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Abstract

Glucoside detergents are successfully used for membrane protein crystallization mainly because of 

their ability to form small protein-detergent complexes. In a previous study, we introduced glucose 

neopentyl glycol (GNG) amphiphiles with a branched diglucoside structure that has facilitated 

high resolution crystallographic structure determination of several membrane proteins. Like other 

glucoside detergents, however, these GNGs were less successful than DDM in stabilizing 

membrane proteins, limiting their wide use in protein structural study. As a strategy to improve 

GNG efficacy for protein stabilization, we introduced two different alkyl chains (i.e., main and 

pendant chains) into the GNG scaffold while maintaining the branched diglucoside head group. Of 

these pendant-bearing GNGs (P-GNGs), three detergents (GNG-2,14, GNG-3,13 and GNG-3,14) 

were not only notably better than both DDM (a gold standard detergent) and the previously 

described GNGs at stabilizing all six membrane proteins tested here, but were also as efficient as 

DDM at membrane protein extraction. The results suggest that the C14 main chain of the P-GNGs 

is highly compatible with the hydrophobic widths of membrane proteins, while the C2/C3 pendant 

chain is effective at strengthening detergent hydrophobic interactions. Based on the marked effect 

on protein stability and solubility, these glucoside detergents hold significant potential for 

membrane protein structural study. Furthermore, the independent roles of the detergent two alkyl 

chains first introduced in this study have shed light on new amphiphile design for membrane 

protein study.
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1. Introduction

Membrane proteins are essential components of cell membranes and play vital roles in a 

variety of cellular functions such as material transport, signal transduction and cell-to-cell 

recognition. Membrane proteins coded in the human genome account for ~25% of the total 

proteome. Malfunctions of these bio-macromolecules are implicated in various diseases 

including cystic fibrosis, atherosclerosis, Parkinson’s and Alzheimer’s diseases [1,2]. The 

importance of membrane proteins in human health can be illustrated by the fact that more 

than 50% of marketed pharmaceuticals target membrane-inserted proteins [3]. Despite 

tremendous efforts, however, obtaining high resolution membrane protein structures is still 

extremely challenging due in part to their marked tendency to aggregate or denature in 

aqueous solution [4,5]. Only 2~3% of proteins with known structures correspond to 

membrane proteins [6-8]. The slow progress in membrane protein structural study is mainly 

due to the presence of the large hydrophobic surfaces that need to be effectively shielded by 

a membrane-like system.

Micelles formed by conventional detergents such as n-octyl-β-D-glucoside (OG), n-decyl-β-

D-maltoside (DM) and n-dodecyl-β-D-maltoside (DDM) are widely used for membrane 

protein study [9,10]. Due to their amphiphilic properties, detergent micelles have the ability 

to associate with the hydrophobic surfaces of membrane proteins, making the resulting 

protein-detergent complexes (PDCs) water-soluble [11,12]. Although conventional 

detergents are generally good at protein extraction from the membranes, many membrane 

proteins, particularly from eukaryotic sources, are unstable in detergent-based solution. 

Developing new detergents that combine high protein extraction efficiency with long term 

protein stability, remains extremely challenging [13]. For example, lauryldimethylamine-N-

oxide (LDAO), a zwitterionic detergent, is efficient for protein extraction, but it is estimated 

that only 20% of all membrane proteins are stable in this detergent [14]. In contrast, DDM, a 

non-ionic maltoside detergent, is significantly better than LDAO at protein stability in most 

cases, but tends to be less efficient than the zwitterionic detergent when it comes to protein 

extraction.

Over the last two decades, several amphipathic systems have been developed with a view to 

overcoming the limitation of conventional detergents in membrane protein stabilization. 

Representative examples include lipidic systems surrounded by detergent/protein [bicelles 

and nanodiscs (NDs)][15], peptide-based detergents [lipopeptide detergents (LPDs) and β-

peptide (BPs)][14,16] and amphiphilic polymers [amphipols (APols) and styrene-maleic 

acid (SMA) copolymer][17-19]. These new systems effectively stabilize membrane proteins, 

but most are not efficient at extracting from the membranes and tend to be suboptimal for 

membrane protein crystallization. As alternatives to conventional detergents, small 

amphipathic molecules have also been devised for membrane protein manipulation. These 

small amphiphiles typically have multiple alkyl chains as the hydrophobic group, as 
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exemplified by neopentyl glycol-based amphiphiles [glucose neopentyl glycols (GNG), 

maltose neopentyl glycols (MNGs) and neopentyl glycol-derived triglucosides (NDTs)]

[20-22], mannitol-based amphiphiles (MNAs)[23], resorcinarene-based glucoside 

amphiphiles (RGAs)[24], penta-saccharide-bearing amphiphiles (PSEs)[25], dendronic 

hydrophobic group-bearing trimaltosides (DTMs)[26], and stereoisomeric detergents 

[(butane-1,2,3,4-tetraol-based maltosides (BTMs) and norbornane-based maltosides 

(NBMs)][27,28]. These amphipathic molecules proved to be effective both at protein 

stabilization and membrane protein extraction. Of the newly developed amphiphiles, MNG-3 

(i.e., LMNG) is notable as this agent has facilitated high resolution structure determinations 

of more than 30 membrane proteins including several G protein-coupled receptors (GPCRs) 

[29-39]. This MNG has been most successfully used in combination with lipidic cubic phase 

crystallization approaches (LCP) (i.e. in meso method) [40]. Very recently, oligoglycerol-

based detergents (OGDs) with particular promise for native mass analysis of membrane 

proteins have been developed [41].

Although less effective than DDM at protein stabilization, GNG-3 (i.e., OGNG) is 

compatible with in-surfo protein crystallization as demonstrated by high resolution crystal 

structures of several membrane proteins [42-46]. This result indicates that OGNG has 

characteristics favorable for in surfo protein crystallization, likely originating from the 

possession of the smaller glucoside rather than the maltoside headgroup. Glucoside 

detergents (e.g., OG and OGNG) tend to form small PDCs, improving crystal packing via 
enhanced hydrophilic protein-protein interactions [47,48]. However, they are typically less 

effective at stabilizing membrane proteins than DDM. Thus, it is important to develop new 

glucoside detergents that provide enhanced protein stability compared to the conventional 

detergent, without any associated loss in protein extraction ability. In this study, we present a 

class of detergents obtained by introducing hydrophobic variations into the previously 

developed GNG scaffold [20]. Along with a long main chain, these GNG variants, 

designated pendant-bearing GNGs (P-GNGs), have a short pendant chain at the interface 

between the hydrophobic and hydrophilic groups. Results show that some of the P-GNGs 

were not only efficient at extracting membrane proteins, but also were notably effective at 

stabilizing all the membrane proteins tested here, including two G-protein-coupled receptor 

(GPCRs), compared to the gold standard detergent (DDM). In addition, the role of the 

pendant chain introduced here would shed light on future design of new detergents useful for 

membrane protein research

2. Materials and Methods

2.1. AtBOR1 stability assay

2.1.1. CPM assay—The BOR1 from Arabidopsis thaliana was expressed as a fusion 

protein with a C-terminal TEV-cleavable GFP-8His tag in Saccharomyces cerevisiae 
FGY217 cells [49]. The cells were grown in -URA media supplemented with 0.1% glucose. 

