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Abstract

The neural melanocortin receptors, including melanocortin-3 and -4 receptors
(MC3R and MC4R), are two important factors in regulation of energy homeostasis. MC3R
primarily regulates feed efficiency and nutrient partitioning, whereas MC4R plays an
essential role in controlling both food intake and energy expenditure. In several other G
protein-coupled receptors, the DRYxxI motif and intracellular loop 2 (ICL2) have been
shown to play a significant role in receptor activation. To gain a better understanding of
functions of this region in human MC4R (hMC4R), we performed systematic functional
study using alanine-scanning mutagenesis in terms of DRYxxI motif and ICL2 of h(MCA4R.
We identified several residues important for receptor cell surface expression (T150),
receptor and ligand interaction (D146, Y148, Y153, Q156, Y157, M161, and T162),
constitutive cAMP signaling (R147, FI151, L155, Y157), ligand-induced cAMP (R147,
1151, and L155) and ERK1/2 signaling pathways (R147, F149, H158, and 1160), as well
as biased signaling between cAMP and ERK1/2 pathways (Y148, F149, T150, H158, 1160,
and M161). The investigation of structure-function relationship of hMC4R provides a
better understanding towards the role of MC4R in obesity pathogenesis and will be
valuable for the structure-based drug design of molecules with the capacity to modulate

MCA4R activity as potential therapeutics.



Currently, the approaches for improving growth and feed efficiency of fish are
limited to the time-consuming selective breeding methods. Therefore, understanding of
endocrine regulation of energy metabolism in economically important species can
potentially lead to novel approaches to achieve better economic return. In this
investigation, we attempted to functionally investigate channel catfish (Ictalurus punctatus)
MC3R (ipMC3R). Five agonists, including adrenocorticotropin, a-melanocyte stimulating
hormone (a-MSH), B-MSH, [Nle?*, D-Phe’]-a-MSH, and D-Trp8-y-MSH, were used in the
pharmacological studies. Our results showed that ipMC3R bound B-MSH with a higher
affinity and D-Trp8-y-MSH with a lower affinity compared with human MC3R. All agonists
were demonstrated to stimulate ipMC3R and increase intracellular cAMP production with
sub-nanomolar potencies. The ERK1/2 activation was also be triggered by ipMC3R. The
iIPMC3R exhibited constitutive activities in both cAMP and ERK1/2 pathways, and the
Agouti-related protein served as an inverse agonist at ipMC3R, potently inhibiting the high
basal cAMP level. Moreover, we showed that melanocortin receptor accessory protein 2
preferentially modulated ipMC3R in cAMP production rather than ERK1/2 activation. Our
study leads to further investigation of the physiological roles of the ipMC3R, especially in

energy homeostasis, in channel catfish.

We have also cloned swamp eel (Monopterus albus) mc4r (mamc4r), consisting
of a 981 bp open reading frame encoding a protein of 326 amino acids. The sequence of
maMC4R was homologous to those of several teleost MC4Rs. Phylogenetic and
chromosomal synteny analyses showed that maMC4R was closely related to piscine
MC4Rs. gqRT-PCR revealed that mc4r transcripts were highly expressed in brain and

gonads of swamp eel. The maMC4R was further demonstrated to be a functional receptor



by pharmacological studies. Four agonists, a-MSH, B-MSH, [Nle4, D-Phe’]-a-MSH, and
adrenocorticotropin, could bind to maMC4R and induce intracellular cAMP production
dose-dependently. Small molecule agonist THIQ allosterically bound to maMC4R and
exerted its effect. Similar to other fish MC4Rs, maMC4R also exhibited significantly
increased basal activity compared with that of hMC4R. The high basal activity of
maMC4R could be decreased by inverse agonist ML00253764, suggesting that maMC4R
was indeed constitutively active. The availability of maMC4R and its pharmacological
characteristics will facilitate the investigation of its function in regulating diverse

physiological processes in swamp eel.

In summary, we studied DRYxxI motif and ICL2 of hMC4R in a systemic manner,
and identified some critical residues for receptor functions. We also investigated
functionality of MC3R and MC4R in two economically important fish species, laying a

foundation for future physiological studies.
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Chapter 1: Literature review

1.1. Introduction

G protein-coupled receptors (GPCRs), with more than 1000 putative members
identified in human genome, constitute the largest part of cell surface receptors (Bockaert
and Pin, 1999). GPCRs are regarded as devices that transmit a variety of extracellular
signals into the interior. These signals comprise chemical and sensory stimuli, such as
hormones, neurotransmitters, chemokines, ions, light, and odorants (Bockaert and Pin,
1999), indicating the significant roles of GPCRs in mediating diverse physiological
functions. Based on sequence homology and functional similarity, GPCRs are divided
into six classes including rhodopsin-like (Class A), secretin-like (Class B), metabotropic
glutamate (Class C), pheromone (Class D), cAMP (Class E), and frizzled (Class F)
GPCRs. Of these, Classes D and E are not found in vertebrates. Class A rhodopsin-like
GPCRs are the largest component of GPCR superfamily, which consist of more than half

of all GPCRs including hormones, neurotransmitters and light receptors.

The melanocortin receptors (MCRs), from melanocortin-1 to -5 receptors (MC1R
to MC5R), are members of Family A GPCRs, which play significant roles in regulating
diverse physiological processes, such as skin and hair pigmentation (MC1R) (Valverde
et al., 1995), adrenal steroidogenesis (MC2R) (Mountjoy et al., 1992), energy

homeostasis (MC3R and MC4R) (Cone, 2006), and exocrine gland secretion (MC5R)

1



(Chen et al., 1997) (reviewed in (Cone, 2006; Tao, 2017). MC3R and MC4R, with the high
expression in central nervous system (CNS), are also named neural MCRs. These two
receptors have non-redundant roles in regulation of energy homeostasis as emphasized
by mice lacking both receptors exhibiting more severe obesity phenotype than mice
lacking either receptor alone (Chen et al., 2000). In addition to their critical roles in
regulation of energy homeostasis, neural MCRs have been shown to regulate various
other physiological processes, such as cardiovascular function, reproduction and sexual
function, anti-inflammation, and other functions (Getting et al., 2008; Tao, 2009; Tao,

2010a; Begriche et al., 2013).

This chapter provides an overview of the central melanocortin system including
receptors and ligands. The importance of central melanocortin system in regulation of
energy homeostasis is discussed. The intracellular signaling pathways triggered by neural

MCRs are also highlighted.

1.2. The central melanocortin system

1.2.1. Molecular cloning and tissue distribution of neural MCRs

The human MC3R, first cloned by Gantz and colleagues, was predicted to a single
exon gene located on chromosome 20g13.2, encoding a 360 amino acid protein (Gantz
et al., 1993a; Magenis et al., 1994). Two studies also suggested that the translation of
human MC3R starts at the evolutionary conserved second ATG codon instead of the

originally assumed non-conserved first ATG, resulting in a 37 amino acid shorter protein



than previously assumed (Tarnow et al., 2012; Park et al., 2014). Park et al., 2014 further
indicated that human MC3R has an additional upstream exon that directs the utilization
of the second ATG codon as the translational start site (Park et al., 2014). The MC3R is
primarily expressed in hypothalamus, especially in the arcuate nucleus of the
hypothalamus (ARC), the ventromedial nucleus of the hypothalamus, and the posterior
hypothalamic region (Jegou et al., 2000). In addition to its central distribution, MC3R is
also shown to be distributed in several peripheral tissues, such as the placenta, gut, heart,
kidney, and peritoneal macrophages (Gantz et al., 1993a; Chhajlani, 1996; Getting et al.,
2003; Ni et al., 2006). The peripheral expression of MC3R may suggest its other functions
in addition to regulation of energy homeostasis. For example, MC3R activation in
macrophages has been shown to exert immunomodulatory effects by controlling some
pro-inflammatory and anti-inflammatory mediators, and resolution of inflammation

(efferocytosis and phagocytosis) (Patel et al., 2011).

The human MCA4R, first cloned in 1990s, is a protein of 332 amino acids encoded
by an intronless gene located at chromosome 18g21.3 (Gantz et al., 1993b; Mountjoy et
al., 1994). Among five MCRs, the MC4R share the highest homology with the MC3R, with
58% overall amino acid identity and 76% similarity. MC4R is primarily expressed in brain.
By in situ hybridization in mouse brain sections, Gantz et al. showed that MC4R mRNA
is localized in regions of the thalamus, hypothalamus, and hippocampus (Gantz et al.,
1993b). Mountjoy et al. also found MCA4R to be extensively expressed in the CNS of rat,
including the cortex, thalamus, hippocampus, hypothalamus, brain stem, and spinal cord
(Mountjoy et al., 1994). In human hypothalamus, highly consistent with that observed in

mice and rats, MC4R is primarily expressed in the paraventricular nucleus (PVN), the



supraoptic nucleus, and the nucleus basalis of Meynert (Siljee et al., 2013). In addition to
its central expression, the transcripts of MC4R have also been detected in several
peripheral tissues, such as heart, lung, muscle, kidney, and testis during the fetal period
(Mountjoy et al., 2003). In non-mammalian species, such as fish, MC4R is also
abundantly expressed in brain. In spiny dogfish, MC4R expression is exclusive to brain
(Ringholm et al., 2003), however in several other fish, MC4R expression can be detected
in peripheral tissues, such as gonads, liver, intestine, heart, and kidney (Klovins et al.,

2004a; Wei et al., 2013; Li et al., 2016a; Li et al., 2017).

1.2.2. Endogenous ligands of neural MCRs

The neural MCRs have endogenous agonists and antagonists. There are four
endogenous agonists, including a-, B-, and y-melanocyte stimulating hormone (MSH),
and adrenocorticotropin (ACTH). They are post-translational processing products of the
precursor polypeptide pro-opiomelanocortin (POMC) which is primarily produced by ARC
in CNS and the anterior pituitary as well as the skin (Smith and Funder, 1988). The post-
translational processing of POMC is tissue specific and only MSHs are produced in the
CNS (Pritchard et al., 2002). As the major endogenous agonist in CNS, a-MSH activates
neural MCRs to induce a negative energy balance, consisting the catabolic arm of
melanocortin system (Krashes et al., 2016). Among numerous GPCRs, of which MCRs
belong to, MCRs are quite unique to have endogenous antagonists Agouti and Agouti-
related peptide (AgRP). Agouti binds to MC1R with high affinity, whereas AgRP
selectively binds to neural MCRs (Fong et al., 1997; Ollmann et al., 1997). AgRP

principally antagonizes a-MSH binding to neural MCRs and stimulates a long-lasting



increase in food intake to result in a positive energy balance, representing the anabolic
arm of melanocortin system (Hagan et al., 2000; Krashes et al., 2016). However, recent
studies found that in mice lacking neuronal MSH, the delayed and long-lasting effects of
AgRP on appetite control are independent of melanocortin signaling (Tolle and Low, 2008;
Wu et al., 2008). Also, the basal intracellular cAMP levels in cells with MC3R or MC4R
expression are decreased by AgRP (Haskell-Luevano and Monck, 2001; Nijenhuis et al.,
2001; Chai et al., 2003; Tolle and Low, 2008; Tao et al., 2010). These studies indicate

AgRP to be an inverse agonist independent of antagonizing a-MSH.

