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Abstract
The functional and physiological diversity of transmembrane receptors results from factors that
influence the pharmacology, signaling, and trafficking of these receptors. Receptor mutations and
other modifications may lead to misfolding, intracellular retention, and ineffective signaling of
transmembrane receptors. The importance of such mutations is highlighted by the fact that various
diseases have been linked to mutations that lead to ineffective signaling of these receptors,
resulting from the retention of receptors in intracellular compartments. Studies focused on
understanding the regulation of trafficking and cell surface expression of newly synthesized
receptors have highlighted molecular chaperones as key regulators of receptor maturation and
sorting. In this chapter, we discuss the functions of molecular chaperones in the regulation of
seven-transmembrane-containing G-protein-coupled receptor function and trafficking and explore
ways in which chaperones can serve as novel therapeutic targets.

I. Introduction
A large family of over 800 genes encodes receptor proteins that are characterized by a
signature seven-transmembrane structure. Members of this family include sensory receptors
for taste, odorants, and light as well as receptors for many hormones, neurotransmitters,
chemokines, and ions. These seven-transmembrane receptors (also known as heptahelical
receptors) are commonly referred to as G-protein-coupled receptors (GPCRs) because they
mediate their effects through the activation of a variety of heterotrimeric (α, β, γ-subunits)
guanine nucleotide-binding G proteins. These GPCRs regulate many physiological
processes, and the mechanism by which GPCRs translate extracellular signals into cellular
changes has been an area of active research for many years.

Initial theories of GPCR signaling involved agonist binding leading to the activation of the
receptor, resulting in dissociation of the G protein into an α subunit and a βγ subunit. Both
these subunits have been shown to activate or inhibit various downstream effector
molecules. However, further advances in the field of GPCR signaling have demonstrated
that the mechanisms by which cell surface receptors orchestrate cellular changes are more
complex. The recognition of the importance of GPCR oligomerization, the discovery of
regulators of G protein signaling (RGS) proteins, and the identification of accessory/
chaperone molecules are just some of the factors that have contributed to the expansion of
the role and function of GPCRs.

Not only do the GPCRs regulate a plethora of physiological processes but drugs that target
these receptors account for most of the medicines sold worldwide. These drugs target these
seven-transmembrane receptors directly or target other proteins that are crucial for signaling
through these receptors. This chapter focuses on the functions of molecular chaperones in
the regulation of transmembrane receptor function and trafficking and explores ways in
which chaperones can serve as novel therapeutic targets.
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II. Molecular Chaperones and Accessory Proteins
The molecular chaperone concept was first proposed by John Ellis in 1987; he proposed that
the term molecular chaperone be used to describe “a class of cellular proteins whose
function is to ensure that the folding of certain other polypeptide chains and their assembly
into oligomeric structures occur correctly.”1 There is a commonly held misconception that
molecular chaperones are solely involved in ensuring proper protein folding. While many
chaperones are involved in stabilizing unfolded protein folding and are involved in protein
unfolding and degradation, chaperones also play a crucial role in the assembly of folded
subunits into oligomeric structures.

With regard to GPCR function, some GPCRs may require the specific assistance of
chaperones for proper folding during maturation. In addition, recent findings have
highlighted various cytoplasmic and membrane-associated proteins that interact with GPCRs
as they traffic through intracellular compartments and facilitate the cell surface expression
of these GPCRs. While many of these chaperone proteins have additional biological roles, it
is clear that they are necessary for proper functional expression of the receptors with which
they interact.

III. GPCR Maturation and Postendoplasmic Reticulum Trafficking
GPCRs are synthesized by ribosomes attached at the cytosolic face of the endoplasmic
reticulum (ER). During biosynthesis, these proteins are targeted by their hydrophobic signal
sequences to the translocation complex which facilitates cotranslational entry into the ER
lumen. Insertion of transmembrane domains into the membrane is driven by the
translocation complex and orientation signals contained in the protein’s polypeptidic chain.
This membrane insertion is assisted by molecular chaperones and folding factors.2,3 Most
GPCR proteins fold properly with the aid of a conventional chaperone system. This
conventional chaperone system comprises classical and lectin chaperones as well as
enzymes that catalyze disulfide-bond formation or peptidyl–prolyl cis–trans
isomerization.4,5

Once transmembrane proteins have achieved their native conformation, they leave the ER
and are transported through the secretory pathway to their subcellular destination. This
complex ER machinery constitutes the most important quality-control system for
crosschecking newly synthesized proteins. In the event that newly synthesized proteins are
defective in their folding, these misfolded polypeptides are exported across the ER
membrane into the cytosol and destroyed by the ER-associated degradation pathway
(ERAD).6

The general chaperone system that is commonly utilized for membrane proteins in the
secretory pathway involves the use of heat-shock proteins (HSPs). HSPs have been
implicated as central components of the chaperone-mediated protein folding mechanism.
Several physical and chemical conditions that are potentially harmful to cells (such as
elevated temperature) result in inappropriate protein folding. This increase in inappropriate
protein folding is accompanied by a concomitant increase in the levels and/or activity of
HSPs whose job is to deal with misfolded proteins and get the protein folding machinery
back on track.7 Many HSPs are constitutively expressed in all cells. There are many families
of HSPs and individual members within each family differ in their expression pattern and
functions.

The Hsp70 family ER luminal protein BiP (also known as GRP78) is a key regulator of the
quality-control system of the ER. BiP, working with Hsp40 family cofactors, facilitates
translocation of nascent chains in the ER lumen, participates in protein folding and
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oligomerization and contributes to the retro-translocation of misfolded proteins to the ER-
associated degradation pathway.6 Some GPCRs, such as the luteinizing hormone receptor,
have been shown to interact with BiP.8,9 The luteinizing hormone receptor was also found to
interact in the ER with GRP94, a member of the Hsp90 family and a known cofactor for
BiP.9

Numerous reports have demonstrated the interaction between GPCRs and carbohydrate-
binding chaperones.8–10 It is a common feature that many mature GPCRs are N-glycosylated
at the N-terminal region and/or at the extracellular loops. These regions are luminal when
the immature receptors are present in the ER. Cotranslational addition of sugar chains to
asparagine residues by oligosaccharyltransferases provides binding sites for lectin
chaperones that are able to bind to carbohydrate molecules. Such lectin chaperones include
the proteins calnexin and calreticulin. After the removal of the two terminal glucoses by a
glucosidase, the resulting monoglucosylated newly synthesized GPCR proteins interact with
lectin chaperones. The interaction between the lectin chaperone and the immature receptor
protein is terminated by the cleavage of the last glucose by glucosidase II. Once released,
correctly folded glycoproteins can exit the ER. By contrast, incorrectly or incompletely
folded glycoproteins are reglucosylated by glucosyltransferase, resulting in another round of
association with calnexin and calreticulin. Cycles of glucosylation and deglucosylation
continue until the glycoprotein has either reached its proper, folded conformation or is
targeted for degradation.

