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SUMMARY

 

1. G-Protein-coupled receptors (GPCRs) constitute a large
family of cell surface proteins. Their primary function is to
transmit extracellular stimuli to intracellular signals. It is
estimated that the human genome contains more than 1000
genes that code for proteins of the GPCR structure. These
receptors also comprise the most important class of thera-
peutic drug targets.

2. The mechanism of GPCR signalling was initially
envisioned as involving coupling to the heterotrimeric
G-proteins only. However, recent developments in the field
suggest that such a simplistic model cannot be sustained any
longer. The emerging view is that a wide range of accessory
proteins are involved in the regulation of every aspect of GPCR
activity.

3. G-Protein-coupled receptor-interacting proteins are
implicated in the regulation of several aspects of GPCR
biology, including receptor targeting to the respective sites of
action, receptor anchoring, signalling and receptor desensitiz-
ation. In some cases (e.g. receptor activity modifying proteins),
they may contribute to the receptor structure and form a part
of the ligand-binding domain.

4. These findings have contributed to new concepts of
cellular organization in which modular protein–protein inter-
actions provide a network through which signalling pathways
are assembled and controlled.

Key words: G-protein-coupled receptor (GPCR), G-protein-
coupled receptor accessory protein, protein–protein inter-
action, signalling.

 

INTRODUCTION

 

G-Protein-coupled receptors (GPCRs) are members of a family of
transmembrane proteins that mediate the transmission of a wide
range of extracellular signals to the cell interior and initiate
signalling mechanisms that regulate multiple cellular processes. A
recent analysis has suggested that the human genome may encode
more than 1000 different GPCRs,

 

1

 

 making them, perhaps, the
largest and most diverse family of proteins. Their importance in
health is underscored also by the fact that at least one-third of the
currently marketed pharmaceutical agents target GPCRs.
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For decades, the established view was that GPCR-mediated
signalling depended on coupling with heterotrimeric GTP-binding
proteins (G-proteins) only and that the role of activation or
inhibition of downstream effectors was limited to the 

 

�

 

 and 

 

�

 

-

 

�

 

components of G-proteins. Although the coupling to G-proteins is,
indeed, the central event in GPCR-mediated signalling, it has
become clear in the recent past that GPCRs are dependent on
associations with a variety of additional protein partners for the
completion of their duty cycle. Facilitated by methodologies such
as the yeast two-hybrid screen and coimmunoprecipitation and the
development of assays, such as fluorescence resonance energy
transfer (FRET) and bioluminescence resonance energy transfer
(BRET)

 

3

 

 for monitoring the real-time formation of dynamic
GPCR–protein complexes in living cells, interest in GPCR-
interacting protein partners has increased markedly in recent years.
One aspect of inter-protein interactions in GPCRs relates to those
involving GPCRs themselves. There is ample experimental
evidence that many GPCRs are capable of forming both homo-
dimers and hetero-dimers with unrelated GPCRs and that such
inter-receptor complexes can produce pharmacological profiles
distinct from those of the monomeric receptors. G-Protein-coupled
receptor dimerization has been well reviewed recently

 

4,5

 

 and will
not be included here. Instead, the present review will focus on a
few of the better-characterized GPCR-interacting proteins that are
neither heterotrimeric G-proteins nor GPCRs (Table 1). They will
be discussed under the following functional categories: (i) proteins
that enable GPCR sorting and trafficking to their sites of action
(e.g. pre- or post-synaptic localization of neurotransmitter
receptors); (ii) proteins that anchor the receptors to the actin-
based cytoskeleton; (iii) proteins that physically associate with the
receptors to modulate ligand binding, signal amplification or
redirect signalling pathways; and (iv) proteins that are elements of
the GPCR desensitization and internalization machinery.
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STRUCTURAL BASIS OF INTERACTIONS

 

A cell expresses thousands of different proteins. So, how does a
GPCR select its binding partners? Just as they do in coupling to
heterotrimeric G-proteins, GPCRs rely on the recognition of
structural features, referred to as protein-recognition domains.
These domains, identified by various names, such as the PDZ, Zinc
finger or poly proline (PP)-binding domains, are recognized by
specific sequence motifs present on GPCRs.

 

6

 

 Other proteins, such
as arrestins, have less-defined recognition motifs, but their binding
to GPCRs may be regulated by events such as receptor phos-
phorylation. In proteins that have defined recognition domains,
those often occur as repeat sequences within a single polypeptide.
For example, the GPCR-binding protein multiple PDZ-domain
containing protein MUPP1 is a tandem repeat of 13 PDZ domains.
These multiple domains offer a protein the capacity to assemble a
number of receptor molecules and/or many different proteins into
a supramolecular complex.