1.3. The role of central melanocortin system in regulation of energy homeostasis

The central melanocortin system is defined as a collection of central nervous
system circuits including different types of neurons in CNS that express either the ligands
or the receptors (Fig. 1.1). There are two subsets of neurons within the ARC that express
endogenous ligands POMC and AgRP for neural MCRs, respectively (Cone, 2005).
These two subsets of neurons are described as “first order” neurons since they are able
to sense and integrate the external stimuli (humoral and nutrient cues) including leptin,
insulin, ghrelin, serotonin, orexin, and glucose (Cheung et al., 1997; Cowley, 2003; van
den Top et al., 2004; Konner et al., 2007; Parton et al., 2007; Xu et al., 2008; Krashes et
al., 2016). Among these external stimuli, leptin is the most significant ligand, circulating
at levels proportional to the body fat mass to act on the full-length leptin receptor (LepRb)
highly expressed in first order neurons (Cheung et al., 1997; Hill et al., 2008), thus

stimulating the POMC neurons to increase a-MSH production and suppressing AgRP



neurons to inhibit the release of AgQRP. Neurons expressing MC3R and MC4R within
multiple areas of brain are the target of a-MSH and AgRP, which are defined as “second
order” neurons (Krashes et al.,, 2016). MC3R and MC4R in these neurons can be
activated by a-MSH or inactivated by AgRP to exhibit negative or positive energy balance,

respectively (Krashes et al., 2016).

The MC4R is the most intensively studied target in central melanocortin system.
In Mc4r knockout mouse model, it was demonstrated that MC4R is required for inhibitory
effect of leptin on food intake (Marsh et al., 1999) and involved in regulation of metabolism
(Ste Marie et al., 2000). Notably, control of food intake and energy expenditure is exerted
by different neurons, as demonstrated using loxTB Mc4r mice (transcription of Mc4r gene
was blocked by loxTB sequence), with MC4R in PVN and amygdala regulating food intake
while MC4R on neurons outside of PVN and amygdala controlling energy expenditure
(Balthasar et al., 2005). Restoration of MC4R expression in PVN/amygdala using Cre-lox
technique attenuates 60% of weight gain in loxTB Mc4r mice (Balthasar et al., 2005). The
increased food intake is completely rescued since 100% of the hyperphagia is prevented
in those mice, while reduced energy expenditure is not altered, thus indicating the
divergence of melanocortin pathways in controlling food intake and energy expenditure
(Balthasar et al., 2005). Subsequent studies showed that MC4R regulates energy
expenditure via neurons located in the intermediolateral nucleus of the spinal cord (IML)
(Rossi et al., 2011) and dorsomedial nucleus of the hypothalamus (DMH) (Chen et al.,
2017). Moreover, cardiovascular functions, linear growth, and cholesterol metabolism are
mediated by MC4R within the PVN, whereas glucose metabolism and thermogenesis are

mediated by MC4R outside of the PVN (Li et al., 2016b; Chen et al., 2017). Another recent



study demonstrated that MC4R in POMC neurons may act as an auto-excitatory and/or
an auto-potentiation mechanism enhancing POMC neuron activation to regulate energy
homeostasis (do Carmo et al., 2013). Although studies on functional roles of MC3R in
energy homeostasis are less extensive compared with that of the MC4R, MC3R is also
important in regulation of energy homeostasis (Butler et al., 2000; Chen et al., 2000).
Different from Mc4r deletion causing hyperphagia in mice, Mc3r deleted mice exhibit
increased fat mass and reduced lean mass despite normal food intake or hypophagia
(Butler et al., 2000; Chen et al., 2000), suggesting that MC3R is primarily involved in
regulation of feed efficiency. Another important role of MC3R in maintaining energy
homeostasis is regulation of circadian rhythm: Mc3r deleted mice display abnormal
rhythmic expression of clock genes (Girardet and Butler, 2014), impaired behavioral
adaption (Begriche et al., 2012), and anomalous metabolic adaption to restricted feeding
(Sutton et al., 2010). Also, MC3R expressed by POMC neurons was identified and
proposed to serve an auto-inhibitory role inhibiting POMC neuron activation to regulate

energy homeostasis (Bagnol et al., 1999; Cowley et al., 2001).

In addition to studies using animal models, human genetic studies provided further
evidence for the function of these two receptors in regulating energy homeostasis. So far,
a substantial number of human MC3R and MC4R naturally occurring mutation have been
identified to be associated with obesity, with 33 MC3R mutations and more than 170
MC4R mutations identified in different cohorts from Asia, Europe and North America

(reviewed in (Tao, 2010a; Demidowich et al., 2017)).



Collectively, the central melanocortin system serves as the intersection point which
connects the neural pathways controlling satiety and metabolism to maintain energy

homeostasis by sensing and integrating the signals of external stimuli (Fig. 1.1).

1.4. Multiple signaling pathways of neural MCRs

On the cell membrane, upon agonist binding, neural MCRs are activated and
undergo conformational change, thereby generating intracellular signaling, including both

G protein-dependent and -independent signaling.

Like other Gas-coupled GPCR family members, once neural MCRs are activated,
the a-subunit of Gs protein will disassociate from the By heterodimer and then activate
adenylyl cyclase (AC) to increase the intracellular cAMP levels and subsequently activate
protein kinase A (PKA). This Gas-protein mediated signaling is the conventional

intracellular signaling and also the most commonly investigated in MCR intracellular

signaling studies.

In addition to Gas, the MC4R can couple to other G proteins, such as Gai protein
which inhibits AC activity to decrease cAMP level (Blch et al., 2009) and Gaq protein
which activates phospholipase C (PLC) and downstream kinase protein kinase C (PKC)
(Newman et al., 2006). Blich et al. observed that in hypothalamic cell line GT1-7 cells ,
a-MSH-induced incorporation of GTPyS35 (a measure of G protein activation) can be
partially (~50%) blocked by pertussis toxin (PTX) and o-MSH-induced cAMP

accumulation is increased due to the PTX treatment by 53% (PTX is a Gi inhibitor),



suggesting that both Gas and Gai proteins are activated through MC4R upon o-MSH
stimulation (Bich et al., 2009). Newman et al. confirmed that MC4R mediates increase
of intracellular Ca?* level through Gag-PLC dependent signaling in another hypothalamic
cell line, GT1-1 cell (Newman et al., 2006). Other signaling pathways are also identified
in cells expressing MC4Rs, including extracellular signal-regulated kinases 1/2 (ERK1/2),
c-Jun N-terminal kinases (JNK), 5'-AMP-activated protein kinase (AMPK), and protein
kinase B (PKB or AKT) (Minokoshi et al., 2004; Vongs et al., 2004; Sutton et al., 2005;

Chai et al., 2007; Chai et al., 2009; Damm et al., 2012; Yang and Tao, 2016a).

ERK1/2 pathway is one of three mitogen-activated protein kinases (MAPK)
pathways, and the other two pathways are JNK and p38 (Johnson and Lapadat, 2002).
ERK1/2 activation through MC4R varies based on cell types and ligands used. In GT1-7
cells, ERK1/2 activation through MC4R induced by o-MSH is only PKA-dependent
(Damm et al.,, 2012). In rat solitary nucleus neurons, the PKA-dependent ERK1/2
activation through MC4R is increased after central administration of MCR agonist,
Melanotan Il (MTII) (Sutton et al., 2005). [Nle4, D-Phe’]-a-MSH (NDP-MSH) induces
ERK1/2 activation via Gi protein in HEK293 cells expressing MC4Rs, but through
Ca?*/PKC pathway in GT1-1 cells (Chai et al., 2006). In CHO-KI cells, ERK1/2 activation
through MC4R is mediated by phosphoinositide 3-kinase (PI3K) rather than PKA (Vongs
et al., 2004). The diversity of ERK1/2 activation through MC4R makes this signaling
pathway complicated. Although B-arrestin mediated ERK1/2 activation was observed in
MC5R (Rodrigues et al., 2012) and other GPCRs such as p2-adrenergic receptor, V2
vasopressin receptor, parathyroid hormone receptor subtype 1, and angiotensin Il

receptor type 1A (DeWire et al., 2007), and even B-arrestin mediated MC4R endocytosis
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was demonstrated (Shinyama et al., 2003; Breit et al., 2006), there is still no evidence of

B-arrestin-mediated ERK1/2 activation in MC4R.

For the JNK pathway, NDP-MSH does-dependently inhibits JNK in HEK293 cells
stably expressing MC4R (Chai et al., 2009). AMPK phosphorylation level was
demonstrated to be decreased by MC4R activation with MTIl in PVN neurons and NDP-
MSH stimulation in MC4R-transfected HEK293T cells (Minokoshi et al., 2004; Yang and
Tao, 2016a). AKT activation is induced by NDP-MSH in GT1-7 cells (Yang and Tao,
2016a). lon channels on the cell membrane are thought to be effectors in a variety of
signaling pathways initiated by GPCRs. Regulation of ion channels by G protein can be
indirect (via second messengers and activation of downstream kinase) or direct (via G
protein By subunits) (Dascal, 2001). One recent study showed that MC4R in PVN neurons
can couple to potassium channel Kir7.1 independent of G protein (Ghamari-Langroudi et

al., 2015), further expanding the intracellular signaling effectors of MC4R.

