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Abstract  
 

Detergents are amphiphilic compounds with crucial roles in the extraction, purification and stabilization of integral 

membrane proteins and in experimental studies of their structure and function. One technique that is highly dependent on 

detergents for solubilization of membrane proteins is solution-state nuclear magnetic resonance (NMR) spectroscopy, 

where detergent micelles often serve as the best membrane mimetic for achieving particle sizes that tumble fast enough to 

produce high-resolution/high-sensitivity spectra. The best quality NMR spectra use detergents with partial or complete 

deuteration, which eliminate interfering proton signals from the detergent itself and eliminate potential proton relaxation 

pathways and strong dipole-dipole interactions that contribute line broadening effects. Another technique for which 

deuterated detergents have been crucial to obtain structural information about membrane proteins in solution is small-angle 

neutron scattering (SANS). Use of a deuterated detergent exploits the intrinsic neutron scattering length difference between 

hydrogen and deuterium, such that detergent is matched-out in D2O and only signal from the membrane protein remains 

visible in the scattering profile, simplifying data analysis. We provide an updated review on the properties, chemical 

synthesis and applications of detergents that are commercially available and/or that have been synthesized with partial or 

complete deuteration, and that have been used in NMR or SANS studies on membrane proteins. Specifically, the detergents 

are sodium dodecyl sulphate (SDS), lauryldimethylamine-oxide (LDAO), n-octyl-β-D-glucoside (β-OG), n-dodecyl-β-D-

maltoside (DDM) and fos-cholines including dodecylphosphocholine (DPC). We also consider effects of deuteration, 

detergent screening and guidelines for detergent selection. 
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1. INTRODUCTION 
Detergents are amphiphilic compounds usually 

having a well-defined hydrophilic domain often referred 

to as the ‘hydrophilic head’ and a separate hydrophobic 

domain often referred to as the ‘hydrophobic tail’ (Figure 

1A). The high aqueous solubility of detergent molecules, 

as monomers and as micelles or when associated with 

other molecules, has given them a crucial role in the 

extraction, purification and stabilization of integral 

membrane proteins and in experimental studies of their 

structure and function [1-20]. The detergent molecules 

act as a membrane mimetic by surrounding the 

membrane protein in a protein-detergent micelle 

complex (Figure 1B) that solubilizes and/or stabilizes 

them in an aqueous environment and therefore allows 

them to be used in a wide range of experimental 

techniques, including X-ray crystallography, cryo-

electron microscopy (cryoEM), mass spectrometry and 
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nuclear magnetic resonance (NMR) spectroscopy. Under 

such conditions, care must be taken as to what extent the 

native structure and functional activity of the protein is 

retained. There are of course a number of other 

membrane mimetics used in the final stages of 

experimental studies with membrane proteins including 

organic solvents, lipids, bicelles, nanodiscs, styrene 

maleic acid polymers (SMALPs), fluorinated surfactants 

and amphipols [20-39] which have different advantages 

and disadvantages, but this review is limited to detergent 

micelles. Even with these alternative membrane 

mimetics, detergents are often still used during the early 

stages of experimental procedures with membrane 

proteins, for example in initial solubilization from the 

native membrane. 

 

One technique that has been highly dependent 

on detergents for structural and functional studies of 

integral membrane proteins is solution-state NMR 

spectroscopy. Detergents often provide the best 

solubility, stability, isotropic and homogenous samples, 

and particle sizes that tumble fast enough for achieving 

high-resolution and high-sensitivity NMR spectra. 

Detergent samples are also generally more 

straightforward to prepare than those using other 

membrane mimetics. Indeed, the large majority of 

integral membrane protein structures determined by 

solution-state NMR have used proteins solubilized in 

detergent micelles [6, 40-48]. Assessments of the 

prevalence of detergent types in membrane structural 

biology revealed that approximately 40% of 115 

membrane protein structures determined by NMR were 

prepared in dodecylphosphocholine (DPC) micelles, 

whilst nearly 40% of 1200 membrane protein structures 

determined by X-ray crystallography were in the sugar-

based detergents n-octyl-β-D-glucoside (β-OG), n-decyl-

β-D-maltoside or n-dodecyl-β-D-maltoside (DDM) [49-

51]. The most prolific detergents that have historically 

been used in experimental studies are not necessarily the 

best for retaining the native structure and functional 

activity of the protein, however. For example, it was 

realized that alkyl phosphocholine detergents, such as 

DPC, often have destabilizing and denaturing effects on 

integral membrane proteins, especially those with an α-

helical structure [51]. 

 

 
Figure 1: Structures of detergents and of a protein-micelle complex. A. Chemical structures of the detergents 

sodium dodecyl sulphate (SDS), lauryldimethylamine-oxide (LDAO), n-octyl-β-D-glucoside (β-OG), n-dodecyl-β-

D-maltoside (DDM) and fos-cholines-10, -11, -12 and-14. The pink areas indicate the hydrophilic head groups. B. 

Illustration of a protein-detergent micelle complex: Molecular dynamics simulation of the outer membrane β-

barrel protein OmpA from Escherichia coli in a dodecylphosphocholine (DPC) micelle. This Figure was 

reproduced from Hiruma-Shimizu et al., (2015) [12]. 

 

In many solution-state NMR studies on 

membrane proteins, detergents with partial deuteration 

or complete deuteration (perdeuteration) have been used. 

This is because deuterated detergents eliminate 

interfering proton signals in NMR spectra that come 

from the detergent itself, which can be very intense and 
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not easily removed by the NMR pulse sequence. They 

also eliminate potential proton relaxation pathways and 

strong dipole-dipole interactions that would otherwise 

contribute to line broadening effects on the spectra. 

Using deuterated detergents therefore provides better 

resolution and sensitivity, access to overlapped areas of 

the protein spectrum and simplifies the application of 

more advanced pulse sequences [12]. The potential 

benefits from using deuterated detergents for NMR 

studies of membrane proteins were first demonstrated 

with the 26-residue amphiphilic peptide melittin bound 

to fully deuterated DPC micelles [52, 53]. These 

conditions allowed an almost complete assignment of 1H 

NMR resonances and the measurement of 1H-1H nuclear 

Overhauser effects (NOEs) to reveal global features for 

the conformation of micelle-bound melittin. Proton-

detected NMR experiments usually require the use of 

deuterated detergents. Heteronuclear NMR experiments 

can help in eliminating the interference of detergent 

signals through the intrinsic filtering effects of the pulse 

sequence. It has been suggested that for large membrane 

protein-detergent complexes there is no significant 

difference in the quality of heteronuclear correlation 

spectra obtained using a nondeuterated or perdeuterated 

detergent [54]. For example, the quality of [15N,1H]-

TROSY and TROSY-HNCA spectra of the 30 kDa 

human β-barrel outer membrane protein VDAC-1 was 

independent of the degree of detergent deuteration [55]. 

The same study, however, also showed a sensitivity 

decrease of around 10-30% in 15N-resolved [1H,1H]-

NOESY spectra when going from deuterated to 

protonated detergent and use of deuterated detergent was 

essential for the recording of 3D and 4D NOESY-type 

spectra of isoleucine, leucine and valine methyl groups 

[55]. It therefore appears that while backbone directed 

experiments may be performed in a protonated detergent, 

NOE experiments and experiments involving side-chain 

signals have clear benefits from the use of deuterated 

detergents. Also, the studies described above that 

comment on the effects of a deuterated detergent on the 

quality of heteronuclear correlation spectra both refer to 

β-barrel membrane proteins. We suggest that the effects 

of a deuterated detergent are protein-specific since in our 

experience with a large α-helical membrane protein, a 

deuterated detergent was essential for achieving the best 

quality [15N,1H]-TROSY spectra (see section 3.4). The 

use of a deuterated detergent is generally beneficial to 

solution-state NMR structural studies of membrane 

proteins [12]. 

 

Another technique for which deuterated 

detergents have been crucial for obtaining structural 

information about membrane proteins in solution is 

small-angle neutron scattering (SANS). Using solvent-

contrast variation (H2O/D2O exchange), SANS is 

especially powerful for determining the shape, size and 

structural organization of membrane proteins in multi-

component assemblies [56-66]. Deuteration of different 

sample components in SANS experiments exploits the 

intrinsic neutron scattering length difference between 

hydrogen and deuterium, which selectively targets 

specific regions of the sample and enhances the contrast 

between them [67-74]. Hydrogen and deuterium have 

neutron coherent scattering lengths (bc) of −3.7423 fm 

and 6.675 fm, respectively, which results in very 

different scattering length densities (SLDs) for H2O and 

deuterium oxide (D2O) of −0.562 × 1010 cm−2 and 6.404 

× 1010 cm−2, respectively [67]. In a sample containing 

deuterated detergent, the signals from the detergent can 

be matched out in D2O so that only signal from a 

solubilized membrane protein remains visible in the 

scattering profile, which simplifies data analysis. 