Protein expression was induced with addition of 2% galactose followed by an incubation for 

22 hours at 30 °C as previously described [49]. The cells were harvested and used to prepare 

membranes as previously described [50]. Membranes containing AtBOR1 were resuspended 

in PBS (pH 7.4), 100 mM NaCl, 10% glycerol and solubilized in 1% DDM for 1 hour with a 

Bae et al. Page 3

Acta Biomater. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mild agitation followed by ultracentrifugation at 200,000 g for 45 min. The supernatant was 

adjusted to 10 mM imidazole and applied to two 5 mL Ni2+-NTA columns pre-equilibrated 

with Buffer A (PBS (pH 7.4), 100 mM NaCl, 10% glycerol, 0.03% DDM) supplemented 

with 10 mM imidazole. The column was washed with 5 CV of Buffer A supplemented with 

30 mM imidazole, then 5 CV of Buffer A supplemented with 50 mM imidazole, followed by 

elution in Buffer A supplemented with 500 mM imidazole. The fractions containing 

AtBOR1- GFP were diluted (1:10) in Buffer B (20 mM Tris (pH 7.5), 150 mM NaCl, 0.03% 

DDM) supplemented with 10% glycerol and incubated overnight with an equimolar 

concentration of His-tagged TEV protease to cleave the GFP-His tag. The sample was 

applied to a 5 mL Ni2+-NTA column pre-equilibrated with Buffer B supplemented with 20 

mM imidazole to separate AtBOR1 from the GFP-His tag and the TEV. The flow-through 

containing AtBOR1 was concentrated to 0.5 mL using centrifugal concentrators. The protein 

underwent a final gel filtration purification step using a Superdex 200 10/300 column (GE 

Healthcare) pre-equilibrated with Buffer B containing 0.03% DDM. AtBOR1 was 

concentrated to 10 mg/mL using centrifugal concentrators. N-[4-(7-diethylamino-4-

methyl-3-coumarinyl)phenyl] maleimide (CPM) dye (Invitrogen) at 4 mg/mL stored in 

DMSO (Sigma), was diluted (1:100) in assay buffer (20 mM Tris (pH 7.5), 150 mM NaCl) 

supplemented with 0.03% DDM [51]. A Nunc 96-well clear bottom plate was loaded with 

150 μL of the assay buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl) supplemented with 

either CMC + 0.04 wt% or CMC + 0.20 wt% of the P-GNGs, OGNG or DDM. 1 μL of 

AtBOR1 (~10 mg/mL) in 0.03% DDM was added to each well before adding 3 μL diluted 

CPM dye, resulting in 150-fold dilution of the DDM-purified AtBOR1. A clear plate cover 

was added and the fluorescence of each well was monitored every 5 minutes at 40 °C for 

120 minutes using a SpectraMax M2 (Molecular Devices) with an excitation wavelength of 

387 nm and an emission wavelength of 463 nm.

2.1.2. Fluorescence size exclusion chromatography (FSEC)—The membranes 

containing BOR1-GFP fusion proteins were diluted to a final total protein concentration of 

2.8 mg/mL in PBS (pH 7.4) supplemented with either 1% DDM, OGNG, or one of the 

individual P-GNGs (GNG-3,13 GNG-2,14 and GNG-3,14). The samples were incubated 

with gentle rocking for 1 hour at 25 °C and then the insoluble material was removed by 

centrifugation at 14 000 g for 1 hour at 4 °C. The supernatants containing the solubilized 

protein samples were heated at 46 °C for 10 minutes. After a further centrifugation to 

remove any large aggregates, a 200 μL aliquot of the supernatant was injected onto a 

Superose 6 10/300 column (GE Healthcare) equilibrated with 20 mM Tris (pH 7.5), 150 mM 

NaCl and 0.03% DDM. The GFP fluorescence of each fraction was read using an excitation 

wavelength of 470 nm and an emission wavelength of 512 nm.

2.1.3. Molecular weight determination of AtBOR1 purified in DDM—100 μL 

purified AtBOR1 at 0.4 mg/mL was injected onto a Superdex-200 10/300 gel filtration 

column (GE Healthcare) equilibrated in Buffer B. The elution was assessed with a 

miniDAWN TREOS and an Optilab rEX detection system (Wyatt Technology) and the data 

analyzed using ASTRA 6.1.1.17 (Wyatt Technology). To determine the molecular weight of 

AtBOR1, the molecular weight of the DDM micelle (144 ± 2 kDa) was subtracted from the 

measured molecular weight of the protein-detergent complex.
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2.2. LeuT stability assay

Purification of the wild type of the leucine transporter (LeuT) from Aquifex aeolicus was 

performed according to the protocol described previously [52]. The transporter (LeuT) was 

expressed in E. coli C41 (DE3) cells transformed with pET16b encoding the 8xHis-tagged 

transporter. The isolated protein was solubilized in 1.0 % DDM and bound to Ni2+-NTA 

resin (Life Technologies, Denmark). The resin-bound transporter protein was eluted with 

elution buffer containing 20 mM Tris-HCl (pH 8.0), 1 mM NaCl, 199 mM KCl, 0.05% 

DDM and 300 mM imidazole. Subsequently, 100 μL of purified protein stock 

(approximately 1.5 mg/mL) was added to 900 μL identical buffer without DDM and 

imidazole, but supplemented with the respective P-GNG, OGNG and DDM (control) (e.g. 

10-fold dilution). The protein samples were equilibrated at room temperature for 16 hours 

before first measurement. The final detergent concentrations were CMCs + 0.04 wt% or 

CMCs + 0.20 wt%. For detergent comparison, LMNG was included in the detergent 

evaluation at CMCs + 0.20 wt%. The protein samples were stored for 11 days at room 

temperature and protein activity was determined by measuring [3H]-leucine ([3H]-Leu) 

binding using the scintillation proximity assay (SPA) [53]. SPA was performed at the 

designated detergent concentrations with 5 μL of the respective protein samples, 20 nM 

[3H]-Leu and 1.25 mg/mL copper chelate (His - Tag) YSi beads (both from Perkin Elmer, 

Denmark) in buffer containing 450 mM NaCl. [3H]-Leu binding was determined using a 

MicroBeta liquid scintillation counter (Perkin Elmer).

2.3. β2AR stability assay

β2AR was purified in a buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 0.1% DDM) at a 

concentration of 1.0 μM as described previously [54]. The DDM-purified β2AR was diluted 

150-fold using buffer solutions containing individual detergents (P-GNGs, OGNG and 

DDM) to give final detergent concentrations of CMCs+0.2 wt%. The receptor in each 

detergent was stored for 5 days at room temperature and its ligand binding capacity was 

measured at regular intervals by incubating the receptor with 10 nM of radioactive [3H]-

DHA for 30 min at room temperature. The mixture was loaded onto a G-50 column and the 

flow-through was collected in binding buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 

supplemented with 0.5 mg/mL BSA), followed by addition of 15 mL scintillation fluid. 

