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ABSTRACT: Detergents are an absolute requirement for functional and structural studies of membrane proteins. However, conventional detergents are limited in their scope and utility, particularly for eukaryotic membrane proteins. Thus, there are major efforts to develop new amphipathic agents with enhanced properties. Here, a novel class of diastereomeric agents with a preorganized conformation, designated norbornane-based maltosides (NBMs), were prepared and evaluated for their ability to solubilize and stabilize membrane proteins. Representatives of the NBMs displayed enhanced behaviors compared to DDM for all membrane proteins tested. Efficacy of the individual NBMs varied depending on the overall detergent shape and alkyl chain length. Specifically, NBMs with no kink in the lipophilic region conferred greater stability to the proteins than NBMs with a kink. In addition, long alkyl chain NBMs were generally better at stabilizing membrane proteins than short alkyl chain agents. Furthermore, use of one well-behaving NBM enabled us to attain a marked stabilization and clear visualization using electron microscopy of a challenging membrane protein complex. Thus, this study not only describes novel maltoside detergents with enhanced protein-stabilizing properties, but also suggests that overall detergent geometry has an important role in determining membrane protein stability. Notably, this is the first systematic study on the effect of detergent kink on micellar properties and associated membrane protein stability. 

Membrane proteins are essential for a number of cellular functions including transport of neutral molecules and ions into and out of the cell and intracellular signal transduction. Additionally, they represent more than one-half of human drug targets,1. Thus there is a requirement for high resolution membrane proteins structures in order to gain greater insights into their precise mechanism of action2 and to facilitate- rational drug design.3 However, these bio-macromolecules tend to undergo rapid protein denaturation and aggregation once extracted from the native lipid bilayers.4 A key requirement of isolation and structural study of membrane proteins is that they must be maintained in a soluble form in aqueous solution. Amphipathic additives play a critical role in this process by shielding the large hydrophobic surface area of proteins from polar aqueous environments.5 Conventional detergents, as exemplified by n-octyl-β-D-glucoside (OG), lauryldimethylamine-N-oxide (LDAO), and n-dodecyl-β-D-maltoside (DDM), are widely used for this purpose.6 However, membrane proteins encapsulated even in these popular detergents have the propensity to denature and/or aggregate,7 making it difficult to conduct downstream characterization such as functional studies, spectroscopic analysis or crystallization trials. The development of new types of amphiphilic molecules or membrane-mimetic systems with enhanced protein stabilization efficacy is therefore of great importance for both functional and structural investigation of these biomacromolecules.8
Over the past two decades, several types of amphiphiles have been invented to solve the issues associated with conventional detergents. Representatives include amphipols,9 peptide-based agents (e.g., lipopeptide detergents (LPDs),10 β-peptides11 and short peptides12), nano-assemblies (e.g., nanodiscs (NDs)13 and nanolipodisq14). These rather large molecules/assemblies proved to be effective at stabilizing the structures of multiple membrane proteins. However they have a number of disadvantages: they tend to form large protein-detergent complexes (PDCs), are often ineffective at efficiently extracting proteins from the membranes and are often difficult to synthesize on a bulk scale. In contrast, small amphipathic agents have also 




Figure 1. Chemical structures of the novel NBMs (middle-right) and their Newman projections (extreme right). D-NBMs were derived from 5-norbornene-2-endo,3-endo-dimethanol while X-NBMs was derived from isomeric 2-exo,3-exo-dimethanol (extreme left). Dialkylated norbornane diols (A and B) are meso compounds due to the presence of a symmetry plane passing through the central part of the molecules in a long axis direction, indicated by the purple dotted line (middle left). Newman projections clearly indicate the geometrical difference between these two isomers; the hydrophobic groups of the X-isomers are almost parallel relative to the norbornane linker and the hydrophilic group while the hydrophobic groups of the D-isomers contain a kink between the norborane linker and the alkyl chains. Inset within red circle illustrates neighboring group participation (NGP) key for β-selective glycosylation.