 

Despite the essential requirement for deuterated 

detergents in NMR and SANS studies of membrane 

proteins, they are usually challenging and expensive to 

synthesize [12]. The amphipathic nature of detergents 

immediately introduces extra challenges to the synthesis 

of these compounds and their precursors, especially in 

work-up and purification steps. Introduction of partial or 

complete deuteration into detergent compounds requires 

identification of suitable and commercially available 

deuterated starting compounds and/or reagents along 

with an appropriate synthetic route. Furthermore, the 

deuterated precursor compounds are themselves 

generally relatively expensive since they must be 

produced by biological or chemical deuteration. Details 

for producing specific deuterated precursor compounds 

for synthesis of deuterated detergents are described in 

later sections of this article. The original source of 

deuterium nuclei for these deuterated precursor 

compounds is usually D2O, which is produced using the 

Girdler-Sulphide or Girdler Spevack process that 

depends on exchange of deuterium atoms between 

molecules in a mixture of water and hydrogen sulphide 

[75]; this is followed by final concentration to 99.8% 

heavy water by vacuum distillation or electrolysis based 

on Nobel prize winning work by Urey and co-workers 

[76, 77]. 

 

It is fortunate that, chemically, deuterium 

behaves similarly to ordinary hydrogen, but there are 

significant differences in bond energy and in bond length 

for compounds of heavy hydrogen isotopes that are 

larger than the isotopic differences in any other element. 

For example, the C-D bond is around 10 times stronger 

than the C-H bond and therefore more resistant to 

breakage; O-D, N-D and S-D bonds are also stronger 

than the corresponding protonated forms [78, 79]. Such 

large effects are seen because when hydrogen is replaced 

with deuterium the mass is doubled, whilst there is a 

much smaller change in mass for isotope substitutions of 

other elements such as 12C for 13C or 14N for 15N. 

Consequently, deuteration can have large effects on the 

rates of chemical and biochemical reactions, especially 

when the position of deuteration is directly involved in 

the breaking or formation of covalent bonds in the rate 

limiting step (primary kinetic isotope effect) [80, 81]. 

Indeed, experimental kinetic isotope effect values for 

deuterium (= rate of reaction with protium/rate of 
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reaction with deuterium, kH/kD) can be as large as 10 or 

more with a theoretical maximum of 18 [81, 82-87], 

whilst experimental values for 13C or 15N are typically in 

the range 1.01-1.07 with a theoretical maximum of 1.25 

[82, 86, 88, 89]. The deuterium kinetic isotope effect has 

been used to study reaction mechanisms, enhance the 

stability of technical products against oxidative and 

hydrolytic degradation and to alter the rates of 

metabolism and the pharmacokinetic effects of drug 

compounds [80, 86, 90-100]. Deuterium isotope effects 

on noncovalent interactions between molecules are 

generally much less significant but they can be 

substantial [89]. Based on some of the investigations 

performed so far, deuteration of proteins does not appear 

to have significant effects on protein structure, but it can 

affect protein function and substrate specificity through 

kinetic isotope effects [101-106]. No published work 

appears to be available on the effects of deuteration on 

detergent properties (e.g., shape, CMC, aggregation 

number, solubility, thermodynamic and volumetric 

parameters, phase behaviour) or the effects of deuterated 

detergents on the solubilization of proteins or on protein 

structure or function. 

 

In this book chapter we provide an updated and 

expanded version of our earlier review article 

“Deuterated detergents for structural and functional 

studies of membrane proteins: Properties, chemical 

synthesis and applications” [12]. In the following 

sections we consider detergent screening approaches, the 

properties and chemical synthesis of deuterated 

detergents and examples of their applications for 

structural and functional studies of membrane proteins 

using solution-state NMR and SANS, and some 

guidelines for choosing an appropriate detergent. 

 

2. DETERGENT SCREENING 

In choosing the most suitable detergent for 

NMR studies with a membrane protein a number of 

factors must be considered [12]. These include 

achievement of good quality spectra or scatter plots from 

a stable sample under conditions that retain the native 

structure and activity of the protein. The detergent that 

provides the highest quality spectra or scatter plot is not 

necessarily the best for retaining structure and activity, 

so a balanced view must be taken. Due to curvature of 

the water-micelle interface detergents that form the 

largest micelles tend to have the least deleterious effects 

on membrane protein structure, but it is more challenging 

to achieve high resolution NMR spectra for larger 

complexes. 

 

The screening of detergents for experimental 

studies with membrane proteins has some common 

attributes for using a wide range of techniques, including 

X-ray crystallography and other diffraction methods, 

cryoEM, mass spectrometry and NMR spectroscopy. An 

initial screen of multiple detergents can simply 

determine if the protein is soluble or if it precipitates. 

This can involve purification in a mild and stable 

detergent, binding to an affinity column, washing and 

elution with a buffer containing a new detergent and 

running on an SDS-PAGE gel. If the protein precipitates 

in the new detergent it will remain on the column or if 

the protein is solubilized by the new detergent it will be 

eluted and give a band on the gel. In this test the 

concentrations of both protein and detergent can be 

varied and it can be made high-throughput. Under 

conditions of successful solubilization, the protein can 

then be tested for structural and functional integrity, 

monodipersity and thermal stability using a range of 

enzymatic, ligand binding or spectroscopic assays of 

which some can be made high-throughput. Circular 

dichroism spectroscopy can be used to test secondary 

structure (far-UV) and tertiary structure (near-UV) 

integrity, thermal stability and ligand binding activity 

[107-116]. Fluorescence spectroscopy can be used to test 

structural integrity (spectral shape), ligand binding 

activity and thermal stability [117] and a microscale 

fluorescent screen using the thiol-specific fluorochrome 

N-[4-(7-diethylamino-4-methyl-3-

coumarinyl)phenyl]maleimide (CPM) has been 

developed for screening stability [118]. A high-

throughput detergent screening method using differential 

scanning fluorimetry in combination with scattering 

upon thermal denaturation was developed to study the 

unfolding of integral membrane proteins [119]. Light 

scattering and turbidity measurements can be used to test 

for aggregation and to measure particle size [120-124]. 

Differential filtration can be used to screen stability and 

particle size [125]. Electrophoresis (e.g., SDS-PAGE, 

native-PAGE) and chromatography (e.g., size exclusion) 

can be used alongside these techniques to test for 

structural degradation, aggregation, monodispersity and 

oligomerization and to measure the size of protein-

detergent complexes. Analytical ultracentrifugation can 

be used to investigate the oligomeric state and the 

detergent-to-protein ratio in protein-detergent complexes 

and to evaluate sample homogeneity [126]. Cell-free 

expressed membrane proteins can be produced in the 

presence of a detergent, which can also serve as an initial 

test for solubilization or precipitation [127]. Because 

deuterated detergents are generally not used for 

crystallography, the use and screening of detergents for 

crystallography will not be considered further in this 

review and the reader is referred to other published work 

on this theme [5, 10, 14, 128-132]. 

 

Regardless of the techniques described above, 

the detergent solubilized protein will only be suitable for 

solution-state NMR studies if it produces sufficiently 

high-quality multidimensional NMR spectra in terms of 

sensitivity and resolution, number and dispersion of 

peaks and lifetime of the sample [12]. This can initially 

be assessed by obtaining 2D correlation 15N-1H HSQC or 

TROSY or 13C-1H methyl-TROSY NMR spectra for 

highly pure 15N and/or 13C-labelled protein in 

homogenous samples with different detergents and with 

varying concentrations of protein and detergent and 

using different temperatures, pH values and salt 
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concentrations [40, 133, 134]. Larger proteins will likely 

require deuteration of the protein and benefit from a 

deuterated detergent for the reasons already described. 

