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Abstract

The melanocortin-4 receptor (MC4R) plays an important role in regulating food intake
and energy expenditure. Previous studies reported that the transmembrane domain 6 was
important in activating several G protein-coupled receptors. To better understand the function of
thirty-one residues in the transmembrane domain 6 of the MC4R, we performed alaninescanning mutagenesis. We identified residues that are important for cell surface expression,
ligand binding, cAMP signaling, and residues for maintaining the wild type MC4R in inactive
conformation. We also observed constitutive activation of the mitogen-activated protein kinase
signaling and biased signaling of the MC4R.
Up to now, approximately 170 mutations in the MC4R have been identified from obese
patients. Functional studies of these mutants are important in understanding the role of the
MC4R in causing obesity and in developing personalized medicine. We performed detailed
functional studies on nine MC4R mutants (G55V, R165G, R165W, R165Q, C172R, F202L,
M208V, I269N, and A303P) that were identified from Pima Indian heritage and Hispanic
heritage. We showed that the majority of these mutants (six) (R165G, R165W, R165Q, C172R,
I269N, and A303P) were completely or partially defective in cell surface expression.
The intracellularly retained mutants may retain intrinsic function and become functional
when coaxed to the cell surface. We therefore investigated whether small molecule ligands could
act as pharmacological chaperones (pharmacoperones) promoting the proper folding of
ii

intracellularly retained MC4R mutants. Three MC4R ligands including two antagonists
(ML00253764 and Ipsen 5i) and one agonist (THIQ) and eleven intracellularly retained MC4R
mutants (S58C, N62S, I69R, P78L, C84R, G98R, Y157S, W174C, P260Q, F261S, and C271Y)
were studied using different cell lines. We showed that the three small molecule ligands could
act as pharmacoperones rescuing the cell surface expression and signaling of intracellularly
retained MC4R mutants with various efficacies.
In summary, we comprehensively studied the transmembrane domain 6 of the MC4R and
nine MC4R mutants identified from obese patients. We also identified three pharmacoperones of
the MC4R.
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Chapter 1 Literature review

1.1 Introduction
G protein-coupled receptors (GPCRs), the largest family of membrane proteins, are the
most common therapeutic targets (Conn and Ulloa-Aguirre, 2011). Detailed functional studies
reveal that most of the inactivating mutations of GPCRs are defective in protein folding and
therefore are retained intracellularly by the cellular quality control system (Tao, 2006). The
misfolded GPCRs may remain intrinsic function and restore function when coaxed to the cell
surface (Conn et al., 2007). Various approaches have been tried to rescue misfolded GPCRs,
such as reducing cell culture temperature, using molecular chaperones, chemical chaperones, or
pharmacological chaperones (also known as pharmacoperones) (Tao and Conn, 2014).
Pharmacoperones are the most promising approach because of high specificity and potency. Up
to now, many antagonists, agonists, or allosteric ligands have been identified as
pharmacoperones for many GPCRs (Tao and Conn, 2014).
The melanocortin-4 receptor (MC4R) is a member of family A GPCRs. As a downstream
mediator of the leptin-melanocortin pathway, the MC4R plays a vital role in regulating energy
homeostasis, regulating both food intake and energy expenditure (Huszar et al., 1997).
Inactivating mutations in the MC4R are the most common cause of monogenic form of obesity
(Farooqi et al., 2003). Currently, approximately 166 mutations in the MC4R have been identified
in humans and, similar to other GPCRs, most of the inactivating mutations result in intracellular
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retention of the MC4R (Hinney et al., 2013). Several studies have used heat shock cognate
protein 70 (Hsc70), 4-phenyl butyric acid, several antagonists, or endoplasmic reticulum (ER)targeted α-melanocyte stimulating hormone (MSH) to promote the proper folding of
intracellularly retained MC4Rs and showed that most of the intracellularly retained MC4Rs were
rescued to the cell surface and restored function (Tao and Conn, 2014).
This chapter provides an overview of obesity and the MC4R. Current studies of
pharmacoperones for GPCRs will also be discussed.

1.2 Obesity and melanocortin-4 receptor
1.2.1 Obesity
Obesity is a medical condition in which body fat is excessively accumulated. In adults, it
is generally defined by a body mass index (BMI), which is calculated by weight in kilograms
divided by the square of height in meters, of 30 kg/m2 or higher. Obesity is closely associated
with the incidence of a number of comorbidities such as cardiovascular diseases, type 2 diabetes,
hypertension, stroke, and certain types of cancers. (Guh et al., 2009). It has been estimated that
between the year 1986 and 2006, overweight and obesity were related to 5.0% and 15.6% of
adult deaths for Black and White men and 26.8% and 21.7% of that for Black and White women,
respectively (Masters et al., 2013). In addition, obesity also has serious social and economic
consequences.
Obesity has become a global epidemic. The prevalence of adult obesity is 9.8% in the
world (Kelly et al., 2008) and 35.7% in the US (Ogden et al., 2012b). The prevalence of obesity
in the US, especially that of severe and morbid obesity, continues to be increasing, but the
increasing rate began to slow down since 2005 (Sturm and Hattori, 2013). Obesity has also
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become a serious problem among children and adolescents; the prevalence was approximately
16.9% in the US in 2009-2010 (Ogden et al., 2012a).
Different approaches have been conducted to treat obese patients, such as lifestyle
intervention, pharmacotherapy, and bariatric surgery. Lifestyle intervention generally
significantly reduces body fat for most obese patients but it is difficult, especially for those carry
genetic defects, to maintain the weight loss (Reinehr et al., 2009). Pharmacotherapy, including
the use of orlistat, sibutramine, and rimonabant, modestly reduces body weight and decreases the
incidence of obesity related comorbidities, but tend to induce adverse effects such as depression,
hypertension, and gastrointestinal side effects (Rucker et al., 2007). The combination of lifestyle
intervention and pharmacotherapy has been reported to have better therapeutic effect on the loss
of body weight (Wadden et al., 2005). Bariatric surgery is mostly conducted for morbid obesity.
It is very effective in reducing obesity related comorbidities and total mortality, but has high
surgical risks (DeMaria, 2007; Terranova et al., 2012).
Obesity is a disorder of energy homeostasis that is affected by both environmental and
genetic factors. Genetic factors play a vital role in determining individual differences in
susceptibility to the obesogenic environment (Ramachandrappa and Farooqi, 2011). Different
genes have been identified to be important in regulating energy homeostasis. Leptin is one of the
most important ones. The involvement of leptin in regulating energy homeostasis was first
observed in mouse in 1994 (Zhang et al., 1994) and in humans in 1997 (Montague et al., 1997).
Leptin is a 16-kDa hormone secreted by the adipocytes and functions as the sensor of body fat
content. It is transported across the blood brain barrier and activates leptin receptors in the
hypothalamus, inhibiting the neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons and
activating the proopiomelanocortin (POMC) neurons, resulting in the inhibition of food intake

3

and increase of energy expenditure (Tao et al., 2013).
There are different isoforms of leptin receptors (ObRs) resulting from alternative splicing
of a single transcript. Depending on the length of their intracellular domains, ObRs are classified
into short and long isoforms. The long isoform ObRb is the fully functional one and accounts for
all leptin actions (Villanueva and Myers, 2008). The ObR is a member of family interleukin-6
receptors with a single transmembrane domain. Activation of the ObRb by leptin activates the
Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway (Villanueva
and Myers, 2008).
Insulin and glucagon are also well known in regulating glucose and energy homeostasis
(Bloemer et al., 2014; Tao and Liang, 2014). In response to increased blood glucose levels,
insulin is secreted by the pancreatic β cells and regulates glucose homeostasis in the peripheral
tissues. Insulin also directly acts on different neurons in the central nervous system (CNS) to
regulate energy homeostasis (Varela and Horvath, 2012; Vogt and Bruning, 2013). For example,
insulin acts in the arcuate nucleus (ARC) activating POMC expression and inhibiting AgRP
expression and therefore inhibiting food intake upon feeding (Vogt and Bruning, 2013). The
phosphoinositide 3-kinase (PI3K) signaling pathway mediated by insulin receptor substrate 2
(IRS-2) is important for CNS action of insulin in regulating energy homeostasis (Vogt and
Bruning, 2013). Glucagon is secreted by the pancreatic α cells and is generally known for its
protection from hypoglycemia. However, opposite of its antihypoglycemic action, glucagon is
also released in stress and functions to reduce food intake and increase energy expenditure (Jones
et al., 2012).
Several gastrointestinal peptides have also been found to be important in regulating
energy homeostasis. These gastrointestinal peptides include ghrelin (Li et al., 2013), obestatin
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(Zhang et al., 2013), cholecystokinin (CCK) (Sayegh, 2013), glucagon-like peptide-1 (GLP-1)
(Tao et al., 2013), gastrin-releasing peptide (GRP) (Sayegh, 2013), peptide tyrosine tyrosine
(PYY), etc. (Tao et al., 2013). For example, ghrelin is a 28 amino acid peptide secreted by the
fundus of the stomach and functions to, unlike many of the other gastrointestinal peptides,
stimulate food intake. Ghrelin activates ghrelin receptors in the ARC that activate the
NPY/AgRP neurons and inhibit POMC neurons, resulting in orexigenic effect (Li et al., 2013).
Many other hormones and nutrients, such as melanin-concentrating hormone (MCH)
(Antal-Zimanyi and Khawaja, 2009), neuropeptide Y (Zhang et al., 2011), adiponectin
(Akingbemi, 2013), reproductive hormones (Shi et al., 2013), and free fatty acids (Huang et al.,
2014; Mansour, 2014; Mo et al., 2014), are also vital in maintaining energy homeostasis.

1.2.2 Melanocortin-4 receptor
The MC4R was first cloned in humans in 1990s (Gantz et al., 1993; Mountjoy et al.,
1994). The human MC4R localized on chromosome 18q21.3 is an intronless gene and the
encoded protein has 332 amino acid residues (Gantz et al., 1993). The MC4R is extensively
expressed in the CNS including the cortex, thalamus, hippocampus, hypothalamus, brain stem,
and spinal cord (Mountjoy et al., 1994). The expression of MC4R mRNA has also been detected
in several peripheral tissues such as heart, lung, muscle, kidney, and testis during the fetal period
(Mountjoy et al., 2003). However, the function of the MC4R in the peripheral tissues is still not
fully understood.
The MC4R plays a vital role in regulating energy homeostasis and this has been verified
by a number of studies (Tao, 2010). The Mc4r knockout mice develop maturity-onset obesity
with hyperphagia and hyperinsulinemia (Huszar et al., 1997). There is also a gene dosage effect
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since heterozygous knockout mice have intermediate body weight compared with the wild type
(WT) and homozygous knockout mice (Huszar et al., 1997). The obese Ay mice that have
ubiquitous agouti expression have reduced food intake upon the intracerebroventricular (ICV)
injection of melanotan II (MTII) and this inhibition is abolished by co-injection of SHU9119
(Fan et al., 1997). Transgenic mice overexpressing AgRP, the endogenous antagonist of the
MC4R, develop obesity (Graham et al., 1997) whereas Agrp knockout mice have reduced body
weight (Wortley et al., 2005).
The MC4R is also involved in several other physiological functions such as glucose and
lipid homeostasis, reproductive and sexual behaviors, cardiovascular function, pain perception,
and brain inflammation (Tao, 2010).
The MC4R has two important endogenous agonists, α-MSH and β-MSH, and one
important endogenous antagonist, AgRP. Both α-MSH and β-MSH are derived from different
posttranslational processing of the POMC. The precursor POMC, which contains 241 amino acid
residues, undergoes tissue specific cleavage by prohormone convertases and produces many
peptide hormones, such as α-, β-, γ-MSH, adrenocorticotrophic hormone (ACTH), corticotropinlike intermediate peptide, β-lipotropin, and β-endorphin. Mutations in the POMC also cause
early-onset obesity (Krude et al., 1998). The AgRP contains 132 amino acid residues. It inhibits
the basal signaling of the Gs-cyclic AMP (cAMP) pathway (Haskell-Luevano and Monck, 2001;
Nijenhuis et al., 2001) but activates the Gi/o pathway and extracellular signal-regulated kinases
1/2 (ERK1/2) pathway, and therefore is a biased ligand of the MC4R (Buch et al., 2009; Mo and
Tao, 2013).
Based on the structure-activity relationship studies, many agonist and antagonist analogs
of the MC4R have been developed. Some analogs have been widely used in MC4R studies such
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as agonists [Nle4, D-Phe7]α-MSH (NDP-MSH), MTII, THIQ, and antagonists SHU9119,
ML00253764, and Ipsen 5i (Tao, 2010). We recently showed that ML00253764 and Ipsen 5i are
also partial inverse agonists of the MC4R inhibiting its basal cAMP production (Tao et al.,
2010). These synthetic agonists and antagonists compete with endogenous ligands and therefore
are orthosteric ligands of the MC4R. Although allosteric ligands have been developed for several
other GPCRs (Conn et al., 2009), to our knowledge, no such ligands have been reported for the
MC4R.
It has been reported that the MC4R couples to different types of G proteins including Gs
(Gantz et al., 1993), Gq (Newman et al., 2006), and Gi/o (Buch et al., 2009). The Gs-cAMPprotein kinase A (PKA) signaling pathway is the classical signaling pathway of the MC4R.
Activation of the MC4R activates adenylyl cyclase, which produces cAMP and subsequently
activates PKA. Activation of the MC4R also activates ERK1/2. However, it is still controversial
how ERK1/2 is activated by the MC4R because studies have shown that this process can be
mediated by PKA, protein kinase C (PKC), or PI3K in different cell lines (Tao, 2010). Recently,
we have found that MC4R mutants have different signaling properties and several MC4R ligands
act differently on the Gs-cAMP-PKA and ERK1/2 signaling pathways in human embryonic
kidney (HEK) 293T cells, demonstrating the existence of biased signaling (Huang and Tao,
2012; Mo and Tao, 2013; Mo et al., 2012). Further studies need to be conducted to investigate
the detailed mechanisms of the biased signaling of the MC4R.

1.3 Pharmacoperones
1.3.1 G protein-coupled receptors and rescue of intracellularly retained G protein-coupled
receptors
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GPCRs are the most common targets of modern therapeutic drugs with more than 60% of
all approved drugs target GPCRs (Conn and Ulloa-Aguirre, 2011). GPCRs are the largest family
of integral membrane receptors that sense signals outside the cell and activate inside signal
transductions, which eventually stimulate cellular responses. Ligands that activate GPCRs
include smell, photons, pheromones, ions, neurotransmitters, lipids, peptides, and glycoproteins
that are diverse in size and structure (Bockaert and Pin, 1999; Conn and Ulloa-Aguirre, 2011).
Up to now, more than 800 GPCR sequences have been identified in human genomes and
approximately 400 of them have endogenous ligands (Bjarnadottir et al., 2006; Fredriksson et al.,
2003). In addition to orphan receptors with no known endogenous ligands identified so far and
pseudogenes, GPCRs can be classified into three major families, including family A, family B,
and family C (Davenport et al., 2013). Family A comprising approximately 276 members is the
largest family (Foord et al., 2005; Tao and Conn, 2014).
GPCRs are traditionally believed to be functional only at the cell surface by activating G
proteins and subsequent signaling pathways. Ligand-activated GPCRs possess a conformational
change and become phosphorylated by GPCR kinases (GRKs). Phosphorylated GPCRs then
recruit the binding of β-arrestins, which results in desensitization and further induces
internalization of GPCRs. However, during the past decade, it has been realized that β-arrestins
not only desensitize GPCR signaling, but also act as scaffolds recruiting the binding of multiple
proteins, such as mitogen-activated protein (MAP) kinases, and initiating signaling independent
of G proteins (Lefkowitz, 2013; Shenoy and Lefkowitz, 2011). Therefore, β-arrestins have
multiple functions in regulating GPCR signaling, including desensitization, internalization, and
mediating G protein-independent signaling (Lefkowitz, 2013).
Recently, it has been observed that GPCRs also initiate signaling intracellularly, such as
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in the ER, Golgi apparatus, endosome, and nucleus. For example, GPR30, which is uniquely
expressed in the ER, is activated by estrogen in the ER with increased intracellular calcium
mobilization (Revankar et al., 2005). Some small molecule hydrophobic ligands or ligand
analogs may act similarly to estrogen by activating GPCRs intracellularly. These studies will be
discussed in the section 1.3.3 Pharmacoperones for G protein-coupled receptors in detail.
However, most of the endogenous ligands of GPCRs are hydrophilic and therefore are not able to
penetrate the cell membrane to activate the target receptor (Tao and Conn, 2014). In fact, these
ligands activating GPCRs at the cell surface may remain bound to the receptor during
internalization or some disassociated ligands may be internalized in the same vesicle with the
receptor and therefore activate the receptor intracellularly (Lohse and Calebiro, 2013). A recently
published study has provided direct video evidence that Gs interacted with active β2adrenoceptor both at the plasma membrane and later at the early endosome membrane (Irannejad
et al., 2013). The internalized β2-adrenoceptor produced a second phase of cAMP signaling and
contributed to the overall cAMP signaling within several minutes upon ligand stimulation
(Irannejad et al., 2013). Between the two phases of cAMP signaling, β2-adrenoceptor did not
associated with Gs, but associated with β-arrestin, which probably initiated G-proteinindependent signaling as previously described (Irannejad et al., 2013). Intracellular signaling has
also been observed in several other GPCRs, such as D1 dopamine receptor (DRD1) (Kotowski et
al., 2011), thyroid-stimulating hormone receptor (TSHR) (Calebiro et al., 2009; Calebiro et al.,
2010; Nakamura et al., 2013), parathyroid hormone receptor (PTHR) (Feinstein et al., 2011;
Ferrandon et al., 2009), metabotropic glutamate receptor 5 (mGluR5) (Jong et al., 2009; Kumar
et al., 2012), and sphingosine-1-phosphate receptor (S1P1R) (Mullershausen et al., 2009).
Therefore, “receptor signals come in waves” (Lohse and Calebiro, 2013).
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The expression of GPCRs including protein folding, post-translational modifications, and
targeting to the cell surface is a complex process. Some GPCRs have signal peptides, which
recognizes signal recognition particle and inserts the protein into ER membrane. Most of GPCRs
(90%) do not have signal peptides and one of their transmembrane domains acts like signal
peptides and recognizes signal recognition particle (Nanoff and Freissmuth, 2012). Correctly
folded GPCRs then pass the scrutiny of stringent ER quality control system and are transported
forward to the cell surface. Some GPCRs cannot be efficiently targeted to the cell surface
themselves and require the assistance of membrane associated accessory proteins. For example,
type B γ-aminobutyric acid receptor (GABABR) 1 requires GABABR2 (White et al., 1998), the
mammalian calcitonin receptor-like receptor (CLR) requires receptor activity modifying proteins
(RAMPs) (McLatchie et al., 1998), mammalian olfactory receptor (OR) requires receptortransport proteins (RTPs) and receptor expression enhancing protein 1 (REEP1) (Saito et al.,
2004), and melanocortin 2 receptor (MC2R) requires melanocortin 2 receptor accessory proteins
(MRAPs) (Metherell et al., 2005).
Mutations in GPCRs may alter the normal function of GPCRs and eventually lead to
human diseases. Inactivating mutations in GPCRs cause a number of human diseases, such as
obesity, diabetes, hyperparathyroidism, nephrogenic diabetes insipidus (NDI), familial
glucocorticoid

deficiency,

retinitis

pigmentosa,

congenital

hypothyroidism,

and

hypogonadotropic hypogonadism (Tao and Conn, 2014). The mutation P23H in rhodopsin that
leads to autosomal dominant retinitis pigmentosa was the first mutation found in GPCRs that
causes human diseases (Sung et al., 1991). Since then, numerous pathogenic mutations of
GPCRs have been identified from human patients (Chaudhuri and Paul, 2006).
In 2003, Tao and Segaloff proposed a classification scheme to classify MC4R mutations,

10

which they suggested should be able to apply to most GPCRs (Tao and Segaloff, 2003). Class I
mutations comprising most of the nonsense and frameshift mutations result in defective receptor
biosynthesis; Class II mutations result in defective receptor forward trafficking to the cell
surface; Class III mutations result in defective ligand binding; Class IV mutations result in
defective receptor activation; Class V mutations have no obvious defects (Tao and Segaloff,
2003). Different methods should be applied to correct different types of mutations. To correct
Class I nonsense mutations, we can use aminoglycoside antibiotics that decrease the codonanticodon fidelity and therefore result in reading through of the premature stop codon (Tao,
2006). To rescue Class II mutations, we can use small compounds that stabilize and target
misfolded proteins to the cell surface. To rescue Class III and IV mutations, we need to develop
novel ligands (Tao, 2006).
Class II mutations are the most common defect of all GPCR inactivating mutations (Tao,
2006). These mutants are misfolded and therefore retained intracellularly, mostly in the ER with
a few in the Golgi apparatus, by the cellular quality control system, ubiquitinated, and degraded
by the proteasome. Although misfolded proteins cannot be targeted to the cell surface, they may
retain intrinsic function and function normally or partially when coaxed to the cell surface.
Various approaches have been employed to rescue intracellularly retained misfolded
GPCRs, such as reducing cell culture temperature, treating mutants with molecular chaperones,
chemical chaperones, or pharmacoperones. It has been reported that reducing cell culture
temperature from 37 oC to 26 oC or to 28 oC significantly increased the cell surface expression
and function of luteinizing hormone receptor (LHR) mutants (Jaquette and Segaloff, 1997) or α2adrenoceptor mutants (Jeyaraj et al., 2001), respectively.
Molecular chaperones, the endogenous chaperones residing mostly in the ER, have been
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found to interact with many GPCRs. Molecular chaperones interact with non-native like proteins,
facilitate their folding, decrease their aggregation, and regulate their intracellular trafficking.
There are many molecular chaperones in the ER. For example, calnexin and calreticulin interact
with glycosylated proteins; heat shock proteins are induced by increased temperature or other
stresses; protein disulfide isomerase facilitates the formation of disulfide bonds and protein
folding (Tao and Conn, 2014). Some of these molecular chaperones promote the proper folding
and cell surface targeting of GPCR mutants (Conn et al., 2007; Tao and Conn, 2014). Recently,
one study revealed that overexpression of the cytosolic cognate 70 kDa (Hsc70) increased the
cell surface expression of WT and mutant MC4Rs in different cell lines (Meimaridou et al.,
2011).
Chemical chaperones are generally uncharged small molecule compounds that nonselectively stabilize misfolded proteins by providing a hydrophobic environment or changing the
expression of molecular chaperones (Arakawa et al., 2006; Babcock and Li, 2013). Many small
molecule compounds have been identified as chemical chaperones, such as glycerol, dimethyl
sulphoxide (DMSO), trimethylamine N-oxide (TMAO), phenyl butyric acids, and amino acid
derivatives (Babcock and Li, 2013). For the MC4R, 4-phenyl butyric acid has been reported to
increase the cell surface expression and function of intracellularly retained MC4R mutants
(Granell et al., 2010). However, chemical chaperones typically require high concentrations,
which are toxic, to be effective and are non-specific for many proteins. Therefore, chemical
chaperones have limited applications in treating human diseases.
A recent study conducted by Granell et al. designed an ER-targeted α-MSH construct and
found that such modified α-MSH interacts with the MC4R in the ER and later at the cell surface
(Granell et al., 2013). Interestingly, ER-targeted α-MSH induces constant cAMP signaling of the
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MC4R that is not desensitized (Granell et al., 2013). The MC4R stimulated with ER-targeted αMSH is resistant to the antagonism of the AgRP and resistant to be routed to the lysosome
(Granell et al., 2013). ER-targeted α-MSH also stabilizes the conformation and rescues the cell
surface expression and constant signaling of one intracellularly retained MC4R mutant, I316S
(Granell et al., 2013). This study suggested that the cellular location where ligand-receptor
initially interacted might affect the conformation and desensitization properties of the receptor
(Granell et al., 2013). This also provided a novel approach to rescue intracellularly retained
GPCRs.