been developed as exemplified by tripod amphiphiles (TPAs),15 facial amphiphiles (FAs),16 neopentyl glycol (NG) class amphiphiles (GNGs17/MNGs18), mannitol-based amphiphiles (MNAs),19 neopentyl glycol triglucosides (NDTs)20 and penta-saccharide amphiphiles (PSEs)21. These can all be easily synthesized and are largely as effective as DDM at extracting proteins from the membrane. Of these novel small molecule amphiphiles, the NG class agents have contributed to the crystal structure determinations of ~30 new membrane proteins, including several G-protein coupled receptors, in the last five years, clearly illustrating the contribution of novel agents to the determination of membrane protein structures.22 In this study we have used a norbornane (i.e., bicyclo[2.2.1]heptane) framework as the core of a group of novel amphiphiles. This core is flanked by two flexible alkyl arms and two maltoside head groups. The two alkyl chains were connected to the norbornane core in a stereospecific manner (endo/endo or exo/exo geometry), designated endo-norbornane-based maltosides (D-NBMs) or exo-norbornane-based maltosides (X-NBMs), respectively. Because of the presence of the bicyclic linker and the well-defined orientation of the alkyl chains, conformational flexibility of the hydrophobic groups is significantly restricted, leading to a unique degree of conformational preorganization in the detergent hydrophobic group (Fig. 1). For the same reasons, the alkyl chains of the NBMs were also largely segregated from the hydrophilic groups, thus endowing these agents with a facial property. Thus they differ in architecture to both conventional detergents which contain either very flexible (e.g., OG and DDM) or very rigid (e.g., 3-[(3-cholamindopropyl) dimethylammonio]-1-propanesulfonate (CHAPS)23) hydrophobic group, and other facial agents with very rigid hydrophobic groups (e.g., the steroidal units of FAs and TFAs).16 These two extremes in detergent flexibility contribute to the difficulty in maintaining membrane protein stability in solution and in crystallizing membrane protein-detergent complexes using conventional detergents. Of the facial agents developed for membrane protein study, the current agents contain systematic chiral variation only in the lipophilic region. The distinct features of the norbornane scaffold is widely exploited where conformational preorganization is paramount including peptidomimetics24, medicinal chemistry25, in supramolecular chemistry as photo-switchable ion carriers26a,b and as chiral auxiliaries for asymmetric synthesis26c-g, but has not so far been applied to membrane protein research. Thus, two sets of stereo-isomeric detergents with the norbornane linker were prepared and evaluated for their stabilization efficacy with four different membrane proteins including a G-protein coupled receptor (GPCR) and a membrane protein complex (GPCR:G-protein complex). We found that some of these agents conferred markedly enhanced stability to the target proteins compared to DDM, with the X-isomers generally performing better than the D-isomers.
Results
Detergent structures and physical characterizations The NBMs feature two alkyl chains as the hydrophobic group and a branched dimaltoside hydrophilic head group, connected via a central norbornane linker (Fig. 1). Depending on the spatial orientation of the alkyl chains attached to the linker, these novel agents could be categorized into two groups; D-NBMs contain two alkyl chains endo-facially (2-endo,3-endo or 2R,3S) connected to the linker while X-NBMs have two alkyl chains with exo-facial orientation (2-exo,3-exo or 2S,3R).




Figure 2. (a,c) Chemical structures of D-/X-NBM-C11 are shown to illustrate anomeric protons (Ha or He), their couplings with the neighboring proton (H) and a set of proton interactions responsible for key NOE correlation signals. (b) Partial 1H NMR spectra in the anomeric region for two NBM isomers showing their high diastereomeric purity (see Fig. S1† for the full range of 1H NMR spectra).  The spectrum for D-NBM-C11 gave two doublets at 4.55 and 4.33 ppm while that for the X-isomer produced two doublets at 4.57 and 4.42 ppm, along with the same coupling constant (3Jaa) of 8.0 Hz, typical spectral characteristics for a β-anomeric proton (Ha). These NBMs also contain α-anomeric protons (He), giving two doublets in the region of 5.10 to 5.20 ppm with a smaller coupling constant (3Jae = 4.0 Hz). (d,e) Partial 2D NOESY NMR spectra of D-NBM-C11 and X-NBM-C11. Main NOE correlation signals critical for D-/X-isomeric differentiation are assigned (see Fig. S2† for detailed analysis for NOE correlation signals and their assignments).

