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Foldable detergents for membrane protein study: Importance of 

detergent core flexibility in protein stabilization 

Lubna Ghani,a Seonghoon Kim,b Haoqing Wang,c Hyun Sung Lee,a Jonas S. Mortensen,d Satoshi 

Katsube,e Yang Du,c,# Aiman Sadaf,a Waqar Ahmed,a Bernadette Byrne,f Lan Guan,e Claus J. Loland,d 

Brian K. Kobilka,c Wonpil Im,g and Pil Seok Chae* a 

 
Abstract: Membrane proteins are of biological and pharmaceutical 

significance. However, their structural study is extremely challenging 

mainly due to the fact that only a small number of chemical tools is 

suitable for stabilizing membrane proteins in solution. Detergents are 

widely used in membrane protein study, but conventional detergents 

are generally poor at stabilizing challenging membrane proteins such 

as G protein-coupled receptors and protein complexes. In the current 

study, we prepared tandem triazine-based maltosides (TZMs) with 

two amphiphilic triazine units connected by different diamine linkers, 

hydrazine (TZM-Hs) and 1,2-ethylenediamine (TZM-Es). These TZMs 

were consistently superior to a gold standard detergent (DDM) in 

terms of stabilizing a few membrane proteins. In addition, the TZM-Es 

containing a long linker showed more general protein stabilization 

efficacy with multiple membrane proteins than the TZM-Hs containing 

a short linker. This result indicates that introduction of the flexible1,2-

ethylenediamine linker between two rigid triazine rings enables the 

TZM-Es to fold into favourable conformations in order to promote 

membrane protein stability. The novel concept of detergent foldability 

introduced in the current study has potential use for rational detergent 

design and membrane protein applications. 

Introduction 

Membrane proteins constitute approximately one third of 

proteomes in eukaryotic organisms and play critical roles in a 

number of cellular processes such as signal transduction, 

metabolite transport, energy conversion, and cell adhesion. More 

than 50% of drug molecules target membrane proteins including 

G-protein coupled receptors (GPCRs) and ion channels.[1] Despite 

their phenomenal importance in cellular functions and drug 

discovery, only a small number of membrane protein structures 

have been determined compared to soluble proteins, making our 

understanding of these bio-macromolecules still limited.[2] 

Therefore, membrane protein structural study represents a major 

interest and a challenge for both academia and the 

pharmaceutical industry. X-ray crystallography and nuclear 

magnetic resonance (NMR) spectroscopy have been extensively 

used to determine high resolution protein structures. Recent 

advances in cryogenic electron microscopy (cryo-EM) technology 

have substantially accelerated structure determination of 

membrane proteins. However, membrane protein structural 

studies are still challenging due to difficulties in identifying 

chemical tools suitable for protein stabilization.[3-6] Although a 

large number of detergents are available, only a limited range are 

widely used for membrane protein structural studies, as 

exemplified by DDM (n-dodecyl--maltoside), DM (n-decyl--D-

maltoside), lauryldimethylamine-N-oxide (LDAO) and OG (n-

octyl--glucoside).[7,8] Notably, recently developed detergents 

such as OGNG (octyl glucoside neopentyl glycol) and LMNG 

(lauryl maltoside neopentyl glycol) have contributed to the high 

resolution structural determinations of many membrane proteins 

including GPCRs and ion channels,[9] highlighting the crucial role 

of new detergent tools in structural elucidation of 

pharmaceutically important membrane proteins. However, there 

are still many membrane proteins that are not stable enough in 

solution for structural determination and biochemical/biophysical 

characterization. Thus, new detergents with distinct chemical 

structures and enhanced protein stabilization efficacy need to be 

developed to further facilitate membrane protein structural study. 

