Asymmetric Unsymmetric triazine-based triglucoside detergents for membrane protein stability
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Abstract
Membrane proteins play a crucial role in a variety of biological processes and are key targets in for pharmaceutical researchdevelopment. Structural studies of membrane proteins provide molecular insights into the mechanisms of these processes and are essential effective for drug discovery. Historically, these studies have relied on solubilization of the target protein using detergents, but conventional detergents often fail to maintain the stability of challenging membrane proteins. To address this issue, there is a need to develop novel detergents with enhanced protein stabilization properties. In this study, we synthesized asymmetric variants of recently reported tris(hydroxymethyl)aminomethane(TRIS)-linker-bearing triazine-based triglucosides (TTGs) by incorporating two different alkyl chains (long and short) into the detergent structure. When tested with model membrane proteins, including a G protein-coupled receptor, TTG-8,12 demonstrated superior efficacy in stabilizing membrane proteins compared to the original TTGs and the gold standard detergent DDM. These results suggest that detergent asymmetricity is an important concept for improving detergent performance and asymmetric detergents such as TTG-8,12 hold significant potential for advancing membrane protein structural studies.

Introduction:
Membrane proteins, naturally embedded in cell membranes, perform a variety of essential cellular functions in both eukaryotic and prokaryotic cells.1,2 Approximately 30% of an organism’s genome encodes membrane proteins. Due to their crucial roles in cell physiology and their involvement in pathogen interactions, around 60% of current pharmaceutical drugs target these biomacromolecules.3,4 Understanding the structures of membrane proteins is key for both rational drug design and for a fundamental understanding of biological processes. However, the number of membrane proteins with known structure constitutes only a small fraction (3-4%) of that of their soluble protein counterparts.5 High-resolution structure determinations of membrane proteins require the isolation and purification of the target proteinsmolecules.6  Detergents such as OG (n-octyl-β-D-glucoside), DM (n-decyl-β-D-maltoside), and DDM (n-dodecyl-β-D-maltoside) are widely used as membrane mimetics in structural studies of membrane proteins.7 These detergents, due to their amphiphilic nature, form micelles that are capable of extracting membrane proteins from the lipid bilayer. Maintaining the stability of protein-detergent complexes (PDCs) is crucial for successful downstream structural characterization.8 Conventional detergents, however, are often insufficient for stabilizing challenging membrane proteins, such as those from eukaryotic cells and multi-subunit complexes. This limitation arises from the dynamic nature of micelles, which differ from the more stable phospholipid bilayers and, can lead to protein denaturation and aggregation over time.9 Thus, there is a pressing need to identify novel amphiphilic agents that offer enhanced stability to both micelles and membrane proteins, facilitating membrane protein structural studies.	Comment by Byrne, Bernadette: Not sure about this phrase-seems slightly vague and not completely accurate. Happy for you to leave it though if you think best.	Comment by Byrne, Bernadette: As mentioned in my edits of the previous manuscript, I feel this now needs a better definition. Almost 15 years after LMNG I think we need to be clear about what we mean when we talk about conventional detergents.
