Resorcinarene-based facial glycosides: implication of detergent flexibility on membrane protein stability
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Abstract: As a membrane-mimetic system, detergent micelles are popularly used to extract membrane proteins from the lipid environment and to maintain their solubility and stability in an aqueous medium. Despite the wide utility in membrane protein research, many membrane proteins encapsulated in conventional detergents tend to undergo structural degradation during extraction and purification, thus necessitating the development of novel agents with enhanced properties. In the current study we introduce two classes of novel amphiphiles, resorcinarene-based glucoside and maltoside amphiphiles (designated RGAs and RMAs, respectively), where the alkyl chains are facially segregated from the carbohydrate head groups. Of these facial amphiphiles, two RGAs (RGA-C11 and RGA-C13) conferred markedly enhanced stability to four tested membrane proteins compared to a gold-standard conventional detergent. The relatively high water-solubility and micellar stability of the glucoside agents compared to the maltoside agents, along with their generally favourable behaviours for membrane protein stabilization observed here, are likely to be, at least in part, due to the high conformational flexibility of these glucosides. This study suggests that detergent flexibility could be an important factor in determining the behaviours for membrane protein study.
Membrane proteins perform proper functions in their native cellular membrane environments. However, such an environment is incompatible with biophysical methods such as X-ray crystallography and nuclear magnetic resonance spectroscopy, used for structural studies. Thus, membrane proteins need to be extracted from the membrane to allow structural and many functional analyses. Currently over 120 conventional detergents are available in which n-octyl--D-glucoside (OG), n-decyl--D-maltoside (DM) and n-dodecyl--D-maltoside (DDM), are the most widely used detergents for structural determination of membrane proteins.[1] But, many membrane proteins tend to denature and aggregate when encapsulated in these popular detergents,[2] making it difficult to carry out protein structural analysis. This is typically, due to the suboptimal structure of the conventional detergents. Therefore, it is necessary to develop novel detergents with distinct architectures to cope with such diverse membrane proteins. Recent representative classes include tripod amphiphiles,[2,3] lipopeptide detergents,[4] hemifluorinated surfactants,[5] glucose or maltose neopentyl glycols (GNGs or MNGs),[6] and glyco-diosgenin,[7] facial amphiphiles,[8] neopentyl glycol-derived triglucosides[9] and penta-saccharide based amphiphiles.[10] Apart from these small amphiphiles, there are polymeric nano-assemblies (polymeric materials or polymer-lipid superassemblies) such as amphipols,[5,11] nanodiscs,[5,12] and lipodiscs particles.[13] In terms of membrane protein stabilization, most of these novel agents were shown to be superior to DDM, a gold-standard of > 120 conventional detergents. However, most are also difficult to synthesize, severely limiting the widespread use of these agents. Furthermore, relatively little effort has been made to develop novel facial agents to date. In the current study, we designed and synthesized resorcinarene-based facial glucosides and maltoside amphiphiles, designated RGAs and RMAs, respectively (Scheme 1). These agents contain flexible alkyl chains as a hydrophobic group, thus distinct from other facial detergents with a very rigid hydrophobic group (e.g., steroidal unit).[8] The glucoside agents (RGAs) could be synthesized via a short synthetic protocol and a couple of these agents conferred enhanced stability to all four tested proteins, including a G-protein could receptor, compared to DDM. These glucoside agents also tend to form protein-detergent complexes significantly smaller than those formed by DDM.[a]	H. Hussain, Dr. M. Das, M. Ehsan, Prof. P. S. Chae
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We have prepared two kinds of resorcinarene-based amphiphiles with different hydrophilic groups: glucosides (RGAs) and maltosides (RMAs) (Scheme 1). The glucoside agents have eight glucose units as the terminal hydrophilic groups while the maltoside agents contain four maltose units in the same position. Both classes share four alkyl chains as the hydrophobic group, but alkyl chain length varied from C8 to C13 for the glucosides and C3 to C5 for the maltosides. The alkyl chain length has been used in the detergent designation. It is noteworthy that there is another structural difference between these two classes; the two hydroxyl groups of each resorcinol unit are connected together via a methylene spacer for the maltoside agents, but there is no such connection in the case of the glucoside compounds. Instead, the two corresponding hydroxyl groups of the glucoside agents were individually conjugated to the glucose groups through an ethylene glycol linker. Accordingly, the glucoside amphiphiles have