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ABSTRACT: Cholesterol and its hemisuccinate and sulfate derivatives are widely used in studies of purified
membrane proteins but are difficult to solubilize in aqueous solution, even in the presence of detergent
micelles. Other cholesterol derivatives do not form conventional micelles and lead to viscous solutions. To
address these problems, a cholesterol-based detergent, CHOBIMALT, has been synthesized and characterized.
At concentrations above 3-4 μM, CHOBIMALT forms micelles without the need for elevated temperatures
or sonic disruption. Diffusion and fluorescencemeasurements indicated that CHOBIMALTmicelles are large
(210 ( 30 kDa). The ability to solubilize a functional membrane protein was explored using a G-protein
coupled receptor, the human kappa opioid receptor type 1 (hKOR1). While CHOBIMALT alone was not
found to be effective as a surfactant for membrane extraction, when added to classical detergent micelles
CHOBIMALT was observed to dramatically enhance the thermal stability of solubilized hKOR1.

The purification and biophysical characterization of integral
membrane proteins (MPs)1 usually require thatMPs first be extrac-
ted out of their membrane bilayer environment, a task for which
detergents are usually employed. Ideally, mild detergents allow
MPs to be solubilized while preserving native-like structure and
function. Fromnumerous biophysical and biochemical studies of
MPs (2-4), certain detergents are well established as tools in the
study of MPs, a fact that reflects both commercial availability
and affordability as well as specific properties such as effective-
ness at MP extraction/solubilization of membrane proteins, ability
to preserve the functional state, and the compactness and homo-
geneity of the protein/detergent complexes formed (3, 5, 6). There
remains great interest in developing detergent systems to mimic
key aspects of native membrane environments not well rep-
resented by available systems (7). For example, there is a need for
surfactants that mimic specific lipids found in the membranes of
complex organisms.

A hallmark of the lipid compositions of vertebrate membranes is
the presence of cholesterol, often at concentrations in the range of
5-30 mol % of the total membrane lipid (8-12), with concentra-
tions inmicrodomains approaching 50mol% (13-17). Cholesterol
plays crucial roles in modulating membrane structure, dynam-
ics, and phase behavior (18-21) and is a major component of
ordered subdomains often referred to as “lipid rafts”. Many mem-
brane proteins are believed to interact specificallywith cholesterol in
ways that alter their stability, function, and trafficking (22-26).

While detergents are available that mimic a number of the
major classes of phospholipids found in the membranes of higher
organisms, cholesterol represents a membrane component for
which improved surfactant mimetics are needed. Cholesterol
hemisuccinate and cholesterol sulfate are commercially available
(Figure 1) but have limited solubility even in the presence of
excess conventional detergent. Other cholesterol derivatives have
higher solubility and have been used for cationic liposomal DNA
transfection: cholesteryl-PEG600, N-trimethylammonioethane-
carbamoylcholesterol (TMAEC-CHOL), and N-triethylamino-
propanecarbamoylcholesterol iodide (TEAPC-CHOL). However,
these compounds exhibit a strong tendency to form worm-like
micelles and liposomes (27-29), rather than classical micelles.
Moreover, cholesteryl-PEG600 in not a homogeneous compound,
but rather a mixture of compounds with PEG chains of varying
length.The bile salts and related detergents (CHAPSandCHAPSO)
exhibit favorable physical properties but cannot be regarded as
true cholesterol analogues because their molecular polar/apolar
topologies are very different from cholesterol, leading to modes
of interactions with bothmembranes and proteins that are funda-
mentally dissimilar from cholesterol. Finally, although digitonin,
the saponins, and related compounds haveplayed roles in the history
ofmembrane protein biophysics, they also deviate significantly in
molecular topology from cholesterol such that they too cannot be
considered to be true analogues.

A recent report (1) described the preliminary use of a novel
water-soluble derivative of cholesterol, β-cholesteryl-(maltosyl-
β-(1,6)-maltoside) (CHOBIMALT), in studies of the 99-residue
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C-terminal domainof the amyloid precursorprotein (C99).CHOBI-
MALT is comprised of cholesterol that has been β-glycosylated
with a β-(1,6)-linked bismaltoside. In that work, CHOBIMALT
was used to demonstrate that C99 is a cholesterol binding protein,
experiments that were possible only as a result of the high aque-
ous solubility of this compound relative to cholesterol or other
available polar headgroup-derivatized compounds. Here we
describe the synthesis and basic physical chemical properties of
CHOBIMALT and the micelles it forms. Possible application of
CHOBIMALT in biophysical studies of membrane proteins is
also explored using a G-protein coupled receptor.

MATERIALS AND METHODS

Materials. Unless otherwise noted, reagents were purchased
fromSigma (St. Louis,MO). 8-Anilino-1-naphthalenesulfonic acid
solutions (CMC dye solution), dodecylphosphocholine (DPC),
tetradecylphosphocholine (TDPC), and n-dodecyl β-maltoside
(DDM) were purchased from Affymetrix-Anatrace (Maumee,
OH). Deuterium oxide (99.9%) was purchased from Cambridge
Isotope Laboratories (Andover, MA). [3H]Diprenorphine was
obtained from Perkin-Elmer Radiochemicals (Waltham, MA).
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was
obtained from Genzyme Pharmaceuticals (Cambridge, MA).

TMAEC-CHOL was purchased from Avanti Polar Lipids
(Alabaster, AL). Zeba Spin desalting columns (7 kDa MWCO,
0.5 mL) were purchased from Pierce/Thermo Scientific
(Rockford, IL). Penta-His antibody was purchased from Qiagen
(Valencia, CA). Anti-mouse IgG-alkaline phosphatase was
purchased from Southern Biotech (Birmingham, AL).
Synthesis of CHOBIMALT. The synthetic route high-

lighting the key intermediates (donor I, 5; donor II, 8; and accep-
tor II, 7) is summarized in Figure 2. The synthesis of donor I (5)
was initiated by an O-40,60-regioselective protection of maltose (1).
This was accomplished by utilizing a 1,3-selective camphorsul-
fonic acid- (CSA-) catalyzed benzylidene ring formation reaction.
Subsequent global protection of all the remaining hydroxyls of
the benzylidene-maltose intermediate with benzoyl chloride in
pyridine provided the fully protected maltose. This intermediate
was selectively hydrolyzed at the anomeric position usingmethyl-
amine which was then subjected to a base- (DBU-) catalyzed
reaction with trichloroacteonitrile to provide donor I (5) in an
overall yield of ca. 50% over four steps.

Donor II (8) was prepared in a similar fashion when compared
to donor I (5) by an initial global protection of all the hydroxyl
groups of the maltose (1) with benzoyl chloride in pyridine. This
fully benzoylated intermediate was selectively hydrolyzed at the

FIGURE 1: Structures of cholesterol-derived amphiphiles and related compounds: A, cholesterol; B, cholesteryl hemisuccinate (CHS); C, CHAPSO;
D, DC-CHOL (TMAEC-CHOL); E, cholesteryl-PEG600 (naverage 10-11); F, digitonin; G, CHOBIMALT.

FIGURE 2: Key intermediates in the synthesis of CHOBIMALT.
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anomeric position usingmethylamine. This was then subjected to
a base- (DBU-) catalyzed reaction with trichloroacetonitrile to
provide donor II (8) in an overall yield of ca. 60% over three
steps. Both the three- and four-step protocols to obtain donors II
and I, respectively, were carried out with minimal workup, and
the resultant trichloroimidates were each separated by silica
gel column chromatography eluted using ethyl acetate and
hexanes, and the purifiedmolecules were analyzed and confirmed
by 1H NMR.