The acronym ‘PDZ’ derives from the first three proteins (

 

P

 

SD-
95, 

 

D

 

isc large protein and 

 

Z

 

O-1) in which these domains were
identified.
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 The PDZ domain proteins include post-synaptic density
protein (PSD)-95, Na

 

+

 

/H

 

+

 

 exchange regulatory factor (NHERF),
the Shanks family proteins, MUPP1 and InaD and they mediate
protein–protein interactions via the recognition of a conserved

sequence (T/SxV) motif present at the extreme C-terminus of many
GPCRs.

Another abundant group of proteins with specific recognition
domains consists of those that bind proline-rich motifs on GPCRs.
Such modules, including the Src Homology (SH), WW and
Ena/vasodilator-stimulated phosphoprotein homology1 (EVH1)
domains, play a critical role in the assembly and regulation of many
intracellular signalling complexes.

 

8

 

 Proline-rich motifs are found in
several types of GPCRs, including 

 

�

 

-adrenoceptors, 

 

�

 

-adreno-
ceptors and dopamine D4 receptors, either on their third intra-
cellular loops or carboxy terminal tails.

 

PROTEINS IN THE DELIVERY OF GPCRS TO 
THE CELL SURFACE

 

Transport of the newly synthesised receptors to the appropriate
cellular location on the cell surface is critical for GPCR function.
The drastic consequences of wrong targeting are highlighted by the
list of pathological states that have been attributed to mislocaliz-
ation of GPCRs. They include retinitis pigmentosa, X-linked
nephrogenic diabetes insipidus and hypogonadotropic hypo-
gonadism, which have been associated with intracellular
accumulation of mutant rhodopsin, the V

 

2

 

 vasopressin receptor

 

Table 1

 

Selected list of G-protein-coupled receptor-interacting proteins to represent each functional category described in the present review

Receptor Interacting protein Function
Structural basis of 
interaction Reference

Rhodopsin Nina A Receptor trafficking to 10
Odorant-r ODR-4 cell surface 12
mGluR Homer 1a PDZ domain 14
5-HT2

 

A

 

PSD-95 PDZ domain 17
CLR RAMP 20–22
Dopamine D1 DRiP78 Zn finger domain 33

Dopamine D2 Spinophilin Receptor PDZ domain 35

 

�

 

2

 

-Adrenoceptor Spinophilin anchoring/stabilization PDZ domain 36

 

�

 

2

 

-Adrenoceptor PSD-95 PDZ domain 37
mGluR1 Homer 1c 15, 40, 41, 42
sst

 

2

 

Cort-BP1 PDZ domain 43
Prostanoid muskelin 44

 

�

 

-Adrenoceptor AKAP250 Scaffolding for assembly 46, 47
AKAP79 of signalling

mGluR1/R5 Homer molecules/redirection 48
IP

 

3

 

Homer of signalling 49
Rhodopsin InaD PDZ domain 51
AT

 

2

 

/endothelin Small G proteins NPXXY domain 53, 54
VPAC1 RAMP2 55
CLR RCP 56
Dopamine D1 Calcyon 57
AT

 

1

 

Jak2 YIPP domain 58

 

�

 

2

 

-Adrenoceptor NHERF PDZ domain 60–63

 

�

 

-Adrenoceptors Arrestins Receptor endocytosis/ 65
scaffolding role in ERK
signalling

CTR RAMP Modulate ligand 23, 24
CLR RAMP specificity 20–22

AKAP, A-kinase anchoring protein; CLR, calcitonin receptor-like receptor; Cort-BP1, cortactin-binding protein 1; CTR, calcitonin receptor; DRiP78,
dopamine receptor-interacting protein 78; ERK, extracellular signal-regulated kinase; IP

 

3

 

, inositol 1,4,5-trisphosphate; Jak2, Janus tyrosine kinase 2;
mGluR, metabotropic glutamate receptor; NHERF, Na

 

+

 

/H

 

+

 

 exchange regulatory factor; PSD-95, post-synaptic density protein-95; RAMP, receptor activity
modifying protein; RCP, receptor component protein.
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(V

 

2

 

R) or the gonadotropin-releasing hormone (GnRH) receptor,
respectively.

 

9

 

Chaperone protein-assisted trafficking of GPCRs to the cell
surface was first demonstrated for a sensory receptor in

 

Drosophila melanogaster

 

. Shieh 

 

et al

 

.

 

10

 

 showed that a protein,
named Nina A (neither inactivation nor afterpotential A), was
essential for the cell surface expression of rhodopsin 1 (Rh1). In
flies that expressed a mutant form of Nina A, cell surface Rh1 levels
were 10-fold lower than normal, whereas immaturely glycosylated
Rh1 accumulated in the endoplasmic reticulum of photoreceptor
cells.

