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Detergents are widely used for membrane protein research; however, membrane proteins 

encapsulated in micelles formed by conventional detergents tend to undergo structural degradation, 

necessitating the development of new agents with enhanced efficacy. Here we prepared several 

hydrophobic variants of ganglio-tripod amphiphiles (TPAs) derived from previously reported TPAs 

and evaluated for a multi-subunit, pigment protein superassembly. In this study, TPA-16 was found 

to be most efficient in protein solubilization while TPA-15 proved most favourable in long-term 

protein stability. The current study combined with previous TPA studies enabled us to elaborate on 

a few detergent structure-property relationships that could provide useful guidelines for novel 

amphiphile design. 

 

Introduction 

Membrane proteins are key players for a variety of cellular activities 

such as material transfer, signal transduction, and cell-to-cell 

communication. These bio-macromolecules account for a third of all 

human ORFs and are found in all membrane compartments 

including the plasma membrane, nuclear membrane, and 

mitochondrial membrane.1 In addition, more than half of the 

pharmaceutical agents under current development target these 

membrane macromolecules, driving considerable attention to 

membrane protein research.2 Despite such prevalence in biological 

systems and their importance in drug discovery, membrane protein 

structural study lags far behind that of soluble counterparts. The 

number of soluble proteins with known structure is approaching 

100,000 while only hundreds of membrane protein structures are 

available from the Protein Data Bank (PDB).3 Most of those 

structures were determined by X-ray crystallographic methods 

whereas some of them, particularly those with small molecular 

weights, were determined preferentially by nuclear magnetic 

resonance (NMR) spectroscopy.4 Maintaining the native structure of 

membrane proteins in an aqueous medium is a prerequisite in these 

structural studies.5 Nature evolved to utilize membrane architecture 

to ingeniously attain membrane protein stabilization; as such, 

membrane-inserted proteins are extremely stable. Native membranes 

exert not only lateral pressure on membrane proteins but also contain 

lipid molecules that specifically bind to protein surfaces, which play 

an essential role in preserving the native structures of membrane 

proteins.6 Due to the large size of lipid-protein architectures, 

structure resolution of membrane proteins is not compatible with the 

analytical methods used for soluble protein structural studies (e.g., 

X-ray crystallography and NMR spectroscopy). Thus, membrane 

proteins must first be extracted from the native membrane for 

membrane protein structure research. Amphipathic molecules are 

widely used for this purpose as the micelles formed by these agents 

have the ability to interact with lipid molecules as well as membrane 

proteins.7 Accordingly, the use of sufficient amounts of a detergent 

allows us to dismantle lipid bilayers and encapsulate a target 

membrane protein in micelles. The resulting protein-detergent 

complexes (PDCs) are the main entities used for membrane protein 

crystallization. 

More than 100 conventional detergents are available, but only a 

few detergents are commonly used for membrane protein study, 

including lauryldimethylamine–N–oxide (LDAO), n–octyl––D–

glucoside (OG), and n–dodecyl––D–maltoside (DDM).8 Most of 

these conventional detergents have a single alkyl chain and a single 

hydrophilic group such as a glucoside, maltoside, or N-oxide. Along 

with the small number of popular detergents, the properties of these 

agents are too narrow to stabilize a large number of membrane 

proteins, which leads to serious limitations in detergent utility for 

membrane protein manipulation. As a result, many membrane 

proteins solubilized in these conventional detergents often suffer 

protein denaturation and aggregation.7 Substantial efforts have been 

devoted to develop new amphipathic agents with enhanced 

properties.9,10 A simple way to achieve this goal is to introduce 

structural modifications into conventional detergents based on 

detergent structure-property relationships. For instance, Chae’s 

glyco-tritons (CGTs) bearing a carbohydrate headgroup, derived 

from Triton X-100, were developed based on the fact that 
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carbohydrate headgroups (e.g., maltose) were shown to be superior 

to polyoxyethylene in membrane protein stabilization.9a Cholate and 

deoxycholate-based N-oxide agents (CAOs and DCAOs) were also 

prepared by replacing the sulfobetaine headgroup of 3-[(3-

cholamindopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) 

