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ABSTRACT: Mapping the conformational landscape of G protein-coupled receptors
(GPCRs), and in particular how this landscape is modulated by the membrane
environment, is required to gain a clear picture of how signaling proceeds. To this end,
we have developed an original strategy based on solution-state nuclear magnetic resonance
combined with an efficient isotope labeling scheme. This strategy was applied to a typical
GPCR, the leukotriene B4 receptor BLT2, reconstituted in a lipid bilayer. Because of this,
we are able to provide direct evidence that BLT2 explores a complex landscape that
includes four different conformational states for the unliganded receptor. The relative distribution of the different states is
modulated by ligands and the sterol content of the membrane, in parallel with the changes in the ability of the receptor to
activate its cognate G protein. This demonstrates a conformational coupling between the agonist and the membrane
environment that is likely to be fundamental for GPCR signaling.

■ INTRODUCTION
Deciphering the mechanism of signal transduction through G
protein-coupled receptors (GPCRs) is a major issue in biology
and the subject of intense research.1 The conformational
dynamics of GPCRs is central to their signaling plasticity and
allosteric regulation2 but still poorly delineated. In particular,
the impact of the membrane environment is barely understood,
although it has been repeatedly demonstrated that it plays a
central role in membrane protein structure and dynamics.3

Additional biophysical studies besides existing crystallographic
analyses are thus required to complete the description of the
conformational space of GPCRs and how it can be modulated
by ligands, signaling proteins, and membrane composition.
In this context, solution-state nuclear magnetic resonance

(NMR) spectroscopy appears as a promising method as it can
provide dynamic pictures of molecules at physiological
temperatures at the atomic scale over a time scale of
picoseconds to seconds and beyond.4,5 So far, NMR studies
of GPCR conformational exchange have been performed for
only a very limited number of receptors.6−14 Most of these
studies were nevertheless conducted in detergent solutions.
Detergents can affect the stability of isolated receptors15 and
have an impact on their conformational equilibrium through a
fast chemical exchange at the surface of the protein.16 This also
precludes a detailed analysis of the influence of the membrane

structure on receptor dynamics. Among all these studies, only
one was performed with a receptor in nanodiscs,13 but in this
case, the β2-adrenergic receptor was only partially deuterated,
dramatically affecting spectral resolution. Indeed, all the NMR
studies relied on either protonated or fluorinated methyl groups
within fully protonated proteins6−12 or a partially and
inhomogeneously deuterated receptor.13 However, the impact
of modified residues or fluorinated probes on the protein
conformational exchange is difficult to gauge. This can be
particularly true near binding sites and/or at sites where
conformational changes are likely to occur and where probes
are usually located for optimal sensitivity to interaction and/or
activation. Finally, well-resolved NMR data can be obtained
with protonated seven-transmembrane helix proteins provided
these proteins are rigid, either naturally17 or because of
thermostabilizing mutations.14 In all other cases, with
unmodified proteins, the NMR signals were very broad because
of a residual or fully protonated dipolar environment so that
detection of subtle differences in chemical shifts was impossible.
This arises because even a residual amount of protons can
dramatically affect the relaxation properties of the nuclei under
investigation. This is particularly important for the large, slow-
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tumbling complexes being studied in lipid-reconstituted integral
membrane proteins.
To address all these issues, we devised an original strategy

that associates overexpression in Escherichia coli, which allows
the design of efficient isotope labeling schemes dedicated to the
study of large protein complexes in solution by NMR, and
subsequent reconstitution of the receptor in lipid nanodiscs.18

This strategy was applied to a prototypical GPCR, the
leukotriene B4 receptor BLT2. Because of perdeuteration of
the receptor, we refined the current model of GPCR activation
by providing evidence of multiple subconformations for
transmembrane (TM) regions that are modulated by ligands
and the lipid environment. As nanodiscs allow an analysis of the
impact of lipids on receptor conformational dynamics, we
focused here on the impact of the cholesterol analogue
cholesteryl hemisuccinate (CHS). Indeed, most of the
GPCRs are affected, at the functional and/or structural level,
by the cholesterol content of their membrane environment.19

In particular, adding cholesterol increased the activity of the
other leukotriene B4 (LTB4) receptor, BLT1, which is closely
related from a structural and functional point of view to BLT2
studied here.20