Exit of proteins from the ER occurs at ER-exit sites, where buds are formed and coated with
the COPII coat protein. Proteins released from the ER quality-control machinery accumulate
in these COPII-coated buds.11 Signals in the cytoplasmically exposed C-terminal tails of
transmembrane proteins, such as GPCRs, that are being transported in the secretory pathway
are likely to be involved in direct binding with components of COPII.12 These signals
comprise diacidic motifs and pairs of aromatic or bulky hydrophobic amino acid residues.11

Cargo receptors for soluble secretory proteins present in ER buds also possess these motifs
in their C-terminal tail. Many GPCRs contain these ER-export motifs, indicating that they
might interact directly with COPII complex proteins.13

The next step in the maturation of GPCRs involves trafficking to the Golgi apparatus. In
mammalian cells, protein traffic moving from ER-exit sites to the Golgi complex passes
through the ER–Golgi intermediate compartment. The ER–Golgi intermediate compartment
is a site of anterograde and retrograde sorting under the control of COPI coat proteins, Rab
and Arf GTPases.14 Vesicles exiting from this compartment are directed either to the Golgi
or back to the ER, depending on a series of factors. These factors include the nature of the
cargo protein, the Arf GTPase isoform involved in coat recruitment and the Rab effectors.

The ER–Golgi intermediate compartment is known to utilize at least two Rab effector
proteins to promote the formation of two separate pools of transport vesicles. It is believed
that Rab1 isoforms are involved in the transport from the ER to the ER–Golgi intermediate
compartment and transport from the ER–Golgi intermediate compartment to the cis-Golgi
complex.15 Conversely, Rab2 is believed to promote the formation of vesicles returning
from the ER–Golgi intermediate compartment back to the ER.16

In order to investigate the involvement of these Rab effector proteins in GPCR trafficking
through the ER–Golgi intermediate compartment, various studies have investigated the
effect of selective small interfering RNA (siRNA)-mediated knockdown of Rab1 and Rab2
and overexpression of dominant-negative Rab1 and Rab2 on GPCR maturation and proper
receptor export. Overexpression of dominant-negative Rab1a and siRNA-mediated
knockdown of Rab1b perturbed trafficking of both the angiotensin AT1 receptor and the β2-
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adrenoceptor.17 Such effects appear to be receptor-specific as, in the same report, trafficking
of the α2B-adrenoceptor was not affected by these same Rab protein manipulations.
Additionally, overexpression of Rab2 mutants and siRNA-mediated knockdown of Rab2
resulted in an inhibition of cell surface expression of both the β2- and α2B-adrenoceptors.18

Transport vesicles that bud from the rough ER carry proteins to the luminal cavity of the
Golgi complex. Three-dimensional reconstructions from serial sections of the Golgi
complex show a series of flattened membrane sacs. These series of flattened membrane sacs
have three defined regions, termed the cis-, medial-, and trans-Golgi. Transport vesicles
from the rough ER fuse with the cis-Golgi region of the complex, where these cargo proteins
are deposited. Proteins then progress from the cis to the medial to the trans region of the
Golgi complex. Within each region are different enzymes (glycosyltransferases) that modify
proteins differently depending on their structures and final destinations.19

Once in the Golgi, cargo proteins can be sorted to the endosomal system, the plasma
membrane or back to the ER. Retrograde transport to the ER is likely to be involved in
retargeting misfolded proteins to the ER-associated degradation pathway.20 Other defective
proteins are targeted to lysosomal degradation after sorting to endosomes.20 As is the case
with investigating GPCR transport out of the ER, studies examining GPCR trafficking
through the Golgi stacks have looked at the effects of Rab effector protein perturbation. The
Rab6 GTPase regulates vesicular transport in the Golgi. Perturbing the function of the Rab6
GTPase inhibits the anterograde transport of Drosophila rhodopsin and of mammalian
GPCRs.18,21 Additionally, studies of δ-opioid receptor glycosylation demonstrated that O-
glycosylation (on serine or threonine residues) and final processing of N-linked
oligosaccharides occur in different compartments of the Golgi.22 Studies using a α2B-
adrenoceptor mutant in which adjacent tyrosine and serine amino acid residues were
substituted provided evidence that the N-terminus of the α2B-adrenoceptor might contain a
signal that directs exit of the receptor from the Golgi. When this mutant α2B-adrenoceptor
protein was expressed, the mutant receptor was primarily trapped in the Golgi complex.23

IV. Regulated Translocation to Intracellular Compartments and/or the
Plasma Membrane

In the most simplified model of GPCR trafficking, GPCRs are expressed on the cell surface
following biosynthetic sorting and are then endocytosed in response to activation by
agonists. Increasingly, there is evidence that for some GPCRs, this might not always be the
case. This is demonstrated by studies performed studying the trafficking of the protease-
activated receptor (PAR) family. Irreversible activation of the PAR1 and PAR2 thrombin
receptors by cleavage results in internalization and degradation of the receptors in
lysosomes. It has been demonstrated that large pools of PAR1 and PAR2 receptors reside in
intracellular compartments. Most of these receptors are localized in the Golgi complex,
where they are protected from activation by thrombin and subsequent degradation. Upon
activation of the cell surface receptors, these intracellular thrombin receptors translocate to
the plasma membrane and replenish the pool of plasma membrane receptors that have been
degraded following receptor activation. In this way, replenishment of plasma membrane
thrombin receptors is correlated with recovery of thrombin responsiveness.24

As is the case with the thrombin receptors, regulated pools of intracellular dopamine D1
receptors exist in tubular renal cells. In these cells, agonist activation of cell surface
dopamine receptors results in recruitment of the intracellular receptors to the cell surface.25

It has also been reported that intracellular D1 receptors can be recruited to the plasma
membrane by atrial natriuretic peptide-dependent heterologous activation.26 A similar
translocation profile has been demonstrated for α1A-adrenoceptors that translocate to the
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plasma membrane in response to stimulation by neuropeptide Y.26 Additionally, nerve
growth factor treatment was shown to lead to the formation of intracellular pools of the δ-
opioid receptor in PC12 neurosecretory cells.27 These intracellular δ-opioid receptors
exhibited depolarization-dependent translocation to the plasma membrane. A similar
intracellular distribution of δ-opioid receptors has been demonstrated in primary cells from
the central nervous system of the rat.28 Also, it has been shown that prolonged exposure of
neurons to morphine leads to the recruitment of intracellular δ-opioid receptors to the cell
surface, both in vitro and in vivo.29,30

The estrogen receptor GPR30 is unique in that it is an intracellular transmembrane estrogen
receptor.31 GPR30 is localized in the ER where it has the ability to specifically bind
estrogen and estrogen derivatives. Activation of GPR30 with estrogen resulted in
downstream signaling effects such as intra-cellular calcium mobilization, indicating that the
intracellular receptors are functional. Similarly, studies investigating the function of
cannabinoid receptor 1 (CB1) have demonstrated that these receptors are localized at the
plasma membrane as well as in intracellular vesicles.32 Additionally, it was demonstrated
that intracellular CB1 receptors do not have an endocytic origin. However, these receptors
were shown to interact with the adaptor protein AP-3 and traffic to endolysosomes. These
CB1 receptors in the endolysosomes associate with heterotrimeric G proteins and have the
ability to mediate signaling, illustrating that the intracellular receptors are in fact functional.
Hence, proteins that bind and retain these receptors modulate the spatial dynamics of
signaling.

