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LCP-T,,: An Assay to Measure and Understand Stability of Membrane
Proteins in a Membrane Environment

Wei Liu, Michael A. Hanson, Raymond C. Stevens, and Vadim Cherezov*
Department of Molecular Biology, The Scripps Research Institute, La Jolla, California

ABSTRACT Structural and functional studies of membrane proteins are limited by their poor stability outside the native
membrane environment. The development of novel methods to efficiently stabilize membrane proteins immediately after purifi-
cation is important for biophysical studies, and is likely to be critical for studying the more challenging human targets. Lipidic cubic
phase (LCP) provides a suitable stabilizing matrix for studying membrane proteins by spectroscopic and other biophysical
techniques, including obtaining highly ordered membrane protein crystals for structural studies. We have developed a robust
and accurate assay, LCP-T,,, for measuring the thermal stability of membrane proteins embedded in an LCP matrix. In its
two implementations, protein denaturation is followed either by a change in the intrinsic protein fluorescence on ligand release,
or by an increase in the fluorescence of a thiol-binding reporter dye that measures exposure of cysteines buried in the native
structure. Application of the LCP-T,, assay to an engineered human @.-adrenergic receptor and bacteriorhodopsin revealed
a number of factors that increased protein stability in LCP. This assay has the potential to guide protein engineering efforts
and identify stabilizing conditions that may improve the chances of obtaining high-resolution structures of intrinsically unstable

membrane proteins.

INTRODUCTION

Membrane proteins are essential cellular components that
perform a variety of functions including transport of ions
and nutrients, transformation of energy and transduction of
signals across the cell membrane. The involvement of
membrane proteins in many crucial cellular and physiolog-
ical processes and their strategic location at the cell surface
makes them important pharmaceutical drug targets (~60%
of approved drugs on the market act on membrane proteins)
(1). Rational design of new drugs with improved efficacy and
selectivity is facilitated by the knowledge of the 3D structure
of the target protein at atomic resolution, yet acquiring this
information in the case of membrane proteins remains a
formidable task. There are only ~200 nonredundant mem-
brane protein structures out of ~20,000 total nonredundant
structures in the Protein Data Bank, and this disparity is
even greater when only human proteins are considered
(>2000 nonredundant human protein structures were solved
at <3 A resolution, but only five of these are membrane
proteins). The structures of two such membrane proteins,
members of the G protein-coupled receptor family (2—4),
were obtained using crystals grown in a lipidic cubic phase
(LCP) (5).

The success of LCP for growing highly ordered crystals of
challenging membrane proteins can be attributed to at least
two factors. First, LCP allows the membrane proteins to
remain in a more native-like membrane environment
throughout crystallization instead of being transiently
exposed to a number of physically and chemically distinct
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environments that are encountered when a protein is solubi-
lized with detergent. Second, crystals grown in LCP have
type I packing (see Deisenhofer and Michel (6) for a descrip-
tion of packing in membrane protein crystals) with protein
molecules making contacts not only through hydrophilic
but also through hydrophobic moieties resulting in lower
solvent content and better crystal ordering. By the end of
2009, the LCP crystallization technique yielded high-
resolution structures of 12 different membrane proteins con-
tributing 56 total entries to the Protein Data Bank (7) (Table
S1 in the Supporting Material).

Crystallization efforts of eukaryotic membrane proteins
are plagued by challenges associated with the heterologous
expression of functional proteins and by their low intrinsic
stability in detergent micelles. Both of these problems likely
relate to the more complex nature of biological membranes
in higher organisms. The relatively large number of chemi-
cally distinct components that make up eukaryotic mem-
branes and their heterogenous distribution in the membrane
allows tight control of function and selective stabilization
of embedded proteins. For example, cholesterol, an essential
component of eukaryotic membranes, was shown to directly
modulate the activity of several membrane proteins, such as
the oxytocin G protein-coupled receptor (8) and nicotinic
acetylcholine receptor (9).

Although it is natural to assume that the lipid bilayer of
LCP provides a more stabilizing environment for membrane
proteins than detergent micelles, this has neither been
convincingly demonstrated nor quantified. A number of
techniques have been used to quantify the thermal stability
of soluble proteins as well as membrane proteins in detergent
solutions, the most successful of which are based on
spectroscopic approaches (10-12). Because LCP material
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is optically transparent when formed under proper condi-
tions, proteins reconstituted in LCP are amenable to spectro-
scopic measurements. Recently, Lunde et al. (13) showed
that the intrinsic fluorescence of bacteriorhodopsin (bR)
embedded in LCP increases more than two times after heat-
ing the protein to 90°C and cooling it down to room temper-
ature. This increase was attributed to protein denaturation on
heating. We have extended these results and developed a
robust protocol, LCP-T,,, for comparing the thermal denatur-
ation temperatures of membrane proteins in LCP. Herein we
describe the details of the LCP-T,, protocol and report on the
stability characteristics of two constructs of an engineered
human B,-adrenergic receptor (6,AR) and of the wild-type
bR in a variety of conditions.

