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G protein-coupled receptors (GPCRs) represent one of the major targets of new drugs on the market given
their roles as key membrane receptors in many cellular signalling pathways. Structure-based drug design has
potential to be the most reliable method for novel drug discovery. Unfortunately, GPCR-ligand crystallisation
for X-ray diffraction studies is very difficult to achieve. However, solution- and solid-state NMR approaches

have been developed and have provided new insights, particularly focussing on the study of protein-ligand
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interactions which are vital for drug discovery. This review provides an introduction for new investigators of
GPCRs/ligand interactions using NMR spectroscopy. The guidelines for choosing a system for efficient isotope
labelling of GPCRs and their ligands for NMR studies will be presented, along with an overview of the different

GPCR sample environments suitable for generation of high resolution structural information from NMR spectra.
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1. Introduction

G protein-coupled receptors (GPCRs), the largest group of
membrane receptors (~800 in humans), are encoded for by 1% of
the open reading frames (ORFs) of the genomes of higher eukaryotes.
GPCRs are seven transmembrane helix proteins, connected by three
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intracellular and three extracellular loops (Fig. 1). GPCRs are activated
by a wide range of stimuli, including hormones, neurotransmitters,
ions, odorants, and photons of light [1]. The GPCR superfamily is
involved in a variety of biological and pathological processes such as
development and proliferation [2], neurological disorders [3], angio-
genesis [4], metabolic disorders [5], and immune system and
inflammation [6]. Consequently, they are one of the largest classes
of drug targets to which agonists and antagonists are currently
focused. Although approximately 50% of pharmaceuticals target
GPCRs, only 10% of the GPCRs, excluding olfactory receptors are
targeted by marketed drugs, indicating the possibility that the
remaining 90% of GPCRs are available as targets for the treatment of
human disease [7].

Based on protein sequence similarity, GPCRs are commonly
divided in three distinct families, A, B and C [8,9], but further divisions
can be used, depending on the criteria used. For instance, Fredriksson
and colleagues have proposed two more families of GPCRs, frizzled/
smoothened-like and adhesion-like families on the basis of phyloge-
netic criteria [10]. All receptors in each family share >20% sequence
identity and >40% similarity within the seven-transmembrane
domains. Family A (rhodopsin-like receptors) comprises approxi-
mately 180 liganded GPCRs, 110 orphan GPCRs and approximately
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350 olfactory GPCRs, encompassing more than 80% of total GPCRs.
Most clinically used pharmaceuticals which target GPCRs are directed
at this family [1,11].

It is generally accepted that GPCRs can exist as dimers or as part of
larger oligomeric complexes [12], indeed the dimeric form of some
receptors has been recently reported [13,14]. However, many studies
support monomeric GPCRs as functional units [15-17] and the area is
still highly controversial [18].

Structural studies of GPCR-ligand interactions are still challenging
due to the difficulty of functional GPCR production and receptor
stability. To date, only five inactivated GPCR structures (bovine and
squid rhodopsins, 31AR, AR, and A,,R) have been resolved at high
resolution by X-ray crystallography [19-23]. All resolved structures
belong to GPCR class A family. These structures show extensive
similarity consisting of seven transmembrane spans, an extra small
helix on the intracellular side of the membrane and a conserved
disulfide bridge (Fig. 1). The structural divergence arising in the
extracellular and intracellular regions are likely to result in their
specificity of ligand binding and G-protein coupling, respectively.
However, despite their importance, the function of these loops is still
in debate and can be difficult to resolve structurally. The rhodopsin
receptors are activated by light incident on the covalently bound
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Fig. 1. Homology models based on the limited number of GPCR crystal structures are now being constructed to guide biophysical studies. As an example here, A: a 3D structural
model (top view) of NTS1 based on the crystal structures of turkey 3; adrenergic receptor (PDB ID: 2VT4) and squid rhodopsin (PDB ID: 2Z73): seven transmembrane spans (I-VII),
an extra small helix (VIII) in the intracellular side and a conserved disulfide bridge (C142-C225, black sticks) (S. Tapaneeyakorn, unpublished data). B: a 2D structural model of NTS1:
residues putatively involved in the binding of neurotensin ligand are indicated by black circles and the N-terminal segment (residues 45-60), important in ligand binding, is shown

in blue.
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retinal, and the three remaining structures are peptide-activated
GPCRs, but none of these latter receptors were crystallised with their
native peptide ligands.

Mutagenesis studies have shown that nonpeptide agonists/
antagonists interact within the transmembrane segments, whereas
peptide ligands bind at the interface between the transmembrane
sections and the extracellular loops [24-27]. Therefore, it has been
suggested that the binding site of nonpeptide agonists/antagonists to
a receptor is different from that of peptide ligands [28]. It is still
unclear whether the GPCR-bound conformation of a peptide is
structurally related to nonpeptide agonists and antagonists. Peptide
ligands bound to receptors belonging to the same family may have
different structures, indicating receptor selectivity and specificity of
the ligands. The conformation of bound ligand is important for
rational drug design for the treatment of diseases caused by GPCR
malfunctions. Most GPCR-targeted drugs to date are nonpeptide
mimics — they are seldom able to mimic the interactions required to
induce a full peptide ligand signal with selectivity, and consequently
patients have several side effects from taking these drugs [29,30].
There are many attempts to determine receptor-bound and unbound
conformations of peptide ligands in order to understand the
differences in receptor binding and activation, with consequences
for rational drug design.

Here, the use of NMR spectroscopy for GPCR studies will be
presented, including its benefits and limitations. A description of
general solution- and solid-state NMR techniques will be also given. In
addition, this review will provide guidelines for new researchers who
are interested in working on GPCRs, especially with protein-ligand
interactions. An overview of expression systems and sample environ-
ments to study GPCRs, and their interactions with ligands will be
presented, specifically focused towards NMR studies.

2. NMR studies of G protein-coupled receptors

Currently, there are three major approaches, X-ray crystallogra-
phy, solution-state NMR (soINMR) and solid-state NMR (SSNMR), to
study protein-ligand interactions at atomic resolution. Although X-ray
crystallography is the method of choice for large molecules, it
presents some significant difficulties, for example, producing crystals
and obtaining good diffraction, and mostly provides only a static view
of inherently dynamic molecules. NMR-based methods have therefore
become more important in the study of protein-ligand interactions.
These NMR approaches can be applied to weak and transient protein-
ligand complexes that are difficult to study by other structural
methods [31]. NMR also allows measurement of macromolecular
motions at near-atomic resolution, but motions on a variety of time
scales and amplitudes, which are essential in providing functional
information, are not well understood. In addition, proteins can be
studied in a variety of environments, such as different buffer
conditions, detergent micelles or bicelles, oriented bilayers, or crystals
[32-35]. However, it should be noted that soINMR and SSNMR
techniques have been used to date to address specific questions,
rather than to resolve three-dimensional GPCR structures [36-38],
even though this potential exists. For example, the activation of the 3,
adrenergic receptor (3,AR) by formoterol induces soINMR spectral
changes of ['*C]methyl-2,AR, allowing some limited titration which is
interpreted as conformational changes in helices 6 and 7 (Fig. 2) [36].

NMR linewidths, an important factor for NMR data analysis, are
normally proportional to the tumbling rate (7< '), so large molecules
which have slow tumbling rates (¢ ! ~0.75 kT/mrn), where r = molec-
ular radius and m = viscosity) will give large linewidths, which preclude
structural analysis. In soINMR, the molecule needs to tumble rapidly and
isotropically in solution on the NMR time scale (~10~'-1075s). Thus,
all orientational information is lost as a consequence of isotropic
tumbling, but fast tumbling averages dipolar interactions to zero and
chemical shifts to isotropic values, resulting in sharp NMR resonances.
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Fig. 2. Structural changes of 3,AR by formoterol. A: the overlay STD-filtered HMQC spectra
of unliganded (3,AR (black), agonist formoterol-bound (3,AR (green) and inverse agonist
carazolol-bound B,AR (red). B: a structural model of B,AR activation by formoterol.
Coloured helices, loops and side chains represent the carazolol-bound crystal structure.
Grey helices and white side chains indicate the active-state model. Green sticks indicate
formoterol and yellow indicates the extracellular loop 2. Adapted from [36] with
permission from Copyright owners.

Although transverse relaxation optimised spectroscopy (TROSY) and
deuteration techniques provide the possibility to study biomolecules
with sizes exceeding a molecular mass of 100 kDa by soINMR [39,40],
traditional soINMR is of limited use for structural studies on large
proteins, membrane proteins and solid materials, because long
correlation times or restricted motions result in incomplete averaging
of the anisotropic interactions leading to the broadened spectrum. Also,
in the case of membrane proteins, it is generally difficult to keep these
proteins active at high concentration at room temperature for the
experimental time required to gain spectra with high signal-to-noise
ratio and resolution. SSNMR can overcome these averaging limitations
to provide structural and dynamic information on proteins and their
bound ligands [41,42]. The technique is designed to elucidate structural
parameters of slowly tumbling or solid-phase samples at atomic
resolution. It is also useful for orientational studies, and has no
theoretical limit of size [41,42].

Unlike solNMR, the resolution and sensitivity of SSNMR are
affected by the size and orientation-dependence of the nuclear spin
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interactions, ie. the chemical shielding and the homonuclear and
heteronuclear dipolar spin-spin couplings. These interactions are not
averaged to zero, usually generating line-broadening for resonance
SSNMR spectra of a static sample. Sample orientation or high spinning
of a sample at the magic angle spinning (MAS), together with isotopic
labelling, can improve both resolution and signal-to-noise ratio.

SSNMR has been developing rapidly for in particular, the study of
membrane proteins and other non-soluble or large biological
molecules, since crystals and rapid isotropic tumbling are not
necessary. It has the potential to gain accurate internuclear distances
and orientations which give information about molecular struc-
tures [43]. SSNMR has been employed to provide structural and
mechanistic insights of many membrane proteins including GPCRs,
reviewed [44-46], for example rhodopsin [37,47], H1 receptor [38],
sensory rhodopsin II [48], bacteriorhodopsin [49-52], and phage-coat
proteins [53-55].

3. General solution- and solid-state NMR techniques

Nuclear overhauser effect (NOE) related experiments for solution
samples provide structural information of protein and a high-affinity
protein-ligand complex, orientations of the binding domain and
dynamic information of protein-ligand interactions. Assignments of
each resonance in the 'H NMR spectrum are required for NOE-related
experiments. Since the strength of the NOE is proportional to the
internuclear distance (r~°) between two nuclear spins, each cross-
peak in the NOE experiment can be converted in to a maximum
distance between the nuclei, usually closer than ~5 A. However, a
distance range, rather than a precise value is usually used because the
intensity-distance relationship may not be precise due to local
dynamics.

In contrast to the NOE, transferred nuclear overhauser effect
(trNOE) is the method of choice for the study of low-affinity binding
of ligands to protein. However, the conformation of protein-bound

ligands can only be determined if the dissociation constant (off-rate)
of the ligand from the protein is faster than the longitudinal relaxation
rate of the magnetisation of the peptide. The easy execution of trNOE
experiments has made it a very popular approach in the past decade
[56-58]. Structural information from trNOE experiments can be
extended by the measurement of residual dipolar couplings in terms
of binding geometries [59].

There are several NMR-based methods to determine the location
of ligand binding sites and to extract structural information of a ligand
in complex with a protein. Protein-ligand interactions induce changes
in a variety of NMR parameters, such as chemical shifts, relaxation
parameters, dynamic parameters, diffusion coefficients, saturation
transfer differences, and transfer NOEs. Therefore, these parameters
can be used as indicators of the interactions (for detailed reviews see
[60-62]). For instance, strong association of the ligand with the
protein usually leads to chemical shift changes of both protein and
ligand (see example in Fig. 3) [63-65]. Also, as linewidth is directly
related to apparent molecular weight, if a small ligand binds a protein,
its linewidth will broaden [66,67]. These two parameters are most
commonly used for probing protein-ligand interactions, providing
information about residues involved in interactions, and as a tool for
ligand screening in drug discovery [68,69].

