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ABSTRACT: Detergents are essential tools for membrane protein manipulation. Micelles formed by detergent molecules have the ability to encapsulate the hydrophobic domains of membrane proteins. The resulting protein-detergent complexes (PDCs) are compatible with the polar environments of aqueous media, making structural and functional analysis feasible. Although a number of novel agents have been developed to overcome the limitations of conventional detergents, most of them have traditional head groups such as glucoside or maltoside. In this study, we introduce a class of amphiphiles, the PSA/Es with a novel highly branched penta-saccharide hydrophilic group. The PSA/Es conferred markedly increased stability to a diverse range of membrane proteins compared to conventional detergents, indicating a positive role for the new hydrophilic group in maintaining the native protein integrity. In addition, PDCs formed by PSA/Es were smaller and more homogeneous than those formed by DDM, indicating that the new agents have significant potential for the structure-function studies of membrane proteins.

Membrane proteins are extremely stable in the native membrane environment, but membrane-associated forms are not compatible with analytical methods for protein structure determination such as X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy. Bilayer systems such as bicelles1,2 and lipidic cubic phase (LCP)3 have been successfully used for membrane protein structural studies, but these systems are not effective at solubilizing membrane proteins from the membranes. Thus, it is necessary to use detergent micelles in order to both extract membrane proteins from the membrane and maintain them in a stable state in aqueous solutions.4 Micelles formed by detergent molecules, however, differ from lipid bilayers in a number of ways. Because of their intrinsic planar structure, lipid bilayers exert lateral pressure on membrane proteins, and are therefore highly effective at preserving the three-dimensional structure of membrane proteins.5 In contrast, detergent micelles are much more dynamic than lipid bilayers and thus the lateral pressure they provide is relatively weak.6 Membrane protein function and stability can be further modulated by membrane components such as cholesterol molecules bound to the protein surface, often lost during detergent solubilization and protein purification.7 Although detergent micelles are sub-optimal for membrane protein stability, these membrane-mimetic systems are widely and successfully used in membrane protein studies.8-10
Conventional detergents typically have a flexible alkyl chain and a single head group as exemplified by OG (n-octyl-β-D-glucopyranoside), DDM (n-dodecyl-β-D-maltoside), and LDAO (lauryldimethylamine-N-oxide).8 The small variation in conventional detergent architecture means these molecules have limited utility.11,12 In contrast, membrane proteins exhibit large variation in their propensity to aggregate and denature due to the wide diversity of membrane protein structures and functions. As a result, many membrane proteins exhibit low stability in conventional detergents, rendering structure determination extremely challenging. Over the past two decades, a number of novel amphipathic agents have been invented to overcome the limitations of conventional detergents. Representatives include amphipols (Apols),13,14 tripod amphiphiles (TPAs),15,16 glyco-diosgenin (GDN),17 lipopeptide detergents (LPDs),18 hemifluorinated surfactants (HFSs)19 and nanodiscs (NDs).20,21 These agents have been shown to be effective for membrane protein stability, but most of them either form large PDCs or are difficult to synthesize on a large scale. Furthermore, with the exception of the TPA, none of these agents are effective at solubilizing membrane proteins. In addition, to date these agents have not been successfully used for membrane protein crystallization. In contrast, two recent inventions; the facial amphiphiles (FAs)22,23 and the neopentyl glycol (NG) class amphiphiles,24-27 have facilitated the high resolution crystal structure determinations of dozens of membrane proteins.28-37 These agents have novel architectures, but a traditional group such as maltoside, glucoside, or sulfobetaine was used as the detergent hydrophilic group in every case. In this study, we introduce a highly dense and branched penta-saccharide as an alternative detergent hydrophilic group (Scheme 1). We designated these agents the penta-saccharide-bearing amphiphiles with alkyl or ether linkage (PSAs and PSEs, respectively). When these agents were evaluated with several membrane proteins including a G-protein coupled receptor (GPCR), we found that they conferred markedly enhanced stability to all the target proteins compared to DDM. In addition, they generated smaller and more homogeneous PDCs compared to DDM.


