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Abstract
Structural alterations provoked by mutations or genetic variations in the gene sequence of G
protein-coupled receptors may lead to abnormal function of the receptor molecule and, ultimately,
to disease. While some mutations lead to changes in domains involved in agonist binding, receptor
activation or coupling to effectors, others may cause misfolding and lead to retention/degradation
of the protein molecule by the quality control system of the cell. Several strategies, including
genetic, chemical and pharmacological approaches have been shown to rescue function of
trafficking-defective misfolded G protein-coupled receptors. Among these, pharmacological
strategies offer the most promising therapeutic tool to promote proper trafficking of misfolded
proteins to the plasma membrane. Pharmacological chaperones or “pharmacoperones,” are small
compounds that permeate the plasma membrane, enter cells, and bind selectively to misfolded
proteins and correct folding allowing routing of the target protein to the plasma membrane, where
the receptor may bind and respond to agonist stimulation. In this review we describe new
therapeutic opportunities based on misfolding of otherwise functional human gonadotropin-
releasing hormone receptors. This particular receptor is highly sensitive to single changes in
chemical charge and its intracellular traffic is delicately balanced between expression at the
plasma membrane or retention/degradation in the endoplasmic reticulum; it is, therefore, a
particularly instructive model to understand both protein routing and the molecular mechanisms
whereby pharmacoperones rescue misfolded intermediates or conformationally defective
receptors.
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I. INTRODUCTION
The heptahelical G protein-coupled receptors (GPCRs) constitute a large and functionally
diverse superfamily of membrane proteins whose primary function is to transduce
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extracellular stimuli into the intracellular environment through the activation of one or more
signal transduction pathways mediated by G proteins and other interacting proteins. This
system of cellular communication is so effective, that the ligands that recognize and activate
these receptors are highly variable in chemical structure and include photons, odorants,
pheromones, hormones, lipids, and neurotransmitters that vary in size from small biogenic
amines to peptides to large proteins (Rosenbaum, Rasmussen, & Kobilka, 2009; Ulloa-
Aguirre & Conn, 1998, 2009; Ulloa-Aguirre, Stanislaus, Janovick, & Conn, 1999).
Estimates range from 1–5% of the genome in mammals encodes for this superfamily of
receptors, which currently constitute the single most important source of therapeutic targets
for many diseases (Takeda, Kadowaki, Haga, Takaesu, & Mitaku, 2002). In fact, 60–70% of
all approved drugs derived their benefits by selective targeting to these receptors, which at
least 50% are thought to be the target for endogenous ligands (P. J. Conn, Christopoulos, &
Lindsley, 2009).

As with other protein molecules, structural alterations provoked by mutations or genetic
variations in the gene sequence of GPCRs may lead to abnormal function of the receptor
and, eventually, to disease, depending on the location and the nature of the substitution or
modification. Mutations in these receptors are known to be responsible for a large number of
disorders, including cancers, heritable obesity and endocrine disease, which underlines their
importance as therapeutic targets. These structural alterations may provoke either gain- or
loss-of-function of the affected receptor (Milligan, 2003; Ulloa-Aguirre & Conn, 1998).
Loss-of-function mutations usually alter domains involved in specific functions of the
receptor, such as agonist binding, receptor activation, interaction with accessory/scaffold
proteins or with coupled effectors, or sequences that dictate proper folding and intracellular
trafficking of the receptor to the cell surface plasma membrane (PM). It is becoming well
recognized that mutations of GPCRs frequently lead to misfolding and subsequent retention/
degradation by the quality control system (QCS) of the cell. Further, misfolding can result in
protein molecules that retain intrinsic function yet become misrouted and, for reasons of
mislocation only, cease to function normally and result in disease. Recognition of this latter
concept immediately presents the therapeutic opportunity to correct misrouting and rescue
mutants, thereby restoring function and, potentially, curing disease (Bernier, Bichet, &
Bouvier, 2004; Bernier et al., 2006; Ulloa-Aguirre, Janovick, Leanos-Miranda, & Conn,
2003). In fact, there is now a wealth of information demonstrating that complete functional
rescue of misfolded mutant receptors both in vitro and in vivo is possible by using small
nonpeptide molecules called pharmacological chaperones or pharmacoperones; these
compounds, often designed originally as receptor antagonists, have proved to serve as
effective molecular templates, promoting correct folding and allowing the mutants to pass
the scrutiny of the cellular QCS and be expressed at the cell surface plasma membrane
(Bernier et al., 2006; P. M. Conn & Janovick, 2009a; Loo & Clarke, 2007; Nakamura,
Yasuda, Hirota, & Shimizu, 2010; Ulloa-Aguirre, Janovick, Brothers, & Conn, 2004). Thus,
the endoplasmic reticulum QCS represents a potential site for a variety of therapeutic
interventions in an array of diseases characterized by conformationally aberrant proteins.
This chapter summarizes updated information on the gonadotropin-releasing hormone
(GnRH) receptor type I (GnRHR) misfolding, which has proved to be a valuable paradigm
for the development of drugs potentially useful in regulating GPCR trafficking in health and
disease.

II. THE ENDOPLASMIC RETICULUM QUALITY CONTROL SYSTEM
Synthesis and processing of secretory and membrane proteins occurs in the endoplasmic
reticulum (ER) and Golgi apparatus. Similar to other proteins synthesized by the cell, G
protein-coupled receptors are subjected to a stringent quality control system that checks the
integrity and correct folding of the newly synthesized protein into a three-dimensional
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protein structure determined by its amino acid sequence. The three-dimensional protein
structure is stabilized by several noncovalent interactions involving hydrogen bonds,
electrostatic interactions, and hydrophobic interactions as well as by covalent bonds between
cysteine side chains that form disulfide bridges (P. L. Clark, 2004; Englander, Mayne, &
Krishna, 2007; Ulloa-Aguirre & Conn, 2009; Ulloa-Aguirre, Janovick, Brothers et al.,
2004). By monitoring the structural and folding correctness of newly synthesized proteins,
the ER QCS prevents accumulation of defective, misfolded proteins that may easily
aggregate in a highly crowded environment and interfere with normal cell function (Ellgaard
& Helenius, 2003; Hartl & Hayer-Hartl, 2009; Helenius, 2001; Sitia & Braakman, 2003;
Trombetta & Parodi, 2003). Due to the dense packing of thousands of macromolecules
within the cells, protein folding should be a highly effective process; in fact, folding of a
protein is not randomly performed but rather follows pathways that limit the number of
possible conformations searching for the native fold (Ellis, 2007). The mechanisms that
operate at the ER to identify and sort proteins according to their maturation status include
specialized folding factors, escort proteins, retention factors, enzymes, and members of
major molecular chaperone families (Brooks, 1999; Ellis, 2007; Hartl & Hayer-Hartl, 2002;
Morello, Petaja-Repo, Bichet, & Bouvier, 2000). Molecular chaperones are ER-resident
proteins that assist in folding or assembly of the polypeptide for efficient ER export,
preventing aggregation or incorrect interactions between misfolded proteins and other
molecules (Broadley & Hartl, 2009; Ellis, 2007; Leandro & Gomes, 2008; Ni & Lee, 2007).
The QCS is not protein-specific and 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 unwanted hydrophobic
surfaces, unpaired cysteines, immature glycans, and particular sequence motifs, have been
identified as important for low affinity chaperoneprotein association (Angelotti, Daunt,
Shcherbakova, Kobilka, & Hurt, 2010; Dong, Filipeanu, Duvernay, & Wu, 2007; Dunham &
Hall, 2009; Ulloa-Aguirre & Conn, 2009). Proteins that do not fulfill the criteria of the ER
QCS or whose aberrant structure cannot be corrected by molecular chaperones, are
submitted to degradation through the polyubiquitination/proteasome pathway (Fig. 1)
(Ulloa-Aguirre, Janovick, Brothers et al., 2004; Werner, Brodsky, & McCracken, 1996).
Correctly folded proteins, however, are allowed to enter the pathway leading to their final
destination within the cell (e.g. the plasma membrane) after processing at the Golgi is
completed. In this scenario, it is easy to understand why 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/or degradation (Angelotti et al., 2010; Ulloa-Aguirre, Janovick, Brothers et al.,
2004). Because of this, point mutations resulting in protein sequence variations may result in
misfolded and disease-causing proteins that accumulate or that are rapidly degraded making
the protein unable to reach their functional destination within the cell (Hartl & Hayer-Hartl,
2009). Examples of diseases caused by conformational defects of proteins include
neurodegenerative diseases, familial hypercholesterolemia, cystic fibrosis, retinitis
pigmentosa, and diabetes insipidus, among others (Bernier, Lagace, Bichet, & Bouvier,
2004; Ulloa-Aguirre, Janovick, Brothers et al., 2004).

