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Abstract
G protein-coupled receptors (GPCRs) are cell membrane proteins that recognize specific chemical
signals such as drugs and hormones and transduce these signals into cellular responses by
activating G-proteins. As is the case for all newly synthesized proteins, GPCRs are subjected to
conformational scrutiny at the endoplasmic reticulum prior to processing and trafficking to the cell
surface membrane. Because of this stringent quality control screening mechanism, mutations that
result in protein misfolding frequently lead to retention in the endoplasmic reticulum, or other
misrouting and, eventually, to disease. This article reviews some patents and new therapeutic
opportunities based on the misfolding and retention of otherwise functional GPCRs that represent
promising approaches to correct conformational abnormalities leading to distinct disease states.
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INTRODUCTION
Pharmacological chaperones or “pharmacoperones,” are small, often lipophilic compounds
that enter cells, bind selectively to biosynthetic intermediates or conformationally defective
proteins to influence folding and allow correct routing to their final destination in the cell
[1–6]. Frequently, such molecules were initially identified as peptidomimetics from high
throughput screens for antagonists or agonists and may come from diverse chemical classes.
Because such peptidomimetics interact with proteins to which they are selectively targeted,
it has been the first place where many investigators have started in the search for agents that
bind to and stabilize G protein-coupled receptors (GPCRs). In vitro and in vivo studies have
shown that pharmacoperone rescue may apply to a number of diseases, including inherited
metabolic disorders (e.g. Pompe disease), cystic fibrosis, hypercholesterolemia, cataracts,
phenylketonuria, neurodegenerative diseases (e.g. Alzheimer’s, Parkinson’s, and
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Huntington’s), and cancer as well as to GPCRs-related diseases such as retinitis pigmentosa,
nephrogenic diabetes insipidus, and hypogonadotropic hypogonadism, among others [2, 3,
7–9].

G protein-coupled receptors are a large and functionally diverse superfamily of membrane
proteins whose primary function is to transduce extracellular stimuli into the intracellular
environment through the activation of one or more signal transduction pathways [10, 11].
This particular type of receptors is the largest and most important group of targets for
therapeutics and they currently are a focus of intensive research efforts. The ligands that
recognize and activate these receptors are highly variable in chemical structure and include
sensory stimuli (e.g. photons and odorants), lipid mediators, hormones and
neurotransmitters. As a result, GPCRs play a key role in regulating a number of biological
functions, including cell growth and differentiation, immune responses and cellular
metabolism [12]. G protein-coupled receptors vary considerably in molecular size yet share
a common molecular topology consisting of a single polypeptide chain that traverses the
lipid bilayer seven times, forming characteristic transmembrane (TM) hydrophobic α-helices
connected by alternating extracellular and intracellular loops, with an extracellular amino-
terminus and an intracellular carboxyl-terminal sequence [10, 11, 13, 14]. Upon agonist
binding, GPCRs undergo conformational changes that allow exposure of particular
sequences to G proteins, which are signal-transducing molecules regulated by guanine
nucleotides and that act as mediators of receptor-evoked effector (enzymes and ion
channels) activation [15, 16]. Activated (agonist-bound) GPCRs are rapidly desensitized and
internalized, which leads to termination of signaling [17].

Structural alterations provoked by mutations in the gene sequence of GPCRs may lead to
disease. Loss-of-function mutations may alter sequences involved in specific functions of
the receptor (e.g. ligand binding or interaction with coupled effectors) or domains important
for proper folding and intracellular transport of the receptor from its site of synthesis in the
endoplasmic reticulum (ER) to the plasma membrane (PM) or internalization [4, 17–19].
Mutant GPCRs with defects in folding and delivery to the cell surface membrane are
retained in the ER and eventually degraded, leading to disease [18]. Nevertheless,
misfolding can result in proteins that retain function but that for reasons of mislocation alone
cannot function normally [18, 20]. This contrasts with the prior presumption that mutational
inactivation always reflects loss of intrinsic function (i.e. a receptor that either fails to
recognize ligand or activate upon agonist binding, or that does not couple productively to its
effectors).