We hypothesized that a difference in the relative orientations of detergent alkyl arms would vary detergent geometry, potentially resulting in substantial changes in amphiphile efficacy for membrane protein stability despite their identical chemical compositions (i.e., identical polar and nonpolar segments). Note that individual hydrophobic groups of the D-/X-NBMs are optically inactive meso compounds due to the internal symmetry plane dissecting the norbornane linker (compounds A and B in Fig. 1).  As the alkyl chains are connected to the central linker in either endo- or exo-fashion, compounds A and B are diastereomers (i.e., non-mirror-image stereoisomers). The final D-/X-NBMs are also diastereomers of each other, but are optically active because of the lack of a symmetry plane. As hydrophile-lipophile balance (HLB) is a key variable affecting detergent properties, we prepared both sets of NBMs with alkyl chain length variation from C9 to C11, which was used for the designation of the individual detergents. These novel agents were synthesized via straightforward synthetic schemes comprising four high-yielding steps: di-alkylation of appropriate norbornene-2,3-dimethanol, alkene syn-dihydroxylation using a typical osmium tetroxide–N-methyl morpholine-N-oxide (OsO4–NMO),  glycosylation with perbenzoylated maltosyl bromide and global deprotection (see ESI† for details). Note that glycosylation was stereo-specifically carried out by taking advantage of neighboring group participation (NGP) of the benzoyl group (inset in Fig. 1).27 Consequently, this synthetic protocol produced individual NBMs with high diastereomeric purity, confirmed by their individual 1H NMR spectra (Fig. 2 and S1). The axial protons of D-NBM-C11 attached to the anomeric carbons, designated Ha (Fig. 2a), gave rise to two separate 1H NMR peaks at 4.55 and 4.33 ppm as doublets. The axial protons of the X-isomer also gave two doublet signals, but in different positions, located at 4.57 and 4.42 ppm. In addition, the vicinal coupling constants (3Jaa) for the anomeric protons (Ha) of both isomers were 8.0 Hz, typical of a β-anomer, demonstrating exclusive β-glycosidic bond formation in the glycosylation. Note that the α-anomer contains equatorial anomeric protons, giving a doublet signal in the region of 5.10 to 5.20 ppm with a smaller coupling constant (3Jae = 4.0 Hz). This spectral feature was identified for another anomeric proton (He) (Fig. 2a-c). The exo- or endo-fashioned connection of the alkyl chains to the central linker was confirmed by the through-space interactions seen in 2D NOESY spectra of D-/X-NBM-C11 (Fig. 2d,e). Because of the close proximity in space, the strong NOE correlation signals between proton H7 and protons (H2 and H3) were observed in the D-isomer, which was not detected for the X-isomer. Instead, the intense NOE correlation signals were obtained between protons [H2 and H3] and protons [H6 and H5] for the X-isomer, indicating their spatial proximity. The more detailed analysis on observed NOE correlation signals is given in the ESI (Fig. S2). Because of the high efficiency of each synthetic step, the final amphipathic compounds could be prepared in overall yields of ~75%, making them feasible for preparation in multi-gram quantities. 
Table 1 Molecular weights (MWs) and critical micelle concentrations (CMCs), water-solubility, and hydrodynamic radii (Rh; n=4) of the micelles of both the NBMs and a conventional detergent (DDM).
	Detergent
	M.W.a
	CMC (mM)b
	Water-solubility (wt%)b
	Rh (nm)b,c

	D-NBM-C9
	1089.3
	~ 0.012
	~20
	3.3±0.04

	X-NBM-C9
	1089.3
	~ 0.010
	~20
	3.7±0.03

	D-NBM-C10
	1117.3
	~ 0.008
	~10
	3.5±0.03

	X-NBM-C10
	1117.3
	~ 0.007
	~10
	4.0±0.02

	D-NBM-C11
	1145.4
	~ 0.007
	~5
	3.7±0.05

	X-NBM-C11
	1145.4
	~ 0.006
	~5
	17.3±0.10

	DDM
	510.1
	~0.17
	~20
	3.4±0.03


a Molecular weight of detergents. b These data were obtained at 25 °C. c Hydrodynamic radii of the micelles was determined at 1.0 wt % by dynamic light scattering.
With the exception of X-NBM-C11, all new agents were water-soluble to more than 5 wt%, with no observed precipitation over a month. X-NBM-C11 showed good water-solubility (~5%), but required a brief ultrasonic agitation for complete dissolution. The micelles were characterized in terms of critical micelle concentrations (CMCs) and the hydrodynamic radii (Rh), both of which were estimated at room temperature via fluorophore encapsulation using diphenylhexatriene (DPH)28 and dynamic light scattering (DLS), respectively. The summarized results are presented in Table 1. The CMC values of the NBMs (from 0.012 to 0.006 mM) were much smaller than that of DDM (0.17 mM) indicating their strong tendency to self-assemble. As expected, the CMC values of the new agents decreased with increasing alkyl chain length from C9 to C11 irrespective of isomeric variation. This is likely due to the increased hydrophobicity of the lipophilic groups induced by the alkyl-chain extension.29 In the isomeric comparison, the CMC values of the exo-NBMs were lower than those of the endo-isomers, as exemplified by a comparison of X-NBM-C9 vs D-NBM-C9 (~10 μM vs ~12 μM). This result is indicative of higher tendency of the X-NBMs to self-assemble than the corresponding D-isomers. The sizes of micelles formed by both NBM-isomers tend to increase with the alkyl chain length because of the change in molecular geometry from conical to cylindrical shape as the alkyl chain length increases.30 For example, detergent micelle size increased from 3.3 to 3.5 to 3.7 nm with the variation of alkyl chain length from C9 to C10 to C11 for the D-isomers. The dependency of micelle size on detergent alkyl chain length became more prominent for the X-isomers. Notably, a substantial difference in micelle size was found between these two isomers. For instance, the micelles formed by D-NBM-C9 had a hydrodynamic radius (Rh) of 3.3 nm, substantially smaller than the micelles formed by X-NBM-C9 (3.7 nm). The differences in micelle size were larger with increasing alkyl chain length, reaching a maximum value at C11 alkyl chain length (3.7 vs 17.3 nm). The larger micelle size of the X-isomers compared to the D-isomers observed here is likely as a result of the straight architecture of the X-isomers, making their geometry close to cylindrical shape. This result indicates that a small change in detergent alkyl chain orientation could generate a large difference in the properties of their self-assemblies, which could also affect the membrane protein study. When we investigated the size distribution for NBM micelles at room temperature, all isomers showed a single population of micelles, indicative of highly uniform micellar structures (Fig. S3).
