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Design, synthesis, and evaluation of vitamin E-based glycoside amphiphiles for membrane protein structural studies
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We designed and characterized a novel class of amphiphiles with vitamin E as the hydrophobic tail group and saccharide units as the hydrophilic head group, designated vitamin E-based glycosides (VEGs). VEG representatives not only conferred markedly enhanced stability to a diverse range of membrane proteins compared to conventional detergents, but VEG-3 also showed notable efficacy toward stabilization and visualization of a membrane protein complex.
Membrane proteins are strongly associated with human diseases, illustrated by the fact that more than half of pharmaceuticals target these proteins. Thus, there is a tremendous interest in obtaining detailed structures of these proteins in order to decipher the molecular basis of disease and as a basis for rational drug design.1   The most widely used agents for both membrane protein extraction from the lipid bilayer and purification are detergents. However, many membrane proteins surrounded by conventional detergents tend to undergo structural and functional degradation over time, hampering advances in membrane protein structural study.2 A number of efforts have been devoted to develop novel agents with unique architecture over the last two decades. Representatives include small amphiphilic molecules such as tripod amphiphiles (TPAs)3-5, facial amphiphiles (FAs ),6,7 glyco-diosgenin (GDN)8 and neopentyl glycol (NG) amphiphiles (neopentyl glycol-derived triglucosides (NDTs), glucose and maltose neopentyl glycols (GNGs and MNGs, respectively)),9-11 mannitol-based amphiphiles (MNAs)12, and penta-saccharide-based amphiphiles (PSEs).13  Oligomeric/polymeric materials such as amphipols,14 lipopeptide detergents (LPDs),15 and β-peptide (BPs)16 were developed as membrane-mimetic systems. Some novel systems contain a patch of lipid bilayer stabilized by surrounding amphipathic agents, as exemplified by bicelles17 and nanodiscs (NDs).18 These large molecules/assemblies proved to be useful in membrane protein study via nuclear magnetic resonance (NMR) spectroscopy and electron microscopy (EM).19 However, these novel materials are not suitable for extracting membrane proteins from the native membranes and most of them are suboptimal for high quality protein crystal growth.20 In this study, we designed and synthesized a novel class of amphiphiles with vitamin E (i.e., α-tocopherol) and a branched carbohydrate as the hydrophobic and hydrophilic groups, respectively. These molecules, designated vitamin E-based glycosides (VEGs; Scheme 1), conferred enhanced stability to the membrane proteins tested compared to n-dodecyl--D-maltoside (DDM), a gold standard conventional detergent. Moreover, the value of VEG-3 in membrane protein study was further supported by its marked ability to stabilize a GPCR-Gs complex, allowing clear visualization of the complex via negative stain EM. 

	
Scheme 1 Chemical structures of vitamin E-based glycoside amphiphiles (VEG-1, VEG-2, VEG-3, VEG-4 and VEG-5). Vitamin E (i.e., α-tocopherol), a naturally available chemical, was connected to a branched carbohydrate-based head group; VEG-1 and VEG-2 contain a branched triglucoside while VEG-3 and VEG-4 bear a branched dimaltoside. A penta-saccharide head group was utilized as the head group of VEG-5. The head and tail groups were connected directly or via a linker.
[bookmark: OLE_LINK1]The VEGs have a vitamin E-based hydrophobic group comprising a saturated farnesyl chain and a fused ring of benzene and pyran (Scheme 1). The hydrophobic group used here is different from those of conventional detergents typically containing a single alkyl chain with neither branch point nor ring structure. This vitamin E-based hydrophobic group also differs from those of recently developed novel agents with multiple alkyl chains (e.g., TPAs and mesitylene-cored glucoside amphiphiles (MGAs))4,21 or a multi-fused ring (e.g., facial amphiphiles (FAs) and GDN).6-8 To find a vitamin E-based detergent with an optimal hydrophile-lipophile balance (HLB),22 three types of branched glycosides were introduced as the head groups; a branched triglucoside group was used for the preparation of VEG-1/2 while a branched dimaltoside group was utilized for the preparation of VEG-3/4. For VEG-5 preparation, a recently developed penta-saccharide head group was used to investigate whether this bulky head group is compatible with the vitamin E tail group.13 These head groups were attached to the phenolic alcohol of vitamin E either directly (VEG-1/5) or via a short linker such as ethylene glycol (VEG-2), serinol-based diol (VEG-3), or malonate-derived diol (VEG-4). 
