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[bookmark: _Hlk535460243]Abstract: We prepared a novel amphiphile with a penta-phenylene lipophilic group and a branched trimaltoside head group. This new agent, designated penta-phenylene maltoside (PPM), showed a high tendency to self-assembly into micelles via strong aromatic-aromatic interactions in aqueous media, as evidenced by 1H NMR and fluorescence studies. When applied for membrane protein studies, this new agent was superior to DDM, a gold standard conventional detergent, in stabilizing multiple proteins for a long term. The ability of this agent to form aromatic-aromatic interactions is likely responsible for enhanced protein stabilization when associated with a target membrane protein.
[bookmark: _Hlk535460425]Self-assembly, a general phenomenon in nature, plays a pivotal role in various biological functions.[1] Inspired by the abundance of self-assembly processes in biological systems, considerable efforts have been devoted to the design and synthesis of self-assembly-based nanostructures for a wide range of applications in chemistry, biology, and material sciences.[2] Amphipathic agents are known to self-assemble into nano-sized aggregates, for example micelles, liposomes, nanotubes, when above a critical concentration in an aqueous environment. Of these nanostructures, micelles are particularly interesting as they are widely used in biochemical studies for solubilization and stabilization of integral membrane proteins as well as providing a medium for crystallisation and ultimately structure determination.[3] These micellar assemblies typically have a spherical or elliptical shape and are traditionally depicted as having a core of loosely packed hydrophobic tails surrounded by hydrophilic head groups.[4] For structural studies of membrane proteins, conventional detergents (e.g., n-dodecyl--D-maltoside (DDM) and n-octyl--D-glucoside (OG)) are widely used.[5] Over the last three decades, several alternative micellar systems comprising small synthetic amphiphiles have demonstrated significant utility for membrane protein study. Representatives include tripod amphiphiles (TPAs),[6] fluorinated surfactants (FSs),[7] facial amphiphiles (FAs),[8] glyco-diosgenin (GDN),[9] neopentyl glycol (NG) amphiphiles (GNGs and MNGs),[10] penta-saccharide-bearing amphiphiles (PSEs) and norbornane-based maltosides (NBMs).[11] Large molecules/assemblies have also been invented for the same purpose, as exemplified by lipopeptide detergents (LPDs),[12] amphipol (APols) and nanodics (NDs).[13] Most of these amphiphiles (both the small  synthetic amphiphiles and large molecules/assemblies) contain linear and flexible alkyl chains as the hydrophobic groups and thus hydrophobic interaction between these alkyl chains is likely to be the main driving force for spontaneous formation of aggregates in water. We hypothesised that an amphiphile with an extended aromatic scaffold, would form stable assemblies due to the formation of additional aromatic-aromatic associations. To date, there has been no report describing amphiphile micelles stabilized by strong aromatic-aromatic interactions for application to membrane proteins. This study introduces a new aromatic ring-bearing amphiphile that proved useful for stabilizing multiple membrane proteins. The new amphiphilic molecule consists of penta-phenylene unit as a hydrophobic part and a branched trimaltoside as a hydrophilic group, designated penta-phenylene maltoside (PPM; Figure 1). The current study showed that PPM self-assembled into a micellar architecture via strong aromatic-aromatic interactions in aqueous solution, which directly correlated to enhanced membrane protein stability conferred by this amphiphile. 
For membrane protein study, a highly conjugated aromatic group (e.g., penta-phenylene) is rarely used as the amphiphile hydrophobic group. Detergents with a single aromatic ring (e.g., benzene) were have been reported previously, as exemplified by styrene-maleic acid (SMA) copolymers,[14] TPAs[6] and trans-4-(4’-propylphenyl)cyclohexyl--D-maltoside (PPC-b-M).[15] However, these amphiphiles have exhibit no conjugation in their aromatic group. Due to the possession ofa rigid conformation and relatively high polarity compared to an alkyl chain, a detergent with a highly conjugated aromatic group would beis likely to be suboptimal forless effective at forming strong interactions with the protein hydrophobic surfaces of proteins. Thus, without a clever design, it would be challenging to develop novel detergents effective at membrane protein stabilization. In addition, the light-absorbing aromatic group could potentially interfere with optical spectroscopic measurements. On the other handHowever it also needs to be considered that, aromatic group-bearing detergents can be synthetically more accessible than the non-aromatic analogues because of high reactivity and selectivity. In addition, the availability of diverse reactions for structural modifications of an aromatic group can allow us to introduceintroduce a wide variety of a large variation into detergent structures, thereby facilitating the optimization process of of detergent propertiesy. More importantly, aAs aromatic-aromatic interactions is are additive to micellar stability, more importantly, we can develop highly stable micelles for membrane protein study by utilizing an aromatic scaffold. 
