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The critical contribution of membrane proteins in normal cellular function makes their detailed structure

and functional analysis essential. Detergents, amphipathic agents with the ability to maintain membrane

proteins in a soluble state in aqueous solution, have key roles in membrane protein manipulation.

Structural and functional stability is a prerequisite for biophysical characterization. However, many

conventional detergents are limited in their ability to stabilize membrane proteins, making development

of novel detergents for membrane protein manipulation an important research area. The architecture of

a detergent hydrophobic group, that directly interacts with the hydrophobic segment of membrane

proteins, is a key factor in dictating their efficacy for both membrane protein solubilization and

stabilization. In the current study, we developed two sets of maltoside-based detergents with four alkyl

chains by introducing dendronic hydrophobic groups connected to a trimaltoside head group,

designated dendronic trimaltosides (DTMs). Representative DTMs conferred enhanced stabilization to

multiple membrane proteins compared to the benchmark conventional detergent, DDM. One DTM (i.e.,

DTM-A6) clearly outperformed DDM in stabilizing human b2 adrenergic receptor (b2AR) and its complex

with Gs protein. A further evaluation of this DTM led to a clear visualization of b2AR-Gs complex via

electron microscopic analysis. Thus, the current study not only provides novel detergent tools useful for

membrane protein study, but also suggests that the dendronic architecture has a role in governing

detergent efficacy for membrane protein stabilization.
Introduction

Membrane proteins embedded in cellular membranes account
for approximately 30% of total gene transcripts.1 Restricted to
lateral motion, these proteins are of pivotal importance in cell
physiology. They include cell surface receptors, signal trans-
ducers, metabolite transporters and membrane channels.
ang University, Ansan, 155-88, Korea.

ord, CA 94305, USA. E-mail: kobilka@

cular Biophysics, Center for Membrane

Tech University Health Sciences Center,

ttuhsc.edu

nhagen, DK 2200 Copenhagen, Denmark.

e London, London, SW7 2AZ, UK. E-mail:

ar Physiology, Stanford, CA 94305, USA.

tion (ESI) available. See DOI:

is work.

hemistry 2017
Malfunctions of these bio-macromolecules lead to various
health disorders such as cystic brosis, Alzheimer's, cancer and
neurodegenerative diseases.2 Approximately 60% of current
pharmaceutical agents target membrane proteins.3 Despite
their biochemical and pharmaceutical signicance, the struc-
tural and functional study of membrane proteins lags far
behind that of soluble proteins. The paucity of membrane
protein structures mainly results from the incompatibility of
their physicochemical properties with the prerequisite
requirements for biophysical analysis.4 As expected from the
structure of native membranes, membrane proteins are inser-
ted asymmetrically into the bilayer, with the central trans-
membrane segment anked by the two non-identical
hydrophilic portions. The amphiphilic nature and preferred
orientation contribute to proper functions of these bio-
macromolecules in the membrane environment, but hampers
their isolation in a soluble and stable state in aqueous media.5

Detergent micelles are capable of stabilizing membrane
proteins outside the native membranes by encapsulation,
leading to formation of protein-detergent complexes (PDCs).6

Thus, detergents are widely used for membrane protein
manipulation including solubilization, stabilization and
Chem. Sci., 2017, 8, 8315–8324 | 8315
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crystallization. Non-ionic amphiphiles are of prime importance
for membrane protein study mainly due to their superior ability
to stabilize membrane proteins compared to other zwitter-ionic
or ionic detergents with charged head groups. This is well
illustrated by the fact that �75% of structurally characterised
a-helical membrane proteins were isolated and manipulated in
one of four non-ionic detergents (OG (n-octyl-b-D-glucoside), NG
(n-nonyl-b-D-glucoside), DM (n-decyl-b-D-maltoside), or DDM (n-
dodecyl-b-D-maltoside)), along with a zwitterionic detergent,
LDAO (lauryldimethylamine-N-oxide).7 Despite their wide-
spread use for membrane protein structural studies, these
detergents are oen suboptimal inducing membrane protein
denaturation and/or aggregation.8 These classical detergents
are structurally simple, typically having a exible alkyl tail and
a large hydrophilic head group. In contrast, membrane proteins
are highly diverse in terms of their three dimensional structures
and biophysical properties. The large gap in structure diversity
between conventional detergents and membrane proteins
indicates that novel detergents distinct from conventional
agents in terms of architecture/chemical properties are neces-
sary to advance membrane protein research.9