As mentioned above, mutations in GPCRs may cause misrouting of otherwise functional
proteins and lead to disease, Table 1 [21–45]. This is the case with the X-linked nephrogenic
diabetes insipidus, the autosomal dominant form of retinitis pigmentosa, and
hypogonadotropic hypogonadism due to mutations in the gonadotropin-releasing hormone
(GnRH) receptor (GnRHR). Mutations in the vassopresin V2 receptor (V2R) gene cause X-
linked nephrogenic diabetes insipidus, a disease characterized by an inability to concentrate
urine despite normal or elevated plasma concentrations of the antidiuretic hormone arginine
vasopressin [46–49]. Nearly 70% of V2R mutants causing X-linked diabetes insipidus are
unable to reach the cell surface membrane and respond to agonist stimulation [47–49]. In
retinitis pigmentosa, ER trapping of misfolded mutant rhodopsin eventually leads to rod
photoreceptor degeneration [50, 51] followed by cone degeneration. Mutations leading to
receptor misfolding of the human GnRHR cause congenital hypogonadotropic
hypogonadism (HH), a disease characterized by delayed puberty and reproductive failure
due to partial or complete inability of the pituitary gonadotropes to respond to GnRH [52,
53]. The majority ( 90%) of the GnRHR mutants whose function has been examined to date
are trafficking-defective receptors as disclosed by response to genetic maneuvers or
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pharmacological chaperones [3, 54–56]. Trafficking-defective mutants of the glycoprotein
hormone receptors (luteinizing hormone, follicle-stimulating hormone, and thyrotropin
receptors) have been described as a cause of Leydig cell hypoplasia [57, 58]. ovarian failure
[59, 60] and congenital hypothyroidism [61, 62] respectively. The melanocortin-1 receptor
has been found to be mutated in patients with skin and hair abnormalities, and increased
susceptibility to skin cancers [63, 64]; among the 60 or so mutants described, at least four
display decreased PM expression [63]. Misfolding and intracellular retention of mutants
from two other melanocortin receptors, the melanocortin-3 and melanocortin-4 receptors
associated with regulation of fat deposition and energy homeostasis, have been detected in
patients with morbid obesity [65, 66].

Mutations in the calcium-sensing receptor leading to intracellular retention of the abnormal
receptor have been found in patients with familial hypocalciuric hypercalcemia [67],
whereas mutations that provoke trapping of the endothelin-B receptor have been detected in
a subset of patients with Hirschsprung’s disease or aganglionic megacolon [68, 69].
Intracellular retention of the chemokine receptor 5 at the ER has also been observed in a
subset of subjects with resistance to HIV infection [70].

The present review focuses on how pharmacoperones interact with misfolded GPCRs to
correct its outward export trafficking from the ER to the PM. Special emphasis is placed on
the gonadotropin-releasing hormone receptor Fig. (1A), because of the great deal of
experimental evidence available with this particular receptor [3, 7, 26, 71, 72].

PHARMACOPERONES AND THE ER QUALITY CONTROL SYSTEM
Synthesis and processing of secretory and membrane proteins occurs in the ER and Golgi
apparatus. The ER provides the specialized means necessary for folding, carbohydrates
attachment and oligomeric assembly of thousands of proteins prior to their translocation to
the Golgi where processing of the protein continues Fig. (1A). As proteins are synthesized in
the ER, they fold and adopt distinct conformations that should be compatible with
trafficking from the ER to other compartments of the cell (e.g. the plasma membrane) [8, 19,
73]. Newly synthesized proteins are monitored by a quality-control system (QCS) that
guards against aberrant protein structures and checks for proper folding. By monitoring the
structural correctness of newly synthesized proteins, the QCS prevents accumulation of
defective (misfolded) proteins that may potentially accumulate, aggregate and interfere with
normal cell function [73–76]. The scrutiny by the ER QCS relies on conformational features
of the protein rather than on functional criteria, so even minor alterations in the secondary or
tertiary structure of a protein may lead to intracellular retention and degradation [18, 77]. A
variety of mechanisms operate at the ER to identify and sort proteins according to their
maturation status. These mechanisms include specialized folding factors, escort proteins,
retention factors, enzymes, and members of major molecular chaperone families [78–80].
Molecular chaperones are ER-resident proteins that bind to and stabilize unstable
conformers of nascent polypeptides to assist in folding or assembly of the polypeptide for
efficient ER export, preventing aggregation or incorrect interactions between misfolded
proteins and other molecules. Although the steric character of the protein backbone restricts
the spectrum of protein shapes that are recognized by the stringent quality control
mechanisms, some features displayed by proteins, including hydrophobic shapes, unpaired
cysteines, immature glycans, and particular sequence motifs, have been identified as
important for chaperone-protein association [8, 77, 81, 82]. Proteins that do not fulfill the
criteria of the ER QCS or whose aberrant structure (e.g. as a result of a mutation in their
amino acid sequence) cannot be corrected by molecular chaperones, are submitted to
degradation to the polyubiquitination/proteasome pathway Fig. (1) [18, 83].
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In the last years, it has become evident that synthesis of certain membrane proteins is
normally inefficient, which leads to restricted PM expression [84–89]. This is the case for
example, of the olfatory receptors [86, 90], the human GnRHR [26, 87, 91], and the Δ-
opioid receptor [89], whose efficiency of synthesis and trafficking to the PM is considerably
reduced in normal conditions. Thus, the possibility that intracellularly retained misfolded or
incompletely mature receptors may be rescued from ER trapping and degradation by drugs
that act as chaperones (i.e. chemical chaperones and pharmacoperones) offers a unique
opportunity for new therapeutic interventions in many diseases associated to protein
misfolding.