Cholesterol (acceptor I) and 5 (donor I) were then subjected to
Lewis acid- (TMSOTf-) catalyzed glycosylation in DCM at
reduced temperature to obtain the β-isomer (6) which was then
purified by silica gel column chromatography and again con-
firmed by 1HNMR. Subsequent deprotection of the benzylidene
moiety with an equivalent amount of CSA in refluxing DCM-
methanol provided the acceptor II (7) in 66% overall yield over
two steps.

Donor II (8) and acceptor II (7) were then subjected to a
similar Lewis acid- (TMSOTf-) catalyzed glycosylation reaction
in DCM at reduced temperature to obtain the β-isomer as the
major product which was then purified by silica gel column
chromatography. The purified β-isomer of fully protected CHO-
BIMALT was then analyzed to confirm the structure by 1H
NMR. Global deprotection of the benzoyl groups with sodium
methoxide-ammonia in methanol provided the crude target
molecule. This crude material then underwent a final purification
using a C18 reverse-phase column to provide the pure CHOBI-
MALT in an overall yield of 10% over eight linear steps. The
structure of the target molecule was characterized by 1H NMR
and mass spectrometry. CHOBIMALT has a molecular mass of
1035 Da.
Determination of CHOMBIMALT’s Critical Micelle

Concentration andMicelle Size.CHOBIMALTmicelles were
formed by the addition of either water or D2O (for NMR
experiments) to powdered CHOBIMALT and incubation of
the solution at 40 �C for 1-2 h with intermittent vortexing. In
addition to optical clarity, solubilization of CHOBIMALT was
confirmed by cooling to 5 �C and subjecting the solutions to ultra-
centrifugation (350000g for 30 min), after which only a negligible
pellet could be detected. An initial 10 mM stock of CHOBI-
MALT was prepared and serially diluted to produce the addi-
tional concentrations used in the assessment of the CMC and
diffusion coefficientmeasurements. Samples for determination of
aggregation numbers by steady-state fluorescence quenching
were prepared from dilution of a 10% (97 mM) stock. Dilutions
were bath-sonicated at room temperature for 1 h prior to data
acquisition to facilitate free detergent dissociation.

The critical micelle concentrationwasmeasured using a fluore-
scent probe to monitor the premicellar to micellar transition
as the concentration CHOBIMALT was increased. Changes in
fluorescence were observed for two series at a fixed concentration
(10 μM or 250 nM) of 8-anilino-1-naphthalenesulfonic acid
(8-ANS) (30, 31) across a range of CHOBIMALT concentrations
using a Jobin-Yvon Fluoromax-3 spectrometer. The fluorescent
probe was excited at 410 nm using a 5 nm slit width, and emis-
sion was monitored by scanning at 1 nm increments from 425 to
550 nm with a 1 or 5 nm slit width for the 10 μM or 250 nM
8-ANS series, respectively. Values reported for CHOBIMALT in
water are at 464 nm. Assessment of the CMC of CHOBIMALT
in buffer (10 mM sodium phosphate, 100 mM NaCl, pH 7)
exhibited a slight shift in the emission spectrum and was assessed
at 467 nm.

Secondary assessment of the critical micellar concentration was
made using the fluorescent probe pyrene. In order to effectively
monitor submicromolar events, changes in pyrene fluorescence
were observed using a fixed concentration of the fluorophore
across a range of CHOBIMALT concentrations. Pyrene fluo-
rescence was excited at 337 nm using a 5 nm slit width, and
emission was monitored by scanning from 350 to 450 nm using a
1 nm slit width. Changes in the pyrene emission spectra were
assessed by measuring the ratio observed between the first and
the third vibronic bands. The ratio observed for the pyrene I1/I3
bands has been previously shown to be strongly dependent on the
polar environment, giving rise to a distinct transition for deter-
gents at the CMC as pyrene partitions from a polar solvent into a
nonpolar micelle core. Fitting of the intensity ratios as a function
of the CHOBIMALT concentration was performed using a
sigmoid described by the equation (32):

I1

I3
¼ A1 -A2

1þ eð½CHOBIMALT�-CMC1Þ=Δ ð1Þ

where A1 and A2 are the upper and lower limits for the sigmoid,
CMC1 is the inflection point of the sigmoidal transition, and Δ is
related to the range over which the sigmoidal transition occurs.
CMC is approximated by the determined CMC1, an approach
that leads to results in good agreement with CMC determined
using other methods for nonionic detergents. Samples of CHO-
BIMALT and dodecyl maltoside were prepared by initially dis-
solving powdered detergent into a fresh, nitrogen-purged 1 nM
pyrene solution. Samples of cholesterol were initially solubilized
in absolute ethanol by warming to 80 �Cwith intermittent vortexing
at an initial concentration of 15 mg/mL (39 mM). This solution
was then diluted to 200 μM in ethanol at 80 �C before cooling to
room temperature. Aliquots from this 200 μM cholesterol stock
were then injected into the 1 nM pyrene solution to prepare a
1.5 μM cholesterol solution, which was further serially diluted
with a 1 nM pyrene/0.75% ethanol solution to prepare the addi-
tional test solutions needed.

CHOBMIALT’s aggregation number was determined using a
method based on steady-state fluorescence quenching of pyrene
by coumarin-153. The application of the pyrene/quencher system
has previously been used to characterize the aggregation number
of several detergents (33, 34). In this method, loss of micelle-
partitioned pyrene fluorescence occurs when coumarin-153
occupies the same micelle, allowing the relation of the observed
pyrene quenching and the concentration of micelle-partitioned
quencher to be correlated to the effective micelle concentration.
The aggregation number then can be derived from the effective
micelle concentration and the concentration of detergent above
the CMC. Partitioning of coumarin-153 was assessed independently
using fixed concentrations of the fluorophore across a range of
CHOBIMALT concentrations (0-10%) at room temperature,
using 1 and 5 μM coumarin-153, respectively. The concentration
of micelle-partitioned coumarin-153 was determined from the
CHOBIMALT concentration-dependent fluorescence response
observed when correlating CHOBIMALT concentration to I/Imax

for two coumarin-153 series. Coumarin-153 spectra were collec-
ted by exciting at 428 nm (1 nm slit width) and scanning from 450
to 550 nm. Spectra were compared at the maximum of the ob-
served emission peak, centered at 508 nm. Quenching of pyrene by
micelle cooccupancy with coumarin-153 was observed by changes
in the emission spectra of 1 μM pyrene in 0.1% (1.0 mM) and
0.5% (4.8 mM) CHOBIMALT across a range of coumarin-
153 concentrations (0-18 μM). Pyrene spectra were observed by
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excitingat 337nm(1nmslitwidth) and scanning from350 to450nm.
Values reported are for the sharp emission peak (I1) observed at
375 nm. The micelle effective concentration was determined by
fitting of the experimental data to the expression:

ln
F

F0
¼ -

½coumarin-153�
N

ð2Þ

where F is the fluorescence intensity of pyrene observed at a given
micelle-partitioned coumarin-153 concentration [coumarin-153],
F0 is the fluorescence intensity in the absence of coumarin-153,
and N is the micelle concentration. The aggregation number is
then equal to themicellar CHOBIMALT concentration (which is
equal to the total [CHOBIMALT]- CMC) divided by the micelle
concentration (N).