It has also become clear that variable (but significant) amounts of even some wild-type
(WT) GPCRs are expressed inefficiently (i.e. retained in the ER), apparently as a result of
misfolding (Andersson, D'Antona, Kendall, Von Heijne, & Chin, 2003; Cook, Zhu, &
Hinkle, 2003; Kato & Touhara, 2009; Lu, Echeverri, & Moyer, 2003; Lu, Staszewski,
Echeverri, Xu, & Moyer, 2004; Petaja-Repo et al., 2001; Petaja-Repo, Hogue, Laperriere,
Walker, & Bouvier, 2000; Pietila et al., 2005; Wuller et al., 2004), suggesting that this level
of post-translational control may itself provide another level of potential therapeutic
intervention (P. M. Conn & Janovick, 2009a, 2009b; P. M. Conn & Ulloa-Aguirre, 2010).
This effective “inefficiency” may impact on cellular information networking; in fact, recent
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understanding of the unfolded protein response [UPR, (Nardai, Vegh, Prohaszka, &
Csermely, 2006; Rab et al., 2007; Tuusa, Markkanen, Apaja, Hakalahti, & Petaja-Repo,
2007)] suggests that there is the potential for information transfer as a result of protein
retention by the ER. In principle, the (endogenous) chaperoning system could mediate the
fraction of the newly synthesized receptor that traverses to the plasma membrane and may
contribute to the physiological changes in levels of GPCRs that are observed in different
physiological settings.

Several in vitro approaches to correct folding and promote trafficking of proteins from the
ER to the PM have been described. These include physical methods (e.g. incubation at
reduced temperatures) (Brown, Hong-Brown, & Welch, 1997b; Ulloa-Aguirre, Janovick,
Brothers et al., 2004), genetic modifications (e.g. addition or deletion of specific sequences
into the conformationally defective protein) (Dunham & Hall, 2009; Katada, Tanaka, &
Touhara, 2004; Krautwurst, Yau, & Reed, 1998; Lin et al., 1998; Maya-Nunez, Janovick, &
Conn, 2000; Maya-Nunez et al., 2002; Schulein, Zuhlke, Krause, & Rosenthal, 2001; Wetzel
et al., 1999), manipulation of the ER and/or post-ER mechanisms that influence GPCR
export (e.g. over expression of molecular chaperones or introduction of cell-penetrating
peptides that modify cytosolic Ca2+ stores affecting function of Ca2+-dependent chaperones)
(Brothers, Janovick, & Conn, 2006; P. M. Conn, Ulloa-Aguirre, Ito, & Janovick, 2007;
Gorbatyuk et al.; Morello et al., 2001; Oueslati et al., 2007), and the use of non-specific
chemical stabilizers (chemical chaperones) (e.g. osmolytes such as trimethylamine N-oxide,
glycerol or heavy water) (Arakawa, Ejima, Kita, & Tsumoto, 2006; Brown, Hong-Brown, &
Welch, 1997a; Brown et al., 1997b ; Gekko & Timasheff, 1981; Leandro & Gomes, 2008;
Loo & Clarke, 2007; Robben, Sze, Knoers, & Deen, 2006; Sampedro & Uribe, 2004) and
pharmacological chaperones (“pharmacoperones”). 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. Chemical chaperones require
high concentrations for effective folding of mutant proteins and hence are too toxic for in
vivo applications; in addition, since they are nonspecific they 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 homeostasis (Castro-Fernandez,
Maya-Nunez, & Conn, 2005).

Pharmacoperones appear to be among the most promising therapeutic approaches to treat
conformational diseases (Arakawa et al., 2006; Bernier, Lagace et al., 2004; P. M. Conn &
Janovick, 2009a; P. M. Conn & Ulloa-Aguirre, 2010; P. M. Conn et al., 2007; Loo &
Clarke, 2007; Nakamura et al., 2010; Ulloa-Aguirre et al., 2003). Pharmacoperones are
small, often lipophilic compounds that enter cells and serve as specific molecular templates,
promoting correct folding, and allowing the mutant proteins to pass the QCS and be
expressed at the cellular loci where they may function (Arakawa et al., 2006; Bernier, Bichet
et al., 2004; Bernier, Lagace et al., 2004; P. M. Conn & Ulloa-Aguirre, 2010; Loo & Clarke,
2007; Ulloa-Aguirre et al., 2003). 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 misfolded proteins, including
GPCRs. Among particular PM proteins that lead to conformational diseases and that may
benefit from protein rescue are mutants of the chloride channel cystic fibrosis
transmembrane conductance regulator, which causes cystic fibrosis (Amaral, 2006; Dormer
et al., 2001; Galietta et al., 2001; Zhang et al., 2003), as well as mutants of the GnRHR,
V2R, rhodopsin, and melanocortin-4 receptor, which lead to congenital hypogonadotropic
hypogonadism (Ulloa-Aguirre et al., 2003; Ulloa-Aguirre, Janovick, Leanos-Miranda, &

Conn and Ulloa-Aguirre Page 4

Adv Pharmacol. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conn, 2004), nephrogenic diabetes insipidus (Bernier, Lagace et al., 2004; Bichet, 2006;
Morello & Bichet, 2001), retinitis pigmentosa (Noorwez et al., 2003; Noorwez et al., 2004;
Noorwez, Ostrov, McDowell, Krebs, & Kaushal, 2008), and early-onset obesity (Tao, 2010).
In the case of particular GPCRs [e.g. the GnRHR, the vasopressin V2 receptor (V2R), the
melanocortin-4 receptor, and rhodopsin], this approach has succeeded with a striking
number of different misfolded mutants, supporting the view that pharmacoperones will
become a powerful ammunition in our arsenal of therapeutic options (Bernier et al., 2006; P.
M. Conn & Ulloa-Aguirre, 2010; P. M. Conn et al., 2007; Mendes, van der Spuy, Chapple,
& Cheetham, 2005; Noorwez et al., 2004; Noorwez et al., 2008; Tao, 2010).

