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A Brief History of the GPCRs

Evolving molecular concept of a G protein-coupled receptor. The molecular understanding of GPCRs during
different periods in the history of the field is represented for GPCRs acting via AC and for the visual pigment
rhodopsin. In the AC branch, agonists (yellow) were initially thought to bind to some part of the cell or tissue (A). The
receptor was next thought to be a part of AC (violet) itself (B). It was then discovered that the receptor (blue) was a
distinct molecular entity (C). The receptor has been conceptualized as a monomeric protein until relatively recently.
Our current understanding is that the receptor exists as an oligomer (D). In the rhodopsin branch, the initial detection
of rhodopsin (red) came from its characteristic reddish-purple color in the rod outer segments (E). The colour was
then determined to derive from a chromophore conjugated to a protein. Early biophysical methods suggested that
rhodopsin was monomeric (F). More recent studies using atomic force microscopy point to an oligomeric
arrangement of rhodopsin (G).
	

From: Park et al, Biochemistry 2004; 43:15643-56
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G Protein-coupled Receptors (GPCRs)
The GPCR superfamily
• contains >1000 different types
(genes).
• can be grouped into 6 families
(classes) and further divided into
>100 GPCR subfamilies (subclasses or groups/subgroups).
• comprises receptors for chemically diverse native ligands,
including (1) endogenous compounds like amines, peptides and
Wnt proteins; (2) endogenous
cell surface adhesion molecules;
and (3) photons and exogenous
compounds like odorants.
• represents the target for >50%
of the present pharmaceuticals
which are GPCR ligands.
• signals into the cell via activation of G proteins or via other
mechanisms.
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7-Transmembrane-helices Receptors (7TM-R)

Scaffold protein
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A Brief History of the GPCRs

T. Kenakin, TIPS, 2004
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Nobel Prize in Chemistry 2012 for Studies of GPCRs
Robert J. Lefkowitz, Duke University,
Durham, North Carolina

Brian K. Kobilka, Stanford University,
Stanford, California

Sequencing of the β-adrenergic receptor (βAR) gene. The prediction of seven
helices in βAR is shown above rhodopsin. The homologous amino acid sequences
in helices five, six and seven are aligned, and identities and similarities are
coloured.
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Illustration of Kobilka’s crystal structure
of an activated β-adrenergic receptor
(βAR). The prediction of seven helices in
βAR is shown above rhodopsin. The
homologous amino acid sequences in
helices five, six and seven are aligned, and
identities and similarities are coloured.
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Principles of GPCR Function

The transduction of the signal emitted by the hormone-occupied receptor by a G protein involves the activation of the G protein by
GTP and concomitant dissociation of the protein into two signalling molecules, α-GTP and βγ. These then regulate diverse effector
functions, for example AC‘s, adenylate cyclases; PLCβ‘s, β-type phospholipase C‘s; PDE, visual phosphodiesterase; ion channels;
others yet to be defined functions. Heavy wavy lines merging from a subunits denote myristoylation and palmitoylation.
From: Birnbaumer and Birnbaumer, J. Receptor Signal Transduction Research 15, 214 (1995)
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Some Principles of GPCR Function
Important Functional Aspects:

Some Methods of Analysis:

Selection of extracellular signal
- >1000 GPCRs (representing 30-50% of current drug
targets)
- ligand recognition, receptor-activation and -inactivation
- GPCR homo- and heterodimer formation
- receptor-associated modulator proteins (RAMPs)

GPCR pharmacology
- receptor binding and bioassays
- receptor up-/down-regulation
- coupling to intracellular signalling
molecules

Transmission and amplification of signal
- activation of G proteins (as GDP/GTP exchange factor)
- activation of other intracellular signalling molecules
- GPCR homo- and heterodimer formation
- receptor-associated modulator proteins (RAMPs)

Isolation, cloning and expression
- affinity chromatography
- receptor cloning and sequencing
- determination of GPCR mRNA
- analysis of receptor mutants
- analysis of chimeric receptors

	


	


Receptor regulation
- phosphorylation of GPCRs (GRKs)
- internalization and recycling of GPCRs (β-arrestin)

GPCR structure
- X-ray structure of (model) GPCRs
- modelling of GPCR structures
- modelling of ligand binding sites
- modelling of GPCR coupling

	


Receptor structure
- 7TM helical structure
- common membrane topology
- extracellular and intracellular domains	
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GPCR localization
- autoradiography
- immunocytochemistry
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Receptor Pharmacology: Ternary Complex Model

Computerized curve fitting of binding data from competition of the β-adrenoceptor radioligand [3H]dihydroalprenolol by (a) (–)alprenolol
and (b) (–)isoproterenol (also known as isoprenaline) in the presence and absence of GTP. These ligand-displacement curves illustrate
striking differences obtained with an agonist (isoproterenol) and an antagonist (alprenolol). The experiments were performed using
membranes from frog erythrocytes. The alprenolol curve is steep and uniphasic whereas the isoproterenol curve is biphasic and can be
resolved into two components, one of high affinity and one of low affinity as indicated by KH and KL. RH and RL refer to the percentages
of receptor sites of high affinity and low affinity, respectively, for agonist as analyzed by nonlinear least squares curve fitting. In the
presence of GTP, the agonist curve shifts to the right and becomes steeper, and now all of the receptors are found in the low-affinity state.
(c) The ternary complex model, where H is the hormone or agonist, R is the receptor, X is an additional component in the membrane
(subsequently shown to be the guanine nucleotide regulatory protein) and E is an effector such as adenylyl cyclase. The classical ternary
complex model indicates the initial formation of a low-affinity complex of agonist or hormone with receptor followed by a second step in
which the agonist–receptor complex couples to a third component represented as X. A guanine nucleotide disrupts the high-affinity
complex reverting it to the low-affinity form. X was predicted to be the guanine nucleotide regulatory protein. Thus, the model provides the
conceptual framework for coupling the effects of guanine nucleotide on ligand–receptor interaction with the activation of the nucleotide
regulatory protein and adenylyl cyclase.
R.J. Lefkowitz, TIPS 2004; 25:413-422
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GPCR Affinity Chromatography with Specific Ligands

Biospecific affinity chromatography supports for the purification of adrenoceptors. The indicated β- or αadrenoceptor antagonists were coupled to Sepharose beads and then used for affinity chromatography
purification of the receptors. Solubilized receptor preparations were applied to the columns and the receptors
adsorbed by high-specific biospecific interactions with the immobilized ligands. After appropriate washing
procedures the purified receptors were eluted with appropriate α- or β-adrenoceptor ligands.
R.J. Lefkowitz, TIPS 2004; 25:413-422	
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Membrane Topology of GPCRs
Schematic representation of the
membrane topology of the human
β 2 -adrenergic receptor. The
localizations of TMHs (transmembrane helices) in the human
β 2 -adrenoceptor are indicated
(black lines). The core and waterlipid interface regions of the lipid
membrane are indicated with light
gray and dark gray colors on the
background. Each of the seven
TMHs has one characteristic
residue (black circles with white
text), which is found among the
majority of family A receptors:
Asn51 (H1), Asp79 (H2), Arg131
(H3), Trp 211 (H4), Pro 288 (H5),
Pro 323 (H6) and Pro 323 (H7).
Disulfide bridge formation
b e t w e e n C y s106/ C y s191 a n d
Cys184/Cys190, a palmitoylation site
(Cys341, gray color) in the C
terminus. The Asp(3.32) residue
(gray color) is the counterion for
the binding of protonated amine
agonists and antagonists to
biogenic amine receptors.	


Human β2-adrenergic receptor
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3-D Arrangement of GPCRs