Detergent evaluation with membrane proteins
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Figure 3. UapA stabilization efficacy of DDM, MNG-3, X-NBMs (a) and D-NBMs (b). Fluorescence size exclusion chromatography (FSEC) was carried out with UapA-GFP fusion protein. UapA-GFP was first extracted from the membrane by DDM, MNG-3 or a NBM at 1.0 wt% and the detergent-solubilized UapA-GFP fusion protein heated for 10 min at 40 °C. The thermally-treated protein samples were loaded onto the SEC column and the individual relative fluorescent units (RFU) of the fractions assessed. The data is representative of two independent experiments.
The new agents were first evaluated with a eukaryotic transporter, UapA from Aspergillus nidulans31 expressed as a C-terminal GFP fusion protein in Saccharomyces cerevisiae. The transporter was first extracted from the membranes using 1.0 wt% DDM, MNG-3, or individual NBMs. The protein integrity was then assessed through fluorescent size exclusion chromatography (FSEC)32 after heat treatment at 40°C for 10 min. DDM extracted the transporter from the membrane with a solubilisation efficiency of ~90% yield and the resulting DDM-solubilized UapA-GFP yielded a single monodispersed peak with relatively high intensity (~fraction number 40) following the thermal treatment, implying a good ability to resist heat denaturation (Fig. 3). When the X-NBMs were evaluated with the transporter, detergent performance was significantly enhanced with increasing alkyl chain length. Both D-NBM-C9/C10 solubilized the transporter in ~75% yield but were comparable to DDM in terms of the monodispersed protein peak height (Fig. 3a) after thermal treatment. Thus, these agents (D-NBM-C9/C10) were less efficient than DDM at extracting the transporter (~75 vs ~90%), but more effective at retaining the protein integrity. The use of X-NBM-C11 yielded quantitative extraction of the transporter (~100% yield) and produced a larger monodispersed protein peak compared to DDM (Fig. 3a). This result indicates that X-NBM-C11 is superior to DDM in terms of both solubilization efficiency and stabilization efficacy for the transporter. Similar to the X-NBMs, detergent performance was enhanced with increasing alkyl chain length for the D-NBMs, although these D-isomers were a little slightly inferior to the corresponding X-isomers in their overall performance. D-NBM-C9/C10 and D-NBM-C11 gave ~60% and ~80% transporter extraction, respectively, and thus these agents were less efficient at the extraction than the corresponding X-isomers as well as DDM. D-NBM-C9 with the shortest alkyl chain showed a low recovery of monodispersed protein, indicating that significant protein aggregation/denaturation had occurred during heating, while D-NBM-C10, with the intermediate chain length, was only slightly worse than DDM (Fig. 3b). The D-isomer with the longest alkyl chain (i.e., D-NBM-C11) was a little better than DDM. Taking into account the relatively low protein solubilization efficiency, D-NBM-C10/C11 appeared to be better at maintaining protein integrity than DDM during the thermal treatment. It is notable that MNG-3, one of the most successful novel agents for membrane protein structural studies, was ineffective at preventing protein denaturation/aggregation under the same assay conditions (Fig. 3a,b).
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Figure 4.  Long-term substrate binding activity of purified LeuT in the presence of NBM isomers or DDM at two detergent concentrations: (a) CMC+0.04 wt% and (b) CMC+0.2 wt%. The substrate binding activity of the transporter was measured at regular intervals during a 12-day incubation at room temperature. LeuT activity was measured using a radio-labelled substrate ([3H]-Leu) via scintillation proximity assay (SPA). Error bars, SEM, n = 3.
The NBM amphiphiles were further evaluated with the leucine transporter (LeuT), the prokaryotic homologue of the mammalian neurotransmitter/sodium symporter (NSSs family) from Aquifex aeolicus.33 This transporter was initially extracted with 1.0 wt% DDM and purified in 0.05 wt% of the same detergent. The DDM-purified LeuT was diluted into buffer solutions containing individual NBMs or DDM to reach a final detergent concentration of CMC+0.04 wt%. We assessed protein stability by measuring the ability of the transporter to bind radiolabeled leucine [3H-Leu] via a scintillation proximity assay (SPA).34 The substrate binding activity of the transporter was monitored at regular intervals over the course of a 12-day incubation at room temperature. Upon dilution, LeuT in all the NBMs gave substantially higher transporter activity than DDM. The enhanced transporter activity relative to DDM was well maintained over 12 days for all the NBMs. When solubilized in X-/D-NBM-C11, transporter activity at the end of incubation (t = 12 day) was only a little less than the initial activity of the protein solubilized in DDM (Fig. 4a). However, no clear difference between the X- and D-isomers was observed in this regard. It was also difficult to identify a clear differentiation in transporter activity depending on alkyl chain length variation. When detergent concentration was increased to CMC+0.2 wt%, a similar trend was observed; the variation in either detergent stereochemistry or alkyl chain length did not give any substantial change in the ability of a detergent to maintain transporter activity. With increasing detergent concentration, however, the increase in detergent efficacy of the NBMs compared to DDM was more evident (Fig. 4b). At this concentration, D-NBM-C10-solubilized transporter had an activity after 12 days higher than the activity of the DDM-solubilized protein at the start of the experiment. Overall, all NBMs were effective at preserving the substrate binding ability of the transporter with no noteworthy variation depending on alkyl chain orientation and length of the detergents.
