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Integral membrane proteins (IMPs) are crucial cellular components, mediating the transfer
of material and signals between the environment and the cytoplasm, or between different
cellular compartments. Structural and functional analysis of IMPs is important; more than
half of current pharmaceutical agents target proteins in this class. [1] IMP characterization is
often challenging, and sometimes impossible, because of difficulties associated with
handling these macromolecules.[?] IMPs in the native state display large hydrophobic
surfaces, which are not compatible with an aqueous environment; therefore, detergents are
required to extract IMPs from the lipid bilayer and to maintain the native state of the protein
in solution.[3] Nonionic detergents, such as dodecyl-B-D-maltoside (DDM) and octyl-B-D-
glucoside (OG), are generally preferred for these applications. Despite the comparatively
mild nature of DDM, OG and related detergents, many membrane proteins denature and/or
aggregate upon solubilization with these agents.[4]

Diverse strategies have been pursued to develop new tools for solubilization of IMPs from
membranes and for maintenance of these proteins in a native-like state in aqueous solution.
Techniques that are effective for solubilization are not always optimal for stabilization, and
vice versa. These efforts have included exploration of novel amphiphilic molecules that
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depart from traditional detergent architectures. [] Specifically tailored amphiphiles that
facilitate IMP crystallization are particularly noteworthy.[5m.6] Amphiphilic polymers
(‘amphipols)l7] and discoidal lipid bilayers stabilized by an amphiphilic protein scaffold
(‘nanodiscs’)[8] represent highly innovative approaches for stabilizing IMPs in native-like
states in aqueous solution. It is not clear, however, whether either of these approaches can
support growth of high-quality crystals for diffraction analysis. Furthermore, neither
amphipols nor nanodiscs were designed to extract IMPs from biological membranes.
Despite considerable progress in the development of new compounds and strategies for
membrane protein solubilization and stabilization, new tools are needed, because many
IMPs are currently refractory. Given the great variation in structure and physical properties
among membrane proteins, it is very unlikely that a single amphiphile or amphiphile family
will be optimal for every system, or even most systems, and exploration of new amphiphilic
agents is therefore important for membrane protein biochemistry. Herein we report a class of
structurally novel amphiphiles that display favorable behavior, relative to traditional
detergents such as DDM, toward a diverse set of membrane proteins.

The new amphiphiles (Figure 1) all contain a rigid, steroid-based lipophilic group and a di-
maltose hydrophilic group. Three of the new compounds are derived from lithocholic acid
and are therefore designated #glyco-lithocholate# amphiphiles (GLC-1, GLC-2 and GLC-3);
the fourth is derived from diosgenin and designated #glyco-diosgenin# (GDN). Many
previously reported amphiphiles based on steroidal skeletons have been derivatives of cholic
acid or deoxycholic acid, including members of the widely-used CHAPS family, cholate-
based facial amphiphiles, and tandem-facial amphiphiles. 53Kl |n these cases the rigid
steroidal units are facially amphiphilic:[] one side is hydrophilic, displaying either hydroxyl
groups or carbohydrate units. In contrast, the hydrophobic units in the GLC and GDN
amphiphiles introduced here are hydrophobic on both faces, and the hydrophilic moiety is
appended to the periphery of the rigid hydrophobic unit. A cholesterol-based amphiphile,
'Chobimalt,'>"] was recently described. This compound bears a linear tetrasaccharide that is
structurally different from and less synthetically accessible than the di-maltose unit of the
GLC and GDN amphiphiles. The capabilities of Chobimalt have been assessed with only a
single IMP so far, the human kappa opioid receptor type 1 (hKOR1), and the results were
less promising than the findings we report for the new GLC and GDN amphiphiles. hKOR1
could not be extracted in an active form from a biological membrane with chobimalt alone;
however, use of chobimalt as an additive to stabilize DDM-solubilized hKOR1 was
successful.

