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Introduction

Detergents are amphipatic molecules that auto-assemble into micelles above the critical micelle concentration (CMC). Above the CMC, they are able to solubilize lipids and membrane proteins, forming protein-detergent complexes of small and well-defined size [START_REF] Le Maire | Interaction of membrane proteins and lipids with solubilizing detergents[END_REF].

Detergents are essential for membrane protein solubilization and purification steps, as well as functional and structural studies. However, they often lead to membrane protein inactivation.

One of the mechanisms leading to inactivation (for a recent review, see [START_REF] Popot | Extracting Membrane Proteins from Their Native Environment[END_REF]) is the dissociation of subunits, loss of essential lipids or other hydrophobic co-factors. As an example, cytochrome b 6 f inactivation and monomerization was related to lipid loss [START_REF] Breyton | Dimer to monomer conversion of the cytochrome b6f complex. Causes and consequences[END_REF]. Detergent dynamics, i.e. detergent exchange between the free monomers, or between micelles, and bound detergent at the surface of the transmembrane protein surface, could trigger transient exposure of this hydrophobic surface leading to irreversible protein aggregation. Detergent binding can also alter protein structure: molecular dynamics simulation indeed showed, for a thermostable mutant of the adenosine receptor, that the harsh octylglucoside detergent molecules intercalate between trans-membrane helices, moving them apart in the 200 ns simulation [START_REF] Lee | How Do Short Chain Nonionic Detergents Destabilize G-Protein-Coupled Receptors?[END_REF]. The structure and dynamics of different -helical membrane proteins solubilized in alkyl phosphocholines appear deeply altered [START_REF] Chipot | Perturbations of Native Membrane Protein Structure in Alkyl Phosphocholine Detergents: A Critical Assessment of NMR and Biophysical Studies[END_REF]. For example, NMR, molecular dynamics simulations, and functional studies, amongst other techniques, show that mitochondrial carriers are incorrectly folded in these detergents. Some parts of the transmembrane segments are disordered, with molecules of detergent penetrating between the helices; the proteins are in a highly dynamic state with unstable tertiary contacts; and weak ligand binding results from non-specific interactions [START_REF] Chipot | Perturbations of Native Membrane Protein Structure in Alkyl Phosphocholine Detergents: A Critical Assessment of NMR and Biophysical Studies[END_REF]. In the challenging aim to obtain high resolution structure of membrane proteins by crystallography, a usual strategy is to select detergents that not only preserve membrane protein stability, function and solubility, but also form small micelles (e.g. by adding compounds decreasing the micelle size), in order to favor protein-protein contacts [START_REF] Zhang | New amphiphiles for membrane protein structural biology[END_REF][START_REF] Chaptal | Quantification of Detergents Complexed with Membrane Proteins[END_REF].

The propensity of detergents to inactivate membrane proteins drove the search for new amphiphilic environnements (for a review, see [START_REF] Zhang | New amphiphiles for membrane protein structural biology[END_REF][START_REF] Durand | New amphiphiles to handle membrane proteins: "ménage à trois" between chemistry, physical-chemistry and biochemistry[END_REF][START_REF] Popot | Alternatives to Detergents for Handling Membrane Proteins in Aqueous Solutions[END_REF]). Peptides that form an -helix or a sheet [START_REF] Schafmeister | Structure at 2.5 Å of a designed peptide that maintains solubility of membrane proteins[END_REF][START_REF] Zhao | Designer short peptide surfactants stabilize G protein-coupled receptor bovine rhodopsin[END_REF][START_REF] Corin | Designer lipid-like peptides: a class of detergents for studying functional olfactory receptors using commercial cell-free systems[END_REF][START_REF] Tao | Engineered nanostructured β-sheet peptides protect membrane proteins[END_REF], amphipatic polymers with multiple hydrophobic tails [START_REF] Tribet | Amphipols : polymers that keep membrane proteins soluble in detergent-free aqueous solutions[END_REF][START_REF] Popot | Membrane Proteins in Aqueous Solutions: From Detergents to Amphipols[END_REF], fluorinated surfactants (reviewed in [START_REF] Durand | New amphiphiles to handle membrane proteins: "ménage à trois" between chemistry, physical-chemistry and biochemistry[END_REF][START_REF] Breyton | Amphipols and fluorinated surfactants: Two alternatives to detergents for studying membrane proteins in vitro[END_REF][START_REF] Popot | Amphipols, nanodiscs, and fluorinated surfactants: three nonconventional approaches to studying membrane proteins in aqueous solutions[END_REF]), Calixarene based detergents (e.g. [START_REF] Matar-Merheb | Structuring detergents for extracting and stabilizing functional membrane proteins[END_REF]) or detergents with varying architectures: tripod amphiphiles (e.g. [START_REF] Chae | Tripod Amphiphiles for Membrane Protein Manipulation[END_REF][START_REF] Chae | Hydrophobic variants of ganglio-tripod amphiphiles for membrane protein manipulation[END_REF]), facial amphiphiles [START_REF] Zhang | Designing facial amphiphiles for the stabilization of integral membrane proteins[END_REF][START_REF] Chae | Tandem facial amphiphiles for membrane protein stabilization[END_REF][START_REF] Lee | Steroid-based facial amphiphiles for stabilization and crystallization of membrane proteins[END_REF],

polycyclic based [START_REF] Chae | A new class of amphiphiles bearing rigid hydrophobic groups for solubilization and stabilization of membrane proteins[END_REF], bi-tails [START_REF] Chae | Glucoseneopentyl glycol (GNG) amphiphiles for membrane protein study[END_REF][START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF][START_REF] Sadaf | A Class of Rigid Linker-bearing Glucosides for Membrane Protein Structural Study[END_REF][START_REF] Ehsan | Highly Branched Pentasaccharide-Bearing Amphiphiles for Membrane Protein Studies[END_REF][START_REF] Hussain | Tandem malonate-based glucosides (TMGs) for membrane protein structural studies[END_REF], tri-tails [START_REF] Cho | Mesitylene-Cored Glucoside Amphiphiles (MGAs) for Membrane Protein Studies: Importance of Alkyl Chain Density in Detergent Efficacy[END_REF], and other compounds [START_REF] Das | Butane-1,2,3,4-tetraol-based amphiphilic stereoisomers for membrane protein study: importance of chirality in the linker region[END_REF][START_REF] Chae | Carbohydrate-containing Triton X-100 analogues for membrane protein solubilization and stabilization[END_REF][START_REF] Chae | Adamantane-based amphiphiles (ADAs) for membrane protein study: importance of a detergent hydrophobic group in membrane protein solubilisation[END_REF] have been synthetized to decrease their exchange kinetics, and/or reinforce interactions with membrane protein surfaces. This is done noticeably by increasing the rigidity as well as the surface of their hydrophobic moieties. Among these compounds, neopentyl glycols (MNG) constitute a class of detergents with notable interest [START_REF] Chae | Glucoseneopentyl glycol (GNG) amphiphiles for membrane protein study[END_REF][START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF]. Members with different chain lengths or with different sugar head groups have been described and are commercialized (Anatrace). We will focus here on the most commonly used one, lauryl maltose neopentyl glycol (LMNG), also named MNG3 (MNG3, however, designates the related family of compounds in [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF]). Its structure (Scheme 1) is formed by two molecules of n-dodecyl-β-D-maltopyranoside (DDM) linked at the junction between the hydrophilic and hydrophobic moieties of the molecule. The presence of the two hydrophobic chains of equal length mimics better the structure of lipids than classical detergents having a single hydrophobic tail. According to the authors who designed this detergent in 2010, the central quaternary carbon, was "intended to place subtle restraints on conformational flexibility" [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF]. In this work, LMNG was shown to display a set of very interesting features: to extract integral membrane proteins from membranes; to improve substantially the stability of various membrane proteins, including G protein-coupled receptors and respiratory complexes. It also allowed diffraction up to 3.4 Å resolution of LMNG-solubilized cytochrome b 6 f crystals obtained by vapor diffusion [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF]. Shortly after this first publication, high resolution structures of the challenging β2 adrenergic receptor, in complex with G-proteins [START_REF] Rasmussen | Structure of a nanobody-stabilized active state of the β(2) adrenoceptor[END_REF] or with covalently bound agonist [START_REF] Rosenbaum | Structure and function of an irreversible agonist-β(2) adrenoceptor complex[END_REF], were obtained. The proteins were solubilized and purified in LMNG followed by crystallization in mesophase.

LMNG was then described as successfully used for various applications, including membrane solubilization and membrane protein stabilization (e.g. [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF][START_REF] Selao | Identification of chromatophore membrane protein complexes formed under different nitrogen availability conditions in Rhodospirillum rubrum[END_REF][START_REF] Jiang | Evidence for an intermediate conformational state of LacY[END_REF][START_REF] Amin | Effect of Detergents on Galactoside Binding by Melibiose Permeases[END_REF][START_REF] Nasrallah | Direct coupling of detergent purified human mGlu5 receptor to the heterotrimeric G proteins Gq and Gs[END_REF][START_REF] Owen | Increasing the Stability of Recombinant Human Green Cone Pigment[END_REF] ), excited state intermediates [START_REF] Jiang | Evidence for an intermediate conformational state of LacY[END_REF][START_REF] Perez | Structure and mechanism of an active lipid-linked oligosaccharide flippase[END_REF][START_REF] Quistgaard | Structure determination of a major facilitator peptide transporter: Inward facing PepTSt from Streptococcus thermophilus crystallized in space group P3121[END_REF][START_REF] Gao | Isolation and structure-function characterization of a signaling-active rhodopsin-G protein complex[END_REF][START_REF] Chung | Role of detergents in conformational exchange of a G protein-coupled receptor[END_REF], NMR studies [START_REF] Chung | Role of detergents in conformational exchange of a G protein-coupled receptor[END_REF], H/D exchange coupled to mass spectroscopy (e.g. [START_REF] Chung | Conformational changes in the G protein Gs induced by the β2 adrenergic receptor[END_REF][START_REF] Westfield | Structural flexibility of the G alpha s alpha-helical domain in the beta2-adrenoceptor Gs complex[END_REF]), negative stain electron microscopy (e.g. [START_REF] Gao | Isolation and structure-function characterization of a signaling-active rhodopsin-G protein complex[END_REF][START_REF] Westfield | Structural flexibility of the G alpha s alpha-helical domain in the beta2-adrenoceptor Gs complex[END_REF][START_REF] Hauer | GraDeR: Membrane Protein Complex Preparation for Single-Particle Cryo-EM[END_REF]), or reconstitution in lipid vesicles [START_REF] Kraft | Expression, purification, and functional characterization of the insulin-responsive facilitative glucose transporter GLUT4[END_REF]. Impressively, LMNG has now been used to solve the structure of more than ten G-protein coupled receptors (e.g. refs in [START_REF] Cho | Maltose neopentyl glycol-3 (MNG-3) analogues for membrane protein study[END_REF]; in all cases, LMNG was used for protein purification and crystallization was performed in mesophase). Other proteins, e.g. ABC transporters [START_REF] Perez | Structure and mechanism of an active lipid-linked oligosaccharide flippase[END_REF][START_REF] Rollauer | Structure of the TatC core of the twin-arginine protein transport system[END_REF][START_REF] Thurtle-Schmidt | Structure of Bor1 supports an elevator transport mechanism for SLC4 anion exchangers[END_REF] or channels [START_REF] Guo | Structure of the voltage-gated two-pore channel TPC1 from Arabidopsis thaliana[END_REF], were purified and cystallized in LMNG by vapor diffusion. Furthermore, LMNG was also successfully used to solve the high resolution structures of membrane proteins by single particle cryo-electron microscopy (e.g. [START_REF] Hauer | GraDeR: Membrane Protein Complex Preparation for Single-Particle Cryo-EM[END_REF][START_REF] Huynh | Structure of the full-length TRPV2 channel by cryo-EM[END_REF][START_REF] Oshima | Atomic structure of the innexin-6 gap junction channel determined by cryo-EM[END_REF][START_REF] Dang | Cryo-EM structures of the TMEM16A calcium-activated chloride channel[END_REF]). Scheme 1: Chemical structure of LMNG Regarding the β2 adrenergic receptor in complex with G-proteins, not only does the complex display long term stabilization in LMNG, but surprisingly, its ligand binding activity is preserved even after diluting LMNG 1000 fold below its CMC [START_REF] Rasmussen | Structure of a nanobody-stabilized active state of the β(2) adrenoceptor[END_REF]. The kinetics of interconversion between the different β2 adrenergic receptor conformations are significantly slower for the protein solubilized in LMNG vs. DDM, as shown by F-NMR on labelled proteins [START_REF] Chung | Role of detergents in conformational exchange of a G protein-coupled receptor[END_REF]. Notably, it was proposed that this was related to the very low CMC of LMNG.