1.3.2 Discovery of pharmacoperones
After the discovery of chemical chaperones that nonspecifically stabilized the correct
folding of misfolded proteins, Loo and Clarke wondered whether substrates or modulators of a
protein could act specifically on rescuing misfolded proteins and they selected P-glycoprotein,
which is a human multidrug transporter, for the study (Loo and Clarke, 1997). Many Pglycoprotein mutants have been identified and characterized to be misfolded and retained
intracellularly. Loo and Clark found that the cell surface expression and function of mutant
proteins were significantly increased in the presence of drug substrates or modulators (Loo and
Clarke, 1997). Compared with glycerol that required 24-72 h for function, substrates are
functional within 2-4 h (Loo and Clarke, 1997). The substrates or modulators, which now are
known as pharmacological chaperones or pharmacoperones, did not rescue the cystic fibrosis
transmembrane conductance regulator (CFTR) mutant, △F508, and therefore act specifically for
P-glycoprotein (Loo and Clarke, 1997).
Ever since the first discovery of pharmacoperones, numerous small compounds have
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been developed and characterized as pharmacoperones for misfolded proteins. Pharmacoperones
are now known as small hydrophobic compounds that can cross the cell membrane and
specifically bind to and stabilize misfolded proteins, allowing them to be targeted to the
appropriate cellular compartments. Because pharmacoperones are specific for one or one type of
proteins, they are generally developed from substrates and inhibitors for enzymes or antagonists
and agonists for receptors (Bernier et al., 2004a; Conn et al., 2007). Pharmacoperones rescue
misfolded proteins in most cellular compartments, especially in the mitochondrion, lysosome,
and ER where proteins suffer stress (Loo and Clarke, 2007; Ringe and Petsko, 2009).
Studies proposed the potential mechanism by which pharmacoperones stabilize and
rescue misfolded proteins: i) stabilizing the native or native like structure of the target protein; ii)
acting as a scaffold and facilitating the folding of the non-native like structure (Arakawa et al.,
2006). However, our current understanding of the mechanism is still highly speculative and
requires further studies.
Up to now, many pharmacoperones have been developed to treatment human protein
misfolding diseases, such as pharmacoperones of the p53 to treat cancer (Bykov et al., 2002;
Foster et al., 1999), pharmacoperones of the α-galactosidase A to treat Fabry disease (Frustaci et
al., 2001; Yam et al., 2006), pharmacoperones of the β-glucosidase to treat Gaucher disease
(Khanna et al., 2010; Lieberman et al., 2007), and pharmacoperones of the CFTR to treat cystic
fibrosis (Sampson et al., 2011). More importantly, some pharmacoperones have already been
successfully conducted in clinical trials (Clarke et al., 2011; Germain et al., 2012; Giugliani et
al., 2013).

1.3.3 Pharmacoperones for G protein-coupled receptors
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Morello et al. were the first to use small molecule antagonists as pharmacoperones to
rescue the cell surface expression and function of mutant GPCRs (Morello et al., 2000). They
studied the effects of nonpeptidic V2 arginine vasopressin receptor (AVPR2) antagonists,
SR121463A and VPA-985, on eight AVPR2 mutants (Morello et al., 2000). They showed that
SR121463A and VPA-985 promot the proper folding and maturation of AVPR2 mutants and
consequently significantly increase the cell surface expression and function of the mutants,
whereas a cell impermeant AVPR2 antagonist does not have such effects (Morello et al., 2000).
Bernier et al. further found that another antagonist, SR49059, did not prevent the constitutive βarrestin-promoted receptor endocytosis, indicating that the mechanism underlying the functional
rescue of AVPR2 mutants upon SR49059 treatment resultes from its pharmacoperone action in
the ER, rather than from the inhibition of receptor constitutive endocytosis (Bernier et al.,
2004b). These studies demonstrate that cell permeable ligands can act as pharmacoperones
stabilizing misfolded receptors and helping them passing the scrutiny of cellular quality control
system to be expressed and functional at the cell surface.
Inactivating AVPR2 mutations cause NDI disease and hundreds of AVPR2 mutations
have been identified from NDI patients (Pan et al., 1992; Tao, 2006). Bernier et al. administrated
SR49059 to five NDI patients each bearing one type of AVPR2 mutations for a short-term
treatment (Bernier et al., 2006).In patients, SR49059 significantly decreases 24 hours urine
volume and water intake and increases urine osmolalities (Bernier et al., 2006). This successful
trial of SR49059 in human NDI patients demonstrates the utility of applying pharmacoperones in
treating human diseases in vivo. Unfortunately, the trial of SR49059 was discontinued due to
side effects (Los et al., 2010). Another AVPR2 antagonist OPC41061 (Tolvaptan) has been
approved in the USA and Europe to treat hyponatraemia and heart failure with little side effects
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(Farmakis et al., 2008; Schrier et al., 2006). OPC41061 is a promising candidate as a
pharmacoperone to be tested in clinical trials for the treatment of NDI (Los et al., 2010).
Up to now, most of the pharmacoperones identified for GPCRs are antagonists (Tao and
Conn, 2014). For example, a number of the gonadotropin-releasing hormone receptor (GnRHR)
peptidomimetic antagonists have been developed as potential pharmacoperones and been
extensively studied (Conn and Ulloa-Aguirre, 2011; Conn et al., 2007). Pulsatile infusion of one
of them (IN3) successfully restores testis function of hypogonadotropic hypogonadal mice that
harbored a GnRHR mutation (Janovick et al., 2013). These peptidomimetics are selected from
four chemical classes, including indoles, quinolones, thienopyrimidinediones, and erythromycinderived macrolides (Conn and Ulloa-Aguirre, 2011). Conn’s laboratory found that the ability of
these small compounds to rescue GnRHR mutants are proportional to their affinity for the WT
GnRHR (Conn and Ulloa-Aguirre, 2011). Although low affinity antagonists are not able to bind
to and stabilize misfolded receptors efficiently, antagonists with too high affinities are also not
ideal candidates. When expressed at the cell surface, antagonists as pharmacoperones need to be
disassociated from the receptor to allow the binding of endogenous agonists and antagonists with
too high affinities are difficult to be replaced. Therefore, antagonists with appropriate affinities
with the receptor are better candidates.
Agonists have also been identified as pharmacoperones for several GPCRs. For example,
24 h treatment of one A1 adenosine receptor agonist (CPA) increase the cell surface expression
of the mutants, whereas it does not decrease that of the WT receptor (Málaga-Diéguez et al.,
2010). However, there are also studies reporting that small molecule agonists activate misfolded
GPCRs intracellularly without increasing their cell surface expression. For example, three small
molecule AVPR2 agonists activated AVPR2 misfolded mutants intracellularly without changing
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their maturation and expression levels (Los et al., 2010; Robben et al., 2009). In addition,
activation of AVPR2 mutants intracellularly dose not induce receptor degradation as observed at
the plasma membrane (Los et al., 2010; Robben et al., 2009). For the calcium-sensing receptor
(CaSR), studies reported that one allosteric modulator (NPS R-568) rescues the cell surface
expression and signaling of many intracellularly retained CaSR mutants (Huang and Breitwieser,
2007; White et al., 2009). However, another study reported a different observation that NPS R568 corrects the signaling of two intracellularly retained CaSR mutants without altering their cell
surface expression levels (Nakamura et al., 2013). These studies indicate that agonists can act as
pharmacoperones correcting the cell surface expression and thereby signaling of GPCRs and also
can act as agonists activating GPCRs intracellularly. However, despite these important studies
discussed herein, our knowledge about how small molecule agonists activating GPCR mutants
intracellularly and how the cell deactivates this signaling is still limited. Further studies need to
be carried out to answer these questions.
As discussed above, an allosteric modulator of the CaSR rescues the signaling of
intracellularly retained CaSR mutants. Recently, an allosteric agonist has been identified to
increase the cell surface expression and function of two LHR mutants (Newton et al., 2011).
Allosteric ligands are better candidates of pharmacoperones because they do not compete with
the endogenous agonists and therefore do not interfere with the activation of the mutant receptor
when expressed at the cell surface. These compounds have major advances in the development
of novel drugs (Conn et al., 2009). When we talk about candidates for the development of
pharmacoperones, there are several criteria to consider: 1) To be sufficiently lipophilic to
penetrate cell membranes; 2) To be specific for the target protein; 3) To bind the target protein
with sufficient affinity and dissociate with the targets quickly to allow the binding of endogenous
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ligands; 4) To be stable enough to stabilize the target protein; 5) To be potently effective for
most of the mutant proteins (Conn et al., 2007).
Pharmacoperones not only rescue intracellularly retained GPCRs but may also improve
the maturation of WT GPCRs. Many WT GPCRs are not expressed efficiently at the cell surface
(Conn et al., 2007; Tao and Conn, 2014). It is reported that almost 30% of newly synthesized
proteins in various cell types never acquire their correct native structures (Schubert et al., 2000).
For example, the δ opioid receptor is an opioid receptor that has enkephalins as their endogenous
ligands (Broom et al., 2002; Torregrossa et al., 2006). Studies found that only 40% of the newly
synthesized δ opioid receptor was targeted to the cell surface, suggesting that the expression of
WT δ opioid receptor is inefficient (Petaja-Repo et al., 2000). Opioid agonists and one antagonist
(naltrexone) can selectively facilitate the folding and maturation of WT δ opioid receptor and
target the WT receptor to the cell surface (Petäjä-Repo et al., 2002). Similar observations have
also been reported in several other GPCRs, such as the GnRHR (Conn et al., 2007) and the
MC4R (Tao, 2010). The maturation efficacy of WT receptor can be enhanced by
pharmacoperones, suggesting that pharmacoperones can be potentially applied to regulate tissue
responsiveness in normal individuals. In the case of the δ opioid receptor, pharmacoperones are
important in the development of anti-nociceptive drugs.
Besides rescuing the mutant receptor itself, pharmacoperones may also eliminate the
dominant negative effect of some mutants on the WT receptor (Conn and Ulloa-Aguirre, 2011).
Dimerization and/or oligomerization have become well recognized for GPCR functions. Studies
have found that for many GPCRs, some dysfunctional mutants also inhibit the function of the
WT receptor through hetero-dimerization and/or oligomerization (dominant negative effect),
which makes the disease more serious in heterozygous individuals (Tao, 2006). For example,
18

D90N MC4R, which has normal cell surface expression and ligand binding, but is loss of
signaling, dose-dependently inhibits the signaling of WT MC4R (Biebermann et al., 2003).
Many dominant negative mutants are misfolded and therefore retain the WT receptor
intracellularly (Tao, 2006). Pharmacoperones may rescue the misfolded mutants or interfere with
the dimerization and degradation of the WT-mutant aggregates (Conn and Ulloa-Aguirre, 2011).
For example, several GnRHR mutants displayed dominant negative effects on other GnRHR
mutants and that addition of a pharmacoperone (IN3) increased the ligand binding and signaling
of these pairs of mutants coexpressed in COS-7 cells (Leanos-Miranda et al., 2005). Therefore,
pharmacoperones have a more promising potential in treating human diseases caused by
misfolded dominant negative mutants.
Pharmacoperones have also been identified for several other GPCRs that will not be
discussed herein in detail.

1.3.4 Pharmacoperones for melanocortin-4 receptor
We were the first to identify a small molecule antagonist of the MC4R, ML00253764, as
a pharmacoperone rescuing the cell surface expression and function of two MC4R mutants,
C84R and W174C (Fan and Tao, 2009). ML00253764 also increases the cell surface expression
of WT MC4R, indicating that it can potentially be used to treat obese patients without MC4R
mutations (Fan and Tao, 2009). Then, we further confirmed the pharmacoperone effect of
ML00253764 rescuing the cell surface expression of six other MC4R mutants, including S58C,
N62S, P78L, G98R, C271Y, and F261S using confocal microscopy method (Tao, 2010).
Afterwards, Rene et al. tested five small molecule antagonists of the MC4R and found
that DCPMP is the most potent pharmacoperone rescuing the cell surface expression and
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function of most of the ten mutants studied, including S58C, E61K, N62S, I69T, I125K, T162I,
R165Q, R165W, C271Y, and P299H (Rene et al., 2010). They also observed that the compounds
studied have different rescuing efficacies for different mutants (Rene et al., 2010). Another group
reported four novel antagonists of the MC4R rescuing the cell surface targeting and/or function
of three MC4R mutants that were partially retained intracellularly, including V50M, S58C, and
I137T (Ward et al., 2012). However, in this study, they have not provided the chemical structures
of the four antagonists or their binding properties with the MC4R (Ward et al., 2012).
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Chapter 2 Pharmacological study of the transmembrane domain 6 of human melanocortin4 receptor

2.1 Introduction
The global epidemic of obesity, with a prevalence of 9.8% in the adults worldwide (Kelly
et al., 2008) and 33.8% in the adults in the USA (Flegal et al., 2010), has become one of the most
significant burdens to public health. Obesity is a major independent risk factor for cardiovascular
diseases, and is often associated with type 2 diabetes mellitus, as well as other comorbidities
(Guh et al., 2009). Though intervention of dietary control and physical activity can successfully
contribute to the prevention of weight gain in some groups, it is difficult to reach long-term
weight loss maintenance, especially for those carrying genetic defects (Kraschnewski et al.,
2010; Lemmens et al., 2008; Reinehr et al., 2009).
Multiple genes have been identified to be associated with obesity, and mutations in the
melanocortin-4 receptor (MC4R) have been characterized as the most frequent cause of
monogenic obesity in humans, with a prevalence varied from 0 to 6% in different ethnic
backgrounds (reviewed in Ref. (Tao, 2010)). Therefore, the MC4R has emerged as a premier
target for obesity treatment. Adopting a codominant inheritance model (O'Rahilly et al., 2003),
MC4R pathogenic mutations exhibit a varied degree of penetrance, interacting with environment
(Stutzmann et al., 2008).
The MC4R, which is crucial for regulating both food intake and energy expenditure
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(Huszar et al., 1997), is a G protein-coupled receptor (GPCR) primarily expressed in the central
nervous system. Although the classical G protein for MC4R is the Gs, recent studies suggested
that MC4R couples to all three major classes of G proteins (reviewed in Ref. (Breit et al., 2011)).
The Gs-cyclic AMP (cAMP)-PKA and ERK1/2 signaling pathways are of particular interest,
because they are identified to be related to the MC4R function of energy homeostasis in vivo
(Czyzyk et al., 2008; Sutton et al., 2005).
Up to now, more than 150 naturally occurring mutations or common alleles of the MC4R
have been identified (reviewed in Ref. (Tao, 2009)). They are scattered throughout the receptor.
During the past few years, several studies have demonstrated the functional importance of
transmembrane domain 6 (TM6) in the MC4R (Chen et al., 2007a; Chen et al., 2007b; Chen et
al., 2009). At least 10 naturally occurring mutations or variants have been identified in TM6 and
functionally characterized. Some of the mutants (such as L250Q, P260Q, F261S, and I269N) are
retained in the endoplasmic reticulum (Fan and Tao, 2009; Proneth et al., 2006; Tan et al., 2009;
Wang and Tao, 2011; Xiang et al., 2006), and L250Q (Proneth et al., 2006; Xiang et al., 2006)
and I251L (Xiang et al., 2006) are constitutively active. Most of these mutations are associated
with obesity, whereas I251L confers strong protection from obesity (Mirshahi et al., 2011;
Stutzmann et al., 2007).
Despite these important studies, no systematic investigation of the whole TM6 has been
reported. To gain a better understanding of the structure-function relationship of the MC4R, we
sought to determine the function of each residue in TM6 of the receptor using alanine scanning
mutagenesis. We generated 31 mutants and used the 2 endogenous ligands, α-melanocyte
stimulating hormone (MSH) and β-MSH, for ligand binding and signaling studies. We also
studied the basal activities of the constitutively active mutants in the ERK1/2 signaling pathway.
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2.2 Materials and methods
2.2.1 Materials
[125I]-[Nle4,D-Phe7]-α-MSH

(NDP-MSH)

was

purchased

from

the

American

Radiolabeled Chemicals (St. Louis, MO), α-MSH from Pi Proteomics (Huntsville, AL), and βMSH from CHI Scientific (Maynard, MA). ML00253764 and Ipsen 5i were synthesized by Enzo
Life Sciences, Inc. (Plymouth Meeting, PA). Radiolabeled cAMP was iodinated with chloramine
T method. The c-myc-tagged WT human (h) MC4R at the N-terminus was described previously
(Tao and Segaloff, 2003).

2.2.2 Site-directed mutagenesis
Mutant receptors were generated by QuikChangeTM site-directed mutagenesis kit
(Stratagene, La Jolla, CA) using the WT receptor as the template, and sequenced by the DNA
Sequencing Facility of University of Chicago Cancer Research Center (Chicago, IL) to confirm
the presence of desired mutations and the absence of errors in the coding sequences.

2.2.3 Cell culture and transfection
HEK293 and 293T cells were purchased from American Type Culture Collection
(Manassas, VA), and were cultured in Dulbecco’s modified Eagle’s medium with 10% newborn
calf serum. The HEK293T cells were plated into 6-well clusters coated with 0.1% gelatin,
transfected with the WT or mutant constructs at 50% confluence using calcium phosphate
precipitation method (Tao et al., 2010), and were used for ligand binding and signaling studies
approximately 48 h later. For western blot, HEK293T were seeded into gelatin-coated 100 mm
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dishes and were transfected using the same method. The transfected HEK293 cells were selected
by G418 for imaging the cell surface expression levels of the WT or mutant receptors by
confocal microscopy.

2.2.4 Ligand binding assay
HEK293T cells were transfected as described above. On the day of experiment, cells
were washed twice with warm Waymouth’s MB752/1 media (Sigma-Aldrich, St. Louis, MO)
containing 1 mg/ml bovine serum albumin (Waymouth/BSA). Then cells were incubated with
1ml Waymouth/BSA containing 50 µl 100,000 cpm of
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I-NDP-MSH, and with or without

different concentrations of α- or β-MSH giving a final concentration ranging from 10-10 M to 105

M for 1 h at 37oC. Cells were then washed twice with cold Hank’s Balanced Salt Solution to

terminate the reactions, lysed by 100 µl 0.5 M NaOH, collected by cotton swabs, and counted in
a gamma counter.

2.2.5 Cyclic AMP assay
HEK293T cells were transfected as described above. On the day of experiment, cells
were washed twice with warm Waymouth/BSA and then incubated with 1 ml fresh
Waymouth/BSA containing 0.5 mM isobutylmethylxanthine (Sigma-Aldrich) for 15 min at 37
o

C. Then cells were treated with or without different concentrations of α- or β-MSH giving a

final concentration ranging from 10-11 M to 10-5 M. After incubation at 37 oC for 1 h, cells were
lysed by 0.5 M percholoric acid containing 180 µg/ml theophylline and neutralized by 0.72 M
KOH/0.6 M KHCO3. Cyclic AMP levels were measured using radioimmunoassay (Tao et al.,
2010).
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2.2.6 Confocal microscopy assay
The method for immunohistochemistry has been described before (Tao and Segaloff,
2003). Briefly, HEK293 cells stably expressing c-myc tagged WT or mutant MC4Rs were
established as described above. Cells were seeded into lysine-coated 8-well chamber slides
(Biocoat cellware from Falcon, BD Systems, Franklin Lakes, NJ) and incubated at 37 oC for
approximately 24 h. Cells were fixed with 4% paraformaldehyde in filtered PBS for
immunohistochemistry (PBS-IH) for 30 min and incubated with 5% BSA in PBS-IH for 1 h to
block non-specific binding. Cells were then incubated with the primary antibody, 9E10
monoclonal anti-myc antibody (Developmental Studies Hybridoma Bank at the University of
Iowa, Iowa City, IA) (1:100 dilution in PBS-IH with 0.5% BSA) for 1 h, and this was followed
by incubation with the secondary antibody, Alexa Fluor 488-conjugated goat anti-mouse IgG
(Invitrogen) (1:1000 dilution in PBS-IH 0.5% BSA) for 1 h. The slide was then covered by a
coverslip using Vectashield Mounting Media (Vector Laboratories, Burlingame, CA).
Fluorescent images were taken using a Bio-Rad confocal microscope.