V. GPCR Oligomerization
GPCRs physically associate with other cellular proteins, including a large variety of soluble
intracellular proteins such as β-arrestins, membrane proteins such as receptor-activity-
modifying proteins (RAMPs) as well as other GPCRs. The recognition of GPCR homo- and
heteromerization has generated numerous possibilities for expanding the roles and functions
of GPCRs. Dimerization of GPCRs has been implicated in modulating a number of
functional properties of the receptors, including ligand binding, receptor signaling, and
receptor trafficking. Data supporting the association of GPCRs was first presented for
muscarinic cholinergic and α2- and β2-adrenergic receptors (ARs).33 However, despite
published reports on β2-AR homomerization,34 the concept of GPCR dimerization remained
highly controversial until the cloning of the γ-amino-butyric acidB (GABAB) receptor.

After the cloning of the GABABR1 receptor it was quickly discovered that expression of a
fully functional receptor in mammalian cells was not possible because the receptor was
constitutively trapped in the ER and did not traffic to the cell surface.35 In an attempt to find
novel genes related to the GABABR1 gene, two independent groups identified a related
protein by homology cloning. This protein exhibited 35% identity to GABABR1, and was
named GABABR2.36,37 When expressed in either Xenopus oocytes or HEK293 cells, neither
GABABR1 nor GABABR2 receptors were cell surface localized or functional when
expressed alone.35,36 However, coexpression of the GABABR1 and R2 receptors in
heterologous systems resulted in the expression of these receptors at the cell surface.36

Coexpression of the two receptors also resulted in acquisition of receptor recognition
properties characteristic of native GABAB receptors, coupling to K+ currents, and inhibition
of adenylyl cyclase.36–40 The GABABR1 and GABABR2 receptors were also shown to
physically associate with each other. Yeast two-hybrid screens demonstrated interaction of
the C-terminus of GABABR1 with cDNA-encoded GABABR2 fragments.37,38 GST-pull
down experiments showed interactions of the C-termini of GABABR1 and GABABR2,38
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and these two receptors were co-immunoprecipitated from the rat brain cortex and from
heterologous cells expressing both proteins.36,37,40

Further investigation demonstrated that heteromerization of the GABAB receptor appears to
promote cell surface localization by masking an ER retention motif, identified as RXR(R),
which exists in the C-terminus of GABABR1.41 It is important to note, however, that
GABABR2 is not merely a chaperone for GABABR1. In fact, GABABR2 also contributed to
signaling and hence is necessary for the formation of fully functional GABAB receptors. In
addition, other domains of the two subunits were shown to interact, as C-terminally
truncated constructs also form heteromeric complexes, suggesting that this interaction is not
due entirely to interactions between the C-terminal domains.42

Unlike the case of the GABAB receptor in which dimerization of the R1 and R2 receptors is
required for proper receptor cellular localization and function, opioid receptors subtypes
which are properly localized and fully functional when expressed alone have been shown to
form both homomers and heteromers.43,44 For example, while both κ-and δ-opioid receptors
show high affinity for agonists and antagonists that are subtype-selective, the κ–δ
heteromers have no significant affinity for any of the subtype-selective agents. However, the
κ–δ-opioid receptor heteromers demonstrate a high affinity for certain partially subtype-
selective ligands and display synergistic agonist binding. These opioid receptor heteromers
therefore demonstrate potentiated functional responses.43 It is hypothesized that
heteromerization results in the formation of novel recognition sites for previously
characterized receptors which may provide functionally relevant receptors for endogenous
opioid peptides.

In addition to the κ–δ heteromers, δ-opioid receptors also heteromerize with μ-opioid
receptors.45 Treatment of cells coexpressing μ- and δ-opioid receptors with very low
concentrations of certain δ-opioid agonists significantly potentiates the binding of μ
receptor-selective agonists and vice versa. Subsequently, it has been proposed that this μ–δ
heteromer interaction may represent the molecular basis for the observed phenomenon of
opiate synergy. Opiate synergy is the term used to describe the enhancement of the analgesic
effects of one opioid receptor subtype through the treatment with the agonist that is selective
for another receptor subtype.

Not only does heteromerization of κ- and δ-opioid receptors lead to the generation of
completely distinct pharmacological profiles, heteromerization of these two opioid receptor
subtypes modulates receptor trafficking. When these opioid receptors are expressed alone,
stimulation of δ-opioid receptors with etorphine results in substantial internalization of these
receptors; however, κ receptors do not internalize following stimulation with this agonist.43

However, when these δ and κ receptors are coexpressed and then stimulated with etorphine,
internalization of the δ receptor is substantially reduced, indicating that heteromerization of
these two opioid receptors significantly changes the trafficking profiles of the receptors.43

In addition to investigating heteromerization between receptor subtypes in the same receptor
families, there are reports of GPCR heteromerization between receptors from two distinct
subfamilies. For example, it was reported that the β2-adrenergic receptors (β2AR) (which
couple to the Gs protein) and κ- and δ-opioid receptors (which couple to Gi proteins) can
also form heteromers. This heteromerization was demonstrated by co-immunoprecipitation
of independently epitope-tagged receptors. As an important control, it was shown that this
co-immunoprecipitation does not occur if the β2AR and opioid receptors are expressed
independently and the cells are mixed before extraction and immunoisolation.
Heteromerization of these receptor pairs does not alter ligand binding or functional coupling
of the receptors; however, the trafficking properties of the receptors was affected by
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dimerization. When expressed alone, β2ARs undergo robust internalization following
agonist stimulation. However, it was demonstrated that when β2AR is coexpressed with κ
receptor followed by stimulation with the β-adrenergic agonist isoproterenol the β2AR
receptors fail to internalize.46 In contrast, coexpression of δ-opioid and β2ARs leads to
agonist-mediated internalization following treatment with either etorphine or
isoproterenol.46

In addition to the aforementioned studies looking at β2AR heteromerization, significant
effort has been made looking at the ability of β2AR to form homomers. Initial reports of
negative cooperativity of ligand binding at β2ARs provided the first indications that β2AR
may form homomers.47 Evidence for the existence of β2AR homomers include biochemical
data in which differentially epitope-tagged β2AR receptors were coexpressed in the same
cell and subsequently co-immunoprecipitated.48 Based on homology to a dimerization motif
found in glycophorin A, sequence analysis of β2AR revealed a putative dimerization motif
in the sixth transmembrane-spanning segment. Hebert et al. synthesized a peptide
corresponding to this motif in the sixth transmembrane-spanning segment of β2AR and
found that it was capable of disrupting β2AR dimer formation, as assessed by SDS-PAGE
analysis.48 Additionally, researchers found that this peptide diminished β2AR-stimulated
adenylyl cyclase activity in a concentration-dependent manner. The functional relevance of
β2AR dimerization is further supported by the observation that isoproterenol enhances dimer
formation and confers protection from interference by the sixth transmembrane-spanning
segment peptide; consistent with the interpretation that agonist occupancy stabilizes β2AR
dimer formation.

