First, we sought to compare the properties and effects of AnxA2 on model membranes containing some of the principal phospholipids of the plasma membrane's inner leaflet in both, the presence and the absence of cholesterol. In order to mimic cellular membranes, we used phospholipids of natural sources containing different molecular species.

Second, we investigated the effects of AnxA2 on membrane lipid order in living cells.

To our knowledge, this is the first time that X-ray diffraction has been used to study lipids arrangements induced by annexins proteins. The SAXD experiments showed that AnxA2 has a propensity to stabilize lamellar phases to the detriment of highly curved lipid structures (hexagonal phase, HII). The inner leaflet of the plasma membrane contains high concentrations of PE. This phospholipid favours the formation of negatively curved structures [START_REF] Rand | Structural dimensions and their changes in a reentrant hexagonallamellar transition of phospholipids[END_REF][START_REF] Tessier | Modulation of the phase heterogeneity of aminoglycerophospholipid mixtures by sphingomyelin and monovalent cations: maintenance of the lamellar arrangement in the biological membranes[END_REF]. Moreover, it has been shown that the degree of PE unsaturation is important for micro-domain separation and stability [START_REF] Huster | Influence of docosahexaenoic acid and cholesterol on lateral lipid organization in phospholipid mixtures[END_REF][START_REF] Shaikh | Monounsaturated PE does not phase-separate from the lipid raft molecules sphingomyelin and cholesterol: role for polyunsaturation?[END_REF]. This is in agreement with the presence of different lipid phases in the diffractograms. Without cholesterol and at low temperatures, three lamellar phases were observed, and at high temperatures, we observed the induction of a hexagonal phase. The presence of cholesterol in the membranes resulted in a more complex diffractogram with lamellar, hexagonal and cubic phases. In both membranes, AnxA2 showed the capacity to block the formation of the hexagonal phase and the reduction of the cubic phase contribution in cholesterol-containing membranes, indicating a strong stabilization of lamellar phases that does not depend on cholesterol contents.

Several recent studies have shown that annexins are able to induce membrane topological changes [START_REF] Boye | Annexins induce curvature on free-edge membranes displaying distinct morphologies[END_REF] (review in [START_REF] Bendix | Interdisciplinary Synergy to Reveal Mechanisms of Annexin-Mediated Plasma Membrane Shaping and Repair[END_REF]). Annexins A4 and A5 are able to induce strong negative curvature in the form of membrane rolling. On the contrary, annexins A1, A2 and A6 can only stabilize membrane folding. It is interesting to note that folding is related to membrane flattening in the same way as observed when AnxA2 participate in membrane bridging [START_REF] Lambert | Novel organisation and properties of annexin 2-membrane complexes[END_REF][START_REF] Klenow | Annexins A1 and A2 Accumulate and Are Immobilized at Cross-Linked Membrane-Membrane Interfaces[END_REF]. This membrane flattening capacity of AnxA2 induced a reduction in phospholipids fluidity and is coherent with the lamellar stabilization and ordering data shown here. The observed AnxA2 lamellar stabilization of membranes by SAXD could be explained either by a simple physical blockage of curvature due to an important quantity of protein on the bilayer surface and/or by an AnxA2 mediated redistribution of lipids. Therefore, we performed experiments to study the effect of AnxA2 on the redistribution of cholesterol by using the pymet-chol probe which showed a behaviour in membranes very similar to that of cholesterol [START_REF] Guyader | Changes of the membrane lipid organization characterized by means of a new cholesterol-pyrene probe[END_REF]. The results showed that in membranes with only 3.6 mole% of py-met-chol, and in membranes with 32 mole% chol and 3.6 mole% py-met-chol, AnxA2 was able to decrease probe self-contacts and to increase the global order of the membranes (Lo/Ld ratio). However, this increase in order was stronger for cholesterol-containing membranes. The reduction of the cholesterol-probe contacts is due to the increase in membrane ordered domains resulting in probe dilution. The observed difference in Lo/Ld ratio between the cholesterol-free and cholesterol-containing membranes is due to the high content of cholesterol in the latter membranes. Overall, these experiments demonstrate that AnxA2 is able to induce not only membrane cholesterol reorganization but also redistribution of other lipids, as was observed in cholesterol-free membranes.