		All VEGs were prepared via straightforward chemical reactions and in high overall yields (Scheme S1, ESI†). The β-stereochemistry for the newly formed glycosidic bonds was confirmed by chemical shifts (δ = 4.2 ~ 5.0 ppm) and coupling constants (3J = 8.0 Hz) between the anomeric (C1) and neighboring C2 protons. Aggregation behaviours of the VEGs were physically characterized in terms of critical micelle concentrations (CMC) and the hydrodynamic radii (Rh) of their micelles. Detergent CMCs were estimated using a hydrophobic fluorophore (i.e., diphenylhexatriene (DPH))23 while the hydrodynamic radii (Rh) were measured via dynamic light scattering (DLS) experiment. The summarized results of the VEGs along with a conventional detergent (DDM) are presented in Table S1. The CMCs of the VEGs obtained here were in a narrow range (2 to 3 µM) and significantly smaller than that of DDM (170 µM), indicative of a strong tendency to self-assemble. The sizes of micelles formed by the VEGs substantially varied depending on the head group architecture; VEG-1/2 with the branched triglucoside group produced micelles (4.2 and 4.7 nm, respectively) smaller than VEG-3/4 with the branched dimaltoside group (4.8 and 5.1 nm, respectively). On the other hand, VEG-5 with the penta-saccharide head group gave the smallest micelles size (3.9 nm). Overall, the micelles formed by the VEGs were larger than those formed by DDM (3.4 nm). Detergent micelles were further investigated by analyzing the micelle population in terms of size distribution. This analysis showed that the individual VEGs form micelles with a single set of populations (Fig. S2, ESI†).
	The VEGs were first evaluated using the Rhodobacter (R.) capsulatus super-assembly, comprising light harvesting complex I and the reaction centre complex (LHI-RC).24 As LHI-RC is known to be particularly sensitive to protein denaturation, stability was conveniently addressed by absorbance at 875 nm (A875), possible because of the presence of multiple cofactors (e.g., chlorophyll and carotenoids) in the whole complex.25 Loss of these cofactors as a result of protein denaturation is detected as a change in A875. For this measurement, the DDM-purified LHI-RC was first diluted into buffer solutions containing individual test detergents to give a final detergent concentration of CMC+0.04 wt%. The samples were then incubated at 25 °C for the first 20 days and then at 32 °C for the next 7 days to investigate the effect of temperature on protein stability. The complex solubilized in n-octyl--D-glucoside (OG) and DDM showed a rapid and gradual loss in its integrity, respectively, over a few days of incubation (Fig. 1a). Increasing incubation temperature to 32 °C or increasing detergent concentration to CMC+0.2 wt% accelerated the degradation of the complex solubilized in these conventional detergents (DDM and OG) (Fig. 1). All the VEGs were superior to DDM at preserving the complex integrity, with the best performance detected for VEG-3. When detergent concentration was increased to CMC+0.2 wt%, detergent efficacy difference between DDM and the VEGs was further increased under the conditions.	Comment by Byrne, Bernadette: Edited all of this before switching on track changes-sorry
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Fig. 1. Long-term stability of LHI-RC solubilized in a VEG (VEG-1/2/3/4/5)), OG or DDM. Each agent was evaluated at two detergent concentrations: (a) CMC+0.04 and (b) CMC+0.2 wt%. Protein stability was monitored by measuring absorbance at 875 nm (A875) over the course of a 27-day incubation. The samples were incubated at 25 °C for the first 20-days and the temperature was increased to 32 °C and maintained at this temperature for the next 7 days, as indicated by the vertical dotted lines. The results are expressed as percentages of an absorbance value measured at the 0-day time point. Error bars, SEM, n = 2. 