III. MISFOLDING OF GPCRS AND DISEASE
As mentioned previously, mutations in GPCRs may cause misrouting of otherwise
functional proteins and lead to disease (Table 1). This is the case with the X-linked
nephrogenic diabetes insipidus, the autosomal dominant form of retinitis pigmentosa, some
forms of morbid obesity, and hypogonadotropic hypogonadism due to mutations in the
GnRHR. Mutations in the 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 (Bernier et al., 2006; Bichet,
2006; Fujiwara & Bichet, 2005; Hermosilla et al., 2004). A number (nearly 70%) of V2R
mutants causing X-linked diabetes insipidus are unable to reach the cell surface membrane
and respond to agonist stimulation (Bernier et al., 2006; P. M. Conn et al., 2007). In retinitis
pigmentosa, ER trapping of misfolded mutant rhodopsin eventually leads to rod
photoreceptor degeneration (Mendes et al., 2005; Saliba, Munro, Luthert, & Cheetham,
2002) followed by cone degeneration. 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 (Gromoll et al., 2002;
Martens et al., 2002), ovarian failure (Aittomaki et al., 1995; Tranchant et al.), and
congenital hypothyroidism (Biebermann et al., 1997; Calebiro et al., 2005), respectively.
The melanocortin-1 receptor, has been found to be mutated in patients with skin and hair
abnormalities, and increased susceptibility to skin cancers (Beaumont et al., 2005;
Beaumont et al., 2007); among the 60 or so mutants described, at least four display
decreased PM expression (Beaumont et al., 2005). 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 (Tao, 2010; Tao & Segaloff, 2003). Mutations that
provoke trapping of the endothelin-B receptor have been detected in a subset of patients
with Hirschsprung’s disease or aganglionic megacolon (Fuchs et al., 2001; Tanaka et al.,
1998), while mutations in the calcium-sensing receptor leading to intracellular retention of
the abnormal receptor have been found in patients with familial hypocalciuric hypercalcemia
(D'Souza-Li et al., 2002). Intracellular retention of the chemokine receptor 5 at the ER has
also been observed in a subset of subjects with resistance to HIV infection (Rana et al.,
1997) and mutations leading to receptor misfolding of the human GnRHR (hGnRHR) cause
congenital hypogonadotropic hypogonadism (HH) (Beranova et al., 2001; Ulloa-Aguirre,
Janovick, Leanos-Miranda et al., 2004).

IV. MUTATIONS IN THE HUMAN GNRHR
A. Structural features of the GnRHR

The GnRHR is a GPCR that has already been a focus of drug development. This receptor
belongs to the rhodopsin/β-adrenergic-like family of GPCRs (family A) (Millar et al., 2004;
Ulloa-Aguirre & Conn, 1998). Its natural ligand is gonadotropin-releasing hormone, a
decapeptide produced by the hypothalamus and released in synchronized pulses to the
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anterior pituitary to regulate pubertal development, sexual maturation and reproductive
competence (P. M. Conn & Crowley, 1994; P. M. Conn, Huckle, Andrews, & McArdle,
1987; Knobil, 1974; Santen & Bardin, 1973; Ulloa-Aguirre & Timossi, 2000). The GnRHR
is coupled to the trimeric Gq/11 protein localized in the cytoplasm and associated with the
intracellular domains of the receptor, whose activation by agonists stimulates the effector
enzyme phospholipase-Cβ, leading to phosphatidylinositol 4,5-biphosphate hydrolysis and
formation of the second messengers inositol 1,4,5-triphosphate and diacylglycerol. The
former messenger diffuses through the cytoplasm, promoting the release of intracellular
calcium and the rapid release of both gonadotropins (P. M. Conn et al., 1987). These second
messengers also activate different species of protein kinase C, which in concert with Ca2+

regulates gonadotropin secretion and mRNA expression of several genes, including
gonadotropins subunit genes. Protein kinase C activates mitogen-activated protein kinases
(MAPKs) cascade, which regulate a number of transcriptional responses to GnRH in a cell
context-dependent manner (Naor, 2009).

Unlike other members of the family A of GPCRs, the human GnRHR exhibits several
unique features including the reciprocal exchange of the conserved Asp and Asn residues in
the transmembrane helix (TM)-2 and -7, the replacement of Thr with Ser in the Asp-Arg-Tyr
motif located in the junction of the helix-3 and the IL-2, and the lack of the carboxyl-
terminal extension (Ctail) into the cytosol (Millar et al., 2004) (Fig. 2). Fish, reptiles, birds,
and the primate type II GnRHR (McArdle, Davidson, & Willars, 1999; Millar, 2003) contain
a carboxyl extension, which is associated with differential physiological receptor regulation
(Blomenrohr et al., 1999; Heding et al., 1998; Lin et al., 1998; McArdle et al., 1999); when
the piscine sequence is added to the GnRHR, it dramatically increases PME levels of this
receptor (Janovick, Ulloa-Aguirre, & Conn, 2003). Another feature of the human GnRHR is
the presence of the amino acid residue Lys at position 191 in the extracellular loop (EL) 2,
which is frequently Glu or Gly in non-primate mammals (Janovick et al., 2006; Ulloa-
Aguirre, Janovick, Miranda, & Conn, 2006); in rat and mice GnRHRs an orthologous amino
acid is absent, resulting in a structure that is one residue smaller and conferring the rodent
GnRHR increased cell surface plasma membrane expression (Arora, Chung, & Catt, 1999).
The mechanisms by which the presence of Lys191 limits the number of wild-type hGnRHR
molecules exported from the ER to the PM involves primarily formation of the Cys14–
Cys200 bridge, which stabilizes the human GnRHR in a conformation compatible with ER
export (Janovick et al., 2006; Jardon-Valadez, Ulloa-Aguirre, & Pineiro, 2008; Ulloa-
Aguirre et al., 2006). In fact, Cys14–Cys200 bridge formation and PME expression of the
hGnRHR are both increased by deleting (primate-specific) Lys191; on the contrary, in rat or
mouse GnRHRs that lack Lys191, the bridge is non-essential for receptor expression
(Janovick et al., 2006). Nevertheless, the observation that addition of this particular residue
to the rat sequence does not modify PM expression, indicates that other changes are required
for its effects. A strategy based on identification of amino acids that both (a) co-evolved
with Lys191 and (b) were thermodynamically unfavorable substitutions, identified motifs in
multiple domains of the human GnRHR that control the destabilizing influence of Lys191
on the Cys14–Cys200 bridge, resulting in diminished PME (Fig. 3A) (Janovick et al., 2006;
Ulloa-Aguirre et al., 2006). The data showed a novel and underappreciated means of
posttranslational control by altering interaction with the QCS and provided a biochemical
explanation of the basis of disease-causing mutations of this receptor.