■ RESULTS AND DISCUSSION

Receptor Labeling and Functional Reconstitution in a
Membrane Environment. To obtain the isotopically labeled
BLT2 in nanodiscs, we devised a four-step method that is
schematically presented in Figure S1. We selected a labeling
scheme in which 12C-labeled Met and Ile residues were

perdeuterated and contained a protonated and 13C-labeled
methyl probe (for Ile, just the methyl at position δ1 is 13C-
labeled and protonated). BLT2 contains only one isoleucine
and five methionines. The position of these residues in the
receptor structure was inferred from a homology model of
BLT2 validated through NMR and site-directed mutagenesis21

(Figure S2). Ile2296.40 (Ballesteros−Weinstein indexing system
in superscript) is located away from the putative ligand-binding
site of BLT2 and is not directly involved in ligand binding.21

Moreover, Ile2296.40 is located close to the cytoplasmic part of
the TM6 helix, a region that is considered to be most sensitive
to GPCR activation.22 Among the five methionines, only two
(Met1053.36 and Met1975.54) belong to the TM part of the
receptor; Met1053.36 is located at the bottom of the ligand-
binding pocket in TM3, and Met1975.54 in TM5 is spatially
close to Ile2296.40 (Figure S2). The other Met residues are
located either at the N-terminus or in the flexible C-terminal
tail of the receptor. To focus only on conformational dynamics
affecting the transmembrane domains and simplify the spectra,
we mutated the N- and C-terminally located Met to Ala and
considered only the transmembrane ones (Figure S3). The
labeled receptor was then assembled into nanodiscs composed
of partially deuterated dimyristoylphosphatidylcholine
(DMPC) and protonated CHS as the lipids and stabilized by
the protonated lipoprotein MSP1D118 (Figure S4). The use of
DMPC was dictated by spectroscopic considerations, in
particular by the fact that the deuterated version of this
compound is easily available from commercial sources.
Working with DMPC molecules in which both acyl chains

Figure 1. Pharmacology of BLT2 in nanodiscs. (a) Fluorescence anisotropy-monitored stoichiometric titration of LTB4-568 by BLT2-containing
nanodiscs (●) or empty nanodiscs (○). (b) Fluorescence anisotropy-monitored dose-response binding of LTB4-568 to BLT2-containing nanodiscs
(●) or empty nanodiscs (○). (c) Competitive binding data for inhibition of binding of LTB4-568 to BLT2-containing nanodiscs in the presence of a
leukotriene B4 receptor ligand. (d) Variations in the fluorescence anisotropy signal of LTB4-568 as a function of time at two different temperatures
in the presence of BLT2-containing nanodiscs (○ and ●) or empty nanodiscs (□ and ■). (e) Binding of GTPγS to Gαiβγ catalyzed by empty or
BLT2-containing nanodiscs in the absence of a ligand or in the presence of 1 μM LTB4 or LY255283. Data are presented as fluorescence intensities
under a given condition (I) normalized to that measured under the same condition in the absence of any particle [I(0)]. (f) LTB4 or LY255283
saturation of binding of GTPγS to Gαi2β1γ2 in the presence of BLT2-containing nanodiscs (○ and ●) or empty discs (□ and ■). The inset shows
the time-dependent activation profiles. In all panels (a−f), data are represented as means ± the standard deviation of three representative
experiments (**p < 0.01; ***p < 0.001).
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were perdeuterated allowed the acquisition of clean NMR
spectra. As shown below, these lipids maintain the functional
properties of the BLT2 receptor.
The reconstitution conditions used, i.e., large excess in