Aggregate size was additionally determined through the use of
NMR-measured translational diffusion rates. The translational
diffusion rates were measured via NMR using 150 μL samples in
Shigemi tubes and a modified stimulated echo with bipolar
gradients (STE-BP) pulse sequence (35) with a 3-19-9 water-
suppression scheme (stebpgp1s191d). Data were acquired at
500MHz using a Bruker TXI-Z cryoprobe at 20 �C using 16 linear
steps from 5% to 95% maximum gradient strength, 400 ms
diffusion time, 4 ms gradient pulse, and 200 μs delay between
bipolar gradients. Clusters of peaks were integrated using Top-
Spin2.1, and the peak integral versus gradient strength data were
fit by the equation(35):

It ¼ I0e
-Dγ2gt2δ

2ðΔ- ðδ=3Þ- ðτ=2ÞÞ ð3Þ
Here Δ is the diffusion time, δ is the length of the gradient pulse,
τ is the time between bipolar gradients, g is the gradient strength,
and γ is the proton gyromagnetic ratio. Initial temperature cali-
bration was performed using the chemical shift splitting between
the hydroxyl and methyl of neat methanol, commonly used to
calibrate temperatures between 178 and 330 K with a 0.5 K
error (36).Maximumgradient strengthwas back-calculated from
the diffusion decay observed for a 150 μL sample of water ac-
quired at 20 �Cwith a 10 s recycle delay. Due to the larger diffusion
coefficient of water (2.025� 10-9 m2 s-1) (37) the diffusion time
was lowered to 150 ms, and the length of the gradient pulse was
1 ms for an equivalent pulse program without water suppression
(stegp1s1d). Back-calculation from the diffusion of water gave a
maximum gradient strength of 38.21 G/cm. Diffusion measure-
ments were made for a series of CHOBIMALT concentrations
ranging from 0.1% (1 mM) to 1% (10mM). To serve as an index
to correlate the observed diffusion rates to the size of the molec-
ular ensemble, several detergents with known aggregation num-
bers were employed for comparison with measurements made at
0.1% (1 mM) and 1% (10 mM) CHOBIMALT: dodecyl malto-
pyranoside (DDM) (38), dodecylphosphocholine (DPC) (39),
tetradecylphosphocholine (TDPC) (40), and sodium dodecyl
sulfate (SDS) (41). All solutions of the detergent standards were
prepared at 1% (w/v) concentrations in D2O and measured with
a 400 ms diffusion time, a 4 ms gradient pulse, and a 200 μs delay
between bipolar gradients as described above. Spectra for 1%
samples were acquired using eight scans, integrating across the
aliphatic protons (0.7-1.7 ppm). To attain better signal-to-noise
ratio, the number of scans for the 0.1%CHOBILMALT diffusion
experiments was increased to 64. One-dimensional 1H NMR
spectra were acquired for the detergents at 500MHz using 3-19-9
water suppression at 20 �Candacquired for eight scans unless other-
wise indicated. The recycle delay (D1) for all experiments was 2 s.

Solubilization of Membrane Proteins by CHOBIMALT.
The gene encoding the human kappa opioid receptor type 1
(hKOR1) was subcloned into a modified pET21b(þ) vector
(Novagen, Madison, WI) with a noncleavable C-terminal dec-
ahistidine tag and expressed in Escherichia coli using conditions
modified from those used for the human arginine vasopressin
receptor (42), as described below. The pET21-hKOR1 plasmid
was transformed into the C43(λDE3) (Lucigen, Middleton, WI)
E. coli strain containing the CodonPlusRP accessory plasmid
(Stratagene, La Jolla, CA). Innocula fromLB starter cultures were
added to M9 media supplemented with cholesterol (20 mg/L),
POPC (75mg/L), and the hKOR1 antagonist, naltrexone hydro-
chloride (20 μM) and grown to an OD600 of 0.6 at 37 �C with
agitation. The temperature was then reduced to 12 �C, and the
cultures were allowed 1 h of thermal equilibration prior to induc-
tion with 0.5 mM isopropyl thiogalactoside. Protein expression
was continued for 36 h at 12 �C with agitation, followed by cell
harvesting by centrifugation. Cells were resuspended in 50 mM
Tris, pH 7.4, Dounce-homogenized, and then supplemented with
Sigma protease inhibitor cocktail (50 μL/1 mL of lysate), 5 mM
magnesium acetate, lysozyme, DNase, and RNase. Lysis was
achieved by sonication using a Fisher sonic dismembranator with
a microtip probe, sonicating for 3 min with 5 s pulses and 10 s
recovery delays, followedby centrifugation at 3700 rcf for 15min.
Membranes were collected from the supernatant by ultracentri-
fugation for 1 h at 125000g across a discontinuous sucrose
gradient in 50 mM Tris, pH 7.4, using two sucrose layers: 30%
and 60%. hKOR1-containing membranes were collected at the
interface between the layers and homogenized by repeated
passage through a 27 Ga needle. Bacterially expressed hKOR1
membranes prepared using this method have been shown to retain
high-affinity binding and thermal properties similar to receptors
expressed and purified frommammalian cells (Howell and Sanders,
unpublished data). Membrane protein content in the isolated
membranes was quantified using a modified Bradford assay
(Coomassie Plus; Pierce, Rockford, IL) calibrated against bovine
serum albumin standards. The membranes were then aliquoted
into 100 μgmembrane protein aliquots, adjusted to 500 μLby the
addition of 50 mM Tris, pH 7.4, and pelleted by ultracentrifuga-
tion at 300000g for 1 h.Membrane pellets were then resuspended
by repeat pipetting in 100 μL of one of the detergent solutions:
2% CHAPSO, 2% DDM, 2% CHOBIMALT, 1.5% digitonin,
1%LMPC, or 1%DPC (all bufferedwith 50mMTris, pH 8) and
then incubated at 5 �C for 4 h on a rotating platform. The solu-
tion was then ultracentrifuged at 300000g for 1 h. The super-
natant was analyzed by SDS-PAGE followed by transfer to a
nitrocellulose membrane for detection with a penta-His antibody
(Qiagen, Valencia, CA) and alkaline phosphatase/nitrotetrazolium
blue visualization.
Characterization of Detergent/CHOBIMALT Mixed

Micelles and Testing with a GPCR. Mixed micelle samples
were prepared by combining solid detergent and either CHOBI-
MALT or cholesterol hemisuccinate and then cosolubilized in
D2O or water to a final concentration of 5% detergent/1%
cholesterol analogue. Concentrated samples were bath-sonicated
with gentle warming (<50 �C) for 2 h, followed by a final dilution
to 1% detergent concentration. Diffusion coefficients were deter-
mined as described above. Due to the overlap of 1H NMR reso-
nances from the detergent and CHOBIMALT in the aliphatic
region, an additional assessment of the translational diffusion
coefficient for the cholesterol derivative was made from an
independent fit of the diffusion coefficient to additional NMR
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resonances (2.2-2.8 ppm) appearing only in the mixed micelles.
Differences in the two measured diffusion coefficients would be
indicative of heterogeneity of the mixed micellar solution.