The observed interactions from chemical shift perturbations can be
confirmed by more precise methods, such as distance measurements.
Precise structures at the binding site can be obtained from intra or
internuclear distances. As mentioned earlier, MAS has been developed
to overcome the problems of analysis of broad spectra of non-
isotropically, quickly tumbling samples [70,71]. The basic principle is
to spin the sample rotor at 54.7° (the magic angle) with respect to the
static field Bg. There are two commonly applied techniques which use
MAS combined with recoupling methods in order to get distance
information. The first is rotational resonance (RR), which is used to
measure the homonuclear dipolar coupling between spin %2 pairs such
as 13C-13C and 'H-"H pairs [72,73]. The second technique, rotational
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Fig. 3. A superposition of 'H/!>N-HSQC spectra for Sem-5 C-SH3 in the absence (green contours) and presence (red contours) of peptide. Significant chemical shift changes upon
ligand binding are indicated by blue arrows (adapted from [65] with permission from Copyright owners).
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echo double resonance (REDOR) is used to measure the heteronuclear
dipolar coupling between spin % pairs such as '*C-°N and 3C-'°F
pairs [74].

These techniques have been employed for structural determina-
tion of several proteins. For instance, '*C-'3C RR and '>C-'°F REDOR
techniques were employed to investigate the molecular mechanism of
transmembrane signalling of the serine bacterial chemoreceptor upon
ligand binding [75,76]. The RR experiments were also used to measure
the distance between the positively charged nitrogen and the
carbonyl once the uniformly labelled acetylcholine bound to the
nicotinic acetylcholine receptor. A distance of 5.1 A was measured
indicating a bent conformation of bound acetylcholine [77]. If the
spectrum is dominated by natural abundance background from buffer,
lipids or large receptor molecules, the problem can be resolved by
introducing double quantum filtering techniques (Fig. 4), for example
C7 [78], POST-C7 [79], INADEQUATE [80], and R14§ [81]. The one
drawback for site-specific spin labelling for distance measurements is
the low signal intensity compared to natural abundance of the same
spin type in the system. However, the potential use of a nitroxide spin
label has been recently explored to enhance the NMR signal through
dynamic nuclear polarisation (DNP) [82-84].

4. Isotope labelling

Assignments and sensitivity enhancement can be achieved through
chemically directed isotropic labelling. Additionally, label selection
will be determined by the questions being addressed about structure
and dynamics of proteins, for both soINMR and SSNMR spectroscopy.
Assignment of resonances can be made for homonuclear and/or
heteronuclear spectra depending on labelling strategies and available
NMR samples, for example, homonuclear 2D spectra for unlabelled
proteins, '°N heteronuclear spectra for °N labelled proteins, or triple
resonance spectra for '>’N/!3C doubly labelled proteins.

NMR signals from protons, as well as '>C and '°N (spin =14) are
commonly detected in biological NMR assignments from solNMR

Connected 3C atoms
(fully labelled compound)

. g

anti-phase signals

experiments. However, in proton detection considerable difficulties
are encountered in SSNMR since strong dipolar couplings
(~100 kHz) between protons give rise to structureless broad lines,
even when using sophisticated resolution enhancement techniques
combined with fast (>50 kHz) MAS of the high magnetic field. Since
13C and N nuclei have smaller dipolar couplings (~10 kHz) and
larger chemical shift range (~200 ppm) than 'H nucleus, they give
rise to much better resolved spectra. Therefore, they are the nuclei
of choice for detection in SSNMR experiments [85]. In these cases,
cross polarisation (CP) from 'H to less sensitive nuclei helps to
enhance sensitivity [86].

Quadrupolar nuclei (spin>%4), such as '°F, >'P and H for example,
are less-common nuclei for NMR studies of biological molecules.
However, the sensitivity of '°F and 3!P is very high as they have 100%
natural abundance leading to a lack of background signals. Natural
isotope labelling with 3'P is useful for the studies of GPCR-lipid or
ligand-lipid associations [87-89]. Deuterium, 2H, has such a low
natural abundance and a short longitudinal relaxation time so
deuterium detection is not routine in traditional NMR experiments.
However, deuterium labelling does increase the resolution and
sensitivity in multidimensional NMR experiments and deuterated
solvents are often used to avoid solvent-signal interference in the
proton spectrum (reviewed in [90]). In SSNMR, it is still unclear
whether deuteration has any effect on spectral linewidths of proteins
as a limited number of studies have revealed inconsistent results
[49,91,92] and none have been reported for GPCRs.

A peptide ligand and protein can be isotopically labelled in two
different ways, either uniform or selective/specific labellings, depend-
ing on the purpose of the experiment. Normally, selective isotope
labelling is widely used to aid assignment and structure determination
of large proteins because it reduces unwanted peaks and decreases the
spectral crowding. In addition, site-specific labelling of spin pairs can
be selectively detected for addressing a specific question of interest.

There are two major methods for producing isotopically labelled
materials, solid-phase peptide synthesis (SPPS) and expression (see
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Fig. 4. 1D '*C spectra of uniformly 'C, '>N labelled neurotensin ligand in detergent buffer (50 mM Tris-HCl, pH 7.4, 20 mM KCl, 1% DDM/0.01% CHS, 1 mM EDTA, 5% glycerol) with
(red trace) and without (black trace) double quantum filter (INADEQUATE). INADEQUATE suppresses signals from natural abundance and results in anti-phase line shapes

(S. Tapaneeyakorn, unpublished data).
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later discussion). The SPPS method is suitable for short amino acid
sequences, so it has been widely used for the synthesis of small
peptides and proteins including labelled peptide GPCR-ligands
[64,93,94]. The benefit of SPPS is that highly specific local information
can be obtained through judicious labelling strategies, where uniform
labelling may not yield such specificity due to spectral overlap [72].
However, labelled amino acids are very expensive for the SPPS
method which requires necessary protection of reactive groups (for
example Fmoc and Pbf protection of at-amino and side-chain amino
groups of Arg, respectively) and can be wasteful of labelled materials.
Therefore, an expression system is the method of choice when
generating labelled samples in high yield in a cost effective manner,
using more economic N and/or '3C sources, particularly for large
biomolecules.

4.1. Comparisons of expression systems

A large amount (0.1-5 mg in ~100-300 pl) of a GPCR is required for
NMR studies. With the notable exception of rhodopsin, GPCRs are
generally expressed at low levels in their endogenous environment.
Therefore, it has been necessary to develop heterologous expression
systems to achieve the high yields of protein. Incorporation of isotopic
labels into the receptor is an additional requirement for performing
target-based NMR experiments, and the process can be easier in some
systems than others. A number of reviews in the past few years have
focused on expression systems for GPCRs in detail [95,96]. Here, we aim
to give an overview of the different systems and to focus on their
application to produce samples suitable for NMR analysis. The same
systems can obviously also be used to produce labelled peptide ligands.

4.2. Escherichia coli

E. coli is an extremely well-established system for heterologous
protein production. Despite numerous advantages (Table 1), there has
been a very low success rate of expressing GPCRs in E. coli. The most
likely explanations for the problems encountered result from the fact
that E. coli is a prokaryote whereas all identified ligand binding GPCRs
are eukaryotic. Some of the key limitations are outlined in Table 1.
Although these problems may appear daunting, there have been a
number of successes in producing functional GPCRs in E. coli [97-103].
Many of these studies have adopted the use of fusion proteins to
increase the solubility of the overall protein and to help to orientate it
in the E. coli membrane. For example, receptors can be fused to the C-
terminus of E. coli maltose binding protein (MBP) in which the signal
peptide of MBP acts to direct the EC1 loop of the GPCR to the
periplasm [104-106]. Additionally, fusion of a soluble protein such as
thioredoxin to the C-terminus of the GPCR can assist in expres-
sion [105,106]. Such fusion proteins can be cleaved from the
expressed and purified GPCR by the inclusion of judicious protease
sites. However, expression of functional GPCRs in E. coli typically
involves a “trial and error” procedure in which different fusions
should be investigated and induction conditions varied to balance
active protein production with culture volume and viability.

Despite these successes, the expression levels of GPCRs in E. coli are
still relatively low compared to those desirable for biophysical studies,
although this is partly mitigated by the scalability of E. coli. It should
be noted, however, that there is not necessarily a linear relationship
between culture volume and yield of active protein. One of the highest
yields reported is that of neurotensin receptor 1 (NTS1) (~800 pg of
active receptor per litre of culture), but this is still below the desired
mg per litre levels [105].

Once a GPCR has been expressed in E. coli, this does provide the
advantage that isotopic labelling is extremely well developed. For
example, minimal media recipes allow uniform labelling with >N
using ammonium salts, '3C using glucose or glycerol and 2H using
deuterated water. It should be noted that in the majority of cases,

protein yield per litre of media and/or gram of wet cell pellet drops
significantly (can be <20%) when E. coli strains are grown in labelled
minimal media. It is therefore desirable to maximise expression levels
both for factors of scale and cost.

A variety of approaches have been adopted to increase the yield in
minimal labelled media. These include addition of fresh labelled
nutrients upon induction [107] or growth in unlabelled media prior to
induction followed by harvesting and resuspension in labelled media
upon induction [108]. It should be noted that deuteration can be
difficult to achieve due to the inability of some strains to grow on D,0.
Therefore, a process of adaptation is often conducted in which cells
are grown on increasing concentrations of D,0 up to >90%. Once cells
have been adapted they can be stored as glycerol stocks [109]. This
adaptation may not, however, be required as certain strains are
capable of immediate growth on >90% D,0.

Additionally, it is possible to label specific amino acids by including
their isotopic variants in minimal media recipes. It is important to
consider the biosynthetic pathways of E. coli as some steps are
bidirectional (e.g. C2 metabolism) and may result in unwanted
incorporation of labels [109]. It is also possible to use E. coli mutant
strains which lack the biosynthesis genes for the amino acid of
interest, hence ensuring incorporation of the labelled residues.
Processes used for incorporation of labelled amino acids can also be
applied for the incorporation of non-natural amino acids such as
fluorinated derivatives. More complex labelling strategies include
site-specific backbone deuteration. This can be achieved by synthesis
of a particular "’ NH-Ca—-2H amino acid which is then incorporated
into recombinant proteins using an appropriate auxotrophic E. coli
strain [109,110]. It is also possible to deuterate specific amino acid
side chains by incorporation of modified amino acids or by addition of
appropriately labelled precursors. Other strategies include labelling of
specific amino acids in a perdeuterated background, selective
complete amino acid protonation and selective methyl group
protonation which are comprehensively reviewed elsewhere
[109,111].

4.3. Yeast

Yeast provides an attractive host for heterologous expression of
GPCRs. The advantages and disadvantages are detailed in Table 1.
Three yeast species form the backbone for heterologous protein
expression. Pichia pastoris can be cultured to a high cell density and
possesses expression systems which can be controlled by methanol. A
recent study has optimised expression of a number of GPCRs in P.
pastoris [112]. Expression in Saccharomyces cerevisiae can be con-
trolled by galactose induction and many GPCRs have been functionally
expressed in engineered S. cerevisiae strains [113], although not
necessarily at levels which would enable purification of sufficient
quantities for biophysical studies. Finally, Schizosaccharomyces pombe
has expression vectors which can be controlled by thiamine and can
express functional heterologous GPCRs [114,115], although there are
no reports to date of purification of functional heterologous receptors
from this system.

The combination of a number of strategies is often required for
isolation of large amounts of active receptor. As an example, S.
cerevisiae has been optimised as a host for high-level expression of the
human A,, adrenoceptor. Although functional coupling of this
receptor to the signalling pathway in modified yeast cells has been
reported [116], a combination of a variety of developments was
necessary to produce sufficient protein levels for biophysical study
[117]. The receptor was integrated into the genome in multiple copies
and was fused to GFP at the C-terminus and also encoded a
decahistidine tag to enable purification. After inclusion of cholesterol
during the purification process, active receptor could be purified in
mg per litre quantities, one of the highest reported yields from any
heterologous system [117].
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Table 1
Comparison of GPCR expression systems for NMR.