The conclusion that β2AR oligomerization occurs in living cells is further supported by
bioluminescence resonance energy transfer (BRET) studies.49 BRET relies on the transfer of
energy from one tagged receptor (the donor) to a differentially tagged receptor (the
acceptor). The energy transfer requires that the energy donor receptor and acceptor receptor
are in very close proximity. In BRET studies, evidence of two receptors being in close
proximity is used as an indication of protein–protein interactions and subsequently receptor
oligomerization.

For studies investigating homomerization of the β2AR, fusion proteins of β2AR-luciferase
and β2AR-GFP were created and then coexpressed in cells. It was observed that BRET
energy transfer could be detected in cells coexpressing the two differentially tagged
receptors. In addition, when these cells were activated with the receptor agonist
isoproterenol there was a dose-dependent increase in the BRET signal achieved. It was also
demonstrated that no BRET signal is detected when the β2AR-luciferase fusion protein is
coexpressed with other receptors (including the melatonin 1a receptor-GFP or the
chemokine CCR5 receptor-GFP fusion proteins).50 These results are consistent with a model
in which the β2AR homomerization is promoted by the receptor agonist.50

But what are the roles of GPCR homomerization in promoting receptor maturation or
plasma membrane localization? As discussed earlier, in the case of GABA receptors,
heteromerization may help promote exit from the ER by masking retention signals present in
the receptors. There is less evidence of specific examples of mechanisms by which
homomerization of GPCRs can help promote receptor maturation during biosynthesis. One
emerging hypothesis is that homomerization might assist in receptor folding. The
membrane-spanning domains of GPCRs contain hydrophobic regions that are particularly
prone to nonspecific aggregation. In fact, chaperones are known to associate with newly
synthesized polypeptides in order to prevent unproductive interactions with the environment
that could result in protein aggregation.51 Thus, one hypothesis is that individual GPCR
receptors can potentially serve as folding chaperones for each other. Therefore, the ordered
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association of two newly synthesized GPCR polypeptides via their hydrophobic
transmembrane regions could hide a substantial proportion of the exposed hydrophobic
surface and facilitate correct folding. In some cases these hydrophobic transmembrane
regions constitute the dimerization interface, supporting such a hypothesis.

This model that GPCRs can act as folding chaperones for each other is supported by the fact
that functional GPCR heteromers have been obtained in reconstituted cell models containing
receptors that do not encounter each other under normal physiological conditions. In these
artificial conditions, in which two distinct GPCR polypeptides are forced to enter
simultaneously into the ER, if they display sufficient structure-driven propensity to
assemble, they might form heteromers.

Another theory is that homomerization of GPCRs might also contribute to quality control.
This theory is based on the fact that dimeric receptors are likely to be structurally symmetric
and checking for symmetry between two receptors in a homomer might be one mechanism
by which mutant receptor can be identified in the ER. Random mutations affecting the
overall structure of one receptor might generate asymmetry within the homomer. If
asymmetry is found between receptors in a homomer, this could lead to the recognition of
mutant receptors by the ER quality-control system. Once recognized, these mutant receptors
can then be retained for disposal via the ER-associated degradation pathway. Consistent
with this model, mutant ER-retained GPCRs have been shown to display a dominant-
negative effect over wild-type GPCRs in reconstituted cellular models and in heterozygous
individuals.52

Studies on receptor homomerization have also provided useful information on how and
where dimerization occurs in cells. In a study investigating the biogenesis of serotonin 5-
HT2C homomers, confocal microscopy and fluorescence resonance energy transfer (FRET)
were used to monitor the proximity of differentially tagged serotonin 5-HT2C receptors in
intact living cells.53 These differentially tagged receptors were tracked during biosynthesis
in the ER, trafficking through the Golgi complex and subsequent localization at the plasma
membrane. The FRET results from these studies provide evidence of oligomerization of
these receptors in the ER and the Golgi of living cells. Similarly, a study using photoaffinity
labeling to investigate the dimerization of wild-type and mutant dopamine D2 receptors
provided evidence for dimerization of these receptors in intracellular compartments.54 These
results also highlighted the fact that dimerization is a naturally occurring step in receptor
maturation and indicated that, in some cases, dimerization might be a prerequisite for normal
receptor trafficking and cell surface localization.

VI. Specific Molecular Chaperones for GPCRs
It has become evident that, in addition to using general chaperones for the folding and
sorting of newly synthesized proteins, some proteins may require more specialized
assistance and utilize specific chaperones. Some of these specialized chaperones or enzymes
directly participate in the folding of their cognate proteins. In the case of GPCRs, a few
specialized chaperones have been reported to be involved in GPCR folding. The functions of
these chaperones are summarized in Table I. NinaA (neither inactivation nor afterpotential
A) is known to be a chaperone for the visual pigment receptor rhodopsin 1 in Drosophila
melanogaster. NinaA mediates the cell surface expression of Rhodopsin 1. In vertebrates,
the rhodopsin 1 chaperone is RAN-binding protein 2. Both these chaperones are cyclophilin
type-II proteins displaying peptidyl–prolyl cis–trans isomerase activity.55,56

NinaA was discovered when it was demonstrated that mutation in the gene encoding this
protein leads to reduced expression of rhodopsin in R1–6 photo-receptor cells of the
Drosophila eye.57 Further investigation indicated that in the absence of NinaA, rhodopsin 1
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accumulates in the ER, where it is degraded instead of being transported to rhabdomeres.58

Unlike other cyclophilins which are usually cytosolic proteins, NinaA has a membrane
permeating signal sequence and a single transmembrane-spanning domain and therefore
functions as an integral membrane protein.55 It has been demonstrated that NinaA forms a
stable complex with rhodopsin and, functioning more stoichiometrically than catalytically,
ensures proper folding and trafficking of the newly synthesized rhodopsin receptors to the
plasma membrane.