A six-step synthetic protocol including Suzuki coupling and glycosylation produced PPM with an overall good yield (~50%). The structure of the PPM was characterized by NMR and ESI-MS analyses (Figure S1 & S2 ESI†). Exclusive -stereochemistry in the newly formed glycosidic bonds was confirmed by the 1H NMR spectrum of PPM where a peak corresponding to the -anomeric proton appeared at 4.30 ppm as a doublet with a vicinal coupling constant of J = 8.0 Hz (Figure S1). The 2D NMR spectrum (1H-1H NOSEY) was also consistent with the chemical structure of the penta-phenylene group in this agent (Figure S2). Good water-solubility is important for biological applications of a detergent. Stirring PPM (1.0 mmol) in D2O (1.0 mL) at 60 °C for 1 min resulted in a clear solution.

 
Scheme 1 Synthetic scheme of PPM. Methyl ester-functionalized penta-phenylene derivative (A) was prepared from 1,3-dibromophenol using a boronic acid-based Suzuki coupling reaction. The resulting compound was further modified by reduction and pentaerythritol conjugation to give mono-ol and tri-ol compounds (B and C), respectively. The triol-functionalized aromatic compound (C) was used for -selective glycosylation and global deprotection, providing penta-phenylene maltoside (PPM). 
	Table 1. Molecular weights (MWs), critical micelle concentrations (CMCs) of PPM and DDM, and hydrodynamic diameters (Dh) (mean ± S.D., n = 5) of their micelles in water.

	Detergent
	MW [a]
	CMC (µM) 
	CMC (wt%) 
	Dh (nm) [b] 

	PPM
	1533.5
	~8 (~6) [c]
	~0.0012 (~0.009) [c]
	6.2±0.1

	DDM
	510.6
	~170
	~0.0087
	6.8±0.1

	[a] Molecular weight of detergents. [b] Hydrodynamic diameter of micelles determined at 1.0 wt % by dynamic light scattering. [c] CMC obtained from using fluorescence intensity ratio (I375/I363) of the penta-phenylene unit.


[bookmark: _Hlk4057783][bookmark: OLE_LINK1]Aggregation behaviour of PPM was assessed in terms of critical micelle concentration (CMC) and the hydrodynamic diameter (Dh) of the micelles. The summarized results of PPM along with a conventional detergent (DDM) are presented in Table 1. The CMC of this agent (~8 µM), estimated using a hydrophobic fluorophore (i.e., diphenylhexatriene (DPH)).[16] To exclude the potential effect of DPH on detergent CMC determination, we also used fluorescence intensity ratio (I375/I363) of the penta-phenylene unit) as forfor measure of the  CMC measurement of PPM. This probe-free method gave ~6 µM as a CMC of PPM (Figure S3), comparable to that obtained from DPH use. Thus, the CMC of PPM (~6 or 8 µM) was much smaller than that of DDM (170 µM). The standard Gibbs free energies (∆G°) corresponding to the transfer of DDM and PPM (~8 µM) from a water to a micellar phase were -31.5 and -39.1 kJ/mol, respectively. This water-to-micellar free energy of PPM was significantly smaller than triton X-100, an aromatic group-bearing conventional detergent (-39.1 vs -30.6 kJ/mol), indicating a strong tendency to self-assembliesassembly.[17] The size of aggregates (Dh) formed by PPM, measured by dynamic light scattering (DLS) experiments at 25 °C, was approximately 6.2 nm (Figure S4a,b), indicating that this agent forms small micelles like DDM (6.8 nm). The micelle sizes of both PPM and DDM were similar over a detergent concentration range of 0.3 to 2.0 wt% (Figure S4c). When micelle size was measured with increasing temperature, size variation was less for PPM than DDM, indicating enhanced thermal stability of the PPM micelles. Over the course of the temperature increase from 15 °C to 65 °C, PPM micelles only decreased in micelle size by ~10% while DDM micelles decreased by ~21% (Figure S4d).