Several in vitro approaches to correct folding and promote trafficking of the protein from the
ER to the PM have been described. Studies on the biosynthesis of the cystic fibrosis
transmembrane conductance regulator (CFTR) F508 deletion mutant (which leads to cystic
fibrosis) showed that the mutation leads to subtle misfolding that does not grossly interfere
with proper function but that leads to intracellular retention of the mutant protein [92].
Incubation of cells expressing this mutant at reduced temperatures (20–30° C) reverted
processing of the CFTR mutant towards the wild-type (Wt) channel, allowing the cAMP-
regulated Cl− channel to be expressed at the cell surface membrane [93]. Similarly,
increased PM expression of several conformationally defective GnRHRs bearing different
point mutations (see below), resulted from incubating transfected cells at lower (32° C)
temperatures [18]. Thus, it appears that for certain temperature-sensitive, misfolded proteins,
the use of physical methods (i.e. lowering incubation temperatures) prevent their retention
by the ER QCS and facilitate the defective protein to traffic to their site of action. Another
strategy to enhance PM expression of misfolded proteins is by introducing or deleting
specific sequences into the conformationally abnormal protein (“genetic rescue”) [54, 82,
94]. This approach either over-expresses or stabilizes molecules rendered unstable by
genetic defects and, in theory, does not provoke global changes in the ER secretory activity.
For example, addition of carbohydrates [95] or amino-terminal sequences from the serotonin
HT3 receptor [96] or rhodopsin [97], markedly enhanced PM targeting of inefficiently
expressed odorant receptors. In the case of the mammalian GnRHR, which is unique among
members of the GPCR superfamily in that it lacks the carboxyl-terminal extension [72],
addition of this latter domain from other species (e.g. fish) or deletion of Lys191 (which
restricts PM expression [98]), dramatically increased PM expression in both cases [99–101].
Genetic approaches, albeit effective, are probably impractical as therapeutic intervention
because, if it were possible to access the gene sequence, the primary error could be directly
corrected. Rescue of misfolded membrane receptors can also be achieved by manipulating
ER and/or post-ER mechanisms that influence GPCR export, as is the case of the molecular
chaperone calnexin [7, 102, 103]. In the GnRHR, calnexin seems to act as a quality control
protein by retaining misfolded receptors and steering properly folded receptors to the PM. In
fact, expression of Wt human GnRHR (whose maturation is normally inefficient [18, 104,
105]) with calnexin in COS-7 cells, decreased receptor expression and receptor-mediated
second messenger production, an effect that was counteracted by using siRNA to knock
down overexpressed calnexin [102]. In the case of the P23H mutation within the rhodopsin
gene, which causes rhodopsin misfolding and autosomal dominant retinitis pigmentosa,
overexpression of BiP/Grp78, which is an ER-localized molecular chaperone involved in the
protective unfolded protein response (a cell stress program activated when misfolded
proteins accumulate in the ER and that may later lead to apoptosis), led to reduction of
photoreceptor apoptosis and retinal degeneration, and rescued retinal activity in rats
expressing this rhodopsin mutant [106]. In this vein, Gebbink has described a method based
on molecular chaperones (e.g. BiP) to decrease accumulation of misfolded proteins
comprising precursors of crossbeta structures that eventually form amyloid deposits [107].
In another example, related to manipulation of ER mechanisms, butyric acid, which is a
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chemical chaperone (see below) known to reduce ER stress [18], has been proposed as a
potentially useful agent to treat obesity and type 2 diabetes [108].

An additional strategy to manipulate the cellular QCS to enhance misfolded receptor PM
expression is by employing cell-penetrating peptides that modify cytosolic Ca2+ stores,
thereby affecting function of Ca2+-dependent chaperones as those involved in post-ER
quality control [109]. Nevertheless, as in the case of chemical chaperones (see below), the
major drawback of these maneuvers is their lack of specificity for the target protein.

Another effective strategy to rescue PM expression and function of misfolded membrane
receptor is by incubating cells expressing the mutant protein with non-specific stabilizing
agents (such as polyols and sugars) [5, 6, 33, 110]. Chemical chaperones are small
molecular weight compounds that promote folding by stabilizing proteins without
interacting with them or interfering with their function. Osmolites stabilize proteins by
reducing the free movement of proteins [111], and by increasing their hydration [5, 112]
preventing aggregation of incompletely folded conformers and promoting protein
stabilization by modifying the free-energy difference between partially folded proteins and
their more compact native structures [5]. For example, incubation of stable CFTR Fdes508

transfectants with the cellular osmolytes glycerol or trimethylamine N-oxide led to
accumulation of functional Fdes508 protein and an increase in whole cell Cl− conductance
[92, 93, 113].