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Figure 5. (a) Long-term stability of β2AR solubilized in DDM or a representative NBM (X-NBM-C11 or D-NBM-C11) and (b) time course SEC profiles of β2AR-Gs complex purified in X-NBM-C11. For the long-term stability experiment, DDM-purified receptor was diluted into buffer solution containing individual NBMs to reach a final concentration of CMC+0.2 wt%. The specific ligand binding activity of the receptor was measured using antagonist [3H]-dihydroalprenolol (DHA) after 30-min dilution. The activity of the receptor was further measured at regular intervals during a 3-day incubation at room temperature. Error bars, SEM, n = 3. For SEC analysis, the β2AR-Gs complex was prepared from the receptor and the Gs heterotrimer purified in DDM. After detergent exchange with X-NBM-C11, the stability of the complex was assessed over 21 days via analytical gel filtration. The SEC profiles were obtained using detergent-containing or detergent-free running buffer (DF) at designated time points.
[bookmark: OLE_LINK2]We next moved to the human β2 adrenergic receptor (β2AR), a G protein-coupled receptor (GPCR),35 for detergent evaluation. For this experiment, the receptor was extracted from the membranes by DDM and purified in the same detergent. The DDM-purified receptor was diluted into individual NBM- or DDM-containing buffers giving a final detergent concentration of CMC+0.2 wt%. The receptor stability was assessed by measuring ligand binding activity using the antagonist ([3H]-dihydroalprenolol (DHA)).36 As a preliminary study, the activity of the receptor solubilized in the individual NBMs or DDM was measured after a 30-min dilution to allow detergent reconstitution. All C9 and C10 versions of the NBMs showed receptor activity lower than DDM (Fig. S4). However, receptor activity in the presence NBM-C11s was equivalent to DDM. In this evaluation, the individual exo-isomers (X-NBM-C9/C10/C11) were a little better than the endo-counterparts (D-NBM-C9/C10/C11) regardless of chain length variation (Fig. S4). In order to investigate detergent ability to stabilize the receptor for long term, we selected three novel detergents (D-NBM-C11, X-NBM-C11 and DDM), well-behaved agents in the initial study. The receptor solubilized in either of these agents was assessed for radiolabeled ligand binding activity at regular intervals over a 3-day incubation at room temperature (Fig. 5a). The DDM-solubilized receptor showed high initial activity, but rapidly lost activity over time, resulting in only ~10% retention of initial receptor activity at the end of the three-day incubation. In contrast, the D-NBM-C11 or X-NBM-C11 receptor samples retained 70-85% of the initial receptor activity at the end of the incubation period, with X-NBM-C11 performing slightly better than D-NBM-C11. Combined together, overall detergent efficacy order for the receptor stability is NBM-C11s > NBM-C10s > NBM-C9s, with the X-isomers better than the D-isomers. This result is more or less in agreement with that obtained for the UapA-GFP fusion protein. The encouraging result of X-NBM-C11 for receptor stability prompted us to compare this agent with MNG-3, a novel detergent which has been extremely successful in GPCR structural studies. As expected, MNG-3 was superior to DDM at maintaining long-term receptor stability at room temperature (Fig. S5). DDM-solubilized receptor had almost completely lost ligand binding activity by day 3 while MNG-3 retained ~ 50% activity even at day 7. In contrast receptor in X-NBM-C11 retained ~90% at day 7. After 10-day incubation at room temperature, MNG-3-solubilized receptor retained ~40% of ligand binding activity while X-NBM-C11-solubilized receptor retained ~ 80% activity. This agent was even better than PSE-C11 introduced in our previous study, which retains only ~ 40% if ligand binding activity by day 4.21 Note that this marked behavior of X-NBM-C11 is unprecedented. In addition, in order to exclude the potential effect of residual DDM remained after the dilution, the receptor was directly extracted from the membrane by treatment with 1.0 wt% DDM or X-NBM-C11. Upon protein extraction, the ligand binding ability of the receptor was measured. X-NBM-C11 was comparable to DDM in terms of retaining receptor activity (Fig. S6a). These receptor-detergent complexes were further incubated for 7 days at room temperature. During the incubation, receptor stability was monitored at regular intervals by measuring ligand binding ability. Consistent with the previous result described above, the DDM-solubilized receptor lost activity rapidly over time whereas the X-NBM-C11-protein effectively preserved long-term activity under the same conditions (Fig. S6b). This result indicates that X-NBM-C11 alone can be used effectively for both solubilization and purification of the target proteins. Some novel agents are known to be favorable toward membrane protein stability only in the presence of a conventional detergent.37 When we performed SEC