Schematic representation of a family A receptor in the
cell membrane based on the packing arrangement of
TMHs observed in a recent crystal structure of
rhodopsin. Putative TMHs are depicted as cylinders.
ECL1-3: extracellular loops; ICL1-3: intracellular loops.
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GPCR Classification
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GPCR Classification
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GPCR Classification
Classification of human GPCRs. As described in greater detail below, the human genome contains 720–800 genes coding for functional
GPCRs. Based on their primary sequence, these genes were historically classified into three main families, A, B, C or 1, 2, 3, respectively.
Sequences within each family generally share over 25% sequence identity in the 7TM core region. The rhodopsin-like family A is by far the
largest subgroup and contains the opsins, olfactory GPCRs, small-molecule/peptide hormone GPCRs, and glycoprotein hormone GPCRs.
Family A GPCRs are characterized by several highly conserved amino acids in the 7 TM bundle, and there is usually a disulfide bridge
linking extracellular loops E1 and E2 (rare exceptions include the melanin stimulating/adrenocorticotropic hormone (MSH/ACTH) and the
cannabinoid receptors). Most of the family A receptors have a palmitoylated cysteine residue in the intracellular C-terminal tail. The binding
sites of the endogenous small-molecule hormone ligands of class A GPCRs are located within the 7 TM bundle (Part A, the ligand binding
site is indicated in orange). For peptide and glycoprotein hormone receptors (Parts B and C, respectively), binding occurs at the Nterminus, the extracellular loop segments, and the superior parts of the TM helices. Family B comprises 50 GPCRs for peptides such as
secretin, calcitonin, and parathyroid hormone. Family B GPCRs are characterized by a relatively long N-terminal tail, which together with
the juxtamembrane 7 TM regions is implicated in ligand binding and which contains a network of three conserved disulfide bridges defining
a globular domain structure (Part D). The 3D structure of the N-terminal ligand binding domain of the mouse CRF2 receptor was recently
determined by high-resolution NMR spectroscopy. As in family A, the family B receptors show a number of conserved proline residues
within the TM segments which are thought to be essential for the conformational dynamics of the receptors. Family B receptors appear to
couple preferentially to the activation of the effector adenylate cyclase through the G protein Gs, and in general to a lesser extent, through
Gi and Gq. Family C GPCRs include the mGluR, the γ-aminobutyric acid type B (GABAB) and Ca2+-sensing (CaR) receptors. This group
has 17 members in the human genome, including the pheromone receptors, which form a small family in humans, but a much larger one in
rodents. The majority of family C receptors are characterized by very large N- and C-terminal tails, a disulfide bridge connecting the first
and second extracellular loops, together with a very short and well-conserved third intracellular loop (Part E). A number of the strongly
conserved residues of class A GPCRs are also strongly conserved in class C GPCRs; this is consistent with class A and class C receptors
sharing a common ancestor. The ligand binding site is located in the N-terminal domain, which is composed of the so-called venus flytrap
module (VFTM) that shares sequence similarity with bacterial periplasmic amino acid binding proteins. In all class C GPCRs except the
GABAB receptor, a cysteine-rich domain (CRD), which contains nine conserved cysteine residues, links the VFTM to the 7 TM domain. For
mGluR1, the VFTM domain was crystallized in the liganded and unliganded state and was shown to form a disulfide-linked homodimer that
undergoes considerable reorganization upon ligand binding. The 11 human frizzled/smoothened receptors control cell development and
proliferation mediated by the secreted glycoproteins Wnt and Hedgehog. The N-terminus contains a CRD ligand binding domain with 10
conserved cysteines, all of which form disulfide bonds. The names frizzled and smoothened refer to specific Drosophila phenotypes that
were linked to mutations in the Drosophila orthologs. In general, the N-terminal domains of GPCRs contain N-glycosylation sites for posttranslational modification which ensure correct folding in the endoplasmic reticulum and proper cell-surface expression.
from: E. Jacoby et al. ChemMedChem 2006
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GPCR Classification
Class A:
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pheromone receptors, GABA-B, orphan GPRC5, 	
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Class C:

	


Class D:
	


Class E:
	


Frizzled/Smoothened Family
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Phylogenetic Tree of GPCRs
Dendrogram of the human G protein–
coupled receptor (GPCR) superfamily
with the crystal structures solved by
September 2012.
The tree based on sequence similarity
in the seven-transmembrane domain is
redrawn from Reference 2. According to
this notation, human GPCRs include the
Rhodopsin family (class A GPCRs), the
Secretin and Adhesion families (class B
GPCRs), the Glutamate family (class C
GPCRs), and the Frizzled/TAS2 family.
The Rhodopsin family is divided into
subgroups: the α-group, the β-group,
the γ-group, and the δ-group, as
labeled. GPCRs can be further
provisionally divided into clusters (e.g.,
aminergic), subfamilies (e.g., adrenergic
or opioid), and individual GPCR
subtypes (e.g., dopamine receptor
subtypes D1−D5). Olfactory receptors
comprise the largest distinct cluster of
388 receptors (only 4 subtypes are
shown here) in the δ-group of the
Rhodopsin family.

GRAFS Nomenclature
G Glutamate family (class C)
R Rhodopsin family (class A)
A Adhesion family
F Frizzled/TAS2 family
S Secretin family (class B)
From: V. Katrich et al., Annu Rev Pharmacol
Toxicol 2013; 53: 25.1–25.25.
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GPCR Class A (Family A)

Glycoprotein hormone receptors(e.g. LH, FSH, TSH) also
belong to class A receptors. They contain a large Nterminal domain with leucine-rich repeats (LRR motif).
DRY motif (typical for class A GPCRs)
Cys-Cys bridge between ECL2 and ECL3 and
palmitoylated carboxy terminal tail causing a
fourth ECL (in most class A receptors)
06/12/2012
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Importance of Posttranslational Modifications
Examples of modifications: GPCR
glycosylation, phosphorylation, disulfide
formation, sulfation, palmitoylation etc.

Importance of palmitoylation
A schematic representation of the palmitocentric view of GPCR signaling. Some
members of most of the protein families
involved in GPCR signaling are palmitoylated. The palmitoylation state of several
of these proteins changes during the
activation/inactivation cycle of receptor
signaling. In addition to being palmitoylated, several of the peripheral membrane
proteins depicted in this figure are modified
by other lipids, but these were omitted for
simplification.
From: R. Qanbar, M. Bouvier: Role of palmitoylation/depalmitoylation reactions in G-proteincoupled receptor function. Pharmacol. Ther. 97,
1-33, 2003.
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Class B GPCRs

C-Terminus of the peptide hormone is supposed to bind to
N-terminus of the GPCR class B, followed by binding of the
N-terminus of the peptide to the receptor to induce signalling.

Large N-terminus (ca. 100 residues)
No DRY motif
From: U. Gether, Endocrine Rev 2000; 21:90-113

Several Cys-Cys bridges
No palmitoylation site
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Class B GPCRs
Alternative Model of GPCR
Class B Activation
Binding of the hormone to the receptor
exposes a hidden built-in epitope on the
N-terminus of the receptor with agonist
properties. These epitopes indeed show
full agonist activity.

From: M. Beinborn. Mol Pharmacol 2006; 70:1-4
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LNB-7TM Receptors

Large N-terminal class B 7TM receptors: No physiological activators known; they are thought to interact with cellular ligands, such as adhesion
molecules. Schematic representations of the domain architecture of selected LNB-7TM receptors. This family consists of >30 orphan GPCRs
(oGPCRs) with long extracellular N-termini (up to 2000–3000 residues) containing one or several well-characterized protein modules (domains or
motifs) that could be identified in several other well-known proteins. Domains in the N termini of these proteins might mediate cell-to-cell adhesion (and
cell migration) either by binding to components in the extracellular matrix or by interacting with membrane proteins on other cells. Some have been
shown to activate G proteins.
06/12/2012
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Class C GPCRs
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Class C GPCRs

Exceptionally large N-terminus (ca. 500-600 residues),
functions as ligand-binding domain

From: U. Gether, Endocrine Rev 2000; 21:90-113

None of the key features of class A and B receptors,
except for the Cys-Cys bridge between ECL2 and ELC3
06/12/2012
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Ligand-Activation of Class C GPCRs
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GPCR DataBases

GPCRDB (G Protein-Coupled Receptor DataBase)
http://www.gpcr.org/7tm/
http://www.gpcr.org/7tm/proteinfamily/
Drosophila GPCR (G Protein-Coupled Receptors)
http://cuttlefish.bio.indiana.edu:7082/allied-data/lk/
interactive-fly/aignfam/gpcr.htm
Olfactory Receptor DataBase (ORDB)
http://senselab.med.yale.edu/ORDB/	
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DataBanks for GPCRs: The GPCRDB Server
The GPCRDB WWW hypertext document represents the beginning of a fully integrated GPCR information system. This system will in due time combine data,
browsing tools and query tools. The main topic of this document is the superfamily of seven transmembrane helix containing G protein-coupled receptors, or
for short GPCRs. However, also GPCR related information such as G protein sequences will be stored. The GPCRDB project is supported by the EC
BIOTECH fourth frame work. A short abstract of the contract with the EC is available.
The superfamily of GPCRs are integral membrane proteins. Their sequences show seven hydrophobic domains, commonly interpreted as seven
transmembrane helices. GPCRs are found in a very wide range of species, and are always involved in signalling from outside the cell to inside the cell. Most
GPCRs detect a periplasmic small molecule or a peptide which upon binding elicits a response felt by the heterotrimeric G protein at the cytosolic side. Some
GPCRs display other activation mechanisms. For example, opsins are activated by a photon, and the thrombin receptor activates itself after its N-terminus is
cleaved of by thrombin. Although any book on GPCRs will be outdated by the day it appears, "The G-protein linked receptor FactsBook" by Steve Watson and
Steve Arkinstall (Academic press) is probably the best overview of all GPCRs known.
GPCRs are the molecules that enable us to communicate with the outside world. They are involved, albeit at different levels of intensity, in all means of
detecting the environment that are at our disposal: vision, smell, hearing, taste, and feeling. The number of diseases that are caused by a GPCR malfunction is
enormous, and thus it is not surprising that the majority of commonly prescribed medicines act on a GPCR.
Many GPCR transmembrane domains have been modelled on the basis of the structure of the bacteriorhodopsin helices [1], but it is clear that this will at best
lead to models that have a qualitative value, and clearly are too wrong to be used as a basis for drug design. The recently solved structure of one GPCR
(bovine rhodopsin) provides a better template, but rational drug design is still far outside the realm of possibilities. One therefore needs to resort to other forms
of data. And that is where the GPCRDB information system comes in. We try to collect as much GPCR related data as possible, and try to provide tools that
allow for the flexible retrieval and querying of this highly heterogeneous data base.
The types of collected data comprises, but is not limited to, sequences, multiple sequence alignments, ligands and ligand binding data, 3D models, mutation
data, literature references, disease patterns, cell lines, protocols, vectors, domain-experts, etc.
Data is collected for the following G protein-coupled receptor families:
Class A. Receptors related to rhodopsin and the adrenergic receptor
● Class B. Receptors related to the secretin, calcitonin and PTH/PTHrP receptors
● Class C. Receptors related to the metabotropic glutamate and pheromone receptors
● Class D. Receptors related to the fungal pheromone receptors
● Class E. Receptors related to the cAMP receptors
● Class F. Receptors related to frizzled/smoothened receptors
●