Over the past two decades, many efforts have been made to
develop novel classes of amphiphiles, architecturally different
from conventional detergents.10 Peptide amphiphiles with
a-helical (e.g., lipopeptide detergents (LPDs))11a or b-sheet
structure (b-peptides (BPs))11b have been developed. Polymeric
amphiphiles were invented and frequently used alone (e.g.,
amphipols (Apols) and styrene-maleic acid (SMA) polymer),12a–c

or in a combination with a patch of lipid bilayers (e.g., nano-
discs (NDs))12d for membrane protein studies. This disc system,
similar to bicelles in architecture,12e provides a mimetic envi-
ronment closer to the native membrane than detergent micel-
les.12f However, most of these agents are heterogenous,
generally hard to prepare on a large scale, or oen inefficient at
extracting membrane proteins from the membranes. In this
context, small amphipathic agents are advantageous over the
peptide- or polymer-based amphiphiles. Representatives of
small amphiphiles include rigid hydrophobic group-bearing
agents (e.g., glyco-diosgenin (GDN),13a tripod amphiphiles
(TPAs),13b–d norbornane-based amphphiles (NBMs),13e

resorcinarene-based glucoside amphiphiles (RGAs)13f), neo-
pentyl glycol-based amphiphiles (glucose neopentyl glycols
(GNGs), maltose neopentyl glycols (MNGs) and neopentyl
glycol-derived triglucosides (NDTs))14a–f and penta-saccharide-
bearing amphiphiles (PSEs).15 Among these agents, it is
notable that GNG-3 (commercial name: OGNG) and MNG-3
(commercial name: LMNG) have facilitated the elucidation of
more than 30 new membrane protein structures including the
b2 adrenergic,16a–e acetylcholine16f,g and opioid G-protein
coupled receptors16h,i in the last six years, highlighting the
importance and potential of novel amphiphile development. In
addition, systematic variations in detergent structure have
enabled us to investigate multiple detergent design principles
essential for novel amphiphile design and to help provide
insights into the nature of interactions between detergent
molecules and membrane proteins. For instance, the impor-
tance of detergent chirality and kinking as well as detergent
8316 | Chem. Sci., 2017, 8, 8315–8324
conformational/congurational exibility in detergent stabili-
zation efficacy could be explained by the recent studies on
butane-tetraol maltosides (BTMs),17 NBMs,13e and RGAs/
NDTs.13f,14f In the present study, we have designed and synthe-
sized two sets of novel amphiphiles containing a dendronic
hydrophobic group, the rst example of this type of group being
introduced into a detergent for membrane protein study.
Because of the presence of a trimaltoside head and dendronic
tail groups, these agents were designated dendronic trimalto-
side amphiphiles (DTMs). When these agents were evaluated
with several membrane proteins, some of these agents dis-
played enhanced protein stabilization efficacy compared to
a gold standard detergent (DDM). In addition, negative stain
electron microscopic (EM) analysis revealed that a representa-
tive of the DTMs can be effectively used for clear visualization of
membrane protein complexes with multi-domains architecture.

Results and discussion

The novel agents examined in this study bear three maltosides
and four alkyl chains as the head and tail groups, respectively,
connected to each other via a neopentyl glycol linker
(Scheme 1). The hydrophobic group of the DTMs has dendronic
architecture with two branch points (a and b in Scheme 1). The
rst branch point (a) was connected to the second point (b in
Scheme) by an ether linkage, while the second branch point was
connected to the terminal alkyl chains either directly (DTM-As)
or through an additional ether linkage (DTM-Es). It is notable
that the dendronic hydrophobic group introduced here enabled
us to rst develop novel amphiphiles containing four alkyl
chains diverging from a single focal point (c). Because of the
presence of the multiple alkyl chains, these agents have high
hydrophobic density and show multi-valency effect.18 These
have critical inuences on the ability of any detergent to effec-
tively stabilise and solubilize membrane proteins, as supported
by results obtained for the TPAs,13b–d mesitylene-cored glucoside
amphiphiles (MGAs),19 and adamantane-based amphiphiles
(ADAs).20 The DTMs are structurally different from the TPAs,
MGAs and ADAs as their lipophilic regions contain neither
a tripod unit nor a rigid core/tail group, producing a unique
combination of detergent exibility/hydrophobic density.
Detergent alkyl chain length varied from C5 to C8 for the DTM-
As and from C5 to C7 for the DTM-Es, numbers used in deter-
gent designation. Variation in the alkyl chain length is essential
for optimizing hydrophile-lipophile balance (HLB),21 known to
be crucial in detergent efficacy.22 We did not further increase
the alkyl chain length for each set of the DTMs due to a high
chance of reduced water-solubility. These novel agents were
prepared in overall good yields through a synthetic protocol
comprising six or seven synthetic steps. The dendronic hydro-
phobic groups were synthesized by a convergent method
(Scheme 1). For preparation of the DTM-As, dialkylated mono-ol
derivatives (A) with a branch point were rst synthesized from
dimethylmalonate via successive dialkylation, Krapcho decar-
boxylation and reduction reactions. The resulting dialkylated
mono-ol derivatives were reacted with methallyl dichloride
containing an additional branch point, followed by
This journal is © The Royal Society of Chemistry 2017
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Table 1 Molecular weights (MWs) and critical micelle concentrations
(CMCs) of DTM-As and DTM-Es and hydrodynamic radii (Rh) (mean �
S.D., n ¼ 5) of their micelles