Intracellular signaling of MC3R, compared to that of MC4R, is less extensively
studied. In addition to the Gas signaling pathway, MC3R can couple to Gai protein and
activate ERK1/2 signaling via a Gai protein-PI3K signaling system in HEK293 cells upon
NDP-MSH stimulation, which is independent of PKA, PKC and Ca?* (Chai et al., 2007).
However, data obtained from our lab showed that AgRP induces ERK1/2 activation
through MC3R in HEK293T cells independent of PKA and PI3K (Yang and Tao, 2016a),
suggesting the mechanism of ERK1/2 activation through MC3R is also different based on
cell types and ligands. As with MCA4R, it is still unclear on the role of B-arrestin in ERK1/2

activation, although MC3R endocytosis and desensitization are mediated by p-arrestin
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(Breit et al., 2006; Nyan et al., 2008). MC3R activation was also demonstrated to activate
AKT (Nyan et al., 2008; Yang and Tao, 2016a), to increase intracellular Ca?* levels
dependent or independent of inositol 1,4,5 triphosphate (IP3) (Konda et al., 1994;
Mountjoy et al., 2001), to induce PKC pathway (Wachira et al., 2003), and to induce

sustained inhibition of AMPK activity (Yang and Tao, 2016a).

So far, several studies have identified the physiological functions of multiple
intracellular signaling pathways initiated by neural MCRs. The conventional Gas signaling
of MC4R has been shown to be crucial in inducing anorexigenic signaling in
hypothalamus to result in a negative energy balance. However, paradoxical evidences
that some constitutively active mutant MC4Rs with increased cAMP generation were
identified from obese individuals (Tao, 2010a) suggest that Gas signaling pathway
through MCA4R is not the only pathway involved in regulation of energy homeostasis, and
other pathways through MC4R independent of Gas protein may also be involved. Further
studies confirmed that only energy expenditure mediated by MC4R is through Gas
signaling pathway since CNS-specific Gas deficiency results in a specific defect in energy
expenditure without effect on food intake (Chen et al., 2009; Chen et al., 2012). Food
intake, as another aspect of maintaining energy homeostasis through MC4R, is shown to
be controlled by several signaling pathways. Regulation of food intake mediated by MC4R
is controlled by Gaq signaling pathway with the evidence that PVN-specific Gaq deletion

causes hyperphagic obesity without affecting energy expenditure (Li et al., 2016b).

MC4R modulation of the AMPK pathway in PVN neurons is also involved in

regulating food take. MC4R activation decreases AMPK phosphorylation thereby
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inhibiting food intake (Minokoshi et al., 2004). ERK1/2 signaling through MCA4R is thought
to be involved in regulating energy homeostasis by mediating inhibition of food intake
(Sutton et al., 2005; Damm et al., 2012) in addition to its function on mediating cell
proliferation and inhibiting apoptosis (Chai et al., 2006). A recent study showed that food
intake inhibition caused by MC4R activation is dependent on coupling to closure of
potassium channel Kir7.1 to cause PVN neuron depolarization (Ghamari-Langroudi et al.,
2015). Although MC3R primarily regulates energy homeostasis by controlling feed
efficiency and maintaining circadian rhythm, the relationship between its G protein-
mediated intracellular signaling pathways and the physiological effects has not been
widely investigated. Additionally, MC3R-mediated ERK1/2 signaling cascade is involved
in regulation of feeding behaviors (Begriche et al.,, 2012) other than its function on
mediating cell proliferation (Chai et al., 2007) and anti-inflammation (Montero-Melendez

et al., 2015).
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Fig. 1.1 The central melanocortin system. POMC and AgRP neurons in the ARC are
defined as “first order” neurons which integrate external stimuli and project to “second
order” neurons with neural MCR expression. Neurons in PVN, intermediolateral nucleus
of the spinal cord (IML), and dorsomedial nucleus of the hypothalamus (DMH), mediate
different physiological functions in energy homeostasis. MC3R and MC4R in POMC
neurons can also serve auto-inhibitory and auto-excitatory roles to regulate energy

homeostasis.
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Chapter 2: Functions of DRYxxI motif and intracellular loop 2 of human

melanocortin-4 receptor

2.1. Introduction

Obesity, usually associated with several adverse health conditions, such as type
2 diabetes mellitus, hypertension, cardiovascular disease, and certain types of cancer
(Guh et al., 2009), has become a critical healthy issue over the world. It is commonly
caused by imbalanced energy intake and expenditure. Many genetic factors are involved
in the development of obesity (O’rahilly et al., 2003). The melanocortin-4 receptor (MC4R),
highly expressed in central nervous system (CNS), is one of the major factors in obesity
pathogenesis. MC4R is crucial in regulation of both food intake and energy expenditure
(Huszar et al., 1997). Targeted deletion of Mc4r in mice causes maturity onset obesity
associated with hyperphagia, hyperinsulinemia, and hyperglycemia (Huszar et al., 1997).
Human genetic studies also revealed that 5.8% of subjects with severe obesity
commencing childhood have mutations in MC4R, demonstrating dysfunction of MC4R to

be the most common cause of monogenetic obesity (Farooqi et al., 2003).

As a member of Family A G protein-coupled receptors (GPCRs), MC4R has seven

hydrophobic transmembrane domains (TMDs) connected by several intracellular and

14



extracellular loops (ICLs and ECLSs). Activation of MC4R results in GDP/GTP exchange
in the a-subunit of stimulatory G (Gs) protein. The a-subunit dissociates from By
heterodimer and activates adenylyl cyclase (AC) to increase intracellular cyclic AMP
(cAMP) level and subsequently enhance protein kinase A (PKA) activity. This
conventional Gs-cAMP signaling pathway is crucial in inducing anorexigenic effect to
result a negative energy balance. In addition, MC4R also activates ERK1/2 (Daniels et
al., 2003; Vongs et al., 2004), one of three mitogen-activated protein kinases (MAPK)
pathways. The ERK1/2 activation through MC4R has been shown to regulate energy
homeostasis by inhibiting food intake (Sutton et al., 2005; Damm et al., 2012). Therefore,
both Gs-cAMP and ERK1/2 signaling pathways are related to the MC4R function of

energy homeostasis.

Constitutive activation of GPCRs is characterized by signaling in the absence of
agonist stimulation. The constitutive activity of MC4R is essential for maintaining normal
energy homeostasis in humans. It has been suggested that defect in constitutive activity
of MC4R in the cAMP pathway attenuates the tonic satiety signal resulting in
dysfunctional energy balance and obesity (Srinivasan et al., 2004; Tao, 2014). Recent
study suggested that constitutive and agonist-induced MC4R activations differentially
modulate signal to impact on distinct subtypes of voltage-gated calcium channels (Agosti
et al., 2017). The constitutive activity of MC4R can affect the specific channels controlling
transcriptional activity coupled to depolarization and neurotransmitter release (Agosti et
al., 2017). Moreover, MC4R can also be constitutively active in the ERK1/2 pathway (Mo
et al., 2012), suggesting that the constitutive activation of ERK1/2 pathway may be

involved in maintaining normal energy homeostasis.
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The interactions involving highly conserved residues at the cytoplasmic surface
are crucial for signaling properties in GPCRs. Crystal structural studies in several Family
A GPCRs reveal that DRYxxI motif in the end of TMD3 is of importance for receptor
function. Conversed amino acids in DRYxxI motif and TMD6 form polar interactions
(commonly termed as ‘ionic lock’), bridging two transmembrane domains to stabilize
receptor in an inactive conformation (Vogel et al., 2008; Rosenbaum et al., 2009). Once
receptor binds to ligands, this ‘ionic lock’ is broken and the new interaction forms between
DRYxxI motif and TMD5, triggering receptor into an active conformation (Yao et al., 2006;
Rosenbaum et al., 2009). Therefore, DRYxxI motif is critical in constraining receptor in
inactive conformation. The ICL2, linking TMD3 and TMD4, serves as a platform for
hydrogen-bonding interaction between a conserved tyrosine on ICL2 and DRYxxI motif
(Rosenbaum et al., 2009). ICL2 participates in G protein coupling and B-arrestin binding,
indicating the significance of this loop in receptor activation and desensitization (Raman

et al., 1999).

One of our previous studies based on alanine-scanning mutagenesis has proven
that DRYxxI motif and ICL2 are critical for human MC3R (hMC3R) function (Huang and
Tao, 2014). However, systematic study of this domain in human MC4R (hMC4R) is still
lacking. In order to enhance the understanding of structure-functional relationship of
hMC4R, we generated seventeen mutants in total using alanine-scanning mutagenesis
to investigate the functional roles of residues in this domain. Cell surface expression,
ligand binding properties, and signaling properties of Gs-cAMP and ERK1/2 pathways of

these seventeen mutants were investigated in the present study.
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2.2. Materials and methods

2.2.1. Materials

Human embryonic kidney 293T (HEK293T) cells were purchased from American
Type Culture Collection (Manassas, VA, USA). [Nle4, D-Phe’]-a-melanocyte-stimulating
hormone (NDP-MSH) and Agouti-related peptide (AgRP) (8-132) were purchased from
Peptides International (Louisville, KY, USA). Ipsen 5i and ML00253764 were synthesized
by Enzo Life Sciences, Inc. (Plymouth Meeting, PA, USA). [*?°I]-NDP-MSH and [*?°1]-
cAMP were iodinated using the chloramine-T method as described previously (Steiner et
al., 1969; Mo et al., 2012). The N-terminal c-myc-tagged WT hMC4R subcloned into

pcDNA3.1 vector was generated as previous described (Tao and Segaloff, 2003).

2.2.2. Site-directed mutagenesis

Mutant hMC4Rs were generated from the WT receptor by QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA, USA) using the primers listed in Table
1.1. The sequences were verified by direct nucleotide sequencing by the DNA

Sequencing Facility of University of Chicago Cancer Research Center (Chicago, IL., USA).

2.2.3. Cell culture and transfection

HEK?293T cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM)
(Invitrogen, Carlsbad, CA, USA) containing 10% newborn calf serum (PAA Laboratories
Inc., Etobicoke, ON, Canada), 10 mM HEPES, 100 units/ml penicillin, 100 pg/mL
streptomycin, 50 pg/mL of gentamicin, and 0.25 ug/mL amphotericin B, at 37 °C and 5%

CO2 humidified atmosphere. For flow cytometry, ligand binding, and cAMP signaling
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studies, cells were seeded into gelatin-coated six-well plates (Corning, NY, USA) and
were transfected with WT or mutant hMC4Rs at approximately 70% confluence using the
calcium phosphate precipitation method as described previously (Chen and Okayama,
1987). For western blot, cells were plated into gelatin-coated 100 mm dishes (Corning)

and transfected using same method.