Additional classes:
● Ocular albinism proteins
● Drosophila odorant receptors
● Vomeronasal receptors (V1R & V3R)
● Class Z bacteriorhodopsins
06/12/2012
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●
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Structure of Frog Rhodopsin (I)

Projection structure of a two-dimensional
rhodopsin crystal
A two-dimensional rhodopsin crystal is a
regular periodic arrangement of rhodopsin
molecules in a lipid bilayer. Two rhodopsin
molecules are indicated by circles and the
repeating unit is indicated.
The arrangement of the alpha-helices in the
rhodopsin molecule
The arrangement of seven helices in
rhodopsin shown is based on the density map
obtained from electron cryomicroscopy. In the
rhodopsin molecule a band of tilted helices
(1,2,3 and 5) runs through the molecules with
two nearly perpendicular helices on one side
(6 and 7) and one helix on the other side (4).
Gebhard Schertler, gfx@mrc-lmb.cam.ac.uk
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Structure of Frog Rhodopsin (II)

Structure of rhodopsin from frog rod cells
Rhodopsin is a G-protein-coupled receptor that
is available from natural sources. The
extraction of frog rod cell membranes with
detergent resulted in the formation of twodimensional crystals. The crystal suspension
was put on carbon coated grids which were
flash frozen in liquid ethane. Images of tilted
specimens were recorded at liquid nitrogen
temperature with a cold stage on an electron
microscope. From several hundred images of
tilted specimens, 60 crystalline areas were
selected. Amplitudes and phases were
extracted by computer image processing from
the electron micrographs. The threedimensional map had an effective resolution of
about 7.5Å. A solid model of the frog rhodopsin
map was constructed from 33 contour sections
2Å apart. The cytoplasmic side is at the top
and the extracellular side is at the bottom.
Gebhard Schertler, gfx@mrc-lmb.cam.ac.uk
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3-D Structure of Bovine Rhodopsin
The bovine rhodopsin molecule in the transmembrane orientation with cytoplasmic surface
at the top and extracellular surface at the
bottom. (a) Ribbon representation. The seven
transmembrane and one peripheral helices are
coloured in the rainbow order: H1 (residues 34–
64), dark blue; H2 (71–100), light blue; H3
(106–140), blue-green; H4 (150–173), yellowgreen; H5 (200–230), yellow; H6 (241–276),
orange; H7 (286–309), red; H8 (311–321),
magenta. The bstrands are coloured in cyan.
They are arranged in the order of b1 (4–6), b2
(9–11), b3 (177–180), and b4 (187–190), from
the extracellular surface into the retinal-binding
pocket. The transmembrane helices are kinked
around the 11-cis-retinal to form the binding
pocket. Also shown are the N-linked
oligosaccharides attached to Asn2 (near b1)
and Asn15, and the palmitoylate chains
attached to Cys322 and Cys323 after H8. This
colour scheme for the secondary structures is
used throughout. (b) Space filling representation. Residues coloured in yellow form the
intermolecular contacts in the P31 crystal form,
directly or via ordered lipid and detergent
molecules. They are all located in the transmembrane helices. The oligosaccharides are
coloured pink, and the Ca trace is shown in
grey for comparison with (a). The figure was
prepared using MOLSCRIPT.

Cytoplasm

From: Li et al, J Mol Biol 2004; 343:1403-1438

Extracellular surface	
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3-D Structure of Bovine Rhodopsin

Three-dimensional crystal structure of rhodopsin
with bound detergent and amphiphile molecules.
Helical portions of the protein, including the seven
transmembrane helices, are shown as blue rods,
and β-strands are shown as blue arrows. The
polypeptide connecting the helices appears as blue
coils. A transparent envelope around the protein
represents the molecular surface. The dark blue
ball-and-stick groups at the bottom of the figure
denote carbohydrate groups attached to the
protein. Two palmitoyl groups covalently attached
to the protein are shown in green. Nonylglucoside
and heptanetriol molecules located near the
hydrophobic surface of the protein are shown in
yellow. The figure was drawn using Molscript and
Raster-3d.

	


From: Teller et al, Biochemistry 2001; 40:7761-7772
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Rhodopsin: Model of Rod Phototransduction

Proposed intra-membrane, inter-TM
domain location of 11-cis-retinal, the
light-sensitive ligand of rhodopsin. The
drawings depict rhodopsin with the
protonated Schiff-base bonded to
Lys296 of TM-VII of rhodopsin, as it is
thought to be in the non-excited resting
state, and all-trans-retinal bonded to
the same Lys296 but now unprotonated
as it is assumed to be in the fully
activated Meta-II. The location of the
relocated proton has not been
determined. This form of rhodopsin
has a relatively long life-span allowing
it to sequentially catalyze activation of
many transducin molecules before it is
deactivated. Although the natural
photoreceptor has the chromophore
covalently attached through the Schiff
base, this is not an absolute
requirement. [Lys296 Gly]opsin binds
the n-propylamine Schiff base of 11cis-retinal and is activated by light.
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Crystal Structures of GPCRs
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Crystal Structure of the β2AR-Gs Complex
Overall structure of the β2AR–Gs complex
a: Lattice packing of the complex shows
alternating layers of receptor and G protein
within the crystal. Abundant contacts are
formed among proteins within the aqueous
layers.
b: The overall structure of the asymmetric
unit contents shows the β2AR (green)
bound to an agonist (yellow spheres) and
engaged in extensive interactions with Gαs
(orange). Gαs together with Gβ (cyan) and
Gγ (purple) constitute the heterotrimeric G
protein Gs. A Gs-binding nanobody (red)
binds the G protein between the α and β
subunits. The nanobody (Nb35) facilitates
crystallization, as does T4 lysozyme
(magenta) fused to the amino terminus of
the β2AR.
c: The biological complex omitting crystallization aids, showing its location and
orientation within a cell membrane.
From: G.F. Rasmussen et al. Nature 2011; 477: 549-557.

06/12/2012

Cellular Signalling - HS 2012 - Lecture 11

38

Mechanism of Activation of Class A GPCRs	


Predicted conformational changes accompanying activation of family A GPCRs. The figure shows a
simplified model of the β2-adrenergic receptor based on the projection map of frog rhodopsin as seen
from the extracellular side. The left panel illustrates the inactive receptor state (R) while the right panel
indicates the anticipated conformation of the activated state (R*). The fluorophore (shown in yellow)
bound to Cys125 (TM 3) is in the inactive state of the receptor predicted to lie at the helix 3-4 interface,
oriented predominantly toward the lipid. The fluorophore bound to Cys285 (TM 6) is predicted to be at the
helix 6-7 interface in a boundary zone between the lipid bilayer and the more polar interior of the protein.
An agonist-induced rigid-body movement of the cytoplasmic end of the helix away from TM 3, as
indicated by the arrow, would cause Cys285-fluorophore to be exposed to a more polar environment in the
interior of the protein. Similarly, a counterclockwise rotation and/or tilting of TM3 would cause Cys125fluorophore to be exposed to a more polar face of TM 4 and/or a more polar interior of the receptor as
indicated by the arrow. These movements explain the observed changes in fluorescence.
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Mechanism of Activation of Class A GPCRs
Comparison of ligand-binding domains in
the β 2 -adrenergic receptor the NK-1
receptor). In the upper panels the most
highly conserved residue in each helix is
indicated in yellow. These so-called “finger
print” residues have been given a general
number to facilitate comparison of
residues between the receptors (for details
see literature cited below). The amino
acids predicted to form the contact points
for the agonists are shown in green while
residues involved in small-molecule
antagonist binding are shown in red. The
residues in the β2-AR (left panels) that
form the agonist binding site for the
epinephrine are found in a binding crevice
between TM 3, 5, and 6. In contrast, the
presumed major contact points for the
peptide agonist, substance P, in the NK-1
receptor (right panels) are found in the
extracellular domains or at the top of the
helices. In the β2-AR, an asparagine in TM
7 has been shown to interact specifically
with aryloxyalkyl-amine antagonists.
Notably, the aspartic acid in TM 3 shown in
green is a common interaction point for
both adrenergic agonists and antagonists.
The residues shown in red in the NK-1
receptor are positions of point mutations
shown to affect binding of the prototype
nonpeptide antagonist CP 96345. Mutation
of these residues, clustering in a crevice
formed by TM 3, 4, 5, and 6, does not
affect peptide agonist binding.