Detergent M.W.a CMC (mM) CMC (wt%) Rh
b (nm)

DTM-A5 1485.7 �20 �0.0030 3.6 � 0.1
DTM-A6 1541.8 �10 �0.0015 3.7 � 0.0
DTM-A7 1598.0 �5 �0.0008 18.2 � 0.5
DTM-A8 1654.1 �3 �0.0005 34.0 � 0.4
DTM-E5 1653.8 �40 �0.0070 3.4 � 0.2
DTM-E6 1709.9 �10 �0.0017 3.9 � 0.0
DTM-E7 1766.1 �5 �0.0009 16.2 � 0.7
DDM 510.1 170 0.0087 3.4 � 0.0

a Molecular weight of detergents. b Detergent hydrodynamic radius
measured at 0.5 wt% detergent concentration by dynamic light
scattering (DLS).
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hydroboration–oxidation to produce tetraalkylated alcohols
with dendronic architecture (C). The DTM-Es were prepared by
a protocol similar to that used for the preparation of the DTM-
As, but in this case methallyl dichloride was used as a starting
material to obtain the ether-functionalized dialkylated mono-ol
derivatives (B) and tetraalkylated dendronic alcohols (D). The
tetraalkylated alcohols (C or D) were coupled with neopentyl
glycol to generate tri-ol derivatives (E) which were used as
substrates for glycosylation (see ESI Schemes 1 and 2†). Notably,
the glycosylation used here would proceed stereo-specically
owing to the use of maltosylbromide with a benzoyl protect-
ing group at 20-carbon as a glycosyl donor. As the benzoyl pro-
tecting group neighbouring anomeric carbon (10-carbon) is
involved in the formation of the cyclic oxonium ion interme-
diate via an intramolecular reaction, known as anchimeric
assistance (Fig. S1a†), the glycosylated products are expected to
be b-anomers, which is well supported by 1H NMR spectra
of representative DTM-A/Es (Fig. S1†). The coupling constants
(J¼ 8.0 Hz) and chemical shis (d¼�4.35 ppm) estimated from
these NMR spectra are typical for b-anomeric protons, which are
quite different from the coupling constant (J ¼ 4.0 Hz) and
chemical shis (d ¼ �5.15 ppm) observed for a-anomeric
protons.

All the DTMs were highly soluble in water (>5%), except
DTM-A8 and DTM-E7 that tended to form hydrogels at a low
temperature. Micelles formed by the DTMs were characterized
in terms of critical micelle concentration (CMC) and hydrody-
namic radii (Rh). A uorescent probe, diphenylhexatriene
(DPH), was used to estimate individual CMC values23 as this
Scheme 1 Synthetic scheme for the preparation of DTMs (DTM-As a
methallyl dichloride, were used for DTM-As and DTM-Es synthesis,
(compoundsC andD) were prepared from dialkylated or diether-function
triol derivatives (compound E) obtained from the coupling of neopentyl g
final amphiphiles is illustrated in color code, along with an indication o
a central focal point (c). The alkyl chains of the DTM-As are directly conne
was used for this connection in the case of DTM-Es. Alkyl chain length va
which was used for detergent designation.