Over the past few decades, several membrane-mimetic systems have been developed, including amphiphilic polymers/peptides,10-13 bicelles,14 and nanodiscs (NDs).15 In the presence of membrane proteins, amphiphilic polymers/peptides like amphipols (Apols) and -peptides (BPs) directly interact with the protein surfaces, while bicelles and NDs form nano-assemblies that include lipid bilayers surrounding membrane proteins. Detergents are used as amphiphilic components for bicelle formation, while NDs are formed and stabilized by various amphiphilic molecules such as styrene-maleic acid copolymer (SMA)),16,17 membrane scaffold protein (MSP), and Saposin A peptide.18 Among these systems, NDs are particularly effective in stabilizing membrane proteins by providing a lipid bilayer environment. While being successfully used for structural studies of membrane proteins, NDs are mostly ineffective at membrane protein extraction and crystallization. As an alternative to address these challenges, novel amphiphiles have been developed, including lauryl maltose neopentyl glycol (LMNGs),19 octyl glucose neopentyl glycols (OGNG),20 and glyco-diosgenin (GDN),21  along with their recent derivatives.22-27 These novel detergents have made significant contributions to membrane protein structure determination, with LMNG and GDN being used in over 450 structural studies of membrane proteins in the past decade.28 These biochemical tools have proven particularly effective for studying biologically and pharmaceutically important bio-macromolecules, such as G protein-coupled receptors (GPCRs) and ATP-binding cassette (ABC) transporters. Small amphiphilic detergents offer advantages over other membrane mimetic systems like NDs and bicelles because they are easier to modify structurally, optimizing their properties for protein stabilization. Moreover, small detergents can be used at every stage of membrane protein study - from extraction and solubilization to purification to and ultimately structural determination. Detergents are also compatible with all three main methods for determining protein structures: nuclear magnetic resonance (NMR) spectroscopy, X-ray crystallography, and single particle cryo-EM, making them ideal for diverse membrane protein research. 
In previous work, we reported a class of novel detergents, tris(hydroxymethyl)methanamine (TRIS)-bearing triazine-based glucoside (TTGs), featuring two identical alkyl chains (referred to as ‘symmetric’ TTGs), effective for membrane protein stability (Figure 1).29 In the current study, we explored asymmetric variants of the TTGs, designated asymmetric TTGs (A-TTGs), by introducing two different alkyl chains in the TTG scaffold. This approach was inspired by the improved ability of asymmetric LMNG variants to stabilize a broad range of membrane proteins compared to LMNG.24 Our evaluation of these new asymmetric TTG variants with several model membrane proteins, including two GPCRs, identified detergents that outperformed the gold standard DDM and the symmetric TTGs in terms of membrane protein stabilization. This study demonstrates that introducing asymmetric hydrophobic groups into detergent structures is an effective strategy for optimizing detergent properties and improving membrane protein study.