MATERIALS AND METHODS
Expression and purification of 3,AR constructs

Two engineered human (,-adrenergic receptor constructs were used in this
study. The first construct, 8,AR, contained a stabilizing mutation E122W
(14), C-terminal truncation at residue 348, mutated out glycosylation site
NI187E (3,15), and deleted residues 245-259 in the third intracellular
loop. In addition to all these initial modifications, the second construct,
B2AR-T4L, included a replacement of the third intracellular loop residues
231-262 between the transmembrane helices 5 and 6 with cysteine-free
T4 lysozyme (C54T, C97A) residues 2-161 (15). Both constructs were
expressed in baculovirus infected insect cells (sf9) and purified following
published protocols (3). The final protein was in 0.05% w/v n-dodecyl-
(-D-maltopyranoside (DDM, Anatrace, Maumee, OH), 0.01% w/v choles-
teryl hemisuccinate (CHS; Sigma, St. Louis, MO), 20 mM Hepes pH 7.5,
150 mM NaCl, 0.5 mM ligand. Additional details on expression and purifi-
cation are provided in the Supporting Material.

Expression and purification of bR

Cultivation of Halobacterium salinarum (strain S9) was carried out as
described previously (16,17). Wild-type bR was solubilized with 1.2%
w/v n-octyl-3-D-glucoside (OG, Anatrace) using purple membranes isolated
from H. salinarum following established protocols (16,18). The concentra-
tion of bR was determined by absorbance at 550 nm using the extinction
coefficient esso ~5.8 x 10* M™' cm™! (5). Purified bR was stored at
—80°C for up to 6 months until used.

Mixing monoolein with lipid additives

Lipid additives, 1,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC),
1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE), 1,2-dioleoyl-
sn-glycero-3-phosphatidylglycerol (DOPG), 1,2-dioleoyl-sn-glycero-3-
phosphatidylserine (DOPS), and cholesterol (all lipid additives were from
Avanti Polar Lipids, Alabaster, AL), were co-dissolved with monoolein
(Nu Chek Prep, Elysian, MN) in chloroform at appropriate molar ratios.
The bulk of the solvent was evaporated using a gentle stream of nitrogen
gas. The remaining traces of chloroform were removed under a vacuum,
150 mTorr, at room temperature (RT, 21-23°C) for at least 12 h. The dried
lipid mixtures were stored at —20°C until used.

Preparation of LCP samples

LCP host lipids, monoolein (MO), monopalmitolein (MP), monovaccenin
(MV), and monoeicosenoin (ME) (all lipids were from Nu Chek Prep),
were taken from a —20°C freezer, and melted by incubating them for
10 min at RT (MP), 40°C (MV, MO, and mixtures of additive lipids with
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MO), or 60°C (ME). Molten lipid was cooled down to RT and immediately
mixed with a protein solution to form a homogeneous LCP using a syringe
mixer (19), as described in Caffrey and Cherezov (20). Final concentrations
for all target proteins in the LCP samples were ~0.5 mg/mL. Protein-free
buffer (washing buffer at the last purification step) was used to make control
samples for the background correction. To obtain optically clear samples for
spectroscopic measurements, sample compositions were selected based on
published phase diagrams: 40% w/w hydration for MO (21) and ME (22),
50% w/w hydration for MP (23) and MV (24). Deviations in the actual
hydration from the nominal values were within 2% w/w. If any of the addi-
tives significantly shifted the hydration boundary (>2% w/w), the sample
composition was adjusted accordingly. To estimate the hydration boundary
in the presence of additives, the aqueous content was varied by 2% w/w
steps in the vicinity of the hydration boundary of the additive-free control
until the boundary between the optically clear and hazy samples was deter-
mined. For example, the LCP samples containing bR and 1 M Na/K phos-
phate pH 5.6 were prepared at 35% w/w hydration to account for a reduced
LCP hydration capacity induced by the high concentration of salt.

After achieving a homogeneous and transparent LCP sample in the
syringe mixer, ~50 uL of the sample was transferred into a 3-mm quartz
cuvette (Hellma USA, Plainview, NY). The top of the cuvette was sealed
with a Teflon tape to prevent dehydration at high temperatures. The cuvette
was centrifuged at 5600 x g and 20°C for 10 min (Allegra 25 R refrigerated
centrifuge with TS-5.1-500 swinging bucket rotor; Beckman Coulter, Full-
erton, CA) to remove any defects and air pockets that were introduced
during the sample loading.

Ultraviolet-visible absorption spectroscopy

Absorption spectra were recorded with a DU80O spectrophotometer (Beck-
man Coulter). Data were collected in the 750-250 nm range with 1-nm steps
at 1200 nm/min using air as the reference. The absorption spectrum of a
protein-free LCP or buffer sample recorded against air was subtracted
from the protein-containing sample spectra as appropriate.

Fluorescence spectroscopy

Emission spectra were recorded using a Cary Eclipse fluorescence spectro-
photometer (Varian, Walnut Creek, CA). For measuring intrinsic protein
fluorescence the excitation wavelength was 280 nm and the emission was
scanned between 500 and 300 nm with 1 nm steps at 100 nm/min.

Appropriate inner filter, as well as background corrections were applied to
all relevant data following established procedures (25), as described (26,27).
Typical maximum absorbance values for the samples in this study were in
the 0.5-1 range corresponding to the inner filter correction factors ranging
between 1.9 and 3.5.