From simple considerations, assuming that the on-rate for a monomer forming a micelle is diffusion-limited (thus related only to the detergent monomer size, similar for LMNG and DDM), the detergent off-rates are expected to be lower for LMNG than that for DDM, by a factor being the ratio of their CMCs [START_REF] Chung | Role of detergents in conformational exchange of a G protein-coupled receptor[END_REF] (the value of the CMC of LMNG will be discussed below). The large off-rate of LMNG may be an explanation for the slower protein dynamics.

The fact that individual monomers dissociate much slower from the protein than other standard detergents would also explain the exceptional stabilization of protein-LMNG complexes, and the presence of residual activity measured after dilution below the CMC: LMNG "sticks" to the protein surface, and protein-detergent complexes are preserved. A protocol (GraDeR) was indeed proposed to prepare samples at 1 CMC of LMNG, thus devoid of excess LMNG, for obtaining cryo-electron microscopy images of significantly enhanced quality [START_REF] Hauer | GraDeR: Membrane Protein Complex Preparation for Single-Particle Cryo-EM[END_REF].

However, probably due to the particular geometry of this molecule, the LMNG detergent assemblies formed in solution may be rather large: a hydrodynamic radius of 7.2 nm was determined for a 0.5 % solution of LMNG [START_REF] Cho | Maltose neopentyl glycol-3 (MNG-3) analogues for membrane protein study[END_REF]. The questions to be addressed are therefore: how are the large LMNG assemblies/micelles organized in solution? Does the large size of LMNG micelles lead to large protein-detergent complexes? What is the homogeneity and the quaternary structure of the solubilized membrane proteins, and how do they compare to those in more usual detergents? Is the crystallization process affected by the large size of the detergent micelles and/or the possible large size of the solubilized protein-detergent complexes?

To answer these questions, and having in mind that the effects of detergents are protein dependent, we characterized the assemblies in solution of LMNG alone and in complex with four different membrane proteins, FhuA, SpNOX, BmrA and bacteriorhodopsin (bR). We confirmed the stabilization propensity of LMNG compared to DDM, by measuring thermal denaturation by Differential Scanning Fluorimetry (DSF) of the four proteins, limited proteolysis of BmrA, and specific activities of BmrA and SpNOX. We also used complementary techniques such as small angle X-ray and Neutron scattering (SAXS and SANS), Analytical Ultracentrifugation Sedimentation Velocity (AUC-SV) and Size exclusion chromatography coupled to light scattering (SEC-LS) and dynamic light scattering (DLS). We showed that, although LMNG alone forms increasingly large assemblies with increasing concentration, the protein-LMNG complexes are of comparable size to those formed with other detergents, with overall the same weight amount of bound detergent, and the oligomeric state of each protein remains unchanged. Furthermore, FhuA solubilized in LMNG showed an overall increased number of hits when screened for crystallization, suggesting that the large size of LMNG micelles does not prevent protein crystallization.

Materials and method

Chemicals and buffers

Detergents are from Anatrace, except octyl-β-D-thioglucopyranoside (OTG) from Acros, other chemicals are typically from Sigma-Aldrich.

Buffer A : 50 mM Tris-HCl pH 7.0, 300 mM NaCl

FhuA purification

FhuA was purified from the E. coli strain AW740 transformed with a plasmid encoding the fhuA gene in which a 6xHis -tag has been inserted in the extracellular loop L5 [START_REF] Ferguson | An internal affinity-tag for purification and crystallization of the siderophore receptor FhuA, integral outer membrane protein from Escherichia coli K-12[END_REF]. Cells were grown in LB medium at 37 °C in the presence of 100 mM of the iron-chelating agent dipyridine, and broken with a microfluidizer ( 

FhuA detergent exchange

For LDAO -LMNG exchange, the protein sample was diluted 50 times with water, to reach a detergent concentrations far below the LDAO CMC. Protein aggregation was checked by spectrometry (scattering), and the protein was recovered as a pellet by ultracentrifugation (20 min, 35 000 rpm, 45 Ti or 20 min, 80 000 rpm TLA 100.3 depending on the volume). The protein pellet was rinced with water, and resuspended in 11.9 mM LMNG, 20 mM Tris-HCl pH 8.0 to reach a final protein concentration of 7-10 mg mL -1 . A different protocol is described below for the thermal denaturation assays.

FhuA crystallization

Crystallization screening was carried out using commercial screens (Qiagen and Hampton Research). Sitting drops, consisting of 100 nL protein and 100 nL crystallization buffer, were dispensed in 96-well plates (Greiner Crystal Quick plates) using a Cartesian PIXSYS 4200 robot (Genomic Solutions) and equilibrated at 20 °C against 100 mL of crystallization buffer.

Hits were then manually reproduced and improved using the vapour diffusion hanging drop technique. The drops, consisting of 0.8 mL protein and 0.8 mL crystallization buffer, were equilibrated against 250 mL of crystallization buffer at 20 °C in 48-well plates (Hampton Research). Crystals were transferred to the crystallization buffer supplemented with 20% (v/v) glycerol for 30 s, flash-cooled and stored in liquid nitrogen.

FhuA LMNG data processing

The final data set was collected at 4 Å on beamline FIP-BM30A at the European Synchrotron Radiation Facility, Grenoble, France [START_REF] Roth | FIP: a highly automated beamline for multiwavelength anomalous diffraction experiments[END_REF]. Data reduction was performed using the XDS program [58]. The space group was C222 1 (a = 149.53 Å, b = 210.96 Å, c = 188.70 Å) with two molecules per asymmetric unit (solvent content of 73 %). The structure was solved by molecular replacement performed with the Phaser program [START_REF] Mccoy | Phaser crystallographic software[END_REF] using the model of the E. coli protein available in the Protein Data Bank (code 2FCP). A refinement was carried out with the phenix.refine program [START_REF] Afonine | Towards automated crystallographic structure refinement with phenix.refine[END_REF][START_REF] Headd | Use of knowledge-based restraints in phenix.refine to improve macromolecular refinement at low resolution[END_REF] in the 48-4 Å resolution range.

SpNOX production

SpNOX was overexpressed and purified in typically 0.025 mM LMNG, as previously described [START_REF] Hajjar | The NOX Family of Proteins Is Also Present in Bacteria[END_REF]. When using DDM as the detergent, the same purification protocol was used but with adjustments for DDM concentrations in the purification buffers corresponding to each step. Indeed, the solubilization step was performed using 5.1 mM DDM, the loaded Ni-HisTrap column was washed in the corresponding buffer containing 2 mM DDM, and eluted with 0.3 mM DDM in the elution buffer. Final size exclusion was performed in 50 mM Tris-HCl pH 7.0, 300 mM NaCl, 0.3 mM DDM.

BmrA production

Typical bacterial culture protocol: pET23b-bmrA [START_REF] Steinfels | Highly efficient over-production in E. coli of YvcC, a multidrug-like ATP-binding cassette transporter from Bacillus subtilis[END_REF] was used to transform C41(DE3) strain of E. coli. For preculture, 200 mL LB medium containing 100 µg mL -1 ampicillin was inoculated with a freshly transformed colony and growth allowed overnight at 37 °C and 180 rpm. The next morning, enough preculture was added into 1 L 2X YT medium, containg 100 µg mL -1 ampicillin, to get an optical density of 0.1, and growth then allowed at 37 °C 180 rpm. When the optical density reached 0.6, the culture was induced for the overexpression of BmrA for 4 h at 25 °C and 180 rpm by the addition of 0.7 mM IPTG (final concentration).

Thereafter, the cells were harvested by centrifugation at 4,000 g at 4 °C for 20 min and the bacterial pellet was frozen at -80 °C until further use. Inverted Membrane Vesicles preparation : The bacterial pellet was resuspended in 50 mM Tris-HCl pH 8, 5 mM MgCl 2 , 1 mM dithiotreitol, with an anti-protease cocktail from Roche. The bacterial cells were lysed by passing them thrice through Microfluidizer TM at 18,000 psi. Next, the cellular debris was removed by centrifugation at 15,000 g for 30 min at 4 °C. The membrane fraction was subsequently obtained by centrifugation at 150,000 g for 1 h at 4 °C. The membrane fraction was resuspended and centrifuged again, with the same conditions as before, after resuspension in 50 mM Tris-HCl pH 8, 1.5 mM EDTA, 1 mM dithiotreitol. Finally, the obtained membrane vesicles were resuspended in 20 mM Tris-HCl pH 8, 300 mM sucrose, 1 mM EDTA and flash frozen in liquid nitrogen before storage at -80 °C. The total protein concentration in membrane was analysed by BCA assay. BmrA purification: BmrA enriched Inverted Membrane Vesicles were solubilized for 1 h at 4 °C in 50 mM Tris-HCl pH 8, 10% glycerol, 100 mM NaCl, with 1% detergent (LMNG or DDM). The soluble fraction obtained after ultra-centrifugation, at 150,000 g for 1 h at 4 °C, was injected into a 1 mL HisTrap HP column (GE Healthcare) which was pre-equilibrated with the same buffer with 20 mM imidazole, and 0.1% (2 mM) DDM or 0.01% (0.1 mM) LMNG. The column was washed with 20 column volumes of the same buffer. Gradient elution was eventually performed with the same buffer with imidazole gradient from 20 mM to 500 mM. The protein fractions were dialyzed overnight at 4 °C against 50 mM Hepes pH 8, 10% glycerol, 50 mM NaCl, 2 mM DDM or 0.1 mM LMNG. The protein concentration, 2.2 mg mL -1 for both BmrA in 2 mM DDM and BmrA in 0.1 mM LMNG, was determined from UV absorbance at 280 nm by using Nanodrop spectrophotometer, and a  280 nm = 38850 M -1 cm -1 . Reconstitution of BmrA in proteoliposomes was performed as previously described [START_REF] Orelle | The conserved glutamate residue adjacent to the Walker-B motif is the catalytic base for ATP hydrolysis in the ATP-binding cassette transporter BmrA[END_REF].