Receptor-bound [3H]-DHA was measured with a scintillation counter (Beckman).

2.4. MelB stability assay

2.4.1. MelB solubilization and thermal stability—E. coli DW2 strain (ΔmelB and 

ΔlacZY) harboring pK95ΔAHB/WT MelBSt/CH10 plasmid were used to produce the 

protein [55,56]. The plasmid contains the gene encoding the melibiose permease of 

Salmonella typhimurium (MelBSt) with a 10-His tag at the C-terminus. Cell growth and 

membrane preparation were carried out as described [56]. The membrane samples 

containing MelBSt (at a final concentration of 10 mg/mL) were treated with individual 

detergents (DDM, OGNG, or a P-GNG) at 1.5 wt% in a buffer containing 20 mM sodium 

phosphate, pH 7.5, 200 mM NaCl, 10% glycerol and 20 mM melibiose. Protein extractions 

were carried out at 0 °C for 90 min and further treated at 0 °C or three other different 

temperatures (45, 55, and 65 °C) for another 90 min [56,57]. Insoluble fractions were 

Bae et al. Page 5

Acta Biomater. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



removed by ultracentrifugation at 95,000 rpm in a Beckman OptimaTM MAX 

ultracentrifuge using a TLA-100 rotor for 45 minutes at 4 °C. Detergent-extracted MelBSt 

was analyzed by SDS-15% PAGE after ultracentrifugation. An untreated membrane sample, 

designated Memb, was used as a reference. The transporter was visualized by 

immunoblotting with a HisProbe-HRP antibody (Thermo Scientific).

2.4.2. Trp→D2G FRET assay—Bacterial right-side-out (RSO) membrane vesicles 

were prepared via osmotic lysis from E. coli DW2 cells expressing MelBSt or MelBEc in a 

buffer containing 100 mM KPi (pH 7.5) and 100 mM NaCl [56,57]. A transporter (MelBSt 

or MelBEc at 1 mg/ml in 1.0 wt% of DDM or GNG-3,14) at 23 °C was subjected to 

ultracentrifugation using TLA 120.2 rotor at > 300,000 g for 45 minutes at 4 °C. The 

supernatants were used for Trp→D2G (2’-(N-Dansyl)aminoalkyl-1-thio-β-D-

galactopyranoside) FRET experiments using an Amico-Bowman Series 2 (AB2) 

Spectrofluorometer. D2G FRET signals were collected at 490 and 465 nm for MelBSt and 

MelBEc, respectively. On a time trace, 10 μM D2G and excess melibiose or equal volume of 

water were added at 1-min and 2-min time points, respectively.

2.5. MOR thermostability assay (CPM assay)

CPM dye in DMSO (3 mg/mL stock) was diluted 40x in buffer containing 20 mM HEPES 

pH 7.5 and 150 mM NaCl [51]. The mouse μ-opioid receptor (MOR) was purified in a buffer 

containing 20 mM HEPES 7.5, 100 mM NaCl and DDM (0.05%)/CHS (0.005%) at a stock 

concentration of 20 μM, which was diluted to 4 μM (DDM 0.01%) in 250 μL of 1.0 % 

solutions of P-GNGs (GNG-2,14, GNG-3,13, and GNG-3,14), LMNG, and DDM. After 

one-hour incubation at room temperature, the receptor solution was further diluted two-fold 

in 20 mM HEPES (pH 7.5), 150 mM NaCl to reach the final detergent concentration of 0.5 

wt%. Receptor stability in the different detergents was measured by adding 5 μL of the 

diluted CPM dye and then recording the fluorescence spectra (excitation 387 nm) from 20 to 

65 °C at every 5 °C with a two-minute incubation at each temperature. The melting 

temperature (Tm) of the detergent-solubilized receptor was computed by plotting the reading 

at 470 nm and fitting a non-linear regression curve using GraphPad Prism.

2.6. hENT1 stability assay

2.6.1. Expression of hENT1, isolation of membranes and detergent 
solubilization—Insect cell expression of human equilibrative nucleoside transporter 1 

(hENT1; NCBI gene ID: 2030) was carried out as described previously [58]. After 

expression cells were collected by centrifugation at 1000 g for 5 minutes and disrupted in 

lysis buffer (50 mM HEPES, pH 8.0, 500 mM NaCl, 5 mM EDTA, and 1 mM PMSF) by 

dounce homogenization. Membranes were prepared as described previously [58]. Briefly, 

unbroken cells were separated by centrifugation at 1000 g for 10 minutes and membranes 

were isolated by ultracentrifugation at 235,000 g for 1 hour. Isolated membranes were re-

suspended in ice-cold buffer (50 mM HEPES, pH 8.0, 500 mM NaCl) and washed 3 to 4-

times. Finally, membranes were re-suspended in storage buffer (50 mM HEPES, pH 8.0, 500 

mM NaCl and 20% glycerol) and stored at − 70 °C until further analysis. hENT1-expressing 

Sf9 membranes were diluted to a final protein concentration of 3 mg/mL in buffer 

containing 50 mM HEPES, pH 8.0, 500 mM NaCl, and 10% glycerol, and then solubilized 
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with 1% of each detergent (GNG-2,14, GNG-3,14, or DDM) at 4 °C for 1 hour. Insoluble 

protein was separated by ultracentrifugation at 235,000 g for 30 minutes, and supernatant 

containing detergent-solubilized hENT1 was collected for further analysis.

2.6.2. Analysis of hENT1 stability—Stability of hENT1 in the individual detergents 

was monitored using a radioligand-binding assay as described previously [58,59]. Briefly, 

100 μL of solubilized hENT1 sample from each detergent (GNG-2,14, GNG-3,14, or DDM) 

was transferred into thin wall PCR tubes and incubated at 4, 40, 45, and 50°C for 30 minutes 

followed by ultracentrifugation at 235,000 g for 30 minutes. Supernatants were collected in 

fresh tubes and used for radioligand binding assay as follows. Detergent-solubilized hENT1 

samples were incubated with 5 nM [3H]-nitrobenzylmercaptopurine ribonucleoside 

(NBMPR) for 30 min at 22 °C. In order to assess non-specific ligand binding, identical 

reactions were prepared in the presence or absence of 10 μM dipyridamole. Reaction was 

loaded on 96-well sephadex G-50 gel filtration plate and unbound ligand was removed by 

centrifugation at 2000 rpm for 5 minutes. Protein-ligand complex was collected as void 

volume and filtrate was transferred to fresh 96 well plate pre-filled with OptiPhase 

scintillation liquid. Radioactivity was measured using a MicroBeta TriLux scintillation 

counter (Millipore). The amount of [3H]-NBMPR specifically bound to hENT1 was 

calculated as the difference between the amount of [3H]-NBMPR that bound in the presence 

and absence of 10 μM dipyridamole. Data was analyzed using Graphpad prism software.

2.7. Statistical Analysis

The experiments were repeated at least two times as presented in each caption. All data were 

expressed in terms of mean ± standard deviation (SD) or standard error of the mean (SEM). 

Statistical analysis was performed with GraphPad 6.0 software (GraphPad Software Inc., 

San Diego, CA, USA).