This journal is © The Royal Society of Chemistry 2017
probe is highly uorescent upon encapsulation in detergent
micelles. Dynamic light scattering experiments were conducted
to determine micelle size in terms of hydrodynamic radii (Rh).
The summarized data for the DTM-A/Es and DDM is presented
in Table 1. All the DTMs gave CMC values ranging from �3 to
�40 mM, much smaller than DDM (170 mM), indicating an
increased tendency of these agents to self-assemble. The CMC
values of the DTM-As were more or less similar to those of the
DTM-Es when compared between a detergent pair with the
same alkyl chain length (e.g., DTM-A6 vs. DTM-E6). Detergent
CMC values were observed to roughly decrease with increasing
alkyl chain length for both sets of DTMs. For instance, DTM-A5
and DTM-A8 with the shortest and longest chain length,
nd DTM-Es). Two different starting materials, dimethylmalonate and
respectively. Dendronic mono-ol derivatives with four alkyl chains
alizedmono-ol (compoundsA or B). Glycosylationwas performedwith
lycol with dendronic mono-ol derivatives. The structural feature of the
f the first and second branch points (a and b, respectively) as well as
cted to the second branch point (X ¼ CH2), while ether linkage (X ¼O)
ried from C5 to C8 for the DTM-As and from C5 to C7 for the DTM-Es,

Chem. Sci., 2017, 8, 8315–8324 | 8317
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Fig. 1 Time course stability of LHI-RC complex dissolved in a DTM-A
(DTM-A5/A6/A7/A8) or a DTM-E (DTM-E5/E6/E7). Detergents were
evaluated at two different concentrations: (a) CMC + 0.04 wt% and (b)
CMC + 0.2 wt%. DDM-purified LHI-RC complexes were diluted into
the solutions containing individual DTMs and the resulting solutions
were incubated for 20 days at room temperature. Protein stability was
assessed by monitoring absorbance at 875 nm (A875) at regular inter-
vals during the incubation.

Fig. 2 Long-term stability of LeuT solubilized in (a) DTM-As (DTM-A5/
A6/A7/A8) or (b) DTM-Es (DTM-E5/E6/E7). Detergents were evaluated
at CMC + 0.04 wt%. DDM-purified transporter was diluted into the
solutions containing individual DTMs and the resulting solutions were
incubated for 12 days at room temperature. During incubation,
transporter stability was assessed by measuring protein ability to bind
the radiolabelled substrate ([3H]-Leu) at regular intervals via scintilla-
tion proximity assay (SPA).
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respectively, gave the largest and smallest CMC values (�20 and
�3 mM) among the DTM-As. The micelle sizes formed by the
DTMs with relatively short alkyl chain were comparable to that
of DDM (�3.4 nm) in terms of Rh, as exemplied by DTM-A5/A6
and DTM-E5/E6 (from 3.4 to 3.9 nm). In contrast, the long alkyl
chain DTMs (e.g., DTM-A7/A8 and DTM-E7) formed signicantly
larger micelles with Rh ranging from 16 to 34 nm. This sensitive
variation in micelle size depending on detergent alkyl chain
length observed here is likely due to substantial changes in the
volume of the detergent tail group generated by the small
extension of chain length. With the volume of the head group
constant (i.e., trimaltoside), the volume of the tail group rapidly
enlarges with increasing alkyl chain length as a result of the
dendronic scaffold in the lipophilic region; an increase in alkyl
chain length by one carbon unit corresponds to the extension of
the individual four alkyl chains by that much. A further analysis
of the detergent micelles by DLS indicates that most DTMs are
homogeneous in terms of micelle size. The exceptions are DTM-
A7/A8 whose micelles were observed to be heterogeneous
(Fig. S2†).

The stabilization efficacy of the DTMs was rst evaluated
with the photosynthetic superassembly of Rhodobacter (R.)
capsulatus, comprising light-sensitive light harvesting
complex I (LHI) and reaction centre complex (RC).24 The
structurally intact LHI-RC complex strongly absorbs at 875 nm
due to the presence of a number of cofactors (e.g., chlorophyll
and carotenoids) embedded in the complex interior. Thus,
protein stability for this complex could be conveniently
assessed by monitoring protein absorbance at 875 nm (A875)
over time. The LHI-RC complexes were extracted from the
membrane using 1.0% DDM and then puried in 1 � CMC the
same detergent (i.e., 0.0087 wt% DDM) via Ni2+-NTA affinity
column. The DDM-puried LHI-RC complexes were diluted
into buffer solutions containing the individual detergents (OG,
DDM, DTM-As, and DTM-Es) so that a nal detergent
concentration was CMC + 0.04 wt%. Absorption spectra for the
complex samples in the individual detergents were collected at
regular intervals during a 20 day incubation at room temper-
ature. DDM and OG were used as control agents as these are
representatives of maltoside and glucoside detergents,
respectively. Overall, absorption data at 875 nm showed clear
advantages of all the DTMs over DDM and OG in maintaining
the integrity of the complexes (Fig. 1). The DDM-solubilized
complexes gradually lost integrity, reaching �40% retention
aer a 20 day incubation, while the OG-solubilized complexes
underwent a rapid loss in this regard, giving only �10%
integrity retention following a 2 day incubation. In contrast, all
the DTMs showed 75–85% retention in complex integrity at the
end of incubation. The best performance was observed for
DTM-E5, but all DTMs were similar. The stability of the
complex tended to decrease with increasing detergent
concentration, particularly for DDM and OG. These two
detergents gave more rapid decrease in A875 when detergent
concentration was increased to CMC + 0.2 wt%. A similar trend
was observed for DTM-E7, but all the other DTM-solubilized
complexes were stable at the increased detergent concentra-
tion. Overall, the DTM-A/Es were more effective at maintaining
8318 | Chem. Sci., 2017, 8, 8315–8324
the integrity of the LHI-RC complex compared to the conven-
tional agents.