B. Mutations in the human GnRHR
Loss of function mutations in the hGnRHR, result in inability to respond to GnRH
(Beranova et al., 2001; de Roux & Milgrom, 2001; de Roux et al., 1997). Gonadotropin-
releasing hormone receptor mutations can lead to partial or complete forms of HH, resulting
in decreased or apulsatile gonadotropin release and reproductive failure (de Roux et al.,
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1999; Ulloa-Aguirre, Janovick, Leanos-Miranda et al., 2004). To date, 21 inactivating
mutations (including two leading to missing of large sequences) in the GNRHR have been
described as a cause of HH (Fig. 2). Seven homozygous and 12 heterozygous combinations
of human GnRHR mutants are expressed by individuals exhibiting either partial or complete
forms of HH (Beranova et al., 2001; Leanos-Miranda, Ulloa-Aguirre, Janovick, & Conn,
2005; Ulloa-Aguirre, Janovick, Leanos-Miranda et al., 2004). Although in vitro expression
of a number of these mutated GnRHRs in heterologous systems has shown that these
mutations appear to alter several functions of the molecule, including ligand binding,
receptor activation or interaction with coupled effectors (Bedecarrats & Kaiser, 2007;
Bedecarrats, Linher, & Kaiser, 2003; Meysing et al., 2004), protein misfolding and resultant
misrouting is a mechanisms that, by itself, may lead to loss of function of the hGnRHR
(Janovick, Maya-Nunez, & Conn, 2002; Leanos-Miranda, Janovick, & Conn, 2002; Maya-
Nunez et al., 2002; Ulloa-Aguirre, Janovick, Leanos-Miranda et al., 2004). In fact, it has
been shown that the majority (~90%) of the hGnRHR mutants whose function has been
examined to date (19 mutants) are trafficking-defective receptors as disclosed by mutational
studies and/or response to pharmacological chaperones (Maya-Nunez et al., 2002; Ulloa-
Aguirre et al., 2003; Ulloa-Aguirre, Janovick, Leanos-Miranda et al., 2004). Because
reproductive failure is not life-threatening, it is likely that many cases (particularly partial
HH forms) go undiagnosed and, individual mutants, if severe in the phenotype, are not
passed to progeny. Such ER-retained mutants frequently show a change in residue charge
compared with the WT receptor (e.g. the Glu90Lys mutant), or gain (e.g. the Tyr108Cys
mutant) or loss of either Cys (an amino acid known to form bridges associated with the
formation of third order structure of proteins) (e.g. the Cys200Tyr mutant) or Pro (an amino
acid associated with a forced turn in the protein sequence and frequently seen as the first
residue of a helix, presumably due to its structural rigidity) (e.g. the Pro320Leu mutant)
residues (Fig. 2).

Structural features, Cys and salt bridges, of the hGnRHR may explain the mechanism(s)
whereby naturally-occurring mutations in this receptor lead to defective intracellular
trafficking and HH. For some hGnRHR mutants causing HH, these mechanisms have been
already dilucidated:

• Cys200Tyr: This mutation prevents formation of the disulfide bridge Cys14–
Cys200 required in the hGnRHR to pass the QCS (Ulloa-Aguirre et al., 2006). In
this regard, mutants that lacked either the Cys14–Cys200 bridge, Lys191, or both
have been examined. The markedly reduced expression and function of the
naturally occurring Cys200Tyr mutant or of the laboratory-manufacutred mutants
Cys14Ala or Cys14Ser mutants lacking the Cys14–Cys200 bridge, was restored
closely to hGnRHR WT levels by pharmacoperones and/or by deleting Lys191
(Janovick et al., 2006; Jardon-Valadez et al., 2009; Leanos-Miranda et al., 2002).
Further, deletion of Lys191 resulted in changes in the dynamic behavior of the
mutants as disclosed by molecular dynamics simulations: the distance between the
sulfur or oxygen-sulfur groups of Cys (or Ser)14 and Cys200 was shorter and more
stable, and the conformation of the NH2-terminus and the EL2 exhibited less
fluctuations than when Lys191 was present (Jardon-Valadez et al., 2009).

• Ser168Lys and Ser217Lys: These substitutions are located in TMs 4 and 5,
respectively, at the hGnRHR (Fig. 2) and they represent thermodynamically
unfavored substitutions that twist the corresponding α-helices, moving the EL2
away from the NH2-terminal, preventing formation of the Cys14–Cys200 bridge
(Janovick et al., 2006; Ulloa-Aguirre et al., 2006). The mutant proteins never pass
the cellular QCS and both are completely refractory to rescue by genetic or
pharmacologic approaches.
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• Glu90Lys: This was the first loss-of-function mutation in the hGnRHR in which
misfolding was identified as the underlying defect (Maya-Nunez et al., 2002). The
Glu→Lys substitution at this position prevents the formation of a Glu90-Lys121
salt bridge destabilizing the interaction between TM2 and TM3 (Fig. 3B) (Janovick
et al., 2009; Jardon-Valadez et al., 2008) required to pass the QCS (Janovick et al.,
2009). Consequently, the Glu90Lys mutant is retained in the ER (Brothers, Cornea,
Janovick, & Conn, 2004). Interesting, pharmacoperone drugs rescue the Glu90Lys
mutant by forming a surrogate TM2–TM3 bridge (see below) and, when removed,
unveiled constitutive activity of the rescued receptor (Janovick & Conn, 2010;
Janovick et al., 2009). Deletion of Lys191, which also rescue function of this
mutant (Maya-Nunez et al., 2002), additionally produced constitutive activity.
These findings indicate that by requiring the intact TM2–TM3 salt bridge for
correct trafficking, the cell protects itself from plasma membrane expression of a
constitutively active receptor. Collaterally, this suggests that the search for
constitutively activated receptors should include misrouted mutants.

• Tyr108Cys: This substitution provokes formation of an aberrant disulfide bridge
between Cys108 and Cys200 (Maya-Nunez et al., 2011), provoking gross receptor
distortion, which precludes its plasma membrane expression. Function of this
mutant can be partially rescued by deleting Lys191 or by pharmacoperone
treatment; complete rescue is possible only when both strategies are combined.