with an N-oxide group, noting that N-oxide-containing agents (e.g., 

LDAO) are more commonly used than anzergents with a 

sulfobetaine headgroup in most membrane protein studies.9b These 

modified analogs were shown to be superior to their parent 

detergents in terms of membrane protein solubilization and 

stabilization. Continued efforts have been devoted to invent novel 

amphiphiles with significantly distinct architectures from those of 

conventional agents.10 Examples include tripod amphiphiles 

(TPAs),10a-d facial amphiphiles (FAs),10e,f rigid hydrophobic group 

bearing amphiphiles (Chobimalt and glycosylated diosgenin-based 

amphiphile (GDN)),10g-i NG class amphiphiles (glucose neopentyl 

glycols (GNGs),10j,k maltose neopentyl glycols (MNGs)10l,m), and 

calixarene-based surfactants.10n Recently, a number of polymeric 

nanoparticles, including amphipols10o,p and nanoassemblies (e.g., 

nanodiscs (NDs)10q and nanolipodisq10r) have been successfully 

applied to various membrane protein studies. Also, note that a 

number of peptide-based agents such as -helices (e.g., 

peptitergents10s and lipopeptides10t), -peptides10u, and short 

peptides10v with no specific secondary structure have been shown to 

be promising in membrane protein studies. However, neither these 

nanoassemblies nor the peptide-based detergents have proved 

successful for membrane protein structural studies as of yet. 

We have studied tripod amphiphiles with three hydrophobic 

groups in the lipophilic region. The use of modular synthetic 

approaches toward these agents has allowed us to introduce large 

scope of structural variations into the lipophilic and hydrophilic 

region. The original of this class, designated TPA-0 (commercially 

TRIPAO), has an N-oxide headgroup and were shown to be 

particularly promising in solubilization and stabilization of rather 

robust membrane proteins such as bacteriorhodopsin (bR) and 

bovine rhodopsin (rho) proteins.10a Accordingly, this agent proved 

successful in obtaining high quality crystals of these proteins.11  The 

rather harsh nature of this agent prompted us to prepare glyco-tripod 

amphiphiles with various carbohydrate headgroups, noting that 

carbohydrate-containing detergents (e.g., DDM and OG) are 

superior to N-oxide-bearing agents (e.g., LDAO) in terms of 

membrane protein stabilization efficacy.10b When we evaluated a set 

of TPAs with various headgroups for the fragile superassembly, two 

branched diglucoside-bearing TPAs, TPA-2 and TPA-2-S 

(commercially Trip-Pheglu and Trip-Cyglu, respectively; Scheme 1), 

were superior to the original TPA (TPA-0) in terms of protein 

stabilization efficacy. This result encouraged us to prepare 

hydrophobic variants of TPA-2 by introducing an alkyl appendage 

on a benzene ring at the para position.10d Here we made continuous 

effort in a different direction to further improve protein 

solubilization efficiency and stabilization efficacy by preparing 

several TPA-2-S variants (Scheme 1). We found a set of TPAs that 

are more efficient at membrane protein solubilization than a 

conventional detergent (DDM) and the other TPAs. Among these 

efficient TPAs, TPA-15 displayed the most promising behavior for 

the long-term protein stability. In addition, detergent structure-

property relationships proposed in a previous report were refined 

based on current TPA results.  

Results and Discussion 
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Scheme 1. Chemical structures of previously reported TPAs (TPA-2, TPA-2-
S, and TPA-8) and newly prepared TPAs (TPA-12, TPA-13, TPA-14, TPA-
15 and TPA-16). TPA-12, TPA-13, and TPA-14 have two rings in the 
lipophilic portion without an alkyl chain. This set of TPAs has one 
cyclohexyl ring, but vary in the size of the other ring (cyclohexane for TPA-
12, cycloheptane for TPA-13, and cyclooctane for TPA-14). On the other 
hand, TPA-15 and TPA-16 include two cyclohexane rings and one alkyl 
chain varying in chain length (methyl for TPA-15 and butyl for TPA-16). All 
of these TPAs share the same, branched diglucoside headgroup with TPA-2. 

The new agents designed here were based on the TPA-2-S 

compound with one cyclohexyl ring and two butyl chains (Scheme 

1). All the new variants share a hydrophilic group (i.e., a branched 

diglucoside) and a hydrophobic cyclohexane moiety with TPA-2-S, 

but vary in the other parts of the hydrophobic group. The structural 

modification was first made by connecting two TPA-2-S alkyl 

chains to produce a set of TPAs with a different ring size 

(cyclohexane for TPA-12, cycloheptane for TPA-13, and 

cyclooctane for TPA-14). The second set of TPAs was prepared by 

substituting one butyl chain of TPA-2-S for another cyclohexyl ring, 

thus commonly bearing two cyclohexyl rings but with a different 

alkyl chain (methyl for TPA-15 and butyl for TPA-16). These two 

sets of TPAs were synthesized in seven reaction steps with moderate 

overall yield (~20%; see supporting information for details). 