3. Results

3.1. Detergent design and physical characterizations

GNG variants introduced in this study share a branched diglucoside headgroup with the 

previously developed GNGs (Scheme 1). However, the previous GNGs have two identical 

alkyl chains in the lipophilic region, while the new variants have two different alkyl chains 

(long main and short pendant chains) in the same region. The main chain varied from n-

undecyl (C11) to n-tetradecyl (C14) group. The short pendant chain varying from methyl 

(C1) to n-propyl (C3) was introduced so that it is positioned at the interface between the 

detergent hydrophobic and hydrophilic groups. These variations in the main and pendant 

chain lengths, incorporated in the detergent designation, are necessary to find an optimal 

hydrophile-lipophile balance (HLB), a key detergent property for membrane protein stability 

[60,61]. Similar pendant-bearing detergents have been reported, but these detergents have a 

maltoside headgroup rather than a branched diglucoside (Scheme 1) [62]. Furthermore, these 

maltoside detergents were not better than the original maltoside (DDM) for membrane 

protein stability. Due to the presence of the different headgroups (branched diglucoside vs 
maltoside), the P-GNGs would form compact and stable micelles compared to the previous 

DDM analogues, thereby being more effective for membrane protein stability.
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Each P-GNG was prepared according to a reported protocol using diethyl malonate as the 

starting material [63]. A long alkyl chain was first attached into the α-carbon of the 

malonate, followed by attachment of the second alkyl group (i.e., pendant chain) into the 

same position using methyl, ethyl, or propyl halide. The resulting tetraester compound was 

reduced to the dialkylated tetra-ol derivative, which was used as a substrate of β-selective 

glycosylation. The β-stereochemistry of the glycosidic bonds was confirmed by individual 
1H NMR spectra of the P-GNGs isolated after a global deprotection (Fig. S1). All P-GNGs 

showed a doublet peak at 4.32 ppm with a vicinal coupling constant of J = 8.0 Hz in their 

spectra. These chemical shift (δ) and coupling constant (J) are strong indications of β-

glycosidic bond formation. The differences in the two alkyl chain lengths (main and pendant 

chains) were recognizable in the 1H NMR spectra of the ethyl pendant-bearing GNGs 

(GNG-2,11, GNG-2,12, GNG-2,13 and GNG-2,14). The peak of the protons attached to the 

long alkyl tip appears as a triplet at 0.90 ppm, while the protons of the short alkyl tip give 

rise to a triplet peak at 0.83 ppm (Fig. S1). The differences in chemical shift between the 

protons of the long and short alkyl tips were negligible for the case of the other P-GNGs.

The P-GNGs have a range of total carbon number in the alkyl chain from 12 (GNG-1,11) to 

17 (GNG-3,14) and all these agents were highly water-soluble up to 10 wt%. The good 

water-solubility of these P-GNGs, a prerequisite of detergent utility in membrane protein 

study, are interesting as a previous GNG with two heptyl chains (i.e., GNG-7,7) showed less 

than 1.0 wt% water-solubility (Scheme 1a). This enhanced water-solubility is likely due to 

effective hydrophobic interactions between the detergent alkyl chains in micelles formed by 

the P-GNGs. Detergent CMCs were estimated by using a hydrophobic fluorescent dye, 

diphenylhexatriene (DPH) (Table 1) [64]. Two GNGs, GNG-1,11 and GNG-6,6 (i.e., 

OGNG), have the same total carbon number (C12) in their alkyl chains, thus being isomeric 

to each other. However, the CMC of GNG-1,11 was six-fold lower than the CMC of OGNG 

(170 vs 1000 μM), supporting the strong hydrophobic interactions of the P-GNGs relative to 

OGNG in the micellar environment. As expected, the CMCs of the P-GNGs reduced with 

increasing alkyl chain length. For instance, the CMC values of the methyl pendant-bearing 

GNGs decreased from 190 to 100 to 38 to 26 μM with increasing main chain length from 

C11 to C12 to C13 to C14. With the main chain length kept at C11, the CMCs of the P-

GNGs gradually reduced from 190 to 150 to 100 μM with pendant chain length increasing 

from C1 to C2 to C3.

Micelle sizes formed by the P-GNGs were measured by dynamic light scattering (DLS) and 

represented as hydrodynamic radii (Rh) (Table 1). Overall, all P-GNGs form smaller 

micelles than OGNG (4.46 nm) and DDM (3.47 nm), again supporting effective 

hydrophobic interactions in the micelle interiors. Detergent micelles gradually enlarged with 

increasing main chain length as exemplified with Rh values of 2.81 (GNG-1,11), 2.93 

(GNG-1,12), 3.08 (GNG-1,13) and 3.25 nm (GNG-1,14). This variation in micelle size 

could be explained by the relative volume of the detergent head and tail groups [65]. In 

contrast, micelle size was unaffected by variation in the pendant chain length. For example, 

all P-GNGs with the C11 and C14 alkyl chains, independent of their pendant chain lengths, 

form micelles with a Rh of 2.76-2.82 and 3.20-3.26 nm, respectively. This result indicates 

that micelle sizes formed by the P-GNGs are primarily determined by the main chain length, 

which in turn suggests that the variation in the pendant chain length (C1 to C3) has little 
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effect on the molecular geometry of the P-GNGs. Detergent micelles were further analyzed 

in terms of size distribution of their populations. When micelle size distributions were 

represented by number- and volume-weighted DLS profiles, all P-GNG micelles showed a 

single set of populations with small sizes (Fig. 1, S2, & S3). Large micelle populations with 

a size range of 100~1000 nm detected in intensity-weighted profiles are due to the ultra-high 

sensitivity of light scattering intensity to large particles (Fig. S2-S4) [66]. Micelle sizes 

formed by the P-GNGs were further investigated with detergent concentrations increasing 

from 0.4 to 1.0 wt% (Fig. 1c). Like DDM, most of the P-GNGs gave similar micelle sizes 

with increasing detergent concentration. The exceptions were GNG-3,11 and GNG-3,12 that 

showed reduced micelle sizes with increasing detergent concentration (Fig. 1c). Different 

from DDM, however, micelles formed by all P-GNGs were smallest at a detergent 

concentration of 1.0 wt% under the conditions tested. In contrast, OGNG micelles were 

substantially enlarged with increasing detergent concentration. Thus, micellar behaviors of 

the P-GNGs were different from those of the previous detergents (branch-chained maltosides 

and OGNG) [20,62].

3.2. Detergent evaluation with diverse membrane proteins

3.2.1. Detergent evaluation with AtBOR1—The P-GNGs were first evaluated with 

AtBOR1, expressed in Saccharomyces cerevisiae [49]. Protein stability in the individual 

detergents was initially assessed by monitoring the degree of protein unfolding during an 

120-min incubation with a fluorescent dye (CPM) at 40 °C [51]. For this work, DDM-

solubilized and purified AtBOR1 was diluted into buffer solutions containing the individual 

P-GNGs to give final detergent concentrations of CMCs+0.04 wt%. The thermal 

denaturation assay showed that OGNG was comparable to DDM in terms of maintaining the 

transporter in a folding state. All P-GNGs except GNG-1,12 and GNG-1,13 were better than 

the control detergents (DDM and OGNG) (Fig. 2 and S5). Detergent efficacy for AtBOR1 

stability tended to improve with increasing pendant chain length; the P-GNGs with the 

propyl pendant were generally better than those with the methyl/ethyl pendant. A similar 

trend was observed when detergent concentrations were increased to CMCs+0.2 wt% (Fig. 