Scheme 1. Chemical structures of novel penta-saccharide-bearing amphiphiles. These new agents can be categorized into two sets based on the functional groups present in the lipophilic regions: alkyl (PSAs; PSA-C9, PSA-C10 and PSA-C11) or ether linkage (PSEs; PSE-C9, PSE-C11 and PSE-C13).
Results
Design, synthesis and physical properties of novel amphiphiles. The new agents share a branched penta-saccharide head group and a branched tail group (Scheme 1). The head group contains four glucose units radially projecting from a central glucose core. Depending on the functional group(s) present in the lipophilic regions, these agents could be categorized into two groups; PSAs contain a branched alkyl chain without a functional group while PSEs contain two ether bonds in this region. The alkyl based amphiphiles (PSAs) utilized a primary alcohol to introduce the central glucose part whereas the ether based agents (PSEs) used a secondary alcohol for the same purpose. Each set of the new agents, PSAs or PSEs, vary in alkyl chain length and thus the carbon numbers of the alkyl chains were used in the designation of the novel agents. These new agents were prepared using a straightforward synthetic pathway. Synthetic protocols comprising seven and five steps were utilized for the preparation of PSAs and PSEs, respectively. Thus, PSEs are easier to synthesize. Another merit of the PSEs is anomeric purity. The 1H NMR spectra of all three PSAs indicate the presence of a small amount (~ 15%) of anomeric isomer with an -linkage in one of four glycosidic bonds (2’-O, 3’-O, 4’-O and 6’-O) formed in the second glycosylation. Surprisingly, the full -anomers were exclusively obtained in all PSE cases, with no -anomeric contamination. Collectively, PSEs have two advantages over PSAs: synthetic convenience and high anomeric purity.
Table 1 Molecular weights (MWs), critical micelle concentrations (CMCs) of PSAs and PAEs along with a conventional detergent (DDM) and hydrodynamic radii (Rh) (mean ± S.D., n = 5) of their micelles.
	Detergent
	M.W.a
	CMC (mM)
	CMC (wt%)
	Rh(nm)b

	PSA-C9
	1109.3
	~0.014
	~0.0016
	2.9±0.05

	PSA-C10
	1137.3
	~0.009
	~0.0010
	3.1±0.05

	PSA-C11
	1165.4
	~0.007
	~0.0008
	3.3±0.03

	PSE-C9
	1155.3
	~0.026
	~0.0030
	3.2±0.04

	PSE-C11
	1211.4
	~0.004
	~0.0005
	3.5±0.05

	PSE-C13
	1267.5
	~0.001
	~0.0001
	14.1±0.24

	DDM
	510.1
	~0.17
	~0.0087
	3.4±0.03


a Molecular weight of detergents. b Hydrodynamic radius of micelles was determined at 1.0 wt % by dynamic light scattering.
The new agents are highly water-soluble (> 20 %) and the micelles formed were stable enough to give clear detergent solutions for a month. The micelles were characterized in terms of critical micelle concentrations (CMCs) and the hydrodynamic radii (Rh). CMC values were estimated using a fluorescent probe, diphenylhexatriene (DPH)38 and micelle sizes were determined by dynamic light scattering (DLS). The summarized results are presented in Table 1. All new agents have much smaller CMCs than DDM (170M). Depending on the alkyl chain length, PSAs and PSEs gave a range of CMC values corresponding to 7 ~ 14 M and 1 ~ 26 M, respectively. The CMC value for both sets of detergents decreased with increasing alkyl chain length, which is consistent with the general notion that detergent hydrophobicity is a critical factor in determining detergent CMCs. Micelles formed by the new agents showed a large range of size distribution (Rh = 2.9 nm to 14.1 nm). The micelle sizes of PSA-C11, PSE-C9 and PSE-C11 were comparable to that of DDM. DLS data also revealed that all PSAs and PSEs showed a single set of populations, indicative of the formation of monodisperse micelles (Fig. S1).