increased flexibility in the central scaffold relative to the maltoside agents, which could play a favorable role in enhancing membrane protein stability. In the case of the maltoside amphiphiles, the maltoside head group was attached to the central resorcinarene moiety either directly (RMA-Cs) or via an ethylene glycol linker (RMA-CEs). Irrespective of the presence or absence of the linker, both sets of the maltoside agents were prepared via a protocol comprising six synthetic steps: acid-catalyzed aldehyde condensation, methylene bridging of two hydroxyls, radical mono-bromination at benzylic position, basic hydrolysis/ethylene glycol linkage, -selective glycosylation using anchimeric assistance and global deprotection (see supporting information for details). The number of synthetic steps in this protocol is in the typical range (five to eight) for those of other novel amphiphiles. In contrast, all the glucoside agents were synthesized through three synthetic steps: acid-catalyzed aldehyde condensation, -selective glycosylation using anchimeric assistance and global deprotection, making these agents synthetically more accessible than the RMAs and most other novel detergents. Note that perbenzoylated glucosyl (or maltosyl) bromide was used as glycosyl donor in the glycosylation step. Because the neighboring group participation of benzoyl group invokes anchimeric assistance via a five-membered cyclic transition state, a carbohydrate (glucose or maltose) could be connected to the resorcinol alcohols via -glycosidic linkage. The -glycosidic bond formation was supported by the 1H NMR spectrum of RMA-C3 (Fig. S1). Different behavior between the maltoside and glucoside agents was first observed in terms of water-solubility. All the maltosides except for RMA-C5 showed a medium range of water-solubility (1~5% (w/v)) and tend to form precipitates over time, indicative of the limited water-solubility and stability of their micelles. RMA-C5 was poorly water-soluble (<1% (w/v)) and was not studied further. The maltosides with the ethylene glycol linker (i.e., RMA-CEs) were a little more water-soluble than the maltoside agents with no linker (RMA-Cs). In contrast, all the glucoside agents are highly water soluble (>10% (w/v)) and their micelles were stable enough to give clear detergent solutions for several months. Thus, the glucoside agents have three advantages over the maltoside compounds: synthetic convenience, water-solubility and micellar stability.
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Scheme 1. Chemical structures of resorcinarene-based novel agents. The agents have glucosides (RGAs) or maltosides (RMAs) as a head group. The alkyl chain length varied from C8 to C13 for the RGAs while the RMAs varied in alkyl chain length from C3 to C5. As for the preparation of the RMAs, the maltoside groups were connected to the resorcinarene core either directly (RMA-Cs) or via an ethylene glycol linker (RMA-CEs).
The novel agents were characterized in terms of critical micelle concentrations (CMC) and the hydrodynamic radii (Rh) of their micelles, estimated by the use of a hydrophobic fluorophore (diphenylhexatriene)[14] and dynamic light scattering experiment, respectively. The summarized results for the novel agents along with a conventional detergent (DDM) are presented in Table 1. Detergent CMC values varied from 2 µM to 30 µM, which are at least five times lower than DDM (170 µM), indicating that the new agents have an increased tendency to self-aggregate than DDM. The CMC values of the novel agents were decreased with increasing alkyl chain length, consistent with the general notion that detergent hydrophobicity is a main factor in determining detergent CMC values. The micelle sizes formed by the new agents tend to increase with increasing alkyl chain length. For example, RMA-C3E and RMA-C5E with the shortest and longest alkyl chain length of the RMA-CEs, produced the smallest (3.6 nm) and largest micelles (5.4 nm) respectively. A similar trend was observed for the glucoside agents but there was one clear difference. The micelle size of the glucoside agents gradually increased when the alkyl chains were elongated from C8 to C11, but dropped abruptly at C12 and C13 alkyl chain length. Except for RGA-C11, all the glucoside amphiphiles tend to form smaller micelles than the maltoside agents, indicative of more conical shape in molecular geometry.[15] The micellar volumes formed by all for the glucoside agents (2.8 ~3.7 nm) except for RGA-C11 were comparable to that formed by DDM (3.4 nm) while the micellar volumes of most of the maltoside agents (3.6~7.5 nm) were larger than that of DDM. The novel detergents were further characterized in terms of their micelle size distribution. When dynamic light scattering experiment data were analyzed by a number-averaged size distribution, all of these novel agents displayed a single set of micelle populations (Fig. S2).
	Table 1. Molecular weights (MWs), critical micelle concentrations (CMCs) of newly synthesized amphiphiles (RGAs/RMAs) and a conventional detergent (DDM), and the hydrodynamic radii (Rh; mean ± S.D., n = 5) of their micelles.