Figure 1. Chemical structures of (a,b) previously developed detergents (LMNG and TTG-C10/C11) and (c,d) their asymmetric versions (A-MNGs and A-TTGs). LMNG and A-MNGs have a neopentyl glycol core and branched dimaltoside head group, while TTG-C10/C11 and A-TTGs have a 1,3,5-triazine core and branched triglucoside head group.  The asymmetric variants of TTG-C11 prepared and evaluated in this study areis not included in this figure.
Detergent Design, Synthesis and Physical Characterizations
Introduction of two different alkyl chains into a single detergent core can be synthetically challenging because the functional groups used for introduction of two alkyl chains (e.g., amine, alcohol, acid and halide) often have similar reactivity. As a result, attaching two distinct alkyl groups typically leads to low synthetic yields. Therefore, it is crucial to identify a detergent core structure that can overcome this synthetic challenge, in order to develop practical asymmetric detergents. The concept of detergent asymmetricity, defined as the presence of two different alkyl chains in the detergent structure, was first introduced using the MNG scaffold, where two different chains were incorporated into the neopentyl glycol core.24 In preparation of the asymmetric MNG (A-MNGs), two bases — K2CO3 (a weak base) and NaH (a strong base) —were used to sequentially attach the first and second alkyl chains to the central malonate carbon, yielding  high synthetic efficiency (> 90%) over two steps. In the present study, we employed the 1,3,5-triazine ring as a new detergent core for introducing two different alkyl chains. Due to changes in the electronic structure of the triazine ring after the first alkyl chain attachement, the second alkylation step is more difficult. An aAdditional advantage of using the 1,3,5-triazine ring as a core, is its suitability of for combinatorial library construction, owing to its structural variability and synthetic convenience. This flexibility is crucial for optimizing detergent properties for membrane protein research. In a previous study, TTG-C10 and TTG-C11 having two identical C10 and C11 alkyl chains were found to be the highly effective at stabilizing a range of membrane proteins (Figure 1b).29 Building on this, we selected these two symmetric detergents as starting points to introduce detergent asymmetricity. The asymmetric TTGs (A-TTGs) were designed to be isomeric to the symmetric TTGs, where one alkyl chain length was increased while the other was decreased, maintaining the total carbon count of the alkyl chains. Specifically, we kept the total carbon count at C20 (for TTG-C10 and its asymmetric variants) or C22 (for TTG-C11 and its variants), generating two series of A-TTGs: C20 and C22 alkyl-chained variants. For the C20 series, one alkyl chain length was reduced from C10 to C9, C8, C6, or C4, while the other was extended from C10 to C11, C12, C14, or C16. A similar chain length variation was carried out for the C22 series. The symmetric and asymmetric detergents were named based on the lengths of the short and long alkyl chains, as exemplified by TTG-10,10 for symmetric and TTG-9,11 or TTG-8,12 for asymmetric variants. Notably, the variation in the alkyl chain length is important for maintaining compatibility with the hydrophobic width range (28 to 32 Å) of membrane proteins, required for protein stability.20,30,31 As a result of their isomeric structures to the parent symmetric detergents, the A-TTGs have the same hydrophilic–lipophilic balance (HLB) to TTG-10,10 (11.8) and TTG-11,11 (11.5), allowing us to directly compare detergent efficacy based solely on their structural asymmetry. 
The A-TTGs were synthesized starting from 2,4,6-trichloro-1,3,5-triazine (cyanuric chloride) according to a previously reported synthetic protocol, with a slight modification. Using an alkanethiol (RSH) and diisopropylethylamine (DIPEA) as the nucleophile and the base, respectively, we synthesized the triazine derivatives (A) with two different alkyl chains in high yields (> 90%) (Figure 2a). The two alkyl groups were introduced stepwise into the triazine core by controlling the equivalency of alkanethiol. Three glucoside head groups were introduced into the TRIS-bearing triazine core (B) via glycosylation and deprotection reactions. The 1H NMR spectra of TTG-8,12 and TTG-10,12 exhibited characteristic anomeric proton peaks at 4.33 ppm, with a vicinal coupling constant (3Jaa) of 8.0 Hz (Figures 2b & S1†), consistent with formation of the β-glycosidic bonds. The asymmetric nature of the detergents (i.e., the presence of two different alkyl chains) was confirmed by the presence of two distinct triplet peaks for the terminal protons (-CH3) of the two alkyl chains (Figure 2c). The terminal proton signal of the symmetric TTGs (e.g., TTG-10,10) appeared as a sharp triplet at 0.90 ppm (Figure S2†), whereas the asymmetric variants displayed two triplet peaks with different chemical shifts (Figure S3&S4†). This difference became more pronounced as alkyl chain length disparity increased. For instance, TTG-4,16 and TTG-6,16, the most asymmetric of the C20 and C22 alkyl-chained TTGs, respectively, exhibited the largest differences in terminal proton chemical shifts (Figure S3†&S4).