2.2.7 Protein preparation and western blot
HEK293T cells were seeded and transfected as described above. Approximately 24 h
after transfection, cells were starved in Waymouth/BSA at 37 oC overnight, and then were
treated with or without different concentrations of NDP-MSH giving a final concentration
ranging from 10-9 M to 10-6 M in 5 ml Waymouth/BSA for 5 min at 37 oC. Cells were placed
directly on ice and washed twice with cold 0G (150 M NaCl, 20 mM Hepes, pH 7.4), and then
were scraped into lysis buffer in 0G (containing 0.5% NP-40, 2 mM EDTA, 1 mMNa3VO4, and
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1 mM NaF). Total protein concentrations were determined by Bradford protein assay, and 30 µg
protein samples were separated by 10% SDS-PAGE using the Tris-glycine buffer system and
blotted onto pre-wetted PVDF membranes in wet conditions. The membranes were blocked in
10% non-fat dry milk (containing 0.2% Tween-20) for at least 3 h at room temperature with
agitation, and then immunoblotted with the primary antibodies, rabbit p-ERK1/2 antibody (Cell
Signaling, Billerica, MA) 1:1000 and mouse β-tubulin antibody (Developmental Studies
Hybridoma Bank at the University of Iowa) 1:40,000 diluted in TBST/5% BSA overnight at 4
o

C. This was followed by the incubation of the HRP-conjugated secondary antibodies, anti-rabbit

antibody (Jackson ImmunoResearch, West Grove, Pennsylvania) 1:1000 and anti-mouse
antibody (Jackson ImmunoResearch) 1:40,000 diluted in 10% non-fat dry milk for at least 1 h at
room temperature. Specific bands were detected with ECL reagent (Thermo Scientific, Rockford,
IL), and were analyzed and quantified by ImageJ software (NIH, Bethesda, MD).

2.2.8 Data analysis
The competitive binding curves and cAMP dose-response curves were fitted to a one-site
model using GraphPad Prism 4.0 software (San Diego, CA). Concentrations that result in 50%
inhibition (IC50) and apparent maximal binding (Bmax) were calculated from competitive
binding data. Concentrations that result in 50% maximal responses (EC50) and maximal
responses (Rmax) were calculated from cAMP assays. The significance of differences in pERK1/2 levels, and binding and signaling parameters between WT and mutant MC4Rs were
analyzed by Student’s t-test using Prism 4.0.

2.3 Results
The two endogenous agonists of MC4R, α-MSH (Fan et al., 1997) and β-MSH (Abbott et
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al., 2000), have been shown to be capable of controlling feeding and energy balance through
activation of MC4R. Here, we first studied the binding and signaling properties of all thirty-one
MC4R mutants using α- or β-MSH as the ligand.

2.3.1 Pharmacology of the WT and mutant MC4Rs at α-MSH
Competitive binding assays were performed using 125I-NDP-MSH as the radioligand, and
different concentrations of α-MSH, from 10-10 M to 10-5 M, were used to displace radioligand in
HEK293T cells transiently transfected with WT or mutant MC4Rs. IC50 values were calculated
and analyzed for the WT and mutant MC4Rs. Our data showed that H264A had no detectable
binding; L265A and Y268A had decreased affinities, whereas M241A, A244G, T246A, L250A,
C257A, P260A, I266A, and F267A had increased affinities for α-MSH (Figure 2.2A and Table
2.1).
To measure the signaling capacities of the mutant receptors, HEK293T cells transiently
transfected with WT or mutant MC4Rs were stimulated with increasing concentrations of αMSH. Intracellular cAMP levels were measured after 1 h stimulation. Maximal response (Rmax)
and EC50 values were calculated from the dose-response curves. Our data showed that H264A
only responded to 10-5 M α-MSH. Six mutants (L247A, W258A, P260A, F261A, L265A, and
Y268A) had increased EC50 values compared to the WT MC4R (Figure 2.2B). One mutant
(A259G) had decreased EC50. Four mutants (G243A, T246A, L250A, and F254A) had decreased
Rmax, whereas five mutants (P260A, F261A, L265A, I266A, and I269A) had increased maximal
responses compared to the WT MC4R. The other mutants had similar EC50 and Rmax as the WT
MC4R (Figure 2.2B and Table 2.1).
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2.3.2 Pharmacology of the WT and mutant MC4Rs at β-MSH
When ligand binding and signaling experiments were performed using β-MSH as the
ligand, similar data were obtained, with some moderate differences. In binding experiments,
L265A and Y268A had significantly increased IC50s, whereas T246A, L250A and P260A had
decreased IC50s (Figure 2.3A and Table 2.1). In signaling experiments, H264A was only
responsive to 10-5 M β-MSH stimulation. Twelve mutants (T246A, L247A, L250A, I251A,
G252A, F254A, W258A, P260A, F261A, F262A, L265A, and Y268A) had increased EC50s
compared to the WT MC4R, and two mutants (V253A and A259G) had decreased EC50s (Figure
2.3B and Table 2.1). Three mutants (I245A, F254A, and A259G) had decreased Rmax (Figure
2.3B and Table 2.1).
Bmax values were also calculated from these binding assays. As described above, H264A
had no measureable binding. In addition, twelve mutants (G243A, A244G, L250A, I251A,
F254A, V255A, C257A, P260A, F261A, L265A, I266A, and I269A) had decreased Bmax
(Figure 2.4).

2.3.3 Cell surface expression of several mutant MC4Rs
Retention of mutant receptors in the endoplasmic reticulum (ER) by the quality control
system is the major defect of inactivating MC4R mutations (reviewed in Ref. (Tao, 2005)). For
the six mutants (L250A, C257A, P260A, F261A, H264A, and L265A) that caused dramatic
decrease in Bmax, by more than 50% of WT, F261A and H264A were previously reported to be
targeted to the plasma membrane normally (Chen et al., 2007b; Chen et al., 2009), and L250A
was described to be expressed at the cell surface at 57% of WT (Proneth et al., 2006). C257A
showed increased affinity for ligand binding and normal signaling properties, therefore it was not
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studied here.
We selected the two mutants (P260A and L265A) not studied before and one mutant
(H264A) lacking ligand binding to investigate their expression at the plasma membrane.
HEK293 cells stably expressing c-myc tagged WT or mutant MC4Rs were used and imaged by
the confocal microscope at the nonpermeabilized status. Immunostaining of H264A and L265A
was at least as strong as the WT MC4R, demonstrating that the two mutants were indeed
successfully transported to the plasma membrane. The immunostaining of P260A was weaker
than that of the WT (Figure 2.5).

2.3.4 Constitutive activity of WT and mutant MC4Rs in the Gs-cAMP-PKA pathway
The MC4R was previously described to be constitutively active (Nijenhuis et al., 2001),
and the extracellular N-terminus of the receptor, which could be positioned similar to the
endogenous agonists (Pogozheva et al., 2005), acted as a tethered intramolecular ligand
(Srinivasan et al., 2004). Impairment in the fine-tuning of constitutive activity, the basal
signaling in the absence of any ligand, was reported to affect the long-term energy balance
(Srinivasan et al., 2004). Herein, the constitutive activities of the thirty-one mutants were
measured and analyzed. The basal cAMP level of the WT receptor was 32.60 ± 4.39 pmol/106
cells. We found nine mutants (K242A, G243A, T246A, L247A, I251A, G252A, W258A, P260A
and H264A) had significantly lower basal cAMP levels compared with that of the WT receptor.
Eight mutants (N240A, M241A, A244G, L250A, A259G, I266A, F267A and I269A) displayed a
modest elevation of basal activities, and hence were identified to be constitutively active mutants
(CAMs) (Figure 2.6A).
Both Ipsen 5i (Ki, 2nM) (Poitout et al., 2007) and ML00253764 (Ki 0.16 µM) (Vos et al.,
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2004) were synthesized and identified as selective antagonists of MC4R, and subsequently were
characterized to exert partial inverse agonistic actions at MC4R (Tao, 2010; Tao et al., 2010).
We studied the inverse agonistic properties of these two small molecules at the eight
constitutively active mutants described above. HEK293T cells transiently transfected with WT or
mutant MC4Rs were incubated in the presence or absence of 10-6 M Ipsen 5i or 10-5 M
ML00253764, and cAMP levels were measured. The basal activities of the WT and all the
mutants were significantly decreased by the treatment of either Ipsen 5i or ML00253764. The
maximal inhibition of L250A was 41% for Ipsen 5i and 60% for ML00253764. Of the WT and
other mutants, the maximal inhibition ranged from 65% to 85% for Ipsen 5i, and from 80% to
88% for ML00253764 (Figure 2.6B).

2.3.5 Constitutive activity of WT and mutant MC4Rs in the ERK1/2 pathway
MC4R activation results in phosphorylation of ERK1/2 (reviewed in Ref. (Tao, 2010)).
We showed seven mutants generated in this study were constitutively active in cAMP pathway.
We investigated whether these seven mutant MC4Rs were also constitutively active in the
ERK1/2 signaling pathway. The phosphorylation levels of ERK1/2 (pERK1/2) were measured
through western blots. Data from the experiments showed that five of these mutants (M241A,
L250A, I266A, F267A, and I269A) were also constitutively active in the MAP kinase pathway
with significantly enhanced basal ERK1/2 phosphorylation. Two mutants (A244G and A259G)
displayed similar basal pERK1/2 levels as the WT MC4R (Figure 2.7).

2.3.6 Signaling property of H264A MC4R in the ERK1/2 pathway
H264A, undetectable in competitive binding assays, was only responsive to 10-5 M α- or
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β-MSH stimulation with increased cAMP production. One previous study reported the EC50 of
H264A was 0.14 µM for NDP-MSH (Chen et al., 2007b). To investigate whether it also affects
ERK1/2 signaling pathway, we studied the phosphorylation levels of ERK1/2 in the absence or
presence of different concentrations of NDP-MSH giving a final concentration ranging from 10-9
M to10-6 M. H264A was only responsive to 10-6 M NDP-MSH stimulation. Compared with the
WT, H264A was significantly defective in both basal and stimulated ERK1/2 phosphorylation
(Figure 2.8).

2.4 Discussion
In rhodopsin-like GPCRs, transmembrane domain 6 has been demonstrated to be able to
directly contact the ligand (Chien et al., 2010; Hanson et al., 2012; Jaakola et al., 2008; Xu et al.,
2011), alter receptor conformations through intramolecular interactions (Palczewski et al., 2000;
Park et al., 2008), and interact with cognate G proteins (Abell and Segaloff, 1997; Murakami and
Kouyama, 2008; Scheerer et al., 2008). In the β2-adrenoceptor, TM6 has been shown to cause the
largest changes between agonist- and inverse agonist-bound conformations (Rasmussen et al.,
2007), and also been suggested to be involved in regulating the high basal activity of this
receptor (Rasmussen et al., 2007; Rosenbaum et al., 2007). For the current study, we performed
detailed pharmacological study of thirty-one alanine mutants of each residue in the TM6 of
MC4R.
Two residues (L250 and P260) were important for cell surface expression of MC4R.
Alanine mutations of the two residues (L250A and P260A) severely impaired normal plasma
targeting of the receptor. At these positions, two naturally occurring mutations, L250Q (Proneth
et al., 2006; Xiang et al., 2006) and P260Q (Wang and Tao, 2011), were also reported to cause
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intracellular retention of MC4R, characterized by decreased cell surface expression, but normal
total expression levels. Further studies on the interactions between these mutants and molecular
chaperones might help to understand the forward trafficking mechanism of MC4R.
Five residues (F254, F261, H264, L265, and Y268) were indispensable for α- and βMSH binding. F2546.44A, which signaled normally with NDP-MSH stimulation (Chen et al.,
2007b), had impaired interactions with α- and β-MSHs. The corresponding residue of Phe6.44 in
other GPCRs was reported to be important for the rotation of TM6, which led to an outward shift
of the cytoplasmic end of this transmembrane domain (Lebon et al., 2011; Rasmussen et al.,
2011), and this movement opened the binding site for the carboxyl terminus of Gα (Scheerer et
al., 2008). Previously, F261A and H264A were reported to severely impair the ligand binding
and signaling processes of NDP-MSH (Chen et al., 2007b; Haskell-Luevano et al., 2001; Yang et
al., 2000), though another study reported that F261A has no effect on NDP-MSH binding
affinity, but restored the signaling efficacy of modified NDP-MSH (Fleck et al., 2007). The
residues important for the binding and signaling of α- and β-MSH are mostly located in the
upper region of the transmembrane domain. They probably could directly participate in the
hydrophobic binding pocket (F261, H264, L265, and Y268) respectively, interacting with the
pharmacophore His6-Phe7-Arg8-Trp9 of α- and β-MSH.
Six residues (T246, L247, I251, G252, W258, and F262) were crucial for normal receptor
signaling upon α- and β-MSH stimulation. Alanine mutations of these residues led to severely
decreased signaling potencies and reduced basal signaling activities (except F262A). These
residues, primarily located at the cytoplasmic half of the transmembrane domain, probably
maintain the active conformation of the receptor. Serine mutation of G252 (G252S) caused
significantly decreased signaling potency with α-MSH and ACTH (1-24), but not β-MSH (Xiang
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et al., 2007). However, alanine mutation of G252 (G252A) acted differently; it exhibited
impaired signaling properties for both α- and β-MSH. W258A was previously reported to cause
a 3-fold increase in Ki and >10-fold increase in EC50 with NDP-MSH stimulation by some
studies (Chen et al., 2007b; Chen et al., 2009), and was described not to affect interactions with
NDP-MSH by another study (Pogozheva et al., 2005). This mutant showed normal ligand
binding, but severe defect in signaling to α- and β-MSH in our study. The homologous residues
of Trp6.48 was described to directly contact with the ligand in A2A adenosine receptor (Jaakola et
al., 2008) and rhodopsin (Cherezov et al., 2007) but not in β2-adrenoceptor (Cherezov et al.,
2007; Rasmussen et al., 2007).
Although no binding could be detected for H264A, with the more sensitive signaling
assays, we showed that it responded to high concentrations of ligand stimulation with increased
cAMP levels (10-5 M α- or β-MSH stimulation) and ERK1/2 phosphorylation (10-6 M NDPMSH stimulation). Basal signaling in both pathways was also decreased compared to the WT
receptor. No apparent biased signaling (see below) was observed.
The basal activities of the MC4R have been suggested to be of physiological and
pathophysiological significance. Defects in basal signaling have been suggested to be a potential
cause of genetic obesity caused by MC4R mutations (Srinivasan et al., 2004). We also showed
that some naturally occurring MC4R mutations decrease basal signaling activity (Fan and Tao,
2009; Tao and Segaloff, 2005; Wang and Tao, 2011). Unlike the related MC3R that has no basal
activity (Tao, 2007), the WT MC4R has modest basal activity that can be decreased by Agoutirelated protein (Nijenhuis et al., 2001; Tao et al., 2010). In this study, we showed that of the
thirty-one mutations generated, nine mutants had significantly decreased basal activities (Figure
2.6). Eight mutants (N240A, M241A, A244G, L250A, A259G, I266A, F267A and I269A) had
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increased basal cAMP levels and the basal activities of these mutants could be partially inhibited
by the treatment of either Ipsen 5i or ML00253764 (Figure 2.6), two MC4R inverse agonists
(Nicholson et al., 2006; Tao et al., 2010), suggesting that these mutants are constitutively active
mutants (CAM). They are numbered as 6.30, 6.31, 6.34, 6.40, 6.49, 6.56, 6.57, and 6.59
according to the numbering scheme of Ballesteros and Weinstein (Ballesteros and Weinstein,
1995). Previous studies with the glycoprotein hormone receptors showed that mutations at some
of these loci (such as 6.30, 6.34, and 6.40) were found to cause constitutive activation that cause
human diseases (reviewed in (Tao, 2008)). However, other loci found to cause constitutive
activation in the glycoprotein hormone receptors, including the hotspot 6.44 and surrounding
residues 6.37, 6.38, 6.41, 6.42, 6.43, and 6.45 (see (Tao, 2008) for original references), did not
cause constitutive activation in MC4R. These results suggested that although TM6 is a domain
that is important for constraining the WT in inactive conformation in many GPCRs through
interhelical interactions with TM5 and TM7 (Schneider et al., 2010; Tao et al., 2002), there are
important differences in the local environment that contributed to the differences in constitutive
activities.
It has been suggested that in family A GPCRs, an acidic residue at position 6.30 and
R3.50 of the DRY motif in TM3 form a salt bridge constraining the WT receptor in inactive
conformation. Mutations of 6.30 cause constitutive activation in rhodopsin (Ramon et al., 2007),
β2-adrenoceptor (Ballesteros et al., 2001), and lutropin receptor (Angelova et al., 2002). The salt
bridge was indeed observed in the crystal structure of rhodopsin (Palczewski et al., 2000).
However, the ionic lock is not observed in the crystal structures of the turkey β1-adrenoceptor
(Warne et al., 2008), the human β2-adrenoceptor (Cherezov et al., 2007; Rosenbaum et al., 2007),
human A2A adenosine receptor (Jaakola et al., 2008), and human κ-opioid receptor (Wu et al.,
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2012). Mutagenesis data also suggested that this ionic lock is not important in other GPCRs
(Schneider et al., 2010). N240 in MC4R cannot form a salt bridge with R3.50, although its
mutation led to constitutive activation.
MC4R also activates ERK1/2 signaling pathway. We asked whether the mutants that had
increased basal cAMP levels also constitutively activated the ERK1/2 pathway. Transfected cells
were starved overnight in serum-free media and levels of phosphorylated ERK1/2 were
measured by western blots. We showed herein that five of these mutants (M241A, L250A,
I266A, F267A, and I269A) were also constitutively active in the MAP kinase pathway with
significantly enhanced basal ERK1/2 phosphorylation. To the best of our knowledge, this is the
first study to show that mutations in the MC4R could constitutively activate the ERK1/2
pathway. We showed that two mutants (A244G and A259G) had increased basal cAMP levels
but had normal basal pERK1/2 levels. The results suggested that these mutants preferentially
stabilize certain active conformations of the receptor. Mutations displaying biased signaling have
already been identified in MC4R and several other GPCRs, such as MC4R-D90N (Buch et al.,
2009), MC1R-E92K (Benned-Jensen et al., 2011), and M2 muscarinic acetylcholine receptorY104A and Y177A (Gregory et al., 2010). Phosphorylation of ERK1/2 induced by MC4R had
been described to be mediated by PKA (Sutton et al., 2005), PKC (Chai et al., 2006), or PI3K
(Vongs et al., 2004) depending on the cell lines used, and also may be initiated independently by
β-arrestins as suggested in other GPCRs (reviewed in Ref. (Reiter et al., 2012; Violin and
Lefkowitz, 2007)). More studies are needed to elucidate the biased signaling mechanisms of
MC4R.
In summary, of the thirty-one residues in the TM6 of MC4R, we have identified residues
that were important for cell surface expression, ligand binding, cAMP production, and
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maintaining the WT receptor in active conformation. We also reported the constitutive activation
of ERK1/2 pathway. These data provided comprehensive information on the structure-function
relationship of the TM6 of MC4R, and will be useful for rationally designing MC4R agonists
and antagonists for treatment of energy balance disorders.
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Table 2.1 The ligand binding and signaling properties of WT and mutant MC4Rs in
response to α- or β-MSH stimulation.
hMC4R
ons
Construct

α-MSH Binding
IC50 (nM)

EC50 (nM)

Rmax (% WT)

IC50 (nM)

EC50 (nM)

WT

1120.36 ± 157.69

4.29 ± 0.79

100

858.18 ± 216.64

2.34 ± 0.17

100

N240A

415.00 ± 68.27

3.18 ± 1.14

89.22 ± 15.27

240.49 ± 79.69

2.82 ± 1.45

102.60 ± 23.91

M241A

202.70 ± 14.63a

1.54 ± 0.44

131.42 ± 22.37

126.41 ± 30.19

1.30 ± 0.29

74.76 ± 13.74

K242A
G243A

614.50 ± 235.71
730.80 ± 268.06

35.05 ± 10.77
12.55 ± 4.26

112.32 ± 23.61
65.83 ± 5.91b

387.53 ± 122.68
216.57 ± 53.71

10.88 ± 4.00
4.043 ± 0.99

74.39 ± 17.02
106.61 ± 29.00

A244G

183.10 ± 45.30a

4.23 ± 1.44

87.11 ± 13.98

115.03 ± 9.56

1.48 ± 0.47

136.98 ± 24.91

I245A

828.10 ± 190.35

2.62 ± 0.94

133.69 ± 25.68

192.70 ± 34.30

3.24 ± 1.15

α-MSH-stimulated cAMP

a

β-MSH Binding

b

31.11 ± 3.46

β-MSH-stimulated cAMP

b

Rmax (% WT)