Limited Proteolysis of BmrA

Apo form: Purified BmrA in detergent was added to buffer 50 mM Hepes-KOH pH 8, 50 mM NaCl, 10% glycerol and the specified detergent, in case of trypsin, or 100 mM ammonium bicarbonate pH 7.8 with the specified detergent, in case of protease V8. After 15 min of incubation, either trypsin (1 µg/250 µg of protein) or protease V8 (1 µg/20 µg of protein) was added. Samples of 10 µL (5 µg BmrA) were withdrawn at 0, 2, 5, 15, 30, 60, 120, 180 and 300 minutes. 2.5 µL of TFA 5% was added immediately to each sample to stop the reaction. 3 µL of Laemmli 5x was then added and the samples were placed in ice before resolving them on SDS-PAGE. Vanadate-inhibited form: For the Vi-inhibited form, before the addition of purified BmrA, the buffer was supplemented with 3 mM MgCl 2 , 2 mM ATP and 1 mM Vi.

The samples were then incubated for 15 min before the addition of protease. Samples of 10 µL were withdrawn and treated thereafter in the same way as the apo form.

bR solubilization and detergent exchange by sucrose gradient

Purified purple membrane was solubilized for 40 h at 4 °C with 89 mM OTG (CMC = 9 mM) at a membrane concentration of 1.5 g L -1 in 20 mM sodium phosphate buffer, pH 6.8.

Samples were diluted to reach a final OTG concentration of 15 mM, supplemented with 2 mM of the surfactant to be tested, and incubated 15 min prior to being loaded onto a 10-30 % (w/w) sucrose gradient containing 20 mM sodium phosphate buffer pH 6.8 and 0.2, 2 or 20 mM LMNG. A control gradient contained 1 mM DDM. Gradients were centrifuged for 15 h at 55,000 rpm (200,000 g) in the TLS55 rotor of a TL100 ultracentrifuge (Beckman).

Bands containing the colored protein were collected with a syringe, and protein samples were kept at 4 °C in the dark for UV-visible spectrophotometry. To check for detergent exchange, 10 l of each recovered bR band was deposited onto a Thin Layer Chromatography (TLC) silica plate (Macherey-Nagel, ref. 818423), and migration performed in a Chloroform/Methanol/Water solvent (65/35/5). After drying, the plate was first stained with iodine vapour and then with orcinol (0.1 % orcinol in 3 % H 2 SO 4 and 72.5% ethanol) and charring at 120 °C.

Thermal denaturation and activity assays

Thermal unfolding experiments and analysis were performed by differential scanning fluorimetry coupled to back scattering using a Prometheus NT.48 instrument (Nanotemper Technologies, Munich, DE), and the provided software PR.thermocontrol v2.0.4. Up to 48 capillary containing 10 µL of sample are sequentially illuminated at 280 nm, and fluorescence intensity at 350 (F350) and 330 (F330) nm, and back scattering measured as a function of temperature. The derivatives of F350/F330 and of the back scattering were used to estimate the melting temperature, T m , and the onset of aggregation, T agg , respectively. For FhuA : samples were prepared by diluting 48 times a stock sample of 1.92 mg mL -1 FhuA, in 2.2 mM LDAO, 20 mM Tris pH 8.0, ~150 mM NaCl, into 20 mM Tris pH 8.0 with the appropriate detergent, leading to a final residual LDAO concentration of ≈ 0.05 mM (0.05 CMC), with FhuA at 0.04 mg mL -1 . For SpNOX : samples were prepared after purification in LMNG, and eventual detergent exchange in DDM, and concentration. Buffer is 50mM Tris HCl pH 7.0, 300 mM NaCl, 10 µM FAD, with 0.025 mM LMNG or 0.2 mM DDM initial concentrations, 0.21 LMNG and 1.27 mM DDM final estimated concentrations, considering co-concentration of protein and detergent, and SpNOX at 8.3 mg mL -1 , in the T m assays. For activity assays, SpNOX was diluted to 1 µg mL -1 in 50 mM Tris HCl pH 7.0, 300 mM NaCl, 10 µM FAD , with 0.025 mM LMNG or 0.2 mM DDM. Activity assays were performed in the presence of 100 µM Cytochrome C, 10 µM FAD, 200 µM NADPH, following Cytochrome C absorbance at 550 nm. For BmrA : for T m measurements, samples were prepared at a final protein concentration of 1 mg mL -1 , from dilution of the purified protein in 50 mM Hepes pH 8, 10% glycerol, 50 mM NaCl, with 2 mM DDM or 0.1 mM LMNG. For Vi-inhibited form of BmrA, the dilution buffer also contained 10 mM ATP, 10 mM MgCl 2 and 1 mM Vi (all final concentrations). BmrA samples were incubated for 15 min at room temperature before allowing them to be filled in the capillaries for Nano DSF analysis. The activity assays of BmrA were done in a quartz cuvette with a final volume of 700 µL. The buffer, containing 50 mM Hepes/KOH pH 8, 10 mM MgCl 2, 4 mM phosphoenolpyruvate, 0.3 mM NADH, 32 µg mL -1 lactate dehydrogenase, 60 µg mL -1 pyruvate kinase, 10 mM ATP and either 2 mM DDM or 0.1 mM LMNG, was added into the cuvette and was allowed to attain the desired temperature i.e. 37 °C for 5 min, before adding 3 µg protein, and measuring the absorbance at 340 nm for 20 min at 37 °C. For bR : to perform T m measurements, after the solubilization step (see above), solubilized bR was incubated 40 mins at 4 °C in the presence of biobeads (10 g/g OTG), that reduced the concentration of OTG to 70 mM estimated from TLC, from the comparison with OTG aqueous solution at 10, 25, 50, 75 and 100 mM. TLC was performed as described above in bR preparation, but the mobile phase was Chloroform/Methanol 2/1, and the volume deposited was 1 µL. Imaging and quantification were done with the Gel Doc XR system and Image lab software (Biorad). The bR was then diluted 18 times in 0.1 M NaCl, 0.02 M Na phosphate buffer supplemented with the appropriate detergent, residual OTG concentration being estimated as 0.4 its CMC, and final bR concentration to 0.14 mg mL -1 . In the thermal denaturation assays, the temperature was increased by 1 (FhuA, bR, SpNOX) or 0.5 (BmrA) °C/min from 15 °C (FhuA, bR, SpNOX) or 20 °C (BmrA) up to 95 °C.

Density measurements

31.8 mg of dried LMNG was dissolved in 1.99948 g of water. From the density of water (0.998205 +/-0.000001 g mL -1 ) and sample (1.001416 +/-0.000002 g mL -1 ) determined from triplicate measurements at 20 °C using a DMA 58 density meter (Anton Paar, Graz, Austria), we derived [START_REF] Salvay | Analytical Ultracentrifuge for the Characterization of Detergent in Solution[END_REF] a LMNG concentration of 15.68 mg mL -1 and a partial specific volume = 0.797 mL g -1 .

AUC-SV

AUC-SV experiments were conducted in an XLI analytical ultracentrifuge (Beckman, Palo Alto, CA) using an ANTi-50 rotor, using double channel Ti centre pieces (Nanolytics, Germany) of 12, 3, or 1.5 mm optical path length equipped with sapphire windows, with the reference channel being typically filled with solvent without detergent. For BmrA, LMNG was in the buffer in the reference channel, and we used double sector capillary type cells (Beckman, Palo Alto, CA) allowing perfect matching of the channel heights upon centrifugation 90 min at 7,000 rpm (3,600 g). Acquisition was done at 42,000 rpm (130,000 g), overnight, using absorbance (280 nm, and additionally for SpNOX, 412nm) and interference detection. Data processing and analysis was done using the program SEDFIT [START_REF] Schuck | Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation and lamm equation modeling[END_REF] from P. Schuck (NIH, USA), REDATE [67] and GUSSI [START_REF] Brautigam | Calculations and Publication-Quality Illustrations for Analytical Ultracentrifugation Data[END_REF] from C. Brautigam (USA), and using standard equations and protocols described in [START_REF] Salvay | Analytical Ultracentrifuge for the Characterization of Detergent in Solution[END_REF][START_REF] Roy | Sedimentation velocity analytical ultracentrifugation in hydrogenated and deuterated solvents for the characterization of membrane proteins[END_REF][START_REF] Roy | AUC and Small-Angle Scattering for Membrane Proteins[END_REF][START_REF] Salvay | Analytical ultracentrifugation sedimentation velocity for the characterization of detergent-solubilized membrane proteins Ca++-ATPase and ExbB[END_REF]. LMNG samples in water were prepared from precise weight dilution from a stock solution at 9.88 mM. The sedimentation velocity profiles for LMNG at 23.2 and 35 mM in Buffer FhuA showed an v optical artefact, and s-values were determined from (r b /r m )=s²t, with r b the radial position at half the plateau signal, r m the meniscus position,  the angular velocity, and t the time.

Corrected s-values for solvent density and viscosity, s 20w , are calculated, for membrane proteins, considering for their partial specific volume, the mean value between protein and detergent.

Dynamic light scattering (DLS) of LMNG

LMNG at 20 mM in water was measured using the DynaPro NANOSTAR (Wyatt, Santa-Barbara, USA) instrument, at room temperature, and analyzed with the associated software DYNAMICS.

SEC-LS

SEC-LS experiments were conducted at 4 or 6 °C on a HPLC consisting of a degasser DGU-20AD, a LC-20AD pump, an autosampler SIL20-AC HT , a communication interface CBM-20A and a UV-Vis detector SPD-M20A (Schimadzu, Kyoto, Japan), a column oven XL-Therm (WynSep, Sainte Foy d'Aigrefeuille, France), a static light scattering miniDawn Treos, a dynamic light scattering DynaPro NANOSTAR, and a refractive index Optilab rEX detectors. The analysis was made with the software ASTRA, v5.4.3.20 (Wyatt, Santa-Barbara, USA). Samples of 10 to 60 µL were injected at 0.5 mL min -1 on a Superdex 200 10/300 GL (GE Heathcare), equilibrated with the elution buffer. Bovine serum albumin at 2 mg mL -1 in PBS buffer was injected as a control in each experiment. The extinction coefficient and refractive index increments for the proteins were calculated from the aminoacid sequences using the program SEDFIT described above. For LMNG, we used ∂n/∂c=0.146 mL g -1 determined by AUC.

SAXS and SANS samples

A first series of SAXS measurements was carried out with [START_REF] Tribet | Amphipols : polymers that keep membrane proteins soluble in detergent-free aqueous solutions[END_REF] 

SAXS experiment

SAXS experiments were conducted on the BM29 beamline at the European Synchrotron Radiation Facility (Grenoble, France). The data were recorded for 0.004<Q<0.5 Å -1 (Q=(4/)sin is the modulus of the scattering vector, with 2 being the scattering angle, and  the wavelength), using a two-dimensional 1M Pilatus detector, at 20 °C, with a monochromatic X-ray beam with  = 0.9919 Å and a sample to detector distance of 2.864 m.

Measurements were performed with 50 µL loaded sample, in a quartz capillary, with a continuous flow. In the first series, 10 acquisitions with 1 s irradiation per acquisition (flow of 2.7 µL/s), in the second series, 10 and 30 acquisitions with 0.5 s irradiation (flows of 5 and 1 µL/s), were recorded for the samples and the solvents. The scattering curves were indistinguishable with the two flows. Data reduction was performed using the automated standard beamline software (BSxCuBE) [START_REF] Pernot | Upgraded ESRF BM29 beamline for SAXS on macromolecules in solution[END_REF], and data processing, including the elimination of data suffering from radiation damage, averaging, buffer subtraction, Guinier plots, using PRIMUS of the software suite ATSAS [START_REF] Petoukhov | New developments in the ATSAS program package for small-angle scattering data analysis[END_REF]. Absolute scales were obtained using the scattering of water.