2.2.4. Quantification of receptor cell surface expression by flow cytometry

HEK293T cells were transfected as described above. Approximately 48 h after
transfection, six-well plates were placed on ice, and cells were washed once with cold
PBS for immunohistochemistry (PBS-IH) (Tao and Segaloff, 2003), detached with PBS-
IH, and centrifuged at 1,500 rpm for 5 min. Then, cells were fixed with 4%
paraformaldehyde in PBS-IH for 15 min. After blocking with PBS-IH containing 5% bovine
serum albumin (BSA, EMD Millipore Corporation, USA) for 1 h, cells were incubated for
another 1 h, with the primary antibody 9E10 monoclonal anti-myc antibody
(Developmental Studies Hybridoma Bank at the University of lowa, lowa City, 1A, USA)
1:40 diluted in PBS-IH containing 0.5% BSA (PBS-IH/BSA). After incubation, cells were
washed once with PBS-IH/BSA, and incubated for 1 h, with the secondary antibody Alexa
Fluor 488-conjugated goat anti-mouse IgG (Invitrogen) 1:1500 diluted in PBS-IH/BSA.
After incubation, cells were washed once with PBS-IH/BSA, filtered to obtain single cell
suspension, and assayed using a C6 Accuri Cytometer (Accuri Cytometers, Ann Arbor,
MI, USA). Cells transfected with pcDNA3.1 were used as control for background staining.
The expression levels of mutant hMC4Rs were calculated by the following formula:

(mutant-pcDNA3.1)/(WT-pcDNA3.1) x 100% (Wang et al., 2008).
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2.2.5. Ligand binding assay

HEK293T cells were transfected as described above. Approximately 48 h after
transfection, cells were washed with warm DMEM containing 1 mg/mL BSA. Then, cells
were incubated with DMEM/BSA, ~80,000 cpm of ['?°]]-NDP-MSH, and without or with
different concentrations of unlabeled NDP-MSH at 37 °C (final concentrations ranged
from 101! to 10 M). One hour later, cells were washed with cold Hank’s balanced salt
solution containing 1 mg/mL BSA, lysed by 100 uL 0.5 N NaOH, and collected by cotton
swabs. The radioactivity of cells lysates was measured in a gamma counter (Cobra Il

Auto-Gamma, Packard Bioscience Co., Germany).

2.2.6. CAMP assay

HEK293T cells were transfected as described above. Approximately 48 h after
transfection, cells were washed with warm DMEM/BSA and incubated with fresh
DMEM/BSA containing 0.5 mM isobutylmethylxanthine at 37 °C for 30 min. Cells were
then treated without or with NDP-MSH (final concentrations ranged from 1012 to 106 M)
for investigation of ligand-induced cAMP signaling. Cells were also treated without or with
Ipsen 5i (10 M), ML00253764 (10> M), or AgRP (8-132) (10® M) for investigation of
constitutive activities of some mutant hMC4Rs in cAMP signaling. After one hour
incubation, cells were lysed by 0.5 M perchloric acid containing 180 ug/mL theophylline
and neutralized by 0.72 M KOH/0.6 M KHCOs. The cAMP levels were determined by
radioimmunoassay (RIA) as described previously (Steiner et al., 1969). The diluted
samples (500 ul) were acetylated by adding 20 ul 5 N KOH and 5 ul acetic anhydride

followed by immediate vortex and incubation on ice for 30 min. Then, the acetylated
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samples were transferred into plastic test tubes (50 ul for each), and mixed with 10 ul 250
mM NaOAc, 50 ul cAMP anti-body solution, and 50 pl [*?°]]-cAMP solution (~ 15,000 cpm).
Then, the mixtures were incubated at 4 °C overnight. Nest day, 12% polyethylene glycol
was added into each tube to separate the anti-body-bound cAMP from the free CAMP.
The samples were centrifuged at 3,200 rpm at 4 °C for 30 min. The supernatant was
aspirated, and the radioactivity of precipitate was counted by a gamma counter (Packard

Bioscience).

2.2.7. Protein preparation and western blot

For protein preparation, HEK293T cells were transfected as described above.
Approximately 24 h after transfection, cells were starved in DMEM/BSA at 37 °C for 24 h.
On the day of experiment, cells were treated without or with 10 M NDP-MSH at 37 °C
for 5 min. After treatment, cells were then solubilized in lysis buffer containing
phosphatase and protease inhibitors. Total protein concentrations of cell lysates were

determined using the Bradford protein assay.

For western blot, 35 ug protein samples were separated on 10% SDS-PAGE gel
and transferred onto PVDF membrane for immunoblotting. The PVDF membranes were
blocked in 10% nonfat dry milk (containing 0.2% Tween-20) for 4 h at room temperature,
and immunoblotted with rabbit anti-phosphorylated ERK1/2 (pERK1/2) antibody (Cell
signaling, Beverly, MA, USA) 1:5000 and mouse anti-B-tubulin antibody (Development
Studies Hybridoma Bank, University of lowa, lowa City, IA, USA) 1:5000 diluted in Tris-
buffered saline containing Tween-20 (TBST) with 5% BSA overnight at 4 °C. On the next

day, PVDF membranes were washed with TBST for 1 h and then probed with horseradish
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peroxidase-conjugated secondary antibodies, donkey anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) 1:5000 and donkey anti-mouse
IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) IgG 1:5000 diluted
in 10% nonfat dry milk for 1~2 h at room temperature. Membranes were washed with
TBST for 1 h and specific bands were detected with ECL reagent (Thermo Scientific,
Rockford, IL, USA) and were analyzed and quantified by Image J Software (NIH,

Bethesda, MD, USA).

2.2.8. Statistical analysis

GraphPad Prism 4.0 Software (San Diego, CA, USA) was used to calculate the
ligand binding parameters including ICso and maximal binding, and cAMP signaling
parameters including ECso and maximal response. To determine the significance of
differences in cell surface expression, ligand binding and cAMP signaling parameters,
and pERK1/2 levels between WT and mutant hMC4Rs, Two-tailed Student’s t-test was

performed.

2.3. Results

To investigate the function of each residue of DRYxxI motif and ICL2 of hMC4R
(Fig. 2.1), alanine-scanning mutagenesis was performed to mutate each residue to
alanine or alanine to glycine. A total of seventeen mutant hMC4Rs were generated. NDP-
MSH, a super-potent analog of endogenous agonist a-MSH (Sawyer et al., 1980), was

used in the present study.
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2.3.1. Cell surface expression of the mutant hMC4Rs

It is known that mutations may impact receptor on cell surface expression with
defective protein synthesis or failure of passing through the quality control and retention
in endoplasmic reticulum. To quantitate the cell surface expression of mutant hMC4Rs,
flow cytometry technique was performed in the present study. As shown in Fig. 2.2, T150A,
had significantly lower cell surface expression (57.98 + 10.03% of WT), suggesting that
this mutant was defective in synthesis or partially retained. Four mutants (A154G, Q156A,
Y157A, and M161A) had slightly increased cell surface expression with statistical
significance. All the other mutants were expressed normally on the cell surface as WT

hMC4R.

2.3.2. Ligand-binding properties of the mutant hMC4Rs

To study ligand binding of the mutant hMC4Rs, unlabeled NDP-MSH and
radiolabeled NDP-MSH ([*?°I]-NDP-MSH) were used in the competitive ligand binding
assay. Fig. 2.3 showed the results from ligand binding experiments of WT and mutant
hMCA4Rs to [*?°1]-NDP-MSH, displaced by unlabeled NDP-MSH with the increase of ligand
concentration. As shown in Table 2.2, [*?°1]-NDP-MSH bound to WT hMC4R was
displaced by unlabeled NDP-MSH with an ICso of 19.43 + 2.10 nM similar as the previous
values. Of these mutant h(MC4Rs, D146A, Y148A, M160A, and M161A had significantly
decreased ICsos compared with the WT hMCA4R, indicating that these four mutants
exhibited increased affinities with the ligand. However, T150A had significantly increased
ICs0 (40.25 £ 6.11 nM) relative to the WT hMCA4R therefore decreased affinities with the

ligand. In addition, seven mutants (D146A, Y148A, Y153A, Q156A, Y157A, M161A, and
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T162A) had significantly decreased maximal binding compared to the WT hMC4R
whereas two mutants (F149A and N159A) exhibited increased maximal binding with

statistically significance (Table 2.2 and Fig. 2.3).

2.3.3. Signaling properties of the mutant h(MC4Rs in cAMP pathway

To investigate both constitutive activities and ligand-induced signaling properties
of hMC4R variants in cAMP pathway, HEK293T cells with WT or mutant hMC4Rs
expression were stimulated without or with different concentrations of NDP-MSH.
Consistent with previous studies, the WT hMCA4R, in the present study, was constitutively
active (basal CAMP level: 41.45 + 4.38 pmol/10° cells). Five mutants (R147A, T150A,
I1151A, L155A, and Y157A) had significantly decreased basal cCAMP levels compared to
WT receptor (Table 2.2 and Fig. 2.4A). The basal cAMP production of T150A, which had
reduced cell surface expression, was only 19.34 + 4.05% of WT basal. However, six
mutants (D146A, Y148A, F149A, F152A, Y153A, and H158A) displayed the elevation of

basal cAMP levels compared with WT basal (Table 2.2 and Fig. 2.4A).

To further confirm whether these six mutants are indeed constitutively active
mutants. Three inverse agonists, including two MC4R small molecule ligands, Ipsen 5i
and ML00253764, and one MC4R endogenous ligand AgRP (8-132), were used to treat
the cells with expression of these six mutants. As shown in Fig. 2.4B, the basal cCAMP
levels of five mutants (Y148A, F149A, F152A, Y153A, and H158A) could be reduced by
treatment of Ipsen 5i (10 M) and ML00253764 (10° M). Of the WT and five mutants, the
inhibition ranged from 60 to 86%. In contrast, D146A showed activation rather than

inhibition after treatment of these two small molecules. Moreover, AgRP (8-132) (108 M)
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could decrease the basal cAMP levels of WT and all six mutants with the inhibition ranging

from 36 to 63%.

NDP-MSH-stimulated cAMP levels were also measured in WT MC4R and mutants.
As shown in Table 2.2 and Fig. 2.5, we found that NDP-MSH dose-dependently increased
intracellular cAMP accumulation in cells transfected with WT hMC4R with an ECso of 0.38
+ 0.07 nM. Seven mutants (D146A, R147A, T150A, I1151A, L155A, Q156A, and Y157A)
were less capable of producing cAMP reflected by their significantly increased ECsos.
Two mutants (F152A and H158A) showed the decreased ECsos, suggesting that they
could response to NDP-MSH stimulation more potently. When maximal responses were
analyzed, only one mutant, T150A, was demonstrated to have remarkably decreased
maximal response (17.62 + 3.60% of WT) despite normal maximal binding. Two mutants,
M161A and T162A, which had very low maximal binding, showed significantly, although

very slightly, increased maximal response.