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Figure 1. BOR1-GFP stability solubilized in DDM, the PSA (PSA-C9, PSA-C10, PSA-C11) (a) or PSE (PSE-C9, PSE-C11, or PSE-C13). BOR1-GFP fusion protein was first solubilized by DDM or a novel agent at 1.0 wt% and the detergent-solubilized BOR1-GFP fusion protein was heated for 10 min at 40°C. Thermally-treated protein samples were loaded onto the SEC column and the individual relative fluorescent units (RFU) of each fraction assessed. The data is representative of two independent experiments.
Detergent evaluation with a diverse set of membrane proteins. The new agents were first evaluated with a boron transporter (BOR1) from Arabadopsis thaliana, expressed as a C-terminal GFP fusion protein in Saccharomyces cerevisiae.39 This fusion protein has been shown to retain boron-transporting activity by plant-based studies, and is therefore relevant for both structural and functional analysis.40 In order to compare detergent solubilization efficiency, the membranes containing BOR1-GFP fusion protein were treated with a conventional detergent (DDM), PSAs (PSA-C9, PSA-C10 and PSA-C11), or PSEs (PSE-C9, PSE-C11 and PSE-C13) at 1.0 wt %. The solubilization efficiencies of PSA-C11 and PSE-C13, with the longest alkyl chains, were ~70% and thus lower than DDM (80%). However, PSA-C9, PSA-C10 and PSE-C9 were comparable to DDM. Remarkably, PSE-C11 with the intermediate chain length extracted BOR1-GFP protein quantitatively, indicating that this agent is particularly useful for solubilization of BOR1-GFP. Next, in order to assess the stabilization effects of PSAs/PSEs, the detergent–solubilized proteins were then subjected to thermal denaturation by heating the samples at 40C for 10 min. The thermally treated samples were analyzed via fluorescence size exclusion chromatography (FSEC; Fig. 1).41 The DDM or PSA-C9-solubilized sample showed a comparatively low recovery of monodispersed BOR1-GFP (~fraction number 40) after heating (Fig. 1a). However, use of PSA-C10 and PSA-C11 as solubilizing agents resulted in a marked increase in the recovery of monodispersed BOR1-GFP compared to DDM and PSA-C9, indicating that BOR1 protein stability was dramatically improved in these new agents. PSA-C11 appeared to be better than PSA-C10 although the difference is small. Analysis of the PSE agents revealed that all three amphiphiles (PSE-C9, PSE-C11 and PSE-C13) increased recovery of monodispersed BOR1-GFP protein compared to DDM following heating (Fig. 1b). Detergent efficacy order was as follows; PSE-C11> PSE-C13> PSE-C9. PSE-C11 was even more stabilizing than the best PSA, PSA-C11, indicating that PSE-C11 was the optimal detergent for this protein. PSE-C11 was further evaluated for its stabilizing effects on BOR1 at increasing temperature. As can be seen in Fig. S2, the DDM-solubilized transporter fully retained its original state during 10-min incubation at 35C. However, when the temperature was increased to 40C or 45C, this agent failed to recover the monodispersed BOR1-GFP protein, indicating almost complete denaturation/aggregation. In contrast, PSE-C11 maintained the mono-dispersity of the transporter even after heating at 45C although a further increase in temperature up to 50C resulted in complete denaturation/aggregation of the transporter. Taken together, the results indicate that the new agents, particularly PSE-C11, are not only efficient at solubilizing BOR1-GFP protein, but also excellent at stabilizing the fusion protein.
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Figure 2. Long-term stability of LeuT solubilized in DDM or a novel detergent (PSA-C10, PSA-C11, PSE-C9, PSE-C11, or PSE-C13) at concentrations of CMC + 0.04 wt% (a) and CMC + 0.2 wt% (b). DDM-purified transporter was mixed with individual detergent-containing solutions and then incubated for 12 days at room temperature. LeuT activity was measured at regular intervals during the incubation, by radiolabeled ligand ([3H]-Leu) binding via scintillation proximity assay (SPA). 