Detergents are able to replace the lipid bilayer surrounding 

membrane proteins, extracting membrane proteins from their 

native membranes. The resulting protein–detergent complexes 

contain a micelle-like detergent belt enclosing the hydrophobic 

transmembrane segments of membrane proteins.[3,4,10] Many 

conventional detergents are efficient at protein extraction, but 

tend to be poor at stabilizing membrane proteins long enough for 

downstream characterization. Because of their canonical 

structure (i.e., a single flexible tail and head group), micelles 
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formed by conventional detergents are highly dynamic. As a result, 

membrane proteins in detergent micelles tend to undergo protein 

denaturation and aggregation over time.[3,5-7,11] The dynamic 

nature of detergent micelles can be reduced by introducing 

multiple alkyl chains in the hydrophobic region, thereby enhancing 

membrane protein stability. Examples include rigid linker-bearing 

detergents [neopentyl glycol-derived triglucosides (NDTs),[12]  and 

mesitylene-linked glucoside amphiphiles (MGAs)],[13] 

carbohydrate-cored amphiphiles [e.g., mannitol-based 

amphiphiles (MNAs)[14], scyllo-inositol glycosides (SIGs)],[15] and 

stereoisomeric detergents [e.g., butane-tetraol-based maltosides 

(BTMs),[16] norbornane-based maltosides (NBMs),[17] and 

cyclopentane-based maltosides (CPMs)].[18] Other membrane 

mimetic systems have been also invented, such as bicelles,[19] 

nanodiscs (NDs),[20] polymeric amphiphiles [amphipols 

(Apols)[21,22]  and styrene-maleic acid copolymers (SMAs)],[23,24] 

and peptide-based amphiphiles [lipopeptide detergents 

(LPDs),[25] -peptides (BPs),[26] and Salipro].[27] These large 

amphiphilic systems are favourable for membrane protein stability, 

but they are yet to show a general utility in membrane protein 

structural study. Small amphiphiles have an advantage over large 

membrane mimetic systems, as it is relatively straightforward to 

introduce structural modifications in order to optimize detergent 

property for protein stabilization. This optimization process is 

essential for generating detergents suitable for the wide diversity 

of membrane protein structures. Indeed, A-MNGs (asymmetric 

MNGs) and P-GNGs (pendant-bearing GNGs)/MTGs (malonate-

derived tetra-glucosides) are variants of LMNG and OGNG, 

respectively, and were shown to be superior to the original 

neopentyl glycol detergents at stabilizing membrane proteins.[28,29] 

In the current study, we introduce two sets of tandem triazine-

based maltosides (TZMs) with two amphiphilic units connected by 

two different diamine linkers: TZM-Hs (hydrazine linker) and TZM-

Es (1,2-ethylenediamine linker). Evaluation of these agents with 

multiple model membrane proteins in terms of protein stabilization 

revealed that a few TZMs were highly effective at stabilizing the 

model membrane proteins including two GPCRs compared to a 

gold standard detergent (DDM). Furthermore, the TZM-Es with 

the flexible diamine linker displayed unexpectedly favourable 

behaviours relative to the hydrazine versions (i.e., TZM-Hs), 

implying an importance of detergent foldability in general 

detergent efficacy for protein stabilization. 

Results and Discussion 

Detergent structures and physical characterizations 

We designed two sets of tandem triazine-based maltosides 

(TZMs) with two different diamine linkers (Figure 1). One set 

(TZM-Hs) utilizes hydrazine to connect two 1,3,5-triazine rings, 

while 1,2-ethylenedimaine was utilized for connection of the same 

rings for the second set (TZM-Es). Di-alkylated amines (R2N-) 

were used as the detergent hydrophobic group for the following 

reasons. First, these secondary amines are highly nucleophilic 

and thus can be readily attached to the 1,3,5-triazine ring. Second, 

due to the possession of two alkyl chains, introduction of these 

individual amines into the detergent core can effectively increase 

the detergent alkyl chain density (i.e., hydrophobic density) within 

micelle interiors. Of note, detergent micelles need to have a high 

hydrophobic density for effective protein stabilization.[13,14,30] 

Including multiple alkyl chains into the detergent scaffold is 

particularly important in the current design to compensate a large 

distance between the alkyl chains attached to the individual rings 

(i.e., inter-alkyl chain distance). Thus, the presence of four alkyl 

chains in the TZM design is necessary to attain sufficient 

hydrophobic density within the detergent micelle interiors. For the 

detergent head group, we used four maltoside units for the 

following reasons. First, the detergents need to form micellar self-

assemblies rather than liposomes or other large aggregates when 

used for membrane protein study. Due to the large hydrophilic 

volume, maltoside detergents are prone to forming smaller 

micelles than glucoside counterparts.[31] Second, for effective 

membrane protein stabilization, detergent hydrophilicity and 

hydrophobicity need to be balanced, referred to as the 

hydrophilic-lipophilic balance [HLB].[32,33] As the current design 

contains four long alkyl chains, the introduction of four maltoside 

groups is necessary to provide an optimal detergent HLB (11~13). 