65.33 ± 3.51b

38.05 ± 12.9

a

128.87 ± 43.23

T246A

23.23 ± 2.39

6.09 ± 1.66

68.52 ± 3.22

L247A

1337.97 ± 463.56

37.82 ± 3.23b

76.84 ± 10.34

723.97 ± 149.75

30.18 ± 4.82b

143.71 ± 41.51

T248A

2502.67 ± 382.82

1.86 ± 0.39

98.35 ± 16.20

642.17 ± 83.42

2.65 ± 0.72

79.52 ± 11.07

280.73 ± 19.34

4.34 ± 0.93

95.39 ± 27.75

a

I249A

423.63 ± 67.09

3.36 ± 1.24

118.89 ± 34.01

L250A
I251A

23.85 ± 15.89
1147.97 ± 450.20

4.13 ± 1.57
22.08 ± 7.02

43.67 ± 6.72
78.00 ± 11.17

a

50.57 ± 6.54
834.33 ± 217.62

9.51 ± 2.2
a
31.76 ± 9.12

94.73 ± 5.54
115.50 ± 9.44

G252A

1717.98 ± 512.41

5.64 ± 1.06

91.99 ± 25.52

867.10 ± 251.24

14.82 ± 2.18b

117.70 ± 5.97a

a

a

a

86.58 ± 12.45
69.12 ± 8.28a
81.47 ± 7.56

V253A

889.45 ± 308.28

2.23 ± 0.30

89.49 ± 14.29

981.70 ± 231.31

0.77 ± 0.28

F254A
V255A

277.57 ± 109.98
501.77 ± 79.09

5.36 ± 1.61
2.28 ± 0.68

54.82 ± 11.67a
74.86 ± 11.6

173.77 ± 20.73
1010.53 ± 192.72

6.18 ± 1.01a
1.71 ± 0.55

V256A

1043.67 ± 314.14

4.52 ± 1.77

90.5 ± 11.95

1532.90 ± 503.43

1.71 ± 0.31

80.25 ± 13.46

C257A

198.33 ± 58.36a

3.98 ± 0.94

98.12 ± 31.62

364.03 ± 74.94

1.99 ± 0.24

101.55 ± 20.04

W258A
A259G

1638.00 ± 532.63
886.73 ± 226.82

36.78 ± 11.84a
1.29 ± 0.48a

132.24 ± 14.59
139.67 ± 23.16

1461.13 ± 404.94
1233.60 ± 280.59

29.94 ± 4.11b
0.75 ± 0.36a

95.60 ± 10.70
64.93 ± 13.20a

P260A

90.28 ± 6.48a

47.24 ± 16.79a

157.82 ± 22.42a

95.51 ± 28.85a

41.06 ± 5.97b

134.20 ± 21.77

a

b

829.20 ± 196.47

37.36 ± 7.06b

174.82 ± 34.61

179.57 ± 59.19
237.90 ± 63.41

1624.25 ± 429.92
768.05 ± 295.29

13.88 ± 1.73b
2.83 ± 0.60

121.68 ± 22.23
100.97 ± 2.77

N/Ad

N/Ac

N/Ad

F261A

1154.50 ± 324.91

39.41 ± 14.57

F262A
L263A

2201.67 ± 298.8
854.47 ± 61.23

11.80 ± 3.61
4.09 ± 1.36

H264A

N/Ac

N/Ad
b

L265A

4893.67 ± 922.79

I266A
F267A

200.47 ± 33.83a
415.27 ± 40.69a

Y268A

2823.00 ± 605.36

196.76 ± 58.24

b

2.42 ± 1.08
4.09 ± 1.26
a

31.12 ± 12.24

a

186.61 ± 15.41

a

3255.33 ± 682.79

164.88 ± 15.52a
148.20 ± 22.56

246.51 ± 94.79
378.08 ± 127.62

110.29 ± 13.04

4440.00 ± 1010.88

204.86 ± 23.85

a

I269A

212.43 ± 43.15

4.32 ± 0.63

139.46 ± 14.59

S270A

665.87 ± 134.75

4.95 ± 1.77

124.34 ± 16.30

a

Significantly different from WT MC4R, p<0.05.

b

Significantly different from WT MC4R, p<0.01.

c

Not detected.

d

Only responsive to 10-5 M α- or β-MSH stimulation.

b

N/Ad

164.80 ± 31.35
1.60 ± 0.10
1.88 ± 0.31

b

46.53 ± 8.68

b

98.06 ± 12.54
96.29 ± 27.55
94.54 ± 4.13

b

86.18 ± 13.16

244.15 ± 60.04

5.61 ± 1.49

168.04 ± 25.97

799.63 ± 166.75

1.77 ± 0.27

125.15 ± 32.30

Values are mean ± S.E.M. of at least three independent experiments. The Rmax of WT MC4R
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was 2744.11 ± 373.20 pmol/106 cells with α-MSH stimulation, and was 2848.15 ± 377.85
pmol/106cells with β stimulation.
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Figure 2.1 Schematic representation of the thirty-one residues in TM6 of MC4R.
The phenotypes of mutations at several loci that changed cell surface expression, ligand binding,
signaling, and constitutive activity are highlighted.
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Figure 2.2 The ligand binding (A) and signaling (B) properties of WT and mutant MC4Rs
with α-MSH as the ligand.
HEK293T cells were transiently transfected with WT or mutant constructs, and 48 h later were
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used for binding and signaling studies. (A) Intact cell surface binding was measured by
competitive inhibition of 125I-NDP-MSH with serial concentrations of α-MSH. Data are depicted
as % of WT maximal binding. (B) Intracellular cAMP samples were collected with or without
stimulation with different concentrations ofα-MSH, and cAMP concentrations were determined
by radioimmunoassay. Data points are mean ± S.E.M. of duplicate (A) or triplicate (B)
measurements within one experiment. Results are representative of at least three independent
experiments.
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A

43

B

Figure 2.3 The ligand binding (A) and signaling (B) properties of WT and mutant MC4Rs
with β-MSH as the ligand.
HEK293T cells were transiently transfected with WT or mutant constructs and 48 h later were
used for binding and signaling studies. (A) Intact cell surface binding were measured by
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competitive inhibition of 125I-NDP-MSH with serial concentrations of β-MSH. Data are depicted
as % of WT maximal binding. (B) Intracellular cAMP samples were collected with or without
stimulation with different concentrations of β-MSH, and cAMP concentrations were determined
by radioimmunoassay. Data points are mean ± S.E.M. of duplicate (A) or triplicate (B)
measurements within one experiment. Results are representative of at least three independent
experiments.
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Figure 2.4 Total specific binding of WT and mutant MC4Rs (% WT).
Data are mean ± S.E.M. of at least six independent experiments. * Significantly different from
WT MC4R, p<0.05.
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WT

P260A

H264A

L265A

Figure 2.5 Confocal imaging of WT and mutant MC4Rs.
The intact HEK293 cells stably expressing WT or mutant receptors were stained with
fluorescein-conjugated anti-myc monoclonal antibody and cell surface fluorescence were
detected by confocal microscopy.
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A

B

Figure 2.6 Basal activities of WT and mutant MC4Rs.
(A) HEK293T cells were transiently transfected with WT or mutant receptors, and intracellular
cAMP levels were measured without any stimulation of the ligand. Data, expressed as % WT
basal activity, are shown as mean ± S.E.M. of at least six independent experiments. The cAMP
levels of WT MC4R were 32.60 ± 4.39 pmol/106 cells. * Significantly higher or lower than WT
MC4R, p<0.05. (B) Partial inverse agonism of Ipsen 5i and ML00253764. HEK293T cells were
transiently transfected with WT or mutant receptors, and 48 h later were treated with 10-6 M
Ipsen

5i

or

10-5

M

ML00253764.

Cyclic

radioimmunoassay.
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β-Tubulin
p-ERK1/2
WT

M241A A244G L250A A259G I266A F267A I269A

B

Figure 2.7 Constitutive activation of MAP kinase pathway.
(A) HEK293T cells were transiently transfected with pcDNA 3.1, WT, or mutant MC4Rs, and
24 h later, cells were starved overnight and then harvested. Western blot analysis was performed
using antibody against p-ERK1/2 and β-tubulin as a control. (B) Values are mean ± S.E.M. of at
least three independent experiments. * Significantly different from WT MC4R, p<0.05.
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Figure 2.8 MAP kinase signaling of MC4R H264A.
(A), HEK293T cells were transiently transfected with WT or H264A MC4R, and 24 h later, cells
were starved overnight and stimulated with different concentrations of NDP-MSH ranging from
10-9 M to10-6 M for 5 min. Cell lysates were harvested. Western blot analysis was performed
using antibody against p-ERK1/2 and β-tubulin as a control. (B), values are mean ± S.E.M. of
three independent experiments. * Significantly different from WT MC4R treated with the same
concentration of NDP-MSH, p<0.05.
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Chapter 3 Functional characterization of nine naturally occurring human melanocortin-4
receptor mutations

3.1 Introduction
The melanocortin-4 receptor (MC4R) is a G protein-coupled receptor (GPCR) that is
extensively expressed in the central nervous system. The MC4R acts downstream of leptin
signaling and plays a key role in regulating food intake and energy expenditure. Mice lacking the
Mc4r are extremely obese, hyperphagic, hyperinsulinaemic, and hyperglycemic (Huszar et al.,
1997). Heterozygous mice lacking the Mc4r are also seriously obese although less obese than
homozygous mice (Huszar et al., 1997). Studies show that food intake and energy expenditure
are differently regulated by the MC4R; the MC4R expressed in the paraventricular nucleus
and/or the amygdala regulates food intake (Balthasar et al., 2005) whereas the MC4R expressed
in cholinergic neurons regulates energy expenditure (Rossi et al., 2011).
Inactivating mutations in the MC4R are the most common monogenic cause of severe
obesity in humans (Farooqi et al., 2000). Up to now, approximately 170 mutations in the MC4R
have been identified from humans (Hinney et al., 2013). Extensive functional studies have been
performed on these mutations. Studies reveal that mutations in the MC4R differently alter MC4R
functions; some mutations such as N62S and I69R are loss of function and lead to obesity
whereas some mutations such as V103I and I251L are gain of function and confer protection
against obesity (Tao, 2010).
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In the present study, we performed detailed functional studies on nine MC4R mutations,
including G55V, R165G, R165W, R165Q, C172R, F202L, M208V, I269N, and A303P,
identified from Pima Indian heritage and Hispanic heritage (Hohenadel et al., 2014). Two
mutations, C172R and M208V, have not been studied previously whereas the other seven
mutations have been characterized or partially characterized in prior studies. This study is part of
the project investigating the relationship between the brain-derived neurotrophic factor (BDNF)
concentrations and the MC4R functional status. Therefore, confirmatory functional
characterizations were performed for all the nine mutations herein.

3.2 Materials and methods
3.2.1 Materials
[Nle4,D-Phe7]-α-MSH (NDP-MSH) was purchased from Peptides International
(Louisville, KY) and α-MSH was purchased from Pi Proteomics (Huntsville, AL).
MSH and

125

125

I-NDP-

I-cyclic AMP (cAMP) were prepared using a chloramine T method (Tao et al.,

2010). Cell culture media, newborn calf serum and antibiotics and cell culture plates and flasks
were purchased from Invitrogen (Carlsbad, CA) and (Corning, NY), respectively.

3.2.2 Site-directed mutagenesis
The wild type (WT) human MC4R was previously generated and tagged with a c-myc
epitope at the N-terminus (Tao and Segaloff, 2003). Using the WT plasmid as template, mutant
receptors were generated using QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA). DNA sequencing was then performed by the University of Chicago Cancer Research
Center DNA Sequencing Facility (Chicago, IL) to confirm that the intended mutations were
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correctly introduced.

3.2.3 Cell culture and transfection
Human embryonic kidney (HEK) 293 and 293T cells were purchased from American
Type Culture Collection (Manassas, VA). Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplied with 10% newborn calf serum. HEK293T cells were plated into sixwell plates and transfected with the WT or mutant receptors using calcium phosphate
precipitation method. Appropriately 48 h after transfection, HEK293T cells were used for ligand
binding and signaling studies. Stably transfected HEK293 cells were selected using 0.2 mg/ml
G418 and were used for flow cytometry and confocal microscopy studies.

3.2.4 Flow cytometry assay
HEK293 stable cells were seeded into six-well plates and were used for flow cytometry
study appropriately 48 h later. On the day of experiment, cells were placed on ice and washed
once with cold PBS for immunohistochemistry (PBS-IH) (137 mM NaCl, 2.7 mM KCl, 1.4 mM
KH2PO4, and 4.3 mM Na2HPO4). Cells were then detached and incubated with the monoclonal
anti-myc (9E10) antibody (Developmental Studies Hybridoma Bank at the University of Iowa,
Iowa City, IA) diluted 1:40 in PBS-IH containing 0.5% BSA for 1 h at room temperature. Cells
were washed once and incubated with the Alexa Fluor 488-conjugated goat anti-mouse antibody
(Invitrogen) diluted 1:2000 in PBS-IH containing 0.5% BSA for 1 h at room temperature.
Fluorescence signals were collected using a C6 Accuri Cytometer (Accuri Cytometers, Inc., Ann
Arbor, MI). Fluorescence from cells stably expressing the empty vector was measured as the
background staining.
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3.2.5 Confocal microscopy assay
HEK293 stable cells were plated into lysine-coated slides (Biocoat cellware from Falcon,
BD Systems, Franklin Lakes, NJ) and were used for confocal microscopy study appropriately 48
h later. Briefly, cells were washed three times with PBS-IH and were fixed with 4%
paraformaldehyde in PBS-IH for 15 min. Cells were then washed three times and blocked with
5% BSA in PBS-IH for 1 h. Cells were then incubated with the antibodies. The antibodies used
and antibody dilutions were the same as described for flow cytometry study. After the incubation
of the secondary antibody, cells were washed five times with PBS-IH containing 0.5% BSA.
The slide was covered with a glass coverslip using Vectashield Mounting Media (Vector
Laboratories, Burlingame, CA). Cells were imaged using a Nikon A1 confocal microscope.

3.2.6 Ligand binding assay
The method for ligand binding assay has been previously described in detail (Tao and
Segaloff, 2003). Briefly, on the day of experiment, transfected HEK293T cells were washed
twice with warm Waymouth media containing 1 mg/ml BSA (Waymoth/BSA). Then cells were
incubated with 100000 cpm of 125I-NDP-MSH and different concentrations of NDP-MSH (from
10-11 to 10-6 M) or α-MSH (from 10-10 to 10-5 M) for 1 h at 37 oC. Cells were then washed twice
with ice-cold Hank’s Balanced Salt Solution containing 1 mg/ml BSA and lysed with 0.5 M
NaOH. Cell lysates were collected and counted in a gamma counter.

3.2.7 cAMP signaling assay
The method for cAMP signaling assay has been previously described in detail (Tao and
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Segaloff, 2003). Briefly, on the day of experiment, HEK293T cells were washed twice with
warm Waymouth/BSA and were pre-incubated with 0.5 mM isobutylmethylxanthine (SigmaAldrich) in Waymouth/BSA for 15 min at 37 oC. Then different concentrations of NDP-MSH
(from 10-12 to 10-6 M) or α-MSH (from 10-11 to 10-5 M) were added and cells were incubated for
1 h. Cells were lysed with 0.5 M perchloric acid containing 180 µg/ml theophylline and the
solution was neutralized with 0.72 M KOH/0.6 M KHCO3. The intracellular cAMP
concentrations were determined by radioimmunoassay.

3.2.8 Statistical analysis
The significance of differences in cell surface expression, ligand binding and signaling
parameters between WT and mutant MC4Rs were analyzed using Student’s t-test by Prism 4.0
Software.

3.3 Results
3.3.1 Cell surface expression of mutant MC4Rs
To study the cell surface expression of mutant MC4Rs, HEK293 cells stably expressing
WT or mutant receptors were used for flow cytometry and confocal microscopy studies. The
mutant F202L was not studied because we failed to generate its stable cells. We first performed
flow cytometry studies to quantitate the cell surface expression levels of mutant receptors. As
shown in Figure 3.1, six mutants including R165G, R165Q, R165W, C172R, I269N, and A303P
had either absent or significantly decreased cell surface expression compared with the WT
MC4R. The cell surface expression of two mutants, G55V and M208V, were the same as that of
WT MC4R.
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We then performed confocal microscopy studies to image the cell surface expression of
mutant MC4Rs. As shown in Figure 3.2, the results were consistent with that obtained from flow
cytometry studies. Six mutants, including R165G, R165Q, R165W, C172R, I269N, and A303P,
were expressed poorly on the cell surface whereas two mutants, G55V and M208V, were
expressed well at the cell surface.

3.3.2 Pharmacology of mutant MC4Rs at NDP-MSH
NDP-MSH, a potent agonist of MC4R, is the most commonly used agonist in MC4R
studies. Therefore, we first studied the ligand binding and signaling properties of the mutants
using NDP-MSH as the ligand. HEK293T cells transiently expressing the WT or mutant MC4Rs
were incubated with radiolabeled NDP-MSH and different concentrations of unlabeled NDPMSH. Our results showed that the WT MC4R bound to NDP-MSH with an IC50 of 33.93 nM.
Five mutants, including R165G, R165Q, R165W, I269N, and A303P that had reduced cell
surface expression, had significantly decreased IC50s and therefore increased affinities with
NDP-MSH (Table 3.1 and Figure 3.3A). C172R had no measurable binding.
To study the signaling properties of mutant receptors, cells were stimulated with different
concentrations of NDP-MSH and intracellular cAMP accumulations were measured. WT MC4R
dose-dependently responded to NDP-MSH stimulation with an EC50 of 1.60 nM (Table 3.1).
Compared with the WT MC4R, three mutants, G55V, C172R, and M208V, had increased EC50s
and three other mutants, R165Q, R165W, and A303P, had decreased EC50s (Table 3.1 and
Figure 3.3B). R165Q had increased maximal response to NDP-MSH stimulation whereas C172R
had decreased maximal response (Table 3.1 and Figure 3.3B).
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3.3.3 Pharmacology of mutant MC4Rs at α-MSH
The agonist α-MSH is an important endogenous ligand of MC4R. We then studied the
ligand binding and signaling properties of the nine mutants using α-MSH as the ligand. Our
results showed that the WT MC4R bound to α-MSH with an IC50 of 606.28 nM (Table 3.1 and
Figure 3.4A). A303P had significantly reduced IC50 compared with the WT receptor. Two
mutants, G55V and C172R, had no measurable IC50s because of low affinity (G55V) or low
maximal binding (C172R) (Table 3.1 and Figure 3.4A).
Maximal binding of radiolabeled NDP-MSH had been calculated for each mutant in the
absence of any unlabeled ligands. As shown in Table 3.1, eight mutants, including G55V,
R165G, R165Q, R165W, C172R, M208V, I269N, and A303P, had significantly reduced
maximal binding compared with the WT MC4R. F202L had similar maximal binding to the WT
receptor.
The WT MC4R dose-dependently responded to α-MSH stimulation with an EC50 of
10.81 nM (Table 3.1 and Figure 3.4B). Three mutants, G55V, C172R, and M208V, had
significantly increased EC50s compared with the WT receptor. Two mutants, G55V and C172R,
had decreased maximal response to α-MSH stimulation whereas other two mutants, R165Q and
I269N, had increased maximal response (Table 3.1 and Figure 3.4B).
The basal signaling of MC4R is important in regulating energy homeostasis and therefore
we also measured the basal cAMP production of the nine mutants in the absence of any ligands.
As shown in Figure 3.5, three mutants, G55V, C172R, and M208V, had significantly decreased
basal signaling. We also identified one constitutively active mutant, A303P, which had
significantly increased basal signaling to more than six fold of that of the WT MC4R. Other
mutants had normal levels of basal signaling.
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3.4 Discussion
In the present study, we performed detailed functional studies on nine MC4R mutations
identified from children or adults (Hohenadel et al., 2014). We studied the cell surface
expression and pharmacology of the nine mutants using two ligands, NDP-MSH and α-MSH.
Our results were summarized in Table 3.2 and were consistent with prior studies in determining
the defects of the mutants that were previously studied (Tan et al., 2009; Tao and Segaloff, 2005;
Thearle et al., 2012; Xiang et al., 2007; Xiang et al., 2010).
For the nine mutants studied, six mutants (R165G, R165Q, R165W, C172R, I269N, and
A303P) had reduced cell surface expression (Class II); two mutants (G55V and M208V) had
ligand binding (Class III); one mutant F202L had normal function (Class V). These mutants were
classified according to the classification scheme proposed by Tao and Segaloff, which states that
Class I mutants have diminished proteins, Class II mutants are retained intracellularly, Class III
mutants are defective in ligand binding, Class IV mutants are defective in signaling, and Class V
mutants have no obvious defect (Tao and Segaloff, 2003). Our result showed that 75% (6/8) of
inactivating MC4R mutants studied herein were retained intracellularly. This observation was
consistent with previous reports that the most common defect of mutant MC4R and many other
GPCRs was intracellular retention (Tao, 2006).
Although R165G, R165Q, R165W, C172R, I269N, and A303P were very poorly
expressed at the cell surface, they still fully or partially responded to NDP- or α-MSH
stimulation (Table 3.1). This is probably due to the existence of spare receptors. Spare receptors
have been observed in in vitro expression systems, even in stably transfected cells (Tao and
Segaloff, 2005). Glycine, glutamine, or tryptophan mutation of arginine at the position 165

58

resulted in intracellular retention of the receptor (Figure 3.1 and 3.2), indicating that the
positively charged side chain of R165 (4.41) was required to pass the scrutiny of the cellular
quality control system.
G55V and M208V had normal cell surface expression but had reduced maximal binding
and increased EC50s (Table 3.1 and 3.2), suggesting they were defective in ligand binding and
signaling. G55V was also previously characterized to be defective in cAMP production upon the
stimulation of α-MSH (Tan et al., 2009). This is the first time to report that M208 (5.46) was
important for MC4R activation. At the position 5.46 it is serine in adrenoceptors. In the two
recently published crystal structures of β1- and β2- adrenoceptors, it has been observed that S5.46
directly interacted with the ligands and this interaction was important for the conformational
changes of the receptor from the inactive to the active status (Rasmussen et al., 2011; Warne et
al., 2011).
Basal signaling of MC4R has been reported to be also important in regulating energy
homeostasis (Srinivasan et al., 2004). We showed that three mutants, G55V, C172R, and
M208V, had reduced basal signaling and one mutant, A303P, had dramatically increased basal
signaling (Figure 3.5). We identified that A303P was a constitutively active mutant. Inconsistent
with their potential roles in protecting obesity, many constitutively active mutants have been
identified from obese patients. These mutants could be pathogenic probably because of their low
cell surface expression, constitutive desensitization, or induction of phosphodiesterase (Persani et
al., 2000; Shinozaki et al., 2003; Wang and Tao, 2011). However, the detailed mechanism is still
unclear.
In summary, of the nine mutants we studied herein, six mutants reduced cell surface
expression, two mutants were defective in ligand binding and signaling, and one mutant had
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normal function. These data help us to gain a better understanding of the functional
consequences of each mutation and their implication in human obesity.
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Table 3.1 The ligand binding and signaling properties of WT and mutant MC4Rs in
response to NDP-MSH or α-MSH stimulation.

hMC4R
Construct

NDP-MSH Binding

Bmax
(% WT)

WT

100

G55V

55.40 ± 9.63

R165G

IC50 (nM)

NDP-MSH-stimulated cAMP
EC50 (nM)

33.93 ± 4.19

1.60 ± 0.27

b

47.63 ± 16.26

5.41 ± 1.17

37.18 ± 3.07

c

3.24 ± 0.40

b

R165Q

34.75 ± 4.44

c

2.78 ± 0.35b

R165W

43.48 ± 5.06

c

6.82 ± 0.97

1.04 ± 0.13

a

9.60 ± 2.22

a

C172R

N/D

b

N/D

α-MSH Binding

Rmax (% WT)

IC50 (nM)

α-MSH-stimulated cAMP
EC50 (nM)

Rmax (% WT)

100

606.28 ± 139.34

10.81 ± 5.04

97.08 ± 6.46

N/D

612.34 ± 210.05

1.34 ± 0.22

135.46 ± 13.02

271.20 ± 65.53

5.18 ± 1.32

112.50 ± 4.51

0.91 ± 0.08a

142.68 ± 6.64a

365.83 ± 86.87

4.46 ± 0.50

134.40 ± 5.28a

105.98 ± 11.05

358.55 ± 117.90

4.74 ± 0.50

a

32.86 ± 6.69

b

N/D

100
a

1627.96 ± 430.15

84.87 ± 4.82

a

110.10 ± 5.48
b

39.21 ± 7.91

b

F202L

99.24 ± 9.32

26.74 ± 5.92

2.15 ± 0.50

125.99 ± 8.55

492.63 ± 83.57

2.79 ± 0.58

92.67 ± 12.58

M208V

74.16 ± 6.18b

70.38 ± 15.20

17.77 ± 5.14a

113.88 ± 13.65

913.47 ± 224.19

270.75 ± 122.34a

139.40 ± 22.24

I269N

42.86 ± 3.08

c

10.73 ± 1.39

0.63 ± 0.23

131.12 ± 9.65

561.20 ± 42.92

40.42 ± 23.73

121.30 ± 6.83

22.42 ± 4.55

c

b

1.00 ± 0.06

108.30 ± 2.97

A303P

2.29 ± 0.34

a

0.57 ± 0.13

b

98.49 ± 9.23

a

Significantly different from WT MC4R, p<0.05.

b

Significantly different from WT MC4R, p<0.01.

c

Significantly different from WT MC4R, p<0.001.