V. RESCUE OF MISFOLDED HGNRHR MUTANTS WITH
PHARMACOPERONES

Understanding the structure and mechanism of GnRH action has already led to
pharmaceutical development of useful drugs for the treatment of cancer and disorders of
reproduction. Beyond this, however, the GnRHR-ligand system is a particularly good model
to understand both protein routing and the mechanism of rescue by pharmacoperones.
Among the reasons for these views are the following:

• The GnRHR is one of the smallest GPCRs (328 amino acids in the human and most
non-rodent mammals; 327 in rat and mouse sequences); it may be close to the
“limit” size, containing only the bare essentials required for ligand binding and
signal transduction. There are technical advantages for working with such small
proteins, since these require fewer primers for synthesis and for sequencing than do
larger GPCRs (typically twice the size of the GnRHR). In fact, over 15 years, we
have successfully created and characterized a library of hundreds of useful
naturally occurring or laboratory manufactured GnRHR mutants and epitope and
fluorescently tagged chimeras that have been extremely useful in studying receptor
routing (Brothers, Janovick, & Conn, 2003; Janovick et al., 2009; Jardon-Valadez
et al., 2009; Ulloa-Aguirre, Janovick, Brothers et al., 2004). In addition, naturally-
occurring mutants of the GnRHR system (see above) are frequently located in
similar regions (i.e. associated with export motifs) as those reported for other
GPCRs (Ulloa-Aguirre & Conn, 2009). The relatively small size of the GnRHR
also presents fewer domains to consider in identification of important structural
motifs and because the size of hydrophobic domains is relatively constant, the ratio
of these to nonhydrophobic regions is relatively high in the GnRHR due to the
short amino and carboxyl tails (Jardon-Valadez et al., 2008). As in the case of the
V2R and rhodopsin, the relatively small size of the GnRHR has allowed us to
understand a great deal of its structure, including the mechanism of action of
several mutants (P. M. Conn et al., 2007) (see below). The size of these receptors,
may explain why they are the most frequenly affected among the GPCRs
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superfamily by mutations leading to ER trapping and disease (Tan, Brady, Nickols,
Wang, & Limbird, 2004).

• The physiology of the system mediated by the GnRHR is well-characterized in
many animal models and provides a basis for understanding processing differences
now known to occur in different species (Knobil & Neill, 1994; Millar, Pawson,
Morgan, Rissman, & Lu, 2008; Ulloa-Aguirre & Timossi, 2000). We have taken
advantage of the large number of GnRHR sequences available (going back to the
mating factors in yeast, and in flies, fish, reptiles, birds, pre-primate vertebrates and
primates) and have been able to determine how changes in routing were impacted
by sequence changes [i.e. natural mutations (P. M. Conn, Janovick, Brothers, &
Knollman, 2006; P. M. Conn, Knollman, Brothers, & Janovick, 2006)]. Among
primate receptors, for example, we identified specializations that make these
receptors able to decode frequency-modulated as well as amplitude-modulated
signals (Janovick, Brothers, Knollman, & Conn, 2007). We also noted structural
changes among particular animals that appear to be explained by reproductive
specializations (Janovick et al., 2006; Knollman, Janovick, Brothers, & Conn,
2005; Ulloa-Aguirre et al., 2006). The marsupial opossum and guinea pig, for
example, are outliers in the GnRHR structure associated with birth from a pouch,
rather than a vaginal birth, and a lengthened luteal phase, compared to other rodents
(respectively). The hGnRHR, unlike the rat and mouse counterparts, appears
“balanced” in its distribution between the PM and ER (P. M. Conn, Janovick et al.,
2006; P. M. Conn, Knollman et al., 2006); in fact, about 50% of the WT hGnRHR
(in cells transfected with the corresponding sequence) is retained in the ER and can
be “rescued” by pharmacoperones. Although at first consideration this appears to
be an inefficient use of newly synthesized protein, the strong and convergent
evolutionary pressure for this suggests a regulatory advantage (P. M. Conn,
Janovick et al., 2006; P. M. Conn, Knollman et al., 2006; Ulloa-Aguirre et al.,
2006). This system offers the ability to examine the evolution of the QCS system
since these receptors have been cloned from a wide range of animals [fish, birds,
reptiles, many mammals and multiple primates (Janovick, Ulloa-Aguirre et al.,
2003)].

• A great deal of information is also available regarding the cellular mechanism of
action of the GnRHR (Jennes, Ulloa-Aguirre, Janovick, & Conn, 2008; Knobil,
1974; Lim et al., 2009; Naor, 2009). In addition, we have available substantive
information on the mechanism of misfolded ER (P. M. Conn, Janovick et al., 2006;
P. M. Conn, Knollman et al., 2006) mutant interactions with pharmacoperones (P.
M. Conn et al., 2007; Ulloa-Aguirre et al., 2003) and the molecular basis of the
dominant-negative effect at the ER (P. M. Conn, Janovick et al., 2006; P. M. Conn,
Knollman et al., 2006), access to multiple drug classes of pharmacoperones for the
GnRHR and multiple drugs within each class (Janovick, Goulet et al., 2003) with
sufficient quantities to enable in vivo studies. Other studies (Janovick, Brothers,
Cornea et al., 2007) indicate that the mutant receptor that is already trapped in the
ER can be freed by pharmacoperones; this observation increases the potential
therapeutic reach of this approach since pharmacoperones do not need to be present
at the precise moment of receptor synthesis.

The ability of different GnRHR peptidomimetics to rescue defective hGnRHR mutants
causing HH has been extensively analyzed (Ashton, Sisco, Kieczykowski et al., 2001;
Ashton, Sisco, Yang, Lo, Yudkovitz, Cheng et al., 2001; Ashton, Sisco, Yang, Lo,
Yudkovitz, Gibbons et al., 2001; Janovick, Goulet et al., 2003; Janovick et al., 2009;
Leanos-Miranda et al., 2002; Leanos-Miranda et al., 2005). The peptidomimetics assessed as
potential pharmacoperones came from four different chemical classes: indoles, quinolones,
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thienopyrimidinediones, and erythromycin-derived macrolides (Fig. 4) which were
originally developed as GnRH peptidomimetic antagonists (Ashton, Sisco, Kieczykowski et
al., 2001; Ashton, Sisco, Yang, Lo, Yudkovitz, Cheng et al., 2001; Ashton, Sisco, Yang, Lo,
Yudkovitz, Gibbons et al., 2001; Janovick, Goulet et al., 2003; Sasaki et al., 2003). 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 (P.M. Conn). In fact, rescue of misfolded GPCRs might also be achieved by
agonists of the natural ligand (Leskela, Markkanen, Pietila, Tuusa, & Petaja-Repo, 2007).

The first pharmacoperone tested (In3, Fig. 4) belongs to the indole class and provided the
first proof of principle for rescue misfolded human GnRHRs (P. M. Conn, Leanos-Miranda,
& Janovick, 2002; Janovick et al., 2002; Leanos-Miranda et al., 2002). Further studies then
examined the efficacy of chemically distinct drugs (indoles, quinolones, and erythromycin-
derived macrolides) as pharmacoperons for a palette of misfolded mutant GnRHRs
(Janovick, Goulet et al., 2003). These studies demonstrated that all but three [S168R, S217R,
and L314X(stop)] of the 17 hGnRHR mutants tested were partially or completely rescued
with pharmacoperones (P. M. Conn & Janovick, 2009a, 2009b; P. M. Conn et al., 2002;
Janovick, Goulet et al., 2003; Leanos-Miranda et al., 2002). 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) (Janovick, Goulet et al., 2003), 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 (Finch, Sedgley, Armstrong, Caunt,
& McArdle) (see below). Accordingly, mutants that rescued poorly with one
pharmacoperone class, rescued poorly with all (Janovick, Goulet et al., 2003). 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) (Janovick,
Goulet et al., 2003). 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 (Ulloa-Aguirre et al., 2006). Accordingly, even though
these two mutants are not rescued by any of these compounds, their failure to route correctly
is attributable to severe misfolding, and probably not to an intrinsic inability to potentially
participate in particular receptor functions.