	


From: U. Gether, Endocrine Rev 2000;
21:90-113
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Active and Inactive β2AR Structures
Comparison of active and inactive β2AR
structures
a: Side and cytoplasmic views of the β2AR–
Gs structure (green) compared to the
inactive carbazolol-bound β2AR structure
(blue). Significant structural changes are
seen for the intracellular domains of TM5
and TM6. TM5 is extended by two helical
turns whereas TM6 is moved outward by 14
A˚ as measured at the α-carbons of Glu268
(yellow arrow) in the two structures.
b: β2AR–Gs compared with the nanobodystabilized active state β2AR–Nb80 structure
(orange).
c: The positions of residues in the E/DRY
and NPxxY motifs and other key residues of
the β2AR–Gs and β2AR–Nb80 structures. All
residues occupy very similar positions
except Arg131 which in the β2AR–Nb80
structure interacts with the nanobody.
d: View from the cytoplasmic side of
residues shown in c.

From: G.F. Rasmussen et al. Nature 2011; 477: 549-557.
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Crystal Structure of the µ-Opioid Receptor
From: A. Manglik et al.
Nature 2012; 485: 321-327.

Overall view of the µ-OR structure
a: Views from within the membrane plane (left), extracellular side (top) and intracellular side (bottom) show the typical
seven-pass transmembrane GPCR architecture of the µ-OR. The ligand, β-FNA, is shown in green spheres.
b: The chemical structure of morphine.
c: The chemical structure of β-FNA and the chemical reaction with the side chain of K233 in the receptor are shown. βFNA is a semisynthetic opioid antagonist derived from morphine, shown in b.
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Ligand-Binding Pockets in the µ-Opioid Receptor
From: A. Manglik et al.
Nature 2012; 485: 321-327.

Comparison of ligand-binding pockets. a, b: The binding pocket of the µ-OR (a) is wide and open above the ligand, in stark contrast to the
deeply buried binding pocket of the muscarinic receptors, as exemplified by the M3 receptor (b). c: Top, the small-molecule antagonist IT1t
(magenta) occupies a binding pocket closer to the extracellular surface of CXCR4 than β-FNA in µ-OR. Bottom, β-FNA is positioned more
similarly to the distantly related aminergic receptors for the binding site of carazolol (yellow) in the β2AR.
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Morphinan Ligand Binding to the µ-Opioid Receptor
Structural basis for morphinan ligand
binding to the µ-OR
a: Side view of the ligand-binding pocket with
polar interactions shown. TM6 is excluded from
this view. The electron density used to position
interacting side chains is shown in light blue
coloured mesh depicting the 2Fo-Fc electron
density contoured at 1.3σ. Green mesh depicts
an omit map of β-FNA and K233 side-chain
atoms contoured at 3.0σ.
b: Binding pocket viewed from the extracellular
surface. Water molecules are shown as red
spheres, with the accompanying electron
density shown in light blue mesh.
c: The binding site is diagrammed, showing the
chemical structure of β-FNA (green) covalently
bound to the receptor through K233 (bold).
Hydrophobic interactions are shown in orange
and polar contacts with red dotted lines. V300
and I296 form extensive hydrophobic contacts
with the back face of the ligand (not shown).
Two water molecules are positioned between
H297 and the phenolic group of β-FNA.
d: The δ-OR-selective ligand naltrindole
includes an indole group that would clash with
W318 in µ-OR, but not with the leucine found in
the equivalent position in δ-OR. The indole has
been described as an ‘address’ to target the
ligand to δ-OR, whereas its efficacy (‘message’)
is determined by the morphinan group on the
left.
From: A. Manglik et al. Nature 2012; 485: 321-327.
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Functional Importance of GPCR Structural Elements

A: Intramembrane region defining interaction sites for small ligands (and parts of larger ligands). B: Sites on transmembrane
regions VI and VII defining specificities for antagonists in biogenic amine receptors. C: Region defining specificity of G protein
interaction. D: Ser-Thr rich regions are phosphorylation substrates for GRKs. E: Potential protein-protein interaction sites for
receptor-Gα interaction. F: Region where GPCR splice variants differ. G: Region of the DRY motif (in class A GPCRs).
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GPCRs: Contents
CONTENTS
1. Principles of GPCR structure and function
2. Classification of GPCRs and phylogenetic tree
3. Structure and function of GPCRs, particularly rhodopsin, βARs, OP-Rs
4. Types of ligand binding to GPCRs / Mechanism of activation of GPCRs
5. Constitutive activation of GPCR
6. Allosteric agonists (modulators)
7. GPCR homo- and heterodimerization
8. GPCR desensitization, inactivation and internalization
9. GPCR mutants and disease
10. Orphan GPCRs
11. Receptor-associated modulating proteins (RAMPs)
12. Literature

06/12/2012

Cellular Signalling - HS 2012 - Lecture 11

46

Ligand Binding to Different GPCR Classes
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Ligand Binding to Different GPCR Classes
Text for previous slide
Schematic models of ligand-receptor complexes for structurally diverse ligands interacting with GPCRs.
The binding sites for all small molecule ligands in family A receptors are buried in between the 7 TMHs.
Competitive antagonists and agonists interact with partially overlapping binding sites in biogenic amine
receptors, whereas binding sites for allosteric antagonists have been identified in muscarinic receptors,
localized extracellular of the primary binding sites. In many peptide receptors, the binding sites for the
native peptides involve residues from both extracellular (N termini and ECLs) and 7TM domains (e.g.,
NPY, angiotensin II, and GnRH receptors), whereas the binding site for substance P in the NK-1
neurokinin receptor involves only extracellular domains. Glycoprotein hormones (LH, TSH, and FSH) and
relaxin peptides interact with LRR region in the N-termini and ECLs of their receptors. Thrombin and
serine proteases activate PAR 1–4 by cleavage of the N-terminus. Thereafter, the new N-termini activate
the receptor as a tethered agonist by interacting with residues in ECL2 (except PAR 3). PAR 3 is probably
activated by a tethered agonist from another membrane protein. Family C contains a large VFM, which
contains the binding site for competitive antagonists and agonists in a cleft between 2 domains. A
competitive antagonist-bonded complex is shown here. Binding of a small molecule agonist to the binding
site leads to cleft closure and trapping of the agonist inside the VFM (closed state conformation), whereas
a competitive antagonist stabilize an open state conformation of the VFM. A few noncompetitive antagonists are also known for mGlu receptors, which interact with a buried binding site in the transmembrane
domain. The N-terminal CRD in Frizzled receptors contains the binding site for their native ligands, the
Wnt proteins.
From: U. Gether, Endocrine Rev 2000; 21:90-113
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Diversity of Ligand Binding Pockets in GPCRs
Pockets are shown as molecular
surfaces for available inactivestate GPCR structures in complex
with corresponding antagonists.
Receptor orientations and the
surface clipping planes are the
same for all receptors. Pairs of
closely related GPCR subtypes
with similar pockets are highlighted by colored frames.
Abbreviation: S1P1, sphingosine-1phosphate receptor 1

From: V. Katrich et al., Annu Rev Pharmacol
Toxicol 2013; 53: 25.1–25.25.
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Chimeric GPCRs
R.J. Lefkowitz, TIPS 2004; 25:413-422

Chimeric α2β2-adrenoceptors. (a) The wild-type α2-adrenoceptor and the wild-type β2-adrenoceptor. The hydrophobic domains are shown as forming αhelices that span the plasma membrane. These putative α-helices are numbered 1–7 from the N-terminus (extracellular) to the C-terminus (intracellular).
(b) Chimeric receptors (CRs) formed from combinations of the wild-type α2-adrenoceptor (blue) and β2-adrenoceptor (green). The α2-adrenoceptor (top
left) and β2-adrenoceptor (top right) amino acid sequences from the N- to C-terminus are indicated in parentheses beside each chimeric receptor. Beside
each receptor is a summary of the functional characteristics of the receptor expressed in Xenopus laevis oocytes or COS-7 cells (or both). (Continued on
next slide.)
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Chimeric GPCRs (cont.)
R.J. Lefkowitz, TIPS 2004; 25:413-422