 All new agents except TPA-12 were water-soluble well up to 

10%. TPA-12 was initially soluble well but tended to form insoluble 

aggregates with time and thus not studied further. The critical 

micelle concentrations (CMCs) of the new agents were determined 

by absorption of the fluorescent dye, diphenylhexatriene (DPH),12 

and their micelle sizes were estimated by dynamic light scattering 

(DLS) experiments. The summarized data of these results along with 

the solubilization yields (SYs) for the Rhodobacter (R.) capsulatus 
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superassembly are presented in Table 1. The molecular weights of 

TPA-14 and TPA-15 were similar to that of TPA-2 and their CMC 

values were also comparable. A similar trend was seen for TPA-8 

and TPA-16; these two TPAs are comparable in molecular weight 

(716 and 692) and CMC value (0.42 mM and 0.64 mM). The 

relationship between the molecular weight and CMC value of the 

detergents observed here is consistent with the general notion that 

detergent CMC value decreases with the molecular weight of 

detergent lipophilic group. This is due to the fact that an enlarged 

lipophilic group increases detergent hydrophobicity, thereby 

facilitating micelle formation at a lower concentration. Consistent 

with this notion, TPA-13 with the lowest molecular weight among 

the current TPA series gave the largest CMC value of 14 mM. Note 

that, in addition to the hydrophobicity of detergent lipophilic group, 

other factors (e.g., lipophilic group volume) could strongly influence 

the CMC values of detergents, as can be found in the literature.13  

These TPAs except TPA-8 and TPA-16 have relatively large CMC 

values ranging from ~1.8 mM to ~14 mM, indicating of the high 

capability of these TPAs for dialysis; detergent removal via dialysis 

is reported to be much more efficient for detergents with large CMC 

values (e.g., OG; ~ 18 mM) than detergents with small CMC values 

(e.g., DDM).14 Micelle sizes formed by TPAs tend to increase with 

alkyl chain length of the lipophilic groups. For example, micelles 

formed by TPA-8 with a t-butylphenyl group gave a three-fold 

increase in hydrodynamic radius (Rh) than those formed by TPA-2 

with a phenyl group, which corresponds to a 27-fold increase in 

terms of micellar volume. A similar degree of difference in the 

hydrodynamic radii was observed for TPA-15 (methyl) vs. TPA-16 

(n-butyl). Micelles formed by TPA-14 with a cyclooctyl (C8) ring 

were also larger than those formed by TPA-13 with a cycloheptyl 

(C7) ring, suggesting an effect of ring size present in the 

hydrophobic portion on detergent micelle size. Increase in alkyl 

chain length or ring size is likely to make a TPA molecule more 

cylindrical, thus leading to the formation of larger self-assemblies.16 

Most of the TPAs designed here showed one set of micelle 

distributions in the DLS experiments, as did DDM. On the other 

hand, two kinds of aggregates were observed for TPA-8, TPA-13, 

and TPA-14.  The Rh values of these aggregates were ~6.0 nm and 

~334 nm for TPA-8, ~2.2 nm and ~184 nm for TPA-13, and ~2.6 nm 

and ~174 nm for TPA-14 (Figure S1). The ratios for the two sets of 

aggregates were calculated to be > 1011 in the number distribution-

based calculations, indicating the exclusive dominance of small 

micelles for these TPAs (TPA-8, TPA-13, and TPA-14).  

Table 1. Critical micelle concentrations (CMC) and hydrodynamic radii (Rh) 

of the micelles (mean ± SD, n = 4), solubilization yields (SYs) for previously 

reported TPAs (TPA-2, TPA-2-S, and TPA-8), newly synthesized TPAs 

(TPA-13, TPA-14, TPA-15, and TPA-16), and conventional detergents 

(DDM and LDAO). 