S6). Again, GNG-1,13 was just comparable to DDM/OGNG while the other P-GNGs were 

clearly more effective than the control detergents at preserving the folding state of the 

transporter. Based on the CPM results, we selected three P-GNGs, GNG-2,14, GNG-3,13 

and GNG-3,14, for a FSEC study with the transporter. This methodology provides 

information on protein integrity and homogeneity. S. cerevisiae membranes containing 

AtBOR1-GFP fusion protein were incubated with the selected detergent at 1.0 wt%. All 

three selected P-GNGs and OGNG extracted the fusion protein as efficiently as DDM (Table 

S1). Protein stability in the selected detergents was assessed by measuring protein integrity 

via FSEC after a thermal treatment at 46 °C for 10 min. The detergent-extracted transporter 

gave rise to a monodisperse peak at about fraction 35 corresponding to the intact fusion 

protein (Fig. 2). In order to establish the oligomeric state of AtBOR1 solubilized in 

detergent, the molecular weight of the transporter purified in DDM was measured using size 

exclusion chromatography with multi-angle light scattering (SEC-MALS) and determined to 

be 176 ± 1 kDa (Fig. S7). This corresponds to the dimeric state of the protein. Based on a 

similar retention time in the FSEC profiles obtained in the P-GNGs and DDM, AtBOR1 

solubilized in each P-GNG is also likely to be in the dimeric state, consistent with the known 
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structure of the protein [67]. Following thermal treatment, the intensity of this main peak 

was significantly reduced in the case of DDM, along with the appearance of a protein 

aggregation peak at about fraction 7 (Fig. 2c,d). Use of OGNG resulted in complete loss of 

the main peak and appearance of a large protein aggregation peak, indicating a much lower 

stability of the protein in this detergent than the other tested molecules. In contrast, upon 

heating the protein samples in the tested P-GNGs gave almost identical peaks to the 

unheated controls (Fig. 2 and S5b). The CPM and FSEC results led us to conclude that the 

selected P-GNGs (GNG-2,14, GNG-3,13 and GNG-3,14) are clearly superior to DDM/

OGNG at maintaining AtBOR1 integrity.

3.2.2. Detergent evaluation with LeuT—The P-GNGs were further evaluated with 

the bacterial LeuT from Aquifex aeolicus [52]. The transporter was extracted from E. coli 
membranes using 1.0% DDM and purified in 0.05% of the same detergent. The DDM-

purified LeuT was diluted with buffer solutions including the individual P-GNGs, OGNG, or 

DDM to give final detergent concentrations of CMCs+0.04 wt%. Protein stability was 

assessed by monitoring the ability of the transporter to bind a radio-labelled substrate ([3H]-

Leu) via SPA at regular intervals during a 11-day incubation at room temperature [53]. 

OGNG caused a complete loss of binding activity for the transporter after detergent 

exchange while DDM gave a gradual decrease in the ligand binding ability of the transporter 

over time (Fig. 3a). All P-GNGs except GNG-1,11 were comparable to or better than DDM 

at stabilizing the transporter, with the best performance observed for GNG-2,14. Similar 

results were observed for all P-GNGs when detergent concentration was increased to CMCs

+0.2 wt% (Fig. 3b & S8). Once again, GNG-1,11 and GNG-2,14 were respectively the worst 

and the best of the P-GNGs. Representative P-GNGs (GNG-2,14, GNG-3,13 and 

GNG-3,14) were more effective than LMNG, a significantly optimized amphiphile, at 

stabilizing the transporter long term. The best performance was observed with GNG-2,14. 

Increasing detergent concentration from CMCs+0.04 to CMCs+0.2 wt% had little effect on 

detergent efficacy order for the most detergent cases, but the detergent efficacy of GNG-3,11 

was substantially enhanced at the higher detergent concentration (Fig. 3b). With a few 

exceptions, we also observed the trend that the long alkyl chained P-GNGs are generally 

better than the short alkyl chained detergents at stabilizing the transporter. For instance, 

LeuT stability was enhanced with increasing main chain length for the methyl pendant-

bearing GNGs (Fig. S8). P-GNG efficacy also tended to improve with increasing pendant 

chain length; the P-GNGs with the propyl pendant (GNG-3,11, GNG-3,12, GNG-3,13, and 

GNG-3,14) were notably better than the P-GNGs with the methyl/ethyl pendant except 

GNG-2,14 (Fig. 3a,b & S8).

3.2.3. Detergent evaluation with β2AR—The encouraging results with AtBOR1 and 

LeuT prompted us to further evaluate the P-GNGs with a G protein-coupled receptor 

(GPCR), the human β2AR [54]. DDM-purified receptor was diluted into buffer solutions 

supplemented with the individual P-GNGs to give final concentrations of CMCs+0.2 wt%. 

Receptor stability was assessed via ligand binding assay using a radio-active antagonist 

([3H]-DHA) [68,69]. A preliminary result was obtained by measuring the ligand binding 

ability of the receptor after 30-min dilution. DDM and OGNG-solubilized receptors gave 

respective high and low ligand binding capability (Fig. S9). As observed with LeuT, 
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detergent efficacy of the P-GNGs tended to be enhanced with increasing the main and/or 

pendant chain lengths. Consequently, GNG-1,14 and GNG-2,14 were the best P-GNGs with 

the methyl and ethyl pendants, respectively. In the case of the propyl pendant-bearing 

GNGs, all detergents except GNG-3,11 gave receptor activity as high as DDM. Based on 

this preliminary study, we selected five P-GNGs (GNG-1,14, GNG-2,14, GNG-3,12, 

GNG-3,13 and GNG-3,14) to measure receptor stability long term (Fig. 3c). GNG-1,14 was 

comparable to DDM whereas the other P-GNGs were better than this gold standard 

detergent for maintaining receptor activity long term, with the best performance observed for 

GNG-3,14 with the longest main and pendant chains.