lipoprotein, have been shown to systematically provide
monomeric receptor preparations for all GPCRs considered
so far (see Experimental Procedures in the Supporting
Information). Use of a monomeric receptor, as we did here,
simplifies the analysis, as dimeric assemblies are likely
asymmetric in their conformational features.23 Accordingly,
the samples so obtained were homogeneous based on size-
exclusion chromatography and negative-stained images ob-
tained by electron microscopy (Figure S5). It is important that
pharmacological characterization directly demonstrates that
reconstitution of BLT2 in nanodiscs allows the receptor to
adopt a native and stable conformation with regard to its ability
to bind ligands and activate its cognate G protein partner under
the conditions used in the NMR experiments (Figure 1). In
particular, a molar binding ratio of 0.95 LTB4 per BLT2 was
inferred from a stoichiometric titration assay in the absence of
G protein (Figure 1a). If the 1:1 ligand:receptor stoichiometry
we previously determined for binding of LTB4 to BLT2 is
taken into account,24 this means that 95% of the BLT2
receptors are ligand-competent in our preparations. Moreover,
all dose-dependent ligand binding plots display a single class of
binding sites, as expected for this receptor in the absence of G
protein,24 further demonstrating the homogeneity of our NMR
sample (Figure 1).
Conformational Landscape of the Unliganded Re-

ceptor. NMR investigations of the BLT2 conformational
landscape in a lipid bilayer environment were then conducted
through acquisitions of two-dimensional (2D) 1H−13C
correlation spectra. For these experiments, the labeled receptor
in the unliganded state was assembled in nanodiscs with
protonated lipoproteins at a low CHS concentration (0.03
CHS/DMPC molar ratio) in a 100% 2H2O Tris buffer solution.
Under such conditions, the NMR experiments give rise to clean
spectra with expected 13CH3 correlation peaks belonging to
either Met or Ile2296.40 residues and essentially no residual
natural abundance lipid signals from DMPC and CHS (Figure
2).
The position of a peak (1H and 13C chemical shifts)

representing a methyl group in the NMR spectrum is
dependent on the microenvironment of this methyl group in
the protein. In proteins, the protons and carbon of these groups
may experience a variety of environments that depend on both
local and global protein structure. As a result, the position of
the NMR peak is very sensitive to changes in protein
conformation. The [δ1-

13CH3]-Ile229
6.40 group in the un-

liganded state of BLT2 displays four major peaks (Figure 2c),
suggesting that it is detecting at least four distinct receptor
conformational states in slow chemical exchange at 950 and 239
MHz (1H and 13C Larmor frequencies, respectively). It is
important that these peaks likely not come from kinetically
trapped states, as their intensity varied in the presence of BLT2-
specific ligands (see below). In the same way, Met1053.36

detects four different conformational states, as indicated by
the occurrence of four cross-peaks for this residue (labeled A−
D, Figure 2b). In contrast, Met1975.54 displays a more restricted
conformational space (Figure 2b), indicating that different
domains of the receptor present different dynamic properties,
as reported for other receptors, as well.12 In the following, we
will consider only Ile2296.40, as Met1053.36 essentially follows

the same trends that Ile2296.40 does upon sterol content
variation and ligand binding (Figure S6).
Peak intensity in 2D NMR spectra generally depends, in part,

on the concentration of the observed state. Depending on the
relaxation properties of each state and the experimental
conditions, this intensity can be used to estimate relative
populations. Altogether, states I, II, and III represent ∼95% of
the total [δ1-

13CH3]-Ile229
6.40 NMR signal in the unliganded

state with a low CHS content (Table S1). These states are
likely inactive conformations because we observed essentially
no G protein activation under these conditions (Figure 3b).
This suggests that BLT2 can adopt several alternative inactive
states, as previously reported with β2-adrenergic receptor
(B2AR).9,11

The Receptor Conformational Landscape Is Modu-
lated by a Sterol. In contrast to previous work in detergent
solutions, the use of nanodiscs allows an analysis of the impact
of membrane composition on receptor conformational
exchange. In a first stage, we investigated the impact of sterols
on this exchange. To this end, we performed NMR experiments
with unliganded BLT2 assembled into nanodiscs at different
CHS/DMPC molar ratios, i.e., low (0.03), intermediate (0.43),
and high (0.98) ratios (Figure 3a), considering that usually the
proportion of cholesterol is found to be 20−30 mol % in cell
membranes, up to 50 mol % in red blood cells, and 70 mol % in
the ocular lens membranes.25 At the lowest CHS content, we
expect the latter will first distribute within preferential sites and
not in a random manner, based on the existence of cholesterol-
binding sites on GPCRs.26 CHS was used here instead of

Figure 2. Conformational landscape of unliganded BLT2 in nanodiscs.
2D 1H−13C SOFAST-methyl-HMQC/TROSY spectrum acquired
with [U-2H,12C]Ile-[δ1-