LCP-T,, protocol

To overcome the problem of clouding LCP samples during temperature
ramps, a step-wise heating/cooling protocol was designed. The protocol
included 13 data points, starting at RT and ending at 80°C with 5°C incre-
ments between points (Fig. 1). LCP samples were prepared and loaded in
3-mm quartz cuvettes as described above. The initial absorbance and
intrinsic protein fluorescence spectra were taken immediately after making
the samples. At each step samples were incubated at the desired temperature
for 7 min in a VWR (West Chester, PA) Digital Heatblock. Temperature
increase induced shrinkage of LCP lattice and shedding of water, making
samples turbid (Fig. 2). Samples were reset back into a transparent state
by centrifugation at 5600 x g and 20°C for 10-15 min (Fig. 2). Absorbance
and fluorescence spectra were collected from transparent samples at RT after
each incubation/centrifugation cycle, and the process was repeated with the
same samples incrementing the incubation temperature by 5°C on each step
until the whole data set was collected. Protein-free samples for background
correction were prepared at each different condition used in this study. It was
verified that both ultraviolet absorbance and fluorescence spectra of these
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FIGURE 1 Schematic diagram of the LCP-T;, protocol showing a
sequence of temperature treatment steps. After each heating/cooling step
samples are centrifuged at 20°C and 5600 x g for 10 min to return the
LCP sample to a transparent state. Absorbance and fluorescence spectra
are taken for each sample at RT. The whole protocol contains 13 heating/
cooling treatment steps, takes ~300 min and allows for processing of up
to six to eight samples simultaneously (A, absorbance; F, fluorescence).

background samples did not change when they were subjected to the same
heating/cooling/centrifugation treatment as the protein-containing samples.
Therefore, in all subsequent measurements, background data were collected
only once at RT and used for correction of data recorded from protein-
containing samples at all temperature treatment points.

Using a CPM probe in the LCP-T,,, assay

The LCP-T,, assay can also be carried out using a thiol-reactive fluorescent
probe 7-diethylamino-3-(4'-maleimidylphenyl)-4-methylcoumarin (CPM)
(Invitrogen, Carlsbad, CA), if the protein contains free buried cysteine resi-
dues. The CPM probe has very low fluorescence in solution (excitation
387 nm, emission 463 nm) that strongly increases when the probe binds
to cysteine. Use of the CPM probe reduces the amount of protein sample
required for measurement, typically by an order of magnitude. For this
assay, the typical protein concentration was ~0.015 mg/mL. CPM dye was
dissolved in dimethyl formamide at 4 mg/mL and added to the protein
solution at the final concentration of 0.007 mg/mL. Introducing a probe
into a protein sample, however, is an invasive technique, potentially desta-
bilizing the protein (28). Certain precautions should be taken to reduce the
interference between the CPM probe and other components in the sample.

Imidazole was identified as one of the most common components that in-
teracted with CPM resulting in high background signal. The background due
to imidazole binding could be reduced by decreasing the concentration of
imidazole in the protein samples eluted from the Ni-charged IMAC by de-
salting (PD-10, GE HealthCare, Piscataway, NJ). Additionally, we observed
that the fluorescence signal from the CPM dye in the protein-free control
sample increased after each heating/cooling step of the LCP-T, assay,
possibly due to interactions of the dye with the lipid bilayer. Thus, it was
essential to process the control sample with exactly the same thermal treat-
ment as the protein-containing samples and acquire data from the control
samples lacking protein at all temperature points.

For liquid samples of proteins in detergent solutions, thermal denaturation
data were collected in 1 cm path-length cuvettes by a Cary Eclipse spectro-
fluorometer temperature ramping function (20-100°C, 1°C/min) as previ-
ously described (12).

Isothermal stability assay

An isothermal stability assay was carried out by incubating samples at RT in
the dark for 30 days. Fluorescence and absorption spectra were taken daily.
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FIGURE 2 Heat-induced water shedding from the LCP sample. (A)
Photographs of a cuvette filled with LCP: (i) after loading; (ii) after heating
to 80°C and cooling to RT; and (iii) after 10 min centrifugation at 5,600 x g
and 20°C. The first layer of zoom windows shows the domain-like meso-
scopic structure of LCP on a scale of ~100 um. The second layer of zoom
windows depicts the LCP microstructure at a 100 A scale, showing a cubic
lattice formed by a single lipid bilayer. In the initial sample (i) the LCP
domains are tightly packed resulting in a homogeneous and transparent
appearance. Heating (ii) induces shrinkage of the cubic lattice shedding
water into the interdomain space. The water droplets of a few microns in
size scatter light impeding spectroscopic measurements (see Fig. S1). Cool-
ing alone does not restore transparency due to a prominent hysteresis in the
LCP swelling behavior. A mechanical force such as centrifugation is
required to achieve a transparent sample (iii). (B) MO/water temperature-
composition phase diagram (re-drawn from Briggs et al. (21)). The phase
diagram is metastable at temperatures below 17°C (36). Ia3d and Pn3m
represent two bicontinuous cubic phases with different symmetries. Initial
samples are prepared at RT and 40% w/w hydration in the cubic-Pn3m phase
(vellow dot). Heating brings the samples along the yellow dashed line into
a region where the cubic-Pn3m phase and water coexist. The higher the
temperature, the more water separates from the LCP.