3.2.4. Detergent evaluation with MelB—As for a further evaluation of the new 

detergents, we utilized the melibiose transporter (MelB) of Salmonella typhimurium 
[55-57,70,71]. E. coli membranes expressing MelBSt were treated with 1.5 wt% of the 

individual P-GNGs, OGNG, or DDM for 90 min at 0 °C and the resulting detergent extracts 

were further incubated at 0 °C or an elevated temperature (45, 55, or 65 °C) for another 90 

min. The amount of soluble MelBSt was measured by SDS-PAGE and Western blotting after 

ultracentrifugation to remove insoluble fractions (Fig. 4a). Because of high MelBSt stability 

at a low temperature, the amount of soluble MelBSt detected at 0 °C is strongly correlated to 

detergent efficiency for protein extraction. Under the incubation at a higher temperature (45, 

55, or 65 °C), however, MelBSt would undergo protein aggregation, yielding different 

amounts of soluble MelBSt depending on the abilities of individual detergents to stabilize the 

transporter. Thus, MelBSt stability can be estimated based on the amount of soluble MelBSt 

following the thermal treatments. All P-GNGs showed MelBSt extraction efficiency 

comparable to DDM (Fig. 4a; 0 °C), indicating that this class of amphiphiles has the ability 

to effectively dismantle E. coli membranes. When detergent extracts were further incubated 

at 45 °C, two GNGs (OGNG and GNG-1,11) yielded only small amounts of soluble MelBSt 

(20% and 40%, respectively); all the other detergents including DDM fully retained MelBSt 

solubility under the conditions tested. A further increase in incubation temperature to 55 °C 

leads to large differentiation in detergent efficacy. The DDM-extracted MelBSt completely 

aggregated during heat treatment, while three P-GNGs (GNG-2,14, GNG-3,13 and 

GNG-3,14) retained significant amounts of soluble MelBSt under the same conditions (40, 

30 and 70%, respectively). At 65 °C, none of the detergents was able to provide a detectable 

amount of soluble MelBSt.

To evaluate the functional state of soluble MelBSt, we tested GNG-3,14, the most effective at 

stabilizing MelBSt, utilizing Förster resonance energy transfer (FRET) from tryptophan 

(Trp) to the fluorescent ligand (D2G) bound to the active site [57,72]. Upon addition of D2G, 

functional MelB is highly fluorescent due to the occurrence of efficient FRET between Trp 

and bound D2G. This high fluorescence intensity can be reversed upon addition of a 

sufficient amount of melibiose, a non-fluorescent substrate, due to the displacement of D2G 

by melibiose in the active site. Thus, MelB functionality can be assessed by monitoring 

changes in fluorescence intensity of the transporter during sequential addition of D2G and 

melibiose. DDM or GNG-3,14-extracted MelBSt responded to addition of D2G and 

melibiose, indicating that these protein samples are functional (Fig. 4b). When we used 

MelBEc, a less stable MelB homologue from E. coli, under the same conditions, DDM-
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extracted transporter was not responsive to the addition of melibiose, indicating that DDM-

extracted MelBEc is not able to bind the sugar substrate. In contrast, GNG-3,14-extracted 

MelBEc was functional under the same conditions. Thus, some P-GNGs, particularly 

GNG-3,14, were superior to DDM at maintaining the transporter in a soluble and functional 

state.

3.2.5. Detergent evaluation with MOR—As the three P-GNGs (GNG-2,14, 

GNG-3,13 and GNG-3,14) were significantly effective at stabilizing all four membrane 

proteins tested here (AtBOR1, LeuT, β2AR and MelB), we selected these three P-GNGs for 

a further evaluation with another GPCR, the mouse MOR [73]. The receptor purified in 

0.05% DDM and 0.005% CHS was incubated with buffer solutions containing 1.0 wt% 

GNG-2,14, GNG-3,13, or GNG-3,14 to obtain the detergent-exchanged receptor samples. 

Receptor stability was assessed by estimating melting temperature (Tm) via CPM assay at a 

detergent concentration of 0.5 wt% (Fig. 5a). Tm of the receptor solubilized in DDM was 

measured directly from the (DDM+CHS)-purified receptor without detergent exchange as 

the receptor was unstable in this conventional detergent. The receptor solubilized in [DDM

+CHS] gave a low Tm of 31.6 °C (Table S2). In contrast, all tested P-GNGs resulted in 

receptor Tms higher than DDM. The C14 alkyl chained GNGs (GNG-2,14 and GNG-3,14) 

gave receptor Tms of ~ 41.0 °C, almost 10 °C higher than DDM. These GNGs were 

comparable to or better than LMNG (38.9 °C), a significantly optimized amphiphile that has 

had significant success with multiple transporters and GPCRs. Along with β2AR result, this 

result indicates that these P-GNGs are likely useful for GPCR structural study.

3.2.6. Detergent evaluation with hENT1—The two C14 alkyl chained P-GNGs 

(GNG-2,14 and GNG-3,14) were further evaluated with hENT1 [74,75]. The transporter was 

extracted from the membrane using 1.0 wt% respective detergent. The two P-GNGs 

solubilized the transporter with similar efficiencies to DDM, consistent with the AtBOR1 

and MelBSt results (Fig. S10). Thermo-stability of the detergent-solubilized transporter was 

assessed using a radioactive ligand ([3H]-NBMPR) following sample incubation at four 

different temperatures (4, 40, 45, or 50 °C) for 30 min [58,75]. DDM-solubilized hENT1 

retained the ability to bind the ligand ([3H]-NBMPR) after the 40 °C-incubation, but a 

further increase in incubation temperature to 45 °C resulted in a complete loss in ligand 

binding activity of the transporter (Fig. 5b). When GNG-2,14 or GNG-3,14 was used as a 

solubilizing agent, hENT1 showed two times higher activity than the transporter in DDM at 

a low temperature of 4 °C. Furthermore, the high protein activity was maintained up to 45 

°C when the transporter was solubilized in each P-GNG, particularly in the case of 

GNG-3,14. This result indicates the superior behaviors of these P-GNGs in preserving the 

functional state of hENT1.

4. Discussion

We introduced here pendant-bearing detergents with a branched diglucoside headgroup and 

two different alkyl chains (long main and short pendant chains). These P-GNGs have a 

tendency to form small micelles compared to DDM and a previous GNG (OGNG) and 

showed little variation in micelle size with increasing detergent concentration. When the P-

GNGs were tested with several membrane proteins (AtBOR1, LeuT, β2AR, MelBSt, MOR 
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and hENT1), we found a general trend of detergent efficacy for protein stabilization. In most 

cases, the P-GNGs tended to give enhanced protein stability with the increase of the main 

and/or pendant chain lengths. Accordingly, the P-GNGs bearing the long main chain (C13/

C14) and/or pendant chain (C2/C3) displayed favorable behaviors for membrane protein 

stabilization, with GNG-2,14, GNG-3,13, or GNG-3,14 being the most successful for all the 

membrane protein tested here. In contrast, GNG-1,11 with the shortest main and pendant 

chains appeared to be the least effective at stabilizing those membrane proteins. In addition, 

analysis of AtBOR1, MelBSt and hENT1 solubilization indicates that these detergents are as 

efficient as DDM and OGNG at extracting membrane proteins from the membranes. As 

OGNG was shown to be compatible with in surfo-based protein crystallization [42-46], 

these three P-GNGs will be useful for membrane protein structural study. Data shows that 

the three P-GNGs identified here (GNG-2,14, GNG-3,13 and GNG-3,14) could be favorably 

used in several steps including protein extraction, solubilization, stabilization and 

crystallization. The behaviors of GNG-2,14 and GNG-3,14 are particularly remarkable as 

these GNGs were comparable to or even better than LMNG for LeuT and MOR stability. 

This result is in contrast to the general notion that glucoside detergents are substantially 

inferior to maltoside detergents (e.g., OG vs DDM) at stabilizing membrane proteins.