The newly synthesized amphiphiles were further evaluated with a bacterial membrane protein, the leucine transporter (LeuT) from Aquifex aeolicus.42,43 The transporters were initially solubilized and purified in DDM. DDM-purified transporter was diluted with individual detergent-containing buffers and incubated at room temperature. In order to investigate the effects of the new agents on the long-term stability of LeuT, protein activity was monitored at regular intervals for 12 days. Protein activity was assessed by measuring the ability to bind a radio-labelled ligand ([3H]-leucine) via scintillation proximity assay (SPA).44 Note that PSA-C9 was not included in this evaluation as this agent was the least effective of the new detergents at stabilizing BOR1-GFP fusion protein. At a detergent concentration of CMC+0.04 wt%, all tested PSAs were more effective than DDM at maintaining the protein activity, with PSA-C11 showing better behavior than PSA-C10 (Fig. 2a). PSE-C9 was the least effective of the PSEs, but was comparable to the best PSA, PSA-C11. Interestingly, PSE-C11 and PSE-C13 were markedly better than both the other new agents and DDM. LeuT solubilized in these agents didn’t show any appreciable decrease in protein activity during the 12-day incubation. When detergent concentration was increased to CMC+0.2 wt%, a similar detergent efficacy order was observed (Fig. 2b). Of the tested amphiphiles, PSA-C10 was least effective at stabilizing the transporter. PSA-C11 and PSE-C9 were roughly comparable to each other. The stabilizing effect of PSE-C13 was slightly lower at the increased detergent concentration while the protein in PSE-C11 retained 100% transporter activity after 12 days. Combined together, the results reveal that all tested new agents were better at retaining the activity of the transporter compared to DDM, with overall better performance for the PSEs than the PSAs. Of the new agents, PSE-C11 was optimal for the transporter activity at both low and high detergent concentrations, consistent with the result observed for the BORl-GFP fusion protein.
In order to address the conformational change of the transporter in detergent micelles, the cysteine residue at position 192 was functionalised with the thiol-reactive fluorophore (tetramethylrhodamine-5-maleimide; TMR) to generate TMR-conjugated LeuT (LeuT E192CTMR).45 Upon leucine binding, the transporter undergoes a conformational change, which induces TMR movement from the hydrophobic interior to the hydrophilic exterior. This repositioning of TMR makes the fluorophore more accessible to a water-soluble quenching agent, iodide (I).46 Thus, LeuT E192CTMR provides a sensitive system to monitor the conformational dynamics of the transporter in response to ligand binding. TMR fluorescence of TMR-conjugated LeuT was measured with increasing KI concentration in the presence of different amounts of leucine. From the results, TMR fluorescence quenching can be presented in a Stern-Volmer plot (Fig. S3a) and KSV values calculated and presented as a function of leucine concentration (Fig. S3b). A saturation response was observed with EC50 values of 178 nM and 186 nM for DDM and PSE-C11-purifed transporters, respectively (Table S1). The dynamic range of KSV (KSV) values for PSE-C11-purifed transporter was a little higher than that displayed by DDM-purified protein (1.2 M-1 vs 1.5 M-1). This result indicates the high flexibility of the transporter when solubilized in PSE-C11 micelles, essential for proper transporter function. Moreover, PSE-C11-purified LeuT showed significantly higher KSV than DDM-purified protein in the absence of leucine (1.6 M-1 vs 2.3 M-1). This result means the presence of more accessible TMR fluorophore when the transporter is solubilized in PSE-C11 than DDM, probably due to reduced shielding of LeuT by the PSE-C11 micelle. This feature could be favorable for membrane protein structure crystallization,providing a larger surface area for crystal contacts to form. 
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Figure 3. Thermostability of MelBSt solubilized in DDM or a novel amphiphile (PSA-C11, PSE-C9, PSE-C11, or PSE-C13). Membranes containing MelBSt were treated with the indicated detergent at 0C or an elevated temperature (45C, 55C, or 65C). (a) Western blot: the proteins solubilized by detergent treatment were analysed by SDS-15% PAGE and Western blotting as described in the materials the methods. The untreated membrane sample (Memb) represents the total amount of MelBSt protein. (b) Histogram: the amount of soluble MelBSt in a detergent (DDM, PSA-C11, PSE-C9, PSE-C11, or PSE-C13) detected in panel (a) is expressed as a percentage of band density relative to the untreated membrane sample. Error bars, SEM, n = 3. (c) Melibiose reversal of Trp to dansyl-2-galactoside (D2G) FRET. MelBSt or MelBEc was extracted by DDM and PSE-C11 from right-side-out (RSO) membranes and then was used for the experiment. 