Samples for assessment of GPCR functionality in the mixed
micelle systems were prepared by solubilizing the hKOR1-con-
taining membrane pellets in either 1% DDM, 1% DDM/0.2%
CHS, or 1% DDM/0.2% CHOBIMALT, buffered with 50 mM
Tris, pH 7.4. The final concentration of membrane protein for
detergent solubilization was 1.0 mg/mL in each of the detergent
solutions. hKOR1-containing E. coli membranes were prepared
as described previously for assessing the solubilization capacity of
CHOBIMALT. After resuspension of the membrane pellets in
detergent solution, samples were incubated at 5 �C for 4 h and
then cleared of insoluble membrane by ultracentrifugation at
300000g for 1 h. The detergent-solubilized receptor was aliquoted
into 100 μL,∼50 μg membrane protein samples (based on initial
quantification of the membrane prior to extraction) and incu-
bated for variable time periods at 30 �C. Following thermal
stressing, retention of ligand binding was assessed using the
hKOR1 antagonist [3H]diprenorphine at 9 nM (three times the
Kd observed in membrane prior to solubilization), incubated at
5 �C for 1 h. Total binding was assessed using detergent-solubilized
hKOR1 with 9 nM [3H]diprenorphine. Attempts to separate the
detergent-solubilized receptor from the free ligand using a glass
filter-based method, with or without polyethylenimine pretreat-
ment, failed to retain the detergent-solubilized receptor. Separa-
tion of the detergent-solubilized receptor with bound ligand from
free ligand was therefore achieved by passage through a Pierce
Zeba desalting spin column preequilibrated in 50 mM Tris,
pH 7.4, by centrifugation at 2000g for 1 min. For GPCRs such
as hKOR1, nonspecific binding would normally be assessed by
binding of the radioligand in the presence of a large excess of cold
ligand. However, in these studies it was observed that addition
of a modest 1 μM excess of cold ligand, either naltrexone or
norbinaltophimine, resulted in the decreased retention of the free
radioligand by the spin column. Therefore, to assess the nonspecific
binding in the absence of an excess of cold ligand, bacterial
membranes containing an alternate G-protein coupled receptor,
the human β2 adrenergic receptor (β2AR), were employed.β2AR-
containing membranes were used to estimate the amount of
nonspecific binding of [3H]diprenorphine. β2AR-containing memb-
ranes were prepared and solubilized as described above for hKOR1
following expression of β2AR from a modified pET21-based vector
containing a nonremovable C-terminal decahistidine tag. Non-
specifically bound [3H]diprenorphine was isolated using the β2AR-
containing membranes and the same spin column protocol as des-
cribed above. For both specific and nonspecific binding samples,
counts for the bound [3H]diprenorphine were measured after the
addition of 3.5 mL of Perkin-Elmer Optima Gold scintillation
cocktail and incubation at room temperature for 2 h on an oscillat-
ing platform. Decay counts were made on a Beckman LS6500
multipurpose scintillation counter, averaging the counts for 10 min
per sample. For each time point the reported specific binding was
derived by taking the difference between the total binding in
hKOR1-containing membranes and nonspecific binding in β2AR-
containing membranes. The observed loss of high-affinity binding
was fit to a single exponential decay:

I ¼ I0e
- kit ð4Þ

where I0 is the normalized binding observed without incubation at
30 �C, t is the time of incubation at 30 �C, and ki is the rate of

inactivation. From the fit of the data, the half-life of the receptor at
30 �C could be determined from the relation:

t1=2 ¼ lnð2Þ
ki

ð5Þ

Binding was further assessed in the mixed micelle systems by mea-
suring the dissociation constant for [3H]diprenorphine through
saturation binding. Total binding was measured using detergent-
solubilized hKOR1 across a range of diprenorphine concentrations
(0.16-21 nM). Nonspecific binding was assessed using equivalent
amounts of solubilized β2ARmembranes in the respective detergent
systems across the same radioligand concentration range. Dissocia-
tion constants were derived by fitting to a single binding site model:

specific binding ¼ Bmax½DPN�
½DPN� þKD

ð6Þ

whereBmax is themaximumbinding,DPNis the concentrationof the
radioligand, [3H]diprenorphine, andKD is the dissociation constant.

RESULTS

Observation of a CMC-like Phase Transition for CHO-
BIMALTinAqueousSolution.PowderedCHOBIMALT could
be readily solubilized to at least 45% (w/v) (430 mM) in aqueous
solutions with simple vortexing or agitation at 40 �C. Though
micelles prepared at 5 �Cwere slower to initially solubilize, samples
prepared at either temperature ultimately gave no visible signs of
turbidity and yielded a negligible pellet after ultracentrifugation.
The solubility of CHOBIMALT (>430 mM) is 5 orders of magni-
tude higher than for cholesterol (4.7 μM) (43). Contrary to reports
of CHS solubility of 10 mM (44), attempts to solubilize lower
concentrations of CHS (neat aqueous, pH 9.0) produced solu-
tions exhibiting turbidity and that yielded a visible pellet when
subjected to modest centrifugal force (13000g, 5 min), even at
concentrations of only 0.1 mM. Of the commercially available
compounds tested, two other cholesteryl analogues, TMAEC-
CHOL and cholesteryl-PEG600, could be solubilized at concen-
trations greater than 10% (w/v). However, solutions containing
these compounds were markedly more viscous than comparable
CHOBIMALT solutions. This likely reflects the reported tendency
of the TMAEC-CHOLand cholesteryl-PEG600 to form extended
rod-shaped micelles (27, 29). Moreover, 1% solutions of these
compounds produced a pellet or film upon ultracentrifugation
(350000g, 30 min), whereas solutions of CHOBIMALT did not.

In light of the ease and extent to which CHOBIMALT can be
brought into an aqueous solution, it was postulated that CHO-
BIMALTmay be capable of forming conventional micelles, which
could account for its greater solubility and lower viscosity relative
to other cholesteryl compounds. To assess the possible micelle-
like properties of this compound, several physical parameters
for the water-soluble form of CHOBIMALT were measured.
An attempt to determine the critical micelle concentration (CMC)
was carried out using a fluorescence method that uses 8-anilino-
1-naphthalenesulfonic acid (8-ANS) to measure CMC values as
low as picomolar (30, 31). This method is based on quenching of
the fluorescence of 8-ANS in aqueous solution, whereas upon
partitioning into a micelle a significant increase in fluorescence is
observed. The sudden increase in the observed fluorescence
allows the CMC to be evaluated as the break point between
linear regions below and above the critical micellar concentra-
tion. In the case of CHOBIMALT, the typical approach of
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directly correlating detergent concentration to fluorescence in-
tensity from 10 μMANS was complicated by a rapid increase in
fluorescence at very low (nanomolar to micromolar) detergent
concentrations and the absence of a distinct linear region or a
clear break point (Figure 3A,B). The absence of a clearly defined
break point in fluorescence could arise either from a CMC being
lower than the concentration of fluorescent probe initially tested
or by 8-ANS/CHOBIMALT interactions at submicellar concen-
trations that reverse quenching of 8-ANS.We therefore replotted
the data for Figure 3A,B using the equation:

½ANS�F ¼ ½ANS�total
I

Imax

� �
ð7Þ

where I is the observed fluorescence intensity and Imax is themaxi-
mum fluorescence observed at highCHOBIMALTconcentrations.
This simple replotting, shown in Figure 3C, reveals two distinct
linear regions, whose intersection corresponds to an apparent
critical micellar concentration (as demonstrated for several
control detergents in Supporting Information Figure S2 and
Table S2). This apparent CMCwas then used to carefully sample
concentrations around the predicted CMC using a much lower
concentration of 8-ANS (250 nM), which revealed a clear break
point in the range at 4 μM (Figure 3D). While it was con-
firmed (see below) that the CHOBIMALT aggregates above this

apparent CMC of 4 μM are micellar in nature, the fact that the
fluorescence of 8-ANS increases with CHOBIMALT concentration
below 4 μM suggests that CHOBIMALT is not monomeric at
these “sub-CMC” concentrations but rather forms aggregates of a
different nature than the micelles formed at higher concentrations.