Protein stability in LCP was assessed via the intrinsic protein fluorescence
signal (F) as described in the LCP-T, assay protocol. Fraction of the native
protein (R,,;) was estimated by assuming that the initial signal (Frr) corre-
sponded to 100% folded protein and the signal after heating the sample to
80°C (Fgo) corresponded to a completely unfolded protein using the
following equation:

Ry = 1 — (F — Frr)/(Fso — Frr). ey
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For bR, absorbance at 542 nm was used as an additional indicator of protein
stability. The amount of correctly folded bR was assumed to be proportional
to the absorbance at 542 nm. Fractions of folded bR estimated from the
intrinsic fluorescence and from the absorbance at 542 nm agreed within
the experimental errors.

Protein samples in detergent solutions were centrifuged in cuvettes at
5600 x g for 15 min before each measurement. We observed some protein
aggregation and precipitation over time, correlating with a decrease in the
absorption signal at 280 nm. Visual pellet was observed after a few days
in the case of 3,AR-T4L. To compensate for the loss of protein, the intrinsic
protein fluorescence signal was corrected by normalizing it to the absor-
bance at 280 nm, which is proportional to the concentration of protein in
solution. The fraction of folded protein remaining in solution in respect to
the total protein was estimated by the increase in the intrinsic fluorescence
in a fashion similar to the analysis used in LCP.

Ligand release and binding in LCP

Ligand release experiments were carried out by layering 80 uL buffer
(20 mM Hepes pH 7.5, 150 mM NaCl) on top of ~50 uL. LCP sample
made of MO and 8,AR-T4L/timolol in a 3-mm quartz cuvette. Absorbance
and fluorescence spectra of the protein in LCP were taken every hour along
with replacement of the top layer of the solution with fresh buffer.

After the fluorescence signal reached equilibrium, corresponding to
complete ligand dissociation, ligand binding was initiated by replacing the
ligand-free buffer with 80 uL of ligand-containing buffer (20 mM Hepes
pH 7.5, 150 mM NaCl, 812.5 uM timolol). The timolol concentration
used in the ligand binding experiment was chosen to bring the final concen-
tration of timolol after equilibration back to the original value of 500 uM.
Absorbance and fluorescence spectra were collected every hour after ligand
addition.

Data analysis

Samples for all experiments were prepared and analyzed at least in triplicate.
The protein thermal denaturation data were fit by a Boltzmann sigmoidal
function using a GraphPad Prism Software (La Jolla, CA):

F(T) = Fmin + (Fmax _Fmin)/(l +
exp((Tw —T)/S)),

where F is the normalized fluorescence, 7 is the temperature, Fy,i, and Fax
are fitting parameters describing fluorescence before and after transition, T},
is the transition temperature, and S is the slope factor. Fluorescence signal
is expressed in arbitrary units, and both temperature and slope are expressed
in °C.

(@)

RESULTS
Development of the LCP-Tm protocol

A central issue to the development of spectroscopic methods
for measuring the thermal stability of membrane proteins in
LCP is shrinkage of LCP and shedding of water induces by
heating (Fig. 2 A). This phenomenon results in excess light
scattering that hampers the use of spectroscopy under these
conditions (Fig. 2 A and Fig. S1). To overcome this problem
we designed a step-wise heating/cooling/centrifugation pro-
tocol (Fig. 1). At each step the sample is heated to a desired
temperature, incubated for 7 min, cooled to 20°C and centri-
fuged for 10-15 min at 5600 x g. Initially transparent LCP
becomes opaque on heating and resets back into a transparent
state after cooling and centrifugation (Fig. 2 A), allowing
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absorbance and fluorescence measurements to be carried out.
Starting from 25°C the incubation temperature is increased
by 5°C at each step. The process is repeated until a final
temperature of 80°C is reached.

The phenomenon of shedding water can be understood by
inspecting the MO/water temperature-composition phase
diagram (Fig. 2 B) (21). Initially, at RT and 40% w/w hydra-
tion, the sample is in a pure cubic-Pn3m phase. On
increasing temperature, (Fig. 2 B, dashed yellow line), the
sample enters a region where water and the cubic-Pn3m
phase coexist, and the sample becomes cloudy. Cooling
the sample back to the original temperature alone typically
does not restore the transparent state due to a pronounced
hysteresis in the LCP swelling behavior; rather a physical
force, such as centrifugation, is required to accelerate the
equilibration. To ensure that an LCP sample returns back
to a transparent state after cooling and centrifugation, it
was important to prepare the sample at slightly below the
full hydration limit. Lipid or soluble additives can shift
the full hydration boundary, making it necessary to adjust
the sample composition to maintain the transparency of the
LCP sample.

To reduce consumption of lipid and, more importantly,
of protein, we used quartz microcuvettes with 3-mm
pathlength. These cuvettes hold ~50 uL of LCP sample, cor-
responding to ~10 ug of protein. To prevent sample dehydra-
tion at high temperatures the cuvettes were sealed with a
Teflon tape. Special holders were made for centrifugation
and for mounting these cuvettes into a spectrophotometer
and a spectrofluorimeter (20).