Expression system Advantages

Disadvantages

E. coli Inexpensive
Ease of culture

Genetic flexibility

Strains optimised for protein expression
Very flexible isotope labelling strategies

High scalability, although there is not necessarily a linear

relationship between scale and yield
Yeast Inexpensive

Ease of culture

Genetic flexibility

Good scalability

Cellular compartmentalisation

Eukaryotic post-translational modifications

Can co-express accessory proteins [187]
Baculovirus/Insect cells

identical to mammalian cells

Most GPCRs expressed are active

Insect cells are semi-adherent and also grow in suspension

allowing good scalability e.g. fermenter growths
Commercialisation has reduced costs

Native cellular environment

Correct trafficking and folding

Correct membrane environment

Correct post-translational modification

Most GPCRs expressed are active

Only the protein of interest is produced

Can express toxic proteins

Can include detergents and membrane mimetics
Yields >1 mg/ml reaction [191]

Complete labelling control

Mammalian cells

Cell-free expression

Eukaryotic; nearly all post-translational modifications are

Lack of post-translational modification e.g. glycosylation is required for
some GPCR-ligand interactions e.g. [181-183]

Lack of some eukaryotic membrane components including cholesterol
can affect receptor activity

High level expression may result in formation of inclusion bodies; limited
success in refolding GPCRs [91,184-186]

Different codon usage (overcome by expression of rare tRNAs)

Low success rate of active GPCR expression

Endogenous GPCRs and G proteins which may interfere with
expression and purification

Different membrane composition

Relatively thick cell wall may impede purification

Labelling strategies more limited than some systems

Glycosylation is different to animal cells

Membrane is higher in unsaturated fatty acids and lower in cholesterol
[188] which can be key in GPCR activity e.g. [189,190]
Requires high virus titre

Cultures are only stable for ~1 month due to accumulation of
defective virus particles

Limited labelling strategies available

Relatively expensive

Possible complications from endogenous receptors and
signalling components

Difficult to scale

Few labelling strategies available

Poor scalability

Relatively expensive

May require optimisation of detergents and membrane mimetics
Low success rate of GPCR expression to date [191,192]

P. pastoris remains one of the most common hosts for high-level
expression of proteins. The ability of the yeast to grow in a defined
minimal medium allows uniform labelling with '°N, '3C (e.g.[118]) or
2H [119]. Additionally, amino acid selective labelling is possible [120]
with the advantage that prototrophic P. pastoris strains can be used,
eliminating the drop in protein expression levels normally seen with
auxotrophic strains. Although many of the labelling strategies
available in E. coli can theoretically be applied to P. pastoris,
development of appropriate techniques is not yet complete.

4.4. Baculovirus/insect cells

Insect cells are used in conjunction with a baculovirus which
allows transfection of DNA encoding the GPCR of interest into the cell.
Insect cells such as the commonly used Sf9 cells from Spodoptera
frugiperda have numerous advantages but also some important
disadvantages for GPCR expression (Table 1). Insect cells can produce
levels of GPCRs comparable to other heterologous expression systems.
A comprehensive analysis of expression conditions for sixteen GPCRs
was performed [121] and, although good expression of a number of
receptors was achieved, there was a large degree of variability
between receptors and even for the same receptor in different cell
lines. As with most heterologous expression systems there were no
hard and fast rules as to conditions which were favourable for
expression of active receptor and individual optimisation again
appears key for receptor expression in this system.

Labelling of proteins produced in animal cells is inherently more
complex than in E. coli or yeast. This is largely due to the need for a
defined culture medium which can be supplemented with appropri-
ately labelled precursors and amino acids. However recent advances

have allowed labelling of certain amino acids [122] and also to
uniformly label entire proteins in quantities suitable for NMR [123].
However, there is still significant progress that will have to be made
for the baculovirus/insect cell system to offer the wide range of
labelling strategies available in other systems.

4.5. Mammalian cells

Mammalian cells provide numerous advantages for GPCR expres-
sion (Table 1). However, until recently, heterologous expression of
GPCRs in mammalian cells was largely used for pharmacological and
functional analysis of the receptors and hence was not optimised to
give expression levels suitable for purification of significant amounts
of protein.

It is possible to express proteins transiently in mammalian cells
(without selection) and also to provide stable expression via a
selective process. However, high-level expression of GPCRs in stable
cell lines can often be toxic. A common strategy for expression of
receptors in mammalian cells is to use Semliki Forest Virus (SFV)
vectors. This has numerous benefits including the ability to generate
rapidly high-titre stocks, a wide range of host cells and good
expression of GPCRs. A recent study used modified SFV vectors to
express over 100 different GPCRs in mammalian cells lines including
CHO and HEK293 [124]. Approximately 95% of receptors were
expressed in an amount detectable by western blotting with 70%
expressed at a level suitable for biophysical studies. Additional
optimisation of receptor expression was conducted for a number of
receptors, with the adenosine A, receptor being expressed at
>250 pmol/mg (equivalent to >2 mg per litre) as determined by
ligand binding studies [124]. Although mammalian expression
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systems for GPCRs are relatively costly and time-consuming, if they
are scalable they have the promise to provide suitable concentrations
of active, correctly modified receptors for biophysical studies.

As mentioned previously, labelling of proteins produced in animal
cells is inhibited by the requirement for difficult-to-make expensive
media. It is possible to uniformly label proteins produced in this
manner [125,126]. It is also possible to label only the backbone
residues of amino acids with 3C, '>N and 2H [127]. Techniques such as
SILAC (Stable Isotope Labelling by Amino Acids in Cell Culture) have
been applied to mammalian cells e.g. [128,129]. In this process,
essential amino acid/s containing the appropriate isotopic label are
included in a cell culture medium which lacks these amino acids and
all proteins produced within the cell incorporate these amino acids.
This can be applied to nearly all types of cells including primary cells
[128].

4.6. Cell-free expression systems

Cell-free expression offers a unique tool in preparation of protein
samples for biophysical studies. The near total control over labelling
strategies allowed by this system, along with other advantages
(Table 1) makes this potentially one of the most significant advances
in protein production in recent years (reviewed [130,131]). A key
component of cell-free expression systems is the cell lysate used as the
basis for the reaction mixture. This is commonly from either an E. coli
or eukaryotic source. Whilst the E. coli lysates generally provide a
higher level of protein production, eukaryotic derivatives promote
correct folding of eukaryotic proteins, a significant consideration in the
production of GPCRs. The advantages and disadvantages are basically
identical regardless of the source of lysate and are detailed in Table 1.

As mentioned previously, cell-free expression systems have the
highest flexibility of isotopic labelling. As well as incorporation of '°N-
or !3C-labelled amino acids, it is also possible to include a single
labelled amino acid into the reaction mixture. In this case the amino
acid can be labelled either with >N or '3C. Additionally, it is possible
to label one amino acid with >N and another with '3C to allow
assignment of pairs of amino acids. Furthermore, by using engineered
tRNA molecules it is possible to attach a single labelled amino acid at a
specific position [132]. A strategy of particular interest for membrane
proteins is the specific labelling of Ala, Phe, Gly, Ile, Leu and Val which
account for ~60% of residues within transmembrane helices [133].
Although most of these techniques have not yet been applied to
GPCRs generated by cell-free expression, it is clear that this system
has massive potential for NMR analysis of such receptors.

4.7. Choosing the right expression system

It is difficult to argue that one system is vastly superior to any other
for expression of GPCRs, each having distinct advantages and dis-
advantages and all systems require some degree of optimisation. If
active receptors can be produced in E. coli this allows labelling and
scalability. However, eukaryotic systems may be required to produce
functional GPCRs, in which case yeast provides a good alternative to E.
coli. Although it is more difficult and expensive to produce large
quantities of labelled protein in insect or mammalian cells, there is a
high likelihood that the receptors will be active. Finally, the future looks
bright for cell-free expression systems which provide the ultimate
control over labelling strategies but are currently limited by scalability
and a low number of GPCRs which have been expressed successfully.

4.8. Ligand expression

It is possible to choose an expression system from the previous
discussion to produce isotopically labelled peptides, but labelling
limitations of the system used must be considered. Most short
peptides have been produced in E. coli. However, short peptides often

express poorly so are normally produced as a fusion with another
protein which can then be cleaved after purification.

Some examples of such protein fusion are thioredoxin [134], outer
membrane protein A [135], glutathione S-transferase [136] and the
GB1 domain of Streptococcal protein G [137-139]. It is often desirable
to include a linker region between the fusion protein and the peptide
and also an enzymatic or chemical cleavage tag. Using these methods
itis possible to produce good yields of peptides e.g. 21.5 mg per litre of
GLP1 peptide fused to CMFH domain in rich media [140]. Yields often
drop in minimal media although a yield of 48 mg per litre has been
reported for CMPcc fused to GB1 [137]. One aspect to consider with
the production of fusion proteins is the possible requirement for a free
amino or carboxy terminus for full activity of the ligand. For example,
neurotensin [141] and angiotensin [142] both require a free-COOH
group for maximal activity.

5. Sample environments

Choosing the appropriate environment in which to carry out NMR
studies of GPCRs and their ligands is a critical factor in the generation
of high resolution data. Obtaining homogeneous sample preparations
leads to improved linewidths and therefore spectral resolution, while
heterogeneous samples can result in artifacts such as unexpected
peaks and peak doubling. Protein samples can be prepared in a variety
of states for both soINMR and SSNMR; however, despite numerous
studies no global parameters for sample preparation currently exist.
Therefore, the most suitable conditions for each protein have to be
determined empirically. In terms of GPCRs and their ligands the main
parameters involve the physical state of the sample (e.g. microcrys-
talline/solution), as well as selection of the appropriate solubilising
agent (e.g. detergent micelles/lipid bilayers). Both of these factors can
strongly influence protein stability and spectral resolution. Below we
summarise the different sample environments that can be applied to
NMR studies of GPCRs and receptor/ligand interactions along with
relevant examples from the literature (see also Fig. 5).

5.1. Detergent micelles and organic solvents

Micellar detergent solutions have been used extensively in NMR
experiments on membrane proteins; and are typically the solubilising
agent of choice in soINMR. In a micelle the hydrophobic regions of the
protein are shielded from the aqueous environment by the surround-
ing detergent molecules thus preventing protein aggregation. Choos-
ing a suitable detergent can be challenging and generally requires a
trial and error approach; some such as DPC and LPPG have gained
more popularity than others (for a detailed assessment of detergents
for soINMR see [143]). While detergents make good solubilising
agents for soINMR they may not mimic closely enough the natural
environment of the protein in the bilayer particularly when
considering oligomer formation and receptor/ligand binding. Fur-
thermore, detergents increase the effective size of the protein
molecule leading to slower tumbling times and subsequent line-
broadening. Slow tumbling times restrict the maximum size of the
protein for structural studies to ~40 kDa, although assignment of
larger proteins has been achieved for example with KcsA [144], Given
this size limitation, studies of GPCRs in micelles have essentially been
limited to small fragments of the proteins, typically containing one or
two transmembrane helices [145-148], although some initial studies
have been attempted with the full-length vasopressin V, receptor
[149,150]. Furthermore, peptide ligands are often studied in a micelle
environment independently of the receptor such as Leu-5-enkephalin
[151] and dynorphin A [152]. Receptor/ligand interactions however
can be difficult to study in micelles on high-affinity systems (such as
the interaction between neurotensin and its receptor NTS1 Ky of
~1nM [13,106,153]) as the interaction timescale involved is too fast
for solution measurements.
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Fig. 5. Schematic representation of different sample environments for NMR studies of GPCRs.