VI. MECHANISM OF ACTION OF PHARMACOPERONES
Desirable characteristics of molecules that could potentially function as pharmacoperones
for misfolded proteins include: i. Ability to reach physiological concentrations; ii. Capacity
to permeate the cell surface membrane; iii. Ability to localize and intervene at the ER and/or
post-ER compartments where the misfolded protein is synthesized or retained; iv. Ability to
remain undegraded long enough to stabilize the target mutant; v. Specificity for the target
protein; and vi. Ability to bind reversibly to the target mutant so that 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.
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The mechanism(s) by which pharmacoperones stabilize and rescue PM expression of the
target receptor is still speculative. In fact, current information is mostly based on theoretical
predictions of protein structure and drug interactions (Janovick et al., 2009; Nowak, Cuny,
Choi, Lansbury, & Ray, 2010; Wuller et al., 2004). The mechanisms proposed to explain the
ability of pharmacoperones to stabilize misfolded proteins include: a. Binding and
enhancement of the stability of the native or native-like state of the target protein for which
they have higher affinity that for intermediate, immature forms (i.e. non-native structures)
and b. Binding 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 from degradation and promoting its transport to the Golgi
apparatus for further processing (Arakawa et al., 2006; Noorwez et al., 2004).

Since pharmacoperones are often, but not exclusively, peptidomimetic antagonists, they
must be removed after rescue and insertion into the PM for receptor function, so that the
rescued PM-expressed receptor can be activated by its cognate ligand. Accommodating the
need for exposing the rescued mutant to pharmacoperones in in vivo conditions would
probably necessitate pulsatile administration of the pharmacoperone. A combined strategy
employing pharmacological (blockage of protein synthesis or intracellular transport
followed by exposure to pharmacoperones), biochemical and morphological approaches was
used to determine whether pharmacoperones need to be present at the time of synthesis to
function or whether a previously misfolded/retained protein molecule could be stabilized in
a correct conformation by exposure to pharmacoperones after synthesis (Janovick, Brothers,
Cornea et al., 2007). Studies were performed in stably and transiently transfected cells using
12 mutants and 10 pharmacoperones selected from different chemical classes (indoles,
quinolones and erythromycin macrolides). The data indicated that previously synthesized
mutant GnRHRs that are misfolded and retained by the QCS, are still sensitive to rescue by
pharmacoperones even when these are not present at the time and after the synthesis is
complete. This observation strongly suggests that whether the misfolded protein is being
synthesized at the time of drug administration need not to be considered in determining the
pattern of pharmacoperone administration in vivo. Nevertheless, considering the possibility
that the half-life of ER-retained mutants can be short (Robben, Knoers, & Deen, 2005) or
that some mutants may be prone to form stable aggregates (Illing, Rajan, Bence, & Kopito,
2002; Saliba et al., 2002), which may block rescue by pharmacoperones, these would need
to be present for as protracted a period as possible, whenever optimal rescue is desired.

As noted before, the exact mechanisms whereby pharmacoperones promote correct folding
are still uncertain. In the case of naturally occurring hGnRHR mutants, we have shown that
one particular mutant, the Glu90Lys mutant is completely rescued by genetic or
pharmacological approaches (Leanos-Miranda et al., 2002; Maya-Nunez et al., 2002). Using
site directed mutagenesis, confocal microscopy, ligand docking, and computer modeling, we
have shown that a number of different chemical classes of pharmacoperones [indoles and
quinolones, and the distinctly different erythromycin macrolide, A177775, and TAK-013 (a
thieno[2,3-b]pyrimidine-2,4-dione; Fig. 4)] act to stabilize the Glu90Lys mutant by bridging
residues Asp98 (at the extracellular face of TM1) and Lys121 (at the TM3) (P. M. Conn &
Janovick, 2009b; Janovick et al., 2009; Jardon-Valadez et al., 2008; Millar et al., 2004;
Soderhall, Polymeropoulos, Paulini, Gunther, & Kuhne, 2005) (Fig. 3B). This
pharmacoperone-mediated bridge serves as a surrogate or supplementary bond for the
naturally occurring and highly conserved Glu90-Lys121 salt bridge, leading to stabilization
between TM2 and TM3 (Janovick et al., 2009; Jardon-Valadez et al., 2008), which
apparently represents a structural requirement for passage of the GnRHR through the
cellular QCS and to the plasma membrane. Since GnRH includes as contact points Asp98
and Lys121, it was not surprising that competitors of GnRH may interact at or near the
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ligand binding site, which resides in the lateral plane of the PM, a region bearing a high
percentage of hydrophobic residues (Jardon-Valadez et al., 2008). In fact, analysis of the
linear sequences of both Glu90 and Lys121 show that they are hydrophobic regions with a
modest number of ionic or polar groups: for Glu90, for example, LLE90TLIVMPLD98 and
around Lys121 is VLSYLK121LFSM. The identification of this conserved ionic site strongly
suggests that the antagonists tested to date as pharmacoperones to rescue misfolded
hGnRHRs were all chosen on the basis of this preferential ionpair and/or polar interaction
with the charged residues. The finding that all pharmacoperones tested to date rescue most
of the hGnRHR mutants, no matter the distribution of the mutations throughout the sequence
of the receptor (Fig. 2), indicates that the Glu90-Lys121 bridge represents an additional core
that, once stabilized, yields a structure that overcomes the scrutiny of the QCS. For the
hGnRHR this core might stabilize the orientation of, and relation between TMs 2 and 3, as
the Cys14–Cys200 bridge does with the second extracellular loop and the amino-terminus,
and indirectly the TMs 4 and 5.