Initial experiments were carried out with G,AR-T4L
bound to a partial inverse agonist, timolol, in an MO cubic
phase at 40% w/w hydration. At each step, intrinsic protein
fluorescence was measured using excitation at 280 nm and
emission scanned from 500 nm to 300 nm. Absorption spec-
trum in the 250-750 nm range was also taken to verify that
the samples did not scatter light after heating, and to carry
out necessary inner filter effect corrections (Fig. S2).

Acquiring a complete denaturation curve by the LCP-T,,
protocol takes ~300 min (Fig. 1). Several samples can be
processed in parallel, limited mainly by the number of avail-
able cuvettes and slots in the centrifuge, typically six or
eight. After the inner filter corrections and background
subtraction, measured data points follow a Boltzmann
sigmoidal curve, describing a transition between two states
(Fig. 3). Curve fitting provides the transition temperature,
T, and the slope factor, S. This protocol was extensively
optimized (see Supporting Material) resulting in typical
accuracy and reproducibility of the transition temperatures
to be within a few tenths of a degree (see Supporting Mate-
rial). We have shown that the apparent increase in intrinsic
protein fluorescence detected by LCP-T, is due to irrevers-
ible ligand dissociation (see Supporting Material), meaning
that the use of intrinsic fluorescence for measuring the
thermal stability of proteins in LCP is limited to certain
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FIGURE 3 Thermal denaturation curves for 3,AR-T4L obtained by the
LCP-T,, protocol. (A) Comparison between the intrinsic protein fluorescence
and the CPM probe fluorescence for monitoring the unfolding of 3,AR-T4L/
timolol in the MO cubic phase. (B) Effect of ligands on denaturation of
B2AR-T4L in the MO cubic phase. Individual points represent averaged
data obtained from at least three samples. Continuous curves represent fits
by the Boltzmann sigmoidal function.

classes of ligand-bound proteins containing tryptophan
residues in the vicinity of the bound ligand.

LCP-T,, with CPM probe

To extend the LCP-T,, method to a broader range of targets,
we used a thiol-sensitive fluorophore, CPM. The CPM probe
has been used previously for monitoring unfolding of
membrane proteins in detergent solutions (12). It has a low
fluorescence that increases dramatically when the probe
binds to cysteine. Protein unfolding can be detected when
cysteines that are buried in the native protein structure are
exposed to solvent on a protein conformational change or
on unfolding. We compared thermal denaturation curves
for B,AR-T4L/timolol in LCP collected using intrinsic
protein fluorescence and the CPM probe (Fig. 3 A, Fig. S3,
and Fig. S4). The ,AR-T4L construct contains 11 cysteines,
four of which are engaged in forming two disulfide bonds,
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one cysteine is palmitoylated, one cysteine is capped with
iodoacetamide, and the remaining five cysteines are buried
in the protein interior (3). The T,, measured using the
CPM probe (T, = 47.3 = 0.7°C) was within experimental
error of the T,, obtained by using intrinsic fluorescence
(Tn =46.4 £ 0.3°C), confirming that the receptor is unfold-
ing in parallel with ligand dissociation.

Effects of environment and protein engineering
on stability of 3,AR-T4L in LCP

After establishing the parameters of the base condition for
B2AR-T4L/timolol in an MO cubic phase, we evaluated
the effects of ligands, host LCP lipids, lipid additives, and
pH on stability, and correlated these results with the out-
comes of crystallization trials. Most of the experiments
were carried out using intrinsic fluorescence, unless noted
otherwise.

Effect of ligands

The effects of four different B,AR ligands—carazolol
(partial inverse agonist), timolol (partial inverse agonist), al-
prenolol (partial inverse agonist / antagonist) and clenbuterol
(partial agonist)—on (,AR-T4L thermal stability were
tested by the LCP-T,, assay. The same set of ligands was
also used in extensive crystallization trials. Crystals of
B2AR-T4L bound to all four ligands were grown in LCP
and analyzed for diffraction quality using a 10-um minibeam
at GM/CA CAT at the Advance Photon Source (Argonne,
IL) (29). A remarkable correlation was observed between
the ligand-induced stability of the receptor, as measured by
the LCP-T,, assay (Fig. 3 B, Fig. 4 A, and Table S3), and the
diffraction quality of crystals (Table S4). The ligands were
ranked by their ability to both improve the thermal stability
and increase the crystal resolution limit in the following
order: carazolol (T, = 50.8 = 0.2°C; resolution =
2.4 A (2)), timolol (T, = 46.4 + 0.3°C; resolution = 2.8 A
(3)), alprenolol (T, = 44.5 = 0.2°C; resolution ~3.5 A
(Fig. S8 A)) and clenbuterol (T, = 43.0 = 0.2°C; resolution
~7 A (Fig. S8 B)). Thermal stability of the apo-receptor was
measured using the CPM probe (T, = 37.2 £ 0.4°C) and
compared to stability of the timolol-bound receptor (T, =
47.3 £ 0.7°C) obtained under identical conditions in side-
by-side experiments. The apo-receptor did not yield crystals
under combined optimization screening conditions selected
from the conditions used for the successful crystallization
trials of the ligand-bound receptor.