Organic solvent mixtures such as chloroform:methanol or TFE
have been utilized as solubilising agents for membrane proteins with
a smaller size (compared to a protein micelle complex) leading to
more rapid tumbling [13,154-156]. However, in general the biological
relevance of an organic solvent environment is questionable as it may
induce non-native structural rearrangements in the protein, partic-
ularly if there are large extramembranous regions [157,158]. Notable
examples of studies involving GPCRs again are restricted to small
domains including a 73 residue fragment of the yeast pheromone
receptor Ste2p [159], a 40 residue fragment of the human cannabinoid
receptor-1 [160] and the C-terminal of the human (3;AR [161].

Although both micelles and organic solvents may not represent a
native environment, protein samples can often be prepared in
micelles at higher concentration particularly compared with lipo-
somes where random orientation can result in approximately half of
the protein unable to bind ligand. Furthermore, solid-state samples
can be easily prepared from micellar solutions simply by freezing (to
below —50 °C) [93,94]. The conformation of bradykinin bound to
human bradykinin B2 receptor in DDM has been recently proposed
[94] (see Fig. 6). Detergents and organic solvents can also form a
crucial parameter in protein reconstitution into lipid bilayers and
precipitation of micro/nanocrystals (see later discussion) for SSNMR
experiments.

The development of novel types of solubilising agents in recent years
such as short amphipathic polymers known as amphipols, along with
reversed micelle systems may provide new possibilities for soINMR
investigations of membrane proteins including GPCRs [162-164].

5.2. Freeze-dried or microcrystalline samples

Lyophilised protein samples were originally required for SSNMR
experiments; however the freeze-drying process is thought to result
in secondary structure alterations leading to rather heterogeneous
samples, which do not yield spectra of high enough resolution for
structural studies [165]. Samples can be partially rehydrated which, in
the case of some soluble proteins such as lysozyme and ubiquitin,
leads to higher spectral resolution [166]. As with other sample
preparation parameters hydration effects must be tested experimen-

tally. SSNMR samples can additionally be prepared by simply freezing
the protein containing solution to below — 50 °C as in the case of the
neurotensin GPCR ligand. Here, the receptor-bound form of the ligand

-
Arg1 Pro2

Fig. 6. Backbone model of the neuropeptide bradykinin when bound to the human G-
protein-coupled bradykinin B2 receptor in DDM determined by SSNMR spectroscopy
at — 73 °C. The calculation of the set of 100 superimposed structures was derived from
torsion-angle constraints based on >C chemical shifts (adapted from [94] with permission
from Copyright owners).
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was determined in the presence of lipid-reconstituted receptor and
ligand at —80 °C [93].

Micro/nanocrystalline samples of proteins for SSNMR are prepared
by tightly controlled precipitation which often requires extensive
optimisation to obtain samples with narrow linewidths [165]. SSNMR
techniques however, can make use of much smaller lower quality
crystals not accessible to X-ray experiments and have been applied to
a number of studies of soluble proteins [167-170], and the membrane
protein diacylglycerol kinase (DAGK) [171]. As yet no studies of
microcrystalline samples of GPCRs have been reported.

5.3. Lipids

Given that membrane proteins function within a bilayer environ-
ment it is more biologically applicable to be able to carry out
structural investigations in lipids. SSNMR is ideally suited to such
samples, since size limitations with soINMR preclude the use of
bilayers or liposomes. Some membrane proteins can be investigated
directly in cell membrane preparations such as the photoreceptor
bacteriorhodopsin from H. salinarium, where the high receptor
concentration naturally forms ordered 2D crystals. Most membrane
proteins however are not present at such high concentrations in vivo
so crystal formation is typically induced by lipid reconstitution from
micellar solutions; requiring careful optimisation of parameters such
as protein lipid ratio as well as lipid/detergent type [172,173]. Such
crystals allow the protein to be studied in a native environment
preserving structural arrangements which may be critical for regions
involved in ligand binding for example. Proteins reconstituted into
lipid vesicles are amenable to SSNMR studies although investigations
with DAGK and the outer membrane protein G (OmpG) suggest that
vesicles give worse resolution spectra than nanocrystalline or 2D
samples [171,174] (Fig. 7).

Protein samples can be prepared in liposomes and subsequently
deposited on a glass slide, or induced to form bicelles. Both deposited
bilayer films and bicelles have the advantage that they can be aligned
in a magnetic field which means that orientational constraints can be
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derived (see an example in Fig. 8); useful in both the study of the
membrane protein and also resulting in the alignment of a bound
ligand. Indeed, SSNMR experiments performed in a lipid environment
are ideally suited to investigations of ligand conformation in the
receptor-bound form, a key factor in the development of novel drugs.
Investigations of rhodopsin, CC-chemokine receptor 5 and a fragment
of the human cannabinoid receptor have been undertaken in bilayers
[175-177]; and bound ligand conformation examined with the
neurotensin receptor and the human sweet receptor [93,178].

Bicelles were originally developed in the early 90s [179] and are
mixtures of long-chain and short-chain phospholipids (or sometimes
detergents) which form discrete elongated complexes. The long-chain
lipids make up the planar surface with the short-chain lipids or
detergents forming the curved ends of the bicelle. The extended
planar bilayer region is the main distinguishing feature of a bicelle
over a micelle, resulting in considerable differences in curvature
stress, thus bicelles are expected to represent a more native-like
environment for structural studies [180]. Bicelle size is controlled by
the ratio of long and short lipids (for detailed sample preparation see
[181]), higher ratios of long chained lipid leads to larger bicelles
(500 A) which can be aligned in a magnetic field, while smaller
bicelles (80 A) result from lower ratios. The ability of large bicelles to
orient in a magnetic field can be exploited by SSNMR techniques,
whereas smaller bicelles are suitable for soINMR measurements. This
means that both soINMR and SSNMR measurements can be made in
the same environment allowing for generation of complementary
data and method validation [182-184]. GPCRs including the chemo-
kine receptor (CXCR1) have been successfully reconstituted into
bicelles using a variety of techniques [185-189].

A novel lipid membrane mimetic termed a nanodisc is rapidly
gaining in popularity for NMR applications. Nanodiscs are discoidal
lipid bilayers, smaller than bicelles (20-50 nm), and held together by
a surrounding scaffold protein of high density lipoprotein (for
detailed reviews see [190,191]). These discs provide interesting new
potential for structure determination of membrane proteins indeed
32AR has recently been incorporated into nanodiscs [192].
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Fig. 7. Effects of sample environments on SSNMR spectra. A: '>’N-CP/MAS spectra of '>N-leucine lipid-reconstituted (a) and nanocrystalline (b) DAGK [171]. B: '3C-CP/MAS NMR
spectra of 13C, N labelled OmpG reconstituted into lipid vesicles (a) and 2D crystals (b). Adapted from [174] with permission from Copyright owners. The spectral resolution of the

samples in crystal forms is better than those of the samples in lipid-reconstituted form.
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Fig. 8. Structural studies of a GPCR sample in phospholipid bilayers determined by
SSNMR spectroscopy. A: CXCR1 model in bilayers. B: 2D PISEMA spectrum of selectively
15N Ile-labelled CXCR1 in magnetically aligned bicelles oriented perpendicular to the
direction of the magnetic field. The blue (wheel-like pattern) contours arise from
residues in transmembrane helices, whereas red resonances are from residues in loop
and terminal regions which are likely to have irregular structures (adapted from [186]
with permission from the Copyright owners).

6. Conclusions and future perspectives

GPCR structures are still scarce and their resolution is a major
challenge of the membrane structural biology community. Although
the origins of the difficulties behind structural studies are becoming
clearer, often through laborious and painstaking characterisations,
this is by no means routine science.

As in many biophysical methods applied to membrane proteins,
expression, biochemical characterisation and labelling (whether Se-Met,
with fluorophores or spin labels, or NMR isotopes) provide their own
challenges even before the method can be implemented, and in many
cases this requires a significant investment of time - often years — which is
incompatible with fast returns.

One reason for crystallisation difficulties is the dynamic nature of
GPCRs. Since NMR is well suited to define dynamics and ranges of
structural constraints, this methodology has the potential to provide
new information either ab initio or to complement crystal models in
which rigid atom structures are defined, although NMR crystallogra-
phy is now becoming a reality [49,51].

Of specific complementarity is the power of NMR to provide data
on ligand binding, either the kinetic or conformational details, which
may be less well resolved from other direct or indirect methods. Both
soINMR and SSNMR can add this detail for GPCRs [42], but technical
hurdles with suitable sample preparation need to be overcome.

In summary, a combined-front approach is essential if we are to
bring the power of contemporary biophysics to the GPCR field in the
hope of understanding their complexity leading eventually to drug
design and then to neurological therapies based on this major class of
receptors.

Acknowledgements

We acknowledge EPSRC, MRC and BBSRC for funding to AW and CS
and to the Royal Thai Government for a Scholarship to ST.

References

[1] K. Lundstrom, Structural genomics and drug discovery, J. Cell. Mol. Med. 11
(2007) 224-238.

[2] V.L. Lowes, N.Y. Ip, Y.H. Wong, Integration of signals from receptor tyrosine

kinases and G protein-coupled receptors, Neurosignals 11 (2002) 5-19.

KJ. Miller, B.J. Murphy, M.A. Pelleymounter, Central G-protein coupled receptors

(GPCR)s as molecular targets for the treatment of obesity: assets, liabilities and

development status, Curr. Drug Targets CNS Neurol. Disord. 3 (2004) 357-377.

S.L. Parker, M.S. Parker, R. Sah, F. Sallee, Angiogenesis and rhodopsin-like

receptors: a role for N-terminal acidic residues? Biochem. Biophys. Res.

Commun. 335 (2005) 983-992.

[5] G.V. Rayasam, V.K. Tulasi, J.A. Davis, V.S. Bansal, Fatty acid receptors as new

therapeutic targets for diabetes, Expert Opin. Ther. Targets 11 (2007) 661-671.

J.S. Blakeney, D.P. Fairlie, Nonpeptide ligands that target peptide-activated

GPCRs in inflammation, Curr. Med. Chem. 12 (2005) 3027-3042.

W.K. Kroeze, D.J. Sheffler, B.L. Roth, G-protein-coupled receptors at a glance, J.

Cell Sci. 116 (2003) 4867-4869.

K.L. Pierce, RT. Premont, R]. Lefkowitz, Seven-transmembrane receptors, Nat.

Rev. Mol. Cell Biol. 3 (2002) 639-650.

[9] P.P. Humphrey, E.A. Barnard, International Union of Pharmacology. XIX. The
IUPHAR receptor code: a proposal for an alphanumeric classification system,
Pharmacol. Rev. 50 (1998) 271-277.

[10] R.Fredriksson, M.C. Lagerstrom, L.G. Lundin, H.B. Schioth, The G-protein-coupled
receptors in the human genome form five main families. Phylogenetic analysis,
paralogon groups, and fingerprints, Mol. Pharmacol. 63 (2003) 1256-1272.

[11] J.D. Tyndall, R. Sandilya, GPCR agonists and antagonists in the clinic, Med. Chem.
1 (2005) 405-421.

[12] G. Milligan, G protein-coupled receptor dimerization: function and ligand
pharmacology, Mol. Pharmacol. 66 (2004) 1-7.

[13] PJ. Harding, H. Attrill, J. Boehringer, S. Ross, G.H. Wadhams, E. Smith, ].P.
Armitage, A. Watts, Constitutive dimerization of the G-protein coupled receptor,
neurotensin receptor 1, reconstituted into phospholipid bilayers, Biophys. J. 96
(2009) 964-973.

[14] D. Fotiadis, B. Jastrzebska, A. Philippsen, D.J. Muller, K. Palczewski, A. Engel,
Structure of the rhodopsin dimer: a working model for G-protein-coupled
receptors, Curr. Opin. Struct. Biol. 16 (2006) 252-259.