[bookmark: _Hlk521923392]The 1H NMR spectrum of PPM in CD3OD at room temperature showed the well-dispersed aromatic signals (Ha-g) in the range of  = 7.82-7.27 ppm (Figure 1a,c). When D2O instead of CD3OD was used as an NMR solvent, serious broadenings and collapses of all NMR peaks were observed, further indicating aggregate formation of this agent in water (Figure S5). The peak resolutions were significantly improved when the sample temperature was increased from room temperature to 50 °C, probably due to the increased rotational speed of the aggregates (Figure S5). Despite this improvement in peak resolution, the aromatic peaks collapsed into two broad peaks centred at 6.81 and 6.97 ppm, respectively, at a high temperature of 60 °C. However, it was evident that these aromatic signals significantly shifted upfield when the NMR solvent was changed from CD3OD to D2O (Figure 1a,b). This contrasted with a relatively a small downfield shift of the -anomeric proton peak (∆ = +0.14 ppm) or no noticeable change in the chemical shifts of the other aliphatic peaks. The large upfield shifts of the aromatic signals observed here can be categorized into two proton groups with ∆   = -0.46 ~ -0.74 (Ha, Hb, Hf, and Hg,) and -0.74 ~ -0.85 ppm (Hc, Hd, and He), respectively (Table S1). This is likely due to efficient aromatic shielding, indicating the presence of strong intermolecular aromatic-aromatic interactions.[18] DDM micelles showed minor peak shifts for alkyl chain protons under the same conditions (Figure S6), indicating that the large peak shifts observed for the aromatic protons of PPM are likely caused neither by a change in solvent polarity nor by an environmental change from a hydrophilic (solvent) to hydrophobic medium (micelle interior). When the NMR spectrum of this agent was measured with increasing D2O content (0, 50, 80, 100%), a main upfield shift of the aromatic peaks occurred with water concentration variation from 50% to 80% (Figure S7), suggesting that there is a critical water concentration in this solvent system necessary for aromatic-aromatic interactions between PPM molecules. Based on these self-assembly behaviours, PPM would form small micelles with the strong aromatic-aromatic interactions of the penta-phenylene units in the interior, along with the hydrophobic interactions applicable to all hydrophobic groups. Of note, the presence of an aromatic ring in the lipophilic region does not necessarily mean the formation of aromatic-aromatic interactions between detergent hydrophobic groups. In order to support this statement, we carried out the an NMR study with TPA-6 with awhich contains a phenyl ring in the lipophilic region.[19] Little Few aromatic-aromatic interactions between the aromatic rings was were observed for this aromatic ring-bearing amphiphile (Figure S8). Other amphiphiles such as SMA copolymers and PPC-b-M have a phenyl ring as a hydrophobic group and for these molecules, there is no evidence for formation of such strong aromatic interactions. This suggests that the presence of a rigid and/or highly conjugated aromatic ring with a large surface area is essential for strong aromatic-aromatic interactions in the micellar environment. 

 
Figure 1. (a) 1H NMR spectrum (400 MHz, room temperature, 1.0 mM) of a solution of PPM in CD3OD. (b) 1H NMR spectrum (400 MHz, 1.0 mM) of a solution of PPM in D2O at 60 °C. Tetramethylsilane (TMS) was used as an internal standard. (c) Chemical structure of PPM showing proton assignment in the aromatic region. (d) Emission spectra change of aqueous solutions of PPM (10 mM) and PPM combined with one equivalent pyranine dye (Py; 10 mM) at an excitation wavelength of 300 nm.
The aromatic-aromatic interaction was further supported by intercalation of a hydrophobic aromatic dye (pyranine) into the penta-phenylene groups in PPM micelles. The aromatic dye intercalation limits the aromatic interactions among PPM molecules and results in a loosening of the penta-phenylene packing within the micelle interior (Figure 1d). Upon excitation at 300 nm, the solution containing PPM at 10 µM showed an intense emission at 365 nm. The intensity of emission was significantly reduced following pyranine dye addition (10 µM), along with the appearance of a large peak at 510 nm. This new peak corresponds to pyranine emission. Because of intercalation of the dye molecules into the penta-phenylene packing, these two aromatic units (pyranine and penta-phenylene) come in close proximity, leading to efficient Förster resonance energy transfer (FRET) from the penta-phenylene unit to pyranine.[20] With increasing dye concentration from 1 to 10 µM, the peak  at 365 or 510 nm showed a steady decrease or increase in the intensity, indicating that the intercalation of the dye into the penta-phenylene packing occurs gradually rather than critically (Figure S9).