[bookmark: OLE_LINK6]Next, we used the melibiose permease of Salmonella typhimurium (MelBSt)47-49 for further assessing solubilization and stabilization efficacy of four selected agents that showed promising properties with both BOR1 and LeuT: PSA-C11, PSE-C9, PSE-C11 and PSE-C13. Membrane fractions of E. coli cells overexpressing MelBSt were treated with 1.5% of the indicated detergent for 90 min, and subjected to ultracentrifugation to remove the insoluble fraction. After SDS-PAGE and Western blotting, the amount of soluble MelBSt was quantified and expressed as a percentage of total MelBSt detected from the control (Fig. 3a,b). PSA-C11, PSE-C9, PSE-C11 extracted MelBSt at 0C as efficiently as DDM, while PSE-C13 was slightly less effective. In order to differentiate the detergent effects on MelB stabilization, the same assay was conducted at elevated temperatures (45, 55 and 65C). Following 90-min incubation at 45C, the amounts of MelBSt solubilized by each detergent were similar both to each other, that obtained at 0C. However, dramatic differences between DDM and the novel agents were observed when the incubation temperature was increased to 55C. At this temperature, DDM failed to retain any soluble MelBSt while all the MelBSt was retained in PSA-C11, PSE-C11 and PSE-C13, indicating improved stability of the protein in these novel agents. With a shorter alkyl chain length, PSE-C9 was less effective than the other novel agents at retaining the protein in solution at this elevated temperature. When incubated at 65C, only PSE-C11 maintained a small amount of soluble MelBSt (Fig. 3a,b). PSE-C11 is the best of the tested novel agents for MelBSt, consistent with the results observed from the BOR1 and LeuT studies. In order to assess the functional state of detergent-solubilized MelBSt, we performed a ligand competition binding assay. As MelBSt contains tryptophans (Trp) near the active site, binding of the fluorescent ligand, 2’-(N-dansyl)aminoalkyl-1-thio-β-D-galactoside (D2G), results in increased  Förster resonance energy transfer (FRET) from Trp to D2G.47,50 However, the FRET decreases when a native ligand, melibiose, is added to replace D2G in the active site. Thus, the functional state of MelBSt could be monitored via melibiose reversal of Trp to D2G FRET. When solubilized in DDM or PSE-C11, MelBSt retained binding affinity for melibiose (Fig. 3c). When a more unstable MelB protein, MelBEc, was used for the assay,49 however, an active transporter was only observed in the presence of PSE-C11; DDM-solubilized MelBEc lost its ability to bind melibiose. This result indicates that PSE-C11 is better than DDM in maintaining the functional structure of MelB proteins.