[15] M.R. Whorton, M.P. Bokoch, S.G. Rasmussen, B. Huang, R.N. Zare, B. Kobilka, R.K.
Sunahara, A monomeric G protein-coupled receptor isolated in a high-density
lipoprotein particle efficiently activates its G protein, Proc. Natl Acad. Sci. USA
104 (2007) 7682-7687.

[16] M. Chabre, M. le Maire, Monomeric G-protein-coupled receptor as a functional
unit, Biochemistry 44 (2005) 9395-9403.

[17] V.V. Gurevich, E.V. Gurevich, GPCR monomers and oligomers: it takes all kinds,
Trends Neurosci. 31 (2008) 74-81.

[18] J.R.]James, M.L Oliveira, A.M. Carmo, A. laboni, S.J. Davis, A rigorous experimental
framework for detecting protein oligomerization using bioluminescence
resonance energy transfer, Nat. Meth. 3 (2006) 1001-1006.

[19] V. Cherezov, D.M. Rosenbaum, M.A. Hanson, S.G. Rasmussen, F.S. Thian, T.S.
Kobilka, H.J. Choi, P. Kuhn, W.I. Weis, B.K. Kobilka, R.C. Stevens, High-resolution
crystal structure of an engineered human beta2-adrenergic G protein-coupled
receptor, Science 318 (2007) 1258-1265.

[20] T. Warne, M. Serrano-Vega, J.G. Baker, R. Moukhametzianov, P.C. Edwards, R.
Henderson, A.G. Leslie, C.G. Tate, G.F. Schertler, Structure of a betal-adrenergic
G-protein-coupled receptor, Nature 454 (2008) 486-491.

[21] V.P. Jaakola, M.T. Griffith, M.A. Hanson, V. Cherezov, E.Y. Chien, J.R. Lane, A.P.
ljzerman, R.C. Stevens, The 2.6 angstrom crystal structure of a human A2A
adenosine receptor bound to an antagonist, Science 322 (2008) 1211-1217.

[22] T. Shimamura, K. Hiraki, N. Takahashi, T. Hori, H. Ago, K. Masuda, K. Takio, M.
Ishiguro, M. Miyano, Crystal structure of squid rhodopsin with intracellularly
extended cytoplasmic region, J. Biol. Chem. 283 (2008) 17753-17756.

[23] K. Palczewski, T. Kumasaka, T. Hori, C.A. Behnke, H. Motoshima, B.A. Fox, I. Le
Trong, D.C. Teller, T. Okada, R.E. Stenkamp, M. Yamamoto, M. Miyano, Crystal
structure of rhodopsin: a G protein-coupled receptor, Science 289 (2000)
739-745.

[24] S.Barroso, F. Richard, D. Nicolas-Etheve, ].L. Reversat, ].M. Bernassau, P. Kitabgi, C.
Labbe-Jullie, Identification of residues involved in neurotensin binding and
modeling of the agonist binding site in neurotensin receptor 1, J. Biol. Chem. 275
(2000) 328-336.

[25] C.Labbe-]ullie, S. Barroso, D. Nicolas-Eteve, ].L. Reversat, ].M. Botto, J. Mazella, ].M.
Bernassau, P. Kitabgi, Mutagenesis and modeling of the neurotensin receptor NTR1.
Identification of residues that are critical for binding SR 48692, a nonpeptide
neurotensin antagonist, J. Biol. Chem. 273 (1998) 16351-16357.

[26] T.M. Fong, RR. Huang, C.D. Strader, Localization of agonist and antagonist
binding domains of the human neurokinin-1 receptor, J. Biol. Chem. 267 (1992)
25664-25667.

[27] T.W. Schwartz, Locating ligand-binding sites in 7TM receptors by protein
engineering, Curr. Opin. Biotechnol. 5 (1994) 434-444.

3

[4

[6

(7

8


image of Fig.�8

(28]

(29]

(30]
(31]

(32]

(33]

(34]

(35]

(36]

(371

(38]

(39]

(40]

[41]
(42]
[43]
[44]
[45]
[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

(54]

[55]

[56]

[57]

S. Tapaneeyakorn et al. / Biochimica et Biophysica Acta 1808 (2011) 1462-1475

G.R. Marshall, Peptide interactions with G-protein coupled receptors, Biopolymers
60 (2001) 246-277.

G. Fatkenheuer, A.L. Pozniak, M.A. Johnson, A. Plettenberg, S. Staszewski, A.L
Hoepelman, M.S. Saag, F.D. Goebel, ].K. Rockstroh, B.J. Dezube, T.M. Jenkins, C.
Medhurst, J.F. Sullivan, C. Ridgway, S. Abel, L.T. James, M. Youle, E. van der Ryst,
Efficacy of short-term monotherapy with maraviroc, a new CCR5 antagonist, in
patients infected with HIV-1, Nat. Med. 11 (2005) 1170-1172.

A. Telenti, Safety concerns about CCR5 as an antiviral target, Curr. Opin. HIV AIDS
4(2009) 131-135.

H.O. Villar, J. Yan, M.R. Hansen, Using NMR for ligand discovery and optimization,
Curr. Opin. Chem. Biol. 8 (2004) 387-391.

K. Varga, A. Watts, Introduction to solid state NMR and its application to
membrane protein-ligand binding studies, in: E. Pebay-Peroula (Ed.), Biophy-
sical Analysis of Membrane Proteins, Wiley-VCH, Weinheim, 2007.

C.R. Sanders, F. Sonnichsen, Solution NMR of membrane proteins: practice and
challenges, Magn. Reson. Chem. 44 (2006) S24-S40 Spec No.

C. Aisenbrey, P. Bertani, P. Henklein, B. Bechinger, Structure, dynamics and
topology of membrane polypeptides by oriented ?H solid-state NMR spectros-
copy, Eur. Biophys. ]. 36 (2007) 451-460.

J.M. Resende, C.M. Moraes, V.H. Munhoz, C. Aisenbrey, R.M. Verly, P. Bertani, A.
Cesar, D. Pilo-Veloso, B. Bechinger, Membrane structure and conformational
changes of the antibiotic heterodimeric peptide distinctin by solid-state NMR
spectroscopy, Proc. Natl Acad. Sci. USA 106 (2009) 16639-16644.

M.P. Bokoch, Y. Zou, S.G.F. Rasmussen, C.W. Liu, R. Nygaard, D.M. Rosenbaum, J.J.
Fung, HJ. Choi, F.S. Thian, T.S. Kobilka, Ligand-specific regulation of the
extracellular surface of a G-protein-coupled receptor, Nature 463 (2010)
108-112.

G. Grobner, I]. Burnett, C. Glaubitz, G. Choi, AJ. Mason, A. Watts, Observations of light-
induced structural changes of retinal within rhodopsin, Nature 405 (2000) 810-813.
V.R. Ratnala, S.R. Kiihne, F. Buda, R. Leurs, H.J. de Groot, W.J. DeGrip, Solid-state
NMR evidence for a protonation switch in the binding pocket of the H1 receptor
upon binding of the agonist histamine, ]. Am. Chem. Soc. 129 (2007) 867-872.
J. Fiaux, E.B. Bertelsen, A.L. Horwich, K. Wuthrich, NMR analysis of a 900 K GroEL
GroES complex, Nature 418 (2002) 207-211.

R. Riek, J. Faux, E.B. Bertelsen, ALL. Horwich, K. Wuthrich, Solution NMR
techniques for large molecular and supramolecular structures, J. Am. Chem. Soc.
124 (2002) 12144-12153.

A. Watts, Direct studies of ligand-receptor interactions and ion channel blocking
(Review), Mol. Membr. Biol. 19 (2002) 267-275.

A. Watts, Solid-state NMR in drug design and discovery for membrane-
embedded targets, Nat. Rev. Drug Discov. 4 (2005) 555-568.

A. Watts, S.K. Straus, S. Grage, M. Kamihira, Y.H. Lam, Z. Xhao, in: K. Downing
(Ed.), Protein NMR Techniques, vol. 278, Humana Press, New Jersey, 2004.

A. McDermott, Structure and dynamics of membrane proteins by magic angle
spinning solid-state NMR, Annu. Rev. Biophys. 38 (2009) 385-403.

M. Hong, Oligomeric structure, dynamics, and orientation of membrane proteins
from solid-state NMR, Structure 14 (2006) 1731-1740.

H.J. de Groot, Solid-state NMR spectroscopy applied to membrane proteins, Curr.
Opin. Struct. Biol. 10 (2000) 593-600.

M.F. Brown, K. Martinez-Mayorga, K. Nakanishi, G.F. Salgado, A.V. Struts, Retinal
conformation and dynamics in activation of rhodopsin illuminated by solid-state
H NMR spectroscopy, Photochem. Photobiol. 85 (2009) 442-453.

M. Etzkorn, S. Martell, O.C. Andronesi, K. Seidel, M. Engelhard, M. Baldus,
Secondary structure, dynamics, and topology of a seven-helix receptor in native
membranes, studied by solid-state NMR spectroscopy, Angew. Chem. Int. Ed
Engl. 46 (2007) 459-462.

K. Varga, L. Aslimovska, I. Parrot, M.T. Dauvergne, M. Haertlein, V.T. Forsyth, A.
Watts, NMR crystallography: the effect of deuteration on high resolution '>C
solid state NMR spectra of a 7-TM protein, Biochim. Biophys. Acta 1768 (2007)
3029-3035.

M. Kamihira, T. Vosegaard, AJ. Mason, S.K. Straus, N.C. Nielsen, A. Watts,
Structural and orientational constraints of bacteriorhodopsin in purple mem-
branes determined by oriented-sample solid-state NMR spectroscopy, ]. Struct.
Biol. 149 (2005) 7-16.

K. Varga, L. Aslimovska, A. Watts, Advances towards resonance assignments for
uniformly-'3C, °N enriched bacteriorhodopsin at 18.8 T in purple membranes, .
Biomol. NMR 41 (2008) 1-4.

C. Aisenbrey, L. Prongidi-Fix, A. Chenal, D. Gillet, B. Bechinger, Side chain
resonances in static oriented proton-decoupled '°N solid-state NMR spectra of
membrane proteins, J. Am. Chem. Soc. 131 (2009) 6340-6341.

R.A. Schiksnis, M.]. Bogusky, P. Tsang, S.J. Opella, Structure and dynamics of the
Pf1 filamentous bacteriophage coat protein in micelles, Biochemistry 26 (1987)
1373-1381.

D.S. Thiriot, A.A. Nevzorov, L. Zagyanskiy, C.H. Wu, S.J. Opella, Structure of the
coat protein in Pf1 bacteriophage determined by solid-state NMR spectroscopy, J.
Mol. Biol. 341 (2004) 869-879.

C. Aisenbrey, U. Harzer, G. Bauer-Manz, G. Bar, LN. Chotimah, P. Bertani, C. Sizun,
A. Kuhn, B. Bechinger, Proton-decoupled >N and >'P solid-state NMR
investigations of the Pf3 coat protein in oriented phospholipid bilayers, FEBS ].
273 (2006) 817-828.

H. Furukawa, T. Hamada, M.K. Hayashi, T. Haga, Y. Muto, H. Hirota, S. Yokoyama,
K. Nagasawa, M. Ishiguro, Conformation of ligands bound to the muscarinic
acetylcholine receptor, Mol. Pharmacol. 62 (2002) 778-787.

0.G. Kisselev, J. Kao, J.W. Ponder, Y.C. Fann, N. Gautam, G.R. Marshall, Light-
activated rhodopsin induces structural binding motif in G protein alpha subunit,
Proc. Natl Acad. Sci. USA 95 (1998) 4270-4275.

[58]

[59]

[60]
[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

(82]

[83]

[84]

[85]

[86]

[87]

1473

H. Inooka, T. Ohtaki, O. Kitahara, T. Ikegami, S. Endo, C. Kitada, K. Ogi, H. Onda, M.
Fujino, M. Shirakawa, Conformation of a peptide ligand bound to its G-protein
coupled receptor, Nat. Struct. Biol. 8 (2001) 161-165.