2.3.4. Signaling properties of the mutant h(MC4Rs in ERK1/2 pathway

To investigate the signaling properties of mutant hMC4Rs in ERK1/2 pathway,
pPERK1/2 levels were measured by western blot. Our data showed that all mutants did not
exhibit statistically significant alternations on the basal pERK1/2 levels relative to WT
basal (Fig. 2.6A and C). WT hMC4R could respond to NDP-MSH stimulation in ERK1/2
pathway with more than two-fold increased pERK1/2 level. The mutants also had
significantly increased pERK1/2 levels in presence of NDP-MSH stimulation except for
five mutants (D146A, F149A, Y153A, Y157A, and M161A) (Fig. 2.6A and B). Although

the pERK1/2 levels of four mutants (R147A, Y148A, H158A, and 1160A) were increased
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significantly upon NDP-MSH stimulation, the fold-changes were significantly lower than

that of WT receptor (Fig. 2.6B).

2.4. Discussion

In the present study, we performed a systematic investigation on the seventeen
residues of DRYxxI motif and ICL2 of h(MC4R based on the alanine-scanning site-directed
mutagenesis. NDP-MSH, a super-potent analog of a-MSH (Sawyer et al., 1980), was
used in this study to assess ligand binding, Gs-cAMP signaling, and ERK1/2 signaling

properties of h(MC4R mutants.

The flow cytometry experiment was performed to quantitate the mutant receptors
expression on cell membrane. All the mutant hMC4Rs had normal or higher cell surface
expression compared with WT hMC4R except for one mutant T150A with ~60% cell
surface expression level of WT receptor, suggesting its defective synthesis or intracellular
retention (Fig. 2.2). One naturally occurring mutant, T150I, also showed the defective cell
surface expression (Xiang et al., 2006). We speculated that the corresponding residue

might be a critical site for cell surface expression of MC4R.

Competitive binding assay revealed that alanine mutations of eight residues (D146,
Y148, T150, Y153, Q156, Y157, M161, and T162) impaired ligand binding with either
increased ICsos or decreased maximal binding (Table 2.2 and Fig. 2.3). D146A, M161A,
and T162A caused severely reduced maximal binding (Table 2.2 and Fig. 2.3), which was

similar as our previous finding that alanine mutants of corresponding residues in hMC3R
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(D178, M193, and T194) exhibited undetectable binding properties (Huang and Tao,
2014), suggesting that these three residues were important for ligand binding in both
melanocortin receptors. Residues in the DRYxxI motif and ICL2 are located at the
transmembrane and cytoplasmic region (Fig. 2.1). Although these residues are remote
from the binding pocket which is formed by residues located in extracellular side, and not
directly involved in receptor-ligand interaction, these residues are still indispensable in
receptor-ligand binding by influencing receptor conformational change and indirectly
modulating the receptor-ligand interaction. This observation was similar with previous
results reported in MC3R and MC4R, as well as other GPCRs (Erlenbach et al., 2001; Lu

et al., 2005; Huang and Tao, 2014; Yang et al., 2015b).

Constitutive activities of the hMC4R have been suggested to play a significant role
in physiology and pathophysiology. Loss of constitutive activity in the mutant hMC4Rs is
known as one cause of obesity (Srinivasan et al., 2004). Some naturally occurring MC4R
mutations were indeed found to decrease the constitutive activity (Tao and Segaloff,
2005). Paradoxically, some could increase the constitutive activity (Vaisse et al., 2000;
Hinney et al., 2003; Valli-Jaakola et al., 2004). It remains unknown whether mutations

resulting in the enhanced constitutive activation of receptor are the cause of obesity.

In cCAMP assay, we found that eleven alanine mutants exhibited altered basal
CAMP levels on Gs-cAMP pathway (Table 2.2 and Fig. 2.4A). Mutations on the
corresponding sites might break and shift the equilibrium between receptor inactive and
active states, resulting in either enhanced or reduced constitutive activation. Five mutant
hMC4Rs (R147A, T150A, 1151A, L155A, and Y157A) exhibited decreased basal cCAMP

levels, implicating that these residues were important for signal transduction in the
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absence of agonist. Six mutants (D146A, Y148A, F149A, F152A, Y153A, and H158A)
displayed enhanced basal cAMP levels which could be partially inhibited by Ipsen 5i,
ML00253764, and AgRP (8-132) with the exception that two small molecule ligands
(Ipsen 5i and ML00253764) failed to decrease the basal cAMP level of D146A (Fig. 2.4B).

Our results indicated that these six mutants were indeed constitutively active mutants.

It has been suggested that the highly conserved DRYxxI motif can interact with
residues on TMDG6 to regulate the receptor conformational switch between inactive and
active states in Family A GPCRs (Ballesteros et al., 2001; Angelova et al., 2002; Greasley
et al., 2002; Zhang et al., 2005a). The crystal structure of the inactive state of rhodopsin
indicates that the basic arginine (R3%°) forms double salt bridges with neighboring aspartic
acid (D3%% and glutamic acid (E®3°) on TMD6 (Ballesteros & Weinstein numbering
scheme (Ballesteros and Weinstein, 1995)) to constrain receptor in the ground state
(Palczewski et al., 2000). Mutations on D3#° in several GPCRs, such as rhodopsin, ous-
adrenergic receptor, vasopressin type |l receptor, B2-adrenergic receptor, and p-opioid
receptor, could frequently induce constitutive activation (reviewed in (Rovati et al., 2007)).
Our results demonstrated that alanine substitution on D14634° of hMC4R resulted in
approximately three-fold increase of basal CAMP level (Table 2.2 and Fig. 2.4), indicating
the crucial role of D1463° in constraining receptor in its ground state. One hMC4R
naturally occurring mutant, D146N34°, has also been shown to exhibit increased
constitutive activity (Wang and Tao, 2011). However, alanine mutation on R1473%0 of
hMC4R caused decreased basal cCAMP level (Table 2.2 and Fig. 2.4A), implicating that
R1473%0 might be important in involved in contacting Ga. to stabilize the active status of

the receptor-G protein complex as supported by previous well know findings (Scheerer et
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al., 2008; Rasmussen et al., 2011), but might not form salt bridge with the residue on

TMD6 (N240A5-39) to constrain receptor in the ground state (Huang and Tao, 2012).

T150%%3is also highly conserved throughout the rhodopsin-like GPCRs. Our data
showed that alanine mutations on this residue could dramatically decrease the
constitutive activity (Table 2.2 and Fig. 2.4A). The reduced constitutive activity of T150A
should be considered with its low cell surface expression. Among the residues important
for MC4R constitutive activation in ICL2, alanine mutation on H158 caused almost eight-
fold increase in constitutive activity. Given that one naturally occurring mutant H158R
exhibited more than six-fold increase on constitutive activity compared with WT hMC4R
(Hinney et al., 2006), we consider that H158 might also be a significant residue for

constraining receptor in inactive conformation.

Seven mutants, D146A, R147A, T150A, 1151A, L155A, Q156A, and Y157A, had
impaired Gs-cAMP signaling upon NDP-MSH stimulation. Alanine mutations on these
residues were shown to result in the defect of NDP-MSH-stimulated Gs-cAMP pathway
with reduced signaling potencies (Table 2.2 and Fig. 2.5). The signaling deficiencies of
three mutants (D146A, Q156A, and Y157A) were likely due to their impaired ligand
binding properties. Among other signaling defective mutants, we found that T150A had
severely reduced maximal response apart from increased ECso (Table 2.2 and Fig. 2.5).
The defective signaling properties of T150A might be primarily caused by low cell surface
expression (Fig. 2.2). Moreover, low affinity to NDP-MSH might also be a cause (Table
2.2). Alanine mutations on the corresponding position 3.53 in MC3R (Huang and Tao,
2014), follicle-stimulating hormone receptor (Timossi et al., 2002), and angiotensin Il type

1 receptor (Miura et al., 2000) were also reported to affect receptor signaling.
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Alanine mutation on 11513%*, which is distal to the DRYxxI motif, impaired Gs-
cAMP signaling (reduced constitutive activity and increased ECso) without changing
ligand binding properties, suggesting that this residue was also critical in signaling
transduction. Some previous studies have demonstrated that the corresponding residue
3.54 is involved in receptor-G protein coupling. Several mutations on this residue of
MC3R, including 1183A354, 1183N3%4, and 1183R3%4, caused profound loss of agonist-
stimulated cAMP production (Tao and Segaloff, 2004; Huang and Tao, 2014). One
hMC4R mutant, 1151N3%4, also displayed no-detectable agonist-stimulated cAMP
production despite normal ligand binding (Tao and Segaloff, 2004). L1553%8 is a highly
conserved residue in rhodopsin-like GPCRs and was reported to be critical for G protein
coupling. Impaired receptor activation caused by mutations on corresponding position
has been shown in other GPCRs, such as MC3R (Huang and Tao, 2014), B2-adrenergic
receptor (Rasmussen et al., 2011), and G-protein coupled receptor 54 (Wacker et al.,
2008). Consistently, the defective signaling properties of L155A3% of hMC4R also

suggested that the corresponding residue was important in MC4R activation.

It should be noted that although 4 mutants, D146A, Y157A, M161A, and T162A,
had severely impaired maximal binding with ligands (less than 20% of WT MC4R maximal
binding), they exhibited the comparable cAMP production as WT hMC4R upon NDP-MSH
stimulation (Table 2.2, Figs. 2.3 and 2.5). Presence of spare receptors in heterologous
expression system might be an explanation (Strickland and Loeb, 1981; Tao, 2005).
Similar results were also observed in some naturally occurring hMC4R mutants such as
S58C and 1102T (Tao and Segaloff, 2003), as well as some atrtificial alanine mutants (Mo

et al., 2012).
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The activation of ERK1/2 is a significant signaling cascade triggered by MC4R,
which is thought to be involved in regulation of energy homeostasis by mediating inhibition
of food intake (Sutton et al., 2005; Damm et al., 2012). Five alanine mutants, including
D146A, R149A, Y153A, Y157A, and M161A, could not respond to NDP-MSH stimulation
in ERK1/2 pathway (Fig. 2.6A and B). In our previous study of the DRYxxI motif and ICL2
of A(MC3R, two mutants, Y185A and M193A (corresponding to Y153 and M161 in hMC4R),
were also unable to induce ERK1/2 signaling with NDP-MSH stimulation (Huang and Tao,
2014). This indicated that the two residues were important for ERK1/2 signaling in both
melanocortin receptors. Four alanine mutants, including R147A, Y148A, H158A, and
I160A, also exhibited defective ERK1/2 activation since the efficacies of NDP-MSH at
these mutants were lower compared to WT receptor, although they could respond to

stimulation significantly (Fig. 2.6B).