The studies described below involve multiple membrane proteins from various structural
classes, in order to assess the potential of the GLC and GDN amphiphiles for broad utility.
Initial experiments involved a conservative experimental design, in which IMPs were first
extracted from the membrane with a conventional detergent and then assessed for stability
after introduction of one of the new amphiphiles as the predominant solubilizing agent.
Favorable outcomes of these initial studies led us to evaluate the new agents for membrane-
extraction capabilities; GDN proved to be particularly effective in this context.

The four new compounds were easily prepared on a multi-gram scale, as is necessary if they
are to serve as research tools (see supporting information). All four are highly soluble and
display fairly low critical micelle concentrations (CMC; determined by fluorescent dye
solubilization[]; Table 1). These values are somewhat smaller than the CMC of DDM,
which indicates a strong tendency of the new agents to self-assemble. Table 1 provides the
hydrodynamic radius (A}, of the micelles formed by each amphiphile, as determined by
dynamic light scattering (DLS). The micelles formed by GLC amphiphiles are slightly
smaller than those formed by DDM, while the micelles formed by GDN are slightly larger.
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In order to assess the potential utility of new amphiphiles as tools for IMP manipulation,
multiple protein systems must be examined. We used DDM as a benchmark for
conventional detergent performance in each case, because DDM is probably the most
commonly employed amphiphilic agent in membrane protein research. We focused initially
on bacteriorhodopsin (bR), which has been commonly used for evaluation of novel
amphiphiles because stability can be assessed conveniently via spectrophotometry.[0.¢1 bR
was extracted from the native purple membrane with 2.0 wt % octyl-p-D-thioglucoside
(OTG),[1] and following ultracentrifugation to remove insoluble debris, the bR solution
was diluted with amphiphile solutions to give 0.2 wt % OTG + 1.6 wt % new agent or
DDM. The absorbance of the solutions at 554 nm was measured periodically over 20 days.
Figure 2a shows that two new agents, GLC-2 and GDN, are more effective than
conventional detergents OTG and DDM at maintaining the native structure (see Figure S1
for results with other agents). GDN was the best of the new agents, showing negligible loss
in protein integrity after 20 days. When we conducted the assay at a lower amphiphile
concentration, 0.2 wt % OTG + 0.8 wt % new agent or DDM, similar results were obtained
(Figure S1).

We turned next to a more challenging system, the photosynthetic superassembly from
Rhodobacter capsulatus,[*2] which contains the light harvesting | (LHI) complex and the
reaction center (RC) complex. This superassembly contains > 30 protein molecules;
integrity can be assessed based on the 875 nm/680 nm absorbance ratio.[®! The
superassembly was extracted from the native membrane with 1.0 wt % DDM and purified
with DDM at its CMC (0.009 wt %). This preparation was diluted with solutions containing
new agents, so that residual DDM (0.0004 wt %) was far below its CMC. The final
concentration of each agent was CMC + 0.04 wt %. Figure 2b shows that the LHI-RC
superassembly is substantially more stable over 20 days when solubilized by GLC-2 or
GDN relative to solubilization with DDM or OG. Similar results were obtained with
different detergent concentrations (Figure S2).

The promising behavior manifested by GDN in terms of the stability of bR and the R.
capsulatus superassembly prompted us to examine this amphiphile with the murine
cytidine-5’-monophosphate-sialic acid transporter (CMP-Sia).[13] The protein was initially
extracted from S. cerevisiae membranes with 1% DDM and isolated in buffer containing
0.03% DDM. The final purified protein (6 mg/ml) was diluted 1:100 into solutions
containing DDM or GDN at 0.042 wt % (which corresponds to CMC + 0.033 wt % for
DDM and CMC + 0.040 wt % for GDN). The DDM- and GDN-solubilized CMP-Sia were
analyzed by gel filtration before and after incubation for 2 hr at 30°C (Figure 3a,b). The
results show GDN to be superior to DDM: CMP-Sia solubilized with DDM displays ~50%
integrity after the 2 hr period, while GDN-solubilized protein retains >90% integrity. The
favorable effect of GDN on CMP-Sia stability was further supported by A-[4-(7-
diethylamino-4-methyl-3-coumarinyl) phenyl]maleimide (CPM) assay results when we
evaluated the detergents at CMC + 0.04 wt % (Figure S3a).[24] Two other membrane
proteins were examined with the CPM assay, the rhomboid intramembrane serine protease
GIpG[15] and succinate:quinone oxidoreductase (SQR),[16] both of which were expressed in
Escherichia coli. In both cases, the results suggest that the new GLC/GDN ampbhiphiles are
superior to DDM at maintaining native structure (Figure S3b,c).