Figure 2. (a) Synthetic scheme for the preparation of the TTG-8,12 and (b) chemical structures of two representative A-TTGs (TTG-8,12 and TTG-10,12) and their partial 1H NMR spectra, focusing on the anomeric region (3.5 to 5.2 ppm). TTG-8,12 was synthesized by introducing two different alkyl chains onto the triazine scaffold via thioether linkages to generate the dialkylated triazine derivatives (A), followed by attachment of TRIS onto the triazine ring as a linker through an amino linkage. The resulting TRIS-bearing triazine derivatives (B) were then used to attach the three glucose units via glycosylation and subsequent global deprotection. (b) The 1H NMR spectra of TTG-8,12 and TTG-10,12 were recorded in CD3OD. An arrow on each spectrum indicates the NMR peak assigned to the β-anomeric protons (Ha). (c) Partial 1H NMR spectra of the A-TTGs (from the C20 alkyl-chained TTG series) focusing on the terminal methyl protons (-CH3) of the long and short alkyl chains. These NMR peaks appear as two distinct triplet peaks around 0.90 ppm, with a clear separation observed for TTG-4,16, which shows the largest asymmetry. 

All of the newly synthesized A-TTGs were water-soluble (>10%) and their solutions remained stable at room temperature over a month. High water solubility and long-term stability is a prerequisite for bio-applications of these new detergents. The self-assembly properties of the A-TTGs were studied by determining their critical micelle concentrations (CMCs) and the hydrodynamic radii (Rh) of the formed micelles. CMC values were determined by utilizing encapsulation of a water-insoluble dye (diphenylhexatriene (DPH)) in the micelle interiors, while Rh values were measured by dynamic light scattering (DLS), both of which are summarized in Table 1.32 
Table 1. Molecular weights (MWs), critical micelle concentrations (CMCs), hydrodynamic radii (Rh; n = 5) and water-solubility of the A-TTGs, its their symmetrical counterparts (TTG-10,10 and TTG-11,11) and gold standard DDM.	Comment by Byrne, Bernadette: Not sure about this phrase here-what ultimately does this mean?	Comment by Byrne, Bernadette: Maybe better say “ and for comparison the widely used “conventional detergent” DDM-having already defined what we mean by conventional detergent.
	Detergent
	M.W.a
	CMC (µM)
	CMC (wt%)
	Rh (nm)b
	Solubility (wt%)

	TTG-10,10
	1031.3
	~5
	~0.0005
	3.6±0.01
	~10%

	TTG-9,11
	1031.3
	~4
	~0.0004
	3.7±0.07
	~10%

	TTG-8,12
	1031.3
	~3
	~0.0003
	3.6±0.07
	~10%

	TTG-6,14
	1031.3
	~2
	~0.0002
	3.6±0.04
	~10%

	TTG-4,16
	1031.3
	~1
	~0.0001
	3.6±0.03
	~10%

	TTG-11,11
	1059.3
	~4
	~0.0004
	3.7±0.09
	~10%

	TTG-10,12
	1059.3
	~3
	~0.0003
	3.6±0.06
	~10%

	TTG-8,14
	1059.3
	~3
	~0.0003
	3.6±0.02
	~10%

	TTG-6,16
	1059.3
	~2
	~0.0002
	4.0±0.04
	~10%

	DDM
	510.6
	~170
	~0.0087
	3.4±0.03
	~10%



aMolecular weight of detergents. bHydrodynamic radius of detergent self-assemblies measured at 1.0 wt % by DLS experiments.

[bookmark: OLE_LINK2]The A-TTGs exhibited lower CMCs than their symmetric counterparts, withwith the difference in CMC increasing as detergent asymmetricity was increased. For example, the C20 series (TTG-10,10 and its asymmetric variants) showed a decrease in CMC decreasing from 5 to 4 to 3 to 2 to 1 µM with the carbon number difference increasing from 0 (TTG-10,10) to 2 (TTG-9,11) to 4 (TTG-8,12) to 8 (TTG-6,14) to 12 (TTG-4,16). A similar trend was observed for the C22 series (TTG-11,11 and its asymmetric variants). Micelle sizes formed by the C20 alkyl-chained TTG series were all similar to give Rh of 3.6 to 3.7 nm (Table 1), indicating that micelle size was little affected by the asymmetric nature of the detergents. A similar trend was seen for the C22 alkyl-chained TTG series, with Rh values ranging from 3.6 to 4.0 nm. This contrasts with the behaviour of the A-MNGs, where their micelle sizes dramatically decreased with increasing asymmetricity.24 This comparison (TTG vs. LMNG) indicates that detergent geometry is influenced differently by detergent asymmetricity asymmetry depending on the relative position of the two alkyl chains in the central core. Finally, the micellar homogeneity of the A-TTGs was assessed by analyzihng the size distribution of micelle populations (Figures S5 & S6†). Number- or volume-weighted DLS profiles showed a single set of size distribution for all the TTGs, while intensity-weighted DLS profiles revealed the presence of larger aggregates only for TTG-6,14 and TTG-4,16 (Figure S5c† & S6c†).	Comment by Byrne, Bernadette: I think throughout the term “asymmetry” would be clearer.
Detergent evaluation with membrane proteins


Figure 3. Long-term stability of LeuT in A-TTGs. DDM and the symmetric TTGs (TTG-10,10 and TTG-11,11) were used as controls. The detergents were tested at 0.04 wt %  (a) or 0.2 wt % (b). LeuT stability was assessed by measuring its ability to bind the radiolabeled substrate [[3H]-leucine (Leu)] at regular intervals during a 12-day incubation at room temperature using SPA. Results are from two individual experiments performed in triplicate. Error bars represent SEM.