SANS experiment

SANS experiments were carried out on the small-angle diffractometer D22 at the Institut Laue Langevin (Grenoble, France), at 20 °C, using neutron wavelengths  of 6 and 12 Å, with subtraction-were done in the usual way (see e.g. [START_REF] Ebel | Examining membrane proteins by neutron scattering[END_REF]) using Grasp (a Matlab TM script application produced by ILL) and SANS reduction macros provided by NIST Center running on IGOR (Wavemetrics) [START_REF] Kline | Reduction and analysis of SANS and USANS data using IGOR Pro[END_REF]. Absolute intensities are obtained using the direct beam measurement.

SAXS and SANS Guinier analysis

The radii of gyration (Rg) and the intensities scattered in the forward direction (I(0)) were extracted by the Guinier approximation, with RgQ ≤ 1.3. Aggregation number were derived from the molar mass of LMNG micelle, M (g mol-1) obtained from the absolute forward intensity, I(0) (cm -1 ), using M = (I(0)/c)N A /(∂ el /∂c) 2 , in SAXS, and M = (I(0)/c)N A /(∂ N /∂c) 2 , in SANS. N A is Avogadro's number, c the concentration (g mL -1 ), and ∂ el /∂c and ∂ N /∂c (cm g -1 ) the increment of electron and neutron, respectively, scattering length density per g of LMNG. ∂ el /∂c = ( el - el ) r el v , with  el = 4.105 10 23 (from composition and v ) and  el = 3.297 10 23 the numbers of electron per mL of LMNG and solvent, respectively, and  el = 2.818 10 -13 cm the scattering length of an electron. ∂ N /∂c was calculated to be 1.108 10 10 cm g -1 in H 2 O, and -3.509 10 10 cm g -1 in D 2 O.

SAXS and SANS combined analysis for LMNG shape

SAXS and SANS data were analyzed using shape-dependent models in SASview [76]. The scattered intensity from an homogeneous dispersion of particles is written as:

I(Q) = N V 2 () 2 P(Q) S(Q)
Where N is the number density of particles, V their volume,  (cm -2 ) is the scattering contrast, P(Q) is the inter particle form factor and S(Q) is the interparticle structure factor.

In the present case, SAXS and SANS data have been fitted simultaneously with a core shell cylinder form factor and hard sphere potential with beta approximation using SASview software. The cylinder form factor included size polydispersity on radius (fixed at 5 %) using a gaussian distribution. The scale factor was fixed by the surfactant concentration. The head groups SLD or ED were fitted using the same hydration level of the anhydrous polar hear.

Radius, length and shell thickness of the cylinder were constrained and kept equal for X-ray and neutrons. Fitting was performed using the optimizer DREAM which allows to set simultaneous fits as well as proper error determination.

Results

Hydrodynamic characterization of LMNG

Our first aim was to characterize the assembly properties of LMNG molecules by itself. AUC-SV experiments were done for LMNG solubilized in water at different concentrations.

The SV profiles and analysis in terms of continuous distributions c(s 20w ) of sedimentation coefficients, s 20w , showed a unique or main boundary. The mean s 20w -value increased with concentration, from 3.3 S at 0.25 mM to 7.9 S at 9.8 mM (Fig 1A-C). This indicates that LMNG micelle aggregation number increases with concentration, an atypical behaviour compared to usual detergents. Complementary AUC-SV in a dilute buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl), at larger LMNG concentrations of 23 and 35 mM, gave estimates for s 20w of 7.7 and 8.7S, respectively. By integrating the signal for the micelles at the different LMNG concentrations (Fig 1D ), we determine, in water, a refractive index increment for LMNG ∂n/∂c=0.146 mL g -1 (close to that of DDM, 0.143 mL g -1 [START_REF] Salvay | Analytical Ultracentrifuge for the Characterization of Detergent in Solution[END_REF]), and a CMC of 40 µM.

The knowledge of the partial specific volume, , of LMNG is required to correlate s 20w and molar mass, or aggregation numbers N agg. We measured, with density measurement, = 0.797 mL g -1 , a value close to that of DDM: 0.82 mL g -1 from [START_REF] Salvay | Analytical Ultracentrifuge for the Characterization of Detergent in Solution[END_REF] and 0.81-0.837 mL g -1 from [START_REF] Le Maire | Interaction of membrane proteins and lipids with solubilizing detergents[END_REF]. to improve their scattering signal, but this is not problematic, since deuterating proteins, in general, is not an issue.

Minimum aggregation numbers

To summarise, SAXS and SANS showed that LMNG forms large elongated rod-like micelles above the mM concentration. Given this observation, the question of the homogeneity of different membrane proteins at various LMNG concentrations was addressed below. 

FhuA-LMNG assemblies

FhuA is an E. coli outer membrane ferrichome-iron transporter involved in bacteriophage infection [START_REF] Flayhan | New insights into pb5, the receptor binding protein of bacteriophage T5, and its interaction with its Escherichia coli receptor FhuA[END_REF][START_REF] Breyton | Assessing the Conformational Changes of pb5, the Receptor-binding Protein of Phage T5, upon Binding to Its Escherichia coli Receptor FhuA[END_REF]. The structure of this robust -barrel protein was solved in 1998 [START_REF] Ferguson | Siderophore-mediated iron transport: crystal structure of FhuA with bound lipopolysaccharide[END_REF]. We investigated FhuA stability, homogeneity and association state at different LMNG concentrations, and whether the protein can crystallize in LMNG.

We first compared the thermal stability of FhuA in LDAO and in LMNG by DSF, allowing to measure the melting temperature (T m ) of the protein by probing the fluorescence emission (F 350nm /F 330nm ratio) of the aromatic residues upon increasing temperature. Simultaneous light back-reflection measurements permit to detect qualitatively aggregation events. Detergent was exchanged by a 48 times dilution, leading to a final residual concentration of LDAO that was much below its CMC (20 times). The melting curves are similar whatever the final detergent concentration, corresponding to CMC + 0.2, 0. Standard deviations of typically 0.2 were determined from triplicates experiments in BmrA, otherwise the precision on T m is estimated at 1°C. Micelle concentrations (i.e. above the CMC concentrations) were calculated considering CMC-values of 1, 0.01, 0.17 and 9 mM for LDAO, LMNG, DDM, and OTG, respectively.

For FhuA, detergent exchange can easily be done, by dilution of the purified protein solution until FhuA precipitates and re-solubilization of the pellet in the desired detergent. The resulting sample in LMNG, also used for crystallization assays, contained ≈ 7.5 mg mL -1 FhuA and 12 mM (total concentration) LMNG. SV-AUC analysis shows a main contribution (≈ 75% of the absorbance) at s 20w = 7.8 S, i.e. the same value as that published for FhuA in DDM [START_REF] Boulanger | Purification and structural and functional characterization of FhuA, a transporter of the Escherichia coli outer membrane[END_REF]. Additional contributions are detected at s 20w = 10.7 S (≈ 5%) and 6.2 S (15-20%), which correspond reasonably to FhuA dimer and LMNG free micelles, respectively (Fig 4AB). Analysis of the absorbance of interference fringe signals provides an estimate of 1 g g -1 (80 mol mol -1 ) of bound LMNG, and a free micelle concentration of 4.5 mM. In order to investigate the effect of LMNG concentration on FhuA homogeneity, complementary SV-AUC experiments were done on a similarly prepared sample with nominal concentrations of 5.4 mg mL -1 FhuA and 13 mM LMNG, and two derived samples, with FhuA diluted twice, and increased LMNG nominal concentrations to 18 and 24 mM. For these three samples too, only one main boundary is observed (> 80%) at about 7 S (Table 3). Probably, due to the large total concentrations of LMNG and FhuA, the fit is poor and the s 20w values imprecise (data not shown). The data can be interpreted by the non-ideal co-sedimentation of FhuA complexes and of LMNG free micelles, sedimenting at nearly the same s 20w value (Table 3).

Nevertheless the membrane protein appears to remain monomeric in the presence of even very large concentrations of LMNG, where the latter forms large micelles. SEC-LS performed on a similar sample injected after 10 times dilution, showed traces of aggregates, FhuA dimer as a shoulder, FhuA monomer as the main contribution at 12.3 mL, and LMNG micelles at 14.5 mL (Fig 4C). The molar mass analysis gives for the main peak 79.3 kDa for FhuA molar mass contribution, in agreement with the protein sequence (79.9 kDa), and 98.5 kDa for LMNG contribution, corresponding to 1.2 g g -1 (95 mol mol -1 ) bound detergent. 
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with the hypothesis of 1 g g -1 LMNG bound to FhuA, except for exp. 1, where free LMNG micelle concentration was 718 rod for FhuA-LMNG crystals (Fig 4D). X-ray diffraction data were collected on FhuA-LMNG crystals (Table 4). Crystals grown in the screening assay, with little optimization, diffracted up to 4 Å, which allowed to get a model at low resolution and to determine the crystal packing. Interestingly, these crystals have a different space groups (C222 1 ) than crystals obtained with DDAO (P6 1 ). Thus, LMNG largely expanded the number of potential conditions in which FhuA crystals are grown, possibly by allowing different crystal packing. These data seemingly support the idea that LMNG enhances successful crystallization of membrane proteins [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF]. 

SpNOX-LMNG assemblies

We then investigated the prokaryotic enzyme SpNOX [START_REF] Hajjar | The NOX Family of Proteins Is Also Present in Bacteria[END_REF]. This protein is a recently identified analog to the eukaryotic NOX membrane proteins. They are the central catalytic component, involved in transmembrane electrons transfer, within NADPH oxidase complexes, which play essential roles in e.g. immunity, cardiovascular physiology, etc.

Despite the progress done in the characterization of the soluble subunits of the NADPH oxidase complexes [START_REF] Durand | NADPH oxidase activator p67(phox) behaves in solution as a multidomain protein with semi-flexible linkers[END_REF][START_REF] Marcoux | p47phox molecular activation for assembly of the neutrophil NADPH oxidase complex[END_REF], there were very few structural information on the NOX -helical membranous component up to the recent composite structure of a NOX5 isoform from a cyanobacteria [START_REF] Magnani | Crystal structures and atomic model of NADPH oxidase[END_REF]. Apart from its fundamental biological interest, this protein displays several features that make it a convenient model to test and develop new methods or processes in membrane protein biochemistry. Indeed, the red color brought by the presence of two hemes b within the transmembrane protein constitutes a good reporter in all steps of protein manipulation as well as a precious indicator of the correct folding of the protein.

823

Moreover, SpNOX has an enzymatic activity that can be measured spectrophotometrically in 824 a fast and convenient way.