 

11

 

Odorant defective receptor (ODR)-4, a 445-kDa protein that
interacts with olfactory receptors in 

 

Coenorhabditis elegans

 

provides another example of a chaperone protein enabling a
sensory GPCR to reach the cell surface.

 

12

 

 Although the
odorant receptors efficiently reach the cell surface in
specialized olfactory neurons, they are trapped intracellularly
when expressed in heterologous cell systems, without the
coexpression of ODR-4.

 

12

 

Homer 1 (also called Homer 1a) is described as an immediate-
early gene product, because of its rapid expression following
synaptic activation, in the mammalian brain.

 

13

 

 Homer proteins
possess a single PDZ-like domain that confers the capacity to bind
to a C-terminal motif of group I metabotropic glutamate receptors
(mGluRs). Roche 

 

et al

 

.

 

14

 

 showed that Homer 1a enabled the mature
receptor to be inserted at the cell membrane. Similarly, Homer 1c
assisted the trafficking of mGluR1

 

�

 

 to the dendrites of rat primary
cultured neurons.

 

15

 

 Interestingly, heterologous expression of
Homer 1b, a constitutively expressed splice variant, in cultured
cerebellar neurons caused retention of mGluR in the endo-
plasmic reticulum, which was reversed by excitation-induced
Homer 1a expression, leading to receptor trafficking to the cell
membrane.

 

16

 

Serotonin 5-HT

 

2A

 

 receptors are enriched in pyramidal neurons of
the mammalian cerebral cortex, where they are specifically sorted
to the apical dendrites. Xia 

 

et al

 

.

 

17

 

 observed that there was
preferential sorting of 5-HT

 

2A

 

 receptors to the dendrites and not to
axons in primary cultures of pyramidal neurons. Disruption of the
PDZ-binding motif of 5-HT

 

2A

 

 receptors greatly attenuated their
dendritic targeting. However, the PDZ mutation did not cause
inappropriate sorting of the receptor to the axon. These results
suggest that the specific dendritic targeting of receptors is
dependent on an association with a PDZ domain protein, which
was later found to be PSD-95.

 

18

 

 Heterologous expression of the
wild-type 5-HT

 

2A

 

 receptor, but not a mutant receptor lacking the
PDZ-binding domain, in HEK-293 cells enabled direct interaction
with PSD-95 and enhanced 5HT

 

2A

 

 receptor-mediated signal trans-
duction, mainly via increased cell surface expression.

 

18

 

The discovery of receptor activity modifying proteins (RAMPs)
made a significant impact on our understanding of GPCR structure
and function, because it laid the foundation for the concept of
different receptor ‘phenotypes’ arising from a single GPCR gene
product. The first of this family of proteins, RAMP1, was identified
while attempting to clone the receptor for the peptide hormone
calcitonin gene-related peptide (CGRP).

 

19

 

 Two more RAMPs were
subsequently identified through database analysis and named
RAMP2 and RAMP3.

 

19

 

 The calcitonin receptor-like receptor
(CLR), a class II GPCR, is the closest homologue of the calcitonin
receptor (CTR) and was primarily considered an orphan receptor

until RAMPs were discovered. Although neither CLR nor RAMP1
expressed alone has CGRP-binding properties, RAMP1 and CLR
coexpression yields a high-affinity CGRP receptor phenotype.
Receptor activity modifying protein 1 enables the translocation of
CLR to the plasma membrane and remains associated with the
GPCR to impart CGRP-binding properties to it. Receptor activity
modifying protein 2 or 3 can also transport the CLR to the cell
surface and RAMP2/CLR or RAMP3/CLR yield a high-affinity
adrenomedullin (AM) receptor.

 

20–22

 

 Christopoulos 

 

et al.

 

23

 

 and Muff

 

et al.

 

24

 

 extended these findings to demonstrate RAMP interaction
with the related calcitonin receptor (CTR), the receptor that
mediates the actions of the peptide hormone calcitonin. The CTR,
unlike CLR, does not require RAMPs for trafficking to the cell
surface. However, in cells that coexpress any one of the RAMPs,
the CTR–RAMP heterodimer forms a high-affinity receptor for
amylin, another peptide that belongs to the CGRP, calcitonin and
AM family of peptide hormones. Each RAMP is capable of
yielding a distinct amylin receptor phenotype.

 

25,26

 

 Coexpression of
CLR and RAMPs or CTR and RAMPs has been demonstrated in
many tissues and cell types that have CGRP, AM or amylin binding
sites.