Experiments with cells in culture were designed to study the effect of AnxA2 on cell membrane order. We chose epithelial cells that show three different plasma membrane regions (free membranes, cell contact membranes and apical membranes). The membrane environmental probe di-4-ANEPPDHQ, which is sensitive to the cholesterol content of membranes and has been successfully used to differentiate Lo and Ld membranes [START_REF] Jin | Characterization and application of a new optical probe for membrane lipid domains[END_REF][START_REF] Amaro | Laurdan and Di-4-ANEPPDHQ probe different properties of the membrane[END_REF] was used to study membrane order by the general polarization parameter (GP). However, it is important to make clear two points. Firstly, the real membrane order distributions are not the result of only two membrane domains (Lo and Ld); rather, they are the sum of the contributions of several membrane domains with different degrees of order. Secondly, for the measured GP, and as discussed by Dinic and collaborators [START_REF] Dinic | Actin filaments attachment at the plasma membrane in live cells cause the formation of ordered lipid domains[END_REF], in conventional confocal microscopy, each pixel might contain a mix of Lo and Ld nano-domains.

MDCK cells expressing AnxA2-GFP showed that the plasma membrane in contact with the culture medium (free membrane) is more ordered than the lateral membranes involved in cellcell contacts (junctional membranes). We characterized the AnxA2-GFP fluorescence intensity as a function of GP in both membranes and observed that the protein was present all over the membrane, but also that it showed discrete zones of higher intensity. We also observed that in junctional membranes, AnxA2 was slightly enriched in membranes of lower GP (less ordered).

The GP parameter was also studied in HepG2 cells transfected or not with AnxA2-GFP. These cells present a third plasma membrane region: the canalicular membrane, which is the equivalent to the apical membrane of epithelial cells. As was the case for MDCK-AnxA2-GFP cells, WT HepG2 cells' free membranes were more ordered than the junctional membranes. The canalicular membranes were found to be the least ordered of the three regions.

What is the functional meaning of this hierarchy? We are tempted to speculate that this could be related to membrane stress in cultured cells. Free membranes are more exposed to the fluctuations of culture medium, whereas the membranes involved in cell junctions are protected by the surrounding cytosol environment, and the canalicular membranes are quite isolated and protected from the external environment by a closed cellular environment. These differences in stress exposition could result in particular requirements for membrane order and therefore varying needs for rigidity and resistance to environmental fluctuations. In HepG2 cells expressing AnxA2-GFP, this ordering hierarchy of GP distributions was conserved, but the GP distribution in AnxA2 expressing cells was thinner than that of WT HepG2 cells, especially for the canalicular membranes, suggesting that AnxA2 is able to reduce membrane heterogeneity by both, decreasing the order of strong Lo domains and increasing the order of strong Ld domains. The characterization of the correlation of AnxA2-GFP intensity as function of GP showed a global increase of AnxA2 expression in membranes of higher GP for the three membrane regions. However, as for MDCK cells, the HepG2 AnxA2-GFP distributions showed discrete "peaks" of preferential AnxA2 expression.

In the last series of experiments, we characterized membrane order after the induction of Ca 2+ cell entry accompanied by an increase in AnxA2 membrane binding by using a calcium ionophore. In WT HepG2 cells, free and canalicular membranes showed only minor changes in GP distribution after ionophore addition. However, for junctional membranes we noticed a global decrease in membrane order induced by the ionophore. In AnxA2-GFP-expressing cells, the characterization of AnxA2-GFP fluorescence as a function of GP showed that in free and junctional membranes, the ionophore induced an increase in AnxA2 intensity as predicted by the induced Ca 2+ cell entry. This AnxA2 increase was not observed for the canalicular membranes. This difference could be because at the steady state, the canalicular membranes present a high concentration of AnxA2, probably close to saturation of membrane sites. The GP analysis showed that, compared to the WT cells, the junctional membranes of Anx-GFPexpressing cells showed a less pronounced change in GP distribution suggesting that the AnxA2 present before ionophore addition stabilizes the junctional membranes. The fact that the ionophore induced a change in WT cells' junctional membranes GP distribution leading to a distribution very similar to that of the AnxA2-GFP-expressing cells suggests strongly that the observed differences between the two cell lines are really the result of the AnxA2-GFP overexpression. Overall, our data demonstrated the role of AnxA2 in the reduction of membrane heterogeneity and membrane disordering.

Conclusions

The data presented here contribute to clarify three important questions concerning the mechanistic of AnxA2 function.

1) How does AnxA2 change lipid distribution? Considering that cholesterol interacts weakly with PE but strongly with PS and PI(4,5)P2 [START_REF] Nyholm | The Affinity of Sterols for Different Phospholipid Classes and Its Impact on Lateral Segregation[END_REF] and that these cholesterol differential affinities are involved in membrane domains formation, the specific binding of AnxA2 to PS could definitely modify this interaction and impose a new lipid redistribution, as has been previously suggested [START_REF] Illien | Lipid organization regulates annexin A2 Ca(2+)-sensitivity for membrane bridging and its modulator effects on membrane fluidity[END_REF]. Herein we demonstrate that AnxA2 induces changes in py-metchol distribution, resulting in a diminution of cholesterol aggregation.