826

For SpNOX solubilization and purification, maltoside detergents were identified as essential 827 in order to preserve protein activity [START_REF] Hajjar | The NOX Family of Proteins Is Also Present in Bacteria[END_REF]. However, several lines of improvement have been We then investigated, using SV-AUC, homogeneity and association state of SpNOX solubilized in LMNG, at different concentrations of SpNOX and LMNG. After a final SEC purification step with 0.03 mM LMNG in the elution buffer (buffer A, see legend to Fig 5), SpNOX was obtained at 0.1 mg mL -1 (sample c0.1). Then the protein was concentrated 30 times by ultrafiltration with a 30-kDa cut off membrane (sample c3). To further investigate the effects of protein and LMNG concentrations on the size and composition of the LMNG/SpNOX complexes, part of c3 was rediluted 12 or 30 times in buffer A (containing 0.03 mM LMNG) and 12 times with the same buffer but containing LMNG at 1.5 mM (samples c0.25d, c0.1d, c0.25dLMNG, respectively). AUC-SV of these samples was followed at 412 nm, in addition to the usual 280 nm and interference detection, which allows following showing that the different SpNOX complexes in all samples have the same heme content. The measured ratio A 412 /A 280 =1.75 ± 0.05 is that expected for pure SpNOX [START_REF] Hajjar | The NOX Family of Proteins Is Also Present in Bacteria[END_REF]. The main SpNOX species (typically 85%) sediments at s 20w = 6.0 ± 0.1 S. A minor contribution (typically 8%) is detected at ≈ 8.2 S, in addition to poorly-defined aggregates (typically 7 %).

c0.25dLMNG appears to be more homogeneous, and c0.25d more heterogeneous, but we cannot ascertain the relevance of these subtle variations. We conclude that SpNOX main assemblies have clearly the same composition in all samples, and increasing LMNG or protein concentration does not lead to larger complexes. Interference optics allows the additional detection of LMNG micelles below 4 S, in the expected s-range, since we measured s at 2.5 and 5 S for pure LMNG at 0.05 and 1.5 mM in buffer A. From the integration of the signal, we derived a concentration of 1.2 mM free micelles in c3, which indicated an almost stoechiometrical co-concentration of LMNG and SpNOX. For the main SpNOX complex, the ratio of the interference fringes and A 280 signals is the same for c0.1, c3, c0.25d, suggesting that no or few LMNG micelles co-sediment (the ratio is however larger for c0.25dLMNG and c0.1d, but it may be related to the uncertainty of the analysis), and provides a rough estimate of 1 ± 0.1 g g -1 LMNG bound to SpNOX (this value is imprecise, as discussed below).

Complementary SEC-LS-DLS in buffer A with 0.05 mM LMNG was performed on four samples of SpNOX from a different purification. One at 0.16 mg mL -1 is from SEC, the three others are from subsequent concentration to 1.0, 2.9 and 8.7 mg mL -1 (concentration by a factor of 8, 18 and 54, respectively) by ultrafiltration. The elution profiles of the four SpNOX samples are very similar, and one example is shown on Fig 5C . The main SpNOX complex elutes at 12.8 mL with a R H = 4.0 nm measured from DLS. The analysis provides molar masses for the main complex of 68 ± 3 kDa and 59 ± 3 kDa for SpNOX and LMNGcomponents, remarkably constant for the four samples. These values correspond to a detergent/protein ratio similar to that estimated from AUC. The protein molar mass, however is intermediate between the theoretical ones for a monomer (48 kDa) and a dimer. This suggests a systematical error in the input value, used in AUC and SEC-LS, of the SpNOX extinction coefficient. We thus rather consider the total molar mass of the complex of 126 kDa, derived from LS and RI detection to derive, in the hypothesis of a monomeric protein, an amount of bound detergent of 1.6 g/g. Combining s from AUC and R H from DLS, a buoyant molar mass of 26.2 kDa is derived, which corresponds to a globular compact monomer of SpNOX binding 1.6 g.g -1 of LMNG, with a frictional ratio of 1.2, corresponding to a globular compact shape.

BmrA-LMNG assemblies

BmrA (for 'Bacillus multidrug resistance ATP') is a member of the ABC ("ATP-Binding Cassette") transporters family. It is capable to export multiple drugs with no chemical relationship [START_REF] Steinfels | Characterization of YvcC (BmrA), a multidrug ABC transporter constitutively expressed in Bacillus subtilis[END_REF]. In human, its closest homologue MDR1 confers resistance to chemotherapeutic treatments [START_REF] Steinfels | Highly efficient over-production in E. coli of YvcC, a multidrug-like ATP-binding cassette transporter from Bacillus subtilis[END_REF]. Crystal structures of homologs stabilized in different states [START_REF] Ward | Flexibility in the ABC transporter MsbA: Alternating access with a twist[END_REF][START_REF] Jin | Crystal structure of the multidrug transporter Pglycoprotein from Caenorhabditis elegans[END_REF] suggest that, to permit drug translocation, large conformational changes must occur in an alternating access model. BmrA could be purified in a functional homodimeric form in 0.05% DDM [START_REF] Ravaud | The ABC transporter BmrA from Bacillus subtilis is a functional dimer when in a detergent-solubilized state[END_REF][START_REF] Dalmas | Time-resolved fluorescence resonance energy transfer shows that the bacterial multidrug ABC half-transporter BmrA functions as a homodimer[END_REF], and, indeed it was shown to be flexible and adopt different conformations [START_REF] Orelle | Conformational change induced by ATP binding in the multidrug ATP-binding cassette transporter BmrA[END_REF][START_REF] Cao | Probing the conformation of the resting state of a bacterial multidrug ABC transporter, BmrA, by a site-directed spin labeling approach[END_REF][START_REF] Mehmood | Dynamics of a bacterial multidrug ABC transporter in the inward-and outward-facing conformations[END_REF][START_REF] Fribourg | 3D cryo-electron reconstruction of BmrA, a bacterial multidrug ABC transporter in an inwardfacing conformation and in a lipidic environment[END_REF].

Since then, the protein was purified in LMNG [START_REF] Wiseman | Stubborn contaminants: influence of detergents on the purity of the multidrug ABC transporter BmrA[END_REF]. It was noticed that LMNG, in contrast to DDM, significantly reduced BmrA aggregation with time. Moreover, the ATPase activity of BmrA was significantly increased, by a factor of about 1.5 to 2, in LMNG compared to DDM (Table 5). The activity in LMNG is thus getting closer to that of the protein reconstituted into liposomes: 1.4 vs. 5, respectively, µmol ATP hydrolyzed /min/mg protein (Table 5).

We evaluated by DSF the protein's thermal stability for two freshly purified -in either DDM or LMNG-batches of BmrA. Measurements were done on the Apo and the vanadate (Vi) inhibited forms. The Apo-form is expected to be in an open conformation, the Vi-inhibited form would exist in a closed conformation ( [START_REF] Orelle | The conserved glutamate residue adjacent to the Walker-B motif is the catalytic base for ATP hydrolysis in the ATP-binding cassette transporter BmrA[END_REF][START_REF] Mehmood | Dynamics of a bacterial multidrug ABC transporter in the inward-and outward-facing conformations[END_REF] and unpublished results). Fig 3 shows the measurements for BmrA Apo and Vi-inhibited forms, and Table 2 reports the melting temperatures T m . In DDM and in LMNG, the T m increases steadily from the less stable Apo to the more stable Vi-inhibited form. For the two forms, BmrA unfolds at higher temperature when purified in LMNG compared to DDM: by 4.5 °C for BmrA Apo, and ≈ 13 °C for the Vi-inhibited BmrA (Table 2).

Limited proteolysis experiments were performed on the Apo-and Vi-inhibited BmrA forms, to evaluate differences in protein flexibility between the two forms, in DDM and in LMNG.

After incubation for different times with a protease, BrmA samples were run on SDS-PAGE. with trypsin, the increased robustness of Vi-inhibited BmrA compared to the Apo form. In DDM, the 55 kDa band representing the intact protein essentially disappeared after 30 min of incubation for the Apo form, and more than 300 min for the Vi-inhibited form, in agreement with previously published results [START_REF] Mehmood | Dynamics of a bacterial multidrug ABC transporter in the inward-and outward-facing conformations[END_REF]. In LMNG, 60 min are required for an almost full disappearance of the intact Apo BmrA, and the Vi-inhibited form is essentially preserved for the entire time period tested. The reduced kinetics of proteolysis in LMNG compared to DDM is also observed with protease V8 (Fig 6E-F). We checked that the detergent type had no effect on protease activity by itself. In order to evaluate protein homogeneity in LMNG, samples of BmrA were purified with a last step of SEC in a buffer containing LMNG at 0.1 mM, concentrated using a centrifugal filter device by a factor of 4.4 for a final BmrA concentration of 1.3 mg mL -1 . SV-AUC revealed a very homogeneous preparation, with one protein complex at s 20w = 8.2 S (experimental value of 4.2S, at 10 °C, in the buffer containing glycerol) (Fig 7A). SEC-LS experiments, done with a BmrA sample at 2.7 mg mL -1 , prepared in a similar way, stored frozen at -80 °C and injected on a column equilibrated with buffer A, showed minor (total ≈ 5%) contributions of large and small aggregates eluting at 7.8 mL and as a shoulder at 9.7 mL, in addition to the main complex, eluting at 10.7 mL, with a R H = 5.5 nm measured from DLS, and a total molar mass of 240 kDa, corresponding to a dimer with 0.8 g/g bound detergent (Fig 7B). Combining R H and the s-values, we derived a buoyant molar mass of 45.9 kDa, corresponding to a dimer with 0.6 g/g bound LMNG, and a frictional ratio of 1.35.

Excess LMNG micelles were undetected in the AUC experiments; in SEC-LS their amount corresponds to an injected LMNG concentration of 0.2 mM. In conclusion, very homogeneous BmrA samples can be prepared in LMNG with protein concentration in the mg mL -1 range, which remains essentially homogeneous after storage at -80 °C. (bottom), obtained at 130,000 g and 10 °C during ≈ 8 hours using interference optics and 12 mm optical path centerpiece, for BmrA at 2.3 mg mL -1 and free LMNG at 0.44 mM (putative concentration) in 25 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol. Reference channel was filled with solvent without LMNG. B: Superposition of the normalized c(s 20w ) distributions obtained at 280 nm (pink line) and with interference optics (blue line). SEC-LS: C: Rayleigh ratio, refractive index, and absorbance at 280 nm (orange, blue, and pink lines, respectively) measured along the elution profiles, for 50 µL of BmrA at 2.7 mg mL -1 and free LMNG at 0.06 mM, this concentration being experimentally determined in SEC-LS, injected on a Superdex 200 10/300 GL (GE Heathcare) column equilibrated at 4 °C with 50 mM Tris-HCl pH 7.0, 300 mM NaCl, 0.05 mM LMNG (buffer A), and molar masses (thick lines, right axis) for the whole complex (black), and LMNG (green) and BmrA (red) contributions, derived from combining the three detections. The protein elutes as a main species at 10.7 mL, together with large and small aggregates, in minor amounts, in the void volume (7.8 mL) and as a shoulder at 9.7 mL, respectively; free LMNG elutes at 14.2 mL.

bR homogeneity, and time and thermal stability

Lastly, we investigated the homogeneity and time stability of the bR as a model protein. bR is a light-driven proton pump purified from the archaea Halobacterium. It is composed of seven transmembrane α-helices and binds a covalent cofactor, a retinal molecule that confers purple color to the protein.

Sucrose gradients are a convenient means to perform both detergent exchange and evaluate the colloidal homogeneity of the protein-detergent complex. In the case of colored proteins, this latter information is directly visible after centrifugation, by the broadness of the proteindetergent band. We routinely use this method to evaluate the potentialities of fluorinated surfactants in the biochemistry of membrane proteins, using the bR. Fig 8A shows the results of sucrose density gradient experiments in the presence of 1 mM DDM, or 0.2, 2 and 20 mM LMNG. After 15 h centrifugation, the protein migrated past the middle of the gradient, insuring total detergent exchange, as checked by TLC. In all LMNG conditions, the protein band migrates at the same depth and appears to have the same width/broadness as that in DDM, suggesting that the bR-LMNG complexes are homogeneous monomers as the bR-DDM complexes. The retinal molecule, whose visible absorption spectrum is very sensitive to its local environment, is a convenient reporter of the state of the protein: the trimeric protein in its native membrane reveals a visible absorption spectrum with a maximum at  max = 570 nm; when solubilized in detergent, the protein monomerises and displays  max = 554 nm; in both cases, the protein appears purple. When the protein denatures, the retinal is released, and  max shifts to 400-380 nm: the protein solution turns yellow. After three months however, the spectrum shows a usual peak, with  max = 555 nm. The protein probably started to denature in OTG, the detergent used for its solubilization, but returned to its native fold when transferred to DDM. In all LMNG samples, the absorption peak displays a  max = 554 nm (Fig 8C ), suggesting that the dynamics of the bR monomer in LMNG is different than in classical detergents. After three months incubation, the absorption spectra are unchanged, indicating that the protein is very stable. 2. bR has an increased thermostability in DDM compared to OTG, and LMNG is even more stabilizing, with T m increased by 6 and 12 °C, respectively.