The area under the amide proton region in 1D 1H spectra 

as a function of time can be used as an indicator of NMR 

sample stability [133]. The lifetime of peaks in the NMR 

spectra should correlate with measurements in the 

stability of protein structural integrity and activity 

obtained using other techniques under the same sample 

and temperature conditions. For some detergent-

solubilized membrane proteins, such as receptors or 

those with an enzymatic function, an activity assay using 

the natural ligand or substrate may be feasible. For other 

membrane proteins, such as channels and transporters, an 

assay of their functional activity is not usually possible 

under detergent solubilized conditions, so an assay of 

inhibitor binding may be used. In some cases membrane 

protein activity may be demonstrated in an NMR 

experiment by observing the shift, appearance or 

disappearance of peaks following addition of an 

appropriate ligand. The size of membrane protein-

detergent complexes in the NMR sample can be 

estimated from pulsed field gradient (PFG) translational 

diffusion measurements [133, 135, 136] or from 

rotational correlation times obtained using NMR 

relaxation measurements [133, 137, 138]. For membrane 

proteins available only in small quantities, microcoil 

NMR technology has been developed for screening the 

detergent solubilization, proper folding and translational 

diffusion of microscale quantities of membrane proteins 

destined for structural studies [139-142]. There have 

been some attempts to rationalize the predictive selection 

of detergents for optimal solubilization, sample 

homogeneity and native protein folding with specific 

membrane proteins in NMR structural studies. These 

include the design of mixed micelles based on matching 

of micelle dimensions to those of the hydrophobic 

surface of the protein to avoid exchange processes that 

reduce NMR observations [143], correlation of micelle 

properties with ligand-binding activity [144], assessment 

of amino acid sequence hydropathy [145] and the effects 

of detergent concentration and changes in effective CMC 

values for specific detergents in the presence of a 

membrane protein [141]. Clearly, more work on this 

theme must be performed before robust generalized 

guidelines can be made for predictive detergent 

selection. 

 

3. DEUTERATED DETERGENTS 

The use of deuterated detergents in 

experimental studies with membrane proteins using 

solution-state NMR and SANS introduces extra 

considerations, which include the pattern of deuteration 

in the detergent molecule, availability and cost [12]. The 

most commonly used detergents that are currently 

commercially available in deuterated forms are listed as 

follows: sodium dodecyl sulphate (SDS) in perdeuterated 

form (d25-SDS); lauryldimethylamine-oxide (LDAO) in 

perdeuterated form (d31-LDAO); n-octyl-β-D-glucoside 

(β-OG) with the aliphatic tail deuterated (d17-β-OG) and 

in perdeuterated form (d24-β-OG); n-dodecyl-β-D-

maltoside (DDM) with the aliphatic tail deuterated (d25-

DDM); fos-choline-10 (n-decylphosphocholine) with a 

semi-deuterated head (d9-fos-choline-10), with a 

perdeuterated head (d13-fos-choline-10) and in 

perdeuterated form (d34-fos-choline-10); fos-choline-11 

(n-undecylphosphocholine) with a semi-deuterated head 

(d9-fos-choline-11) and with a perdeuterated head (d13-

fos-choline-11); fos-choline-12 

(dodecylphosphocholine, DPC) with a semideuterated 

head (d9-DPC), perdeuterated head (d13-DPC), tail 

deuterated (d25-DPC) and in perdeuterated form (d38-

DPC); fos-choline-14 (n-tetradecylphosphocholine) with 

a semideuterated head (d9-fos-choline-14), perdeuterated 

head (d13-fos-choline-14) and in perdeuterated form (d42-

fos-choline-14). The chemical structures of these 

detergents are shown in Figure 1A and some of their 

properties are given in Table 1. 

 
Table 1: Properties of detergents. These properties are for the undeuterated compounds and were obtained from 

catalogues of the product suppliers: Anatrace, Cambridge Isotope Laboratories, Cortecnet, Generon, Sigma-Aldrich 

 
aln H2O at 20 °C 

 

3.1. Sodium Dodecylsulphate 

Sodium dodecylsulphate (SDS), also known as 

sodium lauryl sulphate, is an anionic detergent with an 

aliphatic 12-carbon chain and a small negatively charged 

head group (Table 1 and Figure 1A). SDS is a harsh 

detergent often used as a protein denaturant, hence its use 

in polyacrylamide gel electrophoresis for the separation 

of proteins and for estimation of their molecular masses 

in a denatured state. Despite these properties, SDS has 

been used to solubilize a significant number of 

membrane proteins for investigations of their structure 

and function [12]. In the case of solution-state NMR, the 



 
 

Kazumi Hiruma-Shimizu et al, Sch Int J Chem Mater Sci, Jul-Aug, 2025; 8(4): 148-175 

© 2025 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates                                          153 
 

 

principal reason for this is its ability to form relatively 

small and uniform complexes with membrane proteins 

that tumble fast enough in solution to achieve high-

resolution spectra. The large majority of NMR structures 

determined in SDS micelles are for membrane peptides 

or for relatively small α-helical membrane proteins. 

Structures of membrane proteins determined in SDS 

micelles include fd coat protein [146], the mitochondrial 

membrane protein stannin [147], MerF of the mercury 

detoxification system from Morganella morganii [148], 

the human zetazeta-transmembrane domain [149], a 

thermostable mutant of the potassium ion channel KcsA 

[150], the human DAP12-NKG2C heterotrimeric 

immunoreceptor complex [151], LC4 region of CC 

chemokine receptor 5 [152] and regulatory subunits of 

the the Na,K-ATPase [153-155].  

 

The synthesis of SDS is usually achieved by 

sulphonation of n-dodecanol [156] using sulphur trioxide 

[157], chlorosulphonic acid [158] or sulphuric acid [159] 

followed by neutralization of the resultant sulphate using 

sodium hydroxide or sodium carbonate (Figure 2A). 

Uniformly deuterated SDS (d25-SDS) can be produced 

by using d25-n-dodecanol in this synthesis. d25-n-

Dodecanol, which is commercially available, can be 

produced by reduction of the deuterated fatty acid (d23-

n-dodecanoic acid) using lithium aluminium deuteride 

(LiAlD4). An early method for preparing saturated fatty 

acids with deuteration at all carbon positions was to heat 

fatty acids with D2O in the presence of alkali (KOH) and 

active platinum [160], but this method gave only partial 

deuteration at each position. A simple and efficient 

method for preparing fully deuterated fatty acids was 

later developed by heating (195 °C) fatty acids and 

deuterium gas over a palladium on charcoal catalyst 

[161]. High isotopic purity deuterium gas (>99.98%) can 

be produced by electrolysing high isotopic purity D2O 

(99.8%) down to around 30% of its original volume 

[162]. A similar approach has been used for deuteration 

of fatty acyl chains in synthetic phospholipid molecules 

[163]. There was also a renewed and increased interest in 

using a variety of hydrogen/deuterium-exchange 

reactions at carbon centres for production of deuterium-

labelled compounds rather than using classical synthesis 

with deuterated precursors [164]. Due to its relative ease 

of synthesis and longstanding commercial availability, 

d25-SDS has been one of the most commonly used 

deuterated detergents for solubilising membrane 

proteins, principally for solution-state NMR 

measurements of structure, dynamics and ligand binding 

interactions [12].  

 

Early NMR studies with the ion channel-

forming pentadecapeptide gramicidin A achieved high-

resolution 2D spectra for the peptide solubilized in d25-

SDS micelles. These were used to confirm that the ion-

channel state of gramicidin A adopts an N-terminal to N-

terminal (head-to-head) dimer formed by two right-

handed, single-stranded helices with 6.3 residues per turn 

[165, 166]. This work also demonstrated the future 

potential for investigating the structure and function of 

ion channels solubilized in detergent micelles using 

solution-state NMR spectroscopy. Gramicidin A 

solubilized in d25-SDS micelles was later used as a 

simplified model for transmembrane ion channels to 

investigate their interactions with the anaesthetic and 

non-immobilizer compounds 1-chloro-1,2,2-

trifluorocyclobutane and 1,2-dichlorohexafluoro-

cyclobutane, respectively, by 2D 1H-1H NOESY 

measurements [167]. The former compound 

significantly altered the chemical shifts of tryptophan 

indole N-H protons near the channel entrance, consistent 

with anaesthetic compounds causing a functional change 

of the channel by interacting with the amphipathic 

domains at the peptide-lipid water interface. Another 

model membrane protein, the 50-residue M13 coat 

protein, which becomes an integral membrane protein 

during the infection stage of the life cycle of the M13 

phage, was solubilized in d25-SDS micelles for 

measurement of side-chain dynamics by 1H NMR [168]. 
1H-exchange rates for a primary amide in the side chain 

