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Structural biology of G protein-coupled receptors
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Abstract—More than 60% of the current drugs are based on G protein-coupled receptors. Paradoxically, high-resolution structures
are not available to facilitate rational drug design. Difficulties in expression, purification, and crystallization of these transmembrane
receptors are the reasons for the low success rate. Recent individual and network-based technology development has significantly
improved our knowledge of structural biology and might soon bring a major breakthrough in this area.
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G protein-coupled receptors (GPCRs) mediate many
important cellular signal transduction events related to
differentiation, proliferation, angiogenesis, cancer,
development, and cell survival.! The sales of drugs based
on GPCRs were $47 billion in 2003.>2 However, struc-
ture-based drug design has not been possible, as the
three-dimensional structure has only been solved for a
single non-therapeutic GPCR, the bovine rhodopsin.?
The reasons for the low success rate in structure resolu-
tion on GPCRs can be found in the complications re-
lated to expression of recombinant receptors due to
the inefficient transport and insertion of these seven-
transmembrane (7TM) receptors in the plasma mem-
brane and the toxic effect on host cells. Additionally,
GPCR purification requires detergents, which have a
negative effect on receptor yields and stability. The crys-
tallization process is substantially compromised by the
presence of detergents, the inherent flexibility of
GPCRs, and the relatively small hydrophilic loops pro-
viding fewer potential crystal contacts. Intensive tech-
nology development has been performed in individual
laboratories and more recently in large networks.

Prior to efforts for large-scale purification of GPCRs, a
multitude of studies have been carried out to learn more
about their structure, particularly by site-directed muta-
genesis approaches based on molecular modeling of rho-
dopsin. Two excellent reviews have been published*>
and this topic is described here only briefly. The high-
resolution structure of bacteriorhodopsin, a light-driven
proton pump from Halobacterium halobium,® was exten-
sively used to develop several tertiary models based on

E-mail: klundstrom@mepnet.org

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.05.041

extensive analysis of multiple GPCRs. More recently,
three-dimensional models have been based on the bo-
vine rhodopsin structure as a template.®> Rhodopsin
has been subjected to electron paramagnetic resonance
(EPR) spectroscopy and Cys-crosslinking experiments.”
These studies have provided information on the orienta-
tion of helices, protrusions of helices into the cytoplas-
mic surface, relative flexibility of different loops, and
assessment of conformational changes induced by light.®

In studies to determine distance constraints between the
transmembrane (TM) regions, chimeric muscarinic M,/
M5 receptors have been engineered.” Another approach
has been to introduce histidine zinc(II) binding sites in
the neurokinin-1' (NKI1R) and x opioid!! receptors,
which made it possible to define the proximity and ori-
entation of TM3 in relation to TMs 2 and 5. Distance
constraints and flexibility of extracellular loops have
been examined by introduction of cysteine mutations
resulting in intramolecular disulfide bridges in the M3
muscarinic receptor.'? Tertiary structure relationships
have been studied by the introduction of a fluorescent
unnatural amino acid at known sites in the neuroki-
nin-2 receptor based on the suppression of UAG non-
sense codons and application of modified tRNAs.!'3
This approach allowed distance determinations of the
NK2 receptor in Xenopus oocytes between fluorescent
peptides by fluorescence resonance energy transfer and
defined sites containing the fluorescent amino acid.