The results described above for CHOBIMALT in pure water
solutions were reproduced for solutions containing 10mM sodium
phosphate and 100 mM sodium chloride, pH 7.0, as shown in
Figure 3D; the apparent CMC is 4 μM.

A second fluorescence-based method based on the use of
pyrene was applied to verify the results from the 8-ANS studies
summarized above and also to explore the nature of possible
CHOBIMALT aggregates that may be present at concentrations
below the apparent CMC. Pyrene fluorescence has previously
been employed for a number of conventional detergents to aid in
the assessment of micelle formation (32, 45-47). For this pur-
pose, the characteristic behavior of the vibronic band intensities
of the pyrene emission spectrum was examined. The ratio of two
of the bands, I1 (∼372-378 nm) and I3 (∼383-388 nm), was used
as a probe of the polar environment of the pyrene probe. In the
absence of a micelle, the pyrene is solvated by the polar solvent
and gives rise to high I1/I3 ratio, observed in this study to be
∼1.7 in water at 20 �C. In the presence of micelles, pyrene readily
partitions into the micelle core where it exhibits a much lower
I1/I3 ratio. In the assessment of pyrene fluorescence for the

FIGURE 3: Fluorescence-based determination of the CMC and aggregation number of CHOBIMALTmicelles. (A) Observed fluorescence from
10μM8-ANSas a function theCHOBIMALTconcentration. (B) Expansion of the low [CHOBIMALT] region of (A). (C) Plots of the reciprocal
of the relative fluorescence intensity from (A) versus the concentration of CHOBIMALT create a break point that leads to an estimate of
CHOBIMALT’s apparent critical micellar concentration (roughly 3 μM). (D) Fluorescence intensity from 250 nM 8-ANS as a function of the
CHOBIMALTconcentration inwater only or in 10mMsodiumphosphate and 100mMNaCl, pH7.ApparentCMCsof 4.0( 0.1 and 4.2( 0.2mM
were derived, respectively. (E) Fluorescence from 1 nMpyrene as a function of the concentrations of CHOBIMALT, cholesterol, andDDM. In
the case of CHOBIMALT the inflection points for the two sigmoidal transitions were determined to be 70 nM and 3 μM. (F) Calibration of
coumarin-153 partitioning between solution and CHOBIMALT micelles using 1 and 5 μM coumarin-153. (G) Fluorescence quenching of
pyrene as a function of the concentration of coumarin-153 quencher, at either 0.1% (1mM)or 0.5% (5mM)CHOBIMALT. From the slopes of
the linear fits to these data micelle concentrations were extracted that permitted estimation of the aggregation numbers for CHOBIMALT
micelles at 0.1% and 0.5% total concentrations (185( 35 and 222( 11, respectively). Samples were in pure water. (H) Same as (F) except that
solutions contained 10 mM phosphate buffer, pH 7, and 100 mMNaCl. In this case aggregation numbers were determined to be 200 ( 20 at
0.1% CHOBIMALT and 228 ( 25 at 0.5%.
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common detergent dodecyl maltoside (DDM), the persistence of
a high premicellar I1/I3 ratio (>1.68) is observed until 100 μM,
where a sudden decrease in the ratio occurs to a postmicelle ratio
of<1.15 (data not shown). Fitting of this transition gives aCMC
for DDM of 0.17 ( 0.01 mM, in good agreement both with the
result obtained by 8-ANS fluorescence and with literature values.
Assessment of CHOBIMALT in the 1-10 μM range also reveals
the distinct transition from a higher (1.33) to lower (1.23) I1/I3
ratio (Figure 3E). Fitting of this transition suggests an apparent
CMC for CHOBIMALT of 3 μM, in agreement with the 8-ANS
measurements. However, relative to the behavior of pyrene in the
presence of sub-CMC concentrations of DDM (shown by the
black triangles in Figure 3E), upon lowering the concentration of
CHOBIMALT below CMC it is seen that there is a second
sigmoidal transition that takes place before the I1/I3 ratio of∼1.7
is approached around 10 nM (Figure 3E). The inflection point of
this transition is 70( 4 nM. This confirms the inference from the
8-ANS data (above) that CHOBIMALT is not monomeric as
concentrations are lowered below the apparent CMC of 3-4 μM
until reaching 70 nM.

Similar measurements were carried out using solubilized choles-
terol. The response of the pyrene I1/I3 ratio to the concentration
of cholesterol overlays with the response observed at nanomolar
concentrations of CHOBIMALT (Figure 3E). This suggests that
the aggregates formed by CHOBIMALT below its apparent
CMC resemble those formed by cholesterol in the same concen-
tration range, with both cholesterol and CHOBIMALT forming
monomers in solution only below ca. 70 nM.
Confirmation of Micelle Formation and Determination

of Micelle Size for CHOBIMALT. The results of the above
section suggest that CHOBIMALT forms micelles at concentra-
tions above 3-4 μM. Determination of the aggregation number
was carried out using a steady-state fluorescence quenching
approach. Using two fluorescent probes with overlapping emis-
sion and excitation profiles, pyrene and coumarin-153, both of
which have a high propensity to partition into the micelle core,
the observed quenching of the pyrene probe as the concentration
of coumarin-153 is raised allows for determination of the micelle
concentration. In order to calibrate the propensity of coumarin-
153 to partition into the micelles, saturation of the coumarin-153
fluorescence was measured as a function of CHOBIMALT

concentration (Figure 3F). Similar to 8-ANS, coumarin-153 shows
a strong increase in fluorescence when partitioned into the micelle.
Using 1 and 5 μM coumarin-153 and varying the CHOBIMALT
concentration from 0% to 10%, the fraction of coumarin-153
partitioned from solution into the CHOBIMALT micelles could
be determined by the ratio of observed fluorescence to the maxi-
mal fluorescence. No significant difference in the ratios was
observed between the 1 and 5 μMcoumarin-153 series, leading to
determination of 16% partitioning of coumarin-153 intomicelles
at 1.0 mM CHOBIMALT and 64% incorporation at 4.8 mM
CHOBIMALT (Figure 3F). These values were used to adjust the
total concentration of coumarin-153 to the effective concentra-
tion of the quencher that is incorporated into the micelle and
capable of quenching the pyrene. Next, quenching of pyrene by
varying concentrations of coumarin-153 was monitored at 0.1%
(1.0 mM) and 0.5% (4.8 mM) CHOBIMALT in order to deter-
mine the CHOBIMALT micelle concentration in both samples
(Figure 3G). Fitting of the quenching data observed for the
two series determined micelle concentrations of 4.7 μM at 0.1%
(1 mM) and 19.4 μM at 0.5% (4.8 mM). Based on the previ-
ously determined CMC of CHOBIMALT of 4 μM, the aggre-
gation number for CHOBIMALT was then determined to be
185 ( 35 and 222 ( 11, respectively, for the two concentra-
tions tested. Similar results were obtained in samples buffered
with 10 mM phosphate, pH 7.0, and containing 100 mM NaCl
(Figure 3H).