of glutamine-15 and for the indole amine of tryptophan-

26 were measured. Whilst the glutamine-15 proton 

exchanged at a rate identical with that in glutamine 

model peptides, the tryptophan-26 indole amine proton 

exchange was biphasic, possibly reflecting protein 

dimerization or aggregation in the SDS micelles. 1H 

NMR measurements on a model transmembrane helix 

based on the GCN4 leucine zipper solubilized in d25-SDS 

micelles helped to demonstrate how inter-helical 

hydrogen bonding drives strong interactions in 

membrane proteins [169]. This was achieved by 

monitoring cross peaks in NOESY spectra that revealed 

information about an asparagine side chain and helical 

secondary structure near that position. Several 

complementary NMR approaches were used to 

investigate the structure and interaction of mastoparan, a 

14-residue peptide toxin from wasp venom, with lipid 

membranes [170]. These included determination of the 

3D structure of mastoparan solubilized in d25-SDS using 
1H NOE measurements and distance geometry 

calculation, which revealed a straight amphipathic α-

helix. Combined with solid-state NMR experiments that 

described the interaction, orientation and insertion of 

mastoparan with lipid bilayers, the results were used to 

propose a pore-forming peptide that can undergo a flip-

flop between monolayers and therefore movement of 

mastoparan across the membrane. The conformation of 

orexin-B, an orphan G-protein coupled receptor agonist 

and neuropeptide implicated in sleep-wakefulness and 

feeding regulation, in d25-SDS micelles was determined 

by 2D NMR and molecular modelling [171]. The 28-

residue peptide had a secondary structure containing two 

α-helical segments (residues 7-18 and 22-26) believed to 

be involved in membrane binding and the unstructured 

C-terminus (residues 27 and 28) is proposed to have 

conformational freedom for binding to the receptor. 

Interaction of the neurotransmitters dopamine and 

acetylcholine with an amphiphilic resorcinarene receptor 

solubilized in d25-SDS micelles was also investigated by 



 
 

Kazumi Hiruma-Shimizu et al, Sch Int J Chem Mater Sci, Jul-Aug, 2025; 8(4): 148-175 

© 2025 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates                                          154 
 

 

1H NMR measurements [172]. Distances of these 

neurotransmitters from the hydrophilic cavity of the 

receptor were estimated based on calculation of the ring 

current shift using atomic coordinates obtained from 

molecular dynamics calculation. NMR analysis of an 18-

residue amphipathic peptide (residues 392-409, also 

known as helix A) solubilized in d25-SDS helped to 

demonstrate how it controls the multiple roles of the 

brome mosaic virus protein 1a in RNA replication 

complex assembly and function [173]. This study 

included determination of the 3D structure of the peptide 

based on measurement of NOE restraints and additional 

dihedral angle constraints, which revealed an α-helical 

conformation for residues 397-406 (Figure 2B). 

Screening of detergents for NMR analysis of the catalytic 

C-terminal domain (residues 466-718) of the Stt3p 

subunit from yeast oligosaccharyl transferase identified 

d25-SDS to be the most suitable (over DDM, DPC, 

digitonin, LDAO and OG) since it produced a 2D [15N-
1H]HSQC spectrum with good dispersion and narrow 

line widths providing a count of 245 resolved peaks out 

of 263 non-proline residues [174]. Furthermore, CD 

spectra showed that the C-terminus of Stt3p is highly 

helical and has a stable tertiary structure in SDS micelles. 

Although this work did not yet determine the structure of 

the Stt3p C-terminal domain, peptide ligand binding was 

measured using NMR saturation transfer difference 

(STD) and titration experiments with Ile/Leu/Val-methyl 

protonated samples and 2D [15N-1H]HSQC spectra, 

respectively. A structure of a 25-residue sequence 

(residues 623-647) from the C-terminal domain of the 

Frizzled receptor 1 in d25-SDS micelles was determined 

from 104 NOE restraints (Figure 2C) [175]. This 

revealed that residues 627-639 formed an α-helix and 

that the C-terminus of the peptide was not structured. The 

NMR structure and an analysis of the helices 

hydrophobic properties indicated that it is an 

amphipathic α-helix, which may have similar function to 

the helix 8 of classical G protein-coupled receptors at the 

membrane interface. 

 

 
Figure 2: Synthesis of d25-SDS and its use in solubilizing helix A from brome mosaic virus protein 1a and the C-terminal region 

of the Frizzled receptor 1. A. Synthesis of d25-SDS from d25-n-dodecanol. The grey area shows the region of deuteration. B. (i) 

[15N-1H]HSQC spectrum with assignments of brome mosaic virus 1a helix A bound to 100 mM d25-SDS micelles and (ii) 

ensemble of 20 structures (backbone atoms only) determined for helix A bound to an SDS micelle where white = helix and grey 

= coil. C. (i) [15N-1H]HSQC spectrum with assignments of the C-terminal region of the Frizzled receptor 1 (residues 623-647) in 

d25-SDS micelles, (ii) NOESY spectrum with NOE interactions labelled and (iii) structure determined from 104 NOE 

restraints. This Figure was reproduced from Hiruma-Shimizu et al., (2015) [12]. 

 

In addition to NMR, d25-SDS has also been used 

in SANS studies with membrane proteins as a contrasting 

reagent, especially for investigation of association states 

and conformational changes [12, 57]. For example, 

SANS contributed to a study of the multimeric forms of 

the small multidrug resistance protein EmrE solubilized 

in d25-SDS micelles revealing different shapes for EmrE 

at varying concentrations of detergent and in presence of 

the substrate tetraphenyl phosphonium [176]. In these 

experiments the use of d25-SDS instead of hydrogenated 
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SDS enhanced the contrast for EmrE within the detergent 

micelle. The water solvent was contrast-matched with 

d25-SDS so that the detergent became invisible due to the 

differences in deuterium/hydrogen scattering angles and 

resulting in the scattering pattern being that of EmrE 

alone. 

 

3.2. Lauryldimethylamine-Oxide 

Lauryldimethylamine-oxide (LDAO), also 

known as N,N-dimethyldodecylamine-N-oxide (DDAO), 

is a non-denaturing zwitterionic detergent with an 

aliphatic 12-carbon chain (Table 1 and Figure 1A). 

LDAO has been used to solubilize a small number of 

membrane proteins for determination of their 3D 

structure by solution-state NMR [12]. These proteins 

include the autonomously folding Bacillus subtilis 

protein mistic that can be used for high-level production 

of other membrane proteins [177], the human voltage-

dependent anion channel (VDAC-1) [55, 178, 179] and 

transmembrane domains of the α4 and β2 subunits of the 

nicotinic acetylcholine receptor [180]. Uniformly 

deuterated LDAO (d31-LDAO) is commercially 

available from several sources and a synthesis from d23-

dodecanoic acid has been described [181]. D23-

Dodecanoic acid was reacted with d6-dimethylamine to 

give d29-N,N-dimethyldodecanoylamide, which was 

reduced to the amine using d4-lithium aluminium hydride 

then oxidation with hydrogen peroxide gave d31-LDAO 

(Figure 3A). 

 

 
Figure 3: Synthesis of d31-LDAO and its use in solubilizing the human voltage-dependent anion channel (VDAC-1) and use of 

tail-deuterated decyl-N,N0-dimethyl amine oxide in solubilizing E. coli outer membrane protein OmpF. A. Synthesis of d31-

LDAO from d23-dodecanoic acid. The grey areas show the regions of deuteration. B. (i) [15N-1H]-TROSY spectrum of [U-
2H,15N]VDAC-1 in d31-LDAO micelles, (ii) [13C-1H]HMQC spectrum of [U-2H,13C,15N; 1Hd-IL; 1Hg-V]VDAC-1 in d31-LDAO 

micelles highlighting the spectral regions for Ile residues (red box, 11/11 assigned) and Leu plus Val residues (blue box, 8/12 

Val and 17/28 Leu assigned), (iii) structure of human VDAC-1 shown as a side view (top) and from above (bottom) with the N-

terminus in blue and C-terminus in red, which were drawn using PDB file 2K4T and PDB Protein Workshop 3.9 [188]. C. (i) 

Crystal structure of the E. coli outer membrane protein OmpF in tetragonal crystal form as an above view with the N-

terminus in blue and C-terminus in red, which was drawn using PDB file 1OPF and PDB Protein Workshop 3.9 [188]. (ii) 

Single-crystal neutron diffraction density map of OmpF in tail-deuterated decyl-N,N0-dimethyl amine oxide detergent contrast 

mapped parallel to the three-fold trimer axis where the porin trimer is represented by the Cα trace (pink) obtained from the 

X-ray crystal structure. (iii) Structure of the detergent d21-decyl-N,N0-dimethyl amine oxide. The grey area shows the region of 

deuteration. This Figure was reproduced from Hiruma-Shimizu et al., (2015) [12]. 