In the case of temperature-sensitive mutants, such as the A135V mutant of the tumor
suppressor protein p53 [114], when cells expressing this mutant were cultured at non-
permissive temperatures, the mutant was localized in the cytoplasm and was biologically
inactive unless cells were incubated in the presence of chemical chaperones, such as
glycerol, trimethylamine N-oxide or heavy water (D2O) [92]. Chemical chaperones require
high concentrations for effective folding of mutant proteins and hence are too toxic for in
vivo applications. On the other hand, although chemical chaperones can rescue some
misfolded proteins, they are nonspecific and might potentially increase secretion or
intracellular retention of many different proteins in various cellular compartments leading to
inappropriate changes in the levels and/or secretion of many proteins, thereby compromising
cell function and/or local homeostatsis [2, 115]. Nevertheless, it has been observed that
glycerol, 4-phenylbutyric acid and trimethylamine N-oxide may selectively increase the
secretion efficiency of α-1-antitrypsin without influencing that of other proteins or
decreasing proteasomal degradation [116, 117].

Pharmacoperones appear to be among the most promising therapeutic approaches to treat
conformational diseases [1–7, 118, 119]. In contrast with chemical chaperones,
pharmacoperones have the advantage of selective binding to the misfolded protein, which
allows the beneficial (normal) degradation of other misfolded proteins that require to be
eliminated from the cell as part of the normal process in protein biosynthesis. In
transthyretin amyloidogenesis, for example, several small molecules bind with high affinity
to binding sites within the transthyretin molecule leading to stabilization of the native state
of the protein, decreasing the concentration of the intermediate species and thereby amyloid
formation [120, 121]. Short β-sheet breaker peptides have been designed for blocking the
aggregation undergone by β-amyloid [122]. These small molecules with a structure
homologous to the central hydrophobic region of the fibril aggregate, inhibit and dissolve β-
amyloid aggregates in vitro and in vivo [123–125]. Another example is the competitive
inhibitor 1-deoxy-galactonojirimycin, which increases the activity of the R301Q mutant form
of α-galactosidase A (whose accumulation in the ER leads to the lysosomal storage disease,
Fabry’s disease in humans) and facilitates its transport from the ER to lysosomes [126–128].
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It has been shown that agonists and antagonists of the GPCRs may promote cell surface
delivery of the misfolded receptor from the ER [1–3, 7, 129, 130]. The efficiency of
pharmacoperones to rescue PM expression and function will depend on the particular
structure of the pharmacoperone (that determines selectivity toward the target protein), the
severity of the folding defect present in the target protein and the particular location of the
mutation (i.e. the mutation should not include critical residues involved in agonist binding,
receptor activation or coupling to effectors). For example, in the case of the S168R and
S217R human GnRHR mutants Fig. (1B), replacement of any of these serine residues (which
in the three-dimensional structure of the receptor are located in the lipid membrane-contact
phase of the helix) by the highly hydrophilic arginine involve a thermodynamically
unfavorable exchange that rotates the TM4 and TM5, moving the EL2, and making
formation of the Cys14-Cys200 bridge improbable [19]; in the human GnRHR, the Cys14-
Cys200 bridge stabilizes the receptor in a conformation that is compatible with ER export[19,
131, 132]. Both mutants are completely resistant to pharmacoperone treatment in vitro [55,
132]. In the case of the P320L GnRHR mutant, the abnormal protein is unrescuable by
genetic approaches because the peptide backbone of proline is constrained in a ring
structure; in fact, occurrence of this amino acid is associated with a forced turn in the protein
sequence of α-helices and its replacement may severely disturb the structure of the helix.
Similarly, mutant human V2Rs displaying amino acid exchanges at the interface of the TM2
and TM4 (H80R, W164R, and S167L mutants), are resistant to pharmacoperone-mediated cell
surface delivery, probably because the replacing residues lead to a severe folding defect
[85]. Mutational defects that interfere with ligand binding would also be expected to show
no rescue of second messenger coupling in response to pharmacoperones.

TREATMENT OF MISFOLDED GPCRS WITH PHARMACOPERONES
The Human GnRHR

Misfolded mutants from two distinct GPCRs, the GnRHR and the V2R, have been
extensively tested for functional rescue with pharmacoperones. As shown in Fig. (1B),
twenty-one inactivating mutations (including two leading to deletion of large sequences) in
the human GnRHR have been described as a cause of HH [3, 52, 53]. Seven homozygous
and 12 heterozygous combinations of GnRHR mutants are expressed by individuals
exhibiting either partial or complete forms of HH [3, 53]. Expression of these GnRHR
mutants in heterologous systems results in cells that neither bind GnRH agonists nor respond
to GnRH stimulation by effector activation. These observations initially suggested that such
mutations were associated with alterations in agonist binding, receptor activation or
interaction with coupled effectors. However, the majority ( 90%) of GnRHR mutants, whose
function has been examined to date (19 mutants), are trafficking-defective receptors as
disclosed by mutational studies and/or response to pharmacoperones [53]. Such ER-retained
mutants frequently show a change in residue charge compared with the Wt receptor (e.g. the
E90K mutant receptor), or gain or loss of either cysteine (an amino acid known to form
bridges associated with the formation of third order structure of proteins) (e.g. the Y108C
and C200T mutants) or proline (e.g. the P320L mutant) Fig. (1B) residues [53].