13CH3], [U-2H,12C]Met-[ε-13CH3] BLT2 in
low-CHS content nanodiscs in the unliganded state. (a) Global view of
the [ε-13CH3]-Met and [δ1-

13CH3]-Ile229
6.40 regions (boxed in

orange); the additional weak peaks correspond to residual lipid
signals. (b and c) From panel a, close-ups of the ε-13CH3-Met region
and [δ1-

13CH3]-Ile229
6.40 region, respectively. In panel b, the red

spectrum corresponds to that of a mutant receptor that contains the
transmembrane Met residues 1053.35 and 1975.54 only. See Figure S6
for the assignments of Met1053.35 and Met1975.54. The peak labeled V
in parentheses in panel c is not included in the present analysis of the
BLT2 conformational ensemble [see also the spectrum in the presence
of 12-HHT (Figure S8)]. Identical spectra were obtained from
measurements with two independent samples.
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cholesterol, as its higher solubility in aqueous solutions was
pivotal for strictly controlling its incorporation into nanodiscs
(Figure S4). Moreover, this soluble analogue has been
repeatedly used in studies aimed at delineating the role of
cholesterol in GPCR structure and function.27 The use of CHS
as a cholesterol substitute was also further validated by a recent
theoretical study.28

Cholesterol, or its slightly more soluble CHS analogue used
in this study, is known to stiffen higher eukaryotic membranes
by increasing the order of fatty acyl chains25 (see also Figure
S7). Increasing the CHS content from a CHS/DMPC molar
ratio of 0.03 to 0.98 led to significant changes in the NMR
spectrum (Figure 3a): the populations of states II and III
substantially decreased in favor of states I and IV (Table S1).
These changes in the NMR spectra were associated with
changes in the functional properties of the receptor. Indeed, a

significant increase in the extent of ligand-independent G
protein activation was observed when the CHS content of the
nanodiscs was increased (Figure 3b). The concomitant increase
in state IV population and basal activity of BLT2 suggests that
this state could correspond to an active/active-like conforma-
tion with regard to Gi activation, and that constitutive activity
could be directly linked to the fraction of the receptor existing
in state IV. Interestingly, our observation is in agreement with
what has been reported for the closely related BLT1 receptor at
the functional level, where removing membrane cholesterol
attenuated responses to LTB4 whereas adding cholesterol
enhanced this response.20

Cholesterol has been shown to affect GPCR functioning.29,30

Our data directly support a model in which CHS has an impact
on the conformational dynamics of the receptor. In the case of
rhodopsin, it has been proposed that cholesterol affects the
equilibrium between the active and inactive states via a
combination of direct and indirect effects.31 Indeed, in
principle, cholesterol can bind directly to the protein32 or
indirectly affects the receptor by modifying the biophysical
properties of the lipid bilayer.33 At the present stage of the
analysis, we cannot distinguish between the contributions of the
two mechanisms to the reshaping of the BLT2 conformational
landscape. In this context, it should be noted that the estimated
phase transition temperature of deuterated DMPC in BLT2-
containing nanodiscs is not significantly affected by variations in
CHS content (Figure S7). Instead, CHS flattens the transition,
suggesting a stiffening of the bilayer.

The Receptor Conformational Landscape Is Modu-
lated by Ligands. To further assess how the conformational
landscape of BLT2 is modulated, we conducted NMR
experiments in the presence of ligands at low CHS contents.
Only a limited number of ligands have been described for
BLT2. Among them are the two natural agonists, LTB4 and 12-
HHT.34 However, 12-HHT is a heptadecanoid that is far less
soluble than LTB4 and also binds to the empty discs (Figure
S8). This precluded saturation of the ligand-binding site of
BLT2 from being achieved at the protein concentration used in
the NMR experiments, which in turn resulted in complex NMR
spectra due to the occurrence of mixtures of ligand-free and 12-
HHT-loaded BLT2 (Figure S8). In the presence of an excess of
LTB4, the δ1-Ile229