with the receptor/DDM or X-NBM-C11 after detergent exchange, we found that X-NBM-C11 formed homogeneous PDCs, with its size comparable to those formed by DDM (Fig. S7). In order to investigate protein functionality, the receptor was conjugated with a fluorophore (monobromobimane; mBBr).38 The mBBr-β2AR was used to monitor the conformational changes of the receptor in the presence of binding partners (isopreoterenol (ISO) and Gs-protein) via fluorescence measurement (Fig. S8). In the absence of the full agonist (ISO), the DDM- or X-NBM-C11-solubilized receptor gave fluorescence emission spectra corresponding to an inactive receptor. Upon addition of ISO, the fluorescence emission spectrum noticeably changed as to the emission intensity and maximum wavelength (λmax) reflecting partial receptor activation in both detergents. A further spectral change corresponding to full receptor activation was observed when Gs protein and ISO were simultaneously added to the receptor, in accordance with previous results.39,40 These findings indicate that the receptor solubilized in X-NBM-C11 undergoes conformational changes into the partially active (with ISO alone) or fully active states (with ISO+Gs)  as occurs in DDM. Next we focused on β2AR coupled with Gs protein rather than the receptor alone for detergent evaluation. For this study, DDM-purified receptor and Gs protein were individually prepared and mixed together to prepare the β2AR-Gs complex in DDM.39 The DDM-purified GPCR-Gs complex was exchanged into X-NBM-C11, and the complex stability measured at regular intervals over the course of a 21-day incubation at 4oC. The time-course SEC profiles revealed that X-NBM-C11 maintained perfect complex integrity under these conditions (Fig. 5b). This is in stark contrast to the substantial dissociation of the complex into their individual components (the receptor and Gs protein) after 2-day incubation reported in the presence of DDM.39 Furthermore, the integrity of the complex was fully maintained even after elution from the gel filtration column using a detergent-free buffer. This result suggests that the NBM molecules associate strongly with the receptor-Gs complex.
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Figure 6. Single-particle EM of negative stained 2AR-Gs complex solubilized in X-NBM-C11. Raw image (a), 2D classification (b), representative class averages in the same orientation (c) and crystal structure of the complex with the designations of individual domains (2AR, GS (Ras & AH), and G) (PDB 3SN6) (d). Ras and AH denote the Ras-like domain and -helical domain of GS, respectively.
The favorable behavior of the receptor-Gs complex in X-NBM-C11 prompted us to further evaluate this agent for its potential utility in an electron microscopy (EM) study.41,42 β2AR-Gs complex isolated in X-NBM-C11 produced highly monodisperse particles in negative stain EM analysis (Fig. 6a) in contrast to the substantial particle aggregation previously observed for DDM-isolated complex.39 Furthermore, the individual components of the complex (β2AR, Gαs and Gβɣ) were clearly distinguished by 2D classification and class averaging of the particles from a single preparation (Fig. 6b,c). Even the subdomains of the Gα (the Ras & -helical (AH) domains) and the individual Gβ & Gɣ subunits were discernable in X-NBM-C11. The level of complex visualization achieved here is at least comparable to those obtained from a couple of novel detergents (MNG-3 and PSE-C11),43,21 indicating that the novel agent holds significant potential for the elucidation of dynamic conformational changes of membrane protein complexes via EM study. Overall, X-NBM-C11 was remarkably effective at stabilizing β2AR and its complex with Gs protein, a feature like to significantly contribute to GPCR structural and functional analysis.
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Figure 7. Thermostability of MelBSt solubilized in DDM or a selected novel amphiphile (X-NBM-C10, D-NBM-C10, X-NBM-C11, or D-NBM-C11). Membranes containing MelBSt were treated with the indicated detergent at 0C or an elevated temperature (45, 55, or 65C) for 90 min. (a) Western blot: the amounts of MelBSt solubilized by detergent treatment were analysed by SDS-15% PAGE and Western blotting. The untreated membrane sample (Memb) represents the total amount of MelBSt originally present in the membrane. (b) Histogram: the amounts of soluble MelBSt in individual detergents detected in panel (a) were expressed as percentages of the total protein amount in the untreated membrane sample. Error bars, SEM, n = 3. (c) FRET reversal by galactoside binding. Right-side-out (RSO) membrane vesicles containing MelBSt or MelBEc were solubilized with DDM or D-NBM-C11. DDM- or D-NBM-C11-solubilized MelB solutions were used to measure variation in FRET efficiency upon addition of dansyl-2-galacotside (D2G) and melibiose at 1-min and 2-min time points, respectively. Control data (black lines) were obtained by addition of water instead of melibiose.