The new amphiphiles were evaluated for the ability to maintain the leucine transporter
(LeuT) from Aquifex aeolicus in a functional state.[1] The transporter was initially
extracted with DDM and then diluted with amphiphile-containing solutions to generate
amphiphile concentration of CMC + 0.04 wt % or CMC + 0.2 wt %. At both concentrations,
GDN was very effective at maintaining LeuT activity, as indicated by binding of
radiolabeled leucine, with preservation of >95 % of initial activity after 12 days (Figure 3c).
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In contrast, DDM-solubilized LeuT lost activity over this period. The GLC amphiphiles, too,
were superior to DDM in terms of maintaining LeuT activity, although they did not match
GDN (Figure S4).

To assess the new amphiphiles with a GPCR, we turned to a human B, adrenergic receptor-
T4-lysozyme fusion protein (B,AR-T4L).[18] Stability was assessed via optical absorption
measurements of B2AR-T4L bound to the inverse agonist carazolol. B2AR-T4L was initially
solubilized and purified with DDM, and this detergent was then exchanged for the agent to
be evaluated. The fluorescence emission maximum of carazolol occurs at 356 nm in aqueous
solution, but emission is shifted to 341 nm in the receptor-bound state. The 341:356 nm peak
intensity ratio was used to monitor the relative amounts of intact and denatured BoAR-T4L,
with Ty, defined as the temperature at which the 341:356 nm peak intensity ratio is half-way
between that of fully native receptor and the fully denatured receptor. Figure 4a shows how
T varies as a function of amphiphile concentration. At relatively low concentrations (<
CMC + 0.05 wt %), DDM was superior to the new amphiphiles. However, GLC-2 and GDN
became superior to DDM at higher concentrations.

In the examples discussed so far, conventional detergents such as DDM were used to extract
IMPs from the membrane, and then in most cases the solution of detergent-solubilized
protein was diluted with amphiphile-containing solutions to evaluate the new agents. With
this approach it is possible that the small amount of residual conventional detergent could
affect protein stability. To exclude this possibility, GLC-3 and GDN were used to extract
wild type B2AR (B2AR WT)19] from the membrane. Receptor activity was measured via a
binding assay involving the antagonist [3H]-dihydroalprenolol. The DDM-solubilized
receptor showed low initial activity and rapidly decomposed (Figure 4b). GLC-3-solubilized
receptor showed initial activity similar to that of DDM-solubilized receptor, but in this case
activity was maintained over 72 hr. GDN-solubilized AR WT showed remarkable
behavior: high initial activity (> 3-fold increase relative to that seen with DDM) that did not
vary over 72 hr.

We turned to a 6-opioid receptor-T4L fusion (60OR-T4L), another GPCR, to compare GDN
with the recently reported amphiphile MNG-3[!1, which has proven to be essential for
crystallization of several other GPCR constructs.[6] Consistent with prior observations,
MNG-3-solubilized 60OR-T4L showed higher activity than DDM-solubilized 6OR-T4L
(Figure S5). Remarkably, GDN-solubilized §OR-TAL displayed even higher activity. Thus,
GDN seems to be very promising for further GPCR solubilization efforts.