2) What is the impact of this lipid redistribution in membrane organization and properties? First, AnxA2 is able to change membrane order, as demonstrated by the global change in membrane Lo/Ld ratio with the py-met-chol probe, and in cultured cells, this lipid redistribution was evidenced by differences in di-4-ANEPPDHQ GP distribution between WT and AnxA2-GFP-expressing cells. Second, the SAXD diffractograms showed that AnxA2 is able to reduce the membrane's negative curvature tendency of phospholipids (essentially PE), thereby increasing the propensity to stabilize lamellar structures. The reduction in membrane curvature can be explained by both: lipid redistribution and PE dilution and or/mixing with other lipids. Third, AnxA2 is able to reduce membrane heterogeneity as indicated by SAXD (decrease of HII and Q phases) and by the thinning of GP distribution on cultured cells.

3) Where does AnxA2 interact on cell membranes and what are the functional consequences? First of all, the ANE probe characterization showed that AnxA2 does not have a specific binding preference for a short-range GP value in the studied membranes (free, junctional and canalicular). Overall, AnxA2 was found in practically all GP values of the membranes, but its enrichment in some GP values was observed for the different membranes as shown by the small "peaks" protruding from the correlation of GP distributions and AnxA2 intensity.

Secondly, AnxA2 seems to modify the GP differently in different membrane regions. Small changes in GP distribution were observed in free membranes, which were more pronounced in junctional membranes and stronger still in canalicular membranes. It is noteworthy that differences between AnxA2-GFP-expressing cells and WT cells demonstrate that AnxA2 is able to reduce and/or increase global membrane order, suggesting that it can increase order in very disordered membranes and also decrease order in very ordered membranes, as shown by the GP distribution thinning. The specific cellular roles of the variations in GP and AnxA2 expression are not known. However, our experiments show two interesting points. First, that the method we used is capable to show that the three membrane regions have different order distributions and second, that the presence of Annexin A2 induces a modification of lipids distribution. Therefore, the data strongly support the function of AnxA2 as a membrane order modulatory protein with the capacity of both ordering and disordering, depending on the membrane domain and on lipid composition. In the future, new experimental approaches must be designed to confirm and characterize these roles of AnxA2 in cellular processes such as exocytosis, endocytosis and other membrane transport steps in which AnxA2 has been involved. 

Figures legends

  . In the absence of AnxA2, Ca 2+ did not change the spectra significantly and conversely in the absence of Ca 2+ , AnxA2 showed no effect. Fig 2A shows that py-met-chol aggregation decreases upon AnxA2 addition on both membranes. AnxA2 also showed an effect on py-met-chol environment. The protein induced a global increase of the probe's Lo environment and this increase was stronger for the PC/PS/PE/Chol membranes (difference between control and AnxA2 of 0.88 compared to the 0.028 difference between control and PC/PS/PE membranes Fig 2B). Very similar behaviour

  Fig. S2B presents different control experiments that show no passage of GFP fluorescent light into Lo and Ld channels and, inversely, no passage of ANE fluorescence into GFP channel. Therefore, we used these parameters to simultaneously observe the localisation of AnxA2-GFP and the Lo and Ld contributions of the probe ANE in living cells membranes.

  in which the junctional membranes, indicated by arrows, show more AnxA2 (red in Fig 3C) in the less ordered membrane (blue) in Fig 3B). Careful examination of the AnxA2-GFP intensity distribution suggest an AnxA2 small preference for three GP values in free membranes and two GP values for junctional membranes (Fig.

Fig. 1 .

 1 Fig. 1. Modulation of lipid organization by AnxA2. SAXD of PC/PE/Chol MLVs (A), PC/PS/PE MLVs (B) and PC/PS/PE/Chol MLVs (C). Diffractograms of MLVs alone (Black) and the in presence of AnxA2 (Red) at different temperatures during heating (top to middle) and cooling (middle to bottom). Only three temperatures are presented. Arrows indicate the position of different diffraction peaks corresponding to the first three orders of inverted hexagonal phase (HII), two orders of lamellar phases (L1 or Lo and L2 or Ld) and a cubic phase (Q). D) Summary of lipid phases present in membranes (black) and the effects of AnxA2 binding (red). Light colours represent the structures at 15°C and dark colours at 45°C. The phases that disappear by the action of AnxA2 are crossed out (/) and those that appear are encircled. E) Schematic representation of the lipid phases; L, lamellar; Q, cubic; HII inverted hexagonal.