(Continuation from previous slide.) The functional properties include: (i) the ability to bind the β2-adrenoceptor antagonist 125I-labeled cyanopindolol
(CYP) and the α2-adrenoceptor-specific antagonist [3H]yohimbine (YOH); (ii) the ability to couple to Gs and activate adenylyl cyclase (AC) after
stimulation by epinephrine (also known as adrenaline); and (iii) the relative potency of the α2-and β2-adrenoceptor agonist epinephrine (EPI), the α2adrenoceptor-specific agonist p-aminoclonidine (PAC), and the β-adrenoceptor-specific agonist isoproterenol [ISO (also known as isoprenaline)] for
the receptor as determined by ligand binding studies or adenylyl cyclase activation (or both). Chimeric receptor genes were constructed by splicing
desired restriction endonuclease fragments from the wild-type receptor genes with synthetic oligonucleotide adapters. The most informative chimeras
are CR8 and CR9, which activate adenylyl cyclase despite containing only a small insert from the β2-adrenoceptor. The activity of CR8 and CR9,
which bind ligands with an α2-adrenoceptor specificity, demonstrates their ability to activate adenylyl cyclase like the β2-adrenoceptor, and implicates
the third cytoplasmic loop of the receptor as being a key determinant of G-protein-coupling specificity. Abbreviation: ND, not determined.	
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Mechanism of Activation of GPCRs

From: U. Gether, Endocrine Rev 2000; 21:90-113
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Mechanism of Activation of GPCRs
Text for previous slide:
Sequential binding and conformational stabilization model for the molecular mechanisms of ligand action
in GPCRs. The hypothetical receptor is illustrated by seven apparent helices seen from above. The
model predicts that the unliganded receptor exists in a unique state R that can undergo transitions to at
least two other states R0 and R*. R0 is stabilized by inverse agonists and R* is stabilized by agonists. R
may undergo spontaneous transitions to the R* state, explaining the high basal activity observed for
some GPCRs, and it may undergo spontaneous transition to the R0. As discussed in the text, binding of
the agonist is suggested to occur sequentially, resulting in a series of conformational states that are
intermediates (R’ and R”) between R and R*. The agonists are known to have several functionally
important sites of interaction with the receptor. Binding may involve an initial interaction between receptor
and one structural group of the agonist. After the initial binding of one structural group, binding of the
remaining groups occurs in a sequential manner as a result of random and spontaneous movements of
TM domains to positions that permit interaction with the functional groups. Each interaction between the
receptor and the agonist stabilize one or more TM domains until the receptor has been stabilized in the
active R* state. A similar mode of binding can be envisioned for inverse agonists resulting in stabilization
of the R0 state. The model would be consistent both with a rapid association rate for agonists (formation
of AR*) and the relatively slow rate of conformational change observed spectroscopically (formation of
AR*). Importantly, the G protein may substantially affect the kinetics of the transition from AR’ over AR”
to AR*. The model also readily accommodates the concept of “allosteric competitive antagonism”, i.e.,
that a competitive antagonist does not have to share an overlapping binding site with the agonist. Hence,
an “allosteric competitive” antagonist, according to the model, would simply act by stabilizing the
receptor in R0, which would not be expected to bind the agonist. Conversely, the agonist could stabilize
the receptor in R*, which would not be expected to bind the antagonist. In this way, by stabilizing different
receptor conformations, the agonist and the antagonist can mutually exclude the binding of each other to
the receptor.

	


From: U. Gether, Endocrine Rev 2000; 21:90-113
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Intermediates in the Activation of GPCRs

R

inactive ground state

R’

inactive low-affinity agonist-bound state

R’’

activated state

R*

activated state interacting with G protein

R*G

G protein signalling conformation
From: V. Katrich et al., Annu Rev Pharmacol
Toxicol 2013; 53: 25.1–25.25.
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Mechanism of Activation of GPCRs
Text for previous slide:
Key intermediates in the G protein–coupled receptor (GPCR) activation mechanism, characterized
crystallographically.
R represents inactive (ground) states, which can be stabilized by binding of inverse agonists or
antagonists.
R’ represents inactive low-affinity agonist-bound states, which differ from R states by only small local
changes in the receptor binding pocket.
R’’ represents activated state(s), characterized by substantial global rearrangement of helices and sidechain microswitches on the intracellular side that exposes, at least partially, the G protein binding crevice.
R∗ represents activated substates with initial insertion of the G protein C-terminal α-helix (or its
surrogate mimic g) into the intracellular crevice.
R∗G is a distinct G protein signaling conformation of a receptor, which can be achieved upon full
engagement and activation of the GPCR-Gαβγ complex.
Other conformationally distinct states (not depicted) also likely exist, e.g., states for GPCR binding to G
protein receptor kinases (R∗GRK) and to β-arrestin (R∗A). Transition from the initial G protein binding
state (R∗) to the full signaling state R∗G is accompanied by the release of GDP and therefore proceeds
unidirectionally; subsequent return to presignalling states requires dissociation of the protein complex
and binding of a new Gαβγ-GDP unit to the receptor.

From: V. Katrich et al., Annu Rev Pharmacol
Toxicol 2013; 53: 25.1–25.25.
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Constitutive Activation of GPCRs
Coat colour phenotypes in animals with wild-type or
dominant extension allele(s) resulting from amino
acid variants of the MC1-R.
A. Amino acid variants of the MC1-R. Naturally occurring
dominant mutations from different species are indicated
with arrows , and the species involved and extension
alleles associated with these mutations are indicated. The
positions of these residues are shown at the homologous
positions in the mouse MC1-R. Asterisks indicate the
positions of all residues examined in this study.
B. Coat colors of mice with different extension alleles. A
mouse with wild-type extension alleles Eis on the left , and
a sombre mouse with dominant extension allele Esom-3J
is on the right.
C. Coat colors of cattle with different extension alleles.
Cattle with red coat color have recessive extension alleles
e/e, and cattle with dark coat color have the dominant
extension allele ED.
D. Coat colors in the red fox and silver fox. A red fox with
wild-type extension alleles E/E is on the top , and a silver
fox with a dominant extension allele EAis on the bottom .
E. Coat colors of sheep with different extension alleles.
The sheep with white coat color has wild-type extension
alleles, and the sheep with dark coat color has a dominant
extension allele.
From: Lu et al, Mol Endocrinol 1998;12:592-604

06/12/2012

Cellular Signalling - HS 2012 - Lecture 11

57

Agouti Protein {1-131} (AP) and Synthetic AP {91-131}
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Inverse Agonism of Agouti Protein
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Basal Constitutive Activity of GPCRs
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Melanocortin receptors are tonically activated in
the absence of ligand. MC peptides shift the
equilibrium to the left, agouti protein to the right.
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Constitutively Active GPCR
The two-state model of GPCR activation
A. The two-state model assumes that
GPCRs isomerize from an inactive (R) state
to an active (R*) state. Full agonists
maximally stabilize the R* state, whereas full
inverse agonists maximally stabilize the R
state. Neutral antagonists, simply referred to
as antagonists, do not affect the R/R*
equilibrium but block the effects of agonists
and inverse agonists (see also Slide 44).
Partial agonists and partial inverse agonists
have lower efficacies than full agonists and
full inverse agonists, respectively.
B. R- to R* isomerization in GPCRs occurs,
to a different extent, in the absence of
agonist and is referred to as constitutive
activity. GPCRs in the R* state promote
GDP/GTP exchange at G-proteins and
regulate the activity of effector systems (in
the figure only effector system activation is
considered). The constitutive GPCR activity
give rises to a defined basal G-protein- and
effector activity. Agonists increase basal Gprotein- and effector activity, antagonists
have no effect on basal activity, and inverse
agonists decrease basal activity.
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Constitutively Active GPCR
Pharmacological manipulation of the
constitutive activity of Gi/Go-coupled
GPCRs
A: GPCRs isomerize from the R state to
the R* state in an agonist-independent
manner. For numerous Gi/Go-coupled
GPCRs, basal R- to R* isomerization is
quite substantial. GPCRs in the R* state
give rise to basal GDP/GTP exchange at
G i /G o -proteins. PTX-catalyzed ADPribosylation of Gi/Go-α prevents GPCRs
in the R* state from interacting with Gproteins and, as a result, decreases
basal G-protein activity. B: Agonists shift
the R/R* equilibrium towards R* and
increase basal GDP/GTP exchange at
Gi/Go-proteins. Antagonists do not alter
the R/R* equilibrium but block agonists
from receptor binding. C: Inverse
agonists shift the R/R* equilibrium
towards R and may (or may not) be
inhibited by antagonists, depending on
the receptor binding characteristics of
the inverse agonists and antagonists.
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Allosteric Agonists (Modulators)

Divergent effects of allosteric modulators on the affinity and efficacy of an orthosteric ligand. The allosteric modulator Org27569 enhances the binding of the
cannabinoid receptor orthosteric agonist [3H]CP55940 at mouse CB1 receptors (a), but reduces the efficacy of the orthosteric CB1 agonist WIN552122 for inhibiting
the electrically evoked contractions of the isolated mouse vas deferens (b). Org27569 has no discernible effects in the absence of orthosteric ligand.
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GPCR Homo- and Heterodimers

Types of Dimerization of GPCRs
Dimers are formed by an interaction (A) between extracellular domains (e.g. homodimerization of the
β2-adrenergic receptor); (B) between transmembrane domains (found in various GPCRs); or (C)
between intracellular domains (e.g. heterodimerization of GABAB receptor isoforms through coiled-coil
structure). (D) Heterodimerization of a class 2 GPCR (secretin receptor family) with a receptor activity
modifying protein (RAMP) is shown. Depending on the RAMP type, a receptor interacts with different
ligands. Each dimer probably activates only one G protein molecule.
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Crystallized µ-Opoid Receptor Oligomers
Arrangement of µ-OR oligomers
a, b: µ-OR crystallized as intimately associated pairs, with two different interfaces.
c, d: The interface defined by TM5
and TM6 (c) is much more extensive than for the one defined by
TM1–TM2–H8 (d).