In order to fine-tune the detergent hydrophilicity/hydrophobicity, 

the alkyl chain length was varied from C8 to C10. According to 

Griffin’s method, HLB values of the new detergents were 

calculated to be in the optimal range (11.8 to 12.6) (Table S1).[34] 

It is worth mentioning that the branched maltoside group was 

efficiently introduced into each triazine ring via the diethanolamine 

linker. This linker not only contains the highly nucleophilic amine 

group for conjugation into the triazine ring, but also has two 

primary alcohol groups suitable for efficient glycosylation. As a 

result, the current TZM design possesses two diamine-bridged 

triazine rings in the core region, each of which is connected to 

both the branched maltoside and branched alkyl groups, 

respectively. 

 

Figure 1. Chemical structures of TZM-Hs (hydrazine) and TZM-Es (1,2-
ethylenediamine). Each detergent contains a diamine-linked tandem triazine 
unit in the core region connected to the alkyl chains and maltose groups on 
either side. The hydrophobic and hydrophilic groups are introduced into the 
triazine-based core unit using the amino group and diethanolamine linker, 
respectively. The alkyl chain length varied from C8 to C10, used for detergent 
designation  
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Figure 2. Illustrative representations of TZM-H9 and TZM-E9 folds using two normal vectors (white arrows) of two 1,3,5-triazine rings (red plane) in (a) unfolded 
TZM-H9, (b) half-folded and (c) fully-folded TZM-E9 cores. The Inter-alkyl chain distance was calculated based on the two nitrogen atoms attached to the alkyl 
chains (N-N distance; magenta arrow). The conformations were taken from our MD simulations. 

 

Figure 3. Two-dimensional distributions of the normal vector angles of two triazine units and the inter-alkyl chain distance of TZM-H9 in (a) 10 and (b) 20 detergent 
systems, and TZM-E9 in (c) 10 and (d) 20 detergent systems. Each distribution was calculated from the average over the last 500 ns of three independent 1 µs MD 
simulations of each system. The largest populations of TZM-H9 and TZM-E9 were found at the normal vector angles of ~35° and ~72°, respectively, in micelles. 
The inter-alkyl chain distance was estimated by measuring the maximum N-N distance along the normal vector angle represented as a black dashed line. Of note, 
the N-N distance of TZM-E9 decreases as the normal vector angle of the two triazine units increases in the region of ~60° to ~150°, indicative of a favorable role of 
detergent folding in decreasing the inter-alkyl chain distance. 

Detergent efficacy of the TZMs for membrane protein stabilization 

could significantly vary depending on the diamine linker used to 

connect the two triazine rings. First, the diamine-functionalized 

linkers (hydrazine and 1,2-ethylenediamine) affect the distance 

between the branched alkyl chains or the branched maltoside 

groups due to their different lengths. Hydrazine is the shortest 

diamines and thus use of this linker results in the smallest 

distance between the triazine rings. In contrast, the use of the 

larger 1,2-ethylenediamine linker in the same position increases 

the distance between the triazine rings. Due to the apparent small 

inter-alkyl chain distance, the TZM-Hs are expected to be more 

favorable for membrane protein stability than the TZM-Es. 

Second, the two diamine linkers would be capable of changing 

the conformation of the detergent core module (i.e., diamine-

bridged bis-triazine unit). The TZM-Hs contain a core unit 

comprising two planar units (2,4,6-triamino-1,3,5-triazine) 

connected by a single N-N bond of the hydrazine linker. Thus, the 

relative orientation of these two planes would be restricted by the 

electronic configuration and steric repulsion of this bond. In 

contrast, the TZM-Es connected by the more flexible ethylene 

spacer (-CH2-CH2-) likely possess a substantial variation in the 

conformation of the core unit, which can act to increase alkyl chain 

density in detergent micelle interiors. Consequently, such 

substantial core flexibility of the TZM-Es, defined as ‘detergent 

foldability’ here, could be a favourable attribute for protein stability. 

Combined together, both detergent alkyl chain distance and 

foldability are significant contributors to efficacy of the TZM-Hs 

and TZM-Es for protein stabilization. It is important to note that 

both detergent features important for protein stability are affected 

by the diamine linker, a small component of the current detergents. 