	Detergent
	M.W.[a]
	CMC (M)
	CMC (wt%)
	Rh (nm)[b]

	RGA-C8
	2530.8
	~10
	~0.025
	2.8±0.1

	RGA-C9
	2586.9
	~7
	~0.018
	2.9±0.1

	RGA-C10
	2643.0
	~5
	~0.013
	3.5±0.2

	RGA-C11
	2699.1
	~3
	~0.0081
	6.8±0.2

	RGA-C12
	2755.2
	~2.5
	~0.0069
	3.0±0.2

	RGA-C13
	2811.3
	~2
	~0.0056
	3.7±0.1

	RMA-C3
	2066.0
	~30
	~0.0062
	5.5±0.2

	RMA-C4
	2122.1
	~15
	~0.0032
	7.5±0.2

	RMA-C3E
	2242.2
	~15
	~0.0034
	3.6±0.1

	RMA-C4E
	2298.3
	~10
	~0.0023
	4.6±0.1

	RMA-C5E
	2354.4
	~8
	~0.0019
	5.4±0.1

	DDM
	510.1
	170
	0.0087
	3.4±0.0

	[a] Molecular weight of detergents. [b] Hydrodynamic radius of detergents measured at 0.5 wt% by dynamic light scattering.
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Figure 1. Thermal denaturation profiles of UapA in DDM and the RGAs (RGA-C8, RGA-C9, RGA-C10, RGA-C11, RGA-C12 and RGA-C13) at detergent concentrations of CMC+0.04 wt% (a) and CMC+0.2 wt% (b). Protein stability was assessed via CPM assay where the protein solubilized in individual detergents was incubated at 40 °C for 150 min. The data is the representative of three independent experiments.
The new agents were first evaluated with the uric acid-xanthine/H+ symporter (UapA) from Aspergillus nidulans.[16] Protein stability was assessed via thermal denaturation assay using a sulfhydryl-specific fluorophore, N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide (CPM).[17] Upon protein unfolding, sulfhydryl groups present in the protein interior become solvent accessible and thus rapidly react with the CPM molecules, leading to increase in fluorescence emission intensity. Thus, CPM serves as a protein unfolding sensor in this assay. For the assay, the transporter was first solubilized and purified in a conventional detergent (DDM). The DDM-purified transporter was diluted into buffer solutions including individual novel amphiphiles and the final detergent concentrations were CMC+0.04 wt%. The folding states of the transporter were monitored by measuring fluorescence emission intensity during a 150-min incubation at 40 °C. Of the tested detergents, DDM was the least effective at maintaining the folded protein and thus all the data were normalized to the DDM data, thereby giving the ‘relative’ detergent efficacy toward protein stabilization under this condition. When we evaluated the glucoside agents with this protein, all the novel amphiphiles were significantly better than DDM at preserving the folded state of the protein (Fig. 1a). RGA-C9 appeared to be best while RGA-C12 was worst, but the differences between the novel detergents were marginal. The maltoside agents were also better than DDM in this regard, but their efficacy was not so prominent as much as that of the glucoside agents. Of the maltoside agents, RMA-C3/C4 appeared to be best (Fig. S3a). When detergent concentration was increased to CMC+0.2 wt%, a similar trend was observed for both classes of the amphiphiles. All glucoside agents with the exception of RGA-C12 were significantly better than DDM at this high detergent concentration, with the best stability obtained with RGA-C9 (Fig. 1b). In the case of the maltoside agents, only RMA-C3 showed as good stabilization of the protein as the well-behaving glucoside agents (Fig. S3b). The other maltoside agents were less effective than RMA-C3, but were still more effective than DDM. For more quantitative comparison of detergent efficacy, the half-lives of the transporter solubilized in the individual detergents were calculated and summarized in Table S1 by assuming that the CPM data follow one phase decay curve. These half-life data were more or less correlate with detergent efficacy order described above. Therefore, we concluded that overall detergent efficacy order is RGAs> RMAs> DDM. 