The four-helix bundle interface
a: Schematic showing the fourhelix bundle architecture of the
TM5–TM6 interface.
b: Viewed from the extracellular
surface, the binding pocket shows
tight association between the
ligand (green sticks) and residues
that are involved directly or
indirectly in forming the dimeric
interface (blue spheres).
c: The four-helix bundle is
expanded and shown in detail with
interacting residues within 4.2A˚
shown as sticks.
d: Tomographic representation
along the dimer interface viewed
from the extracellular side (as
indicated in panel c) showing the
high surface complementarity
within the four-helix bundle
interface.
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Pharmacology of GPCR Oligomers

Pharmacological consequences of GPCR oligomerization
When GPCRs associate, each protomer can modulate the other leading to varied pharmacological outcomes. The protomers
can exhibit a positive allosteric effect where ligands may be binding one protomer, but will be able to transactivate the signaling
mechanisms of the other protomer. In addition, positive allosterism may also lead to enhanced efficacy. In the opposite case,
protomers may modulate each other negatively where ligands show reduced efficacy at the heteromer. It can be argued that
such a reduction in efficacy may lead to desensitization and subsequent tolerance. Ligands that show bifunctional (target both
protomers) activation can lead to new and unknown outcomes. The fact that some heteromers have been shown to associate
with G proteins that are different from the ones preferred by the protomers by themselves – a phenomenon termed as G
protein switching – can also lead to novel pharmacological effects that may be relevant in physiology and drug discovery.
From: A.S. Yekkirala. Life Sciences 2012, E-published, in print.
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Detection of GPCR Homo- and Heterodimers by BRET
Schematic representation of the
application of BRET to detect GPCR
oligomerization. (A, C) Receptors
fused with either the energy donor,
Renilla luciferase (Rluc) or the energy
acceptor, green fluorescent protein
(GFP) or enhanced yellow fluorescent
protein (EYFP) are co-expressed. In
the absence of dimerization, no energy
transfer is observed following addition
of the Rluc cell permeable substrate,
coelenterazine. Light is emitted from
Rluc at its peak wavelength of 470 nm.
(B, D) If a constitutive or ligandinduced receptor–receptor interaction
occurs bringing the donor and
acceptor tags within 100 Å, energy
resulting from the degradation of
coelenterazine by Rluc will be
transferred to EYFP resulting in an
emission of additional light at 530 nm
characteristic of EYFP. The principle of
FRET is similar, with the energy donor
being a fluorescent protein (e.g., cyan
fluorescent protein), instead of a
bioluminescent molecule.
From: Kroeger et al, Front Neuroendocrinol.
24, 254-278, 2003
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GPCR Homo- and Heterodimers
Pairs of inactivated G-protein-coupled receptor (GPCR)–Gprotein fusion proteins can form homodimers and heterodimers and generate function. This figure shows how heterodimer-selective ligands can be screened. (a) GPCR–G-protein
fusions unable to generate signals in response to the binding
of agonists (Ag) can be generated by mutation of either key
hydrophobic residues in intracellular loop 2 of the GPCR or a
Gly residue that is fully conserved in every G-protein α-subunit. Upon coexpression, function is reconstituted by the
production of homodimers that contain one active GPCR and
one active G protein. (b) If two different GPCRs (X and Y) are
employed, with the fusion of inactivated receptor X to a wildtype G protein and wild-type receptor Y to an inactive G
protein, then both homodimers are inactive because they
contain either two copies of inactive receptor or inactive G
protein. Only the heterodimer (assuming X and Y are able to
generate a heterodimer) contains one active GPCR and one
active G protein, and hence generate a signal. Differential
pharmacology of the heterodimer, compared with the active
homodimer (a), should allow heterodimer-selective ligands to
be observed. Certain studies have indicated that such GPCR–
G-protein fusions, at least when expressed at high levels, are
able to activate endogenously expressed G proteins as well
as the G protein within the fusion. Models of GPCR
dimerization have invoked contact and domain-swap
concepts. The concept of domain-swapping is based, at least
in part, on the ability of coexpressed fragments of GPCRs
comprising transmembrane domains I to V (and VI and VII) to
reconstitute and form functional receptors. Although domainswapping might be energetically less favourable, there is
evidence that at least a proportion of GPCR dimers can form
this way and can coexist with contact dimer.
from G. Milligan. Drug Discovery Today, 2006.
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Pathways of GPCR Desensitization and Resensitization

Pathways involved in desensitization and resensitization of
GPCR signaling. Typically
activation of a GPCR leads to
(1) activation and inhibition of
specific signaling pathways in
the cell, (2) short-term
desensitization mediated by
phosphorylation of GPCRs by
GRKs followed by β-arrestin
binding to GPCRs that
uncouple the receptor at the
plasma membrane from the Gprotein, (3) endocytosis of the
receptor, followed by postendocytic sorting of the
receptor either (4) back to the
plasma membrane or (5) to
lysosomes for degradation.
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GPCR Desensitization, Inactivation and Internalization	

GPC-receptor phosphorylation, desensitization,
internalization and intracellular sorting
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GPCR Internalization	


Activated receptors assembled in coated pits become phosphorylated (P) and bound to the protein of the
endocytotic apparatus (clathrin, Arf6, ARNO) by use of arrestin and the protein AP2 as adaptors. For
endocytosis, the invaginated area of the cell membrane is released as a vesicle into the cytoplasm by means
of the GTPase dynamin. Afterward the vesicle is stripped of the clathrin coat, which is reutilized. Arf6 is a
small G protein required for vesicle formation and ARNO is the corresponding GDP-GTP exchange factor.
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GPCR: Role of Phosphorylation and Arrestin	

(A) In the course of receptor
and G protein activation by a
specific signal S, the receptor is
phosphorylated by a GPCR
kinase.
(B) Arrestin has displaced the G
protein from the phosphorylated (P) receptor, thus interrupting G-protein-controlled
signalling. Instead, arrestincontrolled signalling becomes
active: due to the scaffold
function of arrestin, the receptor
is coupled to components of the
MAPK pathway or Tyr kinases.
(C) Src-type Tyr
ates a dimeric
coupled receptor
ylation in the
domain.
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Contact Residues for GPCR Regulation
Residues in the human β2-adrenergic
receptor that are important for receptor
regulation (gray color). Possible sites
for phosphorylation by protein kinases
(primary or most important PKA, PKC
and insulin kinase phosphorylation
sites are indicated in gray circles):
Ser262 in ICL3 and Ser346 in C terminus
(PKA; Clark et al., 1989 and Hausdorff
et al., 1989); Ser261 and Ser262 in ICL3
and Ser345 and Ser346 in C terminus
(PKC; Johnson et al., 1990 ); and
serine and threonine residues from
Ser355 in the C terminus (GRK 2;
Hausdorff et al., 1991). Tyr141 in ICL2
is phosphorylated by insulin kinase
(Valiquette et al., 1995). Tyr350 and
Tyr354 in the C terminus are important
for receptor down-regulation (Valiquette et al., 1990, 1993). A C-terminal
PDZ interaction motif is indicated that
mediate interactions with NHERF1,
NHERF2, and NSF scaffolding proteins. The highly conserved reference
esidue within each TMH is indicated
with black circles and white text.
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GPCR Phosphorylation
Model for differential receptor
phosphorylation encoding differential
signalling outcomes
This single GPCR subtype is able to be
phosphorylated by three different protein
kinases at distinct sites on the C-terminal
tail and third intracellular loop. These
hypothetical protein kinases are shown to
be employed in different combinations
resulting in different phosphorylation
profiles or phosphorylation signatures.
The phosphorylation signature trans-lates
to a code (the phosphorylation code) that
directs the signalling outcome of the
receptor. In this process, GPCR
phosphorylation is a flexible regulatory
mechanism that can be tailored to suit
the signalling requirements of a receptor
in a given cell type. Thus, the same
receptor subtype expressed in three
different tissues (labelled tissues A–C)
can show different signalling outcomes
based on differential receptor
phosphorylation.