6.40 region of the spectrum displayed a more
restricted conformational space as judged from the reduced
number of cross-peaks (Figure 3c). In this case, state IV
became the most populated state (Table S1), in addition to a
slight variation in its NMR chemical shifts. These slight
chemical shift variations occurred for state IV and were also
observed in the unliganded state with the variation in CHS
content. A tentative explanation would be to consider the fact
that CHS stabilizes microconformations closely related to state
IV. Another possibility would be that these slight changes
reflect fast to intermediate time scale exchange between
multiple states. In any case, the population of state IV thus
significantly increases in the presence of the LTB4 agonist, in
agreement with the assumption that state IV could correspond
to an active or active-like conformation.
Besides the natural ligands LTB4 and 12-HHT, some

synthetic compounds have been identified, among them
LY255283 and ZK-158252. However, the latter antagonist
displays a very low affinity for BLT2,35 so that saturation of the
ligand-binding site of the receptor could not be achieved in the
receptor concentration range used in the NMR experiments.
The analysis of the influence of synthetic ligands on the BLT2

Figure 3. Impact of CHS content and ligands on the BLT2
conformational landscape and basal activity. (a) [δ1-

13CH3]-Ile229
6.40

region from 2D 1H−13C SOFAST-methyl-HMQC/TROSY super-
imposed spectra acquired at low (black), medium (red), and high
(blue) CHS/DMPC ratios in the unliganded state. The dashed ellipse
delineates the spectral region named state IV (reproduced in panels c−
f), and the asterisk indicates some noise. (b) Binding of GTPγS to
Gαi2 catalyzed by the BLT2 receptor in nanodiscs at low,
intermediate, and high CHS contents in the absence of a ligand.
Data are presented as fluorescence intensities under a given condition
(I) normalized to that measured with empty nanodiscs under the same
condition [I(0)]. Data are represented as means ± the standard
deviation of three representative experiments (**p < 0.01; ***p <
0.001). (c−f) Close-ups of the [δ1-

13CH3]-Ile229
6.40 region of

superimposed 2D NMR 1H−13C SOFAST-methyl-HMQC/TROSY
spectra in the unliganded (black) and liganded (red) states at low (c
and e) or high (d and f) CHS/DMPC ratios. Agonist and partial
agonist refer to LTB4 and LY255283, respectively. In all cases, the
dashed ellipse roughly delineates where state IV chemical shifts vary
with changes in the CHS content of the nanodiscs. Identical spectra
were obtained from measurements with two independent samples (see
also Figure S9).
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conformational landscape was thus performed in the presence
of LY255283. In this case, only a slight decrease in the
complexity of the NMR spectra was observed (Figure 3e), and
the moderate increase in the population of state IV was
associated with a modest decrease in populations of states II
and III (Table S1). The moderate increase in the population of
state IV was fully consistent with the slight agonist activity of
this compound in the BLT2-catalyzed GTPγS binding assay
compared to LTB4 (Figure 1e,f). Interestingly, in this case, the
population of the active-like conformation IV is intermediate
between that in the absence of ligand and that in the presence
of the full agonist LTB4. The differences in G protein signaling
capacity could thus be due to the degree to which ligands shift
the equilibrium toward state IV.
Allosteric Effects of CHS and Ligands on BLT2

Conformation. Because both CHS and the ligands affect the
conformational landscape of BLT2, we finally analyzed whether
they had additive effects on BLT2 conformation. At high CHS
contents in the presence of either LTB4 or LY255283, the
conformational space was more restricted than at low CHS
contents (Figure 3d), with the occurrence of a very major
species (state IV) that represented ∼80% of the total receptor
population (Table S1). The presence of a high CHS content
associated with that of the agonist thus leads to a restricted
conformational space for BLT2 with a great predominance of
its active-like state (Figure S9). These data therefore directly
demonstrate an allosteric coupling between the lipids and the
agonist that is likely important for the control of the signaling
properties of GPCRs. Accordingly, increasing the CHS content
increased the extent of receptor-catalyzed G protein activation
in the presence of both ligands (Figure S10).

■ CONCLUSION

The receptor expression and labeling method we devised
allowed high-resolution experimental NMR data to be obtained
for a recombinant GPCR in nanodiscs. This opens new
perspectives for detailed structural and dynamic investigations
of unmodified GPCRs in a lipid bilayer, as illustrated here with
BLT2. This is a major issue in the field, as illuminating the
dynamic nature of these receptors should offer a key to
understanding the fundamental molecular mechanisms govern-
ing signaling.
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