 

The same work also used the d31-LDAO and 2H 

solid-state NMR to investigate phase equilibria and 

molecular packing in a system of LDAO/peptide 

gramicidin D/water [181]. The deuterated precursor 

compound d23-dodecanoic acid is commercially 

available and its production by deuteration of the 
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unlabelled fatty acid was described in the section for 

SDS. D6-Dimethylamine can be prepared from d9-

trimethylamine via d9-trimethylamine-N oxide [182] and 

the d9-trimethylamine can be prepared by heating 

deuterated methyl iodide (CD3I) and ammonium 

hydroxide (NH4OH) [183]. The d4-lithium aluminium 

hydride (LiAlD4) can be prepared from lithium deuteride 

(LiD) and aluminium bromide (AlBr3) with prior 

preparation of lithium deuteride by the direct 

combination of lithium and deuterium at 700 °C with the 

deuterium having been obtained from D2O using 

magnesium [184]. The solution-state NMR structure 

determination of human VDAC-1 used d31-LDAO for 

solubilization revealing a novel β-barrel fold with 19 

transmembrane strands and with the first and last strands 

parallel with each other giving a closed structure (Figure 

3B) [179]. The NMR structure of human VDAC-1 was 

in close agreement with a combined NMR/X-ray crystal 

structure of the same protein [178] and with an X-ray 

crystal structure of mouse VDAC-1 [55, 185]. 

 

A tail-deuterated form a of a related detergent 

decyl-N,N-dimethyl amine oxide has been used in single-

crystal neutron diffraction studies with the E. coli outer 

membrane protein OmpF in its tetragonal crystal form 

[12, 186]. In the tetragonal crystal form of OmpF the 

protein surface normally buried in the membrane is 

accessible to the detergent solution and therefore 

provides an opportunity for protein-detergent 

interactions to be studied. Using the X-ray crystal 

structure [187] as a model, the neutron diffraction 

measurements revealed how detergent molecules bind to 

the hydrophobic region of the OmpF trimer that is 

exposed to lipid in its native environment (Figure 3C). 

These measurements used partially deuterated decyl-

N,N-dimethyl amine oxide to increase the contrast 

between protein and detergent [186]. 

 

3.3. n-Octyl-β-D-glucoside 

 n-Octyl-β-D-glucoside (β-OG) is a non-ionic 

detergent with an aliphatic eight-carbon chain (Table 1 

and Figure 1A). The mild and non-denaturing properties 

of β-OG make it an attractive detergent to solubilize 

membrane proteins for studies of their structure and 

function, but its shorter chain length can contribute to 

protein deactivation. Only a few NMR structures of 

membrane proteins have been determined in β-OG 

micelles, presumably because the shorter aliphatic chain 

does not usually produce the most stable sample and/or 

best quality spectra compared with the longer chain 

detergents [12]. β-OG is commercially available with 

just the aliphatic chain deuterated (d17-β-OG) and in 

perdeuterated form (d24-β-OG), which can be 

synthesized by coupling n-octanol with D-glucose using 

one or both of these starting compounds in their 

deuterated forms, respectively [189, 190] (Figure 4A). 

The deuterated precursor compound d17-n-octanol is 

commercially available and can be produced by 

reduction of the deuterated fatty acid d15-n-octanoic acid 

with deuterated lithium aluminium hydride (LiAlD4); the 

deuteration of fatty acids was described in the section for 

SDS. The d7-D-glucose is commercially available and 

can be isolated from the hydrolysate of the carbohydrate 

fraction of algae grown in a deuterated medium or 

prepared using an isotopic hydrogen-exchange technique 

that introduces deuterium by catalytic exchange with 

carbon-bound hydrogen. The exchange reaction uses 

D2O and deuterated Raney nickel, which itself is 

produced using D2O [191]. A synthesis of β-OG, and of 

other sugar-containing detergents, using a microwave-

assisted glycosylation reaction from methyl glycosides 

may be useful for improving the yields of the deuterated 

compounds [192]. The best-known NMR structure for a 

membrane protein solubilized in d24-β-OG micelles is 

that for the bacterial outer membrane enzyme PagP, 

which transfers a palmitate chain from a phospholipid to 

lipid A [193]. The structure, which was also determined 

in d38-DPC micelles, consists of an eight-stranded anti-

parallel β-barrel preceded by an N-terminal amphipathic 

α-helix (Figure 4B). 

 

 
Figure 4: Synthesis of d17- and d24-β-OG and use of d24-β-OG in solubilizing the bacterial outer membrane enzyme PagP. A. 

Synthesis of d17- and d24-β-OG from d17-n-octanol and d7-D-glucose. The grey areas show the regions of deuteration. B. 

Structure of PagP with the N-terminus in blue and C-terminus in red, which was drawn using PDB file 1MM5 and PDB 

Protein Workshop 3.9 [188]. This Figure was reproduced from Hiruma-Shimizu et al., (2015) [12]. 
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Deuterated forms of β-OG have also been used 

for solubilization of membrane proteins in SANS 

experiments [12, 57], including d17-β-OG with the outer-

membrane 16-stranded β-barrel transport protein FhaC 

of the Bordetella pertussis filamentous hemagglutinin 

adhesion [194]. SANS measurements were combined 

with molecular modelling to describe the solution 

structure of FhaC in which the N-terminal α-helix was 

inside the pore consistent with the crystal structure [195]. 

 

In a study that demonstrated how detergents can 

be made “invisible” in SANS determination of 

membrane protein structure, a novel method for 

synthesising β-OG allowed for selective deuteration at 

different predetermined levels at its head and tail groups 

so that they were fully matched out in D2O buffer. The 

theoretical level of deuteration needed for β-OG to be 

matched-out in 100% D2O was a ratio of D7.6/H3.4 in 

the head group and D15.9/H1.1 in the tail group [196]. 

In this method, the partial specific molecular volumes of 

the head and tail groups were determined by 

densitometry. The multiple step synthesis firstly 

involved deuterating the alkyl chain of n-octanoic acid at 

the required deuteration level using a hydrothermal Pt/C 

catalysed H/D exchange reaction at 220 °C in the 

appropriate molar ratio of deuterium and hydrogen atoms 

in the mixture, which reduced it to n-octanol. The 

deuterated n-octanol was coupled to 2,3,4,6-tetra-O-

acetyl-α-D-glucopyranosyl bromide 

(Ag2CO3/AgClO4/Molecular Sieves 4 Å), followed by 

deacetylation of the sugar head group (NaOMe). The 

required level of deuteration in the sugar head was then 

achieved by using mild conditions of Raney Nickel 

catalyst in a D2O/H2O mixture at 80 °C for 18 h. This last 

step incorporated deuterium atoms on the four carbons 

adjacent to free hydroxyl groups (α positions) in the 

sugar head group with retention of configuration. The 

membrane protein of interest was initially purified in 

hydrogenated buffer and hydrogenated detergent, then a 

size exclusion purification was performed in the 

equivalent deuterated buffer and matched-out deuterated 

detergent. The feasibility of using the custom-

synthesized matched-out deuterated β-OG in SANS 

studies was demonstrated on five different membrane 

proteins: bacteriorhodopsin (bR) (~27 kDa), 

photosystem I (PSI) (~650 kDa), maltoporin (LamB) 

(~47 kDa), ionotropic glutamate receptor A2 (GluA2) 

(~385 kDa), sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA) (~110 kDa) [196]. 

 

In a different study, a mixture of 54.6% fully 

deuterated, 36.4% tail-deuterated and 8.9% non-

deuterated β-OG (mole percentages) enabled the 

detergent to matched-out in 100% D2O buffer in SANS 

experiments that investigated the distribution of 

bacteriorhodopsin and detergent in the lipidic cubic 

phase [197]. 