The ability of different GnRHR peptidomimetics to rescue defective GnRHR mutants has
been extensively analyzed [21–24, 55, 56, 133]. The peptidomimetics assessed as potential
pharmacoperones came from four different chemical classes: indoles, quinolones,
thienopyrimidinediones, and erythromycin-derived macrolides Fig. (2) and Table 1, which
were originally developed as GnRH peptidomimetic antagonists [21–25]. These particular
pharmacoperones were selected for study as potential pharmacoperones considering their
predicted ability to permeate the cell membrane and specifically bind the GnRHR with a
known affinity, rather than for their originally described actions as antagonists. In fact,
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rescue of misfolded GPCRs might also be achieved by agonists of the natural ligand [129,
130].

The first pharmacoperone tested, IN3 (((2S)-2-[5-[2-(2-azabicyclo[2.2.2]oct-2-yl)-1,1-
dimethyl-2-oxoethyl] 2-(3,5-dimethylphenyl)-1H-indol-3-yl]-N-(2-pyridin-4-ylethyl)
propan-1-amine (Merck and Company, Rahway, NJ, USA)) belongs to the indole class and
provided the first proof of principle for rescuing misfolded human GnRHRs [55, 104, 134].
Further studies then examined the efficacy of chemically distinct drugs [indoles (e.g. IN3),
quinolones (e.g. Q89: (7-chloro-2-oxo-4-{2-[(2S)-piperidin-2-yl]ethoxy}-N-pyrimidin-4-
yl-3-(3,4,5-trimethylphenyl)-1,2-dihydroquinoline-6-carboxaminde) (Merck and
Company)), and erythromycin-derived macrolides (e.g. A177775: [3′-N-desmethyl-3′-N-
cyclopenty1–11-deoxy-11-[carboxy-(3,4-dichlorophenylethylamino)]-6-O-methyl-
erythromycin A11,12-(cyclic carbamate)] (Abbott Laboratories, Abbott Park, IL, USA))]
Fig. (2) as pharmacoperones for a palette of misfolded mutant GnRHRs [24]. These studies
demonstrated that all but three [S168R, S217R, and L314X(stop)] of the 17 mutants tested
were partially or completely rescued with pharmacoperones [26, 55, 118, 134]. The efficacy
of these drugs (measured by the ability of a fixed dose of the pharmacoperone to rescue
receptor function in terms of inositol phosphate production in response to agonist) was
proportional to the binding affinity of the pharmacoperone for the Wt receptor and, in
general, there was a lack of rescue specificity for the different drugs (i.e. all effective agents
rescued virtually the same mutants) [24], an expected finding considering that these
molecules were originally designed as GnRH peptidomimetics and thus would presumably
compete with the natural ligand for receptor occupancy [135] (see below). All
peptidomimetics studied with an IC50 value (for Wt GnRHR) ≤ 2.3 nM had measurable
efficacy in rescuing GnRHR mutants, and within a single chemical class, this ability
correlated to these IC50 values. Among the most effective pharmacoperones tested, the
indole IN30 seems to be the most potent based on the IC50 value (0.2 nM) for the Wt
GnRHR, followed by the quinolone Q89 (IC50 0.3 nM), IN3 (IC50 0.6 nM), and the
erythromycin macrolides A177775 (IC50 17.7 nM) and A2222509 (IC50 20 nM) [24]. As
mentioned above, the S168R and S217R GnRHRs are mutants in which the thermodynamic
changes leading to receptor distortion are too severe to allow stabilization by
pharmacoperones [19]. Accordingly, even though these two mutants are not rescued by
these compounds, their failure to route correctly is attributable to misfolding, and probably
not to an intrinsic inability to potentially participate in particular receptor functions.