 

27–29

 

 This is an indication that the 

 

in vitro

 

 findings described
above have direct physiological relevance. To date, the literature on
RAMP–GPCR interaction has been limited to class II GPCRs.
However, in preliminary studies in the authors’ laboratory,
heterologous RAMP expression in the human neuroblastoma
cell line SKNMC was found to modulate ligand-binding
affinity and signalling properties of the endogenous 

 

�

 

-adreno-
ceptors, suggesting that RAMPs may also interact with class I
GPCRs.

Cross-linking studies have revealed that [

 

125

 

I]-CGRP and
[

 

125

 

I]-AM are incorporated into the RAMPs, indicating that
RAMPs are in close proximity to the receptor and contribute to the
ligand-binding pocket.

 

30,31

 

 Biochemical and confocal microscopy
data indicate that RAMPs and their receptor partners form stable
heterodimers that originate in the endoplasmic reticulum (ER) and
Golgi apparatus.

 

32

 

 The complexes are maintained during the
processes of translocation to the cell surface, agonist activation,
internalization and lysosomal degradation.

Another ER membrane-associated protein, namely dopamine
receptor-interacting protein 78 (DRiP78), was recently implicated
in the trafficking of the dopamine D1 receptor.

 

33

 

 The C-terminus of
DRiP78 contains a zinc finger domain that associates with a
transport motif, FXXXFXXXF, within the C-terminus of the D1
receptor. This motif is highly conserved among many class I
GPCRs and substitution of any of the phenylalanine (F) residues
with alanine or truncations of the motif result in arrest within the
ER of several GPCRs, including dopamine D1 receptors, lutein-
izing hormone (LH) receptors and vasopressin V

 

2

 

R.

 

33

 

 The
conservation of the DRiP78-binding motif within the C-terminus
of many GPCRs suggests that DRiP78 may play a broad role in
GPCR transport.

Simonin 

 

et al

 

.

 

34

 

 recently reported the identification of a family
of at least 10 members of GPCR-interacting proteins. One of these,
named GPCR-associated sorting protein-1 (GASP-1), associates
directly with the 

 

�

 

 opioid receptor and has a regulatory role in
degradation of the receptor. 

 

In situ

 

 hybridization and northern blot
analyses indicate that GASP-1 mRNA is distributed throughout the
central nervous system, consistent with a potential interaction with
numerous GPCRs 

 

in vivo

 

.
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PROTEINS THAT STABILIZE GPCRS AT 
THE CELL SURFACE

 

Cell surface receptors need to be properly anchored at the
appropriate location to facilitate efficient binding of their endo-
genous ligands and to initiate signal transduction. Stabilization of
receptors in the cell membrane is another purpose served by
GPCR-interacting proteins. The fact that a greater proportion of
proteins associated with clustering and localization of GPCRs at
the plasma membrane comprise PDZ domain proteins has
important biological implications. By virtue of their role as
scaffolds, PDZ domain proteins enable the colocalization of
membrane proteins to specific subcellular domains.

Both dopamine D2 receptors

 

35

 

 and 

 

�

 

2

 

-adrenoceptors

 

36

 

 interact
with spinophilin, a ubiquitously expressed 120 kDa PDZ domain
protein. Spinophilin also contains three coiled-coil domains at its
C-terminus, which mediate self-assembly 

 

in vitro and

 

 provide the
capability of forming multiprotein complexes in cells. Spinophilin
is abundantly expressed beneath the basolateral surface to which
the 

 

�

 

2

 

-adrenoceptor is tethered. In fibroblasts derived from
spinophilin-knockout mouse embryos, there is much faster agonist-
induced internalization of 

 

�

 

2

 

-adrenoceptors

 

36

 

 owing to an impaired
stability of the receptors. These findings lend support to the
suggestion that spinophilin stabilizes GPCRs at the cell surface.
There is also evidence that spinophilin can bind to dopamine D2
receptors and a protein phosphatase 1-binding protein at the same
time, supporting the notion that spinophilin may also be a scaffold-
ing protein that links signalling proteins and their regulators to
microdomains at the cell surface.

 

35

 

�

 

-Adrenoceptors are GPCRs that mediate the cellular actions of
adrenaline and noradrenaline. There are three distinct subtypes of

 

�

 

-adrenoceptors (

 

�

 

1

 

, 

 

�

 

2

 

 and 

 

�

 

3

 

), all of which can associate with
PDZ domain scaffold proteins. 