The encouraging result of the DTMs with the LHI-RC
complex provoked us to further investigate these agents with
the leucine transporter (LeuT) from bacteria Aquifex aeolicus.25,26

For the evaluation, the transporter was rst solubilized by 1.0%
DDM and puried in 0.05% of the same detergent. The DDM-
puried transporter was diluted with buffer solutions supple-
mented with the individual DTMs to give a nal detergent
concentration of CMC + 0.04 wt%. Protein stability was assessed
by measuring the ability to bind the radio-labelled substrate
([3H]-leucine) via scintillation proximity assay (SPA). Ligand
binding activity was monitored at regular intervals over the
course of a 12 day incubation at room temperature.27 As shown
in Fig. 2, with the exception of the longest alkyl chain DTM-As
This journal is © The Royal Society of Chemistry 2017
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(i.e., DTM-A8), all the DTM-A/Es were similar to each other and
better than DDM at retaining transporter activity. At an
increased detergent concentration of CMC + 0.2 wt%, a similar
trend was observed. Again, DTM-A8 was worst at maintaining
LeuT activity while the other DTM-A/Es are more or less
comparable to each other and better than DDM (Fig. S3†).

The promising results with the LHI-RC complex and LeuT
prompted us to test these agents with melibiose permease of
Salmonella typhimurium (MelBSt).28 Five DTMs (DTM-A5, DTM-
A6, DTM-E5, DTM-E6 and DTM-E7) with high water-solubility
were used to measure MelBSt thermostability. Membranes
containing MelBSt were incubated with 1.5% individual deter-
gents for 90 min, and the amounts of MelBSt solubilized by
detergent treatment were analysed by SDS-PAGE and Western
blotting. As shown in Fig. 3, when carried out at 0 �C, all the
DTMs tested here yielded smaller amounts of soluble MelBSt

than DDM under the conditions tested. At increasing incuba-
tion temperatures of 45, 55, or 65 �C efficiency of membrane
protein extraction by detergents tends to be improved. This is
mainly due to an increase in membrane dynamics at the
Fig. 3 Thermostability of MelBSt solubilized in DDM, a DTM-A (DTM-
A5/A6), or a DTM-E (DTM-E5/E6/E7). Membranes containing MelBSt

were treated with 1.5 wt% individual detergents for 90 min at four
different temperatures (0, 45, 55 and 65 �C). Following centrifugation,
supernatant fractions of the detergent-solubilized samples were
analyzed by SDS-PAGE/Western blotting and the results are repre-
sented by the histogram (a). The amounts of detergent-solubilized
MelBSt were expressed as percentages (%) of the total amount of the
protein initially present in the membranes, as indicated by “Total” in the
gel image in (a). (b) Galactoside-binding assay. Right-side-out (RSO)
membrane vesicles containing MelBSt or MelBEc were extracted with
designated detergents (DDM, DTM-A5, and DTM-A6). The extracted
proteins were subjected to melibiose reversal of FRET from Trp to
dansyl-2-galacotside (D2G) to assess MelB function. D2G was added
into MelB solutions at the 1 min time point, followed by subsequent
addition of melibiose in an excess amount at the 2 min time point. For
control data, water instead of melibiose was added (black lines). Fluo-
rescence emission intensity was measured at 490 nm (MelBSt) or
465 nm (MelBEc) upon excitation at 290 nm. Two reproducible datasets
are shown for each condition tested.