Effect of lipids

There are several known monoacylglycerols (MAGs) that
support formation of LCP at full hydration (30,31). Micro-
structural parameters of the LCP, such as lipid bilayer thick-
ness and water channel diameter, strongly depend on the
identity of the host MAG, and, thus, can affect the stability
of the reconstituted proteins. We selected four different
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FIGURE 4 Apparent melting temperatures obtained

with the LCP-T, assay using intrinsic protein fluorescence.
(A) Effect of ligands. (B) Effect of LCP host lipids. (C)

Effect of lipid additives. (D) Effect of pH. The solid bars
represent data for 5,AR-T4L and the open bars for 5,AR
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MAGs for our studies: monopalmitolein (MP, C16:1c9),
monoolein (MO, C18:1¢9), monovaccenin (MV, C18:1c11)
and monoeicosenoin (ME, C20:1cl1). Protein stability,
when plotted against the lipid identities arranged in the order
of increasing bilayer thickness, followed a bell-shaped curve
centered on MO (Fig. 4 B and Table S5), suggesting that the
bilayer thickness of MO provides a better match to the
hydrophobic thickness of 8,AR-T4L.

It has been shown that the MO cubic phase can tolerate
supplementation with a variety of native membrane lipids,
such as phospholipids, cholesterol, etc. (32). Lipid additives
can affect protein stability either through a change in the
structural properties of the LCP or through direct lipid/
protein interactions. To minimize the effect of added lipids
on the structural parameters of LCP, most of the additive
lipids were used at a concentration of 5 mol %, except for
cholesterol, which was used at 10 mol %. The effects of
cholesterol, two zwitterionic phospholipids (DOPC and
DOPE) and two anionic phospholipids (DOPS and DOPG)
on the thermal stability of 8,AR-T4L/timolol in LCP are
summarized in Fig. 4 C, Fig. S9 B, and Table S3. Cholesterol
was the only lipid that stabilized (,AR-T4L in LCP,
increasing T, by 2.3°C. The most destabilizing lipid was
DOPC, decreasing T, by 5.6°C. The rest of the lipid addi-
tives were mildly destabilizing, lowering T, by 2-3°C.
Cholesterol was also the best additive lipid for crystalliza-
tion, substantially improving the crystal size and shape
(2,3). The stabilizing effect of cholesterol in LCP is likely
due to direct interactions with the protein, which is consistent
with the identification of two bound cholesterol molecules in
the 8,AR-T4L crystal structure (3). The addition of DOPE
also increased the §,AR-T4L crystal size, despite a slightly
destabilizing effect observed by LCP-T,,. The increase in
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crystal size, however, was mostly in one dimension and
did not improve the diffraction quality. The addition of
DOPC almost completely abolished crystal growth, in agree-
ment with the destabilizing effect of this lipid on 8,AR-T4L
in LCP. The last two lipids (DOPS and DOPG) were not
used in crystallization trials.

Effect of pH

The effect of pH was rather straightforward, showing dimin-
ished stability of 3,AR-T4L/timolol in a MO-based LCP at
lower pH levels (Fig. 4 D, Fig. S9 C, and Table S3). This
result is consistent with a decrease in the ligand binding
activity of 3,AR at pH values below 7.0 (33). Crystals of
B2AR-T4L were obtained in a pH range from 6.5 to 8.0.
The best diffraction quality crystals were grown at pH 6.5—
7.0. Outside of this range crystals were small or irregularly
shaped and were not suitable for x-ray diffraction experi-
ments. At pH values >8.0 the LCP becomes unstable due
to the increased rate of MO transesterification and hydrolysis
(34); therefore, stability and crystallization experiments were
not carried out at higher pH values.

Effect of T4 lysozyme fusion

Lysozyme from T4 phage (T4L) was initially fused in place
of the third intracellular loop of 6,AR to improve the proteo-
lytic stability of the protein and to facilitate crystallization
(15). We evaluated the effect of the T4L fusion on the
thermal stability of 5,AR in LCP via the LCP-T,,, assay using
two protein constructs that differed only by the presence or
absence of the T4L fusion. The stability of both constructs
was measured in the timolol and carazolol bound states
(Fig. 4 A), and, for timolol-bound proteins, in the presence
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and absence of cholesterol (Fig. 4 C). In all of these cases,
the T4L fusion increased the T,, by 5-6°C, confirming a
substantial stabilizing effect of this fusion partner on the
receptor. The stabilizing effect of the T4AL domain is likely
due to reduced conformational flexibility of the intracellular
interface between the transmembrane helices 5 and 6 (2,3).

Effect of mesophase

During the course of in meso crystallization, LCP can trans-
form to or transiently pass through different lipidic meso-
phases (35). We have tried to mimic such situations and to
estimate the impact of passing through various mesophases
on protein stability.