[image: ] 
Figure 2. Stability of LHI-RC complex (a), LeuT (b) and 2AR (c,d) solubilized in PPM or DDM. LHI-RC stability was assessed by monitoring the absorbance of the complexes at 875 nm (A875) at regular intervals during a 20-day incubation. LeuT stability was assessed by measuring the ability of the transporter to bind the radio-labeled substrate (3[H]-leucine (Leu)) at regular intervals during a 12-day incubation at room temperature via scintillation proximity assay (SPA). 2AR stability was assessed by measuring the receptor ability to bind the radio-labelled antagonist ([3H]-dihydroalprenolol (DHA)) during a 6-day incubation at room temperature (c) or by measuring the melting temperature (Tm) of the receptor using CPM assay (d). The detergents were tested at CMC+0.05 wt% for LHI-RC, CMC+0.04 wt% for LeuT, 0.2 wt%  (ligand binding assay; c) or 0.1 wt% (CPM assay; d) for 2AR. As for the LHI-RC complex study, the incubation temperature was increased to 35 °C after the first 10-day incubation at room temperature. Error bars: SEM, n = 2 (LHI-RC); n = 2-3 (LeuT); n = 3 (2AR).
While PPM is of great interest in terms of its self-assembly architecture/behaviour, it also has potential for use in manipulation of membrane proteins. Accordingly, we evaluated this agent with a few membrane proteins. PPM was first tested with Rhodobacter (R.) capsulatus super-assembly, comprising light harvesting complex I and the reaction centre complex (LHI-RC).[21] Long-term protein stability was assessed by monitoring complex integrity via absorbance value at 875 nm (A875) over time. Due to the presence of multiple cofactors (e.g., chlorophylls and carotenoids), the intact LHI-RC complex gives rise to an intense absorption peak at this wavelength. DDM-purified LHI-RC complex was diluted into buffer solutions containing PPM or DDM to give final concentrations of CMCs+0.05 wt%. To investigate the effect of temperature on protein stability, the protein samples were incubated at 25 °C for the first 10 days and then at 35 °C for the next 10 days. The DDM-solubilized LHI-RC showed a gradual loss in its integrity over the incubation at 25 °C. The integrity loss accelerated with the elevated temperature of 35 °C, ending with an only ~5 % intact protein at day 20 (Figure 2a). In contrast, PPM was fully effective at maintaining complex integrity at 25 °C. Integrity of the complex was also maintained reasonably well even at the elevated temperature (35 °C), with ~75% protein integrity retained at the end of the test period (Figure 2a). This result clearly demonstrates that PPM is superior to DDM in stabilizing a complex known to be sensitive to denaturation.[22]
Enhanced efficacy for protein stabilization was also found when PPM was evaluated with the bacterial leucine transporter (LeuT) from Aquifex aeolicus.[23] Protein stability was assessed by monitoring the substrate binding ability of the transporter using a radiolabelled substrate ([3H]-Leucine (Leu)) via scintillation proximity assay (SPA).[24] LeuT solubilized in PPM or DDM was prepared from DDM-purified LeuT via a dilution method. The final detergent concentration was CMC+0.04 wt%. LeuT stability was measured at regular intervals during a 12-day incubation at room temperature. Following detergent dilution, PPM yielded initial activity comparable to that of DDM, and this initial activity was fully preserved through to day 9, while DDM exhibited a small increase (day 1) before a gradual loss of activity (Figure 2b), indicating that the new agent was better than DDM at long-term stabilisation of LeuT. Both detergents displayed a limited decline from day 9 to 12. 
The long-term protein-stabilizing efficacy of PPM was further evaluated with a G protein-coupled receptor (GPCR), the human 2 adrenergic receptor (2AR).[25] DDM-purified receptor was diluted into each detergent-containing buffer to give final detergent concentration of CMC+0.2 wt%. Protein stability was assessed by measuring receptor ability to bind the radio-labelled antagonist ([3H]-dihydroalprenolol (DHA))[26] at regular intervals during a 6-day incubation at room temperature. The DDM-solubilized receptor rapidly lost activity over time, resulting in less than 10% retention of the initial activity at day 2 (Figure 2c). In contrast, PPM was substantially more effective than DDM at retaining receptor activity long term, along with high initial receptor activity. To further support this result, we utilized an alternative methodology widely used for portein stability assessment, N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl] maleimide (CPM) assay.[27] This assay gives the melting temperature (Tm) of a target protein purified in detergent micelles. For this experiment, detergent exchange was first carried out using an affinity chromatography column to exclude the effect of residual DDM on receptor stability. As consistent with the result of ligand binding assay, the PPM-purified receptor gave a Tm of 11.0 °C higher than the receptor in DDM (54.7 vs 43.7 °C) (Figure 2d), revealing that PPM is clearly superior to DDM for receptor stability. This results also indicates that PPM could be useful for protein stability in the absence of the conventional detergent. Of note, as mixed detergent micelles are often used for membrane protein structural study, PPM-DDM mixed micelles used here for detergent efficacy evaluation should not be problematic. The use of a single detergent often gives protein degradation, particularly when working with challenging membrane proteins. Collectively, our results showed that PPM was effective at stabilizing the receptor in both the presence and absence of DDM. 