This journal is © The Royal Society of Chemistry 2017
elevated temperatures. In contrast, protein stability/water-
solubility tends to decrease with increasing temperature as
membrane proteins are prone to aggregation/denaturation at
a high temperature. Thus, information on detergent efficiency
and efficacy for protein extraction and stabilization, respec-
tively, could be obtained by measuring the amount of soluble
MelBSt as a function of incubation temperature. At 45 �C,
noticeable increases in the amount of soluble MelBSt were
observed for all the tested DTMs, indicating that the trans-
porters were efficiently extracted by treatment with the indi-
vidual detergents and the resulting transporters are stable
enough to maintain good water-solubility under the conditions
tested. The amounts of soluble MelBSt obtained from DTM-A5/
A6 and DTM-E6 were comparable to that of DDM. When incu-
bation temperature was further increased to 55 �C, the amount
of soluble MelBSt in DDM was dropped down to �15%, indi-
cating that the DDM-solubilized transporter underwent signif-
icant protein denaturation/aggregation under the conditions.
Similar behaviours were observed for the DTM-Es. For example,
DTM-E6, effective at retaining MelBSt solubility at 45 �C,
produced only 30–40% soluble transporter at 55 �C. In contrast,
two DTM-As (DTM-A5 and DTM-A6) were remarkable at
preserving MelBSt solubility even at the high temperature of
55 �C. Thus, the DTM-As appeared to be superior to DTM-Es/
DDM. When the incubation temperature was increased
further to 65 �C, none of the detergents was able to prevent
MelBSt denaturation/aggregation. Because of the outstanding
behaviours of DTM-A5 and DTM-A6 for maintaining MelBSt

solubility, these two DTMs were further assessed for their ability
to maintain MelBSt function. For this purpose, MelBSt was
extracted by selected individual detergents (DTM-A5, DTM-A6,
and DDM) from the membranes and the functional state of
the resulting transporters assessed via melibiose reversal of
Förster resonance energy transfer (FRET) from tryptophan (Trp)
to the uorescent ligand, 20-(N-dansyl)aminoalkyl-1-thio-b-D-
galactopyranoside (D2G).28a,d,e In the presence of D2G, functional
MelB binds to the uorescent ligand, producing a strong uo-
rescent signal produced partly via the efficient energy transfer
from Trp to this ligand. This signal is reduced by the addition of
an excess amount of competitive non-uorescent substrate (i.e.,
melibiose) due to ligand exchange. The uorescent signal was
highly sensitive to both D2G and melibiose added successively
into MelBSt solubilized in DDM, indicating that the DDM-
solubilized MelBSt is functional. However, protein function
was not detected for a less stable MelB homologue from
Escherichia coli (MelBEc)28d solubilized in the same detergent. In
contrast, DTM-A5 and DTM-A6 provided full functionality of
both MelB homologs. Collectively, two DTM representatives,
DTM-A5 and DTM-A6, were not only effective at maintaining
MelB solubility, but also superior to DDM in preserving MelB
function.

We then evaluated the novel agents with a G-protein coupled
receptor (GPCR), the human b2 adrenergic receptor (b2AR).29

The receptor was isolated in 0.1% DDM. The individual DTMs
were introduced into the samples containing the DDM-puried
b2AR by a dilution method, giving a nal detergent concentra-
tion of CMC + 0.2 wt%. As a direct assessment of receptor
Chem. Sci., 2017, 8, 8315–8324 | 8319
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stability in the individual detergents, the ability of the receptor
to bind the radioactive antagonist ([3H]-dihydroalprenolol
(DHA))30–32 was used. A preliminary result was obtained by
measuring initial ligand binding ability of the receptor
following 30 min sample dilution. As can be seen in Fig. S4,†
detergent efficacy tended to strongly depend on detergent alkyl
chain length, with an optimal chain length observed at C6 or C7
Fig. 5 EM analysis of b2AR-Gs complex solubilized in DTM-A6. (a) A re
version of (a) with some of the complexes enclosed in pale green circl
stained using 0.75% uranyl formate. The Gs subunits are designated by Ga

Fig. 4 (a) Long-term stability of b2AR solubilized in DDM, DTM-A6,
DTM-A7, or DTM-E7 and (b) long-term SEC profiles of b2AR-Gs
complex in DTM-A6 under detergent-free condition. DDM-purified
receptor was diluted into the respective DTM-containing solution to
reach a final detergent concentration of CMC + 0.2 wt%. Protein
stability was assessed by measuring the ability of the receptor to bind
the radiolabelled ligand ([3H]-dihydroalprenolol; [3H]-DHA) at regular
intervals during a 4 day incubation at room temperature. For SEC
analysis, b2AR-Gs complex constructed from b2AR and Gs protein was
isolated in DTM-A6 via detergent exchange. The SEC profiles were
collected from a superdex-200 GL column by eluting the complex
using a detergent-free buffer.