Below 17°C the MO-based LCP is metastable and can flip
into a lamellar crystalline phase (Lc) characterized by crystal-
like packing of the lipid molecules (36). An LCP sample with
B2AR-T4L/timolol was prepared at RT, cooled to 4°C, and
incubated for 10 min. Transition to the Lc phase was
confirmed visually by an apparent opaqueness and by charac-
teristic birefringency detected using polarized light micros-
copy (20). The sample was warmed up to RT and incubated
for 20 min to return it to the LCP. LCP-T,,, measurements
showed that the total increase in fluorescence dropped to
~35% (compared to ~75% in a control sample) and T,
decreased to 42.8 = 0.4°C (Fig. S10 and Table S3). Because
the total increase in fluorescence is proportional to the
amount of folded receptor bound to the ligand, we concluded
that transient passage through the Lc phase damaged more
than half of the protein and destabilized the rest.

Transient formation of an inverse hexagonal Hy; phase was
induced by mixing LCP with 2 M sodium sulfate at RT
(37,38). Formation of a birefringent phase was confirmed
by polarized light microscopy. After a 10 min incubation,
the salt concentration was decreased to <0.2 M using two
washes in a syringe lipid mixer (19) with more than three
times excess buffer solution. This treatment destroyed
~40% of protein and decreased T}, of the remaining protein
to 44.4 *= 0.4°C (Fig. S10 and Table S3). In contrast, similar
treatment with 1 M sodium sulfate, which kept the LCP
intact, did not affect protein stability.

Finally, a lamellar liquid crystalline phase (La) was
achieved by either preparing samples at low hydration
(15% w/w, Fig. 2 B), incubating for 10 min and increasing
hydration to 40% w/w to convert the sample to the LCP,
or by using 40% hydration with high concentration of
DDM (4.1% w/v), incubating for 10 min and adding 1 M
sodium sulfate to convert the sample back into the LCP
(39). All manipulations were carried out using a syringe lipid
mixer (19) as described in Caffrey and Cherezov (20).
Although the amount of folded receptor decreased by
~20% after the low hydration treatment, the transient forma-
tion of the La phase induced by detergent did not appre-
ciably affect either the amount of folded receptor or its
stability (Fig. S10 and Table S3).
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Therefore, we conclude that formation of the Lc or Hyy
phase during crystallization trials is highly detrimental to
the protein and should be avoided as much as possible.
However, a transient passage through the Lo phase can
likely be tolerated. These results are consistent with previous
observations from in meso crystallization trials with bR (39).
An excess of detergent may originally induce formation of
the Lo phase, which converts into a cubic phase on addition
of a precipitant. Such phase transitions typically do not
prevent subsequent crystal growth.

LCP provides a better stabilizing environment for
membrane proteins than detergent micelles at RT

Whereas the LCP-T;, protocol is a fast and quantitative
method for measuring protein stability in LCP that allows
comparison of different protein constructs and conditions,
it does not give clear evidence on long-term protein stability
and it does not allow comparison of protein stability in
different environments, such as detergent micelles and
LCP. To obtain this information we carried out isothermal
denaturation experiments, comparing stability of ($,AR-
T4L/timolol and bR in both MO-based LCP and detergent
solutions. Samples were incubated at RT, and the state of
the proteins was assessed by intrinsic fluorescence and
UV-Vis absorbance daily for 30 days (Figs. S11-S18 in
the Supporting Material).

As expected, the 3,AR-T4L/timolol sample in DDM/CHS
solution was the least stable, losing ~50% of the active
protein within a week and completely denaturing after
20 days (Fig. 5). Reconstitution of $,AR-T4L/timolol in
the MO-based LCP greatly improved its stability, retaining
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FIGURE 5 Comparisons of stability of bR and $,AR-T4L/timolol in
detergent (open symbols) and LCP (solid symbols) environments at RT.
Fractions of folded proteins were estimated using absorbance and fluores-
cence as described in the Materials and Methods. The original raw data
are shown in Figs. S11-S18 in the Supporting Material. bR was prepared
in 1.2% w/v OG, 25 mM Na/K phosphate pH 5.6, and $,AR-T4L was
prepared in 0.05% w/v DDM, 0.01% w/v CHS, 20 mM Hepes pH 7.5,
150 mM NacCl, 0.5 mM timolol.
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~70% of the active protein after 30 days. Consistently, bR
samples in OG solution were moderately unstable, whereas
reconstitution in LCP increased the stability to about the
same level as (,AR-T4L/timolol. The increase in bR
stability in LCP was, however, not as dramatic as for
B>AR-T4L, which is consistent with observations of dis-
torted retinal spectrum for bR in MO LCP reported by Lunde
et al. (13). On the other hand, it has been known that under
crystallization conditions bR is stable in LCP for months.
Indeed, the addition of 1 M Na/K phosphate pH 5.6 (bR crys-
tallizes at >2 M Na/K phosphate pH 5.6) substantially
increased bR stability bringing the level of properly folded
protein to 80% after 30 days. Assuming a linear dependence
of protein stability on the salt concentration, we would
expect >90% viability of bR in LCP at crystallization condi-
tions after 30 days. This pronounced effect of salt on bR
stability in the isothermal experiments translated well into
the LCP-T,,, measurements. Addition of 1 M Na/K phosphate
pH 5.6 increased the T}, of bR in LCP from 43.8 = 0.6°C
to 50.7 = 0.4°C (Fig. S9 F and Table S3).