 MW 
a CMC (mM; wt%) Rh (nm)b SY (%) 

TPA-2 659.8 ~3.6; ~0.24 2.0 ± 0.1  ~50 

TPA-2-S 665.8 ~1.8; ~0.12 3.3 ± 0.1  ~70 

TPA-8 715.9 ~0.42; ~0.030 6.0 ± 0.2 c ~80 

TPA-13 635.7 ~14.0; ~0.88 2.6 ± 0.2 c ~80 

TPA-14 649.8 ~4.5; ~0.29 3.8 ± 0.3 c ~80 

TPA-15 649.8 ~4.7; ~0.31 2.2 ± 0.0  ~80 

TPA-16 691.8 ~0.64; ~0.044 6.8 ± 0.1  ~90 

DDM 510.6 ~0.17; ~0.0087 3.5 ± 0.0 ~70 

LDAO 229.4 ~1.0; ~0.023 d 2.0d ~100 

aMolecular weight of detergents. bHydrodynamic radius of micelles, except TPA-15 

was determined at 1.0 wt % by dynamic light scattering. TPA-15 was used at 2.0 

wt % to obtain a strong signal. 
c
Two forms of aggregates were observed with 

hydrodynamic radii of ~6.0 nm and ~334 nm for TPA-8, ~2.2 nm and ~184 nm for 

TPA-13, and ~2.6 nm and ~174 nm for TPA-14 (see Figure S1).
d
 These values 

were obtained from the literature.15 

The new TPAs were evaluated with the photosynthetic 

superassembly from R. capsulatus, comprised of light harvesting 

complex I (LHI) and reaction center complex (LC).17 The LHI 

complex contains multiple tertiary and quaternary structures, thus 

being highly sensitive to protein denaturation while the LC complex 

is rather resilient.10b Only mild detergents such as DM and DDM 

were shown to maintain the native conformation of the LHI-RC 

complexes in the course of protein solubilization and purification. 

The use of OG and Triton X-100 with intermediate strength led to 

degradation of the LHI with an intact RC. When we introduced harsh 

detergents such as LDAO and sodium dodecyl sulfate (SDS), both 

components, LHI and RC, underwent fast structural degradation. 

Hence, the LHI-RC complex allowed us to evaluate a set of 

detergents in a gradable way according to their efficacy for 

membrane protein stabilization, thus being a good litmus test for 

detergent evaluation in terms of protein stabilization efficacy. The 

LHI-RC complex is also a convenient system for detergent 

evaluation on membrane protein solubilization efficiency thanks to 

the presence of multiple cofactors such as chlorophylls and 

carotenoids in the interior of the complex. These cofactors, when 

embedded in the native conformation, give rise to a featured UV-

Visible spectrum showing intense absorption at 875 nm. The partial 

or complete degradation of LHI and/or RC complexes can be readily 

detected by the appearance of peaks at ~760 nm and ~800 nm and 

decrease of a peak at 875 nm. Therefore, we can make an 

unambiguous assessment on protein quantity and integrity via simple 

optical spectrophotometry.  

Detergent evaluation started with the addition of individual 

detergents to the intracytoplasmic R. capsulatus membranes enriched 

in LHI-RC complexes. Due to the large variation in CMC values, 

different detergent concentrations were used for protein 

solubilization (2xCMC for TPA-13, 4xCMC for TPA-14 and TPA-

15, and 30xCMC for TPA-16). For comparison, we included three 

previously reported TPAs (TPA-2, TPA-2-S, and TPA-8 with 

5xCMC, 10xCMC, and 30xCMC, respectively) and two 

conventional detergents (DDM and LDAO with 60xCMC and 

20xCMC, respectively). The insolubilized portion including cellular 

debris and membrane-inserted LHI-RC complexes following 

detergent treatment was separated from the detergent-solubilized 

portion via ultracentrifugation. The supernatant portion including 

detergent micelles and detergent-solubilized complexes was directly 

used for spectroscopic measurements while detergent-insolubilized 

portions obtained as pellets were suspended in an aqueous buffer 

before spectroscopic measurements. Consistent with previous results, 

DDM solubilized the LHI-RC complexes in ~70% yield and 

previously reported TPAs (TPA-2, TPA-2-S, and TPA-8) solubilized  
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in ~50%, ~70%, and ~80% yields, respectively (Figure 1a & 

S2a).10b,d The first set of the new TPAs, TPA-13 and TPA-14, with 

cycloheptyl and cyclooctyl rings, respectively, was not much 

successful in increasing solubilization efficiency. Rather, these 

agents were compared to TPA-8 in this regard (~80%; Figures S2).  