B.W. Koenig, G. Kontaxis, D.C. Mitchell, ].M. Louis, B.J. Litman, A. Bax, Structure
and orientation of a G protein fragment in the receptor bound state from residual
dipolar couplings, ]. Mol. Biol. 322 (2002) 441-461.

B. Meyer, T. Peters, NMR spectroscopy techniques for screening and identifying
ligand binding to protein receptors, Angew. Chem. Int. Ed. 42 (2003) 864-890.
G. Otting, Experimental NMR techniques for studies of protein-ligand interactions,
Curr. Opin. Struct. Biol. 3 (1993) 760-768.

J. Clarkson, L.D. Campbell, Studies of protein-ligand interactions by NMR,
Biochem. Soc. Trans. 31 (2003) 1006-1009.

P.T. Williamson, G. Grobner, PJ. Spooner, KW. Miller, A. Watts, Probing the
agonist binding pocket in the nicotinic acetylcholine receptor: a high-resolution
solid-state NMR approach, Biochemistry 37 (1998) 10854-10859.

P.T. Williamson, S. Bains, C. Chung, R. Cooke, A. Watts, Probing the environment
of neurotensin whilst bound to the neurotensin receptor by solid state NMR,
FEBS Lett. 518 (2002) 111-115.

]J.C. Ferreon, V.J. Hilser, Ligand-induced changes in dynamics in the RT loop of the
C-terminal SH3 domain of Sem-5 indicate cooperative conformational coupling,
Protein Sci. 12 (2003) 982-996.

R.S. Ehrlich, RF. Colman, Selectivity in the binding of NAD(P) " analogues to
NAD~ and NADP-dependent pig heart isocitrate dehydrogenases. A nuclear
magnetic resonance study, Biochemistry 31 (1992) 12524-12531.

G.N. La Mar, G. Hernandez, J.S. De Ropp, 'H NMR investigation of the influence of
interacting sites on the dynamics and thermodynamics of substrate and ligand
binding to horseradish peroxidase, Biochemistry 31 (1992) 9158.

S.B. Shuker, P.J. Hajduk, R.P. Meadows, S.W. Fesik, Discovering high-affinity
ligands for proteins: SAR by NMR, Science 274 (1996) 1531-1534.

N. Yanamala, A. Dutta, B. Beck, B. van Fleet, K. Hay, A. Yazbak, R. Ishima, A.
Doemling, J. Klein-Seetharaman, NMR-based screening of membrane protein
ligands, Chem. Biol. Drug Des. 75 (2009) 237-256.

1J. Lowe, Free induction decays of rotating solids, Phys. Rev. Lett. 2 (1959) 285-287.
E.R. Andrew, A. Bradbury, R.G. Eades, Nuclear magnetic resonance spectra from a
crystal rotated at high speed, Nature 4650 (1958) 1659.

C. Song, S. Tapaneeyakorn, A.C. Murphy, C. Butts, A. Watts, C.L. Willis,
Enantioselective syntheses of alpha-Fmoc-Pbf-[2-(13)C]-L-arginine and Fmoc-
[1,3-(13)C2]-L-proline and Incorporation into the neurotensin receptor 1 ligand,
NT(8-13), J. Org. Chem. 74 (2009) 8980-8987.

D.P. Raleigh, F. Creuzet, S.K. Das Gupta, M.H. Levitt, R.G. Griffin, Measurement of
internuclear distances in polycrystalline solids: rotationally enhanced transfer of
nuclear spin magnetization, J. Am. Chem. Soc. 111 (1989) 4502-4503.

T. Gullion, Introduction to rotational-echo, double-resonance NMR, Concepts
Magn. Reson. 10 (1998) 277-289.

B. Isaac, GJ. Gallagher, Y.S. Balazs, LK. Thompson, Site-directed rotational
resonance solid-state NMR distance measurements probe structure and
mechanism in the transmembrane domain of the serine bacterial chemorecep-
tor, Biochemistry 41 (2002) 3025-3036.

0.J. Murphy III, F.A. Kovacs, E.L. Sicard, LK. Thompson, Site-directed solid-state
NMR measurement of a ligand-induced conformational change in the serine
bacterial chemoreceptor, Biochemistry 40 (2001) 1358-1366.

P.T. Williamson, A. Verhoeven, KW. Miller, B.H. Meier, A. Watts, The
conformation of acetylcholine at its target site in the membrane-embedded
nicotinic acetylcholine receptor, Proc. Natl Acad. Sci. USA 104 (2007)
18031-18036.

Y.K. Lee, N.D. Kurur, M. Helmle, O.G. Johannessen, N.C. Nielsen, M.H. Levitt,
Efficient dipolar recoupling in the NMR of rotating solids. A sevenfold symmetric
radiofrequency pulse sequence, Chem. Phys. Lett. 242 (1995) 304-309.

M. Hohwy, HJ. Jakobsen, M. Eden, M.H. Levitt, N.C. Nielsen, Broadband dipolar
recoupling in the nuclear magnetic resonance of rotating solids: a compensated
C7 pulse sequence, J. Chem. Phys. 108 (1998) 2686-2694.

A. Bax, R. Freeman, S.P. Kempsell, Natural abundance carbon-13-carbon-13
coupling observed via double-quantum coherence, J. Am. Chem. Soc. 102 (1980)
4849-4851.

M. Carravetta, M. Edén, O.G. Johannessen, H. Luthman, PJ.E. Verdegem, ].
Lugtenburg, A. Sebald, M.H. Levitt, Estimation of carbon-carbon bond lengths
and medium-range internuclear distances by solid-state nuclear magnetic
resonance, J. Am. Chem. Soc. 123 (2001) 10628-10638.

T. Maly, G.T. Debelouchina, V.S. Bajaj, K.N. Hu, C.G. Joo, M.L. Mak-Jurkauskas, J.R.
Sirigiri, P.C. van der Wel, ]. Herzfeld, RJ. Temkin, R.G. Griffin, Dynamic nuclear
polarization at high magnetic fields, . Chem. Phys. 128 (2008) 052211.

G.T. Debelouchina, M.J. Bayro, P.C.A. van der Wel, M.A. Caporini, A.B. Barnes, M.
Rosay, W.E. Maas, R.G. Griffin, Dynamic nuclear polarization-enhanced solid-
state NMR spectroscopy of GNNQQNY nanocrystals and amyloid fibrils, Phys.
Chem. Chem. Phys. 12 (2010) 5911-5919.

E. Salnikov, M. Rosay, S. Pawsey, O. Ouari, P. Tordo, B. Bechinger, Solid-state NMR
spectroscopy of oriented membrane polypeptides at 100 K with signal enhance-
ment by dynamic nuclear polarization, J. Am. Chem. Soc. 132 (2010) 5940-5941.
M.J. Duer, Solid-state NMR spectroscopy: principles and applications, Wiley-
Blackwell, 2002.

A. Pines, M.G. Gibby, ].S. Waugh, Proton-enhanced nuclear induction spectroscopy.
A method for high resolution NMR of dilute spins in solids, ]. Chem. Phys. 56 (1972)
1776-17717.

F. Lindstrom, P.T.F. Williamson, G. Grobner, Molecular insight into the
electrostatic membrane surface potential by '#N/3'P MAS NMR spectroscopy:
nociceptin-lipid association, J. Am. Chem. Soc. 127 (2005) 6610-6616.



1474

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]
[100]

[101]

[102]

[103]

[104]

[105]

S. Tapaneeyakorn et al. / Biochimica et Biophysica Acta 1808 (2011) 1462-1475

AD. Albert, P. Yeagle, BJ. Litman, >'P NMR investigation of rhodopsin-
phospholipid interactions in bovine rod outer segment disk membranes,
Biophys. J. 37 (1982) 34-36.

I. Marcotte, E.J. Dufourc, M. Ouellet, M. Auger, Interaction of the neuropeptide
met-enkephalin with zwitterionic and negatively charged bicelles as viewed by
31p and H solid-state NMR, Biophys. J. 85 (2003) 328-339.

K.H. Gardner, LE. Kay, The use of ?H, '*C, ">N multidimensional NMR to study the
structure and dynamics of proteins, Annu. Rev. Biophys. Biomol. Struct. 27
(1998) 357-406.

A. Bockmann, M. Juy, E. Bettler, L. Emsley, A. Galinier, F. Penin, A. Lesage, Water-
protein hydrogen exchange in the micro-crystalline protein Crh as observed by
solid state NMR spectroscopy, ]. Biomol. NMR 32 (2005) 195-207.

V. Agarwal, A. Diehl, N. Skrynnikov, B. Reif, High resolution 'H detected 'H, '3C
correlation spectra in MAS solid-state NMR using deuterated proteins with
selective 'H, “H isotopic labeling of methyl groups, J. Am. Chem. Soc. 128 (2006)
12620-12621.

S. Luca, J.F. White, A.K. Sohal, D.V. Filippov, ].H. van Boom, R. Grisshammer, M.
Baldus, The conformation of neurotensin bound to its G protein-coupled
receptor, Proc. Natl Acad. Sci. USA 100 (2003) 10706-10711.

JJ. Lopez, AK. Shukla, C. Reinhart, H. Schwalbe, H. Michel, C. Glaubitz, The
structure of the neuropeptide bradykinin bound to the human G-protein
coupled receptor bradykinin B2 as determined by solid-state NMR spectroscopy,
Angew. Chem. Int. Ed 47 (2008) 1668-1671.

E.C. McCusker, S.E. Bane, M.A. O'Malley, A.S. Robinson, Heterologous GPCR
expression: a bottleneck to obtaining crystal structures, Biotechnol. Prog. 23
(2007) 540-547.

V.R. Ratnala, New tools for G-protein coupled receptor (GPCR) drug discovery:
combination of baculoviral expression system and solid state NMR, Biotechnol.
Lett. 28 (2006) 767-778.

B. Bertin, M. Freissmuth, RM. Breyer, W. Schutz, A.D. Strosberg, S. Marullo,
Functional expression of the human serotonin 5-HT1A receptor in Escherichia
coli. Ligand binding properties and interaction with recombinant G protein
alpha-subunits, J. Biol. Chem. 267 (1992) 8200-8206.

M. Freissmuth, E. Selzer, S. Marullo, W. Schutz, A.D. Strosberg, Expression of two
human beta-adrenergic receptors in Escherichia coli: functional interaction with
two forms of the stimulatory G protein, Proc. Natl Acad. Sci. USA 88 (1991)
8548-8552.

H. Furukawa, T. Haga, Expression of functional M2 muscarinic acetylcholine
receptor in Escherichia coli, J. Biochem. 127 (2000) 151-161.

R. Grisshammer, R. Duckworth, R. Henderson, Expression of a rat neurotensin
receptor in Escherichia coli, Biochem. J. 295 (Pt 2) (1993) 571-576.

R.A. Hill, M.N. Sillence, Improved membrane isolation in the purification of beta
2-adrenoceptors from transgenic Escherichia coli, Protein Expr. Purif. 10 (1997)
162-167.

H. Kiefer, ]J. Krieger, ].D. Olszewski, G. Von Heijne, G.D. Prestwich, H. Breer,
Expression of an olfactory receptor in Escherichia coli: purification, reconstitu-
tion, and ligand binding, Biochemistry 35 (1996) 16077-16084.

AA. Yeliseev, KK. Wong, O. Soubias, K. Gawrisch, Expression of human
peripheral cannabinoid receptor for structural studies, Protein Sci. 14 (2005)
2638-2653.

R. Grisshammer, Purification of recombinant G-protein-coupled receptors, Meth.
Enzymol. 463 (2009) 631-645.

H. Attrill, P.J. Harding, E. Smith, S. Ross, A. Watts, Improved yield of a ligand-
binding GPCR expressed in E. coli for structural studies, Protein Expr. Purif. 64
(2009) 32-38.