8320 | Chem. Sci., 2017, 8, 8315–8324
for both sets of the DTMs. Next, three well-behaving agents
(DTM-A6, DTM-A7 and DTM-E7) were selected to further eval-
uate these agents with regards to long-term receptor stability.
The receptor solubilized in each of these agents was incubated
at room temperature and the ligand binding ability was
measured at regular intervals over the course of 4 day incuba-
tion (Fig. 4a). DTM-E7 behaved similarly to DDM in terms of
stabilizing the receptor long-term: initially high ligand binding
activity followed by a subsequent rapid decrease in receptor
activity. Aer the 4 day incubation, the receptor solubilized in
this DTM retained only 10–20% initial activity. In contrast,
signicantly improved behaviours were observed for DTM-A6
and DTM-A7. Both novel agents were superior to DDM in
retaining receptor stability long term. Particularly, the use of
DTM-A6 led to the receptor with high initial activity (t ¼ 0 day)
and 80% retention in that activity at the end of incubation (t¼ 4
day). It is notable that the alkyl versions of the DTMs (i.e., DTM-
As) were generally better than the ether counterparts (i.e., DTM-
Es). This result indicates the potential utility of these agents,
particularly DTM-A6, in GPCR structural study. DTM-A6 was
further evaluated with the b2AR-Gs complex. For this purpose,
b2AR and Gs protein individually isolated in DDM were
combined together to construct b2AR-Gs complex and then
DDMwas exchanged with DTM-A6. When complex integrity was
measured using size exclusion chromatography (SEC), we found
that b2AR-Gs complexes puried in DTM-A6 fully maintained
their integrity for 15 days (Fig. 4b), which is in contrast to
a result obtained from DDM-puried b2AR-Gs complexes in
a previous study;33 the complex in DDM showed signicant
presentative raw image of negatively stained sample, (b) an expanded
es, and (c) representative class averages. The complex particles were

S and Gbg and the receptor and DTMmicelle were indicated by arrows.

This journal is © The Royal Society of Chemistry 2017
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dissociation between the receptor and Gs protein even aer a 2
day incubation. The full retention in complex integrity under
the detergent-free condition observed here implies that DTM-A6
strongly binds to the surface of the complex, a favourable
detergent characteristic for single particle cryo-EM studies.34

The enhanced complex stability encouraged us to continue
to evaluate this agent by visualization of the complex using
negative stain electron microscopy (EM).35 The EM images
showed that particles generated from DTM-A6-puried b2AR-Gs

complexes were highly homogeneous (Fig. 5a), which is quite
different from a substantial particle aggregation observed for
the DDM-puried complex in a previous study.36 2D classica-
tion of particle projections obtained from a single preparation
enabled the calculation of class averages where we can readily
identify the individual domains of the complex (b2AR, Gas, and
Gbg), which appear more dened than those displayed by some
other recently described novel agents (MNG-3 and PSE-C11)
(Fig. 5c & S5†). This result indicates that DTM-A6 is a prom-
ising candidate for structure determination of membrane
protein complexes and the visualization of their conformational
ensemble via cryo-EM. Finally, the DTMs were evaluated with
UapA, the uric acid–xanthine/H+ symporter from Aspergillus
nidulans.37 The transporter was extracted from the membranes
by the individual DTMs or DDM. DTM-A6, DTM-E6 and DTM-E7
gave similar extraction efficiencies to DDM (�90%). Soluble
protein stability was then assessed via uorescent size exclusion
chromatography (FSEC) following a heat treatment at 40 �C for
10 min. When the stability of the extracted transporter was
measured, all DTMs were inferior to DDM in preserving the
protein in a monodispersed state.

Conclusions

Detergent efficacy toward protein stability tends to be protein-
specic and to be highly susceptible to small variation in
detergent structure. In this study, the DTM-As and DTM-Es were
comparable to each other for LHI-RC and LeuT stability, while
the DTM-As were superior to the DTM-Es for b2AR and MelBSt

stability. Considering the subtle structural difference between
these two sets of DTMs (–CH2– vs. –O–), it seems remarkable
that the DTM-As, particularly DTM-A6, were signicantly more
effective than the DTM-Es at stabilizing some membrane
proteins tested here. Interestingly enough, an opposite trend
was observed in a previous study15 where PSAs with an alkyl
linkage were shown to be less effective than PSEs with an ether
linkage at stabilizing several tested membrane proteins
including MelBSt and b2AR. This opposite preference for the
linker functional group (ether vs. alkyl) between DTM-A/Es and
PSA/Es indicates that the optimal functional group could be
dependent on detergent architecture. From the current and
previous results, the alkyl connection appeared to be preferable
for the DTM architecture while the ether linkage was advanta-
geous for the PSA/E architecture.