Other GPCRs
In addition to the misfolded GnRHR mutants described above, for which non-peptide
antagonists have proved to be useful as pharmacoperones, there are other conformationally
defective GPCRs in which these drugs have been demonstrated to be efficacious in rescuing
function or preventing abnormal accumulation of the defective molecule, Table 1. In the
case of the V2R, it has been shown that distinct cell membrane permeable antagonists
effectively rescue in vitro function of several misfolded, traffic-defective mutants that cause
diabetes insipidus in humans [28–30, 46, 136]. These findings are important since the
majority (~70%) of V2R mutations leading to disease are due to receptor misrouting [47].
Recently, the effect of the peptidomimetic V1AR/V2R antagonist SR49059 [30] to rescue
function of R137H, W164S, and des185–193 V2R mutants in patients with nephrogenic
diabetes insipidus has been examined [46]. This short trial, that had to be interrupted during
the course of the study as a result of possible interference with the cytochrome P450
metabolic pathway, revealed a drop in urine production and water intake as well as a
significant increase in urine osmolarity in response to this particular compound. In
rhodopsin retinitis pigmentosa, the vast majority of mutations ( 89%) affects folding of the
receptor protein leading to decreased PM expression, intracellular retention, aggregation,
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and eventually cell death (see above). Rescue of the T17M and P23H mutants associated with
retinitis pigmentosa has been achieved by in vitro exposure of the cells to 11-cis-retinal or
11-cis-7-ring-retinal (a seven-membered ring variant of 11-cis-retinal), the chromophore of
rhodopsin that plays a central role in the photoactivation process [35, 36, 39]. Further, in
transgenic mice bearing the T17M opsin mutation, a high vitamin A diet given for 4 mo was
followed by a significant decrease in retinal degeneration, without causing liver toxicity
[40]. In the vast majority of melanocortin-4 receptor (MC4R)(a GPCR involved in energy
homeostasis) mutants, which may lead to monogenic obesity, the mutant receptors are
retained intracellularly due to misfolding [42, 65]. Recent studies on a palette of misfolded
mutant MC4Rs demonstrated that the pharmacoperone ML00253764 [65, 137] and 4-
phenylbutyric acid rescued PM expression and function of the mutant receptors to different
extents [42, 65, 138]. In the case of PM expression-deficient μ-opioid receptors and melanin
concentrating hormone receptor-1 mutants, different cell permeable agonists and antagonists
also have been shown to effectively enhance cell surface expression of the mutant receptors
[45, 139].

The overall data indicate that pharmacoperones represent a novel approach for the potential
development of defined therapeutic strategies for an array of diseases caused by incorrectly
routed GPCRs.

MECHANISM OF ACTION OF PHARMACOPERONES
In general, desirable characteristics of molecules that could function as pharmacoperones for
misfolded proteins include: i. Ability to reach physiologically acceptable concentrations; ii.
Cell permeability; iii. Ability to reach and intervene at the ER and/or post-ER compartments
where the misfolded protein is retained; iv. Ability to remain undegraded long enough to
stabilize the target mutant; v. Specificity for the target protein; and vi. To reversibly bind the
misfolded protein so they may dissociate from the target molecule after its localization at the
correct cellular destination (e.g. the plasma membrane) or, alternatively, not to compete with
the natural ligand binding site. Pharmacoperones can correct folding of defective proteins
allowing that the mutant could escape the ER QCS and traffic to the PM or interfering with
its aggregation or degradation. The mechanism(s) by which pharmacoperones stabilize and
rescue PM expression of the target receptor is still speculative and current information is
mostly based on theoretical predictions of protein structure and drug interactions [85, 140,
141]. Two mechanisms have been proposed to explain the ability of pharmacoperones to
stabilize misfolded proteins. Pharmacoperones may bind to and enhance the stability of the
native or native-like state of the target protein for which they have higher affinity than for
intermediate, immature forms (i.e. non-native structures) or, alternatively, they may bind to
the less folded, non-native folding intermediates and act as a scaffold for subsequent folding,
increasing the rate at which these intermediates are converted to the native form. This would
prevent the protein from being recognized by the ER QCS as defective, allowing it to escape
degradation and promoting its transport to the Golgi apparatus for further processing [5, 36].

In the case of the human GnRHR, we have shown that one particular mutant, the E90K
mutant is completely recued by genetic or pharmacological maneuvers [54, 55].
Computational human GnRHR models showed that residue E90, in TM1, forms a salt bridge
with K121 [72, 142, 143] Fig. (1C); as a consequence of the mutation, this bridge is lost in
the E90K receptor. This particular residue is highly conserved in the GnRHR of virtually all
mammals as well as in fish, birds and reptiles [72]. The finding that all pharmacoperones
tested have been able to completely rescue function and PM expression of this mutant [24]
led us to analyze the chemical relation between the E90-K121 bridge (which is lost in the
E90K mutation) and these drugs. Mutational and computational methods led to identify that
pharmacoperones appear to act by forming an alternative bridge between D98 (at the
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extracellular face of TM2) and K121, which in turn functions as a surrogate bridge for the
original (E90-K121) bridge disrupted by the substitution [118, 140]. Since GnRH includes, as
contact points, D98 and K121, it was not surprising that competitors of GnRH may interact at
or near the ligand binding site, which resides in the lateral plane of the PM, a region having
a high percentage of hydrophobic residues [142]. In fact, analysis of the linear sequences of
both E90 and K121 show that they are hydrophobic regions with a modest number of ionic or
polar groups. The observation of this conserved ionic site strongly suggests that the
pharmacoperones tested [IN3, Q89, A177775, and TAK-013: (N-{4-[5-
{[benzyl(methyl)amino]methyl}-1-(2,6-difluorobenzyl)-2,4-dioxo-3-phenyl-1,2,3,4-
tetrahydrothieno[2,3-d]pyrimidin-6-yl]phenyl}-N′-methoxyurea) (Takeda Chemical
Industries, Ltd. Osaka 532–8686, Japan)], Fig. (2) were all chosen on the basis of this
preferential ion-pair and/or polar interaction with the charged residues. The observation that
the pharmacoperones tested to date rescue most of the GnRHR mutants, no matter the
distribution of the mutations along the sequence of the receptor Fig. (1B), suggests that the
E90-K121 bridge represents an additional critical core that, once stabilized, forms a
conformer that bypasses the scrutiny of the QCS. For the GnRHR this core might stabilize
the orientation of, and relation between TMs 2 and 3, as the C14-C200 bridge does with the
second extracellular loop and the amino-terminus, and indirectly the TMs 4 and 5. In fact,
complete rescue of the human GnRHR Y108C mutant (which favors formation of C108-C200