From: Tobin et al, TIPS 2008
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GPCR Desensitization, Inactivation and Internalization	

The regulation of GPCR desensitization by GRK2 and β-arrestins.
A: Receptor activation is followed
by the recruitment of GRK2 by Gβγ
to the receptor where it is anchored by phosphatidylinositol-4,5-bisphosphate and positioned to
phosphorylate the C-terminus of
the receptor. GRK2 activity can be
enhanced by its phosphorylation
by protein kinase A (PKA), protein
kinase C (PKC), and c-Src. Alternatively, GRK2 activity can be
reduced by its phosphorylation by
Erk1/2 or its binding to calcium/
calmodulin (CaM).
B: GRK2 can also inhibit receptor
signaling by sequestering Gαq to
prevent its coupling to its effectors,
such as PLC.
C: Gs-coupled receptors activate
the effector adenylyl cyclase (AC)
to generate the second messenger
cAMP. After phosphorylation of the
receptor by GRK, β-arrestin is
recruited to the receptor, translocating PDE4 with it. This places the
PDE4 on the membrane, the site
of cAMP generation, thus allowing
it to efficiently degrade cAMP to
AMP and reduce signaling.
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GPCR Kinases (GRKs)	


GRKs are multidomain proteins able to interact with a variety of cellular proteins. Such interactions determine
the different cellular functions of these kinases and also contribute to modulating their activity and subcellular
targeting. The figure depicts the regions where the different functional domains and regulatory phosphorylation
and interaction sites have been mapped. RGS, regulators of G protein signalling; CAM, calcium-calmodulin; PL,
phospholipids, PH, pleckstrin homology; auto (±), stimulatory or inhibitory autophosphorylation sites.

From: Penela et al, Cell Signal. 2003;15:973-81
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Signals Modulating GPCR Kinase (GRK) Activity	


Schematic representation of the different mechanisms that modulate the activity and subcellular targeting of
GRK2 and GRK5, the two members of the GRK family in which regulation has been investigated in more detail.

From: Penela et al, Cell Signal. 2003;15:973-81
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GPCR Biosynthesis, Internalization and Recycling (Summary)	

GPCRs are synthesized at the ER, packed into
secretory vesicles in the Golgi and exposed at
the cell surface by exocytosis. During adaptation
by down-regulation, the membrane receptors
assemble in membraneous microdomains and
membrane invaginations, such as clathrin-coated
pits, which as endocytotic vesicles become
released in the cytoplasm. Several vesicles fuse
to endosomes from where receptors are either
recycled or degraded in lysosomes.
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β-Arrestin Binding to GPCR Dimers

β-Arrestin was originally thought to
bind GPCRs in monomeric form
but is now known to accommodate
also GPCR dimers:
Ribbon and space-filling model of a complex
between a rhodopsin dimer and a monomer
of β-arrestin. β-Arrestin (purple) has a bipartite structure that can accommodate two
molecules of rhodopsin (yellow). Phosphorylation sites on rhodopsin are represented
by green spheres.
	


	


From: Park et al, Biochemistry 2004; 43:15643-56
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Dimer of Rhodopsin, Gt Protein, β-Arrestin

Models of the Gt–Rho heteropentamer, Gt activation and the arrestin–Rho heterotrimer. (a) The size and shape of the Gt heterotrimer
suggest the Rho dimer to be an ideal docking platform. The specific Rho dimer–Gt interactions in this model are compatible with all
known mutations and have been extensively discussed by Filipek et al. (b) Cartoon describing efficient Gt activation. Gt, which has a
binding affinity of 64 nM and is anchored in the bilayer through the farnesyl moiety (indicated in purple) bound to the C terminus of
Gtγ, may slide along Rho dimer rows. Gt sliding is stopped by binding at 0.7 nM to Rho* (dark green) and subsequent activation. (c)
Arrestin, which binds strongly to phosphorylated Rho*, has the appropriate size and shape to interact with the Rho* dimer. Rho dimers
are colored in green or dark gray. The subunits of Gt are colored in orange (Gtα), yellow (Gtβ), and red (Gtγ). Arrestin is colored in
blue. 	

D. Fotiadis et al. Curr Opin Struct Biol 2006; 16: 252-259
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Effect of β-Arrestin Binding on ERK1/2 Activation and Function

The binding of agonist to a GPCR initially leads to ERK activation via G protein-dependent pathways. The
binding of β-arrestin simultaneously inhibits G protein-dependent ERK1/2 activation, by inducing homologous
receptor desensitization and sequestration, and initiates the activation of a β-arrestin-bound pool of phosphoERK1/2. For GPCRs that form stable receptor-β-arrestin complexes, activation of the β-arrestin-dependent
pathway is more pronounced, leading to the formation of a functionally distinct pool of phospho ERK1/2.
Tohgo et a,. J Biol Chem 2003;278:6258-6267
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Mutations of the Rhodopsin Gene
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Mutations of the Rhodopsin Gene

Human Opsin Gene	

	

TM VII
	

K 296 E
	

K 296 G
	

K 296 A
	

TM
VII
	

A 292 E
	

TM
III
	

E 113 Q
	

TM II
	

G 90 D
	

N-Terminal 	

V 20 G
	

P 23 H
	

P 27 L
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Constitutive activation:	

Retinitis pigmentosa (naturally occurring)	

	

Constitutive activation: suppressed by n-propylamine Schiff base of 11-cis retinal giving light	

	

Constitutive activation: suppressed by n-ethylamine Schiff base of 11-cis retinal giving light	

	

Constitutive activation:	

stationary night blindness (naturally occurring)	

	

Constitutive activation: suppressed by 11-cis retinal yielding light-sensitivity at pH 6.7 instead of 7.5	

	

Constitutive activation:	

Stationary night blindness (naturally occurring)	

	

Impedes processing and damages the cell causing autosomal dominant retinitis pigmentosa	

	

Impedes processing and damages the cell causing autosomal dominant retinitis pigmentosa	

	

Impedes processing and damages the cell causing autosomal dominant retinitis pigmentosa	
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GPCR Loss-of-function Mutations

a | GPCRs are synthesized in the RER. An interacting protein (green) is needed to route some GPCRs, such as MC2R, to the plasma membrane; GPCRs might be
silent (blue), or display basal activity (pink). The N‑terminus of MC2R is a tethered partial agonist of the G protein. Agonist (yellow) binding activates G proteindependent and β-arrestin-dependent effects. Desensitization of the receptor by internalization maintains activation of β-arrestin-dependent effects. G protein-dependent
effects might also continue. b | Specific mutations affect only basal activity.
Reference: G. Vassart, S. Costagliola, Nat. Rev. Endocrinol. 2011; 7: 362-372.
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GPCR Loss-of-function Mutations

c | Some mutations cause constitutive desensitization. d | Classic loss-of-function mutations affect gross protein structure, trapping the receptor in the RER. e | Some
mutations affect the interacting protein function required to route some GPCRs to the plasma membrane. f | Other mutations interfere with agonist binding, g | with the
intramolecular conformational change involved in activation, h | or with the ability to bind G proteins. i | Mutations affecting interaction of GPCRs with one G protein,
when the receptor is coupled to multiple G proteins (1), βarr (2) or interacting proteins (3) cause biased activation.
Reference: G. Vassart, S. Costagliola, Nat. Rev. Endocrinol. 2011; 7: 362-372.
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GPCR Gain-of-function Mutations

Wild-type, silent is shown in blue, wild-type with basal activity in yellow, mutated with increased basal activity in orange and mutated, almost totally activated and
nonresponsive in red. a | Wild-type (blue and yellow) or mutated (red with a yellow dot) GPCRs might display very different levels of constitutive activity and response
to their normal agonist. The curves to the right illustrate the basal activity and responses of wild-type GPCRs (totally silent, or with basal activity) and two examples of
mutants with increasing constitutive activity, red and orange curves). b | Top, mutations might cause increased sensitivity to the normal agonist with minimal change in
basal activity (as in some calcium sensor gain-of-function mutations, or in the case of increased amounts of receptors at the cell surface). Conceivably, other mutations
(bottom) might render a GPCR sensitive to a normally inert positive allosteric modulator, also resulting in an increase in sensitivity to the normal agonist.
Reference: G. Vassart, S. Costagliola, Nat. Rev. Endocrinol. 2011; 7: 362-372.
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GPCR Gain-of-function Mutations

Gain-of-function mutations that affect GPCR specificity: the example of the glycoprotein hormone receptors. Wild-type silent receptor is shown in blue; position of the
mutation is indicated as a yellow dot; basal activity, when present, is shown in pink and agonist activated receptor in red. a | The wild-type FSH receptor is totally silent
and activated only by FSH and not by hCG. b | Rare mutations of the ectodomain increase slightly recognition of hCG by the FSH receptor, while keeping the receptor
silent and with a normal response to FSH. This modest gain of function is enough to cause disease (spontaneous ovarian hyperstimulation syndrome) because of the
very high concentration of hCG during pregnancy. c | Mutations causing partial unlocking of the GPCR domain of the receptor trigger some basal activity and render
the mutant abnormally sensitive to hCG. Here again, the gain of function is modest, but enough to cause disease during pregnancy.
Reference: G. Vassart, S. Costagliola, Nat. Rev. Endocrinol. 2011; 7: 362-372.
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GPCR Mutants and Disease
Melanocortin typ-4 receptor defects
Two papers in the New Engand Journal of Medicine
(Mach 20, 2003) suggest that mutations in MC4R are
strong contributors to the development of hyper-phagiainduced morbid obesity.
Farooqui et al. N Engl J Med 2003; 348: 1085-1095
These authors describe several codominantly inherited
mutations that result in a distinct obesity syndrome.