 

 

 

3.4. n-Dodecyl-β-D-maltoside 

 n-Dodecyl-β-D-maltoside (DDM) is a non-

ionic detergent with an aliphatic 12-carbon chain (Table 

1 and Figure 1A), which tends to disrupt lipid-lipid and 

lipid-protein interactions but not protein-protein 

interactions. The mild and non-denaturing properties of 

DDM make it a commonly used detergent for the 

extraction and purification of membrane proteins and for 

solubilization in experimental studies of their structure, 

dynamics and function [4, 7, 12, 109, 113, 114, 115, 116, 

198-202]. DDM tends to retain the native structure and 

functional activity of membrane proteins to a greater 

extent than any other detergents [118]. It can therefore 

serve as the control condition when screening different 

detergents for structural and functional studies of 

membrane proteins and can be used to validate the use of 

other detergents. Despite being one of the most 

successful detergents for membrane protein 

crystallization [203-205], relatively few NMR studies of 

membrane proteins have been performed using DDM, 

however, since it tends to form relatively large protein-

micelle complexes compared with those of other 

detergents [12]. Solution-state NMR studies using DDM 

include work with the potassium ion channel KcsA [206, 

207], a model polytopic α-helical membrane protein 

TM0026 from the thermophile Thermotoga maritima 

[143], the human β2-adrenoreceptor (β2AR) [208], E. 

coli sugar transport protein GalP [117], the human 

peripheral myelin protein 22 (PMP22) [209] and the 

human A2A adenosine receptor [210]. 

 

DDM with deuteration in just the aliphatic 

chain (d25-DDM) is commercially available, but a 

perdeuterated form (d39-DDM) is not. d25-DDM can be 

synthesized by coupling maltose with d25-n-dodecanol 

(Figure 5A) [211, 212] and this has been used in 

solution-state NMR studies with bacteriorhodopsin [213, 

214] and with the potassium ion channel KcsA [215]. It 

has also been used in investigations of the composition 

of supported model membranes determined by neutron 

reflection [212, 216], in studies of hydrogen oxidation by 

a membrane-bound hydrogenase immobilized on gold 

electrodes [217] and in SANS studies of solubilized 

membrane proteins [57]. 

 

The first synthesis of d39-DDM was reported in 

2014 [12, 218]. This first required the coupling of two 

molecules of d7-D-glucose with an α(1→4) glycosidic 

bond to give d14-maltose followed by coupling with d25-

n-dodecanol to give d39-DDM (Figure 5A). Methods for 

preparing the deuterated precursor compounds d25-n-

dodecanol and d7-D-glucose were described in the 

sections for SDS and β-OG, respectively. The 

synthesized d39-DDM was used to solubilize the 52 kDa 

E. coli sugar transport protein GalP to achieve the best 

resolution and highest sensitivity [15N-1H]TROSY 

spectra for amino acid selective labelled samples of a 

membrane protein with 12 unique transmembrane-

spanning a-helices (Figure 5B) [12, 117]. Based on the 

costs of the synthesis, the cost of d39-DDM per typical 
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NMR sample at the time was £500-£1000. This work 

also achieved high resolution [13C-1H]methyl-TROSY 

spectra for ILV-selective labelled samples of GalP and 

used the spectra to detect binding of a small-molecule 

inhibitor, which was possible using non-deuterated 

DDM for solubilization. For performing more advanced 

methyl-TROSY based experiments on the largest 

membrane protein-detergent complexes, use of a 

deuterated detergent is likely to be essential, however. 

 

 
Figure 5: Synthesis of d25- and d39-DDM and use of d39-DDM in solubilizing the E. coli sugar transport protein 

GalP. A. Synthesis of d25- and d39-DDM from d25-n-dodecanol and d7-D-glucose, see the work of Hiruma-Shimizu 

et al. (2014) [218] for the complete synthesis, reaction and experimental details. The grey areas show the regions of 

deuteration. B. [15N-1H]TROSY spectrum at 900 MHz of [U-2H, 15N2-Trp]GalP in d39-DDM micelles reproduced 

from Kalverda et al., (2014) [117]. This Figure was reproduced from Hiruma-Shimizu et al., (2015) [12]. 

 

DDM with selective deuteration to make it 

“invisible” in SANS studies of membrane proteins was 

synthesized using the same method as that described for 

β-OG [196]. The theoretical level of deuteration needed 

for DDM to be matched-out in 100% D2O was a ratio of 

D15.2/H5.8 in the head group and D22.4/H2.6 in the tail 

group. The synthesis began with n-dodecanoic acid, and 

the coupled sugar was 2,3,6,2,3,4,6-hepta-O-acetyl-α-

D-maltosyl bromide. In the DDM head group there are 

seven hydrogen atoms at positions that can be exchanged 

by deuterium. In a study that used SANS to probe the 

solution structure of the proton-gated pentameric ligand-

gated ion channel GLIC from Gloeobacter violaceus 

[219], the sample was passed directly to the neutron 

beam from a size exclusion chromatography column 

(SEC-SANS), to minimize protein aggregation. The SEC 

step was used to exchange the sample to D2O buffers 

with matched-out selectively-deuterated DDM prepared 

by the method of Midtgaard et al. (2018) [196]. The 

approach enabled scattering curves to be measured that 

demonstrated slight differences in the GLIC structure 

between resting and activating conditions [219]. Also 

using a SEC-SANS setup for detergent exchange, 

solution structures of photosystems I and II (PSI and 

PSII) from Thermosynechococcus elongatus were 

determined under near physiological conditions using 

deuterated DDM to match-out the detergent belt 

surrounding the protein [220]. The DDM used here had 

deuteration levels of 57% and 89% in the head and tails 

groups, respectively, which corresponds to an SLD of 

6.36 × 10−6 Å−2 and was matched-out in 100% D2O. The 

structures obtained by SANS were compared with the 

cryoEM structure of PSI and the X-ray crystal structure 

of PSII (Figure 6). 
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Figure 6: SANS structures of PSI and PSII SANS obtained using deuterated DDM and 100% D2O. A. Top and 

side views of the PSI-dDDM complex structure reconstructed from the SANS data using the DAMMIN routine 

(grey spheres) superimposed to the PSI cryoEM structure (PDB 6TRD31) shown in red, yellow, and green. B. 

Comparison of the PSII-dDDM complex structure reconstructed from the SANS data using the DAMMIN routine 

(grey spheres) with the PSII crystal structure (PDB 5KAF16) shown in cyan and violet. This figure was adapted 

from Golub et al., (2022) [220]. 

 

In SANS experiments on membrane proteins 

using a deuterated detergent, even if there is perfect 

average-contrast matching of the detergent, there can still 

be significant core-shell scattering from the contrast 

difference between hydrophilic head groups and 

aliphatic tail groups, which can interfere with structural 

data analysis [221]. To overcome this problem, a method 

was developed for the rational design of mixed micelles 

containing a deuterated detergent analogue. When 

contrast variation data was analysed to simulate SLDs in 

micelles composed of DDM only, the tail groups formed 

a core that was contrast-matched in 2% D2O, while the 

head groups formed a shell that was contrast-matched in 

49% D2O. The overall match point for a DDM micelle 

was found in buffer containing ~22% D2O. By using a 

mixed micelle, made by blending normal DDM and tail-

deuterated DDM (d25-DDM), it was possible to design a 

condition at which both the micelle core and shell (and 

therefore their average) had the same SLD at the solvent-

matched condition [221]. In an example of this approach, 

d25-DDM was used in SANS experiments to determine 

the solution structure of a microbial orthologue of an 

intramembrane aspartyl protease from Methanoculleus 

marisnigri (MmIAP). The IAP was itself deuterated and 

the detergent signals were fully matched-out using a 

specific ratio of 66% (w/v) normal DDM and 44% (w/v) 

d25-DDM at a total concentration of 0.05% in a buffer 

containing 48.5% D2O (Figure 7). From these 

experiments, MmIAP was determined to be a monomer 

[222]. A combined SANS and Martini coarse-grained 

molecular dynamics simulation study was used to 

investigate the structure and dynamics of the central lipid 

pool and proteins of the bacterial holo-translocon (HTL). 

For the SANS experiments, the HTL was solubilized in 

DDM that was deuterated separately in the head and tail 

groups so that it was completely matched out in a 100% 

D2O-based buffer [223]. 
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Figure 7: SANS contrast match point measurements for DDM micelles (yellow, ●), MmIAP with DDM (red, ▼), 

d-MmIAP with DDM (orange, ▲) in 22% D2O, and mixed micelles (blue, ○) or d-MmIAP with DDM/d25-DDM 

mixed micelles (blue, ◼) in 48.5% D2O. This figure was reproduced from Naing et al., (2018) [222]. 