Biased agonism, including biased mutants and ligands, has been proposed in
MC4R by several research groups (Nickolls et al., 2005; Biich et al., 2009; Mo and Tao,
2013; He and Tao, 2014; Ghamari-Langroudi et al., 2015; Yang and Tao, 2016a)
(reviewed in (Yang and Tao, 2017)). Previous studies in our lab have identified many
biased hMC4R mutants which trigger biased signaling between Gs-cAMP and ERK1/2
pathways (Huang and Tao, 2012; Mo and Tao, 2013; He and Tao, 2014). Our present
study also investigated biased signaling of mutant h(MC4Rs. With the stimulation of NDP-
MSH, one mutant T150A could induce biased ERK1/2 activation, whereas five mutants
(Y148A, F149A, H158A, 1160A, and M161A) exhibited biased Gs-cAMP signaling (Table
2.2, Figs. 2.5 and 2.6), suggesting the importance of corresponding residues in selectivity

of receptor signaling. Previous studies also showed that the certain alanine mutations on
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TMD3 of gonadotropin-releasing hormone receptor and ICL2 of V2 vasopressin receptor
potentially cause receptor conformational selection and therefore different ligand-induced

selective signaling (Erlenbach et al., 2001; Lu et al., 2005).

In summary, based on systematic study of the DRYxxI motif and ICL2 of hMCA4R,
we have identified the residues that were crucial for ligand binding, signaling in Gs-cAMP
pathway, and signaling in ERK1/2 pathway (Fig. 2.7). Biased signaling was also
investigated in our present study, which expands our understanding of the MC4R
intracellular signaling. The structure-functional relationship of MC4R established in the
present study will be valuable for investigating MC4R physiological role in regulation of
energy homeostasis and rationally designing agonists and antagonists for treatment of

MC4R-related diseases.
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Table 2.1 Forward primer sequences used for site-directed mutagenesis studies of

hMC4R. The mutated codons are underlined.

Constructs

Forward primer sequences

D146A
R147A
Y148A
F149A
T150A
1151A
F152A
Y153A
A154G
L155A
Q156A
Y157A
H158A
N159A
1160A
M161A
T162A

CAATTGCAGTGGCCAGGTACTTTAC
CAATTGCAGTGGACGCGTACTTTACT
GCAGTGGACAGGGCCTTTACTATCTT
CAGTGGACAGGTACGCTACTATCTTC
GACAGGTACTTTGCTATCTTCTATG
CAGGTACTTTACTGCCTTCTATGCTCT
GTACTTTACTATCGCCTATGCTCTCCA
CTTTACTATCTTCGCTGCTCTCCAGTA
CTATCTTCTATGGTCTCCAGTACC
CTATCTTCTATGCTGCCCAGTACCATA
CTATGCTCTCGCGTACCATAAC
CTATGCTCTCCAGGCCCATAACATTAT
GCTCTCCAGTACGCTAACATTATGAC
CTCCAGTACCATGCCATTATGACAG
CCAGTACCATAACGCTATGACAGTTA
GTACCATAACATTGCGACAGTTAAGC
CATAACATTATGGCAGTTAAGCGGG
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Table 2.2 The ligand binding and signaling properties of WT and mutant hMC4Rs.

hMC4R NDP-MSH binding Basal activities NDP-MSH-stimulated cAMP NDP-MSH-
construct ICs0 (NM) Bmax (% WT) (% WT) ECso (NM) Rmax (% WT) S“E"éii'f,tze ‘
WT 19.43 £ 2.10 1000 1000 0.38 £ 0.07 100+ 0 +
D146A 3.24 £ 0.70° 6.47 + 0.97 292.67 + 35.94° 1.07 +0.182 108.52 £ 12.25 -
R147A 11.86 +0.25 176.71 + 38.93 23.62 + 4.31b 1.73 + 0.442 121.75 + 14.65 -
Y148A 4.31 +1.78b 60.38 + 10.622 126.90 + 9.862 0.21 £ 0.09 136.92 + 8.172 -
F149A 6.30 + 0.83 156.37 + 13.732 233.51 + 26.15 0.24 + 0.08 154.21 + 31.84 -
T150A 40.25 + 6.112 95.30 + 3.43 19.34 + 4.05b 11.55 + 2.38° 17.62 + 3.60° +
1151A 10.87 + 1.08 124.47 + 28.35 38.42 £ 15.772 3.29 £ 0.27° 93.52 £ 24.82 +
F152A 17.29 £ 5.63 76.21 £ 14.64 228.74 + 56.31° 0.06 % 0.022 115.47 £ 14.57 +
Y153A 13.02  5.03 56.84 + 452 194.08 + 31.05b 0.26 +0.10 152.24 + 28.47 -
A154G 28.72 £9.72 84.83 + 6.18 80.70 £ 21.17 0.87 +0.10 110.06 + 10.78 +
L155A 50.80 + 14.05 79.61 £ 8.63 21.77 £ 5.64b 6.03 £ 1.42b 100.44 £ 5.25 +
Q156A 15.41 + 5.45 61.26 + 6.10b 133.59 + 27.19 1.76 + 0.432 129.25 + 23.87 +
Y157A 7.43 £2.02 14.88 £ 2.18 24.72 £ 2.89b 2.85 £ 0.61° 131.64 + 18.30 -
H158A 10.36 £ 3.15 138.97 + 25.34 761.86 + 111.54 0.03 + 0.022 109.75 + 26.84 -
N159A 15.19 + 5.31 119.92 + 6.622 79.16 £ 16.55 0.30 £ 0.07 92.29 £ 16.32 +
1160A 6.77 + 2.07° 95.24 + 16.43 88.84 + 15.64 0.20 +0.18 109.91 + 28.73 -
M161A 3.47 £ 1.19° 13.18 £ 2.67° 72.38 £9.95 0.41 +0.16 137.22 + 11.702 -
T162A 5.79 + 2.35 13.73 £ 1.17 60.37 £ 13.41 0.46 +0.10 145.81 + 13.952 +
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Values are expressed as the mean + S.E.M. of at least three independent experiments. The Rmax of WT hMC4R was 1662.19
+ 136.63 pmol cAMP/10° cells with NDP-MSH stimulation.

asignificantly different from WT, P < 0.05; P significantly different from WT, P < 0.01.
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N-terminal @0@9

@ Amino acids in DRYxxI motif and ICL2

Fig. 2.1 Schematic model of hMC4R. Amino acids residues in DRYxxI motif and ICL2

are indicated in black circles.
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Fig. 2.2 Cell surface expression of WT and mutant hMC4Rs by flow cytometry.
HEK293T cells were transiently transfected with WT and mutant hMC4Rs. Results are
expressed as % cell surface expression level of WT hMC4R. Values are mean + S.E.M
of at least three independent experiments. The significant difference between WT and

mutant: a, P < 0.05; b, P < 0.001.
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Fig. 2.3 NDP-MSH binding properties of WT and mutant hMC4Rs. HEK293T cells
were transiently transfected with WT and mutant hMC4Rs. Intact cell surface binding was
measured by competitive inhibition of [*?°I]-NDP-MSH with different concentrations of
unlabeled NDP-MSH. Results are expressed as % of WT maximal binding + S.E.M. of

duplicate measurements within one experiment. Curves are representative of at least

three independent experiments.
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ive activity of WT and mutant hMC4Rs in cAMP pathway. (A)
HEK293T cells were transiently transfected with WT and mutant hMC4Rs, and

intracellular cAMP levels were measured by RIA without NDP-MSH stimulation. Results
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experiments. The basal cAMP level of WT hMC4R was 41.45 + 4.38 pmol/10° cells. The
significant difference between WT and mutant: a, P < 0.05; b, P <0.01; ¢, P <0.001. (B)
Partial inverse agonism of Ipsen 5i, ML00253764, and AgRP (8-132) on WT and six
mutants with high basal activities. HEK293T cells were transiently transfected with WT
and six mutant hMC4Rs. Cells were treated with 10 M Ipsen 5i, 10°°M ML00253764, or
108 M AgRP (8-132), and intracellular cAMP levels were measured by RIA. Significant

differences are observed between all control and treatment groups (P < 0.05).
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Fig. 2.5 NDP-MSH-stimulated cAMP signaling properties of WT and mutant hMC4Rs.
HEK293T cells were transiently transfected with WT and mutant hMC4Rs, and
intracellular cAMP levels were measured by RIA after stimulation with different
concentrations of NDP-MSH. Results are mean + S.E.M. from triplicate measurements

within one experiment. Curves are representative of at least three independent

experiments.
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Fig. 2.6 The ERK1/2 sighaling properties of WT and mutant hMC4Rs. HEK293T cells
were transiently transfected with WT and mutant hMC4Rs, and pERK1/2 levels were
measured by western blot without or with stimulation of 10 M NDP-MSH for 5 min. (A)
Western blot analysis was performed using antibody against pERK1/2 and B-tubulin as
control. (B) Data of the pERK1/2 levels of WT and mutant hMC4Rs after NDP-MSH
stimulation are expressed as % of each basal from at least six independent experiments.
* indicates significant difference from basal pERK1/2 level or from the stimulation of the
WT MCA4R (P < 0.05). (C) Data of the basal pERK1/2 levels are mean + S.E.M. of at least

six independent experiments.
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Fig. 2.7 Summary of the functions of DRYxxI motif and ICL2. Residues critical for
receptor cell surface expression, ligand binding, and/or signaling pathways were shown

in grey boxes.
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Chapter 3: Characterization of channel catfish (Ictalurus punctatus) melanocortin-

3 receptor reveals a potential network in regulation of energy homeostasis

3.1. Introduction

Melanocortin-3 and -4 receptor (MC3R and MC4R), with high expression in central
nervous system, are also known as neural melanocortin receptors (MCRs) (Gantz et al.,
1993a; Gantz et al., 1993b; Roselli-Rehfuss et al., 1993; Mountjoy et al., 1994). These
two MCRs have been extensively studied in obesity pathogenesis due to their important
functions in regulating energy homeostasis. Targeted deletion of either Mc3r or Mc4r in
mice results in the obesity phenotype (Huszar et al., 1997; Butler et al., 2000; Chen et al.,
2000). Human genetic studies also showed that mutations in MC3R or MC4R are
associated with obesity (reviewed in (Tao, 2009; Tao, 2010b; Hinney et al., 2013; Yang
and Tao, 2016b; Demidowich et al., 2017)). Although both MC3R and MC4R are
important regulators of energy homeostasis, the mechanisms involved are distinct. MC4R
primarily regulates food intake and energy expenditure (Balthasar et al., 2005; Tao,
2010a), whereas MC3R regulates feed efficiency (the ratio of weight gain to food intake)
and nutrient partitioning (Butler et al., 2000; Chen et al., 2000; Zhang et al., 2005b),
maintaining circadian rhythm, and adapting to fasting (Sutton et al., 2010; Begriche et al.,

2012; Girardet and Butler, 2014). Mc3r knockout mice display a moderate obesity
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phenotype with altered nutrient partitioning (increased fat mass and reduced lean mass)
despite normal food intake or even hypophagia, which may be explained by subtle
imbalance between fat intake and oxidation (Sutton et al., 2006). Recent studies also
showed that Mc3r knockout mice exhibit reduced wakefulness before food presentation
and abnormal rhythmic expression of clock genes (Girardet and Butler, 2014), as well as
anomalous metabolic adaption to restricted feeding (Begriche et al., 2012). Cone and
colleagues suggested that MC3R sets the upper and lower boundaries of energy

homeostasis (Ghamari-Langroudi et al., 2018).