incorrect disulfide bridge) with pharmacoperones cannot be achieved unless formation of the
abnormal disulfide bridge is prevented (by replacing the cysteine residue at position 200
with alanine) and K191 is deleted (which obviates the need to form the C14-C200 bridge).

One interesting observation is that pharmacoperones do not necessarily need to be present at
the time of mutant synthesis Fig. (1A) as shown by studies with ER-retained human GnRHR
and murine V2R, whose PM expression was restored even in conditions where protein
synthesis was abolished [85, 109, 144]. These observations are important in that they
suggest that the time and pattern of pharmacoperone administration do not need to be
considered when attempting to translate the concept of pharmacoperone rescue to clinical
practice.

CURRENT AND FUTURE DEVELOPMENTS
The growing number of examples of misfolded GPCRs as a cause of genetic disease
indicates that misfolding, retention, and/or aggregation of conformationally abnormal
receptors may be more common than previously recognized. The various approaches
described in this review to correct misrouting of trafficking defective, misfolded GPCRs
have proven useful in enhancing the plasma membrane expression of various GPCRs in
heterologous cell systems. Of these, pharmacoperones represent the optimal therapeutic
strategy for treating genetic diseases due to GPCR misfolding since they potentially
guarantee selective rescue of a target receptor. In fact, a number of compounds (agonists,
antagonists, partial agonists and/or inverse agonists) obtained from high-throughput
screening strategies currently are under study for their potential application as
pharmacoperones to treat diseases caused by misfolded GPCRs, such as HH, retinitis
pigmentosa, and obesity [27, 37, 144, 145].

One problem in translating the concept of pharmacoperone rescue from the laboratory to the
clinic is that the majority of the pharmacoperones for GPCRs (see above examples and
Table 1) tested are competitive antagonists or agonists of the natural ligand, which in most
cases makes it necessary to remove the drug after rescue in order to allow the receptor to
bind agonist and become activated. The use of pharmacoperones that behave as allosteric
modulators and that can stabilize the misfolded receptor without inhibiting endogenous (or
exogenous) agonists or altering, in a significant manner, the affinity of the rescued receptor
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for its cognate ligand and its capability to become activated, seems an attractive alternative
to solving this problem [44]. In fact, one pharmacoperone drug has been recently identified
that does not seem to compete for the agonist binding site at the follicle-stimulating
hormone receptor; this pharmacoperone is a thienopyr(im)idine (Org41841) that activates
the luteinizing hormone receptor but neither competes with the natural ligand binding site
nor shows agonistic action on the follicle-stimulating hormone receptor at sub-millimolar
concentrations. Incubation of this drug at sub-micromolar concentrations, with host cells
expressing the human follicle-stimulating receptor, increased PM expression of the wild-
type receptor and partially rescued function of the misfolded A189V mutant [43], which
leads to subfertility in men and primary ovarian failure in women [59, 146]. On the other
hand, a drawback presented by GPCR agonists as pharmacoperones is that they may
potentially lead to desensitization and internalization of the receptor once rescue is achieved.
This problem, however, may be solved by agonist molecules that display selective properties
(i.e. biased agonism), including inability to recruit arrestins and trigger receptor
internalization. In this vein, biased agonists that restored PM trafficking and promoted
activity of nephrogenic diabetes insipidus-causing misfolded V2R mutants without
stimulating receptor internalization have recently been described [147]. One additional
advantage of this strategy is that the presence of the biased agonist also may potentially
interfere with the internalization of the target receptor provoked by the endogenous ligand.