Because GDN displayed particularly favorable behavior in the preceding studies, this agent
was further characterized with Sa/monella typhimurium melibiose permease (MelB)
expressed in £, coli[20] We used 1.5 wt % DDM or GDN to extract MelB from E. coli
membranes at 0°C for 10 min or 90 min and then removed aggregated material via
ultracentrifugation. The amount of MelB in solution was determined by SDS-PAGE with
immunoblot detection (Figure 5). DDM could quantitatively extract MelB under these
conditions; GDN was not quite as efficient in extraction, although a substantial yield of
MelB was obtained. We assessed the effect of DDM and GDN on MelB thermostability by
solubilizing the protein at the elevated temperatures for 90 min. DDM gave a high yield of
soluble MelB at 45°C, but at 55°C no soluble protein was obtained; presumably MelB
denatured and aggregated at the higher temperature in the presence of DDM. In contrast,
GDN provided large amounts of soluble protein at 55°C and even at 65°C. Interestingly,
GDN could quantitatively extract the protein at elevated temperatures. This result raises the
possibility that GDN may be more useful for extracting membrane proteins at high
temperatures relative to low temperatures (e.g., 4°C or 25 °C). When we used MelB of £.
coli, similar results were obtained (Figure S6).
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The favorable MelB extraction performance of GDN led us to examine this amphiphile for
extraction of other IMPs. Comparable results were obtained when the LHI-RC
superassembly was extracted from R. capsulatus membranes with either 2 wt % GDN or 1
wt % DDM (GDN molecular weight is more than twice that of DDM) (Figure S7). For
B2AR WT extraction from insect cell membranes, 1 or 2 wt % GDN was more effective than
was 1 wt % DDM; only a very small amount of BoAR WT was detected with 1 wt % OG
(Figure S7). DDM and GDN were used to extract a CMP-Sia fusion protein bearing green
fluorescent protein (GFP) at the C-terminus, after expression in Saccharomyces cerevisiae.
The amount of solubilized protein was estimated by total fluorescence. GDN (2 wt %),
DDM (1 wt %) and OG (1 wt %) gave ~70%, ~80% and ~50% extraction yields,
respectively. Overall, results with several systems show that GDN is generally very effective
at extracting embedded proteins from biological membranes.

The results reported here suggest that GDN could prove to be a useful tool for membrane
protein research. Promising behavior has been observed for GLC amphiphiles as well, in
some cases. It is particularly noteworthy that our tests have included membrane protein
systems that vary in terms of structure and function. These studies have included systems
that display only limited stability when solubilized with conventional detergents, such as the
R. capsulatus photosynthetic superassembly, LeuT, MelB, two forms of p,AR, and 80R-
TAL. DDM is probably the most popular conventional detergent for IMP manipulations, and
we have shown that GDN consistently matches or exceeds DDM in terms of both extracting
and stabilizing diverse membrane proteins.

We recently introduced the MNG amphiphile series,[5 molecules that are structurally quite
different from GDN; MNG amphiphiles have already proven their worth by enabling the
acquisition of new GPCR crystal structures.[6] The present report includes a direct
comparison new steroidal agent GDN with MNG-3, which suggests that GDN could be
generally useful as a new tool for membrane protein solubilization and stabilization. Since
the MNG and GDN molecular structures are very different, it is possible that these two types
of amphiphile will manifest distinct (and perhaps complementary) advantages among the
large set of membrane proteins that have yet to be tamed in the laboratory. The current work
did not include comparative studies with amphipols or nanodiscs, both of which have proven
to be excellent for stabilization of many membrane protein systems, because neither of these
types of agent is likely to be useful for extraction of intrinsic membrane proteins from lipid
bilayers.