Rhodopsin also interacts with human neuron-specific DnaJ-like protein (HSJ1). HSJ1 is a
member of the DnaJ and Hsp40 chaperone family.59 In neurons, HSJ1 proteins, which
function at the cytosolic face of the ER, facilitate the transfer of newly synthesized proteins
onto Hsc70 chaperones. This is followed by ubiquitination of the proteins and subsequent
sorting to the proteasome.60 Thus, HSJ1 isoforms probably participate in the ER-associated
degradation pathway and protect neurons against cytotoxic protein aggregation. Other
specialized chaperones for GPCRs are escort proteins.61 These escort proteins bind newly
synthesized proteins in the ER and escort them to the Golgi complex and to the plasma
membrane.

One novel group of specialized escort proteins that work with GPCRs is represented by the
receptor-activity-modifying protein (RAMP) family of protein.62 RAMPs are type-I single
transmembrane domain proteins with a large N-terminal extracellular domain and a short C-
terminal domain. RAMPs were initially described as interacting partners for the calcitonin
receptor-like receptor (CRLR). In the case of CRLR, RAMPs act as chaperones to assist in
the transport of the CRLR receptor to the cell surface.63

RAMP1 was initially identified by expression cloning in Xenopus oocytes for cDNAs
encoding the human calcitonin gene related peptide (CGRP) receptor. Coexpression of
RAMP1 with the cAMP-activated cystic fibrosis transmembrane conductance regulator
(CFTR) chloride channel leads to cAMP production following stimulation of CGRP and
activation of the CFTR chloride channel. RAMP1 also plays an important role in the
trafficking of CRLR receptor to the cell surface. When expressed alone, neither RAMP1 nor
CRLR was found to be expressed at the cell surface. However, when the CRLR receptor was
coexpressed with the RAMP1 chaperone protein, both proteins showed cell surface
localization.63 Such studies demonstrate that RAMPs remain associated with their cognate
receptors at the cell surface.

In addition to its role in assisting the transport of the CRLR receptor to the cell surface,
RAMP1 also helps define the glycosylation state and recognition properties of the receptor.
Using SDS-PAGE analysis it was shown that when expressed alone CRLR is sensitive to
endoglycosidase H treatment.63 This result indicates that the CRLR receptors have not been
terminally glycosylated. Conversely, CRLR when coexpressed with RAMP1, migrates as a
larger molecular weight protein and is resistant to endoglycosidase H treatment.
Additionally, when coexpressed with RAMP1, CRLR shows sensitivity to endoglycosidase
F (which cleaves all N-linked carbohydrates). These results indicate that while RAMP1
assists in the trafficking of CRLR to the cell surface, the chaperone is also required for
terminal glycosylation and maturation of the CRLR receptor through the Golgi complex on
its way to the plasma membrane.

Two additional RAMP proteins, RAMP2 and RAMP3 have been identified.63 These three
RAMPs have different mRNA expression profiles. Interestingly, when different RAMP
proteins act as the chaperone for the CRLR receptor they result in differential ligand binding
properties for the receptor. While chaperoning by RAMP1 was shown to increase the
CRLR-mediated cAMP production in response to CGRP stimulation, when RAMP2 is used
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as a chaperone for CRLR the receptor behaves pharmacologically like an adrenomedullin
receptor.63

Even though it has been demonstrated that coexpression of CRLR with different RAMP
proteins results in differences in the glycosylation state of CRLR, it has been found that the
chaperone protein-dependent ligand binding selectivity observed for the CRLR receptor is
determined by protein–protein interactions and not by these differences in the glycosylation
state of the receptor.64 The realization that CRLR can exhibit two distinct pharmacological
profiles depending on which chaperone protein it interacts with expands the already
extensive biological diversity of signaling responses that GPCR receptors can generate in
cells. These GPCRs can exhibit differential responses to various stimuli based not only on
the specific expression pattern of the receptors, but also the specific expression pattern of the
cognate accessory proteins.

Another example of GPCRs that require specific chaperones for proper cell surface
expression is the group of olfactory or odorant receptors. The necessity of specific
chaperones for cell surface expression of olfactory receptors is highlighted by the fact that
functional expression of these receptors is essentially impossible in heterologous cell
systems where these olfactory neuron-specific chaperones are absent. In fact, when olfactory
receptors are expressed in nonolfactory neuronal cells the receptors are retained in the ER
and rarely pass into the Golgi complex. When a genetic screen was performed in
Caenorhabditis elegans for mutants with olfactory defects the odorant response protein 4
(ODR4) was identified as a chaperone for olfactory receptors.65 ODR4 is expressed
specifically in chemosensory neurons where it promotes the folding and cell surface
localization of olfactory receptors. In addition, receptor-transporting protein (RTP) 1 and 2
and receptor-expression-enhancing protein 1 (REEP1) were found to also act as chaperones
for olfactory receptors and enable functional cell surface targeting of these receptors in
fibroblasts.66 Similarly, RTP4 acts as a chaperone for opioid receptors (this is discussed in
more detail in Section VIII; Ref. 67).

Other sensory GPCRs are involved in the detection of pheromones. Mammals possess a
small sensory organ located near the base of the nasal septum that is involved in the
detection of pheromones called the vomeronasal organ. The vomeronasal organ contains
specific GPCRs that function as pheromone receptors. As is the case with other GPCRs,
these vomeronasal receptors require the association with specific chaperone proteins for
proper trafficking to the cell surface. It has been demonstrated that proper cell surface
localization of vomeronasal receptors is aided by the action of M10 chaperone.67 M10s
belong to the superfamily of major histocompatability complex (MHC) class I molecules
and are exclusively expressed in the vomeronasal organ. As is the case with RAMP proteins,
results have indicated that in addition to their role as chaperones, M10s might modulate the
ligand specificity of vomeronasal receptors and might participate in neuronal plasticity.68

Another area of active research involves understanding the roles of molecular chaperones in
modulating the cell surface expression of neurotransmitter receptors. The dopamine
receptor-interacting protein of 78 kDa (DRiP78) is a known chaperone for the dopamine
receptor. DRiP78 is a putative two transmembrane-spanning domain protein and is ER
membrane-associated. When DRiP78 is over expressed or knocked down this results in ER
retention of dopamine D1 receptors as well as reduced ligand binding of the receptors and
modulation of the receptor glycosylation profile.69 It was hypothesized that DRiP78’s role is
not limited to being a chaperone for dopamine receptors and that DRiP78 is capable of
functioning as a chaperone for several GPCRs. This hypothesis was developed based on the
fact that DRiP78 binds to a Phe-Xaa-Xaa-Xaa-Phe-Xaa-Xaa-Xaa-Phe motif on dopamine
receptors and this motif is found in the C-terminus of various GPCRs. This hypothesis has
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been supported by a study demonstrating a role for DRiP78 in the maturation of the
angiotensin II AT1 receptor.70 Expanding its role even further, it has also been demonstrated
that DRiP78 specifically interacts with Gγ subunits of heterotrimeric G proteins. This
interaction protects the Gγ subunits from degradation until a stable partner (the cognate Gβ
subunit) is provided. Such results indicate an additional chaperone role for DRiP78 in the
assembly of Gβγ subunits.71