Next, we turned to the melibiose permease of Salmonella typhimurium (MelBSt)44 for further analysis of the stabilization efficacy of the NBMs. Four NBMs (D-NBM-C10, X-NBM-C10, D-NBM-C11 and X-NBM-C11) were selected for this purpose as these agents were effective at stabilizing UapA-GFP, LeuT and β2AR. E. coli membranes expressing MelBSt at 10 mg/mL were treated with 1.5 wt% of DDM or individual NBMs at the four different temperatures (0, 45, 55, and 65oC) for 90 minutes and then subjected to ultracentrifugation to remove insoluble material. The amount of soluble MelBSt in the supernatant from each condition was estimated by SDS-PAGE and Western blotting analysis. As shown in Fig. 7a and 7b, DDM quantitatively extracted MelBSt from the membranes at both 0oC and 45oC. However, little or no protein was observed following incubation at 55oC or 65oC, respectively, indicating that the DDM-solubilized MelBSt underwent significant aggregation/denaturation at these high temperatures. When we used the NBMs for protein extraction at 0oC, all the NBMs were substantially worse than DDM at efficiently extracting the protein. However, the amounts of soluble MelBSt in the individual NBMs were significantly increased when the extraction was conducted at 45oC; the amounts of soluble MelBSt at this temperature reached a level almost comparable to DDM (Fig. 7b). At both incubation temperatures (0 and 45oC), there was little difference in detergent efficacy between the X- and D-NBM isomers. In contrast, a large difference was found when the incubation temperature was further increased to 55oC. At this elevated temperature, both X-isomers (X-NBM-C10/C11) yielded only a small amount of soluble MelBSt (~25%) similar to DDM. In contrast, the two endo variants of the NBMs (D-NBM-C10 and D-NBM-C11) were highly effective at maintaining MelBSt solubility. At 65oC, no soluble MelBSt was detectable in any of the tested detergents (Fig. 7a,b). The outperformance of D-isomers over X-isomers observed here was opposite to detergent efficacy order obtained for UapA and β2AR. In order to further assess the advantage of the NBMs over DDM, we performed MelB functional analysis (i.e., melibiose reversal of Förster resonance energy transfer (FRET)). MelB activity can assessed by monitoring variation in FRET efficiency from tryptophans (Trp) to the fluorescent ligand, 2’-(N-dansyl)aminoalkyl-1-thio--D-galactopyranoside (D2G) depending on the absence and presence of a substrate (melibiose).44a If the protein is functional, D2G-bound MelB gives a large decrease in FRET efficiency in the presence of melibiose, because of replacement of D2G with melibiose. However, nonfunctional MelB would give invariable FRET efficiency under the same condition because the galactoside exchange could not occur. Of the NBMs, D-NBM-C11 was selected for this assay as this agent was the best at retaining MelBSt stable in solution. Upon addition of melibiose, MelBSt solubilized in DDM yielded detectable substrate binding (Fig. 7c). However, analysis of a far less stable MelB homologue from Escherichia coli (MelBEc), showed a complete loss of function of this protein in DDM. In contrast, both MelB proteins gave detectable levels of substrate binding in D-NBM-C11. Therefore, overall performance of D-NBM-C11 appeared to be superior to that of DDM for maintaining two MelB proteins (MelBSt and MelBEc) in both soluble and functional forms.
Discussion
Here we describe the development and characterization of a class of novel stereoisomeric amphiphiles with a conformationally preorganized norbornane as a linker. The well-behaved NBMs, particularly X-NBM-C11 and D-NBM-C11 proved to be superior to DDM at stabilizing a range of membrane proteins/protein complex (UapA, LeuT, β2AR and β2AR-Gs complex). In the comparison of the X- vs D-NBM isomers, the X-isomers yielded significantly enhanced solubilization and stabilization of UapA and β2AR compared to the D-isomers. This result indicates the favorable architecture of the X-isomers relative to the D-isomers. In order to explain the different behaviors of the X- and D-NBMs we considered the detergent-detergent interactions in micelles surrounding a target membrane protein. Favorable detergent-detergent interaction will generate tightly packed detergent micelles, positively associated with micellar stability as well as membrane protein stability. Because of the exo-facial connection of the alkyl chains with the norbornane linker, the molecular shape of the X-isomers is more flat and straight than that of the D-isomers, allowing greater interactions between the individual detergents in the micelles (Fig. S9). In contrast, the D-isomers have a bent shape owing to the presence of a central kink, thereby limiting both detergent-detergent interactions and micellar stability. Thus, we suggest that the favorable detergent-detergent interactions possible for the X-isomers relative to the D-isomers are likely to be responsible for the enhanced stability of both the detergent micelles and any associated target protein. Such favorable micellar packing (i.e., detergent-detergent interactions) could also be reflected by the relatively small CMC values of the X-isomers compared to those of the D-isomers. Currently, it is still unclear why there was little difference in detergent efficacy between the stereo-isomers in terms of LeuT stability. 