Site-directed mutagenesis studies have also contributed
to structural understanding of GPCRs to determine
the local structure for ligand binding. The presence of
a conserved aspartic acid in TM2 and an asparagine in
TM?7 in nearly all class A rhodopsin-related GPCRs
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led to a study on TM2-TM7 proximity as the GnRH
receptor uniquely has an asparagine in TM2 and an
aspartic acid residue in TM7. Replacement of aspara-
gine with aspartic acid in TM2 abolished any detectable
binding activity of the GnRH receptor. However, intro-
duction of a second mutation, aspartic acid in TM7, re-
sulted in high-affinity binding, suggesting a close
proximity between TM2 and TM7.!* Ligand-binding
sites and their environment have frequently been studied
by mutational mapping. In this context, three residues
(Asn23, Glu24, and Phe25) at the N-terminus affected
substance P binding to NK1R.'> Moreover, the His108
on the top of TM3 and Tyr287 on the top of TM7
showed interaction with substance P (SP).!® Interest-
ingly, the binding mode for the nonpeptide antagonist
CP 96,345 was significantly different from that of sub-
stance P.!7 This could be further confirmed by mutagen-
esis studies, which demonstrated that the binding pocket
for CP 96,345 is not occupied by SP.'® In another study,
molecular modeling and site-directed mutagenesis were
applied to analyze antagonist binding of 11 amino acid
residues located in the vicinity of the binding pocket.
Typically, the NK1R His197 mutant showed a signifi-
cantly reduced affinity for CP 96,345.'° Similarly, sub-
stantial differences in binding properties of peptide
agonists and nonpeptide antagonists have been demon-
strated for angiotensin,? opioid,?! cholecystokinin/gas-
trin,”> and neurotensin?®  receptors.  Recently,
homology modeling of the NK1 receptor based on the
X-ray structure of bovine rhodopsin allowed virtual
screening, which led to selection of seven compounds,
one of which showed submicromolar affinity.?*

Purification of sufficient quantities of GPCRs for struc-
tural studies requires high yields of recombinant pro-
teins. In this context, expression has been evaluated in
all available systems spanning from bacteria to yeast, in-
sect, and mammalian cells?® (Table 1). The rat neuroten-
sin receptor expressed as a fusion protein to the maltose-
binding protein (MBP) resulted in milligram yields of
functional receptor in Escherichia coli membranes.?® In
a different approach the human leukotriene BLT1 recep-
tor was produced in large amounts in bacterial inclusion
bodies.?’” Additionally, several GPCRs have been ex-
pressed at high levels (Bnhax 45 pmol/mg protein) in
yeast, and large-scale fermentor production resulted in
yields of at least 5 mg/L.?® Baculovirus-based insect cell
expression generated high specific binding of the human
NKIR and allowed purification of the functional recep-

Table 1. Expression of GPCRs in heterologous expression systems

tor.? Although mammalian expression generally has
generated only relatively modest yields, the application
of a tetracycline-inducible HEK293 cell line produced
6 mg rhodopsin in a 1.1-L suspension culture.3® Applica-
tion of Semliki Forest virus (SFV) vectors has resulted
in specific binding of 60-200 pmol/mg protein and yields
of 10 mg/L in mammalian suspension cells.?!

Previously, the rat neurotensin?® and the human adeno-
sine A2a receptor’? were purified in a fully functional
form for structural studies. Likewise, the leukotriene
BLTI receptor was refolded in an active form from bac-
terial inclusion bodies.?’” Application of P. pastoris
expression generated densities of 360 g/LL in fermentor
cultures, which allowed solubilization of the ETB endo-
thelin receptor with n-dodecyl-B-p-maltose-pyranoside
followed by successful purification.?® Several GPCRs
have also been produced on a large scale in insect cells
using baculovirus vectors. In this context, the human
NKIR was purified from Sf9 cells by metal-chelating
and gel filtration chromatographies, resulting in pure
receptor with properties similar to those of the native
NKIR.? Similarly, rhodopsin has been expressed from
mammalian cells by applying an inducible stable sys-
tem.3° Finally, overexpression of several GPCRs in
mammalian host cells using SFV vectors has yielded
large quantities of purified receptors.3!