We began evaluating the A-TTGs with the bacterial leucine transporter (LeuT), a prokaryotic homologue of the mammalian neurotransmitter/sodium symporter (NSS) family from Aquifex aeolicus.33  LeuT stability was assessed by measuring its ability to bind a radio-active substrate ([3H]-leucine (Leu)) via scintillation proximity assay (SPA).34  LeuT, initially purified in DDM, was subjected to detergent exchange through sample dilution, resulting in a final A-TTG concentration of CMCs + 0.04/0.2 wt%. The  [3H]-Leu binding ability of LeuT was monitored over a 12-day incubation period at room temperature (Figure 3). At a detergent concentration of 0.04 wt %, LeuT in DDM nearly lost itslost nearly all its substrate binding ability after 6 days of incubation. In contrast, TTG-10,10 and TTG-11,11 outperformed DDM in retaining transporter activity, as consistent with a previous result (Figure 3a).29 All A-TTGs maintained higher levels of Leu-binding over the long term compared to DDM, with TTG-8,12 showing the best performance. TTG-8,14 and TTG-10,12, which havedespite having the same short and long chains as TTG-8,12, respectively, were less effective at maintaining transporter stabilitybinding ability. Notably, TTG-6,16, with the longest alkyl chain, was the least effective at stabilizing the transporter.  A similar trend was observed when the detergent concentration was increased to 0.2 wt % (Figure 3b). At this higher concentration, detergent efficacy was well differentiated. Again, TTG-8,12 remained the most effective detergent, while TTG-6,16 showed the worst performance. Several A-TTGs, including TTG-8,12, TTG-9,11, TTG-10,12, outperformed the symmetrical detergents (TTG-10,10 and TTG-11,11). Collectively, TTG-8,12, with intermediate asymmetricity, was superior in maintaining transporter binding activity and thus stability over the long term.
[image: D:\복구\Documents\Graduate students\Dr. Lubna Ghani\Cyanuric acid-based amphiphiles\asymmetric\Figure 4.png]
Figure 4. Thermo-solubility of MelBSt in A-TTGs and their symmetric counterparts (TTG-10,10 and TTG-11,11) with increasing incubation temperature. DDM was used as a control. MelBSt produced in E. coli membranes was extracted using 1.5 wt% of the individual detergents at 0 °C. The resulting membrane extracts were then further incubated at elevated temperatures (45, 55, or 65 °C). After ultracentrifugation to remove insoluble debris, the samples were analyzed by SDS-PAGE and Western blotting (top panel). The amounts of soluble MelBSt were estimated via band density analysis and expressed as percentages of total MelBSt present in the untreated membranes (‘Total’) in the histogram (bottom panel). Error bars represent SEM, n = 3.

Next, we assessed the novel detergents using melibiose permease from Salmonella typhimurium (MelBSt).35,36 The permease, overexpressed in E. coli membranes, was extracted using 1.5 wt% individual TTGs and DDM at 0 °C for 90 minutes. The extracts were then incubated at an elevated temperature (45, 55, or 65 °C) for another 90 minutes. Each individual sample was ultracentifuged and the soluble fractions analysed by The amounts of soluble MelBSt were determined by SDS-PAGE followed by -Western blotting. The amounts of soluble MelBSt  and quantified by density analysis following ultracentrifugation, expressed as percentages (%) of total MelBSt in untreated membranes. This temperature-variation protocol allowed us to evaluate detergent efficiency for protein extraction (0 °C) as well as detergent efficacy for protein stabilization (45, 55, or 65 °C). At 0 °C, DDM was the most efficient detergent for extracting and solubilizing MelBSt, while tThe TTGs were slightly less efficient (Figure 4). Among the A-TTGs, TTG-8,12 and TTG-10,12 (the asymmetric versions of TTG-10,10 and TTG-11,11, respectively) were the most effective.  After further incubating the membrane extracts at 45 °C, most TTGs demonstrated improved efficiency in extracting MelBSt, achievihngachieving the levels comparable to DDM. When the incubation temperature was increased to 55 °C, detergent behaviours was morewas further differentiated: DDM retained a small fraction (~10%) of the transporter in a soluble state, suggesting the occurrence of protein denaturation and/or aggregation. In contrast, all TTGs effectively preserved protein solubility, with 60–90% soluble MelBSt. The A-TTGs outperformed the symmetric detergents except for the TTG-4,16. Consistent with the results for LeuT result, TTG-8,12 was the most effective of the C20 series. Interestingly, TTG-6,16, which was the least effective for LeuT stability, performed best for MelBSt stability in the C22 TTGs series. This result indicates that detergent efficacy can vary depending on the target membrane protein. 