Discussion and conclusion

On the self-assembly of LMNG

From AUC experiments, we determined the CMC of LMNG to be 40 µM. This is coherent with previously published value from from hydrophobic dye solubilization measurements (10 µM) [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF], while isothermal titration calorimetry measurements yielded a significantly lower concentration (11.3 nM) [START_REF] Chung | Role of detergents in conformational exchange of a G protein-coupled receptor[END_REF]. The CMC is not an absolute value, rather a range of concentrations, and different techniques used to determine the CMC probe different properties of micelle formation. Thus, it is not unusual to find different values depending on the technique used, and discrepancies become exacerbated when the CMC is very low.

Regarding the size of the micelles, the s 20w -value of LMNG at 0.25 mM (0.025 %) is 3.3 S. This value is in the same range than that of DDM (3.12 S) that forms globular compact ). These values correspond to that of DDM micelles, described from SAXS to form oblate ellipsoids with, in the minor axis, a hydrophobic core of ≈ 15 Å surrounded by a hydrophilic layer of ≈ 6 Å thickness [START_REF] Lipfert | Size and shape of detergent micelles determined by small-angle X-ray scattering[END_REF][START_REF] Oliver | Designing Mixed Detergent Micelles for Uniform Neutron Contrast[END_REF] (Scheme 2). The differences of 1 Å between our LMNG and the published DDM dimensions are not significant since different techniques and buffers, thus contrasts (in terms of electron density or neutron scattering length densities), were used. To this date, this is only one membrane protein pdb file (4b4a) containing LMNG as a ligand (pdf identifier "LMN"). The maximum C-O, C-C and O-O distances in the whole molecule, in the two tails, and in the two heads, respectively, are 21.9, 13 and 11, 9.8 and 9.7 Å, respectively (we note that in this unique structure, the hydrophilic head is quite open: we measure a maximal distance between the O of the two sugars of LMNG of 19 Å). For DDM as a ligand (pdf identifier "LMT"), in an arbitrary selection of membrane protein pdb files (6haw, 6hqb, 4kfm, 6cnn), we measure maximal distances for the whole molecule, the tail, and the head, of 20.5 +/-1, 12 +/-1, and 9.2 +/-0.8 Å, respectively. These values are logically similar to that of LMNG. The maximum length of the tail is logically lower than 16.7 Å corresponding to the dimension of an extended alkyl chain with 12 carbons [START_REF] Oliver | Designing Mixed Detergent Micelles for Uniform Neutron Contrast[END_REF].

If DDM is described to form slightly elongated micelles, for LMNG at 20 mM however, we measured lengths of 600 Å in H 2 O and more than 5000 Å in D 2 O. It corresponds to LMNG rods with ratios of the total length over the total diameter, of 14 and 120. For LMNG in H 2 O, the rod length value coincides with the maximum distances estimated between 10 and 20 mM LMNG, from the pair distribution analysis of themeasured independently -SAXS data of Israelachvili et al. [START_REF] Israelachvili | Theory of self-assembly of lipid bilayers and vesicles[END_REF][START_REF] Israelachvili | Intermolecular and Surface Forces -3rd Edition[END_REF] have provided a rational to explain how the molecular geometry of individual surfactant molecules affects and controls the shape and size of the assemblies they form. The geometry of the molecule can be described by three parameters: the area of the hydrated polar head, a 0 , the volume, v, and the extension, l c , of the hydrophobic tail. The value of the related critical packing parameter, v/(a 0 l c ), representing the ratio of the mean area of the hydrophobic tail on that of the hydrophilic head, determines the geometry of the assemblies: for v/(a 0 l c ) < 1/3 (large hydrophilic surface), spherical micelles are formed; for 1/3 < v/(a 0 l c ) < 1/2, rods are favored; then, for v/(a 0 l c ) < 1, ~ 1, and > 1 (with increasingly large hydrophobic lateral extensions), flexible or planar bilayers, and inverted micelles, respectively, are stabilized. The LMNG molecule corresponds to two linked DDM molecules.

The linkage is done through a quaternary carbon, localized on the lauryl chain, at the second carbon following the ether group belonging to the maltose moiety. It is thus at the junction between the hydrophilic head and the hydrophobic tail of the detergent. The constraints of this link on each moiety dimensions are hardly intuitively predictable. The fact that DDM forms globular micelle while LMNG forms rod means that the packing parameter v/(a 0 l c ) increases from DDM to LMNG, which can be related to an increase, in LMNG compared to DDM of the hydrophilic surface per maltose group, and/or of the mean length of the hydrophobic chain, corresponding to changes in their landscape of the molecular conformational stability and/or dynamics.

Rod formation has noticeable consequences for biochemists. When using ultrafiltration centrifugal devices to concentrate proteins, LMNG co-concentrates with the membrane protein by the same factor. Depending on the initial detergent concentration, typically from 0.02 to 0.1 mM, LMNG in the concentrated sample will form small to very large assemblies.

Concentrated LMNG dissociates upon SEC, but elutes as a very broad peak, preventing membrane protein in concentrated LMNG to be recovered with a well-defined LMNG concentration.

On the relative stabilization of proteins in LMNG compared to DDM

Our work corroborates the stabilizing propensity of LMNG towards membrane proteins, already described in the literature (see the introduction). All four proteins investigated here are thermally stabilized in LMNG compared to DDM. The temperature shift is very large, both for FhuA (+11 °C), a very stable -barrel protein, and for SpNOX (+13 °C), a fragile helical protein. For the flexible BmrA, temperature shifts between 4 and 13 °C are observed depending on the presence or absence of ligands. For bR, the gain is 6 °C. SpNOX solubilized and partially purified in LMNG shows a significantly decreased content of aggregates, corresponding to an increased stability. The reduced kinetics of limited proteolysis in LMNG compared to DDM for the Apo and the Vi-inhibited forms of BmrA, expected to represent the open and closed conformations, could have suggested some restricted flexibility of the protein. However, the protein is more active in LMNG as compared to DDM thereby indicating that the flexibility required for ATPase activity is not impaired in LMNG. Indeed, in LMNG, BmrA seems to be more prone to reach or stabilize the closed conformation which is required to get a high ATPase activity. Hence, BmrA is in a more stable and perhaps, more physiologically relevant conformations in LMNG as compared to DDM. Restricted protein flexibility is also suggested for bR, which UV-visible spectrum displays a maximum absorption peak close to that of the constrained trimer in the purple membrane, far from that of the more flexible monomer in DDM. These results are in the line with the restraint of protein inter-conversion dynamics measured for GPCRs. The reduced dynamics of proteins may be related to the strong binding of the LMNG correlated to its low CMC, deriving from the connection of the two hydrophobic tails in its structure. As for BmrA, SpNOX displays an increased specific activity in LMNG compared to DDM, which may reflect a significantly higher proportion of inactive protein in DDM compared to LMNG, or be related to a difference in SpNOX flexibility, or to the stabilization of some conformations.

On the assembly of LMNG-membrane proteins

The solubilized membrane proteins investigated in this work have the same quaternary structure in LMNG as in their usual detergent: FhuA, SpNOX, and bR, are monomeric and BmrA is dimeric. In the case of SpNOX, dimers of the main species -probably inactivated forms-are detected in LMNG, for typically 10%, the proportion varying slightly depending on the purification. These species are also detected in DDM. In the AUC experiments where LMNG concentration was voluntarily raised to 24 mM, FhuA and SpNOX association states were not affected. The amount of bound detergent did not vary too, despite rod micelles of LMNG are expected at these large concentrations. This behavior was not anticipated. We previously investigated fluorinated surfactants (for reviews, see [START_REF] Durand | New amphiphiles to handle membrane proteins: "ménage à trois" between chemistry, physical-chemistry and biochemistry[END_REF][START_REF] Breyton | Amphipols and fluorinated surfactants: Two alternatives to detergents for studying membrane proteins in vitro[END_REF][START_REF] Popot | Amphipols, nanodiscs, and fluorinated surfactants: three nonconventional approaches to studying membrane proteins in aqueous solutions[END_REF]), and, in a series of surfactants whose polar head size was modulated by the presence of one, two, or three glucose moieties, homogeneous complexes with bR and cytochrome b 6 f were obtained only with the compounds that form homogeneous micelles, i.e. the surfactants with the more voluminous head. In the surfactant forming long rods, with only one glucose, the membrane proteins were soluble and active, but formed heterogeneous detergent protein complexes. We anticipated it could be related to the heterogeneity in the amount of bound detergent [START_REF] Breyton | Micellar and biochemical properties of (hemi)fluorinated surfactants are controlled by the size of the polar head[END_REF].

Other fluorinated surfactants with relatively small head groups (lactoside, maltoside, octaethylene glycol ether) formed large and polydisperse, probably rod-like assemblies, and indeed formed also large and heterogeneous complexes with membrane proteins (refs in [START_REF] Breyton | Micellar and biochemical properties of (hemi)fluorinated surfactants are controlled by the size of the polar head[END_REF]). By contrast, the fluorinated surfactant F-TAC (now commercialized by Calixar), which has a voluminous polymeric hydrophilic head, was shown to assemble into small micelles and form well defined complexes with membrane proteins. The present work on LMNG shows that large size of surfactant micelle does not necessarily translate into protein detergent complex heterogeneity.

On the assembly of LMNG-membrane proteins: bound detergent

In the case of FhuA, previous measurements determined 1.2 g of bound DDM per g of protein, using SEC in the presence of radiolabeled DDM [START_REF] Bonhivers | Stability studies of FhuA, a two-domain outer membrane protein from Escherichia coli[END_REF]. This value is close to 1 and 1.2 g g -1 determined in the present work for the protein solubilized in LMNG by AUC and SEC-LS. For BmrA, the amount of bound LMNG (0.6 g g -1 ) we determined by combining s-and R H -values, is lower but in the same order of magnitude than that determined for bound DDM by the same technique (0.9 g g -1 ) [START_REF] Boncoeur | PatA and PatB form a functional heterodimeric ABC multidrug efflux transporter responsible for the resistance of Streptococcus pneumoniae to fluoroquinolones[END_REF]. A similar trend, in the comparison of DDM and LMNG bound to BmrA, was reported using MALDI/TOF for the evaluation of bound detergent [START_REF] Chaptal | Quantification of Detergents Complexed with Membrane Proteins[END_REF]. These estimates of bound DDM to BmrA are much lower than that determined by SEC in the presence of radiolabeled DDM (1.5 g g -1 ) [START_REF] Ravaud | The ABC transporter BmrA from Bacillus subtilis is a functional dimer when in a detergent-solubilized state[END_REF], which emphasizes the difficulty to determine precisely bound detergent. Nevertheless, these comparisons presented in Table 6, show that the amounts of bound detergent are similar whether the protein is solubilized in DDM or LMNG. It means that the amount in mol/mol is nearly twice for DDM than for LMNG, and it is possible that the amount (in g g -1 ) of bound LMNG is slightly less compared to that of DDM. 