As demonstrated by DRiP78, intracellular membrane proteins are capable of functioning as
molecular chaperones and regulating the targeting of GPCR receptors to the cell surface
without the chaperone itself being localized at the cell surface. Another example of such
chaperone activity is the angiotensin AT2 receptor-binding protein of 50 kDa (ATBP50)
which is a membrane-associated Golgi protein. ATBP50 binds to the cytoplasmic C-
terminal tail of the angiotensin AT2 receptor and controls the cell surface expression of the
receptor. It was demonstrated that inhibition of ATBP50 expression results in retention of
the angiotensin AT2 receptor within intracellular compartments.72

Similarly, the receptor for activated C-kinase 1 (RACK1) is an ER chaper-one that regulates
the cell surface localization of the thromboxane A2 receptor. RACK1 constitutively binds to
the C-terminal tail and also the first intracellular loop of the thromboxane A2 receptor.73 In
cells where the levels of RACK1 were reduced by siRNA-mediated knockdown of the
chaperone protein, the thromboxane A2 receptor was retained in the ER. Interestingly,
reducing the expression level of RACK1 is also able to affect the cell surface distribution of
the chemokine receptor CXCR4 but has no effect of the cell surface localization of the β2-
adrenoceptor or prostanoid DP receptors, indicating that RACK1 shows specificity for
different GPCRs.

Another chaperone protein that demonstrates comparable specificity for GPCRs is GEC1.
GEC1 is a member of the microtubule-associated family of proteins.74 It was demonstrated
that in the ER and the Golgi, GEC1 interacts with the C-terminus of κ-opioid receptors, but
not with that of μ- or δ-opioid receptor subtypes. Additionally, GEC1 expression enhances
the level of mature fully glycosylated forms of κ-opioid receptors and facilitates trafficking
of the κ-opioid receptor to the cell surface. GEC1 levels seem to be tightly regulated, as
indicated by a toxic effect of over expressing GEC1.74

Using a targeted proteomic approach, Ribophorin I was identified as a chaperone for the μ-
opioid receptor.75 Overexpression of Ribophorin I was able to rescue the cell surface
expression of mutant μ-opioid receptor. The chaperone activity of Ribophorin I is dependent
on the glycosylation state of the μ-opioid receptor, as the chaperone is ineffective when
overexpressed with glycosylation-deficient mutants. Similarly, the neuron-specific protein
Norbin was shown to physically interact with the metabotropic glutamate receptor 5 and
increase the cell surface localization of the receptor.76

Additional insights into the function of molecular chaperones come from studies performed
characterizing knockout mice. Mice were created that lack the p11 protein.77 P11 (also
known as calpactin-I- or annexin-II-light chain) is a member of the S100 EF-hand calcium-
dependent signaling-modulator family.78 When p11 was depleted in mice, the animals
exhibited a depression-like phenotype. Clinically, such depression-like phenotypes are
commonly associated with abnormal serotonin signaling. In fact, the cell surface density and
function of the serotonin 5-HT1B receptor is decreased in p11 knockout mice. Additional
studies demonstrated that the distribution of p11 mRNA in the brain resembles that of 5-
HT1B receptor mRNA. Also, p11 specifically interacts with 5-HT1B and does not interact
with other serotonin or dopamine receptors and p11 colocalizes with the receptor at the cell
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surface of transfected cells.78 Interestingly, p11 levels are increased in the brain of mice
treated with anti-depressants and p11 levels are reduced in depressed patients.

VII. The Melanocortin-2 Receptor and MRAP
The melanocortin family of receptors is a group of five structurally related GPCRs that play
diverse physiological roles in mammals.79 All the melanocor-tin receptors cause an increase
in cAMP levels when stimulated by agonists. However, the receptors differ in their affinity
for physiological agonist. Melanocortin-2 is unique because it is the only melanocortin
receptor that is selectively regulated by adrenocorticotropin hormone. Melanocortin-2 is also
unique in the way that it requires an accessory protein for proper trafficking of the receptor
to the cell surface, while the other related melanocortin receptors do not require this
chaperone.80 This accessory protein, the melanocortin-2 receptor accessory protein (MRAP)
is required not only for the melanocortin-2 receptor to traffic from the ER to the plasma
membrane, but is also required for the receptor to undergo proper glycosylation, binding of
adrenocorticotropin hormone and stimulation of adenylyl cyclase.80–82

As is the case with odorant receptors, the functional expression of the melanocortin-2
receptor in heterologous systems proved difficult and could be achieved only in cells of
adrenocortical origin, highlighting the fact that the melanocortin-2 receptor must be
expressed in the presence of a cell-type-specific chaperone protein in order for proper
biosynthetic trafficking and localization. Further investigation identified MRAP as the
required chaperone protein. MRAP is a small single membrane-spanning protein with a
conserved amino terminus. When MRAP was coprecipitated with melanocortin-2 it was
discovered that MRAP forms antiparallel homomers.82 Mutational analysis performed on
MRAP revealed that the amino-terminal and transmembrane region, and not the carboxyl-
terminal domain, is required for MRAP’s function as a molecular chaperone.

In humans, inactivating mutations in the melanocortin-2 receptor lead to glucocorticoid
deficiency resulting from adrenocorticotropin hormone resistance. The importance of
MRAP’s function is highlighted by the fact that mutations in MRAP can also lead to these
disease states. Familial glucocorticoid deficiency is a genetic disease in which the adrenal
cortex is resistant to adrenocorticotropin hormone. Inactivating mutations have been
identified in the gene that encodes MRAP in patients that suffer from familial glucocorticoid
deficiency. This example illustrates, particularly well, the physiopathological relevance of
the interaction between a GPCR and a specific chaperone protein.

MRAP’s specificity of action was demonstrated in the study that compared the effects of
MRAP activity on the dimerization and trafficking of melanocortin-2 and melanocortin-5
receptors.83 Melanocortin-5 shares 67% homology with the melanocortin-2 receptor at the
amino acid level and functions in regulating exocrine gland secretion and behavioral
responses following pheromone secretion.84,85 While the melanocortin-2 receptor is
activated by adrenocorticotropin hormone, melanocortin-5 responds to melanocyte-
stimulating hormone. Unlike melanocortin-2, melanocortin-5 shows cell surface localization
when expressed exogenously.81

As expected, coexpression of melanocortin-2 with MRAP revealed that MRAP facilitated
the plasma membrane localization of melanocortin-2. In contrast, while melanocortin-5
receptors traffic to the plasma membrane in the absence of MRAP, coexpression of MRAP
with melanocortin-5 leads to intracellular retention of the receptors.83 MRAP was shown to
form stable complexes with both melanocortin receptors as determined by co-
immunoprecipitation experiments. In addition, coexpression of MRAP had no effect of
melanocortin-2’s ability to form homomers, but inhibited the formation of melanocortin-5
homomers. One interpretation of these results is that MRAP disrupts a dimerizaton step that
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is critical for the maturation and trafficking of the melanocortin-5 receptor to the cell
surface. In the current model of MRAP’s function, in cells expressing both melanocortin-2
and melanocortin-5 receptors, MRAP will have a dual role in which increased activity of
MRAP will favor responsiveness to adrenocorticotropin hormone and decreased
responsiveness to melanocyte-stimulating hormone, while decreased MRAP activity will
have the opposite effect. This is one way in which a selective chaperone protein can enhance
the signaling capabilities of a system comprising of structurally related receptors.