It is important to understand why the P-GNGs were superior to the previous GNG (OGNG) 

for membrane protein stabilization [20]. The hydrophobic length of this original GNG is too 

short (hexyl; C6) to be compatible with the hydrophobic widths of membrane proteins 

(28-32 Å). Our previous attempt to increase the chain lengths of both alkyl groups together 

(e.g., GNG-7,7) was unsuccessful due to the limited water-solubility of these versions ( <1.0 

wt%). In this study, we solved this issue by incorporating alkyl groups of differing chain 

length and the resulting P-GNGs were highly water-soluble even when main and pendant 

chain lengths of C14 and C3, respectively, were used. The best efficacy of two C14 alkyl 

chained P-GNGs (GNG-2,14 and GNG-3,14) indicates that the C14 chain length is optimal 

for protein stabilization. Detergent efficacy for protein stabilization was further optimized by 

introducing the propyl pendant (e.g., GNG-3,14 vs GNG-1,14) in the hydrophilic-

hydrophobic interfaces of detergent micelles, suggesting an important role of this pendant 

chain in protein stability. As micelle sizes of the P-GNGs were invariant with increasing 

pendant chain length from C1 (methyl) to C3 (propyl) (Table 1 & Fig. 1), these additional 

chains (methyl, ethyl, or propyl) seem well accommodated in empty micellar spaces 

produced by single alkyl chained GNGs (hypothetical monopod GNG; Fig. 6). 

Consequently, the additional presence of the pendant chain, particularly the propyl chain, 

increases alkyl chain density in the micelle interiors compared to those formed by the 

monopod GNG and accordingly strengthens hydrophobic interactions between the detergent 

alkyl chains, resulting in enhanced micellar stability. The high micellar stability of the 

propyl pendant-bearing GNGs is supported by their low CMCs and high water-solubility. 

Due to the presence of the relatively large head group compared to the hydrophobic group, a 

monopod GNG might be better than the P-GNGs at preventing protein denaturation (Fig. 6). 

However, a single alkyl chained GNG is likely to have reduced binding affinity to the 

hydrophobic surfaces of membrane proteins, which in turn could induce significant protein 

aggregation. As membrane proteins are known to lose their function via two main 

mechanisms, denaturation and aggregation, it is important to effectively prevent protein 
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aggregation as well as denaturation to achieve enhanced protein stability. This indicates that 

a detergent needs to have an appropriate hydrophilic-lipophilic balance (HLB), in order to 

confer membrane protein stability. Due to the presence of the pendant (the ethyl or propyl 

chain) in the hydrophilic-hydrophobic interfaces, micelles formed by the P-GNGs have 

increased hydrophobic interactions between detergent molecules, leading to more stable 

micelles. This in turn leads to effective encapsulation of membrane proteins and thus low 

levels of protein aggregation. In addition, the large differences in chain length between the 

main and pendant chains imply that these P-GNGs, like a monopod GNG, would cause little 

protein denaturation. Thus, the ethyl or propyl pendant-bearing GNGs are not only effective 

at preventing protein aggregation, but also at alleviating protein denaturation, providing an 

explanation for their enhanced protein stabilization efficacy observed here. The previously 

developed GNGs, are likely to form micelles with an elliptical rather than spherical shape 

given their approximate cylindrical shape, as indicated by the large micelle size (Rh = 4.46 

nm) (Fig. 6). Due to the presence of two short and identical alkyl chains, the previous GNGs 

are unlikely to pack tightly in either micelles or PDCs, resulting in micelle instability. Their 

relatively high CMCs (e.g., 1.0 mM (OGNG)) and poor water-solubility (e.g., GNG-7,7) are 

indications of their limited micellar stability. Collectively, the main alkyl chains of the P-

GNGs dictate the detergent hydrophobic length that needs to be compatible with the protein 

hydrophobic widths, while their pendant chains have a significant role in enhancing micelle/

protein stability. The current study first introduced the independent roles of detergent two 

alkyl chains in protein stabilizations and thus provides a new avenue to develop future 

detergents for membrane protein study.

A previous study showed that branch-chained DDM analogues with pendant chains similar 

to those of the P-GNGs failed to give enhanced protein stability compared to DDM [62]. 

The P-GNGs described in the current study contain branched diglucoside head groups larger 

than the maltoside of the branch-chained DDM analogues. Thus, unlike the maltoside 

detergents, the single-chained GNGs produce large empty spaces in the micelle interiors that 

can be effectively filled by the pendant chains (ethyl or propyl chains) introduced by the P-

GNGs. This is supported by the finding that the micelle sizes of the new GNGs were 

independent of pendant chain length. In contrast, micelles were substantially enlarged with 

the same variation of the branch-chained DDM analogues. This comparison indicates that 

the short branches in the previous DDM analogues are unlikely to be effective at increasing 

alkyl chain density/hydrophobic interactions within micelles. Thus, it is important to 

consider the relative volume of detergent head and tail groups in order to understand whether 

the introduction of a pendant chain favors protein stability. At this point, it is unclear which 

length of a pendant chain in the P-GNG scaffold would be optimal for protein stability. A 

further increase in the pendant chain length could further improve detergent property, a 

feature which is currently under investigation.

5. Conclusions

By introducing main and pendant chains into the previous GNG scaffold, we prepared 

twelve P-GNGs that have a tendency to form compact micelles compared to DDM and 

OGNG. In evaluation of these detergents with several membrane proteins, we identified 

three detergents (GNG-2,14, GNG-3,13 and GNG-3,14) more suitable for membrane protein 

Bae et al. Page 14

Acta Biomater. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stabilization than DDM and OGNG. Detergent efficacy of the P-GNGs for protein 

stabilization was optimized by both varying the main chain length and introducing the 

pendant chains such as ethyl and propyl chains in the hydrophobic-hydrophilic interface. 

These pendant-bearing GNGs possess the same head group as OGNG (i.e., branched 

diglucoside) that has proved effective for structure determinations of membrane proteins. 

Moreover, the current data shows that they are successful in different steps such as protein 

extraction and stabilization, strongly suggesting that these pendant-bearing GNGs hold 

significant potential in membrane protein structural study. Introduction of pendant chains in 

the empty spaces of detergent micelles represents a conceptual advance of detergent design 

in membrane protein study.
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Figure 1. 
(a,b) Number- and volume-weighted dynamic light scattering (DLS) profiles of detergent 

micelles formed by propyl pendant-bearing GNGs (GNG-3,11, GNG-3,12, GNG-3,13 and 

GNG-3,14) and (c) detergent concentration-dependent size variation of micelles formed by 

P-GNGs. The DLS profiles were obtained using 1.0 wt% P-GNGs (a,b), while detergent 

concentration varied from 0.4 to 1.0 wt% at room temperature (c). Detergent micelle size 

was represented by hydrodynamic diameter (Dh). OGNG and DDM were used as control 

detergents in the detergent concentration-dependent experiment for comparison. Error bars, 

SEM, n = 5.
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Figure 2. 
(a,b)Thermal denaturation profiles of AtBOR1 in individual P-GNGs and (c,d) fluorescence 

size exclusion chromatography (FSEC) traces of AtBOR1-GFP fusion protein in the selected 

P-GNGs (GNG-2,14 and GNG-3,14). DDM and OGNG were used as control detergents. 