VII. THE DOMINANT-NEGATIVE EFFECT OF HGNRHR MUTANTS AND
RECEPTOR RESCUE

Although the GnRHR was one of the first GPCRs shown to oligomerize upon agonist
activation at the PM as part of normal receptor function (P. M. Conn, Rogers, Stewart,
Niedel, & Sheffield, 1982; Cornea, Janovick, Maya-Nunez, & Conn, 2001), the finding of
oligomerization in the ER-Golgi complex at the time of protein synthesis and routing to the
cell surface has emerged as a new and important concept for GPCRs function (Angers,
Salahpour, & Bouvier, 2002; Bouvier, 2001; Bulenger, Marullo, & Bouvier, 2005; Milligan,
2007). Constitutive oligomerization at the ER has been demonstrated for a number of
GPCRs, including the receptors for GABAB (Kaupmann et al., 1998; Margeta-Mitrovic,
2002; Margeta-Mitrovic, Jan, & Jan, 2000), melatonin (Ayoub et al., 2002), dopamine D2
(Guo, Shi, & Javitch, 2003), vasopressin (Terrillon, Barberis, & Bouvier, 2004) and
serotonin (Herrick-Davis, Grinde, & Mazurkiewicz, 2004) as well as for the δ-opioid
receptor (McVey et al., 2001), the β2-adrenergic receptor (Angers et al., 2000; Mercier,
Salahpour, Angers, Breit, & Bouvier, 2002; Salahpour et al., 2004) and the follicle-
stimulating hormone receptor (Thomas et al., 2007). Among the functions of homo- and
hetero-oligomerization at the ER include effective quality control of protein folding prior to
export to the PM (Angers et al., 2002; Bouvier, 2001; Bulenger et al., 2005), which could be
effected through hiding exposed hydrophobic surfaces or retention sequences that would
otherwise signal an improperly folded receptor and be recognized as a misfolded structure
by the QCS of the cell. For example, inhibiting homodimerization of the β2-adrenergic
receptor, leads to ER retention and perturb cell surface targeting (Salahpour et al., 2004). In
the case of the GABAB receptor, heterodimerization between GABABR1 and GABABR2 is
apparently obligatory for cell surface expression of a functional receptor (Kaupmann et al.,
1998; Margeta-Mitrovic et al., 2000; White et al., 1998); formation of a coilcoil domain
between the Ctail of GABAB receptor subtypes masks an ER retention signal located in the
Ctail of the GABABR1 thereby promoting the ER export of the heterodimer to the PM
(Margeta-Mitrovic et al., 2000). A similar role in receptor outward trafficking has been
shown for the α1D- and α1B-adrenergic receptors (Hague, Uberti, Chen, Hall, & Minneman,
2004) and the β2-adrenergic receptor (Uberti, Hague, Oller, Minneman, & Hall, 2005).
Although intracellular association of GPCRs as homoor hetero-dimers could lead, in
principle, to cell surface targeting, it also may provoke intracellular retention of the complex
(a dominant negative effect) (Benkirane, Jin, Chun, Koup, & Jeang, 1997; Brothers et al.,
2004; Le Gouill et al., 1999; Zarinan et al., 2010; Zhu & Wess, 1998). In fact it has been
extensively demonstrated that misfolded mutants of several GPCRs interfere with the cell
surface expression of their corresponding WT counterparts through their association in the
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ER and misrouting of the resulting complex (Brothers et al., 2004; Gehret, Bajaj, Naider, &
Dumont, 2006; Lee et al., 2000; Zarinan et al., 2010; Zhu & Wess, 1998).

In the case of the hGnRHR, evidence has been provided that non-functional misfolded
hGnRHRs inhibit expression of the WT receptor (Knollman et al., 2005; Leanos-Miranda,
Ulloa-Aguirre, Ji, Janovick, & Conn, 2003). The inhibition varies depending on the
particular hGnRHRs coexpressed and the ratio of hGnRHR mutant to WT hGnRHR cDNA
co-transfected (Leanos-Miranda et al., 2003). Confocal microscopy of fluorescently labeled
WT hGnRHR has shown that the dominant negative effect of misfolded mutants results
from WT receptor trapping in the ER by mislocalized mutants (Brothers et al., 2004).
Pharmacologic chaperones restore correct folding, rescuing mutants and WT receptor from
these oligomers. Studies on a palette of WT and mutant rodent and human GnRHRs have
allowed identification of a critical residue involved in altered routing and the transdominant
inhibitory effect of mutant hGnRHRs (Knollman et al., 2005). Rat WT GnRHR retains the
ability to oligomerize (since human and mouse mutants exert a dominant negative effect
effect on rat WT sequence) but, unlike human or mouse receptors, escapes the dominant
negative effect provoked by rat GnRHR mutants because these mutants route to the plasma
membrane with higher efficiency than mouse or human mutants. The difference in both
routing and the dominant negative effect appears mediated primarily by the presence of
Ser216 in the rat GnRHR. In the hGnRHR, the homologous amino acid is also Ser (in
position 217) and the efficiency in routing is mitigated by the primate-unique insertion of
Lys191 that, alone, dramatically decreases routing of the receptor. In fact, the dominant-
negative effect of naturally occurring hGnRHR mutants does not occur with genetically
modified receptors bearing deletion of Lys191 or a carboxyl-terminus targeting sequence
(Janovick, Ulloa-Aguirre et al., 2003). Thus, the dominant negative effect of human receptor
mutants lies in the presence of Lys191 (along with Ser217), which greatly increases the
susceptibility of disturbing the conformation of this receptor with single charge changes in
the primary sequence, and makes the hGnRHR more susceptible to defective trafficking by
disease-related point mutations.

Since the transdominant inhibitory effect of mutants associated with HH may potentially
worsen the disease in heterozygous individuals, the function of mutant hGnRHR pairs
associated with compound heterozygous patients showing complete or partial forms of HH
and the response to pharmacoperone rescue has been investigated (Leanos-Miranda et al.,
2005). Coexpression of each pair of mutants in COS-7 cells resulted in either an active
predominant effect [i.e. the combination of mutants yielded similar responses to agonist
stimulation as did the more active of the two mutants transfected individually (e.g.
Gln106Arg/Leu266Arg and Ala171Thr/Gln106Arg mutant hGnRHR pairs)], an additive
effect (e.g. Arg262Gln/Gln106Arg, and Asn10Lys/Gln106Arg mutant GnRHR pairs), or a
dominant negative effect [e.g. Leu314X(stop)/Gln106Arg, Gln106Arg+Ser217Arg/
Arg262Gln, and Leu314X(stop)/Arg262Gln mutant GnRHR pairs]. For all combinations,
addition of a pharmacoperone increased both agonist binding and effector coupling.
Although effective, the net ability to rescue with a pharmacoperone was unpredictable
because responses could be either similar or higher or lower than those exhibited by the less
affected mutant. Thus, depending on the genotype, partial or full restoration of receptor
function in response to pharmacological chaperones may be achievable goals in patients
with loss-of-function mutations in the hGnRHR gene. Pharmacoperones might either correct
folding or provoke refolding of the mutant receptors, allowing the possibility that one or
both of the mutants may escape the QCS and traffic to the PM or interfere with aggregation
and degradation of the mutant receptors. The observations that a synthetic α2-adrenergic
receptor helix 6-derived peptide inhibited dimerization of this receptor (Hebert et al., 1996),
that co-transfection of WT follicle-stimulating hormone receptor fragments specifically
rescued WT FSHR expression from the transdominant inhibition by mutant receptors

Conn and Ulloa-Aguirre Page 13

Adv Pharmacol. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Zarinan et al., 2010), and that aggregation of secretory proteins may be inhibited by cell-
permeant synthetic ligands (Rivera et al., 2000) further support the latter possibility. These
data concurrently suggest that in vivo use of such strategies could be highly effective in
overriding the dominant negative effect of a mutation on the WT receptor, as well as in
rescue of the mutant itself.