 

�

 

1

 

-Adrenoceptors associate with
the PDZ protein PSD-95

 

37

 

 and this interaction appears to stabilize
the receptor on the cell surface because the agonist-induced
receptor internalization is attenuated when PSD-95 is over-
expressed. The 

 

�

 

1

 

-adrenoceptor–PSD-95 interaction also facilitates
the physical association of 

 

�

 

1

 

-adrenoceptors with synaptic pro-
teins, such as 

 

N

 

-methyl-

 

D

 

-aspartate (NMDA) glutamate receptor
channels, which may explain the 

 

�

 

1

 

-adrenoceptor-mediated
regulation of NMDA currents.

 

38

 

The neurotransmitter receptors 5-HT

 

2A

 

 and 5-HT

 

2C

 

 are GPCRs
that share very similar pharmacological profiles and signalling
pathways. Both possess the canonical PDZ recognizing motif
(SxV) at their C-terminal extremities. Becamel 

 

et al

 

.

 

39

 

 recently
used a proteomic approach that combined affinity chromatography
with immobilized synthetic peptides encompassing the PDZ-
recognizing motif and identified several PDZ proteins that
interact with 5-HT

 

2A

 

 and 5-HT

 

2C

 

 receptors, with each of them
interacting with a specific subset of PDZ proteins. Immuno-
fluorescence and electron microscopic studies strongly suggested
that these specific interactions also take place in live cells and that
5-HT receptor–PDZ protein complexes occur in intracellular
compartments.

Homer proteins, in addition to their role in assisting in receptor
trafficking, are implicated in GPCR anchoring. In cells that over-
express Homer 1c, mGluR1

 

�

 

 redistribute into clusters and manifest
a longer half-life than in the absence of Homer 1c.

 

15

 

 Serge 

 

et al

 

.

 

40

 

observed that activation of mGluR5 increased the receptor

diffusion in the neuronal membrane, but the presence of Homer
proteins favours confinement of receptor movements within
clusters of Homer–mGluR5. Furthermore, it has been observed that
the concentration of mGluR1/5 at synaptic sites results from their
binding to protein partners in the post-synaptic density, such as
Homer or Shank.

 

41,42

 

The C-terminus of the rat somatostatin sst

 

2

 

 receptor subtype
interacts specifically with the PDZ domain of cortactin-binding
protein 1 (Cort-BP1). There is strong overlap of sst

 

2

 

 and
Cort-BP1 expression in the mammalian central nervous system,
suggesting that the interaction is likely to occur 

 

in

 

 

 

vivo

 

.

 

43

 

Because Cort-BP1 also interacts with the cytoskeletal protein
cortactin via the SH3 domain in the latter and is thus
linked to cortical actin filaments, it is likely that sst

 

2

 

–Cort-BP1
interaction could be important for anchoring sst

 

2

 

 to specific sites on
the cell membrane. In transfected cells, Cort-BP1 undergoes a
marked colocalization to the plasma membrane if sst

 

2

 

 is
cotransfected.

 

43

 

Muskelin is a widely distributed actin-binding protein that also
binds to the C-terminal tail of the �-isoform of the prostanoid ER3

receptor, which mediates some of the cellular actions of prosta-
glandin (PG) E2.44 Several ER3 receptor splice variants are known
and they differ only in their C-terminal sequences. This variation
determines the selectivity of the receptors for different G-protein
subtypes and, thus, the signalling pathways. Only the �-isoform
binds muskelin and it greatly reduces PGE2-mediated receptor
internalization and may increase coupling of the receptor to G�i.44

Because it is also known that muskelin interacts with other
cytoskeletal proteins, it is likely that a scaffolding complex of these
proteins may form to regulate the signalling efficiency of the ER3

receptor �-isoform.

PROTEINS THAT INFLUENCE GPCR 
SIGNALLING

The primary route of GPCR signalling involves the coupling of the
activated receptor to heterotrimeric G-proteins and the latter
activating downstream effectors. There are four principal classes of
G-protein �-subunit families (G�s, G�i/o, G�q/11 and G�12/13), each
identified by a subunit that preferentially regulates specific classes
of effectors.45 The G�s stimulates adenylate cyclase (AC), G�i