DISCUSSION

Measuring the thermodynamic stability of membrane pro-
teins in a membrane environment is not a straightforward
task due to the difficulties associated with establishing equi-
librium, reversible transition conditions, and the concomitant
effects of denaturants on the properties of the lipid meso-
phases. For example, the thickness of lipid membranes in
a physiologically relevant lamellar liquid crystalline phase
shrinks with increasing temperature (40). This shrinkage
can denature the protein through a hydrophobic mismatch
(41). Properties of detergent micelles also depend on temper-
ature, but in a different way (42). In the case of LCP, heating
induces shrinkage of the water channel diameter along with
thinning of the lipid bilayer, increasing the membrane curva-
ture, which can also affect the protein stability (21). These
effects preclude the direct comparisons of denaturation tem-
peratures obtained in different environments. For example,
T, measured by LCP-T,,, for 6,AR-T4L/timolol is 46.4 +
0.3°C, whereas measured by the CPM probe in DDM/CHS
solution is 66.1 = 1.2°C (Fig. S19). On the other hand, using
the isothermal measurements we have shown that the same
protein was substantially more stable in LCP than in deter-
gent solution at RT (Fig. 5). Thus, meaningful comparisons
of denaturation temperatures for membrane proteins can
only be obtained when the proteins are analyzed in similar
environments.

We believe the LCP-T,,, protocol introduced in this work
provides a robust and accurate method for comparing the
stability of membrane proteins in LCP at a variety of condi-
tions. In one of its implementations, the method uses an
increase in the intrinsic protein fluorescence on heating to
assess denaturation of the protein. We have shown that this
increase is associated with an irreversible release of the
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ligand coupled with the protein unfolding. Therefore, one
of the requirements for applying the intrinsic protein fluores-
cence for detection of protein denaturation in LCP is the
presence of both a bound ligand and tryptophans, preferably
near the ligand binding site. A large group of integral
membrane proteins that satisfies these criteria is the super-
family of G protein-coupled receptors (GPCRs). Most
GPCRs contain a highly conserved tryptophan residue, often
referred to as a toggle switch (43), near where most of the
small molecule ligands are believed to bind. Therefore, for
most GPCRs bound to ligands, the intrinsic fluorescence is
expected to change on temperature-induced protein unfold-
ing. It is possible that not all combinations of ligands and
tryptophan-containing proteins will work, therefore for any
new protein and/or ligand it is imperative to verify the
intrinsic fluorescence response by heating to 80°C before
starting to use the LCP-T,, protocol. Alternatively, for
proteins lacking ligands or tryptophans but containing buried
cysteines, the CPM probe can be used to monitor protein un-
folding. A simple analysis of all unique membrane proteins
of known structure in the Protein Data Bank indicates that
>60% of proteins contain buried cysteine residues (12).
For proteins that do not fit in either of these two categories,
a tryptophan or cysteine residue could be engineered, if
stability data are crucial for the success of the project.

One has to be careful with the interpretation of LCP-T,,
data. Similar to the temperature effect, most salts and other
kosmotropes, as well as some nonlamellar phase forming
lipids, can decrease the lattice parameter of LCP, increase
membrane curvature and change the membrane thickness
(32,38). In contrast, the addition of chaotropes, certain poly-
mers such as PEG 400, detergents, or lamellar phase forming
lipids can induce swelling of the cubic phase and decrease
the membrane curvature (32,37,44). Some of these additives
can transform LCP into another phase or change the phase
transition temperature. All of these effects should be taken
into account when the experiments are planned and con-
ducted. If carried out under controlled conditions, however,
LCP-T,, measurements are very accurate and sensitive to
factors affecting protein stability. They can be extremely
helpful in guiding protein engineering efforts and selecting
the most stabilizing host lipids and lipid additives, as well
as for studying specific lipid-protein interactions.

We observed a remarkable correlation between the stabi-
lizing effect of ligands on 3,AR-T4L and the quality of ob-
tained crystals. Additionally, the LCP host lipid, MO, and
the lipid additive, cholesterol, used in obtaining high-resolu-
tion crystals of 3,AR-T4L provided the most stabilizing lipid
matrix for this protein. In the case of bR, we found that salt
used to induce crystallization substantially stabilized the
protein in LCP. There are debates in the literature regarding
the existence of a correlation between protein stability and
its ability to crystallize. Positive correlations were found
between the stabilizing effect of additives and their effect
on promoting crystallization in several studies (11,45). On
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the other hand, a recent comprehensive analysis of 117
proteins suggested no correlation between denaturation
temperatures and the propensities of proteins to crystallize
(46). We should note that most if not all of such studies
were carried out with soluble proteins. Our experiments
were carried out on a relatively small scale reflecting a scar-
city of available crystal forms of selected membrane protein
targets. This analysis will be expanded to better understand
the relationship between the stability of proteins in LCP
and their crystallization propensities. We anticipate that for
the human membrane proteins, and especially such intrinsi-
cally flexible molecules as GPCRs, increasing stability is
the key toward obtaining high-resolution structures.

SUPPORTING MATERIAL

Supplemental methods, supplemental results, 19 figures, and five tables are
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