Fig. 2 .

 2 Fig. 2. AnxA2 induces lipid changes in membrane models. (A) Py-met-chol aggregation by quantification of excimers (474/432 ratio). (B), membrane order of the py-met-chol environment by quantification of the Lo/Ld ratio (373/379 nm). PC/PS/PE and PC/PS/PE/Chol LUVs were incubated at 37°C. C; LUVs alone, and Ax2; LUVs incubated with AnxA2. (C) ΔGP change of the Di-4-ANEPPDHQ fluorescence in LUVs in the presence of AnxA2 and Ca 2+ minus in the presence of Ca 2+ . Means ± SEM of 5 and 6 independent experiments. * P<0.05, ** P<0.01 by student t test.

Fig. 3 .

 3 Fig. 3. GP distribution and AnxA2 intensity in MDCK cells. A) Fluorescent confocal image of AnxA2-GFP expressing cells. B) Corresponding GP values showing the membrane order gradient for Lo membranes (blue) and Ld membranes (yellow). C) AnxA2-GFP signal from (A) coded in a coloured gradient (LUT, 5 Ramps with ImageJ) to clearly show the correlation between AnxA2-GFP intensity and the GP values. Free membranes (arrowheads) and junctional membranes (arrows). D) GP distribution of free membranes (red squares ■) and junctional membranes (green circles ○). E) Mean peak of GP distribution of MDCK free and junctional (junc) membranes. F,G) correlation of AnxA2-GFP intensity and the membrane GP values for free membranes (F) and junctional membranes (G). Lines under the curves indicate the ranges of relative stronger AnxA2-GFP intensity and the stars the AnxA2-GFP intensity peaks. Mean ± SEM from 13 to 18 microscopy fields and 4 to 6 confocal planes. Each field contained several cells, *** P < 0.0001. Bar, 20 µm.

Fig. 4 .

 4 Fig. 4. AnxA2 expression in differentiated HepG2 cells. Confocal images of WT HepG2 (A-D) and AnxA2-GFP-expressing HepG2 cells (E-H). Immunofluorescence images for AnxA2 (A) and MRP2 (B). DRAQ5 (C) and merge image (D). AnxA2-GFP-expressing cells labelled with ANE. AnxA2-GFP (E), Lo contribution (F), Ld contribution (G) and merge (H). Free plasma membrane (arrow) junctional membranes (arrowhead) and canaliculi (*). Bars, 20 µm.

Fig. 5 .

 5 Fig. 5. GP distribution and AnxA2 intensity in HepG2 cells. A) Fluorescent confocal image of AnxA2-GFP expressing cells. B) Corresponding GP values showing the membrane order gradient with Lo membranes in blue and Ld membranes in yellow. C) AnxA2-GFP signal from (A) coded in a coloured gradient (LUT, 5 Ramps with ImageJ) for clearly show the correlation between AnxA2-GFP intensity and the GP values. Free membranes (arrowheads), junctional membranes (arrow) and canaliculi (*). GP distribution of free membranes (D), junctional membranes (E) and canalicular membranes (F), in WT (empty symbols □, ○, ∆) and AnxA2-GFP expressing cells (filled symbols ■, •, ▲). For comparison, dotted line indicates the peak of junctional membranes (GP=0.2). The bottom part of (D-F) show the subtractions of GP distribution of AnxA2-GFP minus WT. (G) to (J) show the correlation of AnxA2-GFP intensity (coloured lines) as function of GP values of the membrane for free (G), junctional (H), and canalicular membranes (I). Stars (*) indicate specific AnxA2 expression increase. (J) Comparison of the AnxA2-GFP relative expression as a function of GP for free (red) and canalicular (blue) membrane regions. Some GP values are relatively enriched in AnxA2-GFP in canalicular membranes compared to free membranes (black points). Means from 12 to 38 microscopy fields containing 4 to 6 confocal planes from three independent experiments. The difference between free and canalicular points were statistically significant by unpaired two tailed t-test. Points; -0.15 P=0.014 (*), -0.024 P<0.0001 (***) and 0.024 P=0.002 (**).

Fig. 6 .

 6 Fig. 6. GP distribution in HepG2 cells after ionomycin treatment. GP distribution of junctional membranes from WT cells (A) and AnxA2-GFP expressing cells (B) at different times after ionophore treatment. Before ionophore addition (t0) and at 17 and 31 minutes after ionophpre addition. Means from 5 to 9 microscopy fields containing several cells and 4 to 6 confocal planes.
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