Despite all these efforts on recombinantly expressed
GPCRs described above, no high-quality crystals with
diffraction properties suitable for high-resolution struc-
tures have been obtained, so far. The reasons for this
might be the incorrect transport and folding of recombi-
nant GPCRs, the low stability of the solubilized and
purified receptors, and the inherent flexibility of
GPCRs, which makes crystallization more difficult. To
address these issues from a broader perspective, several
national and international networks with expertise in
expression, biochemistry, purification, and crystallogra-
phy have been established.! The USA and Japan have
been at the forefront in structural genomics. Several
NIH-sponsored initiatives have been established in the
USA. Among them, the Joint Center for Structural
Genomics (JCSG) in California works on 180 GPCRs,
which are expressed from E. coli, baculovirus, and ade-
novirus vectors. Another large network, the South-East
Collaboratory on Structural Genomics (SECSG), runs a
program on the Caenorhabditis elegans genome, which
includes GPCRs to be expressed in insect and mamma-

System Host cells GPCR (example) Expression level (mg/L)
Bacterial E. coli Neurotensin 1
Leukotriene BLT1 10
Yeast S. cerevisiae Dopamine D1A 1
S. pombe Dopamine D2 1
P. pastoris B> Adrenergic 5
Baculovirus Sf9 insect cells Neurokinin-1 1

Mammalian (T) CHO, HEK cells
Mammalian (S) HEK cells

Viral (SFV) BHK, CHO cells

Serotonin 5-HT1E 0.1
Rhodopsin
o, Adrenergic 10

T, transient; S, stable; SFV, Semliki Forest virus.
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lian cells from baculovirus and lentivirus vectors, respec-
tively. In Japan, the RIKEN Structural Genomics Ini-
tiative studies the whole mouse genome with the
intention of selecting specific GPCRs for structural
characterization. The Biological Information Research
Center (AIST) and the Japan Biological Informatics
Consortium (JBIC) have established a joint project
using bacteriorhodopsin and some mammalian GPCRs
as targets. For instance, wild-type and mutant turkey
B,-adrenergic receptors have been expressed in large
quantities from baculovirus vectors in insect cells for
structural studies (Table 2).

In Europe, several national networks studying GPCRs
have been established. The Swiss NCCR (National Cen-
ter of Competence in Research) has member research
teams from the universities of Basel and Zurich and
the Paul Sherrer Institute (PSI) in Villigen. Several
GPCRs are expressed in E. coli and insect cells in their
program. The Postgenome Research and Technology
Program SweGene in South West Sweden deals also
with GPCRs. The hosts for overexpression are mainly
E. coli and yeast cells. A newly established EU-funded
network called E-MeP studies 100 prokaryotic and 200
eukaryotic membrane proteins. Among the eukaryotic
targets 100 are GPCRs, of which the expression of se-
lected targets will initially be evaluated in E. coli, Lacto-
coccus lactis, Saccharomyces cerevisiae, P. pastoris,
baculovirus-infected insect cells, and SFV-infected
mammalian cells. Additionally, cell-free translation is
verified for GPCR expression. E-MeP consists of 18 lab-
oratories in six European countries.

The largest dedication to structural biology of GPCRs
has so far been through the privately funded consortium
called MePNet (Membrane Protein Network), which
has evaluated expression levels of 101 GPCRs in bacte-
ria, yeast, and mammalian cells in parallel. Immunode-
tection indicated that approximately 50% of the
GPCRs were expressed in E. coli applying either
pET15 or Gateway vectors. The success rate was signif-
icantly higher for Gateway vector-based expression.
Expression in yeast cells from P. pastoris vectors gener-
ated positive signals in 95% of the targets. Similarly,
high success rates (96%) were obtained in mammalian
cells infected with recombinant SFV particles. Although

Table 2. Structural genomics networks on membrane proteins

the expression levels varied, overall 60 GPCRs were con-
sidered to be structural biology compatible, generating
1 mg/L or higher quantities of GPCRs. As the GPCRs
were uniquely expressed in inclusion bodies in E. coli,
further refolding was necessary to restore the functional-
ity of receptors. Selected GPCRs were produced on a
large scale in fermentor culture resulting in yields up
to 375 mg/L. Currently several GPCRs have been puri-
fied and subjected to refolding exercises.