inhibits AC and activates K+ channels and G�q/11 stimulates
phospholipase C (PLC). Members of G�12/13 are principally
involved in the small G-protein, Rho-mediated responses, but have
been shown to play a role in G�q-linked signalling as well.45 This
arrangement, where a large number of GPCRs that transmit a
diverse array of stimuli operate via only a limited number of known
G-protein subtypes and effectors, cannot always account for the
specificity in responses that is generally observed. The demon-
stration that GPCRs can interact with a variety of additional
proteins has a bearing on such issues. With this new knowledge,
there is an emerging theme that these additional proteins, by
providing a scaffold, form signalling complexes in association with
individual GPCRs, resulting in compartmentalization of receptors
and signalling elements that enable the regulation of specificity,
intensity and duration of the signalling process. It is conceivable,
and, indeed, there is some evidence, that in some of these protein
networks GPCRs may bypass the need to couple with the
heterotrimeric G-proteins for signalling.
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G-Protein-coupled receptor-signalling pathways via coupling to
G�s stimulate cAMP production, which, in turn, activates protein
kinase A (PKA). A family of proteins referred to as A-kinase
anchoring proteins (AKAPs) associate with PKA and several other
proteins to organize cellular signalling pathways. Two different
AKAPs, namely AKAP250 and AKAP79, interact with �-adreno-
ceptors.46 The AKAP250 protein binds to the �2-adrenoceptor
C-terminus and promotes receptor association with PKA and
regulation of receptor desensitization. Interaction of �2-adreno-
ceptors with AKAP79 promotes �2-adrenoceptor phosphorylation
and downstream mitogenic signalling. Thus, AKAPs provide a
platform for the assembly of various kinases and phosphatases,
thereby facilitating efficient G�s-mediated signalling.47 The
AKAP-binding motif on the �2-adrenoceptor is not defined and,
thus, it is not clear whether the interaction with AKAPs is unique
to �-adrenoceptors or whether other GPCRs may also associate
with certain AKAPs.

Reference was made previously to the role of Homer proteins in
trafficking and anchoring of mGluR. Association with Homer
proteins has significant consequences for mGluR1- and mGluR5-
mediated signalling as well.48 Homer proteins can bind to a variety
of other proteins beyond themselves and mGluRs, including
intracellular inositol phosphate (IP) receptors, syntaxin 13 and the
Shank family of scaffold proteins.49 Both mGluR1 and mGluR5 are
G�q linked and, thus, their activation leads to stimulation of IP
hydrolysis. Therefore, the Homer-dependent linkage of these
receptors to inositol 1,4,5-trisphosphate (IP3) receptors may be
significant for the regulation of their signalling. Homer proteins
also exert a strong effect to regulate the level of constitutive
G-protein coupling to mGluR1 and mGluR5: association of Homer
3 dampens the constitutive activity, whereas Homer 1a enhances
constitutive activity of mGluR1 or mGluR5.50

The InaD protein, a protein composed almost entirely of five
PDZ domains, is a well-characterized scaffolding molecule. It
serves as a scaffold for the GPCR-mediated phototransduction
elements in the eye of D. melonagaster.51 Mutations of InaD
disrupt the phototransduction cascade and cause mislocalization of
several signalling proteins.51 In contrast with other cellular
signalling processes, photoreceptors require an extremely rapid
mechanism for signal transduction and this is acquired through
InaD, which binds multiple signalling elements to place them in
close proximity to each other.

In contrast with the heterotrimeric G-proteins that are coupled to
GPCRs, the small G-proteins (also called small GTP-binding
proteins) are monomeric proteins with a low molecular weight of
20–40 kDa and have intrinsic GTP-hydrolysing activity.52 There-
fore, they are also called GTPases. More than 100 small G-proteins
have been identified and comprise a superfamily. They are struc-
turally divided into at least five subfamilies: Ras (Ras, Rap, Rad,
Ral, Rin and Rit), Rho (Rho, Rac, Cdc42 and Rnd), Rab, Sar1/ADP
ribosylation factor (Arf, Arl, Ard and Sarl) and Ran.52 The small
G-proteins exert a wide spectrum of functions, including regulation
of gene expression, cell proliferation, cell migration, cytoskeletal
rearrangement, intracellular vesicle trafficking and protein nucleo-
cytoplasmic transportation. The GPCR-mediated regulation of
small G-proteins has been viewed typically as a downstream
consequence of heterotrimeric G-protein activation, particularly
G�q, G�11 or G�12 activation.52 However, there is evidence to show
direct activation of small G-proteins by GPCRs. Activation of the

enzyme, phospholipase D (PLD) by the small G-proteins Arf and
RhoA has been demonstrated with several GPCRs.53,54 The
activation of PLD by angiotensin II or endothelin-1 mediated by
their respective receptors was sensitive to brefeldin (an Arf
inhibitor).54 Both Arf and RhoA can be coimmunoprecipitated with
the muscarinic acetylcholine M3 receptor or the angiotensin AT1

receptor.53 These receptors have a conserved NPXXY amino acid
sequence in their transmembrane domain. Mutations in this motif
prevent the association of these receptors with ArF or Rho and also
signalling to PLD.