 
Figure 5. Stability of (a) β2AR and (b) MOR in A-TTGs and their symmetric counterparts (TTG-10,10 and TTG-11,11) over time. DDM and LMNG (MOR) were used as controls and detergents were compared at the a concentration of 0.1 wt %. Stability of β2AR and MOR was assessed by measuring their ability to bind the relevant radio-labeled antagonist [[3H]-dihydroalprenolol (DHA) or [3H]-diprenorphine (DPN), respectively] during a two-day (β2AR) or four-day (MOR) incubation at room temperature (β2AR) or 4 °C (MOR). Error bars represent SEM, n = 2 (β2AR) or 3 (MOR). 
[bookmark: OLE_LINK1]We then evaluated the A-TTGs with the human β2 adrenergic receptor (β2AR), a G protein-coupled receptor (GPCR).37 β2AR, purified in LMNG, was diluted to a buffer containing the respective TTGs or DDM to the a final detergent concentration of 0.1 wt%. The samples were then incubated for two days at room temperature, and receptor stability was assessed by monitoring the ability of the receptor to bind a radioactive antagonist ([3H]-dihydroalprenolol (DHA)) (Figure 5a).38-40 Upon detergent exchange from LMNG to DDM, β2AR showed a rapid loss of DHA binding ability. In contrast, β2AR in TTG-10,10 or TTG-11,11 exhibited the enhanced DHA binding compared to DDM. Among Of the asymmetric C20 alkyl-chained TTG seriesdetergents, TTG-8,12 was most effective in stabilizing the receptor, comparable to TTG-10,10. For the C22 alkyl-chained TTGs, TTG-10,12 was the most effective, outperforming the parent symmetric TTG (TTG-11,11). These results are consistent with the LeuT data, suggesting that the TTG detergents with intermediate asymmetricity (like TTG-8,12) is are favourable for protein stability. Based on the encouraging behaviours of the asymmetric TTGs for β2AR stability, we finally evaluated these detergents for with the mouse μ-opioid receptor (MOR), another challenging GPCR to stabilize in detergent micelles.41 MOR, initially extracted and purified by LMNG, was subjected to detergent exchange from LMNG to the respective detergent (DDM, LMNG, the TTGs) via sample dilution to a final detergent concentration of 0.1 wt%. MOR stability was assessed via a similar method used for β2AR stability using the receptor-specific antagonist [3H]-diprenorphine (DPN). Upon detergent exchange, MOR in DDM completely lost its ligand binding ability. LMNG was more effective than DDM at stabilizing the receptor over a 4-day incubation at 4 °C (Figure 5b). Consistent with a previous result, TTG-10,10 was notably more effective than LMNG at stabilizing the receptor long term, while TTG-11,11 showed a slightly better performance than LMNG.29 TTG-8,12 and TTG-10,12 (the best TTGs from the C20 and C22 series, respectively) were superior to LMNG, with TTG-8,12 outrperforming TTG-10,12. This trend was also observed forTaken together with the results obtained for β2AR, further indicating thatthese findings suggests TTG-8,12 holds significant potential for structural studies of GPCRs.
Discussions
In this study, we investigated the impact of detergent asymmetricity on protein stability by introducing two different alkyl chains into the TTG scaffold. When the A-TTGs were tested with four membrane proteins—two transporters (LeuT, and MelBSt) and two GPCRs (2AR and MOR) — we observed a favourable effect of the asymmetric detergents on protein stabilization compared to their symmetric counterparts. Among the C20 alkyl-chained TTGs, TTG-8,12 was most effective in at stabilizing all four membrane proteins, outperforming even LMNG. This suggests that TTG-8,12 has the optimal properties in terms of alkyl chain length, detergent asymmetricity, HLB, and molecular geometry. A similar trend was seen for the C22 alkyl-chained TTG series, where TTG-10,12 was most effective in stabilizing LeuT, 2AR and MOR, though this is not the case for MelBSt. These findings align with previous studies on asymmetric MNGs (A-MNGs), where detergent asymmetricity also contributed positively to protein stability.24 Taken together, these studies indicate that introducing two different alkyl chains in the lipophilic region can be a broadly effective strategy to improve detergent efficacy for membrane protein stabilization. This is a significant finding as many symmetrical detergents with identical alkyl chains have been reported, suggesting that the introduction of asymmetricity into these detergent scaffolds could further enhance their efficacy for protein stabilization. 26,42-50 