Further assessment of the aggregate size of the CHOBIMALT
micelles was made using NMR-based diffusion measurements
(48, 49). Micelle translational diffusion coefficients were extracted
from a series of 1-D 1H NMR experiments acquired across a
range of gradient field strengths, where the integrated peak
intensities are measured as a function of gradient strength to
produce a decay curve, as described inMaterials andMethods. In
the assessment of CHOBIMALT, measurements were made at
0.1% (1mM) and 1% (10mM)CHOBIMALT,where it is shown
in Figure 4A that nearly identical diffusion coefficients pertain
(determined from these plots to be 3.4 ((0.1)� 10-11 m2 s-1 and
3.3 ((0.1)� 10-11 m2 s-1, respectively). Relation of the observed
translational diffusion rates for theCHOBIMALTmicelles to the
aggregate size of themicelle wasmade through comparison of the
diffusion rates for other detergents for which the aggregation

FIGURE 4: Use of NMR to assess CHOBIMALT micelle size and concentration-dependent properties. (A) Overlay of decays observed using
an STE-BP sequence to measure the translational diffusion coefficient of CHOBIMALT at 1.0% (10 mM, red) and at 0.1% (1 mM, black).
(B) Comparison of 1-D 1HNMR spectra acquired at decreasing CHOBIMALT concentrations (from bottom to top): 10 mM (32 scans), 1 mM
(512 scans), 100 μM(4096 scans), and 1 μM(4096 scans). Asterisks indicate resonances appearing at low concentration from trace contaminants.
(C) Comparison of 1-D 1H NMR spectra of detergent-like cholesterol analogues. The 15.8 mM CHAPSO sample represents a rapid exchange
mixture betweenmonomericCHAPSO(estimated tobe 8mMbasedon itsCMC)andmicellarCHAPSO.Note thatCHAPSO, likeother bile salt-
derived detergents, is believed to form very small micelles. All NMR spectra were acquired at 500 MHz at 20 �C.
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number is available (Supporting Information Figure S1 and
Table S1). The log of the diffusion coefficients was linear with
regard to the log of the aggregate mass, as has previously been
applied to establish the sizes of proteins and glucosides (50).
Extrapolation of the linear fit for the detergent standards to the
observedDt forCHOBIMALT (Supporting InformationFigure S1)
suggests that CHOBIMALT micelles have an aggregate molec-
ular mass of roughly 210 kDa. This assumes the micelles are
spherical in shape, which is reasonable since this aggregate size is
similar to that provided by the aggregation number orthogonally
determined by the dual fluorophore quenching experiment des-
cribed above.
Additional Insight on CHOBIMALT Assemblies from

NMR Spectroscopy. Assessment of the 1-D 1H NMR spectra
of CHOBIMALT can offer insight into the nature of the tran-
sition associated with the apparent CMC observed for this com-
pound at 3-4 μM.At concentrationswell above theCMC, broad
resonances arising from the dominant micelle population should
be observed, which was indeed seen in the spectra shown in
Figure 4B. At concentration below a true classical CMC a deter-
gent will form monomers, which would yield a highly resolved
NMR spectrum characterized by sharp peaks from the now
rapidly tumbling free detergent. As seen in the top spectrum of
Figure 4B, sub-CMCCHOBMALT (1 μM) does not yield sharp
resonances but rather exhibits broad peaks very similar to those
observed above the CMC (note that the sharp peaks present in
this spectrum are from trace impurities). This indicates that
below 3-4 μM CHOBIMALT populates an aggregated state,
although both the 8-ANS and fluorescence measurements
(Figure 3) indicate that this state is structurally distinct from
the micelles seen above the apparent CMC. The pyrene fluores-
cence data (Figure 3E) suggest that this sub-CMC aggregate is
present between 70 nM and 3 μM.Only below 70 nMdoes CHO-
BIMALT adopt a monomeric state.

Several differences can be observed in the NMR spectra of
CHOBIMALT relative to CHAPSO and digitonin (Figure 4C).
First, the stark difference between the bile salt derivative CHAP-
SO and CHOBIMALT can be seen, which reflects fundamental
differences in the properties of these compounds and their
assemblies. At 1% (16 mM), CHAPSO contains roughly equal
populations of the free monomer and micelle-associated deter-
gent.Moreover, bile salt-derived detergents such asCHAPSOare
known to form unusually small micelles (51). These two factors
collude to result in an NMR spectrum for a 16 mM sample that
exhibits very highly resolved resonances.

The spectra of digitonin and CHOBIMALT share some
similarity in the resonances arising from the sugars (3-4 ppm,
Figure 4C). Notably, these resonances are quite broad, which is
particularly surprising forCHOBIMALTwith its normally flexible
β(1f6) linkage between its two maltose groups. For both
CHOBIMALT and digitonin this suggests significant conforma-
tional order in the glycoside headgroup regions of the micelles
they form. There are some significant differences between CHO-
BIMALT and digitonin in the aliphatic region of the spectra
(0-3 ppm), revealing differences that reflect structural dissim-
ilarity and possibly different micelle properties. The peaks in the
0-3 ppm region of digitonin are quite broad, reflective of both the
rigidity of the multicyclic ring system of digitonin (see Figure 1)
and the moderately large size of the micelles it forms, reported to
be 70-75 kDa (52). At first glance, the peaks in the 0-3 ppm
range for CHOBIMALT appear to be significantly sharper than
for digitonin, but the relatively sharp peaks arise from the alkyl

tail extending from the end of the cholane ring system (see
Figure 1); this tail most likely forms a molten core in the center
of the CHOBIMALT micelles, a feature absent in digitonin
micelles. The underlying peaks from the cholane ring system of
CHOBIMALT appear to be very broad, as expected based both
on low conformationalmobility within the ring systemandon the
large size of CHOBIMALT micelles.
Application of CHOBIMALT as a Detergent. To test the

ability of CHOBIMALT to function as an extraction agent, we
used a solubilization screen involving E. coli membranes into
which the human kappa opioid receptor type 1 (hKOR1) was
expressed with a C-terminal decahistidine tag. Membranes were
extracted with a 2%CHOBIMALT solution as well as a number
of other detergents commonly employed in the solubilization of
membrane proteins and receptors. After extraction, any remain-
ing membranes were removed by ultracentrifugation. The extracts
were then subjected to Western blots as a readout for the effec-
tiveness of each detergent in the solubilization of the receptor, as
illustrated in Figure 5.

When extracting hKOR1 from a membrane fraction, CHO-
BIMALT was observed to be much less effective than DPC or
LMPC at solubilizing the receptor, being comparable to digito-
nin, and more effective than the mild detergents CHAPSO
and DDM. It was also seen that although hKOR1 solubilized
using digitonin andDDM-based micelles showed some retention
of high-affinity ligand binding, hKOR1 solubilized by CHO-
BIMALT micelles failed to produce any observable specific
binding.
Impact of β-CHOBIMALT on the Size ofMixedMicelles.

