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Abstract: Detergents are indispensable for membrane protein (MP) 

research, yet innovative designs are needed to meet the diverse 

requirements of MPs. Here, we present anthracene-bridged 

detergents (ABDs), featuring a curved anthracene-based scaffold with 

a hydrophobic core and hydrophilic exterior. The modular synthesis of 

ABDs facilitated a systematic exploration of their structure-property 

relationships. Evaluation across representative G protein-coupled 

receptors (GPCRs) demonstrated superior or comparable 

stabilization to conventional detergents. Notably, PP-ABD maintained 

complete homogeneity of A2AAR after heat shock and exhibited strong 

potential for electron microscopy applications. This study establishes 

ABDs as versatile and effective tools for MP research, offering 

valuable insights into the rational design of next-generation 

detergents. 

Introduction 

Membrane proteins (MPs) constitute approximately one-third of 

the human proteome and are pivotal to fundamental and 

translational research efforts.[1] These proteins play critical roles 

as mediators of cell-cell communication and the exchange of 

information and materials between cells and their environment. [2] 

Notably, MPs serve as the targets for nearly half of all marketed 

pharmaceuticals.[3] Despite significant advances over recent 

decades in elucidating MP structures—such as those involved in 

signal transduction via G protein-coupled receptors (GPCRs)—a 

comprehensive understanding of their function and structure 

remains limited.[4] This limitation arises in part from the lack of 

suitable chemical tools, particularly lipid mimetics like detergents, 

which are used to replace the native lipid layer that supports 

MPs.[5] Identifying detergents capable of stabilizing MPs while 

maintaining their native activity has been a persistent challenge 

in the field. [6]  

Continuous efforts in detergent development have led to the 

creation of a wide variety of novel detergents for membrane 

protein (MP) studies.[7] Topologically, these detergents can be 

categorized into several classes based on the arrangement of  

 
Figure 1. Detergent evolutions from conventional one-head-one-tail detergent 

to facial detergents. 

their hydrophilic heads and hydrophobic tails. Most commercially 

available detergents, such as dodecyl maltoside (DDM, Figure 1), 

follow the conventional one-head-one-tail model, characterized 

by structural simplicity. Recent advancements have focused on 

introducing innovative scaffolds and materials, leading to the 

development of multi-head, multi-tail detergents. Notable 

examples include neopentyl glycols (NGs),[8] trehalose detergents 

(DDTres),[9] norbornane-based maltosides (NBMs),[10] mannitol-

based amphiphiles (MNAs),[11] and polymer surfactants.[12] Some 

of these detergents represent a unique class of facially arranged 

molecules, including tripod amphiphiles (TPAs),[13] cholane-

derived facial amphiphiles (FAs),[14] scyllo inositol-cored 

trimaltosides (STM),[15] penta-saccharide amphiphiles (PSAs),[16] 

based on cyclodextrin,[17] calixarene,[18] and peptides[19] (Figure 1). 

These scaffolded detergents, along with others, like cyclic and 

fluorinated detergents[20], often feature relatively rigid structures, 

imparting unique physicochemical properties and superior 

stabilization capabilities for MPs. However, while many of these 

scaffolds are derived from natural sources, their synthesis 
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typically requires laborious protective group transformations. 

Additionally, adjusting their hydrophobicity to optimize 

performance can be challenging.[21] 

In this report, we introduce a novel design based on an 

anthracene-bridged scaffold. This rigid framework might minimize 

the dynamic flexibility and therefore benefit the stabilization of 

MPs. Meanwhile, it also allows for the stepwise incorporation of 

flexible chains with varying lengths, facilitating systematic 

investigations of structure-property relationships. The 

anthracene-based scaffold features a defined curved profile and 

a clean facial surface for hydrophilic modifications.[22] Through 

thermal stabilization assays,[23] the optimal detergent, PP-ABD, 

was identified and successfully applied in electron microscopy 

(EM) studies[24] of A2AAR, demonstrating its potential as a 

promising tool for MP research.  

Results and Discussion 

Synthesis of anthracene-bridged detergents (ABDs).  