 

3.5. FOS-Cholines 

The fos-cholines are zwitterionic detergents 

with a range in lengths of their aliphatic carbon chain 

(Table 1 and Figure 1A). By far the most used of these is 

fos-choline-12, also known as dodecylphosphocholine or 

DPC, which has a 12-carbon aliphatic chain. DPC is also 

one of the most used of all detergents [12], notably it has 

been used to solubilize many membrane proteins for 

determination of their structures by solution-state NMR 

[48]. An assessment of the prevalence of detergent types 

in membrane structural biology revealed that 

approximately 40% of 115 membrane protein structures 

determined by NMR were prepared in DPC [49, 50]. 

These structures include the bacterial outer membrane 

proteins OmpA [224, 225], PagP [193], OmpG [226], 

OmpX [227] and Opa60 [228], the α-helical proteins 

human phospholamban [229], KcsA-charybdotoxin 

complex [230], disulfide bond formation protein B 

(DsbB) [231], diacylglycerol kinase (DAGK) [232], 

voltage sensor domain from KvaP [233], p7 channel 

from hepatitis C virus [234, 235], mitochondrial 

uncoupling protein 2 [236] and others [42, 48]. A 

mention of all structures is beyond the scope of this 

review, but a full list of NMR structures of membrane 

proteins determined in DPC micelles (up to the end of 

2014) is given in the Supplementary Information (Table 

S1) of reference 12 (available online) and others up to 

2018 can be found at 

https://www.loquetlab.org/nmr_mpstruc/. 

 

Approximately a half of these NMR membrane 

protein structures used perdeuterated DPC (d38-DPC), 

which is commercially available and can be synthesized 

from d25-n-dodecanol, d4-ethylene glycol and d9-

trimethylamine (Figure 8A) [237]. The first reported 

synthesis of d38-DPC used a similar approach but began 

with the production of deuterated n-dodecanol from 

dodecanoic acid [52]. DPC is also commercially 

available with a semi-deuterated head (d9-DPC), a 

perdeuterated head (d13-DPC) and with just the aliphatic 

chain deuterated (d25-DPC), which are obtainable by 

using just one or two of the deuterated starting 

compounds or reagents in the synthesis. Methods for 

preparing the deuterated precursor compounds d25-n-

dodecanol and d9-trimethylamine were described in the 

sections for SDS and LDAO, respectively. d4-Ethylene 

glycol (HOCD2CD2OH) can be produced by catalytic 

oxidation of d4-ethylene (CD2CD2) by atmospheric 

oxygen at 200-300 °C over a catalyst containing metallic 

silver to give d4-ethylene oxide followed by hydration. 

The d4-ethylene can be produced by the action of zinc 

dust suspended in dioxane on d4-dibromoethane 

(BrCD2CD2Br), which is prepared from d2-acetylene 

(CDCD) and deuterium bromide (DBr) [238]. d2-

Acetylene can be prepared from 1,4-dioxane and D2O 

and DBr prepared by the action of D2O on redistilled 

phosphorus tribromide [238]. The Fos-cholines with 

other chain lengths can be produced in deuterated forms 

by using the appropriate deuterated alcohol in the 

synthesis (Figure 8A). One of the first NMR structures 

of a β-barrel membrane protein, the transmembrane 

domain of OmpA, was determined with the protein 

solubilized in d38-DPC micelles to reveal an eight-

stranded antiparallel β-barrel (Figure 8B) [224] that was 

closely similar to a crystal structure of the same protein 

in n-octyltetraoxyethylene micelles [239, 240]. 
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Figure 8: Synthesis of deuterated fos-cholines and use of d38-DPC in solubilizing the bacterial outer membrane 

protein OmpA and use of d42-fos-choline-14 in solubilizing the human DAP12-NKG2C complex. A. Synthesis of 

deuterated fos-cholines. The grey areas show the regions of deuteration. B. (i) [15N-1H]TROSY spectrum of OmpA 

in d38-DPC micelles. (ii) Structure of OmpA with the N-terminus in blue and C-terminus in red, which was drawn 

using PDB file 1G90 and PDB Protein Workshop 3.9 [188]. C. [15N-1H]HSQC spectra of trimer samples 

segmentally labeled with 15N-2H on the DAP12-only strand (i) or on the DAP12-NKG2C strand (ii) and of the 

DAP12 homodimer alone (iii) for samples in 250 mM d42-fos-choline-14 with 25 mM d25-SDS and (iv) structure of 

the DAP12-NKG2C complex with the N-terminus in blue and C-terminus in red, which was drawn using PDB file 

2L35 and PDB Protein Workshop 3.9 [188]. This Figure was reproduced from Hiruma-Shimizu et al., (2015) [12]. 

 

NMR structures of α-helical membrane proteins 

determined in d38-DPC micelles include amyloid 

precursor protein transmembrane domains [241, 242], 

phospholamban pentamer phosphorylated at serine 16 

[243], HIV-1 envelope glycoprotein gp41 ectodomain 

[244] and a gp41 envelope membrane proximal region 

trimer [245] and the 18 kDa mitochondrial translocator 

protein with a high affinity ligand [246]. The latter 

protein mediates the uptake of cholesterol and 

porphyrins into mitochondria and its expression is 

strongly up regulated in areas of brain injury and in 

neuroinflammatory conditions. High quality NMR 

spectra of the protein that enabled structure 

determination were only achieved for the ligand-bound 

state. The structure had a tight bundle of five unique 

transmembrane-spanning a-helices with the ligand 

positioned towards the cytoplasmic side (Figure 9). 

Ligand-induced stabilization of the structure led to a 

proposed molecular mechanism for the stimulation of 

cholesterol transport into mitochondria [246]. 
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Figure 9: NMR structure of the mitochondrial translocator protein with high affinity ligand determined in d38-

DPC micelles. The NMR structure of the mitochondrial translocator protein with high affinity ligand 1-(2-

chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline-carboxamide (PK11195) determined in d38-DPC 

micelles [246] is shown as a side view (i), viewed from the cytoplasm (ii) and viewed from the intermembrane 

space (iii) with the N-terminus in blue and C-terminus in red, which were drawn using PDB file 2MGY and PDB 

Protein Workshop 3.9 [188]. This Figure was reproduced from Hiruma-Shimizu et al., (2015) [12]. 

 

The NMR structure of the yeast respiratory 

supercomplex factor Rcf1 (18.5 kDa) was also 

determined using d38-DPC [247]. Rcf1 forms a dimer in 

DPC micelles, where each monomer consists of a bundle 

of five transmembrane α-helices and a short flexible 

soluble helix (Figure 10). 

 

 
Figure 10: NMR structure of the dimeric Rcf1 in DPC micelles. A. Backbone ribbon trace of the 15 lowest-energy 

structures determined by solution-state NMR. B. Cylindrical representation of the Rcf1 dimer structure. The five 

transmembrane α-helices of monomer A (A1-A5), monomer B (B1-B5) and the short flexible soluble helices (ASH, 

BSH) are shown (see labels). (C) Top view (upper) and bottom view (lower) of the Rcf1 dimer. This figure was 

reproduced from Zhou et al., (2018) [247]. 

 

Deuterated DPC was used in NMR experiments 

as part of a study on how dynamic proton-dependent 

motors power type IX secretion and gliding motility in 

Flavobacterium johnsoniae [248]. In this organism 

secretion and helicoidal motion of the main adhesin SprB 

are intimately linked and depend on the type IX secretion 

system (T9SS). These processes use the proton motive 

force (PMF), which was thought to drive a molecular 

motor comprised of the cytoplasmic membrane proteins 

GldL and GldM. NMR was used to investigate whether 

GldL glutamate residues E49 and E59 undergo 

protonation and deprotonation cycles. Two-dimensional 
13C-HSQC NMR experiments were performed on a 
15N/13C Glu-labelled synthetic peptide corresponding to 

GldL TMH2 (L2, residues Val40 to Val61) in deuterated 

DPC (form not specified) to determine pKa values. The 
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carboxylic groups of E49 and E59 had pKa values of 5.54 

± 0.04 and 5.65 ± 0.13, respectively, and further pKa 

values were measured in the presence of peptides 

corresponding to GldL TMH1 (L1, residues Lys6 to 

Thr29) and GldM TMH (M, residues Leu15 to Leu38) 

(Figure 11). The results demonstrated that GldL and 

GldM form a cytoplasmic proton channel in which 

conserved critical glutamate residues are protonated and 

deprotonated in response to the proton gradient to power 

both T9SS-dependent secretion and gliding motility 

[248]. 