When we evaluated the second set of TPAs including those with two 

cyclohexyl rings and one alkyl appendage, however, detergent 

solubilization efficiency was increased to ~90% for TPA-16 whereas 

TPA-15 was just comparable to other well-behaving TPAs (TPA-8, 

TPA-13, and TPA-14) (Figure 1a). The intense peak at 875 nm in 

the spectrum of TPA-16-solubilized complex indicates the strong 

power of this agent in disrupting the lipid bilayer and extracting 

complexes from that layer, yet with little detrimental effect on 

protein structure deformation (Figure S2b,c). In contrast, LDAO-

solubilized complex lost most of its structural integrity during 

protein solubilization although most of the protein complexes could 

be solubilized by the use of this agent (Figure 1a,b). Achieving 

detergent efficacy corresponding such high solubilization and 

favorable stabilization is challenging because detergents with high 

solubilization efficiency tend to have strong propensity to denature 

fragile membrane protein complexes, as exemplified by Triton X-

100, OG, and LDAO.9a,10c  
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Figure 1. Absorbance spectra of R. capsulatus superassembly (a) 
insolubilized, (b) solubilized, and (c) purified in three TPA agents (TPA-8, 
TPA-15, and TPA-16) and two conventional detergents (DDM and LDAO). 
For protein solubilization, individual detergents were used at different 
concentrations due to the large variation in their CMC values (60xCMC for 
DDM, 30xCMC for TPA-8 and TPA-16, 20xCMC for LDAO, and 4xCMC 
for TPA-15). Detergent solubilized and insolubilized portions were separated 
via ultracentrifugation and used for spectroscopic measurements. Protein 
purification was performed via Ni-NTA affinity column chromatography 
with an elution buffer including 1xCMC detergent and 1.0 M imidazole. All 
spectra were measured ranging from 650 nm to 950 nm. 

In order to investigate the utility of these new TPAs for the next 

step of protein purification, each TPA-solubilized complex was 

incubated with Ni-NTA resins for resin binding as the complexes 

contain a hepta-histidine tag at the C-terminus of the RC M subunit. 

Detergent-purified protein samples were obtained in high purity by 

eluting the protein complexes from IMAC column. A buffer 

containing 1.0 M imidazole and 1xCMC of the individual detergents 

was used for this elution. The UV-Visible spectra of these protein 

samples were then obtained in the range of 650 nm to 950 nm. 

Overall, these spectra were similar to those of detergent-solubilized 

counterparts, with one exception with the LDAO sample, indicating 

the continual effectiveness of these TPAs and DDM at preserving 

the native structure of the complexes in the course of complex 

purification (Figure 1c). On the other hand, LDAO-solubilized 

complexes were further degraded during the purification.  