The newly synthesized amphiphiles were further evaluated with the bacterial membrane protein, leucine transporter (LeuT) from Aquifex aeolicus.[18] To begin with, the transporter was first solubilized and purified in DDM. The DDM-purified protein was diluted into individual detergent-containing solutions to give a final concentration of CMC+0.04 wt%. Protein stability was assessed by measuring the ability of the protein to bind to a radiolabelled substrate ([3H]-leucine) via scintillation proximity assay.[19] The substrate binding activity of the transporter was monitored at regular intervals over the course of a 10-day incubation at room temperature. At this low detergent concentration, all glucoside agents with the exception of RGA-8 were more effective than or comparable to DDM (Fig. 2a); of these novel glucosides, RGA-C13 with the longest alkyl chain was remarkably effective at retaining the transporter activity. When detergent concentration was increased to CMC+0.2 wt%, the best performance was also observed for RGA-C13 (Fig. 2b). The lowest efficacy was detected for RGA-C12 rather than RGA-C8 at this high detergent concentration. Interestingly, the efficacy of the shortest chain glucoside agent (RGA-C8) became significantly improved at increased detergent concentration from CMC+0.04 wt% to CMC+0.2 wt% while the comparative efficacies of the other glucoside amphiphiles were similar at both concentrations. When the maltoside agents were tested with the transporter, a difference between the RMA-Cs and RMA-CEs was observed. All the RMA-CEs were superior to DDM at both detergent concentrations; CMC+0.04 wt% (Fig. S4a) and CMC+0.2 wt% (Fig. S4b). But the RMA-Cs with no ethylene glycol linker were generally poorly behaved at retaining the transporter stability, particularly when evaluated at CMC+0.2 wt%. The short overall length of these detergents may be responsible for such poor behaviors as detergent dimensions need to match with the dimensions of the transporter for effective protein protection. Overall, the long-term functional stability (substrate binding activity) of the transporter was markedly enhanced when encapsulated by some glucoside agents (e.g., RGA-C13) and the RMA-CEs. 
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Figure 2. Long-term stability of LeuT solubilized in DDM or novel RGAs (RGA-C8, RGA-C9, RGA-C10, RGA-C11, RGA-C12 and RGA-C13) at concentrations of CMC+0.04 wt% (a) and CMC+0.2 wt% (b). DDM-purified transporter was mixed with individual detergents-containing solutions and then incubated for 10 days at room temperature. The substrate binding activity of LeuT was measured at regular intervals during the incubation, using radio-labelled substrate ([3H]-Leu) via scintillation proximity assay. Error bars, SEM, n = 2.
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Figure 3. Thermo-stability of MelBSt extracted by DDM or a RGA (RGA-C8, RGA-C9, RGA-C10, RGA-C11, RGA-C12, or RGA-C13). (a) Western blot. Membranes containing MelBSt mixed with the indicated detergent were incubated at 0 °C or an elevated temperature (45, 55, or 65 °C) and subjected to ultracentrifugation. The amounts of MelBSt in the solutions were analyzed by SDS-15 % PAGE and Western blotting (a). The band from the  untreated membrane sample (Memb) represents the total amount of MelBSt present in the membranes before detergent treatment. (b) Histogram. The amount of soluble MelBSt in a detergent detected in panel (a) was expressed as a percentage of the total amount of MelBSt in the untreated membrane sample. Error bars, SEM, n = 3.