Thermal stability of the transporter was monitored by CPM assay performed at 40°C for 120 

min at detergent concentrations of CMCs+0.04 wt%. The relative amounts of folded protein 

were normalized relative to the most destabilizing condition, which was obtained from the 

use of DDM in this experiment. FSEC traces were obtained after a heat treatment of 

detergent-solubilized AtBOR1-GFP for 10 min at 46 °C prior to loading onto the SEC 

column. The void volume was ~7 mL corresponding to fraction 7. The data shown is 

representative of two independent experiments. ‘h’ on the detergent label represents the 

heat-treated sample.

Bae et al. Page 21

Acta Biomater. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Effect of P-GNGs on LeuT (a,b) and β2AR stability (c). DDM or OGNG was used as a 

control. As for LeuT stability assay, DDM-purified transporter was diluted into a buffer 

containing a new GNG (GNG-2,14, GNG-3,11, GNG-3,12, GNG-3,13, or GNG-3,14), 

DDM, or OGNG at CMCs + 0.04 wt% (a) and CMCs + 0.2 wt% (b). LMNG was included 

as a control for detergent evaluation at CMCs + 0.2 wt%. For β2AR stability analysis, DDM-

purified receptor was diluted into a buffer containing a representative P-GNG (GNG-1,14, 

GNG-2,14, GNG-3,12, GNG-3,13, or GNG-3,14) at CMCs + 0.2 wt% (c). LeuT activity was 

assessed by monitoring [3H]-leucine (Leu) binding capability via the scintillation proximity 

assay (SPA) at designated time points over a 11-day incubation period at room temperature. 

β2AR stability was assessed by measuring ligand binding ability using the radiolabeled 

antagonist ([3H]-dihydroalprenolol (DHA)) following 30-min dilution (0 h) and further 

monitoring receptor activity at regular intervals during a 5-day incubation at room 

temperature. Data points are means ± SEM (error bars); n = 2-3 (LeuT) or n = 3 (β2AR).
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Figure 4. 
(a) Thermo-stability of MelBSt solubilized in P-GNGs. DDM and OGNG were used as 

control detergents. E. coli membranes containing MelBSt were incubated with 1.5 wt% 

individual detergents for 90 min at 0 °C and MelBSt extracts were further incubated at 0 °C 

or an elevated temperature (45, 55, or 65 °C) for 90 min. The amounts of soluble MelBSt 

extracted by the individual detergents were analysed by SDS-PAGE and Western blotting 

(top panel) after ultracentrifugation as described in Materials and Methods. The amount of 

soluble MelBSt in each sample was estimated from gel image analysis and expressed as a 

percentage of the total amount of MelBSt in the untreated membrane (‘Memb’) in the 

histogram (bottom panel). Error bars, SEM; n = 2. (b) MelB functional assay. Right-side-out 

(RSO) membrane vesicles containing MelBSt or MelBEc were treated with DDM or 

GNG-3,14. Following ultracentrifugation, the resulting MelB extracts were subjected to the 

binding assay with melibiose reversal of FRET from Trp to dansyl-2-galactoside (D2G). 

Changes in fluorescence emission intensity were monitored over the course of a sequential 

addition of D2G and an excess amount of melibiose at the 1-min and 2-min time points, 

respectively (red line, DDM; orange line, GNG-3,14). Addition of water instead of excess 

melibiose at the 2-min time point was the control (pale brown line).
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Figure 5. 
Thermostability of MOR (a) and hENT1 (b) dissolved in DDM, LMNG or a selected P-

GNG (GNG-2,14, GNG-3,13 and GNG-3,14). For MOR study, DDM-purified receptor was 

added to buffer solutions containing the individual detergents to allow detergent exchange. 

For hENT1 study, the transporter was extracted and solubilized from the membrane using 

1.0 wt% each detergent and the resulting samples were subjected to centrifugation. Tm of 

MOR was estimated via CPM assay at a detergent concentration of 0.5 wt%. Detergent 

exchange was omitted for DDM sample due to protein instability in this detergent. hENT1 

stability was assessed by measuring the ligand binding ability of the transporter using the 

radioactive ligand ([3H]-nitrobenzylmercaptopurine ribonucleoside (NBMPR)) after a 30-

min incubation at four different temperatures (4, 40, 45, or 50 °C). Error bars, SEM; n = 2-3 

(MOR) or n = 2 (hENT1).
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Figure 6. 
Illustration of detergent micelles formed by a hypothetical single chain GNG, the newly 

prepared P-GNG and the previously reported GNG. The pendant group of the P-GNG is 

well accommodated in the empty spaces existing within micelles formed by single chain 

GNG and thus plays a favorable role in strengthening the hydrophobic interactions between 

detergent molecules. The previously developed GNG forms micelles with two alkyl chains 

of the same length and thus likely contains relatively large empty spaces in the hydrophilic-

hydrophobic interfaces.
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Scheme 1. 
Chemical structures of previously reported GNGs (a) and branch-chained maltosides (b), 

and newly prepared pendant-bearing GNGs (P-GNGs) (c). All the GNG agents share a 

branched diglucoside hydrophilic group (a,c), but while the previous GNGs have two 

identical alkyl chains (a), the new GNGs contain two different chains (c; main & pendant 

chain) in a lipophilic region. The chain length of the main alkyl group varied from C11 to 

C14, while the pendant chain length varied from C1 (methyl) to C3 (propyl), as indicated by 

the detergent designation. As for the branch-chained maltosides, the short alkyl pendants of 

the P-GNGs are present at the interface between the hydrophilic and hydrophobic groups. 

GNG-6,6 and Mal 12_0 correspond to conventional detergents of OGNG and DDM, 

respectively.
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Table 1.

Molecular weights (MWs), critical micelle concentrations (CMCs; mean ± SD, n = 3) of P-GNGs, OGNG and 

DDM and hydrodynamic radii (Rh; mean ± SD, n = 5) of their micelles in water at room temperature.

Detergent MW
a CMC (μM) Rh (nm)

b

GNG-1,11 568.7 190 ± 15 2.82 ± 0.02

GNG-1,12 582.7 100 ± 8 2.93 ± 0.03

GNG-1,13 596.8 38 ± 2 3.08 ± 0.10

GNG-1,14 610.8 26 ± 1 3.26 ± 0.01

GNG-2,11 582.7 150 ± 1 2.76 ± 0.02

GNG-2,12 596.8 70 ± 2 3.04 ± 0.03

GNG-2,13 610.8 30 ± 2 3.19 ± 0.06

GNG-2,14 624.8 24 ± 1 3.20 ± 0.03

GNG-3,11 596.8 100 ± 3 2.77 ± 0.01

GNG-3,12 610.8 38 ± 3 2.89 ± 0.03

GNG-3,13 624.8 22 ± 3 3.05 ± 0.09

GNG-3,14 638.8 23 ± 2 3.22 ± 0.03

OGNG 568.7 ~1000 4.46 ± 0.15

DDM 510.6 170 3.47 ± 0.04

a
Molecular weight of detergents.

b
Hydrodynamic radius of detergents measured at 1.0 wt% by dynamic light scattering.
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