GPCR expression in yeast and mammalian membranes
allowed determination of functional receptor activity
by binding studies with specific radioligands. Specific
binding activity was determined for some 60 and 40
GPCRs expressed in yeast and mammalian cells, respec-
tively. A large number of GPCRs showed specific bind-
ing higher than 10 pmol/mg protein. The binding
activity in P. pastoris could be significantly improved
by lowering the culture temperature and by supplemen-
tation of additives and ligands to the culture medium.
Typically, 20-fold increase resulting in more than
100 pmol receptor per milligram protein was observed.
SFV-based expression showed large variations in differ-
ent cell lines (BHK, CHO, and HEK?293 cells). The time
(post-infection) of harvest also affected the expression
levels significantly. Certain GPCRs showed maximum
expression levels at 24 h, others at 48 or 72 h post-infec-
tion. Initial expression optimization on MePNet GPCRs
suggested that addition of ligands to the cell culture
medium can enhance the binding activity, as has been
previously demonstrated for the rat histamine H2 recep-
tor expressed in SFV-infected COS7 cells.*® The highest
binding activity was observed in SFV-infected BHK and
CHO cells resulting in 287 pmol/mg protein. Several
GPCRs have been successfully solubilized and purified
from both yeast and mammalian cells. At present, the
first GPCRs have been subjected to crystallization
attempts.

In conclusion, various methods including molecular
modeling and site-directed mutagenesis have allowed
some preliminary characterization of the structure of
GPCRs. For instance, it has been possible to determine
the counter-clockwise orientation of the 7TMs in
GPCRs. Furthermore, the proximity of individual
TMs has been defined. Recent developments in technol-

Network? Targets Website

US4

JCSG Mammalian GPCRs (180) WWW.jCSg.0rg

SECSG C. elegans GPCRs (20) www.sgce.cbse.uab.edu
Japan

RIKEN GSC Murine GPCRs (n) www.riken.go.jp
Japanese MP Rhodopsin, B,-AR www.rcsb.org

Europe

E-MeP Mammalian MPs (200) WWW.e-mep.org
MePNet Mammalian GPCRs (100) www.mepnet.org
NCCR Mammalian GPCRs (10) www.structuralbiology.ethz.ch
SweGene Mammalian GPCRs (5) WWW.swegene.org

#JCSG, Joint Center for Structural Genomics; SECSG, South-East Collaboratory on Structural Genomics.
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ogy have also made it possible to express a large number
of GPCRs in several expression systems (bacterial,
yeast, insect, and mammalian cells) at levels that provide
sufficient amounts for serious purification efforts.
Refolding and solubilization still pose bottle-necks in
structural biology of membrane proteins. Excess quanti-
ties of GPCRs, however, now allow screening of a large
number of conditions for improved refolding efficacy. A
variety of detergents under a multitude of conditions
can be tested for solubilization. Additionally, novel
detergents are evaluated. Furthermore, significant
improvements in the area of crystallization, particularly
application of methods on a nanoliter scale, have sub-
stantially improved the screening abilities of various
crystallization conditions without the need of large
quantities of precious material. Today, in several cases,
purification to high purity of recombinant membrane
proteins has been achieved, followed by successful crys-
tallization. However, the obtained crystals have not dif-
fracted, which has raised serious questions pertaining to
the quality of not only the purified protein but also the
composition of lipids and other materials. Further tech-
nology development is therefore essential in most areas,
including expression, purification, and crystallography.
The establishment of large networks with a broad exper-
tise in areas of protein expression, purification, and crys-
tallography will further enhance the possibilities of
success to conquer this last frontier in structural biology.
In the meantime, molecular modeling and virtual screen-
ing approaches have to rely on the rhodopsin structure,
which has proven to be successful in deducing pharma-
cophore models to obtain high-affinity compounds as
demonstrated for the NKI1 receptor. These findings
should underline the importance of structure-based drug
design.
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