	Next, the new agents were evaluated with a eukaryotic protein transporter, the uric acid-xanthine/H+ symporter from Aspergillus nidulans, UapA.26 Eukaryotic transporters are known to be generally much less stable than their prokaryotic counterparts making it more challenging to identify stabilizing conditions. Based on preliminary result obtained from a N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide (CPM) assay (Fig. S3a),27 VEG-3 and VEG-5 were selected for further investigation using fluorescent size exclusion chromatography (FSEC).28 For this experiment, the transporter was first extracted from the membrane using 1.0 wt% individual detergents. Thus, this protocol allowed us to evaluate detergent efficacy in the absence of residual DDM. In the case of the CPM assay above, the residual DDM concentration is estimated to be 0.03 wt%. VEG-3 and VEG-5 extracted the transporter in ~50% and ~60% yields, respectively, inferior to DDM (90%) and LMNG (85%). These yields were supported by the FSEC profiles of the transporters extracted by the individual detergents (Fig. S3b, ESI†). The thermal stability of the transporter was investigated through FSEC after heat treatment at 45 °C for 10 min. Following the thermal treatment, DDM or LMNG-solubilized UapA produced a monodispersed peak, but with significantly reduced intensity (Fig. S3c, ESI†). In contrast, VEG-3 or VEG-5-solubilized UapA produced a monodispersed peak much higher than the DDM-solubilized transporter despite the fact that these novel agents were less efficient than DDM at extracting the transporter (50% for VEG-3 and 60% for VEG-5 vs. 90% for DDM). These combined results indicate that the novel agents are superior to DDM in maintaining the integrity of the transporter. 
	Next, we turned to the melibiose permease of Salmonella typhimurium (MelBSt).29 E. coli membrane samples containing MelBSt were incubated with a solubilisation buffer containing 1.5 wt% DDM or individual VEGs at two different temperatures (0 and 23 °C) for 90 min. Each sample was analysed by SDS-PAGE and subsequent immunoblotting. DDM quantitatively yielded soluble MelBSt at both 0 and 23 °C and all the VEGs yielded reduced amounts of soluble transporter (~80%) (Fig. S4a), indicating that the new agents are less efficient at extracting MelBSt from the membrane. To address the ability of the VEGs to maintain protein stability, the transporter extracted at 23 °C by individual detergents was further incubated at three different temperatures (45, 55 and 65 °C) for an additional 90 min and the resulting samples were analyzed by the same protocol described above (Fig. 4b). As can be seen in Fig. 2, a large variation in detergent efficacy was observed with increasing incubation temperature. When solubilized in DDM, the amount of the soluble transporter decreased rapidly with increasing incubation temperatures of 55 and 65 °C. In contrast, all VEGs were significantly more effective than DDM at preserving the solubility of MelBSt. When the incubation temperature was further increased to 65 °C, VEG-1 and VEG-2 failed to retain all proteins in the soluble state, similar to those observed for most novel agents including LMNG and NBMs with this protein.25,30 Remarkably, VEG-3 and VEG-4 almost completely retained the water-solubility of the transporter even at this high temperature. The amounts of soluble MelBSt in VEG-4 appeared to increase with increasing temperature. This is likely to be because VEG4 has limited water-solubility at this relatively low temperature. This water-solubility issue of VEG-4 is less evident at elevated incubation temperatures of 55 or 65 °C.  
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Fig. 2. Histogram representing MelBSt thermostability with DDM or a VEG (VEG-1/2/3/4/5). The transporter extracted at 23 °C was further incubated at three different temperatures (45, 55 and 65 °C) for another 90 min. These heat-treated samples were also analyzed by SDS-PAGE and Western blotting following ultracentrifugation. The amounts of the soluble transporter estimated from Western blot were expressed as percentages of total MelBSt obtained for individual protein samples thermally treated at 45 °C for 90 min. Error bars, SEM, n = 3. 