The folding nature of the TZM-Es relative to the TZM-Hs was 

investigated by molecular dynamics (MD) simulations of different 

aggregation systems with 10 or 20 molecules of TZM-H9 and 

TZM-E9 (Figure S1). Of note, the aggregation numbers of 

detergent assembly were arbitrarily chosen to explore the 

influence of different micellar environments on conformational 

flexibility. The flexibility of the linker and resulting foldable nature 

of TZM-H9 and TZM-E9 were quantitatively evaluated by 

measuring the angle between the normal vectors of two triazine 

rings in the core region (Figure 2). Detergent conformation can be 

divided into three categories depending on the normal vector 

angle: 0~60° (unfolded), 60~120° (half-folded), and 120~180° 

(fully-folded). Clearly, regardless of aggregation numbers of 

detergent assemblies, the angle of two planar units in TZM-H9 

shows a narrow distribution compared to that in TZM-E9 (Figure 

3), indicating that the core motion of this TZM is restricted by the 

short hydrazine linker. For TZM-H9, 96.2%, and 97.7% molecules 

were calculated to give a normal vector angle less than 60° in the 

10- and 20-detergent micellar systems, respectively. In contrast, 

TZM-E9 showed a larger angle distribution between the two 

aromatic planes than TZM-H9, supporting the increased flexibility 

of the ethylene-diamine linker relative to the hydrazine linker. The 
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majority of TZM-E9, 51.7 % and 55.0 % (10 and 20 aggregation 

numbers, respectively), are in the half-folded conformation (Table 

S1). 

In addition, small fractions of TZM-E9 molecules adopt a fully-

folded conformation (1.8 %, and 5.3 % for 10 and 20 aggregation 

numbers, respectively) in which the two triazine rings face each 

other. Combined together these results indicate that regardless of 

the aggregation number, the TZM-E9 core showed higher 

flexibility than the TZM-H9 core and a higher tendency to adopt a 

folded conformation in micellar environments. When estimated by 

measuring the distance of two nitrogen atoms connected to the 

hydrophobic alkyl chains (N-N distance), the inter-alkyl chain 

distance tends to decrease as normal vector angle increases in 

the region of ~60° to ~150° (i.e., detergent folding). This result 

indicates a favourable role of detergent folding in increasing alkyl 

chain density in the micelle interiors. 

The newly designed TZM-Hs/Es were prepared in five synthetic 

steps using 2,4,6-trichloro-1,3,5-triazine (A.K.A., cyanuric 

chloride) as an inexpensive starting material (Scheme S1). The 

di-alkylated amines with different alkyl chain lengths (C8, C9, and 

C10) were reacted with cyanuric chloride to generate mono-

substituted triazine derivatives, used to connect the two triazine 

units via the two different diamine linkers (hydrazine and 1,2-

ethylenediamine).[35,36] Following the diol-functionalization using 

diethanolamine, the tandem triazine units underwent 

maltosylation in the -selective manner.[37] The -stereo-

chemistry is the result of neighbouring group participation in 

generating an intermediate of the cyclic acyloxonium ion.[38] In the 

next step, the deprotection of benzoyl protecting groups under 

Zemplén’s condition provided the individual TZMs.[39,40] To verify 

the -stereo-chemistry of newly formed glycosidic bonds, 1H NMR 

spectra of the individual TZMs were obtained. The NMR spectra 

of TZM-H9 and TZM-E9 in DMSO-d6 presented as the 

representatives of the two sets of the TZMs show two doublet 

peaks at 4.17 and 4.18 ppm, respectively (Figure 4a and S2).  

Due to through-space interactions, the -anomeric proton (H) 

shows strong correlations to two axial protons (H3 and H5) and a 

neighbouring proton of the diethanolamine linker (Ha) in both 

detergent cases, further supporting the stereochemistry of the 

newly formed glycosidic bonds. As expected, the 2D spectra of 

both TZMs show a strong correlation between the anomeric 

proton (H) and the adjacent axial proton (H2'). Additional 

correlations between two neighbouring protons in the alkyl chains 

or the diamine linker can be found in Figure S3. Collectively, the 

1D and 2D NMR spectral data are consistent with the 

stereochemistry of the detergent hydrophilic group in Figure 1. 