The intriguing results with the two transporters prompted us to test these agents for the solubilization and stabilization of another membrane protein, the melibiose permease of Salmonella typhimurium (MelBSt).[20] MelBSt is the major facilitator superfamily permease catalyzing cotransport of galactosides with either proton, sodium, or lithium ion.[21] Initially, membrane fractions prepared from E. coli cells overexpressing MelBSt were treated with 1.5% (w/v) individual novel detergents or DDM for 90 min at 0 °C. Note that only the glucoside agents of the novel agents were tested in this study as the maltoside agents exhibit too low solubility for the preparation of detergent stock solutions (10% (w/v)). The amounts of this transporter solubilized by individual detergents were analyzed by SDS-PAGE and Western blotting, and were expressed as percentages of the total amount of the transporter initially present in the untreated membrane sample (Figure 3a,b). As can be seen in Fig 3b, most of the novel agents yielded small amounts of soluble MelBSt (30 ~ 50%) relative to DDM (~100%), indicating that these new agents were relatively poor at extracting the transporter from the membranes at the low temperature (0 °C). A similar result was obtained when incubation temperature was increased to 45 °C, except for RGA-C11 and RGA-C13. These two novel agents produced amounts of soluble transporter comparable to DDM, indicating that these agents were not only efficient at extracting the protein, but were also effective at maintaining it in a soluble state at this elevated temperature. When incubation temperature was further increased to 55 °C, DDM gave only a small amount of the soluble transporter (~10%). In contrast, these novel agents (RGA-C11 and RGA-C13) still yielded substantial amounts of soluble protein with RGA-C13 extracting the same amount of soluble protein at 55 °C as at 45 °C. However, detergent treatment at 65 °C resulted in complete loss of the transporter from the solutions in all detergent cases. Taken together the results show that the glucoside agents were worse than DDM at extracting the transporter efficiently from the membrane at the low temperature, but were far more efficient than DDM at an elevated temperature (55 °C). Furthermore, the transporter encapsulated by RGA-C11 or RGA-C13 displayed significantly enhanced thermo-stability compared to the protein solubilized in DDM. 
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Figure 4. Long-term stability of 2AR solubilized in an RGA (RGA-C8, RGA-C9, RGA-C10, RGA-C11, RGA-C12, or RGA-C13) or DDM (a) and size exclusion chromatography profiles of the receptor in selected detergents (RGA-C11, RGA-C13 and DDM). Protein stability was measured via the ligand binding assay using the antagonist [3H]-dihydroalprenolol (DHA) during a two-day incubation at room temperature. For the size exclusion chromatography analysis, detergent was exchanged from DDM to an RGA (RGA-C11 or RGA-C13) before applying each detergent-solubilized receptor for size exclusion chromatography column. Error bars, SEM, n = 3.
We continued to evaluate the new agents with the human 2 adrenergic receptor (2AR), a G-protein coupled receptor.[22] Receptor stability was assessed with a ligand binding assay using antagonist ([3H]-dihydroalprenolol).[23] In order to prepare the protein solubilized in individual detergents, the DDM-purified receptor was diluted with a buffer solution containing DDM or a new agent to reach a final detergent concentration at CMC+0.2 wt%. When ligand binding activity was measured with the receptors solubilized in individual detergents, we found a large variation in detergent efficacy. RGA-C8/C9 were worse than DDM. RGA-C10 was comparable to DDM while RGA-C13 was the best agent followed by RGA-C11 and RGA-C12 (Fig. S5). Based on this preliminary result, the three agents (RGA-C11/C12/C13) were selected for the long-term receptor stability experiment where the protein-detergent samples were incubated for two days at room temperature (Fig. 4a). RGA-C12 was similar to DDM at retaining receptor activity. However, the receptor encapsulated in RGA- C11 or RGA-C13 showed higher initial activity than the protein in DDM and reached maximum values following a 4 hour-incubation. The maximum activity displayed by the RGA-C13-solubilized receptor was more than 2.5 times higher than that of DDM-solubilized protein. Over the subsequent additional incubation period, receptor activity gradually decreased over time, but the final receptor activity (t = 2 day) observed for this novel agent was even higher than the initial receptor activity (t = 0 hour) detected for DDM. It is notable that receptor ligand binding activity observed at t = 4 hour is the highest reported to date,[10,24] indicating that RGA-C13 has an optimal architecture for receptor stability. The initial increase in receptor activity following the 4-hr incubation observed for RGA-C11 and RGA-C13 could be the result of the slow rate of detergent exchange following dilution. Similar behavior was observed for a two RMAs; the receptor in RMA-C3E or RMA-C5E initially had an enhanced ligand binding ability relative to the protein in DDM (Fig. S6a). When RGA-C3E was selected for the long-term experiment, this agent gave two times higher receptor activity than DDM at t = 0 hour, but the final receptor activity (t = 2 day) was just half of the initial receptor activity in DDM (Fig. S6b). This result suggests that the best glucoside agent (i.e., RGA-C13) is even better than the best RMA (i.e., RMA-C3E) at retaining the ability of the receptor to bind ligand. Analysis of the protein-detergent complex size of the receptor + RGA-C11 or RGA-C13 using size exclusion chromatography revealed that the receptor-detergent complexes formed by these novel agents were significantly smaller than those formed by DDM (Fig. 4b), a favorable attribute for membrane protein structure determination via X-ray crystallography and electron microscopy.[25] RGA-C11 appeared to form protein-detergent complex slightly smaller than RGA-C13 probably due to the slightly shorter alkyl chain. The large difference in the size of receptor-detergent complexes between RGA-C11/C13 and DDM observed here is unprecedented.[10,24] 