54.98 ± 14.23

a

a

N/D Not detected.
Bmax are mean ± S.E.M. of at least six independent experiments and other parameters are mean
± S.E.M. of at least three independent experiments. The Rmax of WT MC4R was 3544.33 ±
471.12 pmol/106 cells with NDP-MSH stimulation, and was 3117.01 ± 472.62 pmol/106 cells
with α-MSH stimulation.
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Table 3.2 Summary of the functional properties of the nine mutants studied herein.

MC4R
Construct

Surface
Binding
expression

cAMP Signaling

Class

Basal

Stimulated
↓
+

ΙΙΙ

G55V

+

↓

R165G

↓

↓

↓
+

R165Q

↓

↓

+

↑

ΙΙ

R165W

↓

↓

+

+

ΙΙ

C172R

↓

↓

↓

↓

ΙΙ

F202L

/

+

+

+

V

M208V

+

↓

↓

↓

ΙΙI

I269N

↓

↓

+

+

ΙΙ

A303P

↓

↓

↑

+

ΙΙ

“+”: Denotes that the activity had no significant change.
“↑”: Denotes increased activity.
“↓”: Denotes decreased activity.
“/”: Denotes not studied.
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ΙΙ

Figure 3.1 The cell surface expression of WT and mutant MC4Rs as quantitated by flow
cytometry.
The results were shown as %WT cell surface expression levels after correction of the nonspecific
staining in HEK293 cells stably expressing the empty vector. Data were mean ± S.E.M. of at
least three independent experiments. * Significantly different from WT MC4R, p<0.05.

63

WT

G55V

R165G

R165Q

R165W

C172R
M208V

M208V

I269N

A303P

Figure 3.2 Cell surface expression of WT and mutant MC4Rs as visualized by confocal
microscopy.
The HEK293 cells stably expressing WT or mutant MC4Rs were stained with Alexa fluorconjugated anti-myc monoclonal antibody. Cell surface fluorescence was detected by confocal
microscopy. Results are representative of at least three independent experiments.
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Figure 3.3 Ligand binding (A) and signaling (B) properties of WT and mutant MC4Rs with
NDP-MSH as the ligand.
HEK293T cells transiently expressing WT or mutant MC4Rs were used for ligand binding and
signaling studies. (A) Intact cell surface binding was measured by competitive inhibition of 125INDP-MSH with different concentrations of NDP-MSH. Data are shown as %WT maximal
binding. (B) Intracellular cAMP concentrations in response to the stimulation of different
concentrations of NDP-MSH were measured by radioimmunoassay. Data are shown as mean ±
S.E.M. of duplicate (A) triplicate (B) measurements within one experiment. Results are
representative of at least three independent experiments.
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Figure 3.4 Ligand binding (A) and signaling (B) properties of WT and mutant MC4Rs with
α-MSH as the ligand.
HEK293T cells transiently expressing WT or mutant MC4Rs were used for ligand binding and
signaling studies. (A) Intact cell surface binding was measured by competitive inhibition of 125INDP-MSH with different concentrations of α-MSH. Data are shown as %WT maximal binding.
(B) Intracellular cAMP concentrations in response to the stimulation of different concentrations
of α-MSH were measured by radioimmunoassay. Results are shown as mean ± S.E.M. of
duplicate (A) triplicate (B) measurements within one experiment. Results are representative of at
least three independent experiments.
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Figure 3.5 Basal signaling of WT and mutant MC4Rs.
Intracellular cAMP accumulations were measured in HEK293T cells transiently expressing WT
or mutant MC4Rs in the absence of any ligands. Results are shown as mean ± S.E.M. of at least
six independent experiments. The cAMP accumulation of WT MC4R was 74.56 ± 6.49 pmol/106
cells.
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Chapter 4 Functional rescue of naturally occurring human melanocortin-4 receptor
mutations by ML00253764

4.1 Introduction
Obesity is an epidemic with significant health consequences. It increases the incidence of
multiple comorbidities such as type 2 diabetes mellitus, hypertension, cardiovascular diseases,
and some types of cancers (Guh et al., 2009). In the United States, more than one third of adults
are obese and the prevalence, especially that of severe obesity, continues to be increasing (Sturm
and Hattori, 2013).
The neural melanocortin-4 receptor (MC4R) is a member of Family A G protein-coupled
receptors (GPCRs). As a downstream mediator of leptin action in the hypothalamus, the MC4R
plays a vital role in regulating food intake and energy expenditure (Balthasar et al., 2005; Huszar
et al., 1997). Mutations in the MC4R gene are the most common monogenic form of obesity,
with the prevalence as high as 6% in some ethnic population (Farooqi et al., 2003). Therefore the
MC4R has been considered as a premier target for obesity treatment.
Up to now, approximately 170 MC4R mutations have been identified from obese patients
(Hinney et al., 2013). Detailed functional studies revealed that most of the inactivating MC4R
mutants are retained intracellularly and that mutants with defects in ligand binding and signaling
are rare (Tao, 2009; Tao, 2010). Since some of the intracellularly retained MC4R mutants can
potentially be functional when coaxed to the cell surface, various approaches have been used to
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rescue the cell surface expression of these mutants, including chemical chaperone 4-phenyl
butyric acid (Granell et al., 2010) and molecular chaperone Hsc70 (heat shock cognate protein
70) (Meimaridou et al., 2011). However, these approaches are not clinically feasible because of
their non-specific actions and/or high concentrations required.
Pharmacological chaperones, also known as pharmacoperones, are the most promising
therapeutic approach because of their high selectivity and efficacy (Conn et al., 2007; Tao and
Conn, 2014). Morello et al. used nonpeptidic antagonists of V2 arginine vasopressin receptor
(AVPR2) to restore the expression of mutant AVPR2s (Morello et al., 2000). Since then, a
number of ligands including antagonists, agonists, and allosteric agonists have been identified as
pharmacoperones for several other GPCRs, including δ opioid receptor (Petäjä-Repo et al.,
2002), opsin (Noorwez et al., 2003), gonadotropin releasing hormone receptor (GnRHR) (Conn
and Ulloa-Aguirre, 2011), luteinizing hormone receptor (Newton et al., 2011), and folliclestimulating hormone receptor (Janovick et al., 2009) (reviewed in (Tao and Conn, 2014)). Most
importantly, pharmacoperone therapies have been successfully conducted in humans with
nephrogenic diabetes insipidus harboring AVPR2 mutations (Bernier et al., 2006) and in mouse
models with hypogonadotropic hypogonadism harboring GNRHR mutations (Janovick et al.,
2013), demonstrating the therapeutic feasibility of pharmacoperones in vivo.
We identified the first MC4R pharmacoperone, ML00253764, which rescued the
expression and function of two MC4R mutants, C84R and W174C (Fan and Tao, 2009), and
partially corrected the expression of six additional mutants, including S58C, N62S, P78L, G98R,
C271Y, and F261S (Tao, 2010). However, the pharmacoperone action of ML00253764 on
MC4R was not fully elucidated. In the current study, we systematically investigated the effect of
ML00253764 on both the cell surface expression and function of eleven MC4R mutants
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including mutants described above and three other mutants (I69R, Y157S, and P260Q) using
both HEK293 cell line previously used and the more physiologically relevant neuronal cell lines.

4.2 Materials and methods
4.2.1 Materials
[Nle4,D-Phe7]- α-MSH (NDP-MSH) was purchased from Peptides International
(Louisville, KY). ML00253764 (2-{2-[2-(5-Bromo-2-methoxyphenyl)-ethyl]-3-fluorophenyl}4,5-dihydro-1H-imidazole) was custom synthesized by Enzo Life Science (Plymouth Meeting,
PA). Cell culture media, newborn calf serum, fetal bovine serum, and reagents were purchased
from Invitrogen (Carlsbad, CA). Tissue culture plastic wares were obtained from Corning
(Corning, NY). [125I]-cyclic AMP (cAMP) was iodinated using chloramine T method (Tao et al.,
2010).

4.2.2 Plasmids
The N-terminal c-myc-tagged wild type (WT) human MC4R at the N-terminus was
previously described (Tao and Segaloff, 2003). The N-terminal 3×HA-tagged WT human MC3R
was obtained from Missouri S&T cDNA Resource Center (http://www.cDNA.org/; Rolla, MO).
Mutant MC4Rs and I335S MC3R were previously constructed from the corresponding WT
receptors using QuikChangeTM site-directed mutagenesis kit (Stratagene, La Jolla, CA)
(Donohoue et al., 2003; Fan and Tao, 2009; Tao, 2007; Tao and Segaloff, 2003; Tao and
Segaloff, 2005; Wang and Tao, 2011) and sequenced by the DNA Sequencing Facility of
University of Chicago Cancer Research Center (Chicago, IL).
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4.2.3 Cell culture and transfection
Human embryonic kidney (HEK) 293, Neuro2a, and N1E-115 cells were purchased from
American Type Culture Collection (Manassas, VA). HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% newborn calf serum, 10 mM Hepes, 0.25
µg/ml amphotericin B, 50 µg/ml gentamicin, 100 units/ml penicillin, and 100 µg/ml streptomycin
at 37 oC in a humidified atmosphere with 5% CO2. Neuro2a and N1E-115 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum. HEK293 cells
were seeded into 100 mm dishes, transfected with 5 µg plasmid per dish using calcium phosphate
precipitation method and selected using 0.2 mg/ml G418 (Tao and Segaloff, 2003). Neuro2a and
N1E-115 cells plated into 6-well plates were transfected with 1 µg plasmid per well using
jetPRIME transfection reagent (Polyplus-transfection, New York, NY). Approximately one day
after seeding (HEK293 stable cells) or transfection (Neuro2a and N1E-115 cells), cells were
incubated with indicated concentrations of ML00253764 or 0.1% dimethyl sulfoxide (DMSO)
for 24 h at 37 oC before confocal microscopy, flow cytometry, or cAMP studies were performed.
All 6-well plates and cell culture dishes were coated with 0.1% gelatin before cell seeding unless
indicated otherwise.

4.2.4 Confocal microscopy
HEK293 cells stably expressing WT or mutant MC4Rs were seeded into poly-D-lysinecoated 8-well slides (Biocoat cellware from Falcon, BD Systems, Franklin Lakes, NJ) for 24 h
and then treated with 0.1% DMSO or 10-5 M ML00253764 for 24 h at 37 oC as described above.
On the day of experiment, cells were washed three times with phosphate buffered saline for
immunohistochemistry (PBS-IH), followed by fixation with 4% paraformaldehyde for 15 min at
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room temperature. Cells were then washed three times with PBS-IH and blocked with 5% bovine
serum albumin (BSA) in PBS-IH for 1 h at room temperature. Cells were incubated with
monoclonal antibody 9E10 (Developmental Studies Hybridoma Bank, The University of Iowa,
Iowa City, IA; 1:40 dilution in PBS-IH with 0.5% BSA) for 1 h at room temperature and washed
three times with PBS-IH (10 min each wash). Cells were then incubated with Alexa Fluor 488labeled goat anti-mouse IgG (Invitrogen, 1:2000 dilution in PBS-IH with 0.5% BSA) for 1 h at
room temperature and washed five times with PBS-IH (10 min each wash). Slides were then
covered with coverslips using Vectashield mounting media (Vector Laboratories, Burlingame,
CA) and dried overnight at 4 oC. Cells were visualized using a Nikon A1 confocal microscope.

4.2.5 Flow cytometry
Approximately one day after seeding (HEK293 stable cells) or transfection (Neuro2A
cells), cells were incubated with 0.1% DMSO or 10-5 M ML00253764 for 24 h at 37 oC as
described above. On the day of experiment, cells in 6-well plates were immediately plated on ice
and washed once with ice-cold PBS-IH. Cells were detached and then precipitated by
centrifugation at 500 × g for 5 min. Following centrifugation, cells were incubated with 9E10
(1:40 dilution in PBS-IH containing 0.5% BSA) to detect the MC4R or anti-HA.11 antibody
(Covance, Princeton, NJ) (1:100 dilution in PBS-IH containing 0.5% BSA) to detect the MC3R
for 1 h at room temperature. Following one wash with PBS-IH, cells were then incubated with
Alexa Fluor 488-labeled goat anti-mouse IgG (1:2000 dilution in PBS-IH containing 0.5% BSA)
for 1 h at room temperature. Cells were washed once with PBS-IH and fluorescence signals were
measured using a C6 Accuri Cytometer (Accuri Cytometers, Ann Arbor, MI). Fluorescence of
cells transfected with the empty vector was used for background staining. The expression levels
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of the mutant MC4Rs were calculated as percentage of WT MC4R using the following formula:
(mutant - pcDNA3.1) / (WT - pcDNA3.1) × 100% (Wang et al., 2008).

4.2.6 cAMP assay
Approximately one day after seeding (HEK293 stable cells) or transfection (Neuro2A
and N1E-115 cells), cells in 6-well plates were incubated with 0.1% DMSO or different
concentrations of ML00253764 for 24 h at 37 oC as described above. On the day of experiment,
cells were washed twice with warm Waymouth’s MB752/1 media (Sigma-Aldrich, St. Louis,
MO) containing 1 mg/ml BSA (Waymouth/BSA). Cells were incubated with fresh
Waymouth/BSA containing 0.5 mM isobutylmethylxanthine (Sigma-Aldrich) for 15 min and
then incubated with or without 10-6 M NDP-MSH for 1h at 37 oC. Following incubation, cells
were lysed with 0.5 M percholoric acid containing 180 µg/ml theophylline (Sigma-Aldrich) and
the solution was neutralized with 0.72 M KOH/0.6 M KHCO3. Intracellular cAMP
concentrations were measured using radioimmunoassay (RIA) as previously described (Tao et
al., 2010). The cAMP production of the mutant MC4Rs was calculated as percentage of WT
MC4R using the following formula: mutant / WT × 100% for HEK293 cells or (mutant pcDNA3.1) / (WT - pcDNA3.1) × 100% for neuronal cells.

4.2.7 Data analysis
All data analysis was performed using GraphPad Prism 4.0 software (San Diego, CA).
The differences of cell surface expression levels and cAMP levels between DMSO and
ML00253764 treated cells were analyzed using Student’s t-test.
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4.3 Results
4.3.1 ML00253764 treatment increased cell surface expression of some mutant MC4Rs but
not others
To investigate the pharmacoperone action of ML00253764 on MC4R, we studied eleven
MC4R mutants (S58C, N62S, I69R, P78L, C84R, G98R, Y157S, W174C, P260Q, F261S, and
C271Y) that were previously characterized to be totally or partially retained intracellularly (Fan
and Tao, 2009; Tao and Segaloff, 2003; Tao and Segaloff, 2005; Wang and Tao, 2011) (Figure
4.1).
We previously reported the cell surface expression of eight of these eleven mutants with
ML00253764 treatment using confocal microscopy (Fan and Tao, 2009; Tao, 2010). In this
study, we imaged the cell surface expression of the other three mutants (I69R, Y157S, and
P260Q). WT and mutant MC4Rs were stably expressed in HEK293 cells and were treated with
or without 10-5 M ML00253764 for 24 h. As shown in Figure 4.2, compared with that of the WT
MC4R, the immunostaining of I69R, Y157S, and P260Q in nonpermeabilized cells was very
weak, suggesting that they were poorly expressed at the cell surface, confirming our previous
observations. With ML00253764 treatment, the immunostaining of WT and Y157S was
significantly enhanced although the immunostaining of I69R and P260Q was not obviously
different from that of the untreated cells.
To quantitate the expression levels of MC4Rs, we performed flow cytometry studies.
HEK293 cells stably expressing WT or mutant MC4Rs were treated with or without 10-5 M
ML00253764 for 24 h. As shown in Figure 4.3, with ML00253764 treatment, the cell surface
expression level of the WT MC4R was increased by about 70%. The cell surface expression
levels of seven mutants (S58C, N62S, C84R, G98R, Y157S, W174C, and C271Y) were also
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significantly increased after ML00253764 treatment. Consistent with the confocal microscopy
results, ML00253764 had no significant effect on four mutants (I69R, P78L, P260Q, and F261S)
(Figure 4.2 and Ref. (Tao, 2010)).
The MC4R is predominately expressed in the central nervous system. Therefore, we also
studied the pharmacoperone action of ML00253764 using a neuronal cell line, Neuro2a, which is
widely used in neuroscience research. We performed flow cytometry using Neuro2a cells
transiently expressing WT or mutant MC4Rs (Figure 4.4). Herein ten mutants (not including
S58C) were studied. Three mutants (N62S, C84R, and W174C) had significantly increased cell
surface expression levels with the ML00253764 treatment. One mutant (G98R) had slightly
increased cell surface expression level that did not reach statistical significance. Two mutants
(Y157S and C271Y) that were rescued in HEK293 cells did not have increased cell surface
expression in Neuro2a cells. The four mutants that were not rescued in HEK293 cells (I69R,
P78L, P260Q, and F261S) were also not rescued in neuronal cells (Figure 4.4).

4.3.2 ML00253764 treatment increased signaling capacities of some mutant MC4Rs
The MC4R is primarily coupled to Gs, increasing cAMP production after receptor
activation. Therefore, to study whether the rescued receptors were functional, we measured the
intracellular cAMP accumulations. HEK293 cells stably expressing WT or mutant MC4Rs were
treated with or without different concentrations of ML00253764, ranging from 10-11 to 10-5 M,
for 24 h and then were stimulated with 10-6 M NDP-MSH for 1 h. The intracellular cAMP
accumulation of WT MC4R was decreased by 16% whereas that of six mutants (N62S, P78L,
C84R, Y157S, W174C, and C271Y) had been significantly increased with the treatment of 10-5
M ML00253764 (Figure 4.5 A and B). However, lower concentrations of ML00253764 (≤10-6
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M) had no obvious effect (Figure 4.5A).
We further confirmed the results using two neuronal cell lines, Neuro2a and N1E-115.
Due to high basal signaling of the neuronal cells, data were corrected with that of cells
transfected with the empty vector. Treatment of 10-5 M ML00253764 restored cAMP production
in four mutants (N62S, C84R, W174C, and C271Y) in Neuro2a cells (Figure 4.6) and three
mutants (N62S, C84R, and W174C) in N1E-115 cells (Figure 4.7).