TZM-H9 and TZM-E9 were further characterized and compared 

in terms of their photo-physical behaviours (Figure S4). The 

normalized UV-visible spectra show that TZM-H9 has higher 

absorption than TZM-E9 in the region of 260 to 300 nm (Figure 

S3a), probably associated with the additional interaction between 

the lone pairs on the individual amines. In addition, TZM-H9 

shows higher emission intensity than its ethylene-diamine 

counterpart (TZM-E9) in its fluorescence emission and excitation 

spectra (Figure S4b,c). These spectral data suggest that the two 

aromatic units of TZM-H9 are electronically conjugated with each 

other through the hydrazine linker, whereas the corresponding 

units of TZM-E9 lack this electronic communication.  
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Figure 4. 1H NMR spectra of (a), TZM-H9 and TZM-E9, (b) and (c) are their NOE spectra respectively. The NMR spectra were obtained at room temperature using 

CD3OD as an NMR solvent. The two anomeric protons indicated as H (axial) and H (equatorial) in the chemical structure of each detergent gave NMR signals in 

the anomeric region ranging from 4.2 to 5.2 ppm, as indicated by the black arrows. The -stereochemistry of the newly formed glycosidic bonds was confirmed by 

the peak characteristics of the anomeric proton (H): chemical shift ( = 4.31 or ~4.50 ppm) and/or vicinal coupling constant (J = 8.0 Hz). NOE spectra clearly 

illustrates the close proximity of H to the neighbouring CH2 (Ha/Ha') separated via ether bond (indicated by dashed line boxes) further confirming the accurate 
structure.  

The newly prepared amphiphiles are highly water-soluble. TZM-

H8/E8 and TZM-H9/E9 gave more than 10% water-solubility, 

while the C10 alkyl-chained TZMs (TZM-H10 and TZM-E10) were 

~10% soluble in water. These agents are stable at room 

temperature over a month long incubation period, with no 

precipitation detected. The self-aggregation behaviours of the 

TZMs were investigated by measuring critical aggregation 

concentrations (CAC) and the hydrodynamic radii (Rh) of their 

self-assemblies through dye (diphenylhexatriene (DPH)) 

absorption method and dynamic light scattering (DLS) 

experiments, respectively.[41] The results are summarized in Table 

1. The CACs of the TZMs are substantially smaller than that of 

DDM, indicative of the high thermodynamic stability of self-

assembly formed by these detergents.[42,43] The CAC values of the 

TZM-Hs decrease with increasing alkyl chain length of the TZM-

Hs, consistent with the general notion that detergent self-

assembly formation is mainly governed by detergent 

hydrophobicity.[44] Interestingly, there is little change in the CACs 

of the TZM-Es with the same chain length variation. In addition, 

the CACs of the TZM-Es are lower than those of the 

corresponding hydrazine analog (e.g., TZM-E8 (5 M) vs TZM-H8 

(15 M)). These distinct behaviours of the TZM-Es are likely 

associated with the high flexibility of the detergent core unit (i.e., 

detergent foldability) that enables these molecules to adopt a 

molecular conformation effective for self-assembly formation 

under aqueous environments. For both sets of TZMs, the 

aggregate sizes tend to be proportional to the alkyl chain length, 

as exemplified by change in the micelle sizes of TZM-E8/E9/E10 

from 1.7 to 2.7 to 6.9 nm, with an exception of TZM-H9. 

Interestingly, TZM-H9 formed larger self-assemblies than TZM-

H8 (3.0 vs 21.1 nm). Self-assemblies formed by the TZM-Es are 

substantially smaller than the hydrazine linker counterparts under 

the conditions tested. When analysed in terms of self-assembly 

size distributions, all TZMs show a single population in the 

number- and volume-weighted DLS profiles (Figure S5), 

indicating that the detergent self-assemblies are homogeneous. 