[106] J. Tucker, R. Grisshammer, Purification of a rat neurotensin receptor expressed in

[107]

[108]

[109]

[110]

[111]

[112]

[113]
[114]

[115]

[116]

Escherichia coli, Biochem. J. 317 (Pt 3) (1996) 891-899.

M. Cai, Y. Huang, K. Sakaguchi, G.M. Clore, A.M. Gronenborn, R. Craigie, An
efficient and cost-effective isotope labeling protocol for proteins expressed in
Escherichia coli, ]. Blomol. NMR 11 (1998) 97-102.

P.E. Verdemato, J.A. Brannigan, C. Damblon, F. Zuccotto, P.C. Moody, L.Y. Lian,
DNA-binding mechanism of the Escherichia coli Ada O(6)-alkylguanine-DNA
alkyltransferase, Nucleic Acids Res. 28 (2000) 3710-3718.

LY. Lian, D.A. Middleton, Labelling approaches for protein structural studies by
solution-state and solid-state NMR, Prog. Nucl. Magn. Reson. Spectrosc. 39
(2001) 171-190.

C. Aisenbrey, M. Cusan, S. Lambotte, P. Jasperse, J. Georgescu, U. Harzer, B.
Bechinger, Specific isotope labeling of colicin E1 and B channel domains for
membrane topological analysis by oriented solid-state NMR spectroscopy,
Chembiochem 9 (2008) 944-951.

N.K. Goto, L.E. Kay, New developments in isotope labeling strategies for protein
solution NMR spectroscopy, Curr. Opin. Struct. Biol. 10 (2000) 585-592.

N. Andre, N. Cherouati, C. Prual, T. Steffan, G. Zeder-Lutz, T. Magnin, F. Pattus, H.
Michel, R. Wagner, C. Reinhart, Enhancing functional production of G protein-
coupled receptors in Pichia pastoris to levels required for structural studies via a
single expression screen, Protein Sci. 15 (2006) 1115-1126.

G. Ladds, A. Goddard, ]. Davey, Functional analysis of heterologous GPCR
signalling pathways in yeast, Trends Biotechnol. 23 (2005) 367-373.

G. Ladds, J. Davey, Analysis of human GPCRs in fission yeast, Curr. Opin. Drug.
Discov. Devel. 7 (2004) 683-691.

G. Ladds, K. Davis, E.W. Hillhouse, J. Davey, Modified yeast cells to investigate the
coupling of G protein-coupled receptors to specific G proteins, Mol. Microbiol. 47
(2003) 781-792.

L.A. Price, J. Strnad, M.H. Pausch, J.R. Hadcock, Pharmacological characterization
of the rat A2a adenosine receptor functionally coupled to the yeast pheromone
response pathway, Mol. Pharmacol. 50 (1996) 829-837.

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

M.A. O'Malley, T. Lazarova, Z.T. Britton, A.S. Robinson, High-level expression in
Saccharomyces cerevisiae enables isolation and spectroscopic characterization of
functional human adenosine A2a receptor, J. Struct. Biol. 159 (2007) 166-178.
E. Rodriguez, N.R. Krishna, An economical method for (15)N/(13)C isotopic
labeling of proteins expressed in Pichia pastoris, ]. Biochem. 130 (2001) 19-22.
W.D. Morgan, A. Kragt, ]J. Feeney, Expression of deuterium-isotope-labelled
protein in the yeast Pichia pastoris for NMR studies, J. Biomol. NMR 17 (2000)
337-347.

CY. Chen, C.H. Cheng, Y.C. Chen, J.C. Lee, S.H. Chou, W. Huang, W.J. Chuang,
Preparation of amino-acid-type selective isotope labeling of protein expressed in
Pichia pastoris, Proteins 62 (2006) 279-287.

M. Akermoun, M. Koglin, D. Zvalova-looss, N. Folschweiller, SJ. Dowell, K.L.
Gearing, Characterization of 16 human G protein-coupled receptors expressed in
baculovirus-infected insect cells, Protein Expr. Purif. 44 (2005) 65-74.

A. Strauss, F. Bitsch, B. Cutting, G. Fendrich, P. Graff, ]. Liebetanz, M. Zurini, W.
Jahnke, Amino-acid-type selective isotope labeling of proteins expressed in
Baculovirus-infected insect cells useful for NMR studies, J. Biomol. NMR 26
(2003) 367-372.

A. Strauss, F. Bitsch, G. Fendrich, P. Graff, R. Knecht, B. Meyhack, W. Jahnke,
Efficient uniform isotope labeling of Abl kinase expressed in Baculovirus-
infected insect cells, J. Biomol. NMR 31 (2005) 343-349.

G. Hassaine, R. Wagner, J. Kempf, N. Cherouati, N. Hassaine, C. Prual, N. Andre, C.
Reinhart, F. Pattus, K. Lundstrom, Semliki Forest virus vectors for overexpression
of 101 G protein-coupled receptors in mammalian host cells, Protein Expr. Purif.
45 (2006) 343-351.

A.P. Hansen, A.M. Petros, A.P. Mazar, T.M. Pederson, A. Rueter, S.W. Fesik, A
practical method for uniform isotopic labeling of recombinant proteins in
mammalian cells, Biochemistry 31 (1992) 12713-12718.

J.W. Lustbader, S. Birken, S. Pollak, A. Pound, B.T. Chait, U.A. Mirza, S. Ramnarain,
RE. Canfield, J.M. Brown, Expression of human chorionic gonadotropin
uniformly labeled with NMR isotopes in Chinese hamster ovary cells: an
advance toward rapid determination of glycoprotein structures, J. Blomol. NMR 7
(1996) 295-304.

P.E. Coughlin, F.E. Anderson, E.J. Oliver, .M. Brown, S.W. Homans, S. Pollak, J.W.
Lustbader, Improved resolution and sensitivity of triple-resonance NMR
methods for the structural analysis of proteins by use of a backbone-labeling
strategy, J. Am. Chem. Soc. 121 (1999) 11871-11874.

S.E. Ong, B. Blagoev, 1. Kratchmarova, D.B. Kristensen, H. Steen, A. Pandey, M.
Mann, Stable isotope labeling by amino acids in cell culture, SILAC, as a simple
and accurate approach to expression proteomics, Mol. Cell. Proteomics 1 (2002)
376-386.

S.E. Ong, M. Mann, A practical recipe for stable isotope labeling by amino acids in
cell culture (SILAC), Nat. Protoc. 1 (2006) 2650-2660.

S. Sobhanifar, S. Reckel, F. Junge, D. Schwarz, L. Kai, M. Karbyshev, F. Lohr, F.
Bernhard, V. Dotsch, Cell-free expression and stable isotope labelling strategies
for membrane proteins, J. Biomol. NMR 46 (2010) 33-43.

D. Staunton, R. Schlinkert, G. Zanetti, S.A. Colebrook, 1.D. Campbell, Cell-free
expression and selective isotope labelling in protein NMR, Magn. Reson. Chem.
44 (2006) S2-S9 Spec No.

CJ. Noren, SJ. Anthony-Cahill, M.C. Griffith, P.G. Schultz, A general method for
site-specific incorporation of unnatural amino acids into proteins, Science 244
(1989) 182-188.

A. Senes, M. Gerstein, D.M. Engelman, Statistical analysis of amino acid patterns
in transmembrane helices: the GxxxG motif occurs frequently and in association
with beta-branched residues at neighboring positions, J. Mol. Biol. 296 (2000)
921-936.

K. Uegaki, N. Nemoto, M. Shimizu, T. Wada, Y. Kyogoku, Y. Kobayashi, '°N
labeling method of peptides using a thioredoxin gene fusion expression system:
an application to ACTH-(1-24), FEBS Lett. 379 (1996) 47-50.

A.P. Campbell, D.L. Bautista, B. Tripet, W.Y. Wong, R.T. Irvin, R.S. Hodges, B.D.
Sykes, Solution secondary structure of a bacterially expressed peptide from the
receptor binding domain of Pseudomonas aeruginosa pili strain PAK: a
heteronuclear multidimensional NMR study, Biochemistry 36 (1997)
12791-12801.

H. Ottleben, M. Haasemann, R. Ramachandran, M. Gorlach, W. Muller-Esterl, L.R.
Brown, An NMR study of the interaction of '°N-labelled bradykinin with an
antibody mimic of the bradykinin B2 receptor, Eur. ]. Biochem. 244 (1997) 471-478.
B.W. Koenig, M. Rogowski, J.M. Louis, A rapid method to attain isotope labeled
small soluble peptides for NMR studies, J. Biomol. NMR 26 (2003) 193-202.
WJ. Bao, Y.G. Gao, Y.G. Chang, T.Y. Zhang, XJ. Lin, X.Z. Yan, H.Y. Hu, Highly efficient
expression and purification system of small-size protein domains in Escherichia coli
for biochemical characterization, Protein Expr. Purif. 47 (2006) 599-606.

S. Tapaneeyakorn, S. Ross, H. Attrill, A. Watts, Heterologous high yield expression
and purification of neurotensin and its functional fragment in Escherichia coli,
Protein Expr. Purif. 74 (2010) 65-68.

H. Li, C.X. Zhou, ].Z. Su, Chemical ligation and cleavage on solid support facilitate
recombinant peptide purification, Protein Expr. Purif. 50 (2006) 238-246.

LH. Lazarus, M.H. Perrin, M.R. Brown, ].E. Rivier, Mast cell binding of neurotensin. IL
Molecular conformation of neurotensin involved in the stereospecific binding to
mast cell receptor sites, J. Biol. Chem. 252 (1977) 7180-7183.

D.W. Thomas, M.J. Solvay, D.N. Irani, R. Nairn, Importance of the COOH terminal
of angiotensin in antigenicity and in the formation of an antigen-containing
complex with cellular membrane structures, J. Immunol. 135 (1985) 4086-4089.
R.D. Krueger-Koplin, P.L. Sorgen, S.T. Krueger-Koplin, L.O. Rivera-Torres, S.M. Cahill, D.B.
Hicks, L. Grinius, T.A. Krulwich, M.E. Girvin, An evaluation of detergents for NMR
structural studies of membrane proteins, J. Biomol. NMR 28 (2004) 43-57.



S. Tapaneeyakorn et al. / Biochimica et Biophysica Acta 1808 (2011) 1462-1475

[144] J.H. Chill, ].M. Louis, C. Miller, A. Bax, NMR study of the tetrameric KcsA

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

potassium channel in detergent micelles, Protein Sci. 15 (2006) 684-698.

LS. Cohen, B. Arshava, R. Estephan, J. Englander, H. Kim, M. Hauser, O. Zerbe, M.
Ceruso, J.M. Becker, F. Naider, Expression and biophysical analysis of two double-
transmembrane domain-containing fragments from a yeast G protein-coupled
receptor, Biopolymers 90 (2008) 117-130.

F. Naider, B. Arshava, F.X. Ding, E. Arevalo, .M. Becker, Peptide fragments as
models to study the structure of a G-protein coupled receptor: the alpha-factor
receptor of Saccharomyces cerevisiae, Biopolymers 60 (2001) 334-350.

H. Zheng, J. Zhao, W. Sheng, X.Q. Xie, A transmembrane helix-bundle from G-
protein coupled receptor CB2: biosynthesis, purification, and NMR character-
ization, Biopolymers 83 (2006) 46-61.

D.A. Chung, E.R. Zuiderweg, C.B. Fowler, O.S. Soyer, H.l. Mosberg, R.R. Neubig, NMR
structure of the second intracellular loop of the alpha 2A adrenergic receptor: evidence
for a novel cytoplasmic helix, Biochemistry 41 (2002) 3596-3604.

C. Tian, R M. Breyer, HJ. Kim, M.D. Karra, D.B. Friedman, A. Karpay, C.R. Sanders,
Solution NMR spectroscopy of the human vasopressin V2 receptor, a G protein-
coupled receptor, ]. Am. Chem. Soc. 127 (2005) 8010-8011.