In addition to the central expression, MC3R has also been shown to be expressed
in several peripheral tissues, indicating other potential physiological functions in the
periphery. For example, the expression of MC3R can be detected in immune cells, such
as macrophages, including both human and rodent macrophage cell lines and primary
macrophages from different tissues (reviewed in (Patel et al., 2011)). MC3R is an
important modulator in immune response with effective anti-inflammatory and pro-

resolving actions (Patel et al., 2011).

MC3R primarily couples to the heterotrimeric stimulatory G protein (Gs) to activate
adenylyl cyclase, thereby increasing intracellular cAMP production and subsequent
protein kinase A (PKA) activation. MC3R activation also triggers extracellular signal-
regulated kinases 1 and 2 (ERK1/2) phosphorylation (Chai et al., 2007; Huang and Tao,
2014; Yang et al., 2015a; Yang et al., 2015b; Yang and Tao, 2016a). The endogenous
ligands for MC3R include four agonists (a-, B-, and y-melanocyte-stimulating hormones

(MSHSs), and adrenocorticotropin (ACTH)) produced from post-translational processing of
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the precursor protein, proopiomelanocortin (POMC), and one antagonist, Agouti-related

peptide (AgRP).

Recently, two small single transmembrane proteins, melanocortin receptor
accessory proteins (MRAPS), including MRAP1 and MRAP2, have been shown to interact
with and modulate MCR functions (Rouault et al., 2017). MRAP2, with its highly central
expression, is more involved in regulation of energy homeostasis. Mice with Mrap2
deletion display severe obesity (Asai et al., 2013; Novoselova et al., 2016). Potential
pathogenic MRAP2 mutations have also been identified in humans with early-onset
obesity (Asai et al., 2013; Schonnop et al., 2016). MRAP2 modulation of MC4R signaling
is an important pathway for regulating energy homeostasis in mammals and other species
such as zebrafish and chicken (Sebag et al., 2013; Zhang et al., 2017). In addition, the
role of MRAP2 on modulation of energy homeostasis through MC3R has also been
suggested (Chan et al., 2009; Zhang et al., 2017). Therefore, MC3R and MCA4R, together
with a-MSH, AgRP, and MRAP2, form a complex system within the hypothalamus which
connects the neural pathways governing satiety and metabolism with external signals of

metabolic status to maintain energy homeostasis.

Although MC3R is well studied in humans and rodents, the functional studies of
teleost MC3Rs are still very limited, potentially due to the absence of mc3r genes in some
teleosts, such as fugu, medaka, and stickleback (Logan et al., 2003; Klovins et al., 2004a;
Selz et al., 2007). Channel catfish (Ictalurus punctatus), belonging to the family of
Ictaluridae, is the most extensively cultured species in North America. The genome and
transcriptome data of this species have shown that channel catfish has a single intronless

mc3r gene located on chromosome 5 (Liu et al., 2016). Currently, the approaches for
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improving the growth and feed efficiency are limited to the use of traditional selective
breeding methods that are time consuming. Therefore, understanding of endocrine
regulation of energy metabolism in this economically important species can potentially

lead to novel approaches to achieve better economic return.

Previous studies have reported the effects of several gut neuropeptides on feeding
behavior, glycemia, and hypothalamic neuropeptide Y and pomc expression in channel
catfish (Kobayashi et al., 2008; Peterson et al., 2012; Schroeter et al., 2015), suggesting
potential roles of central melanocortin system in the growth and feeding in this fish. In the
present study, we investigated the pharmacological properties of channel catfish MC3R
(ipMC3R). In addition, the modulatory role of channel catfish MRAP2 (ipMRAP2) on
iIPMC3R signaling was also studied. These experiments, as the first step towards
elucidating the roles of MC3R in energy homeostasis of channel catfish, laid a solid

foundation for future physiological studies.

3.2. Materials and methods

3.2.1. Ligands and plasmids

[Nle4, D-Phe’]-a-MSH (NDP-MSH) and D-Trp®y-MSH were purchased from
Peptides International (Louisville, KY, USA). a-MSH and human 3-MSH were purchased
from Pi Proteomics (Huntsville, AL, USA). Human ACTH (1-24) and AgRP were
purchased from Phoenix Pharmaceuticals (Burlingame, CA, USA). [*?°I]-NDP-MSH and

[*2%1]-cAMP were iodinated using chloramine T method as described in previous
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publications (Steiner et al., 1969; Mo et al., 2012). The human MC3R (hMC3R) subcloned
into pcDNA3.1 vector was generated as previously described (Tao and Segaloff, 2004).
The coding sequences of ipMC3R and ipMRAP2 were commercially synthesized and
subcloned into pcDNA3.1 vector by GenScript (Piscataway, NJ, USA) to generate the

plasmids used for transfection.

3.2.2. Homology, phylogenetic, and chromosome synteny analyses

Multiple alignments of amino acid sequences of MC3Rs, POMCs, and MRAP2s
from different species were performed with BioEdit software using ClustalW multiple
alignment. The putative transmembrane domains (TMDs) of ipMC3R were predicted
based on the crystal structure of rhodopsin (Palczewski et al., 2000). A phylogenetic tree
based on the amino acid sequences was constructed by MEGA X software with 1000
bootstrap replications using the neighbor-joining (NJ) method (Saitou and Nei, 1987;
Kumar et al., 2018). Chromosome synteny analysis was performed between several fish
and mammalian species with National Center for Biotechnology Information (NCBI)

genome browser (https://www.ncbi.nlm.nih.gov) and Genomicus

(http://lwww.genomicus.biologie.ens.fr/genomicus).

3.2.3. Cell culture and transfection

Human Embryonic Kidney (HEK) 293T cells (ATCC, Manassas, VA, USA) were
cultured in Dulbecco's Modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA, USA)
containing 10% newborn calf serum (PAA Laboratories, Etobicoke, ON, Canada), 10 mM
HEPES, 0.25 ug/mL of amphotericin B, 50 ug/mL of gentamicin, 100 IU/mL of penicillin,

and 100 pg/mL of streptomycin at an incubator (37°C and 5% CO2-humidified
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atmosphere). The cells were plated into plates pre-coated with 0.1% gelatin and cultured
for about 24 hours prior to transfection (24-wells plates for cAMP assays and 6-well plates
for ligand binding assay and western blot). At approximately 70% confluency, the cells
were transfected or co-transfected with plasmids using calcium phosphate precipitation
method (Chen and Okayama, 1987). For ligand binding and signaling assays, ipMC3R
and hMC3R plasmids (1 ug in 2 mL media) were transfected into cells, respectively. To
study the constitutive activity, ipMC3R plasmids at different concentrations were
transfected into cells. To investigate the potential modulation of ipMC3R signaling by
IPMRAP2, cells were co-transfected with ipMC3R (1 pg in 2 mL media) and ipMRAP2
plasmids at different ratios (1:0, 1:1, 1:3, and 1:5). Total plasmid was kept identical for all

groups by the addition of empty vector pcDNA3.1.

3.2.4. Ligand binding assay

Forty-eight hours after transfection, HEK293T cells were washed twice with warm
DMEM containing 1 mg/mL bovine serum albumin (BSA, EMD Millipore Corporation,
Billerica, MA, USA) (DMEM/BSA) and then incubated at 37 °C with DMEM/BSA
containing ~80,000 cpm of [*?°I]-NDP-MSH without or with different concentrations of
unlabeled ligands for 1 h (Tao and Segaloff, 2003). The ligands and their final
concentrations used in this study were NDP-MSH (107! to 107® M), a-MSH (1071 to
1075 M), B-MSH (107° to 1075 M), ACTH (1-24) (102! to 107¢ M), and D-Trp8-y-MSH (10711
to 107® M). After incubation, the plates were placed on ice, and then the cells were washed
twice with cold Hank's balanced salt solution containing 1 mg/mL BSA to terminate the

reaction. The cells were lysed with 100 uL 0.5 M NaOH and collected using cotton swabs.
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The radioactivity was counted by a gamma counter (Cobra Il Auto-Gamma, Packard

Bioscience, Frankfurt, Germany).

3.2.5. CAMP assay

Forty-eight hours after transfection, HEK293T cells were washed twice with warm
DMEM/BSA and then incubated withn DMEM/BSA containing 0.5mM
isobutylmethylxanthine (Sigma—Aldrich, St. Louis, MO, USA) at 37 °C for 30 min. To
investigate agonist-stimulated cAMP production, the cells were treated without or with
different concentrations of agonists. After one hour incubation at 37 °C, the plates were
placed on ice to terminate the reaction, and the cells were lysed with 0.5 M perchloric acid
containing 180 ug/mL theophylline (Sigma-Aldrich) and neutralized by 0.72 M KOH/0.6 M
KHCOs. The cAMP levels were determined by radioimmunoassay (RIA) as described

previously (Steiner et al., 1969).