Despite the favorable effects on UapA, β2AR and β2AR-Gs complex, X-NBM-C11 failed to stabilize MelBSt under the conditions tested; the best outcome for this protein was obtained from the D-NBMs rather than the X-isomers, in contrast to the results with the other proteins. Furthermore, this unfavorable behavior of the X-isomers could not be explained by our hypothesis that detergent efficacy is associated with micellar packing propensity as described above. In an attempt to address this paradoxical observation, we measured the micelle size of the detergents at the different temperatures used in the MelBSt assay. We hypothesized that detergent micelles may undergo a size variation with increasing temperature, which may reflect thermal stability of an associated target membrane protein (i.e., PDC). DLS experiments revealed that micelles of the X-isomers (X-NBM-C10 and X-NBM-C11) (Fig. S10) underwent a significant increase in size upon incubation at elevated temperature. Specifically, the micelle size (Dh) of X-NBM-C11 doubled (from 27.9 nm to 55.3 nm) when temperature varied from 5°C to 65°C. As this micellar volume is proportional to R3 where R is micelle radius, this increase in Dh corresponds to eight-fold increase in the micellar volume. A similar trend was observed for X-NBM-C10, although the size variation was much less; from 7.8 nm at 5°C to 10.0 nm at 65°C. In contrast, all tested D-NBMs (D-NBM-C10 and D-NBM-C11) gave little variation in detergent micelle size under the same conditions. This result indicates that micelles formed by these D-isomers have enhanced thermal stability compared to those formed by the X-isomers, and this in turn is likely to confer enhanced thermal stability to the PDCs formed by the D-isomers with MelBSt at 55°C. The presence of a kink in the D-isomers, missing in the X-isomers, appeared to play a critical role in maintaining thermal stability of detergent micelles and PDCs at an elevated temperature. It is impossible to know the precise reason for this, but detergent kink would make detergent alkyl chains less sliding to each other in the thermally agitated micellar assemblies. The restricted movement of detergent molecules would reduce the dynamic nature of micelles, resulting in enhanced micellar stability at a high temperature. Note that absolute micelle size doesn’t seem to be important in this context because large micelles formed by X-NBM-C11 were not substantially different from small micelles formed by X-NBM-C10 in maintaining MelB solubility. 
The hydrophobic groups of the diastereomeric NBMs contain structural features distinct from those of conventional or novel detergents. As a result of the chirality variations in C2 and C3, the D-NBMs have a kink in the lipophilic region, lacking in the X-NBMs. There is no systematic study comparing efficacy of detergents with/without a kink in the lipophilic region. Interestingly enough, lipid molecules also contain a variable number of kinks (typically 1~3) in the same region, introduced by the presence of cis-double bond(s). The kink(s) present in lipid molecules is known to play favorable roles in maintaining membrane fluidity and permeability relevant for function.45 In contrast to lipid molecules, the current results indicate that the presence of detergent kink in the lipophilic region generally is suboptimal for protein stability as illustrated by the relative poor behaviors of the D-NBMs compared to the X-NBMs. This seemingly contradictory result could be explained by the inherent difference in fluidity between lipid bilayer and detergent micelles. Detergent micelles are highly dynamic, reflected in their small spherical structures and thus introducing a kink into the detergent structure would further increase the dynamic nature of the micelle.46 Thus, kink-bearing detergents would display unfavorable behaviors toward membrane protein stabilization. However, as described above, the presence of a kink in the NBM architecture appeared favorable at high temperature by reducing the dynamic property of detergent micelles. Thus, the detergent kink appears to have distinct roles in micellar dynamic nature depending on the temperature. In addition, this study suggests that introduction of a kink in detergent architecture could be beneficial for some applications requiring thermally stable micelles or PDCs. It will be interesting to investigate the effect of detergent kink on micellar properties in the context of various detergent architectures.
Conclusion
Our exploration of norbornane-based (NBMs) detergents demonstrates their utility as membrane protein-solubilizing and stabilizing reagents. Some of the NBMs, particularly for X-NBM-C11 and D-NBM-C11, were superior to or at least comparable to DDM in maintaining the integrity of several membrane proteins. The marked stabilization of 2AR-Gs complex was attained in X-NBM-C11, which enabled us to clearly visualize the individual domains of the complex via EM analysis. As these multiple characteristics, along with synthetic convenience, are often not compatible in a single detergent structure, these NBMs could represent invaluable tools for membrane protein structure study. Stereo-isomeric comparison of X- vs D-NBMs strongly indicated that the presence of detergent kink significantly affects micellar properties such as micelle size and protein stabilization efficacy in a temperature-dependent manner. Based on this study, we propose that detergent packing density in micellar environments should be considered as a critical factor when a novel agent is designed for membrane protein study.
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