The synthesis of anthracene-bridged detergents (ABDs) 

began with the condensation[25] of dialkylated pyrocatechols (1a–

1d) with various aldehydes under acidic conditions (Scheme 1), 

yielding a series of anthracene cores (2a–2i). By varying the alkyl 

chains on pyrocatechols and aldehydes, we generated a diverse 

set of anthracene intermediates. These intermediates underwent 

a Diels-Alder reaction[26] with dimethyl fumarate to construct the 

anthracene-bridged scaffolds (3a–3i). Reduction of these 

scaffolds with lithium aluminum hydride[27] yielded dialcohol 

derivatives (4a–4i) in high purity. To functionalize the dialcohols, 

maltosyl groups were introduced via glycosylation, as maltosides 

are well-known for their superior performance in membrane 

protein (MP) studies.[28] A perbenzoylated maltosyl bromide 

proved to be the optimal donor for bi-glycosylation, outperforming 

other glycosyl donors such as trichloroacetimidate, N-

phenyltrifluoroacetimidate and thioglycoside[14c]. The final step 

involved global deprotection to produce the target ABDs (5).  

This efficient, stepwise synthesis facilitated the preparation 

of well-defined anthracene-based scaffolds while allowing 

convenient tailoring of hydrophobicity through the introduction of 

alkyl chains of varying lengths. Each ABD was named based on 

the substituents attached to the anthracene core (R1-R2-ABD). 

For example, when R1 and R2 are methyl and ethyl groups, 

respectively, the detergent is referred to as ME-ABD. This 

systematic approach underscores the tunable nature of ABDs, 

making them versatile candidates for MP stabilization and 

structural studies. 

Solubility studies revealed that ABDs with shorter alkyl 

chains, such as MM-, ME-, MP-, EE-, and EP-ABDs, exhibited 

good aqueous solubility (>2% w/v, Table S1). In contrast, ABDs 

with longer chains showed reduced solubility and were used as 

saturated solutions for subsequent experiments. The 

concentrations of these less soluble ABDs were quantified using 

UV-visible spectroscopy (Figure S1), and their concentrations as 

follows: PE-ABD: 0.08 mM; PP-ABD: 0.04 mM; BM-ABD: 0.05 

mM; BE-ABD: 0.03 mM; BP-ABD: 0.17 mM (Table S3). This 

reduced solubility likely results from the combined effects like 

strong π-π interactions, the rigid ABD scaffold, and the 

hydrophobic interactions from flexible alkyl chains. Interestingly, 

BP-ABD, despite having the longest alkyl chains, exhibited higher 

solubility, likely due to a self-assembly behavior more similar to 

traditional detergents with flexible chains.  

We attempted to determine the critical aggregation micelle 

concentration (CAC) for all ABD detergents. Interestingly, only 

EE-ABD and PM-ABD exhibited a measurable CAC of 0.02 mM 

and 0.15 mM, respectively, while ABDs with either fewer or more 

carbons showed minimal changes in measurement signals, 

preventing accurate CAC determination (Table S1). Despite these 

challenges, dynamic light scattering (DLS) measurements 

indicated the formation of aggregates in the more soluble ABDs, 

albeit in large sizes (Table S1). Small-angle X-ray scattering 

(SAXS) experiments were conducted to characterize the 

morphology of these aggregates, but no definitive structural 

information could be obtained due to weak scattering signals. In 

subsequent EM studies of MP-detergent complex, some 

irregularly shaped particles were observed (Figure 4B). 

 
Scheme 1. Synthesis of anthracene-bridged detergents.  

Reagents and conditions: (a) Aldehydes, 84% H2SO4, CH3CN, 21%~54%; (b) 

Dimethylfumarate, AlCl3, CH2Cl2, 0 °C, 16%~97%; (c) LiAlH4, THF, 45%~95%; 

(d) i) Perbenzoylated maltosylbromide, AgOTf, CH2Cl2, 2,4,6-collidine, -

45 °C→r.t.; ii) NaOMe, MeOH, 37%~95% (two steps). 

Thermal stabilization evaluations on G protein-coupled 

receptors (GPCRs).  