4.3.3 ML00253764 did not correct MC4R mutants with other defects or intracellularly
retained MC3R mutant
To investigate whether ML00253764 could correct defects in mutants of the other
Classes, we further studied four other mutant MC4Rs that are all expressed normally at the cell
surface, including Δ88-92 with defect in ligand binding (Class III) (Donohoue et al., 2003),
D90N with defect in signaling (Class IV) (Biebermann et al., 2003), I102S with reduced
signaling (Class IV) (Tao and Segaloff, 2005), and N274S with normal signaling (Tao and
Segaloff, 2003). As shown in Figure 4.6 using Neuro2a cells and in Figure 4.7 using N1E-115
cells, signaling efficacies of these four mutants in the two neuronal cells treated with vehicle
were consistent with previous reports in HEK293 or COS-7 cells. ML00253764 treatment did
not significantly affect the signaling of these four mutants (Figure 4.6 and Figure 4.7).
To investigate whether ML00253764 was a pharmacoperone specific for MC4R, we
studied one MC3R mutant that is retained intracellularly, I335S (Mencarelli et al., 2008; Tao,
2007). As shown in Figure 4.8, ML00253764 did not affect the cell surface expression or cAMP
production of I335S MC3R.
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4.4 Discussion
ML00253764, with a molecular weight of 377.26, is a MC4R small molecule antagonist
(Vos et al., 2004) and partial inverse agonist (Huang and Tao, 2012; Mo and Tao, 2013;
Nicholson et al., 2006; Tao et al., 2010). It can cross the blood brain barrier and act on MC4R in
vivo after intraperitoneal injection (Nicholson et al., 2006; Vos et al., 2004). We previously
reported that it acts as a pharmacoperone, correcting the trafficking and signaling of several
mutants in HEK293 cells (Fan and Tao, 2009; Tao, 2010). In the present study, we
systematically investigated the pharmacoperone action of ML00253764 on both the cell surface
expression and function of eleven Class II MC4R mutants, including N62S, I69R, P78L, C84R,
G98R, Y157S, W174C, P260Q, F261S, and C271Y, and four MC4R mutants with other defects,
including Δ88-92, D90N, I102S, and N274S, in both HEK293 and neuronal cell lines.
Consistent with our previous reports (Fan and Tao, 2009; Tao and Segaloff, 2003; Tao
and Segaloff, 2005; Wang and Tao, 2011), the eleven mutants were poorly expressed at the cell
surface (Figures 4.2 – 4.4) with no or only some residual signaling (Figures 4.5 – 4.7), except
that S58C and F261S had substantial signaling capacities, about 50% of or similar to that of the
WT MC4R.
ML00253764 significantly increased cell surface expression levels at seven of the eleven
mutants (S58C, N62S, C84R, G98R, Y157S, W174C, and C271Y) studied herein and five of
them (N62S, C84R, Y157S, W174C, and C271Y) were responsive to NDP-MSH stimulation in
HEK293 cells (Table 4.1). N62S signaling was restored to a similar level as that of the untreated
WT MC4R and the signaling of the other four mutants was proportional to or greater than the
increases in cell surface expression, suggesting that the primary defect of these mutations was
misfolding resulting in detection by the cell’s quality control system and intracellular retention
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but not ligand binding and signaling.
Signaling efficacies of the five mutants were not increased with the treatment of
ML00253764 at lower concentrations (≤ 10-6 M) (Figure 4.5). Only 10-5 M ML00253764
successfully rescued the function of mutant receptors, which is similar to another MC4R
pharmacoperone,

N-((2R)-3(2,4-dichlorophenyl)-1-(4-(2-((1-methoxypropan-2-

ylamino)methyl)phenyl)piperazin-1-yl)-1-oxopropan-2-yl)propionamide (DCPMP) (Rene et al.,
2010). The Kis of ML00253764 (Vos et al., 2004) and DCPMP (Rene et al., 2010) at the MC4R
were 0.16 mM and 0.024 mM, respectively. Ligands with higher affinity might have better
rescuing effects, similar to what has been observed for AVPR2 (Mouillac and Mendre, 2014) and
GnRHR (Conn and Ulloa-Aguirre, 2011).
Two mutants, S58C and G98R, were rescued to the cell surface but were not functional in
cAMP production in response to NDP-MSH stimulation (Table 4.1). G98R had no detectable
signaling after ML00253764 treatment, indicating that G98R was also defective in ligand
binding and/or signaling. Though poorly expressed at the cell surface, S58C still responded to
ligand stimulation with an increased EC50 (Lubrano-Berthelier et al., 2003; Tao and Segaloff,
2003), reflecting the presence of spare receptor (Tao, 2005). Its signaling efficacy was not
increased by ML00253764 in our study (Figure 4.5) but was previously reported to be increased
by DCPMP (Rene et al., 2010), suggesting that different pharmacoperones maintain the mutant
receptors in distinct conformations.
The cell surface expression levels of I69R, P78L, P260Q and F261S were not increased
with ML00253764 treatment. However, using the more sensitive signaling assays, we showed
that the signaling efficacies had been significantly increased for P78L and trended to be
increased for P260Q (Figure 4.5). I69R could not be rescued by ML00253764. This mutation
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might cause a more severe folding defect that it is unable to bind or to be stabilized by
ML00253764.
ML00253764 treatment increased the cell surface expression of the WT MC4R (Figures
4.2 – 4.4). This is not the first time to observe that the WT MC4R is not efficiently expressed and
that pharmacoperones can help WT MC4R folding and trafficking (Fan and Tao, 2009; Granell
et al., 2010; Rene et al., 2010). Many other WT GPCRs have also been reported to be expressed
inefficiently, such as MC2R (Chan et al., 2009; Metherell et al., 2005), δ opioid receptor (PetäjäRepo et al., 2002; Petaja-Repo et al., 2000), GnRHR (Conn and Ulloa-Aguirre, 2011; Conn et
al., 2007), odorant receptors (Saito et al., 2004), and α1D-adrenoceptor (Uberti et al., 2005) (see
(Tao and Conn, 2014) for a comprehensive review). Pharmacoperones such as ML00253764 can
potentially be used to treat obese patients without MC4R mutations (Fan and Tao, 2009; Rene et
al., 2010).
ML00253764 treatment did not alter the signaling of Δ88-92, D90N, I102S, and N274S
(Figure 4.6 and 4.7). The four mutants have relatively normal cell surface expression but have
defects in ligand binding (Δ88-92) (Donohoue et al., 2003), signaling (D90N and I102S)
(Biebermann et al., 2003; Tao and Segaloff, 2005), or no defect (N274S) (Tao and Segaloff,
2003). ML00253764 also did not restore the function of an intracellularly retained mutant of
another neural MCR, I335S MC3R. These data suggest, as illustrated in Figure 4.9, that
ML00253764 specifically rescued only the intracellularly retained MC4R mutants.
The MC4R is primarily expressed in the central nervous system to achieve its major
physiological functions in regulating energy homeostasis (Cone, 2006; Tao, 2010). To make our
studies more physiologically relevant, in this study, we further studied the pharmacoperone
action of ML00253764 on the cell surface expression and function of MC4R in two neuronal cell
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lines, Neuro2a and N1E-115. Neuro2a cells have already been used in many MC4R studies
(Granell et al., 2010; Granell et al., 2013; Mohammad et al., 2007; Overton and Leibel, 2011).
Although Neuro2a (Adan et al., 1996) and N1E-115 (Roth et al., 2002) cells were previously
detected to express MC4R mRNA, neither of them responded to NDP-MSH stimulation even at
very high doses (10-5 M) (data not shown) and our signaling data were corrected with cAMP
produced by cells transfected with the empty vector to eliminate the potential effect of
endogenous MC4R. In this study, we used transient transfection for Neuro2a and N1E-115 cells
due to failure in generating stable cells. Therefore, our data obtained from Neuro2a and N1E-115
cells were consistent with those obtained from HEK293 cells (Table 4.1) with the major
exception of Y157S. The discrepancy is probably attributed to cell differences or to the fact that
the rescuing effect of ML00253764 being too weak to be observed in neuronal cells.
In summary, our study demonstrated that ML00253764 could act as a MC4R
pharmacoperone, increasing the cell surface expression and function of intracellularly retained
MC4R mutants with different efficacies. These data will be useful in research towards
personalized medicine for obese patients carrying MC4R mutations.
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Table 4.1 Summary of the effect of ML00253764 on the cell surface expression and function
of WT and mutant MC4Rs.

HEK293 cells
Mutants

Neuronal cells

Expression

Function

Expression

Function

WT

↑

↓

S58C

↑

−

−
/

−
/

N62S

↑

↑

↑

↑

I69R

−

−

−

−

P78L

−

↑

−

−

C84R

↑

↑

↑

↑

G98R

↑

−

−

−

Y157S

↑

↑

−

−

W174C

↑

↑

↑

↑

P260Q

−

−

−

F261S

−

−
/

−

−

C271Y

↑

↑

−

↑

“↑”, increasing; “↓”, decreasing; “−”, no significant effect; “/”, not studied herein.
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A

G

K

G
Y

L

32

33

34

31

Y

R

S

30

L

E

35

29

S

36

S

D

N

A

28

H

S

26

27

S

21

22

S

20

18

N

23

17

L

15

14

G

T

D

38

G
39

112

111

46

E

T

53

V

56

L

I

L

63

V

67

64

A

70

51

L

54

57

60

S

58

61
65

68

K

S

94

A

M

9

S
F

81
8

77

72

H

K

N

74

B

88

4

P

L

92

85

S

96

A

97

V

93

L

82

123

86

D

90

124

S

A

C

S

135

S

138

S

139

83

D

F

149

L

75

76

144

147

I

150

W

141

168

145

R

148

K

151

V

176

I

V

152

F

G

F

I

V

213

Q

156

Y

157

H

158

N

159

T

L

L

206

S

209

F

203

207

L

210

G

N

H

T

F

L

M

I

160

244

240

214

A

239

215

248

A

I

245

M

K

241

237

R

236

I

A

R

234

220

G

L

233

221

T

H

I

G

K

224

R

225

I

226

A

227

V

228

L

229

P

230

I

253

M

S

I

D

297

L

T

246

Y

292

295
298

300

Y

L

287

290

C

293

I

296

P

I

299

301

302

A

C

303

Q

217

I

291

N

284

L

286

289

294

242

235

223

260

V

G

219

222

L

F

283

285

288

238

216

218

A

256

249

I

N

P

252

T

247

243

212

251

F

V

G

H

267

L

259

V

255

I

282

263

A

258

254

250

I

266

F

281

S

S

270

262

W

257

200

265

F

M

2 1

269

L

261

C

M

199

A

A

Y

T

196

M

161

L

211

C

202

205

208

L

M

155

L

M

170

167

F

201

M

204

162

A

I

195

198

264

193

I

194

197

177

I

280

C

I

268

H

V

192

I

C

173

A

191

L

165

163

S

184

180

169

166

Y

S

190

164

153
154

C

172

I

V

A

175

171

D

F

S

179

A

S

L

183

V

178

174

134

Y

I

182

T

F

Y

C

279

272
189

186

185

181

C

130

L

A

R

T

I

L

G

137

L

143

146

129

140

I

142

I

126

I

133

136

D

125

L

132

122

188

187

I

I

D

121

I

128

S

131

Δ88-92

V

127

S

N

89

F

I

104

100

I

120

V

S

N

73

V

80

79

71

91

C
Y

V

95

V

E

99

N

119

N

278

P

S

Y

V

L

107

V

277

Q

118

108

103

S

98

M

87

2

I

102

G

G

106

I

C

276

273

T

N

Y

275

N

274

F

L

105

101

N
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Figure 4.1 Schematic representation of the MC4R (A) and structure of ML0023764 (B).
Class II MC4R mutations are highlighted with dotted background whereas other mutations (Class
III, IV, and V) are highlighted with cross-line background.
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Figure 4.2 Cell surface expression of mutant MC4Rs with or without ML00253764
treatment in HEK293 cells as visualized by confocal microscopy.
The WT or mutant myc-MC4Rs stably expressed in HEK293 cells were treated with 10-5 M
ML00253764 for 24 h. Cells were stained as described in Materials and Methods and imaged
using a Nikon A1 confocal microscope. Experiments were performed at least twice with similar
results.
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Figure 4.3 Cell surface expression of mutant MC4Rs with or without ML00253764
treatment in HEK293 cells as quantitated by flow cytometry.
The WT or mutant myc-MC4Rs stably expressed in HEK293 cells were treated with 10-5 M
ML00253764 for 24 h and the cell surface expression levels were measured using a C6 Accuri
Cytometer. The results are expressed as percentage of cell surface expression levels of WT
MC4R after correction of the nonspecific staining of cells stably transfected with the empty
vector. Data are mean ± S.E.M. of at least three independent experiments. *Significantly
different from the untreated control group, p < 0.05.
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Figure 4.4 Cell surface expression of mutant MC4Rs with or without ML00253764
treatment in Neuro2a cells.
Neuro2a cells were transiently transfected with WT or mutant MC4Rs. Data are mean ± S.E.M.
of at least three independent experiments. *Significantly different from the control group treated
with DMSO, p < 0.05. See the legend to Figure 4.3 for details.
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A

B

Figure 4.5 Signaling efficacies of mutant MC4Rs with or without ML00253764 treatment in
HEK293 cells.
HEK293 cells stably transfected with the WT or mutant MC4Rs were treated with different
concentrations of ML00253764 (A) or 10-5 M ML00253764 (B) for 24 h and then were washed
twice. Intracellular cAMP accumulation in response to 10-6 M NDP-MSH stimulation for 1 h
was measured using RIA. The results were expressed as percentage of the cAMP produced by
untreated WT MC4R. Data are mean ± S.E.M. of at least two or three independent experiments.
*Significantly different from the control group treated with DMSO, p < 0.05.
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Figure 4.6 Signaling efficacies of mutant MC4Rs with or without ML00253764 treatment in
Neuro2a cells.
Neuro2a cells transiently expressing WT or mutant MC4Rs were treated with 10-5 M
ML00253764 for 24 h and then stimulated with 10-6 M NDP-MSH for 1 h. Intracellular cAMP
levels were measured with RIA. The results are expressed as percentage of WT untreated cAMP
after correction of the cAMP production in cells expressing the empty vector. Data are mean ±
S.E.M. of at least three independent experiments. *Significantly different from the control group
treated with DMSO, p < 0.05. See the legend to Figure 4.5 for details.
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Figure 4.7 Signaling efficacies of mutant MC4Rs with or without ML00253764 treatment in
N1E-115 cells.
N1E-115 cells transiently expressing WT or mutant MC4Rs were treated with 10-5 M
ML00253764 for 24 h and then stimulated with 10-6 M NDP-MSH for 1 h. Intracellular cAMP
levels were measured with RIA. Data are as mean ± S.E.M. of at least three independent
experiments. *Significantly different from the untreated control group, p<0.05. See the legend to
Figure 4.5 for details.
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B

Figure 4.8 ML00253764 did not affect the cell surface expression or function of
intracellularly retained MC3R mutant.
Neuro2a cells transiently expressing WT or I335S MC3R were treated with 10-5 M ML00253764
for 24 h. The cell surface expression and intracellular cAMP accumulation were measured,
respectively. Data are as mean ± S.E.M. of at least three independent experiments.
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Figure 4.9 Overview of the mechanism of ML00253764 specifically rescuing intracellularly
retained MC4R mutants.
ML00253764 rescued the intracellularly retained MC4R mutants (Class II) to the cell surface
and some mutants were functional (1) and some were not (2) in cAMP production. (3)
ML00253764 could not rescue certain MC4R Class II mutants. (4) ML00253764 did not restore
the function of MC4R mutants defective in ligand binding (Class III) or signaling (Class IV). (5)
ML00253764 did not rescue a Class II MC3R mutant.
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Chapter 5 Ipsen 5i is a novel potent pharmacoperone for intracellularly retained
melanocortin-4 receptor mutants

5.1 Introduction
The melanocortin-4 receptor (MC4R) is a G protein-coupled receptor (GPCR) that is
widely expressed in the central nervous system including the cortex, thalamus, hypothalamus,
hippocampus, brainstem, and spinal cord (Gantz et al., 1993; Mountjoy et al., 1994). The MC4R
plays a vital role in the leptin-melanocortin pathway in regulating energy homeostasis, affecting
both energy intake and expenditure (Cone, 2005; Huszar et al., 1997). Tissue-specific knockout
studies revealed that the MC4R expressed in the paraventricular nucleus and/or amygdala
neurons regulates food intake (Balthasar et al., 2005) whereas the MC4R expressed in the
cholinergic neurons regulates energy expenditure and hepatic glucose production (Rossi et al.,
2011). Inactivating mutations of the MC4R cause early-onset severe obesity (Hinney et al., 1999;
Vaisse et al., 1998; Yeo et al., 1998), which is the most common cause of monogenic form of
obesity in humans (Farooqi et al., 2003).
Most of the loss-of-function MC4R mutants are misfolded and trapped intracellularly by
the stringent endoplasmic reticulum (ER) quality control system (Hinney et al., 2013; Hohenadel
et al., 2014; Tao, 2010). These mutant MC4Rs may only have minor folding defect but retain
pharmacological function. If they are escorted onto the cell surface, they can potentially bind the
ligand and initiate signaling. Several studies have attempted to promote the anterograde
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trafficking of these mutant MC4Rs, using molecular chaperone (Meimaridou et al., 2011),
chemical chaperone (Granell et al., 2010), or pharmacological chaperone (or pharmacoperone)
(Fan and Tao, 2009; Rene et al., 2010; Tao, 2010; Ward et al., 2012).
The therapeutic potential of molecular and chemical chaperones is limited due to
disruption of proteostasis or significant side effects whereas pharmacoperone is a promising
approach. It has been tested in numerous human diseases caused by misfolded proteins,
including neurodegenerative diseases, cystic fibrosis, lysosomal storage diseases, and cancer,
with several promising clinical trials underway (reviewed in (Lester et al., 2012; Loo and Clarke,
2007; Tao and Conn, 2014)). Misfolding is also the most common defect in diseases caused by
mutations in GPCR genes (Tao, 2006). Pharmacoperones have also been identified for several
GPCRs, including rhodopsin, V2 arginine vasopressin receptor, gonadotropin-releasing hormone
receptor, calcium-sensing receptor, and others (reviewed in (Tao and Conn, 2014)). In the
MC4R, we and others reported a few molecules that act as pharmacoperones (Fan and Tao,
2009; Rene et al., 2010; Tao, 2010; Ward et al., 2012). These compounds have low affinities for
the MC4R therefore usually need high concentrations (10-6 M and higher) to achieve any rescue.
Ipsen 5i was synthesized and identified as a high affinity antagonist and partial inverse
agonist of MC4R competing with [Nle4,D-Phe7]-α-MSH (NDP-MSH) for binding to the MC4R
(Huang and Tao, 2012; Poitout et al., 2007; Tao et al., 2010). We reported recently that although
it decreases basal signaling at the classical Gs-cAMP pathway, it acts as an agonist in the
mitogen-activated protein kinase pathway (Mo and Tao, 2013). In this study, we investigated
whether Ipsen 5i could act as a pharmacoperone promoting the proper folding and trafficking of
intracellularly retained mutant MC4Rs using multiple cell lines. A total of fifteen mutants were
studied, including eleven (S58C, N62S, I69R, P78L, C84R, G98R, Y157S, W174C, P260Q,
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F261S, and C271Y) that are retained intracellularly and four (Δ88-92, D90N, I102S, and N274S)
that are expressed relatively normally at the cell surface with other or no defects.

5.2 Materials and methods
5.2.1 Materials and plasmids
NDP-MSH was purchased from Peptides International (Louisville, KY), α-MSH from Pi
Proteomics (Huntsville, AL), SHU9119 from Tocris Bioscience (Ellisville, MO), and naltrexone
hydrochloride from Alfa Aesar (Ward Hill, MA). Ipsen 5i was custom synthesized by Enzo Life
Science (Plymouth Meeting, PA). [125I]-cAMP was iodinated with chloramine T method (Tao et
al., 2010). Wild type (WT) and mutant human MC4R with N-terminal c-myc tag and human
MC3R with N-terminal 3×HA tag were previously constructed and sequenced (Fan and Tao,
2009; Tao, 2007; Tao and Segaloff, 2003; Tao and Segaloff, 2005; Wang and Tao, 2011).

5.2.2 Cell culture and transfection
Human embryonic kidney (HEK) 293, Neuro2a, and N1E-115 cells were purchased from
American Type Culture Collection (Manassas, VA) and cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% newborn calf serum (HEK293 cells) or 10% fetal bovine serum
(Neuro2a and N1E-115 cells) at 37 oC. HEK293 cells were stably transfected using calcium
phosphate precipitation method for transfection and 0.2 mg/ml G418 for selection. Neuro2a and
N1E-115 cells were transiently transfected using jetPRIME transfection reagent (Polyplustransfection, New York, NY) and approximately 24 h later were used for ligand treatment. Cells
were treated with indicated concentrations of ligands or 0.1% dimethyl sulfoxide (DMSO) as
control for 24 h at 37 oC. All cell culture plates were pretreated with 0.1% gelatin before cell
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plating unless noted otherwise.

5.2.3 Confocal microscopy
HEK293 stable cells seeded into poly-D-lysine-coated 8-well slides (Biocoat cellware
from Falcon, BD Systems, Franklin Lakes, NJ) were treated with 0.1% DMSO or 10-6 M Ipsen 5i
for 24 h. On the day of experiment, cells were washed with phosphate buffered saline for
immunohistochemistry (PBS-IH, 137 mM NaCl, 2.7 mM KCl, 1.4 mM KH2PO4, 4.3 mM
Na2HPO4, pH 7.4) and fixed with 4% paraformaldehyde for 15 min. After blocking with 5%
bovine serum albumin (BSA) in PBS-IH for 1 h, cells were incubated with mouse anti-myc 9E10
monoclonal antibody (Developmental Studies Hybridoma Bank, The University of Iowa, Iowa
City, IA) 1:40 diluted in PBS-IH containing 0.5% BSA for 1 h. Cells were then washed and
incubated with Alexa Fluor 488-labeled goat anti-mouse antibody (Invitrogen, Grand Island,
NY) 1:2000 diluted in PBS-IH containing 0.5% BSA for 1 h. Cells were washed, covered with
Vectashield mounting media (Vector Laboratories, Burlingame, CA) and a glass coverslip, and
dried overnight at 4 oC. Images were taken using a Nikon A1 confocal microscope. All the steps
were performed at room temperature unless mentioned otherwise.

5.2.4 Flow cytometry
HEK293 stable cells and Neuro2a transiently transfected cells were treated with 0.1%
DMSO, 10-6 or 10-5 M Ipsen 5i for 24 h at 37 oC. On the day of experiment, cells were washed
with ice-cold PBS-IH, detached, and precipitated by centrifugation at 500 × g for 5 min. Cells
were then incubated with antibodies the same way as described above for confocal microscopy.
For immunostaining of MC3R, cells were incubated with HA.11 antibody (Covance, Princeton,
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NJ) at 1:100 dilution and then stained with secondary antibody as described above. Cells were
analyzed using a C6 Accuri Cytometer (Accuri Cytometers, Ann Arbor, MI). Fluorescence of
cells expressing the DMSO-treated empty vector was used for background staining. The
expression of the mutants was calculated as percentage of DMSO-treated WT receptor
expression using the following formula: [(mutant - pcDNA3.1) / (WT - pcDNA3.1) × 100%]
(Wang et al., 2008).

5.2.5 Intracellular cAMP accumulation assay
HEK293 stable cells and Neuro2A and N1E-115 transiently transfected cells were treated
with 0.1% DMSO or different concentrations of Ipsen 5i for 24 h at 37 oC. On the day of
experiment, cells were washed twice with warm Waymouth’s MB752/1 media (Sigma-Aldrich,
St. Louis, MO) containing 1 mg/ml BSA (Waymouth’s/BSA) and incubated with
Waymouth’s/BSA containing 0.5 mM isobutylmethylxanthine (Sigma-Aldrich) for 15 min. Cells
were then stimulated with 10-6 M NDP-MSH for 1h at 37 oC. Intracellular cAMP were extracted
by adding 0.5 M percholoric acid containing 180 µg/ml theophylline (Sigma-Aldrich) and
neutralized with 0.72 M KOH/0.6 M KHCO3. The cAMP concentration was determined by RIA
(Tao et al., 2010). The intracellular cAMP accumulation of the mutants was calculated as
percentage of DMSO-treated WT receptor using the formula [mutant / WT × 100%] for HEK293
cells or the formula [(mutant - pcDNA3.1) / (WT - pcDNA3.1) × 100%] for Neuro2a and N1E115 cells.