The beneficial effect of detergent asymmetricity on proteins stability likely stems from the favorable interactions between detergent molecules in micelles and PDCs. The central regions of detergent micelles are highly congested with hydrocarbon chains, and reducing this steric congestion by introducing two different alkyl chains would facilitates the formation of stable micelles and PDCs. The lower CMCs of the A-TTGs and A-MNG, relative to their symmetrical counterparts, with increasing detergent asymmetricity, support the idea that these detergents have enhanced detergent-detergent interactions, which contributescontributing to enhanced better protein stabilization. Detergent alkyl chain length is another crucial factor in membrane protein stability. The optimal alkyl chain lengths for detergent-mediated protein stability are typically in the range of C10 to C14, associated with the limited range of hydrophobic widths of membrane proteins (28 to 32 Å). As expected, the A-TTGs with longer alkyl chains (e.g., TTG-4,16 and TTG-6,16) were generally less effective at stabilizing proteins, as observed for LeuT, 2AR and MOR in the this present study. This suggests that an intermediate alkyl chain length, and thus intermediate asymmetricity, is most effective for stabilizing membrane proteins. This trend mirrors the finding from a previous study with the MNGs, where an assymetric detergent with intermediate chain length (MNG-8,12) demonstrated superior performance compared to both the symmetric detergent (LMNG) and those with longer alkyl chains.24 Recently, asymmetricity has also been introduced in the hydrophilic head group of detergents, known asmolecules known as ‘asymmetric hybrid detergents’, which efficiently incoroporateincorporate two different head groups into a single detergent structure.51 Building on the success of asymmetric detergents with different alkyl tails, it is likely that future detergent designs will incorporate both asymmetric head and tail groups. This development will significantly expand the chemical spaces of detergent molecules, allowing for further fine-tuning of detergent properties. By introducing asymmetricity in both the hydrophobic and hydrophilic regions, it will be possible to design detergents with tailor-made properties optimized for specific membrane protein study, thus broadening the potential applications of detergents in membrane protein structural and functional research.  
Conclusion
We demonstrated the superior performance of asymmetric variants of tris(hydroxymethyl)aminomethane (TRIS) linker-bearing triazine-based triglucosides (TTGs) over their symmetric counterparts (TTG-10,10 and TTG-11,11) for membrane protein stabilization.  Through the evaluation of the A-TTGs with several membrane proteins, we identified TTG-8,12 as the most effective detergent, outperforming the gold standardextremely successful LMNG in stabilizing membrane proteins. Due to its synthetic accessibility, small PDC formation, and remarkable protein stabilization efficacy, TTG-8,12 is poised to be widely used in membrane protein structural studies. The concept of detergent asymmetricity, as introduced in this study and our previous work, offers an effective strategy for developing novel detergents with enhanced protein stabilization capabilities.
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