Growth (A and B) and body composition (C) in subjects with
melanocortin-4 receptor (MC4R) deficiency. Panel A shows
growth charts for two children with MC4R deficiency during the
first year of life, as compared with normal reference values in
the United Kingdom (2nd, 50th, and 98th percentiles). Panel B
shows mean (±SD) standard-deviation scores for height at
different ages in subjects with MC4R deficiency and obese
subjects with a normal MC4R genotype who were matched for
age and body-mass index. Panel C shows a 9-year-old boy
who was homozygous for a mutation in MC4R (left-hand side)
and his 16-year-old brother, who had a normal genotype
(right-hand side).
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GPCR Mutants and Disease

Vasopressin V2 Receptor mutants can cause diabetes insipidus
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GPCR Mutants and Disease
Recapitulation
Diabetes insipidus centralis
Vasopressin secretion is missing or
markedly reduced. In spite of an
elevated plasma osmolality, an
increase of urine
osmolality (to
>200 mosm/kg) is not possible.
Nephrogenic diabetes insipidus
The tubular system in the kidneys
is insensitive to vasopressin
because of a V2 receptor defect.
The urine osmolality is <300 mosm/
kg.
V1 Receptors activate the phosphatidylinositol signalling pathway,
resulting in a contraction of smooth
muscles, the stimulation of prostaglandin synthesis and hepatic
glycogenolysis.
V 2 Receptors stimulate cAMP
production in tubular cells of the
kidneys, leading to an elevated
water permeability of the tubular
epithelial cell layer (water reabsorption)).
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Virus-encoded GPCRs and Disease
Example: Human Cytomegalovirus (HCMV)-encoded US28 Receptor
Vischer HF et al. Trends Pharmacol Sic 2006; 27: 56-63.
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Virus-encoded GPCRs and Disease
Example: Human Cytomegalovirus (HCMV)-encoded US28 Receptor
Vischer HF et al. Trends Pharmacol Sic 2006; 27: 56-63.

(See figure on previous slide)
Putative roles of the HCMV-encoded US28 receptor. Expression of US28 on the virion envelope might
facilitate viral infection by US28-mediated high-affinity binding to host-cell-expressing membraneassociated chemokine receptor CX3CL1 (1). US28 modulates cellular signaling networks by constitutive
(2) and/or chemokine-induced (3) activation of multiple signaling pathways by coupling to a variety of G
proteins. In addition, constitutive US28 signaling can potentiate signaling of Gi-coupled receptors (7).
US28 is constitutively phosphorylated by GRKs and internalized via AP-2 adaptor complexes (4). In
addition, binding of β-arrestins to the phosphorylated C-terminus of US28 enables the formation of
scaffolding complexes that influence activation of several signaling pathways (4). The rapid and
constitutive internalization of US28 enables the sequestration of a wide variety of US28-bound
inflammatory chemokines from the surroundings of HCMV-infected cells, thereby limiting the inflammatory
immune response (3). The interaction between membrane-associated CX3CL1 and US28 increases the
adhesion of US28-expressing monocytes to vascular endothelial cells and facilitates their extravasion (5).
US28 induces chemokine-directed chemotaxis of vascular smooth muscle cells (6), and might be involved
in the migration of these cells into the vascular intima. Both HIV R5 and X4 strains can use US28, when
coexpressed with CD4, as a co-receptor for cellular entry (8), which might account for the positive
synergism between HCMV and HIV pathologies. Abbreviations: CRE, cAMP response element; FAK, focal
adhesion kinase; InsP, inositol phosphate; NFAT, nuclear factor of activated T cells; NF-κB, nuclear factor
κB. 	
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Orphan GPCRs
Definition of orphan G proteincoupled receptors (GPCRs):
GPCRs that are identified on the
basis of their DNA sequence and
thus are initially unmatched to
known natural ligands are termed
orphan GPCRs.
Discovering the ligands for
orphan receptors — i.e.,
“deorphanizing” the GPCRs —
gave birth to the field of reverse
pharmacology.
The GPCRs classified according to
the GRAFS system (named on the
basis of its five main classes:
Glutamate, Rhodopsin, Adhesion,
Frizzled, and Secretin). The
numbers indicate the approximate
numbers of receptors in the
different classes. The ligands of the
Glutamate and Secretin receptors
are also indicated.
Reference: O. Civelli et al. G protein-coupled
receptor deorphanizations. Annu. Rev.
Pharmacol. Toxicol. 2013, 53.7.1-7.20.
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Orphan GPCRs
The GPCRs of the rhodopsin
family and their transmitters

Reference: O. Civelli et al. G protein-coupled receptor
deorphanizations. Annu. Rev. Pharmacol. Toxicol. 2013,
53.7.1-7.20.
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Orphan GPCRs
The GPCRs of the rhodopsin
family and their transmitters

Schematic representation of the phylogenetic relationships of the human
Rhodopsin GPCRs. The phylogenetic
relationships are based on those
discussed in Reference 83. Orphan
GPCRs are shown in red. Encircled
areas outline phylogenetic clusters.
Receptors with ambiguous relationships to other members are indicated
by a dotted line.

Reference: O. Civelli et al. G protein-coupled receptor
deorphanizations. Annu. Rev. Pharmacol. Toxicol. 2013,
53.7.1-7.20.
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Orphan GPCRs
The evolution of the pharmacological
specificity concept

Abbreviations: GHS, growth hormone
secretagogue; GPCR, G protein–
coupled receptor; OFQ/N, orphanin
FQ or nociceptin; NOP, OFQ/N
receptor; NPS, neuropeptide S.

Reference: O. Civelli et al. G protein-coupled receptor deorphanizations. Annu. Rev. Pharmacol. Toxicol. 2013, 53.7.1-7.20.
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Heterodimerization of Class B GPCRs and RAMPs

Formation of heterdimers
between class B GPCR
and RAMP molecules
Heterodimerization with a
single span transmembrane
protein (RAMP) may modify
either ligand binding (CL and
CT receptors) or signalling
properties of the receptors
(VPAC 1 receptor). Formation of proper functional
properties may depend on
allosteric interactions between RAMPs and GPCRs
and direct interactions between RAMPs and ligands.
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Mechanism of Activation of GPCRs
Saccharomyces cerevisiae:
DEP domains on RAMPs are as
necessary for GPCR func-tion as
RGS domains to ensure rapid
receptor activation. In sst2
(RAMP), the DEP domains are
sufficient to confer on a distantly
related (40% similarity) RGS
domain efficient action on
Gpa1(=Gα)-GTP.
DEP domains are found, often in
tandem, in various proteins
involved in signal transduction.
This conserved sequence
element was first defined
(Kharrat et al., 1998) in three
proteins: Drosophila melanogaster Dishevelled (mamma-lian
ortholog Dvl), an adaptor in
Wingless (Wnt) signaling;
EGL-10, a regulator of G protein
signaling (RGS) protein that
negatively regulates signaling by
G protein-coupled receptors
(GPCRs) in C. elegans; and
mammalian Pleckstrin, which
modulates signaling in plate-lets
and neutrophils.
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3D Structure of GPCR and G Heterotrimer

http://www.cmpharm.ucsf.edu/bourne/index.html
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3D Structure of GPCR and G Heterotrimer

Models for a rhodopsin monomer in the lipid membrane, a transducin heterotrimer attached to the lipid membrane, and a complex between a
photoactivated rhodopsin and a transducin. The rhodopsin structure is taken from ref 53; the cytoplasmic loops (c1c3 and helix 8) that will interact
with transducin upon photoactivation are colored red. The C-terminal extension that is present but not resolved in the crystal structure has been
drawn as a dashed line. It may be loosely packed on the cytoplasmic loops and may hinder the interaction of inactive rhodopsin with transducin,
but upon rhodopsin photoactivation, it will not interfere with or contribute to the interaction of these cytoplasmic loops with transducin. The
transducin structure is taken from ref 49. The N- and C-terminal peptides of G and G, which are not present, or present but not resolved in the
crystal structure, have been drawn with dashed lines. The segments that are known to interact with photoexcited rhodopsin are colored green. In
the rhodopsintransducin complex model, the main sites of interaction are circled in yellow. The displacement of helix 6 is symbolized by a white
arrow and that of cytoplasmic loop c3 by a red dashed line. The loose C-terminal peptide of R* is far from the interaction sites.
From: Chabre & Le Maire, Biochemistry 2005, 44, 9395-9403
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