 

The longer chain d42-Fos-choline-14 was used 

with d25-SDS in a ratio of 10:1 to solubilize the human 

DAP12-NKG2C immunoreceptor complex for 

determination of its NMR structure [151]. The 

transmembrane domain of the DAP12 signalling 

molecule has two identical α-helices and the 

transmembrane domain of the natural killer cell 

activating receptor NKG2C has one α-helix that packs in 

an antiparallel orientation along the surface of the 

DAP12 dimer (Figure 8C). 

 

The structures described here illustrated how 

DPC and other fos-cholines used to be the most used 

membrane mimetic for determination of membrane 

protein structures by solution-state NMR up to around 

the year 2015. Since then, the realization that alkyl 

phosphocholine detergents often have destabilizing and 

denaturing effects on integral membrane proteins has 

meant that they are not so popular and there has been a 

move to using milder detergents, such as DDM, where 

possible. 

 

 
Figure 11: GldL glutamate residues protonation probed by NMR. pKa determination of 13C-Glu free and 

complexed L2-peptide. A. 2D 13C-HSQC spectra of 1 mM L2 peptide (13C-Glu labeled) in 150 mM deuterated 

DPC in 50 mM phosphate buffers at different pH (pH 2.9 (yellow), 5.0 (orange), 5.8 (red), 6.7 (brown)). B. The pH 

dependent chemical shift variations of C carbons of E49 and E59 of the L2 peptide free or complexed with L1 and 

M in a 1:1:1 molar ratio, were measured, fitted, and apparent pKa values were calculated using the Henderson–

Hasselbach equation. C. 2D 13C-HSQC spectra of 1 mM L2 peptide (13C-Glu labeled) in 150 mM deuterated DPC 

in 50 mM phosphate buffer at pH 5.2 (left panel) and pH 6.7 (right panel), in the absence (brown) and presence at 

molar ratio 1:1 of GldL-TMH1 peptide (L1, orange), GldM-TMH peptide (M, blue), and both L1 and M peptides 

(green). This figure was reproduced from Vincent et al., (2022) [248]. 

 

4. GUIDELINES FOR DETERGENT SELECTION 

To consolidate some guidelines in selecting a 

suitable detergent for solution-state NMR structural 

studies of membrane proteins, we can first consider the 

physical properties of detergent molecules and their 

effects on micelle formation, protein structure and 

function, and quality of NMR spectra [12]. These are 

summarized in Figure 12. Detergent molecules that have 
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a charged head group, smaller size of head group and 

shorter length of alkyl chain tend to have lower 

aggregation numbers and produce smaller micelles and 

protein-detergent micelle complexes with shorter 

correlation times. These harsher conditions using 

detergents such as SDS and its shorter chain versions 

often produce the best quality NMR spectra, especially 

for peptides and smaller membrane proteins. On the 

other hand, these denaturing conditions that produce 

micelles with a high curvature are not necessarily 

suitable for retaining the native structural form and 

activity of the protein. Detergent molecules that have a 

neutral head group, larger head group and longer alkyl 

chain tend to have higher aggregation numbers and 

produce larger micelles and protein-detergent micelle 

complexes with longer correlation times. These milder 

conditions using detergents such as DDM and other long 

chain alkyl glycosides produce micelles with lower 

curvature and usually retain the native structural form 

and activity of the protein to a better extent but produce 

poorer NMR spectra. There are therefore competing 

tensions in selecting the most suitable detergent for 

structural studies of membrane proteins using solution-

state NMR, SANS and other experimental techniques. 

The solubility and CMC values of detergent molecules, 

which are affected by the properties given in Figure 12, 

also must be considered during sample preparation. For 

example, the high CMC value of 20–25 mM for β-OG 

(Table 1) means that a relatively high concentration must 

be used compared with other detergents. A sample that is 

stable to days or weeks of NMR data acquisition time at 

elevated temperatures (typically 20 °C) is also required 

based on current technical capabilities. 

 

 
Figure 12: Tensions in selecting a detergent for solution-state NMR structural studies with a membrane protein. 

This diagram illustrates how the charge on the head group, size of the head group and length of the alkyl group in 

detergent molecules dictate the properties of detergents and micelle complex formation that provide opposing 

tensions with regards to achieving good quality NMR spectra and retaining native protein structure and activity. 

This Figure was reproduced from Hiruma-Shimizu et al., (2015) [12]. 

 

We can also look at which detergents have been 

most successful in producing structures of membrane 

proteins by solution-state NMR [12]. As mentioned 

already, by far the most prolific is DPC, which is 

intermediate on the scale of detergent properties 

considered in Figure 12 and has solubility and CMC 

values that are experimentally favourable (Table 1). A 

detergent that has proved successful for solubilising a 

certain membrane protein in NMR structural studies may 

be assumed to be suitable for a different protein of the 

same type. β-barrel membrane proteins tend to 

accommodate a relatively wide range of detergents 

including those with harsher properties that favour better 

quality NMR spectra, for example LDAO with human 

VDAC-1 (Figure 3). Large α-helical proteins, such as 

secondary transporters, are generally restricted to the 

mildest detergents such as DDM, hence the significant 

challenges in performing structural studies with these 

proteins using solution-state NMR. Such proteins likely 

require some of the native membrane lipids to be carried 

over into the detergent micelles for retaining their 

structural and functional integrity, which is facilitated by 

the milder detergents. Use of a deuterated detergent is 

generally beneficial and, in some cases, essential for 

solution-state NMR structural studies of membrane 

proteins, especially with larger proteins, and it is 
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important for contrast mapping in SANS experiments 

[12]. These are only guidelines and not strict rules, but 

they may be useful in conserving time and materials in 

the selection of a suitable detergent for structural studies 

of membrane proteins using solution-state NMR, SANS 

and other techniques. Experimental investigations still 

must be performed with each individual protein to 

identify suitable detergent or other membrane mimetic 

conditions. There have been some rigorous assessments 

of how different membrane mimetic environments, 

including detergents, affect the transmembrane domain 

structures of α-helical membrane proteins [27, 51, 249]. 

More work in this area will help in selecting suitable 

detergents and other membrane mimetics for structural 

studies of membrane proteins and for achieving native-

like structures. With the continued development of NMR 

techniques for high molecular weight biomolecules and 

the increasing availability of ultra-field NMR magnets 

[250], there will likely be a migration to the more 

common use of milder detergents in solution-state NMR 

studies of membrane proteins. 

 

5. CONCLUSIONS 
This updated and expanded review has 

emphasized the crucial roles that detergents have in the 

extraction, purification and stabilization of integral 

membrane proteins and in experimental studies of their 

structure and function in solution, especially using 

solution-state NMR spectroscopy and SANS. It has also 

highlighted the important role of deuterated detergents in 

these studies, even though deuterated detergents are 

relatively expensive and not always commercially 

available due to challenges associated with their 

chemical synthesis. Deuterated detergents provide better 

resolution and sensitivity in NMR spectra, access to 

overlapped areas of the protein spectrum and simplify the 

use of more advanced pulse sequences. Proton-detected 

NMR experiments usually require a deuterated detergent 

whilst heteronuclear experiments on larger proteins with 
13C/15N labelling usually benefit from a deuterated 

detergent. Methyl TROSY based experiments that are 

required for structure determination of larger membrane 

proteins also benefit from a deuterated detergent, which 

is likely to be essential for the most complex proteins. 

Deuterated detergents are also essential in some SANS 

studies on membrane proteins, where they can be 

matched-out to make the detergent “invisible”, which 

simplifies data analysis. Deuterated detergents will 

continue to play important roles in structural and 

functional studies of membrane proteins along with 

deuterated forms of other membrane mimetics including 

organic solvents, lipids, bicelles, nanodiscs, styrene 

maleic acid polymers (SMALPs), fluorinated surfactants 

and amphipols. Developments in the synthesis and 

production of deuterated forms of membrane mimetics 

will continue to evolve and expand along with the world 

of membrane protein structure, mechanism, ligand 

interactions and dynamics. 
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