5.2.6 Data analysis
Data were analyzed using GraphPad Prism 4.0 software (San Diego, CA). The statistical
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significance of the differences between DMSO and Ipsen 5i treated cells were assessed by
Student’s t-test.

5.3 Results
5.3.1 Ipsen 5i rescued the cell surface expression of mutant MC4Rs
To investigate whether Ipsen 5i acted as a pharmacoperone rescuing the cell surface
expression of mutant MC4Rs, we studied eleven mutants (S58C, N62S, I69R, P78L, C84R,
G98R, Y157S, W174C, P260Q, F261S, and C271Y) that have reduced or absent cell surface
expression (Fan and Tao, 2009; Tao and Segaloff, 2003; Wang and Tao, 2011) (Figure 5.1). We
first visualized the cell surface expression of the eleven mutants stably expressed in HEK293
cells treated with 10-6 M Ipsen 5i using a confocal microscope. As shown in Figure 5.2, with 10-6
M Ipsen 5i treatment for 24 h, the immunostaining of ten mutants (S58C, N62S, P78L, C84R,
G98R, Y157S, W174C, P260Q, F261S, and C271Y) were dramatically enhanced compared with
that of the DMSO-treated control cells whereas that of one mutant (I69R) was not obviously
changed.
To quantitate the rescuing effect of Ipsen 5i on the cell surface expression of mutant
MC4Rs, flow cytometry studies were performed using HEK293 and Neuro2a cells. HEK293
cells stably expressing WT or mutant MC4Rs were treated with 10-5 M (Figure 5.3A) or 10-6 M
(Figure 5.3B) Ipsen 5i for 24 h. Consistent with confocal microscopy results, the cell surface
expression of ten mutants (S58C, N62S, P78L, C84R, G98R, Y157S, W174C, P260Q, F261S,
and C271Y) was significantly increased with Ipsen 5i treatment to a level similar to or even
higher than that of the DMSO-treated WT receptor. I69R was not rescued by Ipsen 5i.
Neuro2a cells transiently expressing WT or mutant MC4Rs were treated with 10-6 M
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Ipsen 5i for 24 h and then were used for flow cytometry studies. S58C was not further studied in
neuronal cells because as described later its function was not rescued by Ipsen 5i. As shown in
Figure 5.4, the cell surface expression of eight mutants (N62S, I69R, P78L, C84R, G98R,
W174C, P260Q, and C271Y) was increased with Ipsen 5i treatment compared with the DMSOtreated control group. The cell surface expression of I69R was slightly (although significantly)
increased in Neuro2a cells whereas it was not increased in HEK293 cells. The increase of cell
surface expression of F261S was not statistically significant in Neuro2a cells. One mutant
(Y157S) that was rescued by Ipsen 5i in HEK293 cells was not rescued in Neuro2a cells.

5.3.2 The majority of the mutant MC4Rs rescued with Ipsen 5i could signal in response to
agonist stimulation
We next investigated whether Ipsen 5i-rescued mutant MC4Rs were functional in
generating cAMP at the cell surface. HEK293 cells stably expressing WT or mutant MC4Rs
were incubated with different concentrations of Ipsen 5i for 24 h. The intracellular cAMP
concentration in response to 10-6 M NDP-MSH stimulation was measured. As shown in Figure
5.5, the cAMP accumulation of WT MC4R was decreased by approximately 30% with 10-6 Ipsen
5i treatment and by 80% with 10-5 M Ipsen 5i treatment. We observed an increase in cAMP
accumulation at 10-9 M Ipsen 5i for C84R and W174C and a maximal increase at a concentration
between 10-8 M and 10-6 M for N62S, P78L, C84R, Y15YS, W174C, P260Q, and C271Y. Unlike
most of the mutants that decreased cAMP accumulation at 10-5 M Ipsen 5i, I69R had a maximal
cAMP accumulation at that concentration. The signaling of S58C and G98R was not increased
by Ipsen 5i.
In Neuro2a cells transiently expressing MC4Rs, we also observed an increase in cAMP
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accumulation at 10-9 M Ipsen 5i and a maximal increase at 10-6 M Ipsen 5i (or at 10-5 M Ipsen 5i
for I69R) in Neuro2a cells (Figure 5.6A). As shown in Figure 5.6B, with 10-6 M Ipsen 5i
treatment in Neuro2a cells, seven mutants (N62S, I69R, P78L, C84R, W174C, P260Q, and
C271Y) had significantly increased cAMP accumulation whereas signaling of three mutants
(G98R, Y157S, and F261S) was not increased by Ipsen 5i. High concentration of Ipsen 5i did not
decrease the cAMP accumulation of WT or mutant MC4Rs as dramatically as seen in HEK293
cells (Figure 5.6A). Our results obtained from N1E-115 cells were similar with those obtained
from Neuro2a cells (Figure 5.7).

5.3.3 Ipsen 5i did not affect mutant MC4Rs that are expressed normally at the cell surface
To investigate whether Ipsen 5i rescued the function of mutant MC4Rs that are expressed
at the cell surface but have other defects, we studied four mutants that are defective in ligand
binding ((Δ88-92) (Donohoue et al., 2003) (Class III according the classification proposed by
Tao (Tao and Segaloff, 2005)), signaling (D90N and I102S) (Biebermann et al., 2003; Tao and
Segaloff, 2005) (Class IV), or with no obvious defect (N274S) (Tao and Segaloff, 2003) (Class
V). As shown in Figure 5.6B and Figure 5.7B, 10-6 Ipsen 5i had no effect on the signaling of
these four mutants.

5.3.4 Specificity of the MC4R mutant rescue
To investigate whether cell impermeable peptide ligands of the MC4R or cell permeable
ligands of other receptors could rescue mutant MC4Rs, we studied the effect of two MC4R
peptide agonists (NDP-MSH and α-MSH), one MC4R peptide antagonist (SHU9119), and one
pharmacoperone of δ opioid receptor (naltrexone) (Petäjä-Repo et al., 2002) (Figure 5.8A) on
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C84R MC4R. As shown in Figure 5.8B, NDP-MSH and α-MSH decreased the signaling of WT
MC4R by approximately 50%. However, none of the four ligands rescued the signaling of C84R
MC4R.
To investigate whether Ipsen 5i specifically rescues mutant MC4Rs, we studied the effect
of Ipsen 5i on one of intracellularly retained mutant MC3Rs (I335S) (Mencarelli et al., 2011;
Tao, 2007). As shown in Figure 5.8C, Ipsen 5i had no effect on the cell surface expression or
signaling of I335S MC3R.

5.4 Discussion
Most of the inactivating mutations in GPCRs causing human diseases result from protein
misfolding and subsequent retention and degradation by the ER quality control system (Tao,
2006). Misrouted receptors may retain intrinsic function and become functional when correctly
located (Conn and Ulloa-Aguirre, 2011). Pharmacoperones that can permeate plasma membrane
specifically stabilize the conformation and correct the trafficking of misfolded receptors, thus
rescuing the receptor and curing human diseases (Conn et al., 2007; Huang and Breitwieser,
2007; Maya-Nunez et al., 2012; Newton et al., 2011). In the current study, we identified Ipsen 5i,
an antagonist of the MC4R, as a potent pharmacoperone specifically rescuing the cell surface
expression and function of intracellularly retained mutant MC4Rs.
Our results showed that all eleven intracellularly retained mutants studied herein could be
rescued to the cell surface by Ipsen 5i in at least one cell line (Table 5.1). Y157S could be
significantly rescued in HEK293 cells but not in neuronal cells whereas I69R was partially
rescued in neuronal cells but not in HEK293 cells. The effects of Ipsen 5i on eight mutants were
similar between HEK293 and neuronal cell lines. The cell surface expression of most mutants
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treated with Ipsen 5i was increased to at least 50% of or even similar to that of the DMSOtreated WT receptor. The rescuing efficacies of Ipsen 5i were different for different mutations.
I69R was the most difficult to rescue because it could only be maximally rescued with the
highest concentration of Ipsen 5i (10-5 M) and could not be rescued with another
pharmacoperone of the MC4R, ML00253764 (unpublished observations). This suggests that
I69R induces a large change in the receptor conformation that is difficult to be stabilized.
Eight of the eleven mutants rescued to the cell surface were functional in cAMP
production (N62S, I69R, P78L, C84R, Y157S, W174C, P260Q, and C271Y) in HEK293 cells
and seven mutants, with the exception of Y157S, in neuronal cells (Table 5.1). These results
suggest that these mutants, although misfolded and retained intracellularly, retain the ability to
bind to agonist and initiate downstream signaling. Ipsen 5i treatment did not significantly
increase F261S signaling. G98R, although rescued to the cell surface, did not respond to NDPMSH stimulation with increased cAMP generation, suggesting that this mutant is also defective
in ligand binding and/or signaling. Despite low cell surface expression, S58C has significant
signaling (Tao and Segaloff, 2003), likely due to the presence of spare receptor (Tao, 2005).
Ipsen 5i treatment significantly increased cell surface expression of S58C (Figures 5.2 and 5.3).
However, its signaling was not increased and tended to decrease.
The signaling of WT MC4R was dramatically decreased when treated with 10-5 M Ipsen
5i in HEK293 cells (Figure 5.5). The residual Ipsen 5i that had not been washed away
presumably still occupied the binding site of the MC4R and therefore antagonized the
stimulation of NDP-MSH. Although Ipsen 5i has a high affinity with the MC4R (Ki, 2 nM), it
has relatively low functional antagonist potency (77 nM) (Poitout et al., 2007), minimizing its
antagonizing effect on NDP-MSH. Indeed, in our study, 10-6 M and 10-7 M Ipsen 5i, which
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already had significant pharmacoperone rescuing ability, only decreased the signaling of WT
MC4R by approximately 30% or 20% in HEK293 cells, respectively (Figure 5.5). Interestingly,
we had not observed such dramatic decrease in WT MC4R signaling in neuronal cells (Figure
5.6 and 5.7), suggesting that it might be easier for Ipsen 5i to dissociate from the MC4R
expressed in neuronal cells.
Ipsen 5i has low affinity for the MC3R (Ki, 400 nM) and therefore we investigated
whether Ipsen 5i could rescue MC3R misrouted mutant I335S. We found that Ipsen 5i did not
increase the cell surface expression or function of I335S MC3R, suggesting that Ipsen 5i was a
pharmacoperone specific for the MC4R. Although Ipsen 5i was a potent pharmacoperone of the
MC4R, it had no effect on mutant MC4Rs defective in ligand binding or signaling, suggesting
that Ipsen 5i could only rescue the function of the intracellularly retained mutant MC4Rs. As
expected, cell impermeable peptide ligands of the MC4R did not rescue the function of
misrouted mutant MC4R C84R whereas cell permeable Ipsen 5i did. Consistent with previous
reports on several other proteins (Bernier et al., 2004b; Janovick et al., 2002; Morello et al.,
2000; Petäjä-Repo et al., 2002), this observation suggests that only cell permeable small
compound could act as a pharmacoperone and the rescuing action occured intracellularly.
Peptide ligands decreased the signaling of WT MC4R probably by inducing internalization and
down-regulation (NDP-MSH and α-MSH) or by antagonizing NDP-MSH (SHU9119).
Naltrexone, a pharmacoperone of δ opioid receptor (Petäjä-Repo et al., 2002), also did not
correct the function of C84R MC4R, suggesting that only ligands for the MC4R could act as
MC4R pharmacoperones. In Figure 5.9, we schematically presented the actions of Ipsen 5i.
In summary, Ipsen 5i increased the cell surface expression of all eleven intracellularly
retained mutant MC4Rs (100%) studied herein and eight of the eleven mutants (73%) were
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functional at the cell surface in at least one cell line. Ipsen 5i could rescue mutant MC4Rs at a
concentration as low as 10-9 M. To our knowledge, it was the most potent pharmacoperone of the
MC4R identified so far.
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Table 5.1 Summary of the effect of Ipsen 5i on the cell surface expression and function of
WT and mutant MC4Rs.

HEK293 cells
Mutants

Neuronal cells

Expression

Function

Expression

Function

WT

↑

↓

S58C

↑

−

−
/

−
/

N62S

↑

↑

↑

↑

I69R

−

↑

↑

↑

P78L

↑

↑

↑

↑

C84R

↑

↑

↑

↑

G98R

↑

−

↑

−

Y157S

↑

↑

−

−

W174C

↑

↑

↑

↑

P260Q

↑

↑

↑

F261S

↑

↑
/

−

−

C271Y

↑

↑

↑

↑

“↑”, increase; “↓”, decrease; “−”, no significant effect; “/”, not studied herein.
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Figure 5.1 Schematic representation of MC4R.
Naturally occurring mutations of the MC4R characterized in this study are highlighted; mutations
that result in intracellularly retention of the MC4R are highlighted in gray whereas mutations that
do not interfere with the cell surface expression of the MC4R are highlighted in dark.
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Figure 5.2 Ipsen 5i rescued the cell surface expression of intracellularly retained mutant
MC4Rs in HEK293 cells as visualized by confocal microscopy.
HEK293 cells stably expressing WT or mutant MC4Rs were treated with 10-6 M Ipsen 5i for 24
h and then stained with Alexa Fluor 488-conjugated antibody. Cells were visualized using a
Nikon A1 confocal microscope. Results are representative of at least two independent
experiments.
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A

B

Figure 5.3 Ipsen 5i rescued the cell surface expression of intracellularly retained mutant
MC4Rs in HEK293 cells as quantitated by flow cytometry.
HEK293 cells stably expressing WT or mutant MC4Rs were treated with 10-5 (A) or 10-6 (B) M
Ipsen 5i for 24 h and then stained with Alexa Fluor 488-conjugated antibody. The
immunostaining was measured using a C6 Accuri Cytometer. The results are expressed as %
DMSO-treated WT cell surface expression level after correction of the nonspecific staining in
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cells expressing the empty vector. Results are shown as mean ± S.E.M. of at least three
independent experiments. *Significantly different from the DMSO-treated control group, p <
0.05.
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Figure 5.4 Ipsen 5i rescued the cell surface expression of intracellularly retained mutant
MC4Rs in Neuro2a cells.
Neuro2a cells transiently expressing WT or mutant MC4Rs were treated with 10-6 M Ipsen 5i.
Results are shown as mean ± S.E.M. of at least three independent experiments. See the legend to
Figure 5.3 for details.
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A

B

Figure 5.5 Ipsen 5i rescued the function of intracellularly retained mutant MC4Rs in
HEK293 cells.
HEK293 cells stably expressing WT or mutant MC4Rs were treated with different
concentrations of Ipsen 5i (A) or 10-6 M Ipsen 5i (B) for 24 h. Cells were washed twice and
stimulated with 10-6 M NDP-MSH for 1h. Intracellular cAMP samples were collected and cAMP
concentrations were measured using RIA. The results are expressed as % DMSO-treated WT
cAMP production. Data points are shown as mean ± S.E.M. of at least two or three independent
experiments. *Significantly different from the DMSO-treated control group, p < 0.05.
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B

Figure 5.6 Ipsen 5i rescued the function of intracellularly retained mutant MC4Rs in
Neuro2a cells.
Neuro2a cells transiently expressing WT or mutant MC4Rs were treated with different
concentrations of Ipsen 5i (A) or 10-6 M Ipsen 5i (B). The results are expressed as % DMSOtreated WT cAMP production after correction of the cAMP production in cells expressing the
empty vector. Data points are mean ± S.E.M. of at least three independent experiments. See the
legend to Figure 5.5 for other details.
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Figure 5.7 Ipsen 5i rescued the function of intracellularly retained mutant MC4Rs in N1E115 cells.
N1E-115 cells transiently expressing WT or mutant MC4Rs were treated with 10-6 M Ipsen 5i.
The results are expressed as % DMSO-treated WT cAMP production after correction of the
cAMP production in cells expressing the empty vector. Results are shown as mean ± S.E.M. of at
least three independent experiments. See the legend to Figure 5.5 for details.
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A

a. NDP-MSH
Ac-Ser-Tyr-Ser-Nle-Glu-His-D-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2
b. α-MSH
Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2
c. SHU9119
Ac-Nle-cyclo(-Asp-His-D-2-Nal-Arg-Trp-Lys)-NH2
d. Naltrexone

e. Ipsen 5i

B

C

Figure 5.8 Ipsen 5i specifically rescued mutant MC4Rs and the rescue action occurred
intracellularly.
(A) Structures of the ligands studied. The peptide ligands NDP-MSH and α-MSH are agonists of
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MC4R whereas SHU9119 is an MC4R antagonist. Naltrexone is a small molecule antagonist of
opioid receptor. Ipsen 5i is a small molecule antagonist of MC4R. (B) Neuro2a cells transiently
expressing WT or C84R MC4R were treated with different ligands for 24 h (10-5 M NDP-MSH,
α-MSH, SHU9119 or naltrexone or 10-6 M Ipsen 5i). Cells were washed twice and then
stimulated with 10-6 M NDP-MSH for 1 h and intracellular cAMP concentrations were
measured. (C) Neuro2a cells transiently expressing WT or I335S MC3Rs were treated with 10-6
M Ipsen 5i for 24 h. Then the cell surface expression and intracellular cAMP production of
MC3Rs were measured. Results are shown as mean ± S.E.M. of at least three independent
experiments. *Significantly different from the DMSO-treated control group, p < 0.05.
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Figure 5.9 Overview of the mechanism of Ipsen 5i specifically rescuing intracellularly
retained mutant MC4Rs.
Intracellularly retained mutant MC4Rs were stabilized by Ipsen 5i to pass the scrutiny of the ER
quality control system and to be targeted to the cell surface. Most of the rescued mutants were
functional (1) whereas some were not (2). Ipsen 5i could not rescue certain intracellularly
retained mutant MC4Rs (3). Ipsen 5i did not rescue mutant MC4Rs with ligand binding or
signaling defects (4) or an intracellularly retained MC3R mutant (5). Cell impermeable peptide
ligands of MC4R (6) or cell permeable ligand of δ opioid receptor (7) could not rescue
intracellularly retained C84R MC4R.
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Chapter 6 The effect of THIQ on the cell surface expression and function of intracellularly
retained melanocortin-4 receptor mutants

6.1 Introduction
The melanocortin-4 receptor (MC4R) predominantly expressed in the CNS plays a
crucial role in regulating food intake and energy expenditure (Gantz et al., 1993; Huszar et al.,
1997). The MC4R is activated by α/β-melanocyte-stimulating hormone (MSH) from proopiomelanocortin neurons and inhibited by agouti-related peptide from agouti-related peptide
neurons in the hypothalamic arcuate nucleus. Activation of the MC4R activates heterotrimeric
stimulatory G protein, which subsequently activates adenylyl cyclase to produce cAMP.
Extensive functional studies of MC4R mutants identified from obese patients suggest that
most of the dysfunctional mutants are misfolded and retained intracellularly by the cellular
quality control system rather than being transported to the cell surface (Hinney et al., 2013; Tao,
2005). These mutants are dysfunctional mainly due to mislocalization. Several studies have been
performed to correct the localization of misfolded MC4Rs using heat shock cognate protein 70
(Meimaridou et al., 2011), 4-phenyl butyric acid (Granell et al., 2010), and several nonpeptide
MC4R antagonists as pharmacological chaperones (pharmacoperones) (Fan and Tao, 2009; Rene
et al., 2010; Tao, 2010; Ward et al., 2012). A most recent study using co-expression of
endoplasmic reticulum-targeted α-MSH with I316S MC4R also promoted the cell surface
expression of this mutant (Granell et al., 2013). In these studies, most of the intracellularly
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retained MC4Rs became functional when corrected to the cell surface.
Pharmacoperones have been considered as an alternative to gene therapy and a potential
treatment for G protein-coupled receptor (GPCR) misfolded diseases. A number of antagonists
and/or some agonists have been developed as pharmacoperones for many GPCRs, such as
antagonists and agonists for adenosine A1 receptor, V2 arginine vasopressin receptor (AVPR2),
δ-, κ-, and µ-opioid receptor, antagonists for glucagon receptor, gonadotropin releasing hormone
receptor, and rhodopsin, and allosteric ligands for calcium-sensing receptor and luteinizing
hormone receptor (reviewed in (Conn and Ulloa-Aguirre, 2011; Conn et al., 2007; Janovick et
al., 2013; Tao and Conn, 2014)). Further studies on pharmacoperones have been successfully
extended from in vitro using cell lines to in vivo using animals (Janovick et al., 2013) or in a
clinical trial (Bernier et al., 2006).
THIQ is the first selective small molecule (MW, 589) agonist of the MC4R with high
affinity (IC50, 1.2 nM) and potency (EC50, 2.1 nM) reported (Sebhat et al., 2002). Several
structur-function relationship studies show that THIQ competing with [Nle4,D-Phe7]-α-MSH
(NDP-MSH) for binding to the MC4R shares common interaction determinants with the
endogenous ligands and also possesses several specific interaction determinants (Hogan et al.,
2006; Pogozheva et al., 2005; Yang et al., 2009). In the present study, we investigated the effect
of THIQ on the cell surface expression and signaling of ten misrouted MC4R mutants (N62S,
I69R, P78L, C84R, G98R, Y157S, W174C, P260Q, F261S, and C271Y) and on the signaling of
four correctly routed MC4R mutants (Δ88-92, D90N, I102S, and N274S).

6.2 Materials and methods
6.2.1 Materials and plasmids
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NDP-MSH was purchased from Peptides International (Louisville, KY). THIQ (N-[(3R)1,2,3,4-Tetrahydroisoquinolinium-3-ylcarbonyl]-(1R)-1-(4-chlorobenzyl)-2-[4-cyclohexyl-4(1H-1,2,4-triazol-1-ylmethyl)piperidin-1-yl]-2-oxoethylamine) was purchased from Tocris
Bioscience (Ellisville, MO). Dulbecco’s modified Eagle’s medium, newborn calf serum, fetal
bovine serum, and antibiotics were purchased from Invitrogen (Carlsbad, CA). Cell culture
plastic wares were purchased from Corning (Corning, NY). Radiolabeled cAMP was iodinated
with chloramine T method (Tao et al., 2010). The N-terminal c-myc-tagged WT and mutant
human MC4Rs and 3×HA-tagged human MC3Rs subcloned into pcDNA3.1 were previously
generated and sequenced (Fan and Tao, 2009; Tao, 2007; Tao and Segaloff, 2003; Tao and
Segaloff, 2005; Wang and Tao, 2011).