At this stage, it is hard to know the precise reasons for the
enhanced efficacy of the DTM-As compared to the DTM-Es, but
one notable feature of the DTM-Es is the presence of more ether
linkages in the tail region than the DTM-As (7 vs. 3), generating
This journal is © The Royal Society of Chemistry 2017
more propyleneglycol units in the hydrophobic group. As this
glycol unit is generally considered to behave as a hydrophilic
group at room temperature,38 the tail groups of the DTM-Es
would be relatively more hydrophilic than their DTM-A coun-
terparts, thereby weakening their interactions with the hydro-
phobic segment of a membrane protein. Strong hydrophobic
interactions of detergent micelles with membrane proteins are
essential to prevent protein denaturation/aggregation. Micellar
stability, deeply associated with membrane protein stability,
may also be reduced due to the presence of the several hydro-
philic units in the hydrophobic tail region in the case of DTM-Es
as micelle formation is mainly driven by hydrophobic effect. We
also believe that the hydrophobic chain length is one of the
reasons for the generally favourable behaviours of the DTM-As
over DTM-Es. As for the current DTMs with the multiple pro-
pyleneglycol units, the hydrophobic chain length could be
effectively measured from the ether bond located between the
rst and second branch points rather than from the focal point.
On the basis of this notion, the effective hydrophobic chain
length for DTM-A6 is estimated to be C12, more comparable to
that of DDM (C12) than that for DTM-E6 (C10). The hydro-
phobic chain length of detergents is crucial for membrane
protein stability as, for effective encapsulation, the chain length
should conform to the lipophilic width of a target membrane
protein (�30 Å).39

The most distinct feature of the DTMs compared to previ-
ously developed detergents is the presence of the dendronic
hydrophobic group. Dendritic architecture is widely used in
a variety of applications including drug delivery,40 biochemical
sensors,41 uorescence imaging42 but hasn't yet been incorpo-
rated into detergent structure for membrane protein study. One
potential reason is associated with the difficulty of synthesis of
amphipathic dendrimers with facially segregated head and tail
groups. A second reason for the rare use of dendronic archi-
tecture in detergent design may be the strict restriction in
detergent hydrophobic chain length as discussed above. This
restriction in the chain length isn't usually compatible with
dendronic architecture because dendrimer dimensions tend to
rapidly increase with increasing generation. Third, functional
groups utilized for dendrimer preparation are oen suboptimal
for the current application. Because of synthetic convenience,
an amide or amine group has been most popularly used in the
preparation of dendrimers, but this functional group is too rigid
and/or too polar to favourably interact with target membrane
proteins. In contrast, the ether linkage is better in this regard
because of its reduced polarity and enhanced exibility as
observed in a previous study,14f but its polarity could still be an
issue particularly for a detergent with several ether bonds in the
tail region, as exemplied by the DTM-Es. Thus, a dendrimer
with an alkyl linkage would be most suited for detergents with
enhanced protein stabilization and solubilisation properties,
but is generally accompanied by increasing difficulty in prepa-
ration. A compromise between synthetic convenience and
detergent efficacy is necessary to develop a practical detergent
with improved properties, which seems to have been attained by
DTM-A6 with three ether bonds in the tail region. Despite the
multiple challenges in detergent design with a dendronic tail
Chem. Sci., 2017, 8, 8315–8324 | 8321
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group, some DTM-As, particularly DTM-A6, showed a clear
advantage over DDM in stabilization of the multiple membrane
proteins (complexes) tested here, indicative of a signicantly
optimized architecture of these agents in terms of amphiphilic
nature and a functional group choice.

In summary, the current study introduced two sets of the
detergents (DTM-As and DTM-Es) as the rst novel agents with
a dendronic tail group for membrane protein study. These
agents were slightly inferior to DDM at extracting MelBSt from
the membrane, but representatives were superior to this
conventional detergent in stabilizing a few tested membrane
proteins except UapA. Among the DTMs, DTM-A6 induced, in
general, the greatest stability of the individual membrane
proteins and proved effective at allowing visualisation of each
component of the b2AR-Gs complex by negative stain EM anal-
ysis. This result indicates that this DTM has signicant poten-
tial for membrane protein structural studies using X-ray
crystallography and cryo-EM. In addition, the detailed discus-
sion on the enhanced membrane protein stabilisation efficacy
of the DTM-As relative to DTM-Es serves as a design principle
essential for future detergent development.
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