GPCRs are the largest and most diverse family of MPs in the 

human genome, involved in a wide range of physiological 

processes.[29] Their ability to transduce extracellular signals into 

intracellular responses makes them essential mediators of cell 

communication.[30] GPCRs are particularly significant as 

therapeutic targets,[31] with approximately 35% of all FDA-

approved drugs targeting these receptors. Notable examples 

include the adenosine A2A receptor (A2AAR),[32] a class A GPCR 

involved in cardiovascular and neurological disorders; the 

smoothened receptor (SMO),[33] a class F GPCR and a key signal 

transducer in the Hedgehog pathway implicated in cancer; and 

the glucagon-like peptide-1 receptor (GLP-1R),[34] a class B 

GPCR and a critical target for managing type 2 diabetes and 
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obesity. Their structural diversity and functional importance have 

made GPCRs a cornerstone of drug discovery and development, 

underscoring the need for advanced tools and strategies to study 

and manipulate their functions effectively. 
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Figure 2. Thermal stabilization evaluations of anthracene-bridged detergents 

on selected GPCRs. The concentrations used in this assay were set at 0.5 mM 

for soluble ABD detergents, as well as for the conventional detergents DDM and 

LMNG. For ABD detergents with low solubility (PE-, PP-, BM-, BE-, and BP-

ABD), saturated solutions were used instead at ranges from 0.03 mM to 0.17 

mM (Table S3). Thermal stability revealed by the Tm values in CPM assay for 

A2AAR-ZM241385 (A), SMO-SAG (B) and GLP-1R (C). Error bars represent 

SEM, n = 6. *P<0.05, **P <0.01 and ***P <0.001. 
The thermal stability of selected GPCRs was evaluated using 

the CPM assay, which employs the thiol-specific fluorogenic dye 

N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide 

(CPM).[35] During thermal denaturation, as the temperature 

increases, exposed cysteine residues react with the CPM dye, 

resulting in fluorescence activation. The thermal stability of 

proteins is quantified by the midpoint temperature (Tm), where 

50% of the maximum fluorescence is reached, a well-established 

metric for assessing protein stability. For ABDs with extended 

hydrophobic chains with poor solubility, CACs were not 

determined (Table S1). These detergents were therefore tested 

as saturated solutions. The other detergents were set at 0.5 mM. 

 For A2AAR, initially solubilized in DDM and stabilized with the 

antagonist ZM241385, samples were diluted into buffers 

containing different ABDs. As shown (Figure 2A), except PM-ABD, 

other ABDs demonstrated comparable stabilization to LMNG and 

DDM, with EE-, PE-, and BE-ABDs showing slightly superior 

performance, suggesting that ethyl was the optimal R2 group, 

regardless of R1. This observation highlights that hydrophobicity 

is not the dominant factor for stabilization in this detergent class. 

Intriguingly, similar behavior was observed for A2AAR thermal 

stabilization in the presence of agonist NECA (Figure S2A). For 

SMO which was initially solubilized in LMNG with the presence of 

agonist SAG, the dimeric ABDs consistently outperformed 

monomeric DDM and exhibited significant stabilization 

improvements over LMNG, except for EM-, PM- and PE-ABDs 

(Figure 2B). In the R1=butyl group series, stability notably 

improved with increasing R2 chain length, as indicated by higher 

CPM values. Conversely, when R2=propyl, the results 

emphasized its importance for SMO stabilization, differing from 

A2AAR results. However, for SMO with the presence of antagonist 

LY294680, similar preference of MP-, BE- and BP-ABD was 

observed when compared to SMO with agonist SAG (Figure S2B). 

For GLP-1R, all dimeric detergents, including LMNG, showed 

greater stabilization superiority over DDM (Figure 2C). 

Remarkably, all ABDs outperformed or comparable (for EP- and 

PM-ABDs) to LMNG, highlighting their enhanced ability to 

stabilize this receptor. These results collectively demonstrate that 

ABDs, particularly those with optimized R1 and R2 groups, exhibit 

superior thermal stabilization for a range of GPCRs, surpassing 

traditional detergents like DDM and LMNG in most cases. These 

findings underscore the varying detergent preferences across 

different MPs while also proving the versatility and efficacy of 

ABDs in addressing diverse stabilization requirements for future 

applications. 

Homogeneity evaluations of A2AAR within ABDs. 

To assess the ability of ABDs to preserve A2AAR 

homogeneity after heat shock, the receptor was subjected to a 

brief heat shock at 50 °C for three minutes, followed by analysis 

using size exclusion chromatography (SEC) (Figure 3). Most ABD 

detergents outperformed DDM, which showed partial aggregation 

of A2AAR. Specifically, A2AAR solubilized in PP-ABD retained 

complete homogeneity, with its SEC profile identical to that before 

heating. Other ABDs, such as MP-, EE-, BE- and BP-ABDs, 

displayed slight peak shifts but maintained homogeneous profiles. 