On the crystallization of LMNG-membrane protein

The high resolution structures of several GPCRs were obtained thanks to purification in LMNG (cf Introduction) followed by crystallization in mesophase, a process in which the membrane protein in the crystal is stripped off from its bound detergent [START_REF] Pebay-Peyroula | X-ray structure of bacteriorhodopsin at 2.5 Å from microcrystals grown in lipidic cubic phases[END_REF]. Crystallization in LMNG using vapor diffusion was described for e.g. the cytochrome b 6 f complex [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF], the TatC core of the twin-arginine protein transporter [START_REF] Rollauer | Structure of the TatC core of the twin-arginine protein transport system[END_REF], an ABC transporter lipid-linked oligosaccharide flippase [START_REF] Perez | Structure and mechanism of an active lipid-linked oligosaccharide flippase[END_REF], a borate efflux transporter [START_REF] Thurtle-Schmidt | Structure of Bor1 supports an elevator transport mechanism for SLC4 anion exchangers[END_REF], and a plant voltage-gated twopore channel [START_REF] Guo | Structure of the voltage-gated two-pore channel TPC1 from Arabidopsis thaliana[END_REF].

FhuA is yet another one. One of our motivations, in crystallizing this well described protein, was to check whether the ability to obtain crystals was prevented by the presence of large LMNG assemblies in the membrane protein sample. It is clearly not the case, and on the contrary, comparing the behavior of the protein in crystallization screens, we observed that the number of initial hits was larger when the protein was solubilized in LMNG when compared to the classically used DDAO. The space group of crystals of FhuA grown in LMNG is not the same as that of the protein grown in DDAO. However, this is not remarkable, as the same space group is found when the protein is crystallized in LDAO.

To summarize, the interest of structural biologists for LMNG is very strong, since it stabilizes noticeably most membrane proteins compared to other detergents. Due to its low desorption kinetics, it would stabilize membrane proteins even in sub-CMC concentrations. It forms large rod assemblies at concentration above the sub mM range, but, for the examples we investigated, the solubilized proteins remain as homogeneous as in usual detergents, with similar amounts of bound detergent, and the presence of the large LMNG micelles does not prohibit membrane protein crystallization using vapor diffusion or mesophase.

  10 passages at 15 kpsi) in a 20 mM Tris-HCl pH 8, 150 mM NaCl buffer with a pinch of DNase I. Unbroken cells were removed by a first centrifugation (15 min, 6000 rpm, rotor SX4250), and the membrane fraction was recovered by ultracentrifugation (20 min, 35 000 rpm, 45Ti). A first solubilization with 2 % OPOE (octylpolyoxyethylene), 20 mM Tris-HCl pH 8.0, 30 min at 37 °C under gentle shaking solubilized the inner membranes, and the outer membrane pellet (20 min, 35 000 rpm, 45Ti) was solubilized in 1 % lauryldimethylamine-N-oxide (LDAO), 20 mM Tris-HCl pH 8, 1 mM EDTA for 1 h at 37 °C. Insoluble material was removed (20 min, 35 000 rpm, 45Ti). The protein was purified by Nickel affinity chromatography (HiTrap Chelating, 5 mL, GE Healthcare). The LDAO supernatant was supplemented with 5 mM MgCl 2 and 5 mM Imidazole, loaded onto the column and thoroughly washed (20 mM Tris-HCl pH 8, 150 mM NaCl, 0.1 % LDAO). A delipidation step was achieved by washing with 10 mL of the same buffer containing 1% LDAO. The protein was eluted with 20 mM Tris-HCl pH 8.0, 200 mM Imidazole, 0.1 % LDAO. Fractions containing the protein were pooled and loaded onto an anion-exchange chromatography (HiTrap Q, 1 mL, GE Healthcare) equilibrated with 20 mM Tris-HCl pH 8.0, 0.05 % LDAO and the protein was eluted by a linear gradient of NaCl in 20 mM Tris-HCl pH 8, 0.05 % (2.2 mM) LDAO (final NaCl concentration ~150 mM). The concentration of FhuA was determined using  280 nm = 103,690 M -1 cm -1 .

  samples of LMNG in H 2 O, at concentrations between 0.31 and 20 mM, and a second series, measured by SAXS and SANS, with four samples of LMNG in H 2 O and in D 2 O, at 20 and 10 mM. SANS contrast variation determination was achieved for LMNG at 20 mM in 25 mM Tris pH 8, 150 mM NaCl, 10% glycerol, with different D 2 O %s. LMNG concentrations were precisely determined using weighing-controlled solubilization and dilutions.

  samples measured in Hellma quartz cells 100QS with 1-mm optical path length. Scattering data for LMNG at 10 and 20 mM in H 2 O and D 2 O were recorded at 20 °C for 0.003 < Q < 0.45 Å -1 , using a neutron wavelength  of 6 Å, and sample-detector/collimation distances (SD / coll) of 17.6 m / 17.6 m, 5.6 m / 5.6 m, and 1.4 m / 2.8 m for 15, 5 and 5 mins, respectively. For LMNG at 20 mM in D 2 O, additional data were recorded at (SD/coll) of 17.6 m / 17.6 m at 12 Å, leading to a total Q-range of 0.0012-0.45 Å -1 .Transmissions were measured at 17 m for 1 min. For the determination of the contrast match point, samples were measured at 10 °C, with SD / coll of 5.6 m / 5.6 m, 1.4 m / 2.8 m, for 5 and 1 min. respectively, and transmissions were measured at 5.6 m for 1 min. LMNG at its match point, in 21.4 % D 2 O, was measured at 15 °C, with SD / coll of 8 m / 8 m and 1.4 m / 2 m for 60 and 15 min, respectively. Data reduction to obtain scattering curves in absolute scale, and manipulation -merging, buffer

  Fig 1. LMNG in AUC-SV, DLS, and SEC-LS AUC-SV: A: Superposition of experimental and fitted sedimentation velocity profiles (top) and residuals (bottom), obtained at 130,000 g and 20 °C during ≈ 5 hours using interference optics and 12 mm optical path centerpiece, for LMNG at 0.25 mM in water. B: Superposition of the normalized c(s) distributions for LMNG at 0.25 (brown), 0.5 (orange), 1 (yellow-green), 2 (green), 5 (cyan), 7 (blue), and 10 (purple) mM. C: plot of the mean sedimentation coefficient s 20w versus LMNG concentration. Note that the mean s 20w is obtained from the intergration of the c(s 20w ) over the whole s 20w -range; At 10 mM compared to 7 mM, as seen in Panel B, s 20w the for the main species is decreased, while, as seen in Panel C, the mean s 20w is slightly increased. D: Fringe number J, normalized to 1 cm optical path-length, for the micelle contributions vs total LMNG concentration, and linear fit. DLS: E: Hydrodynamic radius distribution of LMNG at 20 mM in water. SEC-LS: F: Rayleigh ratio measured along the elution profiles, for 30 µL LMNG injected at 2, 5, 10, and 20 mM (red, blue, green, and purple thin lines, respectively) on a Superdex 200 10/300 GL (GE Heathcare) column eluted with 50 mM Tris-HCl pH 7.0, 300 mM NaCl, 0.05 mM LMNG, and molar masses (thick lines, right axis) derived from the light scattering and refractive index detections. V 0 is the dead volume, V tot the total volume of the column, and the arrows indicate the elution volumes of BSA as a monomer, dimer, and trimer (66, 130, and 200 kDa) from a different injection.

Finally, we investigated

  whether LMNG could be totally matched out in SANS. This is required to be able to focus on protein contribution. The differential distribution of detergent hydrophobic tails and hydrophilic heads in the detergent micelles and bound detergent indeed corresponds to ordered scattering density fluctuations, which makes the scattering curve of the micelles and bound detergent possibly not flat even at the match point[START_REF] Breyton | Small angle neutron scattering for the study of solubilised membrane proteins[END_REF]. We thus measured for LMNG a set of contrast variation curves, using a solvent with different %s of D 2 O. We determined a contrast match point of 21.4 % D 2 O (Fig 2F). The scattering curve of the 2 mM LMNG sample in 21.4 % D 2 O perfectly superimposes that of the solvent (Fig 2G). Thus LMNG can be homogeneously masked. The analysis of the neutron scattering curves of membrane proteins solubilized in LMNG, in 21.4 % D 2 O will not require the fastidious step of detergent modelling to access membrane protein envelope structure. Because the contrast match point of hydrogenated proteins is ≈ 44 % D 2 O, membrane proteins should be deuterated

Fig 2 .

 2 Fig 2. SAXS and SANS analysis of LMNG A: Superposition of 13 SAXS profiles obtained at 0.3 (yellow), 0.5 (pale pink), 0.7 (pink), 1 (red), 2 (brown), 6 (green), 8 (light green), 10 (light blue), 12 (blue), 14 (navy), 16 (purple), 18 (grey), and 20 (black) mM LMNG, in H 2 O, at 10 °C. B: corresponding Rg, and, C: aggregation numbers, versus LMNG concentrations. D,E: Superposition, for LMNG at 20 mM in H 2 O (D), and D 2 O (E) of the experimental scattering curves obtained by SAXS (blue and red dots, respectively) and SANS (green and orange dots, respectively), and of the fitted curves, in the model of a core-shell cylinder, in SAXS (red and blue lines in H 2 O and D 2 O, respectively), and in SANS (orange and green lines lines in H 2 O and D 2 O, respectively); D',E': respective normalized by data error residuals. SAXS and SANS data in each solvent were globally fitted (Table 1). F: Match point determination from SANS scattering curves obtained for 20 mM LMNG in 0, 20, 40, 45, 60, 80, and 100 % D 2 O. G: Superposition of raw scattering curves obtained in a solvent with 21.4 % D 2 O for LMNG at 2 mM (black) and of the solvent alone (red).

Fig 3 .

 3 Thermal denaturation of FhuA, SpNOX, 667 BmrA, and bR, by differential scanning fluorimetry 668 Ratio of the fluorescence emitted at 350 and 330 nm (top 669 panels), and derivative (bottom panels) for A: FhuA at 0.04 670 mg mL -1 in the presence of LDAO 1.2 mM (green) or LMNG 671 0.21 mM (black); B: SpNOX at 8.3 mg mL -1 in the presence 672 of DDM 1.27 mM (red) or LMNG 0.21 mM (black); C: 673 BmrA at 1 mg mL -1 , in DDM 2 mM, in the Apo (red), or Vi-674 inhibited (orange) forms, and in LMNG 0.1 mM, in the Apo 675 (black), or Vi-inhibited (purple) forms. The Vi-inhibited 676 forms were incubated with 1 mM Vi, 10 mM ATP and 10 mM 677 MgCl 2 for 15 minutes . D: bR at 0.

828

  observed by using LMNG instead of DDM. First, from the elution profile from size exclusion 829 chromatography of the second purification step (Fig 5A), the peak of SpNOX aggregates, at 830 45 mL, decreases drastically from DDM to LMNG while, in addition to minor amounts of 831 dimers detected in the two conditions, that of monomeric SpNOX, at 70 mL, increases. 832 SpNOX is obtained with an improved homogeneity in LMNG compared to DDM. Moreover, 833 SpNOX shows a significantly increased specific activity in LMNG compared to DDM (

Fig 5 .