The potential of applying CHOBIMALT mixed micelles was
explored, where a primary conventional detergent provides the
protein-solubilization capacity and CHOBIMALT serves primarily
to mimic cholesterol in its ability to interact with the solubilized
protein or alter the micelle physical properties. This approach
draws on the considerable success of stabilizing a variety of MP
systems in detergent micelles by adding a cholesterol analogue
(53-56). Theability to formmixedmicellesbetweenCHOBIMALT
and either of two common detergents, LMPC and DDM, was
assessed at the 1%DDM/0.2%CHOBIMALT (ca. 10:1 mol/mol)

FIGURE 5: SDS-PAGE/Western blot comparison of the ability of
detergents and cholesterol analogues to extract a His10-tagged GPCR,
hKOR1, from bacterial membranes. The following test concentra-
tionswere used: 2%CHAPSO, 1.5%digitonin, 2%CHOBIMALT,
2%DDM, 1% LMPC, and 1%DPC. Samples loaded onto this gel
were extracts from membrane aliquots, each containing 15 μg of
protein. Western blot detection was based on use of a mouse penta-
His primary antibody and mouse IgG-alkaline phosphatase sec-
ondary antibody followed by color development mediated by alka-
line phosphatase. Positions of the monomer and dimer receptor
bands are indicated by the “m” and “d” on the left side.
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composition. For comparison, analogous experiments using choles-
terol hemisuccinate (CHS) were carried out. CHOBIMALT-
containing mixed micelles rapidly produced an optically clear
solution in water prior to dilution, whereas faint turbidity per-
sisted in the concentrated solutions of the CHS mixed micelles.
Dilution of the mixedmicellar solutions produced clear solutions
for either cholesterol analogue. To test the impact of CHOBI-
MALT or CHS addition on the size of the mixed micelles, NMR
was used to measure the translational diffusion rates of the pure
micelles and of the mixed micelles. Addition of either cholesterol
analogue to the two detergent systems tested, DDM and LMPC,

resulted in the appearance of a number of additional NMR
resonances that are not present in either the free detergent or free
CHOBIMALT or CHS spectra (shown in Figure 6A,B for the
CHOBIMALT case). A number of resonances can be seen in the
1.8-2.8 ppm region of the spectra for each of the mixed micelles,
which correspond to signals from the protons on the sterol (57).
The fact that these additional peaks are seen only in the mixed
micellar case indicates that the cholesterol analogues are asso-
ciating with LMPC and DDMmicelles, which are much smaller
than the micelles/aggregates formed by pure CHOBIMALT or
CHS. Translational diffusion rates were measured for selected
resolved peaks arising exclusively from the cholesterol analogue,
centered at 2.4-2.5 ppm in the DDM-based micelles and 2 ppm
in the LMPC-based micelles and indicated by an asterisk on the
spectra. Shown in Figure 6C are the approximate aggregate
masses derived from the translational diffusion coefficients for
both detergent and cholesterol analogues. The fact that for each
detergent/cholesterol analogue mixture the same diffusion coeffi-
cient is obtained from both detergent and cholesterol analogue
peaks indicates that these compounds form homogeneous mixed
micelles. In the case of CHOBIMALT, inclusion of CHOBI-
MALT induces only a modest increase in micelle size for both
LMPC and DDM. This contrasts with the case of CHS, which
induced a dramatic increase in the size of the aggregate.
Receptor Stabilization by CHOBIMALT. The ability of

CHOBIMALT to confer stability to hKOR1 solubilizedby a second
detergent and to preserve high-affinity ligand bindingwas assessed.
Recombinant hKOR1 was extracted from E. coli membranes
using 1% DDM, 1%/0.2% DDM/CHS, or 1%/0.2% DDM/
CHOBIMALT.Extracts were incubated for fixed periods of time
at 30 �Cand then tested for the retention of specific binding of the
antagonist, [3H]diprenorphine. Each plot of the observed binding
versus the incubation time was then fit to a simple decay function
such that the half-life of the functional receptor in the detergent
system could be measured, as shown in Figure 7. From the fits
of the observed specific binding, the following half-lives were
measured for hKOR1 in each of the micelle systems: DDM/
CHOBIMALT, 267 ( 8 min; DDM/CHS, 247 ( 10 min; and
DDM, 141 ( 5 min. Compared to the detergent alone, addition

FIGURE 6: NMR assessment of the formation of mixed micelles
involving detergents and cholesterol analogues. (A) Overlay of 1H
spectra for 1% (20mM)DDM, 0.2% (1.9 mM) CHOBIMALT, and
1%/0.2% DDM/CHOBIMALT (ca. 10:1 mol/mol) mixed micelles.
(B) Overlay of 1H spectra for 1% (21 mM) LMPC, 0.2% (1.9 mM)
CHOBIMALT, and 1%/0.2% LMPC/CHOBIMALT (ca. 10:1 mol/
mol) mixed micelles. In bothmixed micelle systems, incorporation of
the cholesterol analogue into the smaller detergent micelle gives rise
to the observance of resonances (1.8-2.8 ppm) not clearly seen in the
spectra of the pure cholesterol analogues. Diffusion measurements
were made on isolated resonances defined by the colored bars above
the black asterisk, with theCHOBIMALT-orCHS-specific diffusion
coefficients being compared to the results obtained by integrating
over the aliphatic protons, which are dominated by signal from the
detergent. (C) Influence of CHOBIMALT and CHS on the size of
detergent micelles. Aggregate masses were determined from transla-
tional diffusion coefficientsmeasuredas indicated in (B), either on the
aliphatic protons (white bars) or on the isolated sterol resonances
(black bars).

FIGURE 7: Thermal stabilization of a solubilizedGPCR(hKOR1) by
introducing cholesterol analogues into DDM detergent micelles:
DDM (b), DDM/CHS (2), DDM/CHOBIMALT (O). The mass
ratio of 1% DDM to the cholesterol analogue was 5:1. Thermal
stability was assessed at 30 �C in 50 mM Tris, pH 7.4, followed by
radioligand binding at 5 �C. Specific binding of the radiolabeled
antagonist [3H]diprenorphine was measured as a function of incuba-
tion time in order to determine the half-life for retention of receptor
function upon gradual thermal inactivation. Half-lives determined for
hKOR1are as follows:DDM,141( 5min;DDM/CHS, 247(10min;
DDM/CHOBIMALT, 267 ( 8 min.
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of either CHOBIMALT or CHS to the DDM micelles offers a
doubling of the receptor half-life observed at 30 �C.Additionally,
the DDM/CHOBIMALT mixed micelle was shown to offer a
slight improvement over the DDM/CHS micelle system. Mea-
surement of the antagonist dissociation constant by a saturation
binding assay revealed values similar to those observed in memb-
rane, membrane 3.0( 0.1 nM, DDM 3.2( 0.3 nM, DDM/CHS
4.6 ( 1.1 nM, and DDM/CHOBIMALT 5.7 ( 0.2 nM, but did
produce a higher Bmax for the mixed micelle systems relative
to the DDM system alone, DDM 18 ( 1 pmol/L, DDM/CHS
23( 1 pmol/L, andDDM/CHOBIMALT 24( 1 pmol/L, where
the units for theBmax are normalized to the picomoles of receptor
exhibiting high-affinity binding per liter of original culture.

DISCUSSION

Properties of CHOBIMALT and CHOBIMALT-Con-
taining Micelles. A number of recent reports have demon-
strated the value of a judicious choice of a detergent to promote
the native-like structure and function of membrane proteins
(2, 3, 55, 58). However, as theMP targets for biophysical analysis
continue to grow in size and complexity, the traditional complement
of detergents is increasingly being found to be inadequate (58).
CHOBIMALTwas developed in order to bridge the gap between
existing cholesterol-based surfactants and conventional deter-
gents. Relative either to cholesterol or to most commercially
available cholesterol analogues CHOBIMALT can be readily
solubilized at high concentrations in aqueous solutions without
the need for additional cosolubilizers. Preliminary studies showed
that cholesterol that is β-glycosylated with only a single maltose
group has low solubility (unpublished), indicating that CHOBI-
MALT’s unique properties derive at least in part from the tetra-
saccharide nature of its headgroup. It is very possible that its
flexible β(1f6) linkage between its maltose groups is also critical
toCHOBIMALT’s high solubility, although this has not yet been
tested.