Despite the architectural similarity, the glucoside and maltoside agents largely differ in water-solubility and micellar stability. Both classes of detergents contain eight glucose units, but the glucoside amphiphiles showed better water-solubility as a function of increasing alkyl chain length than the maltoside agents. Specifically, RGA-C13 with a long alkyl chain was completely soluble even at 10%, while all of the maltoside agents with short alkyl chains (C3/C4/C5) showed poor solubility in aqueous solution. Furthermore, micelles formed by the glucoside amphiphiles were significantly more stable than those formed by the maltoside agents. We conceive that the relatively flexible glucoside amphiphiles readily adopt a conformation favorable for both micelle formation and water-solubility, whereas the maltoside agents are too rigid to allow similar conformational changes. The relatively small micelle size observed for the glucoside amphiphiles may also be associated with their flexibility. More importantly, the flexibility of the glucoside amphiphiles relative to the maltoside compounds is also associated with the ability of these agents to maintain the structural stability of membrane proteins as the overall performance of the glucoside agents was superior to that of the maltoside versions in the current study. Individual membrane proteins have different shapes and dimensions and thus a detergent needs to be flexible enough to undergo conformational changes to allow favorable interactions with each other and a target membrane protein. However, we cannot rule out that other structural differences between the glucoside and maltoside agents are responsible for the differences in stability conferred. For instance, they differ in alkyl chain length and head group class (glucose vs maltose).
All the novel agents introduced are facial amphiphiles with the hydrophobic group facially separated from the hydrophilic group, but these agents are structurally distinct from previously reported facial agents. For instance, the facial amphiphiles[8,26] developed for membrane protein study contain (a) very rigid cholate unit (s) as a hydrophobic group, while the current novel agents bear a rigid resorcinarene core along with four flexible alkyl chains. As a result, these novel agents are distinct from the previous facial amphiphiles in that the flexible alkyl tips of the novel agents rather than rigid cholate units interact with membrane proteins. In addition, the cholate-based facial agents are little variable in the structure of the hydrophobic group whereas a variety of hydrophobic groups could be introduced into the RGA architecture using diverse aldehydes in the condensation step. This structural variability is important to allow further improvement optimization of detergent properties for membrane protein study. Furthermore, the preparation of the facial amphiphiles requires five to seven synthetic steps[8,26]. In contrast, the glucoside amphiphiles are prepared in three steps. Thus, these agents are significantly more accessible than other carbohydrate-containing facial amphiphiles.
The glucoside detergents were superior to DDM despite being glucoside detergents that are generally less effective at stabilizing membrane proteins than maltoside agents.[1a,6b] Notably, the current novel agents appeared to be even superior to MNG-3, one of the most successful novel detergents for membrane protein study.[6a] When MNG-3 was tested for UapA stability, this novel agent was roughly comparable to DDM, while the current novel agents were significantly better (Fig. S3). In the case of LeuT, a previous study has indicated that MNG-3 is slightly better than DDM at maintaining transporter stability.[27] In contrast, some glucoside amphiphiles conferred substantially enhanced stability to the transporter under same conditions. RGA-C11/C13  have a substantially smaller protein-detergent complex size compared to MNG-3, similar in size to that formed by DDM.[8]  Combined together, this study not only introduces novel detergent tools (e.g., RGA-C11/C13) useful for membrane protein study, but also proposes a detergent flexibility-property-efficacy relationship important in novel amphiphile design.
Experimental Section
Synthesis and characterization of novel amphiphiles, and membrane protein stability assays: Experimental details can be found in the Supporting Information.
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Resorcinarene-based facial glycosides: implication of detergent flexibility on membrane protein stability


	
	
	


[bookmark: _GoBack]Structurally distinct resorcinarene-based facial glucosides were developed and compared with a conventional detergent (DDM) for membrane protein manipulation. Of all tested compounds, RGA-C11 and RGA-C13 displayed the most favourable efficacy, making these agents promising candidates for membrane protein structural study.
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