In contrast, PE-, PM-, PE- and BM-ABD caused significant 

aggregation, indicating reduced efficiency in preserving protein 

integrity. Interestingly, these findings show some discrepancies 

with the CPM assay results, where PP-ABD demonstrated 

favorable stabilization performance. This inconsistency highlights 

the complementary nature of these methods, with the CPM assay 

measuring thermal unfolding and SEC focusing on aggregation 

and homogeneity after heat shock. Together, the results underline 

the remarkable ability of ABDs, particularly PP-ABD, to stabilize 

A2AAR under thermal stress, while reinforcing the necessity of 

using diverse approaches to fully evaluate detergent performance.  
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Figure 3. Homogeneity evaluation of A2AAR within selected ABDs upon heat 

shock. (A) MP-ABD, (B) EM-ABD, (C) EE-ABD, (D) PM-ABD, (E) PE-ABD, (F) 

PP-ABD, (G) BM-ABD, (H) BE-ABD, (I) BP-ABD, (J) DDM, (K) LMNG. 

EM studies of A2AAR using PP-ABDs. 

Considering the superior performance of ABD detergents in 

stabilizing and preserving A2AAR, we carried out negative stain 

electron microscopy (EM) studies. A2AAR samples prepared in 

selected ABDs and stained with uranyl salts were visualized by 

EM, yielding high-quality EM images that revealed uniform, 

monodisperse particles (Figure 4). Consistent with our previous 

work using β-sheet peptide detergents[19a, 19c, 19e], low solubility did 

not hinder effective membrane protein stabilization or EM 

visualization. Unlike LMNG-stabilized samples, which 

predominantly form spherical particles, ABD-stabilized samples 

adopted more irregular shapes. From the EM images of PP-ABD 

prepared samples (Figure 4B), two-dimensional classification of 

approximately 20,721 automated anatomical particles were 

picked, enabling clear identification of different conformations of 

A2AAR-G complex. This result is promising, demonstrating low 

protein clustering and enhanced clarity, which are comparable to 

samples prepared using LMNG under similar conditions (Figure 

4A). In addition, as preliminarily indicated in our mass photometry 

analysis, PP-ABD-prepared samples primarily contained A2AAR 

monomers (Figure S3). However, the broad peak observed in the 

mass photometry data may have masked the presence of A2AAR 

dimers that could not be clearly resolved. Whereas LMNG-

prepared samples evidently exhibited both monomers and dimers, 

together with higher percentage of empty aggregates (Figure S3).  

 
Figure 4. EM studies of A2AAR. Single particle EM of negative-stained A2AAR 

solubilized in LMNG (A) or in PP-ABD (B). 

Conclusion  

In this study, we successfully designed and synthesized a 

series of anthracene-bridged detergents (ABDs) with tunable 

hydrophobic and hydrophilic properties. By leveraging a stepwise 

synthetic approach, we constructed well-defined scaffolds that 

allowed for systematic exploration of structure-property 

relationships. Our results demonstrate that ABD detergents, 

despite their solubility challenges, were effective in stabilizing 

GPCRs such as A2AAR, SMO, and GLP-1R. Compared to 

traditional detergents like DDM and LMNG, several ABD variants 

exhibited comparable or superior stabilization effects. While some 

ABDs with extended alkyl substituents exhibited lower solubility, 

we addressed this limitation by using saturated solutions, which 

remained effective in MP assays. However, due to their limited 

solubility, these detergents could not reach the concentrations 

typically required for membrane protein extraction and 

purification—representing a key limitation of the current design. 

This highlights the need for further optimization. Looking ahead, 

introducing carboxylic acid, or amide, or more sugar as head 

groups may enhance solubility, providing a potential direction for 

future optimization. Notably, PP-ABD maintained A2AAR 

homogeneity after thermal stress and proved suitable for EM 

studies. Moreover, mass photometry analysis suggested that 

A2AAR solubilized in PP-ABD retained relatively homogeneous 

population, mitigating initial concerns on its solubility. These 

results highlight the versatility and effectiveness of ABDs across 

different MPs, underscoring their potential as useful tools in 

structural and functional studies of challenging MPs. Beyond 

introducing a promising class of detergents, this work provides 

valuable insights into the rational design of novel amphiphiles, 

paving the way for next-generation detergents tailored to address 

the complexities of MP stabilization and structural biology. 

PP-ABD 

A B 

LMNG 
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