The two sets of population observed in the intensity-based DLS 

profiles of TZM-H8 and TZM-E8/E9 are likely due to the fact that 

light scattering intensity is highly sensitive to large particles 

(Figure S5).[45] The detergent self-assemblies were further 

investigated by the variation in detergent concentration or solution 

temperature (Figure S6). The sizes of self-assemblies formed by 

DDM and TZM-E9 show little variation with increasing detergent 

concentration from 0.3 to 2.0 wt%. In contrast, TZM-H9 shows a 

large increase in self-assembly size with increasing detergent 

concentration. The large self-assemblies and their enlargement 

with increasing detergent concentration indicate that TZM-H9 

forms rod-shape self-assemblies, in contrast to the spherical 

micelles formed by DDM.[46,47] When solution temperature was 

elevated from 15 to 65 °C, we found little change in the sizes of 

self-assemblies formed by DDM and TZM-E9. This is in contrast 

to a gradual decrease in the self-assembly size of TZM-H9 under 

the same conditions. The distinct behaviours of TZM-E9 from 

TZM-H9 observed here seem mainly attributed to detergent 

foldability inherited from the diamine linker flexibility. 

Table 1. Molecular weights (MWs) and critical aggregation concentrations 

(CACs) of the TZM-Hs/Es along with a conventional detergent (DDM) and 

hydrodynamic radii (Rh) (mean ± S.D., n = 5) of aggregates formed by these 

agents in water at room temperature. 

Detergent MWa CAC (M) 
Rh 

    (nm)b 
Solubility 

(wt%) 

TZM-H8 2172.4 ~15 3.0 ± 0.1 >10 

TZM-H9 2228.5 ~10 21.1 ± 1.1 >10 

TZM-H10 2284.7 ~7 7.1 ± 0.2 ~10 

TZM-E8 2200.5 ~5 1.7 ± 0.1 >10 

TZM-E9 2256.6 ~5 2.7 ± 0.2 >10 

TZM-E10 2312.7 ~5 6.9 ± 0.2 ~10 

DDM 510.6 170 3.5 ± 0.1 >10  

[a] Molecular weight of detergents. [b] Hydrodynamic radius of self-assemblies 

measured at 1.0 wt% by dynamic light scattering experiments. 

Detergent evaluation with a set of membrane proteins 

We started detergent evaluation with the leucine transporter 

(LeuT), a prokaryotic homologue of the mammalian 

neurotransmitter/sodium symporter (NSS) family from Aquifex 

aeolicus.[48] The DDM-purified protein was diluted with buffer 

solutions supplemented with each TZM to give a final 

concentration of CAC+0.04 wt%. The transporter stability was 

assessed by measuring the ability to bind the radio-labeled 

substrate ([3H]-leucine (Leu)) via a scintillation proximity assay 

(SPA).[49] Protein stability was monitored at regular intervals 

during a 13-day incubation at room temperature. The DDM-

solubilized transporter gave initial high activity (t = 0 days), but 

underwent rapid loss in activity over time (Figure 5a). In the TZM-

Hs/Es, the Leu binding of the transporter was comparable to DDM 

at the beginning in all detergent cases except TZM-H10 (Figure 

5a). More importantly, the initial activity was maintained during the 

13-day incubation period, indicating a superior ability of the new 

detergents to stabilize the transporter. The best performance was 

observed with the TZMs with intermediate alkyl chain length (i.e., 

TZM-H9 and TZM-E9). 
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Figure 5. (a) Long-term stability of (a) LeuT, (b) 2AR and (c) MOR dissolved in 

the new detergents (TZM-H8, TZM-H9, TZM-H10, TZM-E8, TZM-E9, and TZM-
E10). DDM was used as a positive control and the individual detergents were 

used at CAC+0.04, 0.2 and 0.1 wt% for LeuT, 2AR and MOR stability assays, 
respectively. Protein stability was assessed by measuring the ability to bind the 
radio-active substrate or ligand ([3H]-leucine (Leu), [3H]-dihydroalprenolol (DHA), 

or [3H]-diprenorphine (DPN)) of the individual proteins (LeuT, 2AR, and MOR, 
respectively). The substrate/ligand binding ability of each protein was monitored 

at regular intervals during a 13-day (LeuT) and 5-day (2AR) incubation at room 
temperature or 3-day (MOR) incubation at 4 °C. Error bars, SEM, n = 6 (LeuT); 

n = 3 (2AR and MOR). 

This intriguing result obtained with LeuT prompted us to further 

evaluate these TZMs with a G-protein coupled receptor (GPCR), 

the human 2 adrenergic receptor (2AR).[50] The receptor 

samples in each TZM were prepared by diluting the DDM-purified 

receptor into solutions containing respective detergent of 0.2 wt%. 