The two receptor phenotypes resulting from CLR and RAMP
interaction, CGRP receptor (CLR + RAMP1) and AM receptor
(CLR + RAMP2 or 3), couple with G�s. Thus, stimulation of these
receptors with the respective ligands elicits cAMP accumulation.19

The G�s-coupling property of the CTR is retained in CTR/RAMP-
derived amylin receptors, although the efficiency of cAMP
production can vary depending on the RAMP subtype.23,24

Christopoulos et al.55 explored whether other class II GPCRs
interact with RAMPs and found that the vasoactive intestinal
peptide VPAC1 receptor interacts with all three RAMPs, para-
thyroid hormone (PTH) PTH1 receptors and glucagon receptors
interact with RAMP 2 and the PTH2 receptor interacts with
RAMP3. The consequences of these interactions are mostly
unresolved. However, for the VPAC1 receptor, agonist-evoked IP
hydrolysis is significantly enhanced in cells coexpressing VPAC1

receptor and RAMP2 relative to those expressing receptor alone.
Thus, RAMPs not only modulate receptor phenotype, but may also
enhance signalling.

Another protein, called receptor component protein (RCP), also
originally identified during attempts to clone the cDNA for CGRP
receptor, was found to form a ternary complex with CLR and
RAMP1 or 2.56 Receptor component protein interacts directly with
CLR and appears to facilitate signal transduction by CGRP and AM
either through enhanced coupling between the CLR/RAMP-
derived CGRP receptors and the signalling machinery or by
organizing the CLR at the plasma membrane into a signalling
microenvironment, such as caveolae or lipid rafts.

An interesting example of the redirection of a signalling pathway
occurs with dopamine D1 receptor association with a 24 kDa single
transmembrane protein called calcyon.57 This interaction causes a
Ca2+ response to agonist stimulation in addition to the cAMP
response, suggesting that the interaction increases the affinity of the
receptor for G�q/G�11 protein.

Angiotensin II is a potent haemodynamic regulator that exerts
most of its physiological actions through the angiotensin AT1

receptor. Stimulation of the AT1 receptor activates not only conven-
tional G-protein-mediated pathways, but also the Janus tyrosine
kinase (Jak)– signal transducers and activators of transcription
(STAT) signalling pathway.58,59 The STATs are transcription factors
that can shuttle between the cytoplasm and the nucleus to regulate
gene expression. Because many cellular processes in response to
external stimuli involve the regulation of gene expression,
demonstration of a direct effect on transcription factors is of
significance. The ability of the AT1 receptor to regulate Jak/STAT
signalling is dependent on a direct interaction between the AT1

receptor and Jak2 and promotion of the phosphorylation of STAT1
by Jak2, thus recruiting STAT1 into a complex with the AT1

receptor, revealing a function of Jak2 as a scaffold protein. The
Jak2 interaction is dependent on a specialized motif (Y-I-P-P)
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found in the carboxyl terminus of the AT1 receptor that is not
present in most other GPCRs.

The binding of the NHERF to GPCRs illustrates that GPCR-
mediated signalling does not always depend on G-protein coupling.
The NHERF is a cytoplasmic phosphoprotein that plays an
essential role in the inhibition of NHE3. The protein contains two
PDZ domains, through which it binds to the C-terminii of both
�2-adrenoceptors and the � opioid receptor.60,61 The agonist-
stimulated regulation of Na+/H+ exchange by both these receptors
is a cellular response mediated by this pathway and is independent
of G�-proteins. This interaction also mediates the sorting of
internalized �2-adrenoceptors between degradative endocytic
pathways and plasma membrane recycling. Truncation of the
�2-adrenoceptor C-terminus results in lysosomal degradation of
receptors, abolishing the recycling.62 Interestingly, the association
of NHERF with the parathyroid hormone PTH1 receptor via a PDZ
domain interaction leads only to a redirection of signalling, with
the formation of molecular complexes that enhance G�i/o-mediated
PLC activation, but reduces the usually predominant G�s-mediated
signalling.63

RECEPTOR ENDOCYTOSIS AND 
ALTERNATIVE SIGNALLING

Agonist binding to GPCRs triggers not only their activation, but
also a chain of events that often results in a rapid attenuation of
receptor responsiveness, a phenomenon termed desensitization.
Desensitization of GPCRs involves several events: the receptor is
phosphorylated by G-protein-coupled receptor kinases (GRKs),
enhancing receptor binding to proteins of the arrestin family, which
makes the receptor unavailable for G-protein coupling. The
arrestin-bound receptors may also be internalized, resulting in the
downregulation of the number of cell surface membrane-bound
receptors.