At concentrations above 4 μM CHOBIMALT forms mono-
disperse micelles. With an aggregation number of roughly 200,
CHOBIMALT forms 210( 30 kDamicelles, which aremarkedly
larger than the micelles formed by the majority of detergents
currently used for biological applications (7, 51), a fact that
undoubtably reflects packing constraints associated withCHOB-
MALT’s polar headgroup and apolar “tail” domains, both of
which are much larger than for most conventional detergents.
Submicromolar Behavior of CHOBIMALT.WhileCHO-

BIMALT forms micelles above 3 μM, it is unusual in that it does
not appear to form monomers in the 70 nM to 3 μM concentra-
tion range. The nature of the aggregate phase formed by
CHOBIMALT between 70 nM and 3 μM may be suggested
from earlier reports on the behavior of soluble cholesterol,
which suggest the existence of rod-like ordered aggregates at
concentrations below its solubility limit of 4.7 μM (43). These
assemblies have been postulated to involve parallel stacking of
tail-to-tail dimers in which the two rings of a dimer lie along the
same axis with their hydroxyls pointing outward at 180�. As the
modification of cholesterol to produceCHOBIMALT is through
the hydroxyls, the sugars of CHOBIMALT could be accommo-
dated in the same aggregate morphology without disrupting the
sterol-sterol interactions responsible for rod formation. The
observation in this paper of an apparent CMCat 3-4 μMreflects
the point of transition from these ordered aggregates to a conven-
tional micelle. The physical-chemical basis for this transition is
not clear. That this apparent CMC for CHOBIMALT is so close

to the solubility limit for cholesterol supports the notion that the
structural organization and forces responsible for CHOBIMALT
aggregates below its apparent CMCmay be very similar to those
for cholesterol below its solubility limit, an interpretation
strongly supported by the similarity of the pyrene fluorescence
data for CHOBIMALT and cholesterol titrations, as illustrated
in Figure 3E. According to this interpretation, only above 3-5 μM
do the very different headgroups of cholesterol versus CHOBI-
MALT result in dramatically divergent solubility and aggregate
properties.

We are not aware of another surfactant that resembles CHO-
BIMALT in terms of the concentration-dependent aggregate
properties described here.
Use of CHOMBIMALT in Membrane Protein Studies.

Preliminary studies employing CHOBIMALT showed that it
successfully mimicked bona fide cholesterol in terms of its ability
to undergo specific association with a protein that has a choles-
terol binding site, the amyloid precursor protein (1). In that study
CHOBIMALT was employed as a cholesterol-mimicking addi-
tive to lysomyristoylphosphatidylglycerolmicelles over a range of
ca. 5-50 mol %, and control experiments were carried out to
verify that CHOBIMALT-induced changes in the NMR spec-
trumof the amyloid precursor protein reflected direct and specific
protein interactions with the cholesteryl moiety of CHOBI-
MALT and not with the added tetraose group. In particular,
changes in the NMR spectrum of the amyloid precursor protein
that were induced by adding bona fide cholesterol to the lysolipid
micelles near its solubility limit (ca. 5 mol %) were seen to be
similar to the changes in the spectrum induced by a similar concen-
tration ofCHOBIMALT. In this paper themore general utility of
CHOBIMALT as a reagent for MP extraction and stabilization
is explored.

When used in the absence of a second detergent CHOBI-
MALTexhibited onlymodest ability to successfully solubilize the
hKOR1 from the membrane, perhaps because it is too lipid-like
to serve as an effective MP/lipid-solubilizing agent.

As a cosurfactant, CHOBIMALT was seen to be capable of
associatingwith other classical detergents to formmixedmicelles.
While the presence of CHOBIMALT did induce a modest
increase in the size of LMPC and DDM micelle assemblies, the
resultant mixed micelles remained significantly smaller than the
corresponding mixed micelles containing similar weight fractions
of CHS. This is perhaps because in mixed micelles composed
predominately of another detergent the bulky headgroup of
CHOBIMALT relative to CHS serves to help minimize the size
of mixed micelles by maintaining high surface curvature.

The results of this work indicate that DDM/CHOBIMALT
mixed micelles confer long-term thermal stability to solubilized
hKOR1 in a high-affinity ligand binding state. In this regard it is
much superior to DDM alone and is comparable to DDM/CHS
mixed micelles (53-55). An advantage of DDM/CHOBIMALT
is that the CHOBIMALT component is much easier to solubilize
thanCHS.Also, theDDM/CHOBIMALT solutionswere observed
to be free from the tendency of DDM/CHS solutions to become
turbid and produce an insoluble pellet after several days.

The roles that cholesterol plays in stabilizing native membrane
proteins through modulating the properties of the bilayer and
through discrete protein/cholesterol interactions continue to be
unveiled (59). There has been strong evidence that cholesterol
both enhances receptor stability and also populates specific sites
on GPCRs, as explored by computational studies (60-62) and
biochemical studies (60, 63, 64). Recently, the structure of the
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β2-adrenergic receptor with specifically associated cholesterol
molecules has served to further illustrate roles that cholesterol
may play in receptor structure (56). In this studywe observed that
CHOBIMALT is similar to CHS in that both molecules confer
considerable thermal stability to micelle-solubilized hKOR1
relative to conventional micelles. That the degree of stabilization
conferred by the two compounds is so similar (Figure 7) indicates
that mechanism of stabilization is closely associated with the
cholesteryl moiety shared by CHS and CHOBIMALT, not
by their highly divergent headgroups. Nevertheless, it must be
acknowledged that for both compounds the thermal stability
conferred to the solubilized receptor still falls far short (ca. 10%)
of the stability of the receptor in native vertebrate membranes.
That the stabilization provided by CHOBIMALT and CHS is
not higher very likely reflects steric occlusion of these analogues
from a well-defined cholesterol binding site in hKOR1, a con-
tention that is supported by the β2-adrenergic receptor crystal
structure, where cholesterol is packed between second and fourth
transmembrane helices with only minimal space around the
hydroxyl of the cholesterol. Thus, cholesterol derivatives inwhich
its hydroxyl group has beenmodified are likely to be able to form
optimal receptor-cholesterol interactions.

CONCLUSIONS

This work shows that CHOBIMALT exhibits high aqueous
solubility and forms large micelles over a range of concentrations
that is well-suited for use as a cholesterol mimic in biochemical and
structural biological studies of MPs. Moreover, CHOBIMALT
readily forms mixed micelles with other detergents and can be
used in mixed micelles to stabilize detergent-solubilized MPs.
Significant levels (up to at least 10 mol %) of CHOBIMALT in
mixedmicelles do not appear to trigger amajor increase inmicelle
size above the size of the micelles formed by the conventional
detergent alone. This suggests that CHOBIMALTmay be partic-
ularly useful as an additive to micelles or bicelles in solution NMR
studies of membrane proteins, where a premium is placed on the
use of isotropic model membranes that mimic the components of
native membranes while at the same time maintaining as low an
aggregate molecular mass as possible.
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Figure S1 showing the NMR-measured diffusion curves for
the control detergents, Figure S2 showing additional fluorescence
measurements on several control detergents, Table S1 listing the
control detergents used in assessing diffusion measurements, and
Table S2 listing the control detergents used in assessing the fluo-
rescence measurements. This material is available free of charge
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