Protein stability was assessed by measuring the ability of the 

receptor to bind the radio-active antagonist ([3H]-

dihydroalprenolol (DHA)).[51,52] The DHA binding of the receptor 

dissolved in each detergents was monitored at regular intervals 

during a 5-day incubation at room temperature (Figure 5b). 

Initially, the DDM-solubilized receptor yielded high DHA binding 

ability, but the antagonist binding ability gradually reduced over 

time, reaching about 10% residual activity following a 3-day 

incubation. The TZM-Hs gave initial DHA binding abilities of the 

receptor comparable to DDM, but the binding was retained better 

over the incubation period. The highest efficacy for receptor 

stability was observed with TZM-H10. As for the set of TZM-Es, 

initial receptor activity was slightly lower than DDM, but these 1,2-

ethylenediamine versions were superior to both DDM and the 

hydrazine counterparts at maintaining the long-term receptor 

stability. The best agent, TZM-E9, retained more than 60% ligand 

binding of the receptor following the 5-day incubation.  

The TZMs were further evaluated with another GPCR, mouse μ-

opioid receptor (MOR).[51] The protein samples for detergent 

evaluation were prepared with a similar method used for the 2AR 

study. The individual detergents were used at 0.1 wt% and ligand 

binding assay was carried out using the radio-active antagonist 

([3H]-diprenorphine (DPN)).[53] DDM-solubilized MOR gave 

initially high antagonist binding, but rapidly lost this ability over the 

course of incubation, resulting in only 10% residual activity after 

an 8-hour incubation. The rapid decrease in the DDM-solubilized 

MOR stability indicates that this GPCR is far less stable than 2AR. 

In contrast to DDM, both sets of TZMs were markedly effective at 

preserving receptor stability over the course of 3-day incubation. 

As observed with 2AR, initial receptor activity observed for the 

TZM-Es tend to be slightly lower than that for the TZM-Hs, but 

was more effectively retained long term in the TZM-Es than the 

TZM-Hs. In addition, TZM-H9 and TZM-E9 were the best out of 

both sets of detergents, showing 74 and 76% retention in DPN 

binding ability at day 3, respectively.  

Detergent efficacy for protein stabilization tends to depend on 

both the architecture and properties of target membrane proteins. 

This tendency was observed for the new detergents, particularly 

for the TZM-Hs. For example, TZM-H10 appears to be inferior to 

DDM for LeuT stability, but superior to DDM at stabilizing two 

GPCRs (2AR and MOR). In addition, two short alkyl-chained 

TZM-Hs (TZM-H8 and TZM-H9) were markedly more effective at 

stabilizing LeuT and MOR than DDM, while these agents were 

more or less comparable to DDM for 2AR stability. Thus, the 

TZM-Hs show a rather large variation in detergent protein 

stabilization efficacy depending on the identity of membrane 

proteins, consistent with the notion that there is no single solution 

for all membrane proteins. This protein-specific nature suggests 

that these detergents can be useful for structural study of some 

membrane proteins, but they are unlikely to gain wide spread use. 

In contrast to the TZM-Hs, all tested TZM-Es were consistently 

superior to DDM at stabilizing all three membrane proteins tested 

here, with the best performance obtained with TZM-E9. Thus, the 

TZM-Es are likely to be of more general utility in the structural 

studies of membrane proteins than the TZM-Hs. As for the 

structural study of GPCRs, the primary targets of many 

pharmaceuticals, the two TZM-Es (TZM-E9 and TZM-E10) hold 

significant potential as these agents are very effective at 

stabilizing the both 2AR and MOR.  

The TZMs are also superior to many previously reported 

detergents. As DDM is used as a universal control in previous 

studies, it is possible for us to compare the TZM efficacy with 

those of previously analysed detergents. As indicated by the full 

retention in the substrate binding ability of LeuT during the 13-day 

incubation, most TZMs are among the best of the previously 

reported detergents at stabilising this protein. Specifically, TZM-

E9 and TZM-H9 appeared more effective than LMNG, MTG-A13, 

GNG-3,14, MBP-C9 and TEM-T10 at stabilizing LeuT long 

term.[29,54,55] As for MOR stability, the efficacies of TZM-H9 and 

TZM-E9 appear to be also superior to those of several reported 

detergents including LMNG, GNG-3,14, MBP-C9 and TEM-T10; 