[bookmark: _GoBack]The promising results of the new compounds prompted us to further evaluate them with the human β2 adrenergic receptor (β2AR), a G-protein coupled receptor (GPCR).51 Based on the results with BOR1, LeuT and MelBst, we selected three novel agents for detergent evaluation with the receptor: PSA-C11, PSE-C11 and PSE-C13. In order to investigate the effect of detergent on the conformation of β2AR, we used bimane conjugated-β2AR where monobromobimane (mBBr) is covalently attached to cysteine 265 located at the cytoplasmic end of transmembrane helix 6 (TM6).52 This allows sensitive monitoring of subtle conformational changes of the receptor induced upon ligand and Gs-protein binding by measuring bimane fluorescence spectra.52,53 Bimane conjugation has no effects on activity of β2AR, and thus the conjugated form of the receptor is relevant for structural and functional studies.51 The DDM-purified mBBr-β2AR was diluted into individual detergent solutions to give the final detergent concentration of 0.1 wt %, and the bimane fluorescence spectra were measured in the presence of a high affinity agonist, BI-167107 (BI). Although the receptor in PSE-C13 gave a bimane fluorescence spectrum slightly different from DDM, the spectra obtained in PSA-C11 and PSE-C11 were very similar to that obtained for the receptor in DDM (Fig. S4). These novel agents were then evaluated to investigate their effects on conformational changes of β2AR upon binding of another agonist and/or Gs-protein.28 It is well-known that binding of both a full agonist (e.g., BI) and Gs-protein are necessary for full receptor activation.28 This was seen for receptor solubilized in all the novel detergents, with the exception of PSE-C13-solubilized receptor. In the presence of the full agonist, isoproterenol (ISO), PSA-C11 or PSE-C11-solubilized receptor showed bimane fluorescence spectra similar to DDM-solubilized protein, indicative of partial activation of the receptor (Fig. S5). The additional presence of Gs-protein generated a further change in the bimane fluorescence spectra associated with the conformational changes of β2AR from the inactive to active state: the reduction in fluorescence intensity and the red-shift in maximal emission wavelength (Fig. S5).28 These results indicate that PSA-C11 and PSE-C11-solubilized receptors exhibit the expected agonist and/or Gs-protein binding. 
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[bookmark: OLE_LINK8]Figure 4. Long-term stability of β2AR in the different detergents (a), SEC profiles of individual detergent-purified 2AR after detergent exchange (b), and of β2AR solubilized and purified in DDM (c) or PSE-C11 (d). For long-term stability measurement, 0.1% DDM-purified 2AR was diluted into individual detergent solutions and the receptor activity was monitored at regular intervals over a 4-day incubation. Antagonist [3H]-dihydroalprenolol (DHA) was used to measure the receptor activity via radioligand binding assay. The protein samples were incubated on ice for the first two days and increased to room temperature in the next two days. For SEC analysis, the DDM-purified receptor was applied for a superdex-200 GL column after detergent exchange. Alternatively, β2AR solubilized in 1% DDM or 1% PSE-C11 was purified in 20×CMC DDM and PSE-C11, respectively, and was then applied to the SEC column which had been equilibrated with detergent-containing or detergent-free buffer. The chromatogram of each agent-purified receptor was obtained from UV absorbance at 280 nm or the intrinsic tryptophan emission at 345 nm.
[bookmark: OLE_LINK9]We further characterized the novel agents (PSA-C11, PSE-C11 and PSE-C13) in terms of long-term stability of β2AR using a radioligand binding assay. The DDM-purified β2AR was diluted into solutions including individual novel agents to reach a detergent concentration of 0.1 wt% and the receptor activity was measured at regular intervals using [3H]-dihydroalprenolol ([3H]-DHA) (Fig. 4a). All the receptor purified in DDM or a novel agent (PSA-C11, PSE-C11, or PSE-C13) maintained initial activity during the first two-day incubation at 0C. When incubation temperature was increased to room temperature, clear differences were observed between DDM and the new agents in retaining the receptor activity. The receptor solubilized in all the tested new agents showed 2-3 times higher activity than DDM-solubilized protein; PSE-C11 was best, followed by PSE-C13 and PSA-C11. The selected novel agents were further used for SEC after detergent exchange. As can be seen in Fig. 4b, all of these agents generated homogeneous PDCs with the receptor that are substantially smaller than that of DDM. To further evaluate solubilization efficiency of the new agents, PSE-C11, the best of the tested PSAs/PSEs, was used for extracting β2AR directly from the cell membranes. The receptor was treated with 1.0 wt% PSE-C11 or DDM, and then activity of the PSE-C11 or DDM-solubilized receptor was measured by the use of radiolabeled-ligand of [3H]-dihydroalprenolol ([3H]-DHA). PSE-C11 extracted more soluble and functional receptor than DDM, indicating that this agent could be a substitute of DDM for GPCR solubilization (Fig. S6). Receptor solubilized and purified in DDM or PSE-C11 was further applied to SEC in a detergent-free buffer. No protein was detectable for the protein prepared in DDM (Fig. 4c), indicating the full denaturation/aggregation of the DDM-purified receptor during this process. In stark contrast, a clear monodisperse peak was observed for the PSE-C11-purified receptor (Fig. 4d). The peak was almost identical to that obtained for the protein analyzed in buffer containing the detergent. Thus receptor integrity in this agent was well maintained even in detergent-free buffer, presumably due to strong binding affinity of the detergent and a slow off-rate of PSE-C11 from the receptor. This feature of PSE-C11 could be utilized to remove excess detergent micelles from PSE-C11-protein complexes, important in many membrane protein structural studies.54 The receptor solubilized and purified in DDM or PSE-C11 was further addressed in terms of its activity of the receptor and compared with that in the native membrane. For this comparison, the full agonist, ISO, was used as a competitive ligand for [3H]-DHA-binding receptor.55 PSE-C11-purified 2AR gave IC50 of 165 nM that is 3-fold lower than that displayed by DDM-purified receptor (503 nM) and is 2.5-times higher than that shown by the receptor (66 nM) in the native membrane (Fig. S7). This result indicates that micelle formed by PSE-C11 is a more effective mimic of the native membrane. 