Amphiphile efficiency for protein extraction was evaluated with the melibiose permease of Salmonella typhimurium (MelBSt).[28] Escherichia coli membranes expressing MelBSt at 10 mg/mL were treated with DDM or PPM at 1.5 wt%, incubated at three different temperatures (0, 45, and 55 °C; pH 7.4) for 90 min. The high temperatures were employed for protein extraction to investigate thermostability of detergent-extracted MelBSt. Thus, the amount of soluble MelBSt at the low temperature (0 °C) gives information of detergent efficiency for protein extraction, while MelBSt result obtained for the use of a high temperature (45 or 55 °C) provides information of detergent efficacy for protein thermo-stabilization. The amount of MelBSt extracted by PPM or DDM was estimated by SDS-PAGE and Western blot analysis. At 0 °C, PPM extracted MelBSt at much lower efficiency than DDM (Figure S10), indicating the limitation of this agent in protein extraction. When incubation temperature was increased to 45 °C, PPM efficiency was substantially enhanced (60%), but still inferior to DDM. With a further increase to 55°C, however, a reverse trend was observed; DDM yielded only ~10% soluble transporter while the new agent yielded ~30% soluble protein, suggesting that this agent is more effective than DDM in maintaining the extracted transporter in a soluble state.  In order to investigate the effect of solution pH and detergent concentration on protein solubilization efficiency, the same experiment was carried out with solution pH of 8.2 and/or detergent concentration of 3.0 wt%. With the increase of PPM concentration (3.0 wt%) and/or the solution pH (8.2), we detected an increased amount of soluble MelBSt at both 45 °C (~80%) and 55°C (~40%), whereas DDM gave little change under the varied conditions. Taken together, this result suggests that PPM is clearly less efficient than DDM at extracting MelBSt but is a little more effective at maintaining the extracted transporter in a soluble state.
[bookmark: _GoBack]In summary, we have prepared penta-phenylene-bearing amphiphile (PPM) with a strong tendency to self-assemble into micelles in aqueous solution. Thanks to the incorporation of strong aromatic-aromatic interactions in amphiphile micelles, the current aromatic group-bearing amphiphile (PPM) with an extended conjugation system formed micelles with enhanced stability compared to DDM only utilizing relatively weak hydrophobic interactions. The presence of the two rigid branches at both sides of the central benzene ring is likely responsible for its strong aromatic-aromatic interactions. Enhanced micellar stability of PPM was supported by the very low CMC compared to that of DDM (~ 8 vs 170 µM) and little variation in micelle size with increasing temperature. The effective aromatic-aromatic interactions between the penta-phenylene groups of PPM were demonstrated by the large upfield shifts of the aromatic peaks in the solvent-varied 1H NMR study and by efficient energy transfer from the penta-phenylene unit to the aromatic dye in the fluorescence study. Introducing such a rigid and conjugated scaffold into a self-assembly system has been reported to enhance aggregate stability,[29] but with no associated application for protein research. As expected from the presence of the rigid and polar hydrophobic group (i.e., penta-phenylene), PPM showed the rather limited solubilisation efficiency for MelBSt. However, PPM conferred enhanced stability to the multiple membrane proteins (LHI-RC, LeuT, 2AR, and MelBSt) compared to DDM, a gold standard conventional detergent. It is challenging to develop a novel detergent compatible with several membrane proteins as individual membrane proteins have different characteristics. This study indicates that PPM is markedly effective at stabilizing denaturation-sensitive membrane protein complexes (e.g., LHI-RC) as well as transporters (e.g., LeuT and MelB) and GPCRs (e.g., 2AR). The remarkable effect of PPM on long-term protein stability implies the importance of aromatic-aromatic interactions in stabilizing micelles surrounding a target membrane protein and thus achieving enhanced protein stability. Thus, the current study not only introduces a new detergent tool effective for membrane protein study, but also provided a novel design concept, related to aromatic hydrophobic interactions, that will help rational design of novel amphiphiles in the future. 
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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