these two TZMs displayed nearly full retention (~80%) of the 

ligand binding ability of the receptor during the 3-day incubation, 

while the previous detergents resulted in substantial decreases (< 

40%).[29,54,55] When it comes to 2AR stability, the TZMs such as 

TZM-E9 and TZM-H9 showed a gradual decrease in ligand 

binding ability, comparable to the previously reported detergents 

mentioned above. Taken together, the results obtained for TZM-

H9 and TZM-E9 indicate that these molecules confer greater 

membrane protein stability compared to DDM and previously 

developed detergents. Thus, these detergents increase the 

repertoire of detergents that can be used for membrane protein 

structural studies. 

Several detergent properties contribute to detergent efficacy for 

protein stabilization. Thus, it is difficult to pinpoint an origin for the 

generally favourable behaviours of the TZM-Es with multiple 

membrane proteins compared to the TZM-Hs. At first glance, the 

TZM-Hs with an apparently small inter-alkyl chain distance are 

expected to be more favourable for protein stabilization than the 
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TZM-Es with a seemingly large inter-alkyl chain distance. This is 

also consistent with the finding that most multiple alkyl-chained 

detergents developed so far have small inter-alkyl chain 

distances.[12,14,17,56] Recent studies of isomeric xylene-based 

maltoside amphiphiles (i.e., ortho-/meta-/para-XMAs) further 

supports the importance of small inter-alkyl chain distance for 

detergent efficacy for protein stabilization.[33,57] Surprisingly, 

however, our current study shows the opposite trend; the efficacy 

of the TZM-Es was comparable to or even better than their 

hydrazine counterparts at stabilizing the multiple membrane 

proteins tested, suggesting the presence of a favourable feature 

in these ethylene diamine-based detergents. The diamine linker 

used to connect the two triazine rings is likely to be responsible 

for the superiority of the TZM-Es to the TZM-Hs in this context. 

Specifically, the high flexibility of the 1,2-ethylenediamine linker 

allows the two aromatic rings of the TZM-Es to fold into a compact 

conformation under micellar environments, endowing detergent 

foldability, as supported by the MD simulation results. Thus, the 

two branched alkyl chains of the TZM-Es far from each other in 

an extended conformation come together in the folded 

conformation, thereby increasing alkyl chain density in the interior 

of the detergent micelle. Notably, due to the foldable nature 

induced by the introduction of the flexible diamine linker, the TZM-

Es are the first class of detergents with an apparent large inter-

alkyl chain distance, but that are still highly effective at stabilizing 

multiple membrane proteins. In contrast, the pre-organized core 

of the TZM-Hs needs to be compatible with a target membrane 

protein structure for effective protein stability, thereby being rather 

protein-specific in terms of protein stabilization efficacy.  

We have little information about the utility of foldable detergents 

in membrane protein research, necessitating more studies to 

understand how this class of detergents work in detail. In the TZM 

architecture, the flexibility of the linker between the two aromatic 

rings mainly contributes to detergent folding. Thus, a modification 

in the chain length and/or rigidity of detergent linker would offer 

an opportunity to further enhance detergent folding ability. Such 

tuning of detergent folding propensity via structural modification 

may facilitate optimization of detergent efficacy for stabilization of 

specific membrane proteins. As detergent foldability can be 

obtained from other detergent scaffolds, the utilization of this 

concept in future rational detergent design will facilitate 

development of useful detergents. The resulting TZM analogs or 

other foldable detergents (collectively ‘foldetergent’) represent 

promising candidates for membrane protein structural study. 

Conclusion 

We introduced two sets of TZM detergents where two triazine-

based amphiphilic units are connected by either the hydrazine or 

1,2-ethylenediamine linker. When these TZMs were evaluated for 

protein stabilization with the three model membrane proteins 

(LeuT, β2AR and MOR), the foldable TZM-Es (TZM-E8, TZM-E9 

and TZM-E10) conferred enhanced stability to all the tested 

membrane proteins compared to a gold standard DDM. In 

addition, due to their foldable nature, these detergents showed a 

more general efficacy than the rigid TZM-Hs for protein 

stabilization with multiple membrane proteins. Thus, the TZM-Es 

are likely to find a wide use in membrane protein structural study 

and foldable detergents could be the next generation of new 

amphiphilic agents useful for membrane protein study. 
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