Arrestins (arrestin 2 and 3) were first identified as proteins
involved in the desensitization of �-adrenoceptors,64 but it is now
known that these arrestins can associate with the majority of
GPCRs. Direct binding studies have demonstrated that GRK-
phosphorylated �2-adrenoceptors have 10–30-fold higher affinity
for arrestin binding than unphosphorylated receptors, indicating
that receptor phosphorylation is a key element in high-affinity
arrestin binding.65 Arrestin 2 and arrestin 3 are scaffold proteins
that physically link GPCRs to various elements of the receptor
internalization machinery. Unlike the other interactions described
above, the arrestin/GPCR interactions do not appear to depend on
highly defined motifs and it is therefore likely that arrestins act as
scaffold proteins for most GPCRs, although there is some
specificity in arrestin subtype-specific interactions.65

Arrestins and other scaffold proteins can be important in the
mediation of receptor signalling.66,67 Perhaps the best characterized
signalling function of arrestins is the activation of extracellular
signal-regulated kinase (ERK), a member of the mitogen-activated
protein kinase family. Dominant-negative mutants of arrestins
can interrupt ERK signalling by various GPCRs.68,69 Further-
more, arrestin-dependent ERK stimulation exists in parallel with
G-protein-dependent modes of ERK signalling,70 strongly
suggesting divergent mechanisms of action. Indeed, overexpression
of arrestins significantly attenuates G-protein-mediated angiotensin
AT1A receptor signals, such as phosphatidylinositol hydrolysis, by

accelerating receptor desensitization, but potentiates ERK activ-
ation via the same receptor.71 Arrestins are believed to work as
scaffolds for various ERK pathway components. The tenacity of
the interaction between GPCRs and �-arrestin markedly changes
the spatial localization, magnitude and duration of ERK
signalling.72 Stable interaction between GPCR and arrestin
disposes a receptor to signal predominantly cytosolically71,73 and,
thus, to target factors such as cytoskeletal proteins74 and parts of
the GPCR desensitization machinery.75,76 Conversely, weak
interaction with arrestin allows the GPCR to trigger ERK trans-
location to the nucleus, activation of transcription factors (such as
cMyc and Elk1) and the initiation of a proliferative response.71,73

As a case-in-point, studies in which the arrestin-binding domains
of the vasopressin V2 receptor (which binds arrestins stably) and
the �2-adrenoceptor (which binds arrestins weakly) were
exchanged showed that V2R chimeras containing the �2-adreno-
ceptor domain exhibited a �2-adrenoceptor-like phenotype and
vice versa.73 The V2R/�2-adrenoceptor chimeras bound arrestin
transiently, caused ERK nuclear translocation and mitogenesis.
Meanwhile, the reciprocal chimera (in which the �2-adrenoceptor
was fused with the V2R arrestin-binding domain) adopted a V2R-
like phenotype with respect to ERK signal localization, with the
ERK signal being located mainly cytosolically. Thus, interaction
between GPCR and arrestin can have extensive effects on down-
stream signalling pathways and the cellular outcome of receptor
stimulation and the C-terminal tail of the GPCR may have crucial
roles in defining this outcome by determining the strength of the
interaction between the two proteins.

Arrestin binding to the �2-adrenoceptor has also been implicated
in the binding of the receptor to phophodiesterase (PDE) 4, an
enzyme causing degradation of cAMP and consequent reduction in
PKA activity.77 Agonist activation leads to membrane recruitment
of PDE4, thus regulating membrane PKA activity. Because phos-
phorylation of the �2-adrenoceptor by PKA is implicated in the
switching of the receptor’s predominant coupling from G�s to G�i,
the arrestin-mediated recruitment of PDE4 plays a central role in
regulating the switch.78

CONCLUSION

The examples cited above illustrate the extent to which GPCRs
interact with proteins other than the conventional heterotrimeric
G-proteins. The impact of some of these interactions, under
physiological conditions, is yet to be determined precisely.
However, considering those where a physiological relevance has
been demonstrated, these findings indicate that GPCR-mediated
signalling is a much more complex process than described
previously. It is apparent that other interacting proteins play a role
in every aspect of GPCR function: transport to the site of action,
proper anchoring, ligand binding, signalling and endocytosis.
These findings have contributed to a novel concept of cellular
organization in which modular protein–protein interactions provide
a network through which signalling pathways are assembled and
controlled. The availability of the relevant proteins can profoundly
affect the activity of the receptors. Because many of these proteins
are differentially expressed in different tissues, it is not at all
surprising that the pharmacological profiles of GPCRs are often
found to be host cell specific. In this context, analysis of physio-
logical regulation of a GPCR through characterization of the
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receptor in isolation is becoming increasingly difficult. Gavarini
et al.79 have recently coined the term ‘receptosome’ to encompass
a protein complex involving a 5-HT2 receptor and its signalling
elements. Such new outlooks on GPCR structure and function have
implications for studies on the molecular aspects of their function
or those aimed at discovering new drugs targeted to them.
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