Typical detergents such as DDM, OG and LDAO have simple alkyl chains as the lipophilic
groups. In the presence of a membrane protein, these amphiphiles associate with one another
to cover the hydrophobic surfaces of the protein, resulting in protein-detergent complexes
(PDCs).[5M21] The overall architectures of the amphiphiles introduced here are similar to
those of classical detergents in that the new compounds are neither facially amphiphilic nor
polymeric. Consequently, the new agents are anticipated to associate with membrane protein
similarly to classical detergents. Since, however, the lipophilic groups of our new steroid-
derived amphiphiles are rigid and flat, we anticipate that these molecules will display a
stronger tendency to associate with complementary protein surfaces than do conventional
detergents, and we propose that this tendency underlies the favorable solubilization and
stabilization properties we have demonstrated here. Cholesterol and its derivatives are
known to stabilize the oxytocin receptor and B,AR via direct protein-cholesterol
interactions.[22] Because GDN, the GLCs and cholesterol contain similar steroidal moieties,
the new amphiphiles could mimic these interactions of cholesterol with membrane proteins.

Important questions remain to be addressed regarding the precise roles of the steroidal units
of the new amphiphiles. However, even before these issues are explored, the potential
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promise of the new amphiphiles as tools for membrane protein manipulation is evident from
their success with the range of systems discussed above.

Experimental Section

Synthesis and characterization of amphiphiles, detergent screening and stabilization
measurements: Details may be found in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of new amphiphiles (GLC-1, GLC-2, GLC-3 and GDN).
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Figure 2.

Stability of (a) bR and (b) R. capsulatus LHI-RC superassembly at RT as a function of time.
Agents were tested at 0.2 wt % OTG + 1.6 wt % amphiphile for bR and at CMC + 0.04 wt
% for the R. capusiatus superassembly.
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Figure 3.

(a, b) Gel filtration analysis for CMP-Sia and (c) time course activity of LeuT (scintillation
proximity assay (SPA), based on [3H]-Leu binding). Gel filtration analysis was performed at
a detergent concentration of 0.042 wt %, before or after incubation of solubilized CMP-Sia
at 30 °C for 2 hr. SPA was conducted with detergents at CMC + 0.04 wt % or CMC + 0.2 wt
% with LeuT stored at RT. Results are expressed as % activity relative to the day 0
measurements (mean + s.e.m., 1= 2).
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Figure 4.

(a) Melting temperatures (Ty,) of BoAR-TAL, and (b) BoAR WT activity as a function of

time, for proteins solubilized with new amphiphiles or DDM. T, values for BoAR-T4L are
plotted in terms of wt % of the amphiphile. BoAR WT was extracted with 1 wt % or 2 wt %
amphiphile, and activity was measured periodically by radioligand-binding assay using the
antagonist [3H]-dihydroalprenolol. The solubilized B AR WT samples were stored at 4 °C.
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Figure 5.

SDS-12% PAGE and Western blot analysis of MelB. Samples were analyzed by SDS-PAGE
analysis, and MelB was detected using anti-histidine tag antibody. Each sample contained
10 pg protein. For extracts generated with each detergent or amphiphile at each temperature,
one sample was subjected to ultracentrifugation (+), and a comparison sample was not). (As
a control, an untreated membrane sample (‘Memb.’; no ultracentrifugation) was included in
each gel.
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Critical Micelle Concentration (CMC) of GLC/GDN amphiphiles and hydrodynamic radii (A) of their

micelles (Mean £ SD, n=5).

MW S ey Re(m

GLC-1 11123 ~52 ~0.0060 3.22+0.03

GLC-2 11273 ~80 ~0.00090 3.32+0.04

GLC-3 10833 ~7.1 ~0.00077 3.27+0.08

GDN 1165.3 ~18 ~0.0021  3.86+0.05

DDM 510.1 ~170  ~0.0087  3.42+0.03
e,

1,

Molecular weight of detergents.

Table 1

ydrodynamic radius of micelles measured by dynamic light scattering.
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Non-traditional amphiphiles: Conferring aqueous solubility on membrane proteins generally requires the use of a detergent or other amphiphilic
agent. Here we introduce a new class of amphiphiles, each of which is based on a steroidal lipophilic group. These agents have been evaluated with
several membrane proteins. The results show that the new amphiphiles confer enhanced stability to a variety of membrane proteins in solution
relative to popular conventional detergents, such as dodecylmaltoside (DDM).

Chemistry. Author manuscript; available in PMC 2013 July 27.