VIII. Conclusion
In this chapter we review the conceptual and developmental history of pharmacoperone
drugs. Among the reasons that mutations result in disease is that conformationally-defective
proteins are misrouted and do not reach their site of physiological action. Some mutants
exacerbate mutational disease by binding nascent WT proteins and causing them, also, to
become misrouted as part of a mutant-WT complex. Pharmacoperones (from
pharmacological chaperones) are small, target specific, cell permeating molecules that bind
to misfolded/misrouted mutants allowing them to refold and to sub serve the requirements of
the cellular quality control system and route correctly. When pharmacoperones are used to
rescue mutants and return them to their site of physiological action, they frequently regain
activity. For this reason pharmacoperones offer an alternative to correction of mutational
defects by genetic engineering and may prove to be more facile and advantageous.

A number of compounds obtained from high-throughput screening strategies currently are
under study for their potential application as pharmacoperones to treat diseases caused by
misfolded GPCRs, including HH due to point mutations in the human GnRHR (Noorwez et
al., 2008; Fan et al., 2009; Ostrov, 2009; Conn, 2010), as well as to improve function of the
WT receptor by increasing the number of available functional membrane receptors. Further
studies employing combined strategies that include mutagenesis, functional studies, and
computational modeling are warranted to define for novel pharmacoperones (agonists,
antagonists, partial agonists, inverse agonists, and allosteric modulators) that may stabilize
the correctly routed form of the receptor protein allowing the endogenous agonist to interact
with the receptor without the necessity of removing the drug after rescue.

Non-standard abbreviations

Ctail carboxyl terminal extension found in piscine GnRHR

ER endoplasmic reticulum

GnRH gonadotropin-releasing hormone

GnRHR gonadotropin-releasing hormone receptor

GPCR G protein-coupled receptor

HH hypogonadotropin hypogonadism

PM plasma membrane

QCS quality control system

TM transmembrane helix

WT wild-type
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Figure 1.
Quality control system in the endoplasmic reticulum (ER). Newly synthesized proteins are
translocated to the lumen of the ER where folding is facilitated or corrected by molecular
chaperones (oval structures); when folding fails, misfolded proteins are retained in the ER
and targeted for degradation through the polyubiquitination/proteasome pathway (step1 in
black circles). After diffusing into the cell (step 2) pharmacoperones (black crossed
structures) diffuse into the cell and selectively bind to the misfolded protein to influence
folding (step 3) promoting correct routing to the Golgi complex for further processing (e.g.
glycosylation) (step 4). Previously synthesized misfolded proteins, retained by the QCS,
may be still rescued by pharmacoperones (steps 2 and 3 at the top). Mature processed
proteins are then delivered to the cell surface plasma membrane (step 5), where the
pharmacoperone can dissociate from the target protein (step 6) allowing the receptor to
interact with agonist (step 7).
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Figure 2.
Location of the inactivating mutations in the human GnRHR. Black ovals are mutations that
provoke complete loss-of-function of the receptor, whereas grey ovals are mutations that
lead to partial loss-of-function. Also shown is the location of Lys191 at the second
extracellular loop (hatched circle) and the sequence of the COOH-terminus of the catfish
GnRHR (grey-shaded circles), which is a targetting sequence employed in vitro to promote
trafficking of GnRHRs to the plasma membrane. EC, extracellular space; IC, intracellular
space.
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Figure 3.
A: Predicted structure of the upper-third portion of the hGnRHR based on homology
modeling with the structure of bovine rhodopsin (Jardon-Valadez et al., 2008). The coiled
structures represent the antiparallel α-helices of transmembrane domains 1 to 7 connected by
the extracellular loops (EL) of the receptor (curved cords). Disulfide bonds between Cys14
(at the NH2-terminus) and Cys200 (at the EL2), and between Cys114 (at the COOH-
terminal end of the EL1) and Cys196 (at the EL2) are shown as orange sticks. The location
of the amino acid residues that represent a motif of four non-contiguous residues at positions
112 (Leu, at the EL1), 208 (Gln, at the EL2), 300 (Leu, at the EL3), and 302 (Asp, at the
EL3) that presumably control the destabilizing role of Lys191 (shown as purple, blue and
grey sticks, at the EL2) on the association of the NH2-terminus and the EL2 and subsequent
formation of the Cys14–Cys200 bridge are shown in colored circles and sticks. B: Predicted
model of the hGnRHR showing the seven transmembrane helices (displayed as rods)
connected by the extracellular (EL) and intracellular (IL) loops (Jardon-Valadez et al.,
2008). Cys14–Cys200 and Cys114–Cys196 disulfide bridges are shown as yellow sticks;
Lys 191 is represented by blue sticks. Glu90 (at the TM2; red spheres) forms a salt bridge
with Lys121 (at the TM3; purple spheres) which is eliminated by the Glu90Lys mutation.
Pharmacoperones act to stabilize the Glu90Lys mutant by bridging residues Asp98 (at the
extracellular face of TM1; orange spheres) and Lys121 (discontinuous line).
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Figure 4.
The structure of four representative pharmacoperones from different chemical clases. 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); 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-carboxamide) (Merck and
Company); 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); A177775:
A-177775.0 [3′-N-desmethyl-3′-N-cyclopentyl-11-deoxy-11-[carboxy-(3,4-
dichlorophenylethylamino)]-6-O-methyl-erythromycin A 11,12-(cyclic carbamate)] (Abbott
Laboratories, Abbott Park, IL, USA)
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Table 1

Loss of function diseases or abnormalities caused by GPCR misfolding. Reproduced from Conn & Ulloa-
Aguirre (2010) with permission from Cell Press, Cambridge, MA.

Disease or Abnormality GPCR Refs

Retinitis pigmentosa Rhodopsin (Mendes et al., 2005)

Nephrogenic diabetes insipidus V2Ra (Bichet, 2006; Fujiwara & Bichet, 2005; Hermosilla et al., 2004)

Hypogonadotropic hypogonadism GnRHR (Ulloa-Aguirre & Conn, 2009)

Familial hypocalciuric hypercalcemia CaR (Huang & Breitwieser,2007)

Male pseudohermaphroditism LHR (Huhtaniemi & Themmen, 2005)

Hypergonadotropic hypogonadism

Ovarian dysgenesis FSHR (Huhtaniemi & Themmen, 2005)

Congenital hypothyroidism TSHR (Calebiro et al., 2005)

Hirschsprung’s disease E-BR (Amiel et al., 2008)

Red head color and fair skin (RHC phenotype and
propensity to skin cancer)

MC1R (Beaumont et al., 2005; Beaumont et al., 2007)

Familial glucocorticoid deficiency MC2R (A. J. Clark, Metherell, Cheetham, & Huebner, 2005)

Obesity MC3R, MC4R (Tao, 2005)

Resistance to HIV-1 infection CCR5 (Reiche, Bonametti, Voltarelli, Morimoto, & Watanabe, 2007)

a
V2R: Vasopressin Type-2 receptor; GnRHR: Gonadotropin-releasing hormone receptor; CaR: Calcium-sensing receptor; LHR: Lutropin

(luteinizing hormone) receptor; FSHR: Follitropin (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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