[image: C:\Users\채필석\Documents\My papers\Graduate students\Mr. Ehsan\MS preparation\JACS\GCA_E3_Figure11.png]Figure 5. Single-particle EM of negative stained T4L-β2AR-Gs complex solubilized in PSE-C11. Raw image (a), 2D classification (b) and representative class averages in the same orientation (c).
We next moved to the T4L-β2AR-Gs complex for detergent evaluation. To begin with, the complex was obtained in DDM by combining T4L-β2AR with Gs protein. After detergent exchange using PSE-C11-containing buffer, the T4L-β2AR-Gs complex was isolated in PSE-C11 via gel filtration. Stability of the complex was measured at regular intervals over a 15-day incubation at 4C. These time-course results indicate the remarkable efficacy of PSE-C11 for stability of the complex; dissociation of the complex into its components, the receptor and Gs protein, was not detected at all during the incubation (Fig. S8). A previous study showed that DDM-purified T4L-β2AR-Gs complex underwent substantial dissociation after only 2 days incubation at 4C.28 In addition, when a detergent free buffer was used as an eluent, the complex in PSE-C11 was completely stable as observed for the PSE-C11-purified receptor itself. This result encouraged us to further evaluate the performance of the PSE-C11-purified complex via single-particle electron microscopy (EM).56,57 Negative stain EM images showed a monodisperse particle population (Fig. 5a). 2D classification and averaging of particles from a single complex preparation allowed us to discern the individual domains of the complex in the absence of nucleotide: T4L, 2AR, GS and GFig. 5b,c). The complex architecture observed here is in perfect agreement with what was observed for the complex solubilized in MNG-3 by EM58 and crystallography.28 Thus, this agent may also bear potentials for visualizing and crystallizing membrane protein complexes with high dissociation propensity, in addition to advantages for purifications.59
Discussion 
[bookmark: OLE_LINK1]Detergent hydrophilic groups plays a critical role in stabilizing membrane proteins. For instance, LDAO and DDM share a dodecyl chain, but contain N-oxide and maltoside head groups, respectively. Despite the presence of the same tail group, these two conventional detergents are quite different in terms of their ability to stabilize membrane proteins in solution; LDAO is rather destabilizing while DDM is one of the most stabilizing of more than 120 conventional detergents.10,12 A similar trend could be found in a comparison of glucoside (e.g., OG) and maltoside detergents (e.g., DM and DDM); maltoside detergents are generally superior to glucoside agents in stabilizing membrane proteins. Despite the importance of the detergent hydrophilic group in membrane protein stabilization, to date little effort has been made to develop detergents with novel hydrophilic groups. One novel agent, chobimalt, contains an interesting head group, a linear tetra-saccharide, but this agent was shown to be effective for membrane protein stability only in the presence of a conventional detergent.55 In contrast, the new carbohydrate-based head group introduced in the current study (i.e., the branched penta-saccharide) has a highly branched architecture, distinct from those of both chobimalt and conventional detergents. This head group was stereo-specifically built by directly attaching four glucose units onto a central glucose core, making the hydrophilic group highly dense. In general, such highly dense carbohydrates are extremely difficult to prepare, but the penta-saccharide head group of PSAs and PSEs could be prepared in four steps with an overall yield of ~60%. This straightforward preparation of the head group makes large scale manufacture feasible. Of the new agents, PSE-C11 consistently conferred significantly increased stability to all the four tested membrane proteins, including the challenging eukaryotic membrane proteins such as BOR1 and 2AR, relative to the best conventional detergent, DDM.55 This result confirms that the detergent hydrophilic group is important for membrane protein stabilization. The new branched penta-saccharide hydrophilic group introduced here should find use in future novel amphiphile design.