6.2.3 Cell culture and transfection
Human embryonic kidney (HEK) 293, Neuro2a, and N1E-115 cells (American Type
Culture Collection, Manassas, VA) were maintained in DMEM containing 10% newborn calf
serum (HEK293 cells) or 10% fetal bovine serum (Neuro2a and N1E-115 cells) in a 5% CO2humidified atmosphere at 37 oC. Approximately 24 h after seeding into 0.1% gelatin-coated
dishes, HEK293 cells were transfected using calcium phosphate precipitation method and were
then selected using 0.2 mg/ml G418 for stable transfection (Tao and Segaloff, 2003). Neuro2a
and N1E-115 cells were transiently transfected using jetPRIME transfection reagent (Polyplustransfection, New York, NY). Approximately 24 h after plating (HEK293 cells) or transfection
(Neuro2a and N1E-115 cells), cells were cultured for an additional 24 h in the presence of 0.1%
dimethyl sulphoxide (DMSO) or different concentrations of THIQ at 37 oC. Cells were then
rinsed and used for confocal microscopy, flow cytometry, or cAMP assays.
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6.2.4 Confocal microscopy
HEK293 cells stably expressing WT or mutant receptors were plated into poly-D-lysinecoated eight well slides (Biocoat cellware from Falcon, BD Systems, Franklin Lakes, NJ) for 24
h and incubated for another 24 h in the presence of 0.1% DMSO or 10-5 M THIQ. On the day of
experiment, cells were processed for confocal imaging as previously described (Huang and Tao,
2012).

Briefly,

cells

were

rinsed

with

ice-cold

phosphate

buffered

saline

for

immunohistochemistry (PBS-IH, 137 mM NaCl, 2.7 mM KCl, 1.4 mM KH2PO4, 4.3 mM
Na2HPO4, pH 7.4) and fixed with 4% paraformaldehyde for 15 min. Nonspecific sites were
blocked with 5% bovine serum albumin (BSA) in PBS-IH for 1 h. Cells were incubated with
mouse anti-myc 9E10 antibody (Developmental Studies Hybridoma Bank, The University of
Iowa, Iowa City, IA) 1:40 diluted in PBS-IH with 0.5% BSA for 1 h. Cells were then extensively
rinsed and incubated with goat anti-mouse Alexa Fluor 488-labeled antibody (Invitrogen) 1:2000
diluted in PBS-IH with 0.5% BSA for 1 in the dark. After extensive rinsing, microscope slides
were mounted with coverslips using Vectashield mounting media (Vector Laboratories,
Burlingame, CA) and dried overnight at 4 oC. Cells were viewed using a Nikon A1 confocal
microscope. All procedures were performed at room temperature unless noted otherwise.

6.2.5 Flow cytometry
HEK293 cells stably or Neuro2A cells transiently expressing WT or mutant receptors
were incubated for 24 h in the presence of 0.1% DMSO or different concentrations of THIQ. On
the day of experiment, cells were processed for flow cytometry study as previously described
(Fan and Tao, 2009). Briefly, cells seeded into six well plates were plated on ice and rinsed once
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with ice-cold PBS-IH. Cells were then detached and centrifuged at 500 × g for 5 min. Antibodies
used and antibody dilutions were the same as described above for confocal microscopy with the
exception that for the study of MC3R expression, cells were incubated with the primary antibody
mouse anti-HA.11 (Covance, Princeton, NJ) 1:100 diluted in PBS-IH with 0.5% BSA. Cells
were rinsed and analyzed using a C6 Accuri Cytometer (Accuri Cytometers, Ann Arbor, MI).
Immunostaining of cells expressing empty vector was taken as the background staining. The cell
surface expression level of the mutants was calculated using the following formula: [(mutant empty vector) / (WT - empty vector) × 100%]. All the procedures were performed at room
temperature unless noted otherwise.

6.2.6 cAMP assay
HEK293 cells stably or Neuro2A and N1E-115 cells transiently expressing WT or mutant
receptors were incubated for 24 h in the presence of 0.1% DMSO or different concentrations of
THIQ. On the day of experiment, cells were processed for intracellular cAMP detection as
previously described (Tao and Segaloff, 2003). Briefly, cells were rinsed twice with warm
Waymouth’s MB752/1 media (Sigma-Aldrich) containing 1 mg/ml BSA (Waymouth/BSA).
Cells were pretreated with 0.5 mM isobutylmethylxanthine (Sigma-Aldrich) in Waymouth/BSA
for 15 min and then stimulated with 10-6 M NDP-MSH for 1 h at 37 oC in the presence of
isobutylmethylxanthine. Intracellular cAMP was extracted by adding 0.5 M percholoric acid
containing 180 µg/ml theophylline (Sigma-Aldrich) and measured by RIA. The cAMP
concentration of the mutants was calculated using the following formula: [mutant / WT × 100%]
(HEK293 cells) or [(mutant - empty vector) / (WT - empty vector) × 100%] (Neuro2a and N1E115 cells).
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6.2.8 Data analysis
Data were calculated as percentage of the DMSO-treated WT receptor and analyzed
using Student’s t-test performed by GraphPad Prism 4.0 software (San Diego, CA).

6.3 Results
6.3.1 The effect of THIQ on the cell surface expression of intracellularly retained MC4R
mutants
To investigate the effect of THIQ on the cell surface expression of intracellularly retained
MC4R mutants, we studied ten misrouted MC4R mutants with decreased cell surface expression
(N62S, I69R, P78L, C84R, G98R, Y157S, W174C, P260Q, F261S, and C271Y) (Fan and Tao,
2009; Tao and Segaloff, 2003; Wang and Tao, 2011). HEK293 cells stably transfected with WT
or mutant MC4Rs were treated with 10-5 M THIQ for 24 h and then immunostained at nonpermeabilized status for confocal microscopy (Figure 6.1A) and flow cytometry study (Figure
6.1B). Our results showed that THIQ treatment obviously decreased the signal intensity of WT
MC4R by approximately 50% whereas increased that of three mutants (N62S, C84R, and
C271Y) in HEK293 cells. THIQ had no obvious effect on the signal intensity of other mutants.
Considering that the MC4R is mainly distributed in the CNS, we further quantitated the
effect of THIQ on the cell surface expression of WT and mutant MC4Rs using a neuronal cell
line, Neuro2a. Neuro2a cells transiently transfected with the WT or mutant MC4Rs were treated
with 10-5 M THIQ for 24 h. Unexpectedly, as shown in Figure 6.2, THIQ did not decrease the
cell surface expression of WT MC4R in Neuro2a cells. THIQ significantly increased the cell
surface expression of seven mutants, including three that of which were also increased in
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HEK293 cells (N62S, C84R, and C271Y) and four that of which were not (I69R, P78L, W174C,
and P260Q).

6.3.2 The effect of THIQ on the signaling of intracellularly retained MC4R mutants
To investigate the effect of THIQ on the signaling of intracellularly retained MC4R
mutants, different cell lines (HEK293, Neuro2a, and N1E-115 cells) were used. HEK293 cells
stably transfected with the WT or mutant MC4Rs were treated with 10-5 M THIQ for 24 h. Cells
were washed twice and stimulated by 10-6 M NDP-MSH for 1 h and then the intracellular cAMP
concentration was measured. As shown in Figure 6.3, THIQ decreased the cAMP production of
WT MC4R by approximately 30%. THIQ significantly increased the cell surface expression of
four mutants (N62S, P78L, C84R, and P260Q) and decreased that of one mutant (F261S) in
HEK293 cells.
In Neuro2a cells transiently transfected with the WT or mutant MC4Rs, THIQ began to
significantly decrease the cAMP production of WT MC4R at 10-8 M and decreased that by
approximately 50% at 10-5 M (Figure 6.4A). THIQ dose-dependently increased the cAMP
production of the mutants with different potencies for different mutants. At 10-5 M, THIQ
significantly increased the cAMP production of six mutants (N62S, P78L, C84R, W174C,
P260Q, and C271Y) (Figure 6.4B). In N1E-115 cells, 10-5 M THIQ significantly increased the
signaling of the six mutants that were also rescued in Neuro2a cells and one more mutant (I69R)
that had a trend to increase but not statistically significant in cAMP production in Neuro2a cells
(Figure 6.4C).
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6.3.3 The effect of THIQ on the signaling of MC4R mutants with other defects and on one
intracellularly retained MC3R mutant
We also studied the effect of THIQ on four correctly routed MC4R mutants with ligand
binding, signaling, or no defects (Δ88-92, D90N, I102S, and N274S) (Biebermann et al., 2003;
Donohoue et al., 2003; Tao and Segaloff, 2003; Tao and Segaloff, 2005). As shown in Figure
6.4B and Figure 6.4C in Neuro2a or N1E-115 cells, respectively, 10-5 M THIQ did not increase
the signaling of the four mutants.
To investigate whether THIQ also rescued misrouted MC3R mutants, we studied one
intracellularly retained MC3R mutant, I335S. 10-5 M THIQ did not increase the cell surface
expression (Figure 6.5A) or signaling (Figure 6.5B) of I335S MC3R whereas decreased the
signaling of WT MC3R by approximately 50%.

6.4 Discussion
Although mutations in the MC4R are the most common cause of monogenic form of
obesity (Farooqi et al., 2003), we still have no effective therapeutics specific for obese patients
harboring these mutations. One approach is to develop MC4R pharmacoperones. Several
antagonists have been identified as pharmacoperones for the MC4R and, to our knowledge, no
agonist has been reported acting as a pharmacoperone for the MC4R (Fan and Tao, 2009; Rene
et al., 2010; Tao, 2010; Ward et al., 2012). In the present study, we investigated the effect of a
small molecule agonist of the MC4R, THIQ, on the cell surface expression and signaling of ten
misrouted MC4R mutants (N62S, I69R, P78L, C84R, G98R, Y157S, W174C, P260Q, F261S,
and C271Y) using different cell lines.
THIQ significantly decreased the cell surface expression and signaling of WT MC4R in
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HEK293 cells. Several studies reported that agonists dose-dependently induced MC4R
internalization and that nonpeptide agonists induced less internalization than peptide agonists did
(Gao et al., 2003; Nickolls et al., 2005; Shinyama et al., 2003). However, other studies suggested
that the MC4R underwent constitutive internalization and that α-MSH reduced the cell surface
expression of the MC4R by blocking the recycling of internalized receptor rather than by
increasing its endocytosis rate (McDaniel et al., 2012; Mohammad et al., 2007). THIQ-mediated
desensitization, internalization, or inhibited recycling of the MC4R probably accounted for the
reduced cell surface expression and signaling of WT MC4R.
THIQ significantly increased the cell surface expression of three mutants (N62S, C84R,
and C271Y) and increased the signaling of two of them (N62S and C84R) in HEK293 cells
(Table 6.1). The increased amount of the MC4R was a result of the dynamic equilibrium with
mutants being stabilized and chaperoned to the plasma membrane and internalized to the
cytoplasm. The result suggests that, as illustrated in Figure 6.5C, THIQ acted as a
pharmacoperone of the MC4R stabilizing the conformation of intracellularly retained mutants
and increasing the plasma membrane targeting and/or signaling of these mutants.
THIQ did not significantly increase the cell surface expression of the other seven mutants
(I69R, P78L, G98R, Y157S, W174C, P260Q, and F261S) but increased the signaling of two of
them (P78L and P260Q) in HEK293 cells (Table 6.1). The increase of the signaling of P78L and
P260Q was probably due to signal amplification that a small increase in the cell surface
expression induced a large increase in the signaling or due to improved signaling efficacy of the
mutants at the cell surface as observed in calcium-sensing receptor (Rus et al., 2008). It was also
possible that residual THIQ induced intracellular signaling. Recently, in addition to the canonical
signaling at the plasma membrane, intracellular signaling in the endoplasmic reticulum, Golgi
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apparatus, or the endosome has also been observed in several GPCRs, such as the β2adrenoceptor (Irannejad et al., 2013). Similar observation on the AVPR2 was also reported that
three nonpeptide AVPR2 agonists activated AVPR2 mutants intracellularly and such activation
did not induce degradation (Robben et al., 2009). Further studies need to be performed to
determine the mechanism of THIQ activating MC4R mutants without increasing their cell
surface expression.
Interestingly, THIQ did not decrease the cell surface expression of WT MC4R but
decreased its signaling in neuronal cells (Table 6.1). For all the experiments, cells were treated
with THIQ for 24 h and therefore it was less possible that THIQ only induced desensitization but
not internalization of the MC4R in neuronal cells. It was more possible that the forward
trafficking rate of the MC4R chaperoned with THIQ (pharmacoperone effect) was more efficient
than THIQ-induced internalization or THIQ-blocked recycling (agonist effect), resulting a nonchanged receptor amount at the plasma membrane in neuronal cells. Although the total receptor
amount was not decreased, the receptor became desensitized upon prolonged agonist exposure,
resulting in reduced signaling. However, we have not observed such a different rescuing
efficiency of antagonists as pharmacoperones of the MC4R in HEK293 and neuronal cells (data
unpublished).
THIQ rescued the cell surface expression and signaling of seven mutants (N62S, I69R,
P78L, C84R, W174C, P260Q, and C271Y) in neuronal cells (Table 6.1), which also
demonstrated a more efficient pharmacoperone action of THIQ in neuronal cells than in HEK293
cells. The rescuing efficacy of THIQ was varied for different mutants studied herein.
Interestingly, G98R, the expression of which was rescued by two MC4R antagonists ((Tao,
2010) and data unpublished), was not rescued by THIQ.
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THIQ did not restore the signaling of MC4R mutants with ligand binding or signaling
defects. THIQ, sharing the binding pocket with MC4R endogenous ligands, is an orthosteric
ligand of the MC4R. To rescue mutants defective in ligand binding or signaling, allosteric
ligands are better candidates. THIQ has low affinity with the MC3R (IC50, 634-fold over that of
the MC4R) (Sebhat et al., 2002). In out study, THIQ treatment decreased the signaling of WT
MC3R by approximately 50%. Although THIQ did not correct the cell surface expression or
signaling of I335S MC3R, it could not be excluded that THIQ might be able to rescue other
misrouted MC3R mutants.
In summary, our results demonstrated that THIQ was a pharmacoperone of the MC4R
rescuing the cell surface expression and signaling of intracellularly retained MC4Rs. THIQ also
increased the signaling of two mutants (P78L and P260Q) without increasing their cell surface
expression, implying that THIQ might activate the MC4R intracellularly. To our knowledge,
THIQ was the first agonist identified as a pharmacoperone of the MC4R.
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Table 6.1 Summary of the effect of THIQ on the cell surface expression and signaling of
WT and mutant MC4Rs.

HEK293 cells
Mutants

Neuronal cells

Expression

Function

Expression

Function

WT

↓

↓

−

↓

N62S

↑

↑

↑

↑

I69R

−

−

↑

↑

P78L

−

↑

↑

↑

C84R

↑

↑

↑

↑

G98R

−

−

−

−

Y157S

−

−

−

−

W174C

−

−

↑

↑

P260Q

−

↑

↑

↑

F261S

−

↓

−

−

C271Y

↑

−

↑

↑

“↑”, increasing; “↓”, decreasing; “−”, no significant effect.
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P260Q+
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F261S+

C271Y-

C271Y+

B

Figure 6.1 Effect of THIQ on the cell surface expression of MC4R mutants in HEK293
cells.
HEK293 cells stably transfected with WT or mutant MC4Rs were incubated with 10-5 M THIQ
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for 24 h. Cells were then processed for cell surface immunofluorescent detection of myc-MC4R
using a Nikon A1 confocal microscope (A) or a C6 Accuri Cytometer (B). (A) Experiments were
done at least twice. (B) Data are shown as percentage of DMSO-treated WT MC4R after
correcting the background staining from cells transfected with the empty vector. Quantification
was done from at least three independent experiments and shown as mean ± S.E.M..
*Significantly different from the DMSO-treated control group, p < 0.05.
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Figure 6.2 Effect of THIQ on the cell surface expression of MC4R mutants in Neuro2a
cells.
Neuro2a cells transiently transfected with WT or mutant MC4Rs were incubated with 10-5 M
THIQ for 24 h. Quantification was done from at least three independent experiments and shown
as mean ± S.E.M.. See the legend to Figure 6.1 for details.
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Figure 6.3 Effect of THIQ on the signaling of MC4R mutants in HEK293 cells.
HEK293 cells stably transfected with WT or mutant MC4Rs were incubated with 10-5 M THIQ
for 24 h. Cells were rinsed twice before stimulated by 10-6 M NDP-MSH for 1 h. Intracellular
cAMP concentrations were measured by RIA. Data are shown as percentage of DMSO-treated
WT MC4R. Quantification was done from at least three independent experiments and shown as
mean ± S.E.M.. *Significantly different from the DMSO-treated control group, p < 0.05.
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A

B

C

Figure 6.4 Effect of THIQ on the signaling of MC4R mutants in neuronal cells.
Neuro2a cells (A and B) and N1E-115 cells (C) transiently transfected with WT or mutant
MC4Rs were incubated with different concentrations of (A) or 10-5 M THIQ (B and C) for 24 h.
Data are shown as percentage of DMSO-treated WT MC4R after correcting the cAMP
production from cells transfected with the empty vector. Quantification was done from at least
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three independent experiments and shown as mean ± S.E.M.. See the legend to Figure 6.3 for
details.
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Figure 6.5 Effect of THIQ on the cell surface expression and signaling of the MC3R (A)
and model of the effect of THIQ on the MC4R and the MC3R (B).
(A) Neuro2a cells transiently transfected with WT or I335S MC3Rs were treated with 10-5 M
THIQ for 24 h. The cell surface immunofluorescence of 3×HA-MC3R and intracellular cAMP
production were measured. Data are shown as percentage of DMSO-treated WT MC3R after
133

correcting the background staining or the cAMP production from cells transfected with the
empty vector. Quantification was done from at least three independent experiments and shown as
mean ± S.E.M.. *Significantly different from the DMSO-treated control group, p < 0.05. (B)
Model of the effect of THIQ on the MC4R and the MC3R. THIQ stabilized the conformation of
intracellularly retained MC4R mutants and coaxed them to the cell surface. The rescued mutants
were functional in cAMP production (1). THIQ rescued the function of some mutants without
increasing their cell surface expression in HEK293 cells possibly by increasing their cell surface
expression that was not detected (1) or inducing intracellular signaling by residue THIQ that was
not washed away (2). THIQ did not rescue some MC4R mutants (3). THIQ did not rescue the
signaling of MC4R mutants defective in ligand binding (Class III) or signaling (Class IV) (4).
THIQ did not rescue one MC3R intracellularly retained mutant (5).
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Conclusions

In conclusion, firstly, we have performed comprehensive functional study of the TM6 of
the MC4R. We showed that two residues (L250 and P260) were important for the MC4R cell
surface expression, five residues (F254, F261, H264, L265, and Y268) were required for α- and
β-MSH binding, and six residues (T246, L247, I251, G252, W258, and F262) were important for
the cAMP signaling. Nine mutants were defective in basal cAMP signaling. Seven mutants were
constitutively active in the cAMP signaling that could be partially inhibited by two MC4R
inverse agonists, Ipsen 5i and ML00253764. Five mutants were also constitutively active in the
MAP kinase signaling with enhanced basal ERK1/2 phosphorylation.
Secondly, we have performed detailed functional studies on nine MC4R mutants (G55V,
R165G, R165W, R165Q, C172R, F202L, M208V, I269N, and A303P) that were identified from
Pima Indian heritage and Hispanic heritage. We showed that six mutants (R165G, R165W,
R165Q, C172R, I269N, and A303P) were completely or partially loss of cell surface expression,
two mutants (G55V and M208V) were defective in ligand binding and signaling, and one mutant
(F202L) was functioning normally. Three mutants (G55V, C172R, and M208V) were impaired
in basal cAMP signaling whereas one mutant (A303P) was constitutively active with increased
basal cAMP signaling.
Finally, we investigated whether three small molecule ligands of the MC4R, including
two antagonists (Ipsen 5i and ML00253764) and one agonist (THIQ), could act as
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pharmacoperones, rescuing the cell surface expression and signaling of intracellularly retained
MC4R mutants. We studied eleven intracellularly retained MC4R mutants (S58C, N62S, I69R,
P78L, C84R, G98R, Y157S, W174C, P260Q, F261S, and C271Y) using different cell lines. We
showed that ML00253764 rescued the cell surface expression and function of five mutants
(N62S, C84R, Y157S, W174C, and C271Y) in HEK293 cells. Two mutants (S58C and G98R)
were rescued to the cell surface but did not respond to NDP-MSH stimulation. The other four
mutants were not rescued by ML00253764. We obtained similar results from neuronal cells with
the exception of Y157S, which could not be rescued in neuronal cells.
When using Ipsen 5i to treat cells, we showed that Ipsen 5i rescued the cell surface
expression of all the eleven mutants studied herein and seven (N62S, I69R, P78L, C84R,
W174C, P260Q, and C271Y) were functional in cAMP production. Three mutants (S58C, G98R,
and F261S) had increased cell surface expression but not signaling. Y157S was rescued in
HEK293 cells but not in neuronal cells whereas results obtained for other mutants were
consistent between different cell lines.
When using THIQ to treat cells, we showed that THIQ increased the cell surface
expression of three mutants (N62S, C84R, and C271Y) and two of them (N62S and C84R) had
increased signaling in HEK293 cells. Interestingly, THIQ increased the signaling of two other
mutants (P78L and P260Q) without increasing their cell surface expression in HEK293 cells. In
neuronal cells, THIQ exhibited a more potent effect, correcting the cell surface expression and
signaling of seven mutants (N62S, I69R, P78L, C84R, W174C, P260Q, and C271Y). Other
mutants were not rescued by THIQ.
We also showed that the three small molecule ligands had no effect on the signaling of
MC4R mutants defective in ligand binding or signaling or with no obvious defect (Δ88-92,
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D90N, I102S, and N274S) or on one of intracellularly retained MC3R mutants (I335S).
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