Among dozens of TPAs developed so far, several TPAs (TPA-8, 

TPA-13, TPA-14, TPA-15 and TPA-16) showed high membrane 

protein solubilization efficiency (≥80%). However, the current 

protocol failed to discriminate between their efficacies for 

membrane protein stabilization because all these agents are mild 

enough to stabilize the superassembly in the course of protein 

solubilization and purification. In order to differentiate their 

stabilization efficacies, we evaluated these agents for long-term 

stability of the superassembly. In this evaluation, the superassembly 

was first solubilized with 1.0 wt% DDM and purified via IMAC 

column as described above. The purified protein solution was 50-

fold diluted with individual TPA-containing solutions, so that the 

amount of residual DDM is far less than its CMC.  We selected three 

amphiphile concentrations to investigate detergent concentration 

effect on proteins stability: CMC+0.04 wt%, CMC+0.2 wt%, and 

CMC+1.0 wt%. Protein stability was monitored over 20 days of 

incubation period at room temperature by tracking absorbance value 

at 875 nm. At the low amphiphile concentration, TPA-14 and TPA-

15 showed a better ability to stabilize the superasembly as compared 

to other TPAs (TPA-8, TPA-13, TPA-16) and conventional 

detergents (DDM and LDAO) (Figure 2a). When we increased the 

amphiphile concentration to CMC+1.0 wt%, the efficacy differences 

between TPAs became more prominent. At this high concentration, 

TPA-15 was superior to other TPAs and conventional detergent 

(DDM) (Figure 2b), followed by TPA-14 and TPA-13. A similar 

trend was obtained at CMC+0.2 wt% (Figure S3). Note that we used 

the protein complexes at a low concentration of ~ 0.2 M for this 

stability study mainly because many detergents could be evaluated in 

a number of conditions with small amounts of protein samples. A 

preliminary study showed that the detergent efficacy order for 

protein stabilization was little changed when the concentration of 

this complex was increased to ~10 M. This result implies that the 

stability of LHI-RC complex is minimally influenced by protein 

concentration under the condition. The combined results of protein 

solubilization, purification and long-term stabilization reveal that 

TPA-16 is most powerful at solubilizing the complex from the 

membrane while TPA-15 is most outstanding in terms of long-term 

stability of the protein. 
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Figure 2. Long-term stability of R. capsulatus superassembly at two different 
amphiphile concentrations: (a) CMC + 0.04 wt% and (b) CMC + 1.0 wt%. 
Five tripod amphiphiles showing high solubilization power were selected for 
this stability assay. DDM-purified protein sample was mixed with solutions 
containing these individual TPAs and then protein stability was monitored by 
taking absorbance value at 875 nm at regular interval during 20 days of 
incubation at room temperature.  

Tripod amphiphiles were shown to be favorable in membrane 

protein solubilization. It is likely that the multiple alkyl chains 

present in the lipophilic region are responsible for the high 

solubilization efficiency. Conceivably, each of these alkyl chains 

noncovalently interacts with membrane proteins, giving rise to a 

strong binding between detergent molecules and membrane proteins. 

Conventional detergents typically having a single alkyl chain cannot 

achieve such multiple-point interactions. This advantageous effect 

was well illustrated by the comparative study of TPAs and monopod 

amphiphiles (MPAs).10b When TPA-2 variants were used instead of 

conventional MPA-2 variants for the solubilization of the 

superassembly (Figure S4), a significant increase in membrane 

protein solubilization yield was observed (from ~30% to ~80%).10b 

In the current study, the two rings-bearing TPAs with no alkyl chain 

(the first TPA set) or the two cyclohexyl rings-containing TPAs with 

one alkyl chain (the second TPA set) were evaluated for membrane 

protein solubilization and purification. Consistent with the previous 

observations, these TPAs displayed favourable behaviour in terms of 

membrane protein solubilization efficiency, with the best 

performance of TPA-16. The favourable behaviour of TPA-16 is 

likely attributed to the presence of three alkyl groups with similar 

chain length (two cyclohexyl rings and one butyl chain) because 

such architecture would facilitate three-point interactions with the 

hydrophobic segment of membrane proteins. A similar result was 

observed in a previous study,10d suggesting that this design strategy 

can be generally useful for the development of novel agents with 

high solubilisation efficiency. Despite the high solubilization power 

(~90%), however, TPA-16 turned out to be sub-optimal for the long-

term protein stabilization. Rather TPA-15 with a dipodal structure 

was superior in the stabilization of LHI-RC complexes, indicating 

that the tripod architecture may not be ideal for membrane protein 

stabilization. Note that detergent structural features for membrane 

protein solubilization don’t generally match with those for 

membrane protein stabilization. This is a reason why a novel 

detergent showing both high solubilization efficiency and an 

excellent stabilization efficacy (e.g., TPA-15) is rare.    

DDM, OG, and LDAO are three conventional detergents most 

widely-used for membrane protein crystallization.8,18 It is notable 

that these popular agents are commonly promising at membrane 

protein solubilization and stabilization. This notion indicates that, in 

addition to membrane protein stabilization efficacy, protein 

solubilization efficiency is a crucial factor in determining the 

outcome of membrane protein crystallization attempts. We have 

little knowledge about the precise reason for the correlation between 

these detergent properties: membrane protein solubilization 

efficiency and membrane protein crystallization efficacy. 