C. Tian, RM. Breyer, HJ. Kim, M.D. Karra, D.B. Friedman, A. Karpay, C.R. Sanders,
Solution NMR spectroscopy of the human vasopressin V2 receptor, a G protein-
coupled receptor [J Am Chem Soc 2005, 127,8010-8011], J. Am. Chem. Soc. 128 (2006)
5300.

C.R. Watts, M.R. Tessmer, D.A. Kallick, Structure of Leu(5)-enkephalin bound to a
model membrane as determined by high-resolution NMR, Lett. Pept. Sci. 2
(1995) 59-70.

M.R. Tessmer, D.A. Kallick, NMR and structural model of dynorphin A (1-17)
bound to dodecylphosphocholine micelles, Biochemistry 36 (1997) 1971-1981.
P. Kitabgi, R. Carraway, J. Van Rietschoten, C. Granier, ].L.. Morgat, A. Menez, S.
Leeman, P. Freychet, Neurotensin: specific binding to synaptic membranes from
rat brain, Proc. Natl Acad. Sci. USA 74 (1977) 1846-1850.

M. Schwaiger, M. Lebendiker, H. Yerushalmi, M. Coles, A. Groger, C. Schwarz, S.
Schuldiner, H. Kessler, NMR investigation of the multidrug transporter EmrE, an
integral membrane protein, Eur. ]. Biochem. 254 (1998) 610-619.

K.V. Pervushin, V. Orekhov, Al Popov, L. Musina, A.S. Arseniev, Three-
dimensional structure of (1-71)bacterioopsin solubilized in methanol/chloro-
form and SDS micelles determined by '>N-'H heteronuclear NMR spectroscopy,
Eur. J. Biochem. 219 (1994) 571-583.

M.E. Girvin, V.K. Rastogi, F. Abildgaard, ].L.. Markley, R.H. Fillingame, Solution
structure of the transmembrane H ™ -transporting subunit ¢ of the F1IFO ATP
synthase, Biochemistry 37 (1998) 8817-8824.

0. Vinogradova, P. Badola, L. Czerski, F.D. Sonnichsen, C.R. Sanders II, Escherichia
coli diacylglycerol kinase: a case study in the application of solution NMR
methods to an integral membrane protein, Biophys. J. 72 (1997) 2688-2701.
F.D. Sonnichsen, J.E. Van Eyk, R.S. Hodges, B.D. Sykes, Effect of trifluoroethanol on
protein secondary structure: an NMR and CD study using a synthetic actin
peptide, Biochemistry 31 (1992) 8790-8798.

R. Estephan, ]. Englander, B. Arshava, K.L. Samples, ].M. Becker, F. Naider,
Biosynthesis and NMR analysis of a 73-residue domain of a Saccharomyces
cerevisiae G protein-coupled receptor, Biochemistry 44 (2005) 11795-11810.
S. Tyukhtenko, E.K. Tiburu, L. Deshmukh, O. Vinogradova, D.R. Janero, A.
Makriyannis, NMR solution structure of human cannabinoid receptor-1 helix
7/8 peptide: candidate electrostatic interactions and microdomain formation,
Biochem. Biophys. Res. Commun. 390 (2009) 441-446.

M. Katragadda, M.W. Maciejewski, P.L. Yeagle, Structural studies of the putative
helix 8 in the human beta(2) adrenergic receptor: an NMR study, Biochim.
Biophys. Acta 1663 (2004) 74-81.

[162] J.L. Popot, E.A. Berry, D. Charvolin, C. Creuzenet, C. Ebel, D.M. Engelman, M.

[163]

Flotenmeyer, F. Giusti, Y. Gohon, Q. Hong, ].H. Lakey, K. Leonard, H.A. Shuman, P.
Timmins, D.E. Warschawski, F. Zito, M. Zoonens, B. Pucci, C. Tribet, Amphipols:
polymeric surfactants for membrane biology research, Cell. Mol. Life Sci. 60
(2003) 1559-1574.

M. Zoonens, L. Catoire, F. Giusti, ].L. Popot, NMR study of a membrane protein in
detergent-free aqueous solution, Proc. Natl Acad. Sci. USA 102 (2005)
8893-8898.

[164] ].M. Kielec, K.G. Valentine, C.R. Babu, AJ. Wand, Reverse micelles in integral

[165]

[166]

[167]

membrane protein structural biology by solution NMR spectroscopy, Structure
17 (2009) 345-351.

R.W. Martin, KW. Zilm, Preparation of protein nanocrystals and their
characterization by solid state NMR, J. Magn. Reson. 165 (2003) 162-174.

R.B. Gregory, M. Gangoda, RK. Gilpin, W. Su, The influence of hydration on the
conformation of lysozyme studied by solid-state '*C-NMR spectroscopy,
Biopolymers 33 (1993) 513-519.

T.I. Igumenova, AJ. Wand, A.E. McDermott, Assignment of the backbone
resonances for microcrystalline ubiquitin, J. Am. Chem. Soc. 126 (2004)
5323-5331.

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]
[181]

[182]

[183]
[184]

[185]

[186]

[187]

[188]

[189]

1475

S.G. Zech, AJ. Wand, A.E. McDermott, Protein structure determination by high-
resolution solid-state NMR spectroscopy: application to microcrystalline
ubiquitin, J. Am. Chem. Soc. 127 (2005) 8618-8626.

F. Castellani, B. van Rossum, A. Diehl, M. Schubert, K. Rehbein, H. Oschkinat,
Structure of a protein determined by solid-state magic-angle-spinning NMR
spectroscopy, Nature 420 (2002) 98-102.

A. Loquet, B. Bardiaux, C. Gardiennet, C. Blanchet, M. Baldus, M. Nilges, T.
Malliavin, A. Bockmann, 3D structure determination of the Crh protein from
highly ambiguous solid-state NMR restraints, J. Am. Chem. Soc. 130 (2008)
3579-3589.

M. Lorch, S. Fahem, C. Kaiser, I. Weber, A.J. Mason, J.U. Bowie, C. Glaubitz, How to
prepare membrane proteins for solid-state NMR: A case study on the alpha-
helical integral membrane protein diacylglycerol kinase from E. coli, Chembio-
chem 6 (2005) 1693-1700.

M. Dolder, A. Engel, M. Zulauf, The micelle to vesicle transition of lipids and
detergents in the presence of a membrane protein: towards a rationale for 2D
crystallization, FEBS Lett. 382 (1996) 203-208.

L. Hasler, J.B. Heymann, A. Engel, J. Kistler, T. Walz, 2D crystallization of
membrane proteins: rationales and examples, J. Struct. Biol. 121 (1998)
162-171.

M. Hiller, L. Krabben, B.J. van Rossum, V. Kumar, W. Kuhlbrandt, H. Oschkinat,
Solid-state MAS NMR of the outer-membrane protein G from Escherichia coli,
Chembiochem 6 (2005) 1679-1684.

E.K. Tiburu, A.L. Bowman, ].O. Struppe, D.R. Janero, H.K. Avraham, A. Makriyannis,
Solid-state NMR and molecular dynamics characterization of cannabinoid
receptor-1 (CB1) helix 7 conformational plasticity in model membranes,
Biochim. Biophys. Acta 1788 (2009) 1159-1167.

K. Werner, 1. Lehner, H.K. Dhiman, C. Richter, C. Glaubitz, H. Schwalbe, J. Klein-
Seetharaman, H.G. Khorana, Combined solid state and solution NMR studies of
alpha, epsilon-'°N labeled bovine rhodopsin, J. Biomol. NMR 37 (2007) 303-312.
C. Yoshiura, Y. Kofuku, T. Ueda, Y. Mase, M. Yokogawa, M. Osawa, Y. Terashima, K.
Matsushima, I. Shimada, NMR Analyses of the Interaction between CCR5 and its
Ligand using Functional Reconstitution of CCR5 in Lipid Bilayers, J. Am. Chem.
Soc. 132 (2010) 6768-6777.

F.M. Assadi-Porter, M. Tonelli, E. Maillet, K. Hallenga, O. Benard, M. Max, J.L.
Markley, Direct NMR detection of the binding of functional ligands to the human
sweet receptor, a heterodimeric family 3 GPCR, J. Am. Chem. Soc. 130 (2008)
7212-7213.

C.R. Sanders, BJ. Hare, K.P. Howard, J.H. Prestegard, Magnetically-oriented
phospholipid micelles as a tool for the study of membrane-associated molecules,
Prog. Nucl. Magn. Reson. Spectrosc. 26 (1994) 421-444.

L. Czerski, C.R. Sanders, Functionality of a membrane protein in bicelles, Anal.
Biochem. 284 (2000) 327-333.

A.A. De Angelis, S.J. Opella, Bicelle samples for solid-state NMR of membrane
proteins, Nat. Protoc. 2 (2007) 2332-2338.

A.A. De Angelis, D.H. Jones, C.V. Grant, S.H. Park, M.F. Mesleh, S.J. Opella, NMR
experiments on aligned samples of membrane proteins, Meth. Enzymol. 394
(2005) 350-382.

C.M. Franzin, X.M. Gong, K. Thai, J. Yu, F.M. Marassi, NMR of membrane proteins
in micelles and bilayers: the FXYD family proteins, Methods 41 (2007) 398-408.
C.M. Franzin, P. Teriete, F.M. Marassi, Structural similarity of a membrane protein
in micelles and membranes, J. Am. Chem. Soc. 129 (2007) 8078-8079.

S.H. Park, A.A. De Angelis, A.A. Nevzorov, C.H. Wy, S.J. Opella, Three-dimensional
structure of the transmembrane domain of Vpu from HIV-1 in aligned
phospholipid bicelles, Biophys. J. 91 (2006) 3032-3042.

S.H. Park, S. Prytulla, A.A. De Angelis, J.M. Brown, H. Kiefer, SJ. Opella, High-
resolution NMR spectroscopy of a GPCR in aligned bicelles, J. Am. Chem. Soc. 128
(2006) 7402-7403.

S.E. Poget, S.M. Cahill, M.E. Girvin, Isotropic bicelles stabilize the functional form
of a small multidrug-resistance pump for NMR structural studies, J. Am. Chem.
Soc. 129 (2007) 2432-2433.

M.N. Triba, M. Zoonens, ].L. Popot, P.F. Devaux, D.E. Warschawski, Reconstitution
and alignment by a magnetic field of a beta-barrel membrane protein in bicelles,
Eur. Biophys. J. 35 (2006) 268-275.

KJ. Glover, J.A. Whiles, G. Wu, N. Yu, R. Deems, J.O. Struppe, RE. Stark, E.A.
Komives, R.R. Vold, Structural evaluation of phospholipid bicelles for solution-
state studies of membrane-associated biomolecules, Biophys. J. 81 (2001)
2163-2171.

[190] J. Borch, T. Hamann, The nanodisc: a novel tool for membrane protein studies,

[191]

[192]

Biol. Chem. 390 (2009) 805-814.

T.H. Bayburt, S.G. Sligar, Membrane protein assembly into Nanodiscs, FEBS Lett.
584 (2010) 1721-1727.

AJ. Leitz, TH. Bayburt, A.N. Barnakov, B.A. Springer, S.G. Sligar, Functional
reconstitution of Beta2-adrenergic receptors utilizing self-assembling Nanodisc
technology, Biotechniques 40 (2006) 601-602 604, 606, passim.



	Solution- and solid-state NMR studies of GPCRs and their ligands
	Introduction
	NMR studies of G protein-coupled receptors
	General solution- and solid-state NMR techniques
	Isotope labelling
	Comparisons of expression systems
	Escherichia coli
	Yeast
	Baculovirus/insect cells
	Mammalian cells
	Cell-free expression systems
	Choosing the right expression system
	Ligand expression

	Sample environments
	Detergent micelles and organic solvents
	Freeze-dried or microcrystalline samples
	Lipids

	Conclusions and future perspectives
	Acknowledgements
	References