VIII. Opioid Receptors and RTP4
As discussed earlier, the three subtypes of opioid receptors, δ, κ, and μ have the ability to
form both homomers and heteromers.86 In addition, there are varied pharmacological
profiles for different homomer and heteromer receptor pairs. The clinical importance of
heteromerization of opioid receptors is highlighted by the fact that despite μ-opioid receptors
mediating, most of the pain-relieving effects of morphine, antagonism of δ-opioid receptors
leads to a reduction in the tolerance that develops after chronic morphine administration.87

This observation suggests that there are potential links between opioid receptor dimerization
and drug tolerance. Additionally, the analgesic potency of morphine has been linked to the
presence of μ–δ-opioid receptor heteromers.88 In the current model for the development of
drug tolerance, factors that modulate the ratio of μ-and δ-opioid receptors that exist as
homomers and receptors and which exist as μ–δ receptor heteromers serve as critical factors
in determining the net effect of receptor stimulation.

Using the μ–δ-opioid receptor heteromer at a model system, it was reported that
coexpression of the differentially tagged μ- and δ-opioid receptors leads to increased
retention of both receptors in intracellular compartments.89 Further investigation showed
that the μ–δ receptor heteromers were accumulating in the Golgi complex and were
subsequently targeted to the degradation pathway. In order to identify chaperones that could
function at the Golgi and assist in folding and trafficking of these receptor heteromers, these
opioid receptors were coexpressed with members of the RTP family of chaperones. As noted
earlier, RTP proteins are known to act at the Golgi complex where they assist in the cell
surface targeting of odorant and taste receptors.66 Coexpression of RTP4 leads to an
increase in the cell surface localization of both μ- and δ-opioid receptors.

RTP4 physically interacts with both opioid receptors and decreases the ubiquitination of the
receptor heteromers. Subsequently, RTP4 was shown to be involved in the proper folding of
the μ–δ-opioid receptor heteromers as it facilitates the trafficking of the heteromers from the
Golgi complex to the cell surface. Furthermore, RTP4 was shown to be associated with the
μ–δ-opioid receptor heteromer at the cell surface and could play a role in modulating
heteromer-specific pharmacology. It has been proposed that the retention of μ–δ receptor
heteromers in the Golgi may be the result of a mechanism in which dimerization of the
receptors leads to the masking of motifs needed for recognition of the receptors by accessory
proteins. Interaction of RTP4 at this motif could prevent the retention of the heteromers by
serving as an adaptor protein for other factors involved in trafficking of the opioid receptors
to the plasma membrane.

Similar to the role of RTP4 in decreasing the ubiquitination of opioid receptor heteromers,
the ubiquitin-specific protease Usp4 has been shown to regulate the cell surface localization
of the adenosine A2a receptor.90 Usp4 was shown to bind to the C-terminus of the adenosine
receptor and lead to decrease in the ubiquitination of the receptor, leading to enhanced cell
surface expression of the A2a receptor. Additionally, a related ubiquitin-specific protease,
Usp14, has been implicated in the deubiquitination of the chemokine receptor CXCR4.91
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IX. Pharmacological Chaperones
As previously discussed, some receptor proteins do not achieve proper cell surface
trafficking when expressed in heterologous systems. This is usually due to the absence of
proper endogenous chaperones which lead to the intracellular retention of these receptors by
the cell’s quality-control system. One method to overcome this intracellular retention of
receptor proteins is through the use of small molecules that act as chaperones and aid in the
proper sorting and trafficking of receptors. Such molecules are referred to as
pharmacological chaperones or “pharmacoperones.” Pharmacological chaperones are small
molecules that have the ability to enter cells, bind specifically to misfolded proteins and
correct the folding of these proteins.92,93 The result of the treatment with pharmacological
chaperones is that these receptor proteins are able to escape retention by the cellular quality-
control system and achieve proper cell surface localization. A proposed model for the action
of pharmacological chaperones is illustrated in Fig. 1. In many cases, these pharmacological
chaperones were initially identified as peptidomimetic antagonists selected from high-
throughput screens.

In addition to having a practical utility in laboratory studies in which the functional
expression of receptors in heterologous systems is required, pharmacological chaperones
also have potential therapeutic value. As previously discussed, there are diseases that result
from the inability of specific GPCRs to fold properly and traffic to the cell surface where
they can function effectively (such as melanocortin-2 receptor mutations leading to familial
glucocorticoid deficiency). There has been significant interest in identifying small molecules
that can bind to disease-causing GPCR mutants that traffic poorly and by acting as
pharmacological chaperones, enhance the surface expression and functionality of these
receptors. Unlike other protein stabilizing compounds that may only work in vitro (such as
polyols and other chemical chaperones) the goal is to develop pharmacological chaperones
that can be used in a clinical setting to treat well-defined diseases involving misfolded/
retained proteins.

One example of the potential use of pharmacological chaperones for the treatment of a
disease resulting from the ineffective sorting of a GPCR is the development of
pharmacological chaperones for nephrogenic diabetes insipidus. Nephrogenic diabetes
insipidus is a rare X-linked disease characterized by the loss of the antidiuretic response to
the hormone arginine-vasopressin, resulting in an inability of the body to concentrate urine.
Nephrogenic diabetes insipidus has been linked to a variety of mutations in vasopressin V2
receptors. In fact, the majority of the V2 receptor mutations are mutations that result in the
V2 receptors being retained in the ER and degraded.94 Researchers have worked to identify
a group of small molecules that are able to act as pharmacological chaperones for the V2
receptor.