Conceivably, detergents with strong binding affinity toward the 

hydrophobic segment of membrane proteins would favour protein-

detergent micelle interaction over protein-protein interaction, 

thereby effectively preventing protein aggregation. Thus, detergents 

showing high solubilization efficiency and reasonably good 

stabilization efficacy would facilitate membrane protein 

crystallization by minimizing protein aggregation. Protein 

aggregation can be particularly problematic in membrane protein 

structure studies via X-ray crystallography and NMR spectroscopy 

because these analytical methods commonly utilize high protein 

concentrations for crystal formation or strong spectral signal. The 

scrutiny for a number of novel amphiphile studies also reaches a 

similar conclusion. Strong solubilizing agents such as TPAs, FAs, 

and NG-based agents (GNGs and MNGs) have facilitated the 

determination of membrane protein structures.10e,11,19 In contrast, 

conventional detergents (e.g., CHAPS) and novel agents (e.g., 

amphipols and HFSs20) with low solubilization efficiency have not 

yet been successful in these studies. Owing to the promising protein 

stabilization efficacy and high protein solubilization efficiency, 

TPA-15 holds promise in membrane protein structural studies. It is 

notable that other TPAs such as TPA-14 and TPA-16 can be useful 

as well because these agents are excellent in either membrane 

protein stabilization or membrane protein solubilization. 

Detergent hydrophilic groups play a pivotal role in determining 

membrane protein stabilization efficacy. In general, non-ionic 

detergents are known to be least destabilizing membrane proteins, 

followed by zwitterionic and ionic detergents. For instance, 

carbohydrate containing agents (e.g., OG and DDM) are known to 

be excellent in maintaining the native structures of membrane 

proteins while N-oxide group agents (e.g. LDAO) and an anionic 

SDS have a medium and strong protein-destabilizing effects, 

respectively.18 Amongst non-ionic detergents, maltoside-bearing 

agents (e.g. DDM) are better than glucoside-bearing agents (e.g. 

OG) in this regard, indicating the superiority of maltose to glucose as 

a headgroup. Through a couple of systematic studies of TPAs, the 

branched diglucoside headgroup has emerged as a new promising 

hydrophilic group in membrane protein stabilization because all 

TPAs with this hydrophilic group developed thus far favourably 

maintained the native structure of the complexes while a few 

maltoside-bearing TPAs (e.g., TPA-4) substantially destroyed the 

complexes during the protein solubilization; only one maltoside-

bearing TPA, TPA-4, has been reported thus far,10b but we have a 

few hydrophobic variants of TPA-4 that display detergent 

behaviours similar to that of TPA-4 (Figure S5). These results along 

with previous TPA studies have led us to find a strategy to maximize 

detergent efficacy for membrane protein solubilization and/or 

stabilization. First, multiple hydrophobic groups in detergent 

lipophilic region tend to increase membrane proteins solubilization 

efficiency. Second, hydrophobicity of detergent molecules is 

necessary to be high enough for strong interaction with the 

hydrophobic segment of membrane proteins, but should be 

modulated because exceedingly hydrophobic detergents could give a 
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harmful effect on protein stability, as can be seen in TPA-8 and 

TPA-16. Third, use of the branched diglucoside headgroup will 

confer detergents on favourable membrane protein stabilization 

efficacy. Note that detergent properties such as membrane protein 

solubilisation efficiency and stabilization efficacy are not determined 

by a single part of a molecule but by the cooperation of both 

hydrophobic and hydrophilic groups. It is also important to note that 

an appropriate balance between these groups is essential for the best 

performance of novel amphiphiles, indicating that there is no magic 

bullet in detergent hydrophobic or hydrophilic group. In this context, 

the lipophilic groups of TPAs appeared well compatible with the 

branched diglucoside headgroup for favourable detergent properties, 

making TPA class members suited for membrane protein science. 

Conclusion 

The evaluation for a number of hydrophobic variants of TPA-2 and 

TPA-2-S allowed us to find a few TPA agents with high efficiency 

for membrane protein solubilisation, as exemplified by TPA-8, TPA-

13, TPA-14, TPA-15 and TPA-16. Among these powerful TPAs, 

TPA-15 was most promising in the long-term stabilization of the 

complexes, followed by TPA-14. Detergent evaluation for both 

membrane solubilization efficiency and membrane protein 

stabilization efficacy is important because both factors are critical 

for the successful outcome of membrane protein crystallization. In 

addition, detergent structure-property-efficacy relationships 

discussed here will provide useful guidelines in novel amphiphile 

design, thereby facilitating advance in membrane protein research. 

Note that high flexibility in the structural variation of TPAs allowed 

us to disclose these relationships. Therefore, TPA class is an ideal 

system for the invention of promising amphipathic agents as well as 

the investigation of detergent structure-property-efficacy 

relationships. 
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