		We next turn to a G protein-coupled receptor (GPCR), the human β2 adrenergic receptor (β2AR), as GPCRs are main targets for drug discovery.31 DDM-purified receptor was diluted into each detergent-containing buffer solution to give a final detergent concentration of 0.2 wt%. Receptor stability was assessed by measuring protein ability to bind the radio-labelled antagonist ([3H]-dihydroalprenolol (DHA)).32 Based on a preliminary result of initial receptor ability to bind the radio-labelled antagonist ([3H]-dihydroalprenolol (DHA)) (Fig. S5), four VEGs (VEG-1/2/3/5) were selected for further evaluation of long-term receptor stability. The DDM-solubilized receptor showed high initial ability to bind the ligand, but this decreased rapidly over time (Fig. S6a). Similar behavior was observed for VEG-1 and VEG-5. In contrast, VEG-2 and VEG-3 were superior to DDM and the other VEGs in retaining receptor stability long term (Fig. S6a). The promising behavior of VEG-3 with the receptor encouraged us to further test this agent for the stability of the receptor in complex with Gs-protein. For this experiment, the β2AR-Gs complex in VEG-3 micelles was obtained by detergent exchange and stability of the resulting complex monitored by assessing the SEC profile of individual aliquots of protein sample over the course of a 15-day incubation at 4 °C. The complex purified in VEG-3 maintained full integrity during the 15-day incubation (Fig. S6b), in contrast to the substantial dissociation into individual β2AR and Gs proteins, previously detected for the DDM-purified complex after a 2-day incubation.33	Comment by Byrne, Bernadette: This seems unnecessary.
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Fig. 3. Single-particle EM image of negative stained 2AR-Gs complex purified in VEG-3 micelles. (a) 2D classification and (b) three representative class averages. The complex particles were stained using 0.75% uranyl formate. The two Gs subunits were designated by GS and G in (b). 
	VEG-3 was further evaluated for potential utility in cryo-electron microscopy (EM)-based structural analysis of membrane proteins.34 β2AR-Gs complex isolated in VEG-3 micelles produced mostly monodisperse intact complexes, with almost no aggregation detected in negative stain EM (Fig. S7), in contrast to substantial particle aggregation previously observed for the DDM-purified complex.35 Furthermore, the individual domains of the complex (β2AR, Gαs, and Gβγ) were clearly visible by 2D classification and class averaging of the particle projections obtained from a single preparation (Fig. 3a,b). The resolutions of representative class averages were high enough to discernibly visualize the subdomains of the Gα (the Ras and -helical (AH) domains) and the individual Gand G subunits. The overall quality of the class averages obtained here was better than those obtained from recently developed novel detergents (LMNG, X-NBM-C11 and PSE-C11).13,30,36 This result indicates that VEG-3 has significant potential in studying conformational dynamics of membrane protein complexes via cryo-EM analysis. When we moved to the leucine transporter (LeuT) from Aquifex aeolicus37 for evaluation of the VEGs, all VEGs except for VEG-5 were worse than DDM at retaining transporter activity (Fig. S8). 
	Here, we have introduced a new class of amphiphiles, vitamin E-based glycosides, containing vitamin E and the branched carbohydrate as the hydrophobic and head groups, respectively. The presence of three methyl branches along the farnesyl chain and the bicyclic ring with multiple methyl substituents substantially increases the hydrophobic density and molecular rigidity of the VEGs compared to conventional detergents. In addition, the hydrophobic group of the VEGs has a conical shape mainly due to the presence of the bulky bicyclic ring closed to the head group, different from the linear alkyl chains of conventional detergents (e.g. DDM) (Fig. S9). This molecular geometry of the lipophilic group would be favorable for maximizing detergent interactions between the lipophilic groups in detergent micelles (Fig. S9b), thereby enhancing micellar stability and thus protein stability. When these agents were evaluated, VEG-3 was most effective at stabilizing the membrane proteins tested here (LHI-RC, UapA, β2AR, and MelBSt). VEG-4 and VEG-5 also stabilised MelBSt and UapA/LeuT, respectively. It is notable that VEG-3 was significantly better than VEG-4 at stabilizing three membrane proteins (UapA, β2AR and LeuT) despite their similar structures. The enhanced behavior of VEG-3 compared to VEG-4 may be due to the difference in the length of their lipophilic groups. As the malonate-derived alkyl linker used for VEG-4 preparation is sufficiently hydrophobic, this linker should form part of the hydrophobic group. In contrast, the amide group present in the linker region of VEG-3 is sufficiently polar to be part of the hydrophilic group. Thus, the hydrophobic group length of this agent is effectively shorter than that of VEG-4, and more compatible with the hydrophobic width of the membrane proteins. The remarkable effect of VEG-3 on protein stability, particularly with MelBSt and the β2AR-Gs complex, and the clear visualization of the complex via EM analysis compared to DDM, indicate the importance of geometry and length of detergent hydrophobic group in detergent stabilisation efficacy. These detergent design principles, will facilitate rational design of novel amphiphiles in the future. 
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