 5 Fig 5. LMNG solubilized SpNOX: preparative 853 SEC, AUC-SV and SEC-LS 854 A: Superdex 200 16/60 elution profiles, in the second

  the heme b cofactors. The normalized c(s) curves (Fig 5B) at 280 and 412 nm superimpose

Fig

  Fig 6A-D show clearly, for BmrA purified in DDM and LMNG, respectively, and incubated

973 Fig 6 .

 6 BmrA limited proteolysis experiments 974A-D: incubation with trypsin at 1 µg/250 µg of 975 protein, for A: Apo BmrA in DDM, B: Vi-inhibited 976 BmrA in DDM, C: Apo BmrA in LMNG, D: Vi-977 inhibited BmrA in LMNG. E-F: incubation with 978 protease V8 at 1 µg/20 µg of protein, for Apo BmrA, 979 in E: DDM, and F: LMNG. DDM and LMNG 980 concentrations are 2 and 0.1 mM, respectively. Time 981 zero is taken after 15 min of pre-incubation before 982 adding the proteases. The arrows indicate intact BmrA.

Fig 7 .

 7 Fig 7. LMNG solubilized BmrA in AUC-SV and SEC-MALS

  Fig 8B and 8C report the absorption spectra of the protein recovered just after centrifugation and three months after, stored on ice in the dark. The DDM sample, which appears pinkish in the gradient, displays a broad absorption peak, with a  max ~ 530 nm (Fig 8B), suggesting a poorly folded protein.

Fig 8 .

 8 Fig 8. bR sucrose gradient A: Migration of bR in 10-30% sucrose gradients in the presence of either 1 mM DDM, 0.2, 2 or 20 mM LMNG. Gradients were centrifuged 15 h at 200,000 x g. bR was recovered from the gradients and its UV-visible spectrum measured immediately (D0, solid line) or three months after incubation at 4°C in the dark (D96, dashed line). B: bR in 1 mM DDM, C: bR in 0.2, 2 and 20 mM LMNG.

  micelles of about 60 kDa in a large range 1085 of detergent concentration [65]. If LMNG 1086 forms quite small micelles at 0.25 mM, 1087 AUC, DLS, SAXS, and SANS, clearly 1088 indicate it forms larger micelles, rods of 1089 increasing length, when increasing the 1090 concentration above 0.25 mM. The lateral dimension of the hydrophobic core radius is 14 Å, and that of the shell thickness is 7 Å in H 2 O (9 Å in D 2 O

Fig 2A .

 2A Fig 2A. In a preliminary independent SANS experiment, however, rods of only 1200 Å long were modelled for LMNG micelles at 20 mM in D 2 O. It corresponds to a length over diameter ratio of 28, 4-5 times smaller than that presented above. It is likely that the precise length of LMNG rods depends on uncontrolled parameters during sample preparation. It is possible that LMNG forms longer rods in D 2 O, compared to H 2 O, but we cannot ascertain it. For both SAXS and SANS, the shape and size of the micelles does not change between 10 and 20 mM.

Scheme 2 .

 2 Scheme 2. Schematic representation of LMNG and DDM micellesA: LMNG micelles at 20 mM in H 2 O or D 2 O, from modelling of combined SANS and SAXS data (this work) B: DDM micelles from modelling of SAXS data[START_REF] Lipfert | Size and shape of detergent micelles determined by small-angle X-ray scattering[END_REF][START_REF] Oliver | Designing Mixed Detergent Micelles for Uniform Neutron Contrast[END_REF].

  

  

  

  These values remain constant for LMNG concentrations increasing from 10 to 20 mM, and indeed the scattering curves are superimposed(Fig 2A). All curves are superimposed at the largest angles, representing the smallest distances in the real space, compatible with a circular cross section. To ascertain the shape of the LMNG micelles, 10 and 20 mM LMNG samples were measured by SAXS and SANS, in H 2 O and D 2 O. In the same buffer, the scattering curves normalized by concentration were superimposable for the 10 and 20 mM LMNG samples. From Guinier plots, the radii of gyration from SAXS were 11.5 and 11.6 nm at 10 and 20 mM in H 2 O, and 17.7 and 17.2 nm at 10 and 20 mM in D 2 O. The aggregation numbers were 285 in H 2 O, and 528 in D 2 O. The Rg and aggregation numbers from SAXS, in H 2 O were slightly larger but similar to those of the first set of experiments. The size of the micelles appears significantly larger here for LMNG in D 2 O than in H 2 O, but, as will be discussed below, the significance of this difference is not ascertained. The SAXS and SANS scattering curves of 20 mM LMNG in H 2 O and D 2 O were analyzedglobally. We used a model of a core shell cylinder with hard sphere interaction, defined by a core representing the hydrophobic tails (i.e. the hydrocarbon chains) covered by a shell representing the hydrated polar heads. The scattering length densites (SLD) of the core and of the solvent were fixed to the theoretical values. The SLD of the polar head (different in SAXS and SANS), and the dimensions of the micelles (radius of the cylinder core, thickness of the shell, and length, common in SAXS and SANS) were globally fitted keeping the same hydration level in X-ray and neutron. The results are presented in Table1. The fitted values for the SLD of the anhydrous shell values are in the same order of magnitude as those calculated for the anhydrous polar head. We extracted reasonable hydration of 30 % in H 2 O

and 44 % in D 2 O. The radius of the hydrophobic core, 14 Å, and that of the shell thickness, 7-9 Å, are in line with those expected from the LMNG size.

Table 1 . Rod analysis of SAXS and SANS data for 20 mM LMNG LMNG 20 mM in H 2 O LMNG 20 mM in D 2 O

 1 

		SAXS	SANS	SAXS	SANS
	Q range (Å -1 )	0.0035-0.35	0.0030-0.35	0.0035-0.35	0.0015-0.35
	χ 2 R Background, fixed (cm -1 )	3.2 0.0008	3.2 0.001	2.3 0.0012	26.7 0.0015
	SLD solvent, fixed (10 -6 Å -2 )	9.4	-0.56	9.4	6.4
	SLD core, fixed (10 -6 Å -2 )	8.3	-0.3	8.3	-0.3
	SLD shell, fixed (10 -6 Å -2 )	14.75	1.88	14.75	3.99
	SLD shell, fitted (10 -6 Å -2 )	13.12+/-0.02 1.134*	12.42+/-0.02 5.048*
	Fitted shell hydration (%)	30		44	
	Radius (Å)**	14.51 ± 0.02	13.29 ± 0.01
	Thickness (Å)	7.33 ± 0.04	9.25 ± 0.03
	Length (Å)	603 ± 7		5376 ± 16
	Vol fraction	0.02 ± 0.00001	0.01951 ± 0.00006
	χ 2 R : reduced χ 2 .				

*: linked parameter. **: a polydispersity on radius width was fixed to 5%.

  : melting temperature measured by differential scanning fluorimetry; T agg : onset temperature for aggregation from light back reflexion. BmrA Vi-inh, Vi-inhibited forms were incubated with 10 mM ATP, 10 mM MgCl 2, and 1 mM vanadate.

						T m	T agg
		type	conc. (mM)	conc. (mM)	(°C)	(°C)
	FhuA	LDAO	1.2, 1.5, 2.2	0.2, 0.5, 1.2	63.0 + 69.0	65
	FhuA	LMNG	0.21, 0.51, 2.0 0.2, 0.5, 1.0	67.0 + 80.0	74
	SpNOX	DDM	1,27	1.1	40.5	56
	SpNOX	LMNG	0.21	0.2	53.9	60
	BmrA Apo	DDM	2	1.8	41.2	54
	BmrA Apo	LMNG	0.1	0.1	45.7	70
	BmrA Vi-inh	DDM	2	1.8	46.4	45
	BmrA Vi-inh	LMNG	0.1	0.1	59.3	50
	bR	OTG	11	2.0	53.6	43
	bR	DDM	2.01	1.8	59.9	52
	bR	LMNG	2.17	2.2	65.9	63
	T					
	°C are in line with the published values of 60-65 and 74-75 °C, from scanning calorimetry
	[81], or synchrotron radiation circular dichroism [78] in slightly different buffers with 1.3 or
	4.4 mM LDAO. In LMNG, unfolding is shifted to higher temperatures. The first T m is at 67
	°C, showing a moderate stabilization (+ 4 °C) of the cork, the second one at 80 °C indicating
	a significant stabilization (+ 11°C) of the barrel. T m values are reported in Table 2. For
	comparison, binding of ferrichrome, the natural ligand, was described to have a strong
	stabilizing effect on FhuA cork, shifting the first transition by 6 °C [81]; binding of phage T5
	Receptor Binding Protein pb5 leads to one unique unfolding event at 89 °C (+ 15 °C vs T m of
	barrel for FhuA alone) [78]. Thus, LMNG significantly stabilizes both the flexible parts and
	the rigid domain of this -barrel protein.			

5 mM and 1-2 mM, i.e. LDAO at 1.2, 1.5, and 2.2 mM and LMNG at 0.21, 0.51 and 2.01 mM. They show (Fig

3A

) two unfolding events, attributed to, first, the unfolding of the cork, and then of the barrel

[START_REF] Bonhivers | Stability studies of FhuA, a two-domain outer membrane protein from Escherichia coli[END_REF] 

(both domains contain tryptophans). From light back-reflection, the onset of protein aggregation coincides with the first T m , and significant aggregation to the second T m . In LDAO, the T m at 63 and 69 m

Table 4 . Characteristics of LMNG solubilized FhuA crystals Crystal data collection statistics for FhuA -LMNG

 4 

	Space group	C 2 2 21
	Unit cell dimension (Å)	149.53 210.96 188.7 90 90 90
	Number of reflections	371461 (37282)
	Number of unique reflections	25522 (2481)
	Resolution limits (Å)	40.61 -4.0
	Higher resolution shell (Å)	4.143 -4.0
	Completness	98.13 % (98.06 %)
	Redundancy	14.6 (14.8)
	Rmerged	0.1771 (7.384)
	Rmeasured	0.1838 (7.648)
	I/(I)	9.51 (0.50)
	Molecular replacement with Phaser	
	LLG = 3698.6	
	TFZ = 16.4	
	Crystallographic refinement statistics	
	Resolution range (Å)	40.61 -4.0
	Number of reflections	25098
	R / FreeR	0.3141 / 0.3546
	Number of atoms (total)	11024
	Mean B value (Å 2 )	209.52
	rms deviation from ideal values:	
	bond length (Å)	0.007
	bond angle (degree)	1.52
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 834 ). We evaluate the relative thermal stability of SpNOX in LMNG compared to DDM. T m in

	836
	837
	838

835

LMNG is drastically increased (+13°C) (Table

2

).

Table 5 . Compared activities, in LMNG and DDM, of SpNOX and BmrA
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	839				
	840	Protein	Environment	Activity	
	841	SpNOX	DDM 1.27 mM	5.9 +/-0.5	mol Cyt c reduced s -1 mol -1 SpNOX
				842	SpNOX	LMNG 0.21 mM	9.3 +/-
				843	0.2	mol Cyt c reduced s -1 mol -1 SpNOX
				844	BmrA	DDM 2 mM	0.8 +/-
				845	0.1	µmol ATP hydrolyzed min -1 mg -1 BmrA
				846	BmrA	LMNG 0.1 mM	1.4 +/-
				847	0.2	µmol ATP hydrolyzed min -1 mg -1 BmrA
				848	BmrA	liposome	5.0 +/-
				849	0.6	µmol ATP hydrolyzed min -1 mg -1 BmrA
				850	
				851	
				852	

Table 6 . Bound LMNG and DDM to FhuA, BmrA, and SpNOX

 6 considering FhuA and SpNOX as monomers, and BmrA as a dimer.

	Protein detergent	Bound detergent	technique	reference
			g/g	mol/mol*		
	FhuA	DDM	1.2	188	SEC/[ 14 C]DDM	[81]
	FhuA	LMNG	1.0	80	AUC	present work
	FhuA	LMNG	1.2	95	SEC-LS	[81]

*
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The FhuA-LMNG complex is clearly more susceptible to precipitating conditions: only