Treatment of cells with certain membrane-permeable V2 receptor antagonists that act as
pharmacological chaperones leads to the restoration of the cell surface expression of V2
receptors mutants that were previously retained in the ER.95 These results are attributed to
binding of the antagonists to the already misfolded V2 receptors in the ER. Binding of these
pharmacological chaper-ones results in stabilization of receptor structure and trafficking of
V2 receptors to the plasma membrane. Proof-of-concept evidence that such vasopressin
receptor-targeted pharmacological chaperones can have beneficial therapeutic effects has
been provided from clinical studies involving patients suffering from nephrogenic diabetes
insipidus.96

Another disease that is caused from mutations in a specific GPCR resulting in intracellular
retention and ineffective traveling of the receptor is retinitis pigmentosa. Retinitis
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pigmentosa is characterized by progressive photoreceptor degeneration and eventual retinal
dysfunction. Retinitis pigmentosa has been linked to a number of mutations in proteins that
serve as various components of the visual signaling pathway, including rhodopsin.97

Mutations in the gene encoding rhodopsin are observed in one particular form of retinitis
pigmentosa, autosomal dominant retinitis pigmentosa, in which there is a mutated rhodopsin
receptor that is retained intracellularly and is unable to bind the ligand, 11-cis-retinal
binding. The most common mutation of this type is P23H.98 P23H rhodopsin mutants can be
rescued by treatment of cells with an 11-cis-retinal analog, 11-cis-ring-retinal, resulting in
restoration of receptor surface expression.99

Hypergonadotropic hypogonadism is a disease characterized by a decrease in gonadal
function that manifests in delayed sexual development in patients who suffer from the
disease. The clinical phenotypes associated with hypergonadotropic hypogonadism have
been linked to mutations within the gonadotropin-releasing hormone receptor gene.
Gonadotropin-releasing hormone is secreted by the hypothalamus and induces synthesis and
release of follicle stimulating hormone and luteinizing hormone from the pituitary gland.
Many of the mutations in the gonadotropin-releasing hormone receptor that have been
linked to hypergonadotropic hypogonadism are mutations that result in intracellular
retention of the receptor or degradation of the receptor.100

Studies have demonstrated that these mutant gonadotropin-releasing hormone receptors can
be made to traffic to the cell surface and function effectively through the use of
pharmacological chaperones.101–103 When cells expressing gonadotropin-releasing hormone
receptor mutants were treated with the IN3, a membrane-permeable gonadotropin-releasing
hormone receptor antagonist the receptors were able to be rescued from intracellular
retention, traffic to the plasma membrane and bind ligands.101,102 Such examples highlight
the potential utility of small molecule pharmacological chaperones in correcting receptor
misfolding. Similarly, treating cells with the opioid antagonist naloxone, the agonist
etorphine, and other membrane-permeable hydrophobic ligands enhanced the cell surface
expression of μ-opioid receptor mutants.104 These receptor mutants are usually retained in
the ER and binding of the ligands resulted in concentration-dependent trafficking of the
mutant receptors to the cell surface, indicating that these ligands can act as pharmacological
chaperones. These in vitro findings are supported by observations that long-term use of
these ligands leads to improved stability, folding efficiency of newly synthesized receptors
in vivo.105

This approach of using pharmacological chaperones has the potential to be applied to an
array of human diseases that result from ineffective receptor signaling due to protein
misfolding. Evidence for the potential use of pharmacological chaperones has been
presented for cystic fibrosis, hypercholesterolemia, cataracts and neurodegenerative diseases
such as Huntington’s, Alzheimer’s, and Parkinson’s diseases.106–113 Also, while these
pharmacological chaperones are being tested for the treatment of mutant receptors that are
misfolded, there is increasing evidence that some wild-type GPCRs are also commonly
misrouted, presumably as a result of misfolding. This suggests that pharmacological
chaperone intervention can potentially be expanded to more general posttranslational control
mechanisms and provide another level of potential therapeutic intervention.114

X. Conclusions
With recent advances in techniques to study the pharmacology, signaling, and trafficking of
transmembrane receptors we are left with a better understanding of how this tightly
regulated network of receptors work. We now have a great appreciation of the role of
processes such as receptor oligomerization, receptor desensitization and interaction with
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accessory proteins and cofactors. Advances in the field of molecular chaperone biology have
provided insights into what can happen when receptors are misfolded, retained in
intracellular compartments, and degraded. Modulating of protein folding and/or molecular
chaperone activity in vitro has provided initial clues to how mutant or otherwise misfolded
receptors can be rescued and made to function properly.

As demonstrated by the studies looking at nephrogenic diabetes insipidus, retinitis
pigmentosa, and hypergonadotropic hypogonadism, pharmacological chaperones represent
the most promising therapeutic approach for the treatment of diseases resulting from protein
misfolding. As more receptor-specific molecular chaperones (such as RTP4 for opioid
receptor heteromers and MRAP for melanocortin-2 receptors) are identified additional
studies will hopefully provide a good framework in which we can develop treatments that
specifically modulate the levels/activity of these molecular chaperones to combat the
receptor folding or trafficking problems that lead to various disease states.

The discoveries discussed in this chapter raise many new questions and interesting
challenges that will certainly be addressed in the near future. This will inevitably expand the
potential for the use of pharmacological tools to target these interactions between GPCRs
and molecular chaperones and subsequently manipulate the expression, localization, and
function of these receptors in order to gain therapeutic benefits. As we develop new
therapies, the specificity of these therapies can be increased by using conventional
pharmacological approaches to modify the activity of receptors in conjunction with novel
pharmacological approaches to control which particular receptors are expressed at the cell
surface of specific cells.
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Fig. 1.
Proposed model for the action of pharmacological chaperones. Left panel: Mutated receptors
and wild-type receptors that are misfolded are retained in the ER by the cellular quality-
control system and targeted for proteasomal degradation. Subsequently, these receptors are
not able to bind ligand and participate in signaling. Right panel: Treatment of cells with cell
permeable pharmacological chaperones leads to stabilization of the receptor structure and
restoration of the cell surface expression of the receptors. The receptors are therefore able to
bind ligands and function in signaling processes.
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TABLE I

The Functions of Known Molecular Chaperones for GPCRs

GPCR Molecular chaperone Function(s) Reference(s)

Luteinizing hormone receptor BiP (GRP78) Folding 8,9

GPR94 Folding 9

Rhodopsin I NinaA (D. melanogaster) Cell surface targeting 55

RAN-binding protein 2 (vertebrates) Cell surface targeting 56

Calcitonin receptor-like receptor RAMP 1, 2, 3 Cell surface targeting terminal glycosylation and
maturation

63

Olfactory receptors ODR4 Folding 65

Cell surface targeting

RTPI,2 Cell surface targeting 66

REEP I Cell surface targeting 66

μ–δ-Opioid receptor RTP4 Cell surface targeting heteromer protection from
ubiquitination/degradation

67

Vomeronasal receptors Ml0 Cell surface targeting 68

Dopamine D1 receptors DRiP78 Cell surface targeting 70

Angiotensin AT2 receptors ATBP5O Cell surface targeting 73

Thromboxane A2 receptor RACK 1 Cell surface targeting 74

CXCR4 chemokine receptor RACK1 cell surface targeting 74

κ-Opioid receptors GEC1 Cell surface targeting 75

Glycosylation

μ-Opioid receptor Ribophorin I Cell surface targeting 76

Metabotropic glutamate receptor 5 Norbin Cell surface targeting 77

Serotonin 5-HT1B receptor p11 Cell surface targeting 78

Melanocortin-2 receptor MRAP Cell surface targeting 81,82

Glycosylation

AdenosineA2a receptor Usp4 Cell surface targeting protection from
ubiquitination/degradation
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