The new agents have a branched alkyl chain with a variable length. Because of high hydrophilicity of the branched penta-saccharide head group, a large hydrophobic group is required in order to attain an optimal hydrophile-lipophile balance (HLB).16 Use of a linear alkyl chain instead of a branched one would generate a detergent with a very long alkyl chain. Linear alkyl chains of more than C20 were estimated to be required to balance the bulky penta-saccharide head group. However, detergents with long and linear alkyl chains are unsuitable for membrane protein manipulation and study because those agents would produce ineffectively large PDCs. Large PDCs are not suitable for membrane protein crystallization.10,12 Furthermore, the starting materials (alcohol/halide derivatives) for preparation of this type of detergents are either commercially unavailable or very expensive. In contrast, the PSAs and PSEs bearing a branched alkyl chain formed small PDCs with 2AR highly suitable for crystallization trials, indicating the merit of this lipophilic group. Branched alkyl groups also play a favorable role in membrane protein solubilization, as evidenced in the study of the TPAs.15 In this study, the new agents efficiently solubilized BOR1-GFP fusion protein and MelBst as well as 2AR. 
The current study suggests that PSE-C11 is excellent for stabilizing and visualizing membrane protein complexes as exemplified by the T4L-2AR-Gs complex. As most membrane proteins exert their biological roles in the form of assemblies with other proteins, the structural and functional studies of membrane protein complexes are of tremendous importance, but are extremely challenging.58 The difficulty is mainly associated with preservation of their quaternary structures; few detergents are known to be suitable for long-term stabilization of eukaryotic protein complexes. MNG-3 is suitable for complex stabilization, but this agent forms large PDCs. In contrast, PSE-C11 tends to form small PDCs but is also suitable for structural study of membrane protein complexes. Furthermore, the new detergent appeared to be superior to MNG-3 in maintaining the native structures of membrane proteins. For instance, LeuT solubilized in MNG-3 loses ~40% of its activity over the course of a 12-day incubation while PSE-C11 fully preserved transporter activity over the same period at the detergent concentration of CMC+ 0.2 wt%.27 As a single detergent is unlikely to be a magic bullet for all membrane proteins with their diverse structures and properties, the development of a range of novel detergents with distinct architecture from conventional detergents and other novel agents are essential to advance membrane protein research. 
Desirable detergent properties such as solubilization efficiency, stability and small PDCs are often not compatible with each other within a single molecule. For instance, LDAO with high membrane protein solubilization efficiency is more destabilizing than DDM, but DDM is less efficient than LDAO in membrane protein extraction.10 In terms of PDC size, DDM tends to form large PDCs, which is the reason why a target protein prepared in this detergent often produces poorly diffracting crystals. In contrast, LDAO tends to form small PDCs, thus favoring membrane protein crystallization as long as the target proteins are robust enough to tolerate being in this detergent.10,12 In this study, we identified PSE-C11 (and PSE-C13) that show remarkable membrane protein solubilization and stabilization efficacy, and produce PDCs smaller than DDM for multiple membrane proteins. Moreover, this study demonstrated that PSE-C11 is suited for structural studies of membrane proteins (and their complexes) via EM analysis. Thus, these agents have significant potential as tools for membrane protein studies. Additionally, the design principles introduced here such as the roles of detergent head and tail groups should facilitate the future development of novel amphiphiles.
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