In addition to non-peptide agonists and antagonists, which specifically bind misfolded
receptors and promote PM delivery, new classes of substances that allow controlling the
QCS and enhancing PM expression of GPCRs have been described [33]. The compounds
thapsigargin, curcumin, and ionomycin, for example, promote the release of Ca2+ into the
cytosol thereby affecting molecular chaperone function and promoting PM rescue of
misfolded V2Rs [33]. Likewise, peptide compounds that penetrate into the ER-Golgi
intermediate compartment via the retrograde transport pathway but fail to reach the ER,
promote PM trafficking of misfolded receptors retained in that particular location by
selectively promoting Ca2+ release [49, 109]. However, since these particular compounds do
not correct folding (i.e. they are not true pharmacoperones), trafficking to the PM might not
always be accompanied by functional rescue of the misfolded receptor. These compounds,
along with others that may interfere with dimerization of receptors at the ER and prevent the
dominant negative effects of misfolded mutants on Wt receptor PM expression [148, 149],
might still be used to rebalance proteostasis and synergize the effect of pharmacoperones in
increasing the population of receptors that can engage the upward trafficking machinery.
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Fig. 1.
A: Quality control system in the endoplasmic reticulum (ER). Newly synthesized proteins
(e.g. GPCRs) are translocated to the lumen of the ER where folding is facilitated by
molecular chaperones (oval structures); if folding fails, misfolded proteins are retained in the
ER and targeted for degradation by cytosolic proteasomes that cleaved the protein into
fragments (short lines) (step1). Pharmacoperones diffuse into the cell (step 2) and selectively
bind the misfolded protein to influence folding (step 3) and allow correct routing to the
Golgi complex for further processing (e.g. glycosylation) (step 4). Previously synthesized
misfolded proteins, retained by the QCS, may still be rescued by pharmacoperones (steps 2
and 3 at left). Mature proteins are then delivered to the cell surface membrane (step 5),
where the pharmacoperone is dissociated from the receptor protein (step 6) allowing the
receptor to interact with its cognate ligand (step 7). B: Location of the inactivating mutations
in the human GnRHR. Grey ovals are mutations that lead to partial hypogonadotropic
hypogonadism, whereas black ovals are mutations that provoke complete hypogonadotropic
hypogonadism. Also shown is the location of K191 at the second extracellular loop, which
destabilizes the formation of the C14-C200 bridge, as well as the location of D98 (in TM2 2)
and K121 (in TM3) that form the surrogate D98-K121 salt bridge upon pharmacoperone
action. Transmembrane domains 1, 3, 5, and 7 are numbered. EC: Extracellular domain;
TM: Transmembrane domains; IC: Intracellular domains. C: Enlarged diagram showing
specific interactions between E90 (in TM2), N315 (in TM7), K121 (in TM3) and S124 (in
TM3), which form a microdomain important for GnRHR stability. D98 and K121 are shown
within the dashed line ovals; the dashed line between the ovals represents the surrogate salt
bridge that is formed upon pharmacoperone binding.
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Fig. 2.
The structure of four representative pharmacoperones from different chemical classes. IN3
and Q89 (Merck and Company); TAK-013 (Takeda Chemical Industries, Ltd., Osaka 532–
8686, Japan). and A177775 (Abbott Laboratories, Abbott Park, IL, USA) [24].
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Table 1

Loss of function abnormalities caused by GPCR misfolding.

Disease or Abnormality GPCR
Examples of pharmacoperones tested in vitro
and/or in vivo Refs

Hypogonadotropic hypogonadism GnRHR IN3, IN30, Q89, A177775, TAK-013. [21–27]

Nephrogenic diabetes insipidus V2R Satavaptan, relcovaptan, VPA-985, YM087,
tolvaptan, OPC31260

[28–34]

Retinitis pigmentosa Rhodopsin Retinoids (9-cis-retinal, 11-cis-retinal, 11-cis-7-
ring retinal, vitamin A palmitate).

[35–40]

Congenital hypothyroidism TSHR

Obesity MC3R, MC4R ML00253764 and compounds described in ref. [41, 42, 65]

Ovarian failure FSHR Org41841 [43]

Male pseudohermaphroditism LHR

Familial hypocalciuric hypercalcemia CaR NPS R-568 [44]

Red head color phenotype and propensity to skin
cancer

MC1R NBA-A [45]

Familial glucocorticoid deficiency MC2R

Hirschsprung’s disease E-BR

Resistance to HIV-1 infection CCR5

V2R: Vasopressin V2 receptor; GnRHR: Human gonadotropin-releasing hormone receptor; CaR: Calcium-sensing receptor; LHR: Luteinizing
hormone receptor; FSHR: Follicle-stimulating hormone receptor; TSHR: Thyrotropin receptor; E-BR: Endothelin-B receptor; MC1R:
Melanocortin-1 receptor; MC2R: Melanocortin-2 receptor [or adrenocorticotropin (ACTH) receptor]; MC3R: Melanocortin-3 receptor; MC4R:
Melanocortin-4 receptor; CCR5: Chemokine receptor-5.
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