3.2.6. ERK1/2 phosphorylation assay

The phosphorylated ERK1/2 (pERK1/2) activity was measured as described
previously (Mo et al., 2012; He and Tao, 2014). Briefly, at 24 hours after transfection,
cells were washed with warm DMEM/BSA once and starved in DMEM/BSA at 37 °C for
24 hours. On the day of experiment, cells were treated with buffer alone or agonists (10
6 M a-MSH and 10" M ACTH (1-24)) for 5 min at 37 °C. Cells were then solubilized in
lysis buffer and total protein concentrations of cell lysates were determined using the
Bradford protein assay. Samples containing 30 ug of proteins were separated on 10%
SDS-PAGE gel and transferred onto PVDF membranes for immunoblotting. Membranes

were incubated with 10% non-fat dry milk (containing 0.2% Tween-20) for 4 hours at room
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temperature, and then immunoblotted with rabbit anti-pERK1/2 antibody (Cell Signaling,
Beverly, MA) at a dilution of 1:5000, and mouse anti-p-tubulin antibody (Developmental
Studies Hybridoma Bank, University of lowa, lowa City, IA) at a dilution of 1:5000, in Tris-
buffered saline (TBST) containing 0.1% Tween 20 and 5% BSA overnight at 4 °C.
Membranes were then incubated with horseradish peroxidase-conjugated secondary
antibodies, donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA) at a dilution of 1:8000 and donkey anti-mouse IgG (Jackson ImmunoResearch
Laboratories) at a dilution of 1:10000 in 10% non-fat dry milk (containing 0.2% Tween-20)
for one hour at room temperature. Specific bands were visualized using enhanced
chemiluminescence reagent (Thermo Scientific, Rockford, IL) and staining intensity was
guantified using ImageJ Software (National Institute of Health, Bethesda, MD). The
pPERK1/2 levels were normalized according to the loading of proteins by expressing the

data as a ratio of pERK1/2 over B-tubulin.

3.2.7. Statistical analysis

All data were presented as mean + SEM. GraphPad Prism 4.0 software (San Diego,
CA, USA) was used to calculate parameters in ligand binding and cAMP signaling assays.
Two-tailed Student’s t-test was performed to determine the significant differences in
ligand binding and signaling parameters between hMC3R and ipMC3R, basal cAMP
levels between AgRP-treated and non-treated groups, and pERK1/2 levels between
agonist-treated and non-treated groups. One-way analysis of variance (one-way ANOVA)

and two-way analysis of variance (two-way ANOVA) were performed in the investigation
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of ipMRAP2 effects on ipMC3R signaling. Statistical significance was established when

P <0.05.

3.3. Results

3.3.1. Sequence analyses of ipMC3R, ipPOMC, and ipMRAP2

The catfish mc3r gene contained an open reading frame of 1104 bp (NCBI,
XM_017467315.1) encoding a putative protein of 367 amino acids (NCBI,
XP_017322804.1) and 41.05 kDa molecular mass (Fig. 3.1). Multiple alignment of MC3Rs
revealed that the predicated ipMC3R had the classical feature of Family A GPCRs, with
seven hydrophobic TMDs and several conserved motifs (PMY, DRYxxI, and DPIIY) at
homologous positions with MC3Rs of other species. The deduced amino acid sequence
of ipMC3R was significantly conserved to other species in the TMDs, intracellular loops,
and extracellular loops, but the amino and carboxyl termini displayed the lowest identities
to other species (Fig. 3.2A). The identities between ipMC3R and other piscine MC3R
orthologs were 95% (iridescent shark, Pangasianodon hypophthalmus), 84% (red piranha,
Pygocentrus nattereri), 81% (Wuchang bream, Megalobrama amblycephala), 81%
(common carp, Cyprinus carpio), 81% (goldfish, Carassius auratus), and 80% (zebrafish,
Danio rerio). However, ipMC3R had lower identities with mammalian MC3Rs (70% to

mouse, 69% to rat, and 67% to human).

POMC is the precursor of several melanocortins including o-, -, y-MSH and ACTH.
In humans and rodents, all melanocortins share the pharmacophore (HFWR) that is
necessary to bind to MCRs. Consistent with one previous study identifying pomc gene in
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channel catfish (Karsi et al., 2004), multiple alignment of amino acid sequences of
POMC:s in this study also suggested that a-MSHSs, B-MSHs, and ACTHs might exist in
channel catfish and other fishes with potential absence of y-MSHs (the pharmacophore
sequence was not found in the region that is supposed to produce y-MSH) (Fig. 3.2B).
Although there were differences in the sequences of ACTH and B-MSH, it is interesting
to note that a-MSH of channel catfish was identical to those of other fish and mammals,
indicating that a-MSH is highly conserved in structure during evolution and potentially

functions similarly in both mammals and fish (Fig. 3.2B).

The ipMRAP2 was also highly conserved with an identical TMD in the species
analyzed (Fig. 3.2C). We did not find MRAP1 sequence in channel catfish based on the

genome data, suggesting the absence of this gene in channel catfish.

3.3.2. Phylogenetic and chromosome synteny analyses of ipMC3R

Phylogenetic analysis was conducted with full-length amino acid sequences of
ipPMC3R and other MC3Rs to evaluate the evolutionary relationships between the
predicted ipMC3R and other vertebrate MC3Rs. We showed that ipMC3R was nested
within a clade of iridescent shark, red piranha and Mexican tetra (Fig. 3.3). Chromosome
synteny analysis also revealed that ipMC3R was orthologous to those of other fishes. The
mc3r gene neighbors exhibited a conserved synteny to those of red piranha, coho salmon,

and zebrafish, but not to those of human, mouse, and rat (Fig. 3.4).

3.3.3. Ligand binding properties of ipMC3R
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Competitive ligand binding assay was performed to investigate the binding
properties of ipMC3R to different MC3R ligands, including three endogenous agonists (o.-
MSH, B-MSH, and ACTH (1-24)), one super-potent agonist (NDP-MSH), and one MC3R-
selective agonist (D-Trp8-y-MSH) (Grieco et al., 2000). Different concentrations of
unlabeled ligands were used to compete for radiolabeled ligand ([*?°1]-NDP-MSH) binding.
In the same experiments, we included hMC3R for comparison to see whether ipMC3R
has any unique pharmacological characteristics. As shown in Fig. 3.5 and Table 3.1, the
maximal binding value (Bmax) of ipMC3R was 334 + 28% of that of the hMC3R (P < 0.01).
The two MC3Rs had similar ICsos when NDP-MSH, a-MSH, and ACTH (1-24) were used
to compete for [*?°1]-NDP-MSH binding. However, ipMC3R had significantly higher and

lower affinities to B-MSH and D-Trp8-y-MSH, respectively.

3.3.4. Signaling properties of ipMC3R

RIA was performed to determine whether ipMC3R could respond to these agonists
in cAMP pathway. All agonists were shown to dose-dependently stimulate ipMC3R and
increase intracellular cAMP generation. Cells transfected with empty vector pcDNA3.1
alone did not respond to agonist stimulation. As shown in Fig. 3.6 and Table 3.2, the
maximal responses of ipMC3R to the five agonists were significantly lower (~50% to 70%
of hMC3R). The ECso of NDP-MSH for ipMC3R was comparable to that of the hMC3R
(Fig. 3.6A and Table 3.2), whereas the ECsos of a-MSH, B-MSH, ACTH (1-24), and D-
Trp8-y-MSH for ipMC3R were significantly lower than those of hMC3R (Fig. 3.6B-E, and

Table 3.2).
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3.3.5. Constitutive activity of ipMC3R

In this experiment, we also found the basal cAMP level of ipMC3R was seven-fold
higher than that of hMC3R (109.52 + 13.17 vs. 15.74 + 1.63 pmol/10° cells, n = 20),
suggesting that ipMC3R might be constitutively active. To further study the constitutive
activity of ipMC3R, we transfected cells with increasing concentrations of plasmid. Empty
vector pcDNAS3.1 was used to normalize the amount of DNA added to each well. Our data
showed that even very low amount of ipMC3R plasmid transfected resulted in high basal
CAMP levels (Fig. 3.7A). The high basal cAMP level at plasmid concentration of 0.5
ug/mL could be reduced by AgRP by 63.83% (Fig. 3.7B), suggesting that AQRP was a

potent inverse agonist at ipMC3R.

In addition to cAMP pathway, ERK1/2 signaling was also evaluated. ERK1/2
phosphorylation increased with increasing concentrations of plasmid transfected (Fig.
3.7C and D), suggesting that ipMC3R was also constitutively active in the ERK1/2

pathway.

3.3.6. Modulation of ipMC3R signaling by ipMRAP2

In the present study, we investigated the actions of ipMRAP2 on ipMC3R signaling.
Cells were co-transfected with ipMC3R and ipMRAP?2 at different ratios (1:0, 1:1, 1:3, and
1:5). Our results showed that ipMRAP2 could dose-dependently reduce the basal cAMP
levels with maximal inhibition observed at the 1:5 ratio (56.66% of 1:0 group) (Fig. 3.8A).
Significant reduction in agonist-induced cAMP generation was also observed (Fig. 3.8B
and C). To further explore the mechanism, cells co-transfected with ipMC3R and

iIPMRAP2 at the ratios of 1:0 and 1:5 were stimulated with different concentrations of a-
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MSH. We showed that ipMRAP2 significantly reduced the maximal response by ~25%,

whereas it did not affect the ECso significantly (Fig. 3.8D).

In addition to cAMP production, both a-MSH and ACTH (1-24) could activate
ERK1/2 pathway through ipMC3R (Fig. 3.9A and B). Cells transfected with empty vector
pcDNA3.1 or ipMRAP?2 alone did not respond to a-MSH and ACTH (1-24) stimulation (Fig.
3.9A and B). When ipMRAP2 were co-expressed with ipMC3R, ipMRAP2 had no effect
on basal and a-MSH- and ACTH (1-24)-stimulated pERK1/2 levels (Fig. 3.9C and D),

different from its actions on cAMP pathway (Fig. 3.8).

3.4. Discussion

The MC3Rs have been extensively studied in human and rodents regarding their
roles in regulating energy balance (such as regulation of feed efficiency and nutrient
partitioning, maintaining circadian rhythm, and adaptation to fasting and overfeeding) as
well as modulation of immune response. Several groups also functionally studied MC3Rs
in some other mammals and non-mammalian vertebrates (Fan et al., 2008; Zhang et al.,
2017; Zhang et al., 2019). Given the critical functions of MC3Rs in regulation of energy
homeostasis, it is also important to understand the roles of MC3Rs in economically
important aquaculture fishes. However, to our knowledge, only a few studies investigated
MC3Rs in fishes, such as spiny dogfish (Klovins et al., 2004b) and red stingray
(Takahashi et al., 2016). In the present study, we characterized ipMC3R by performing

several pharmacological and functional studies, aiming to lay a foundation for future
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physiological studies that could provide new strategies for enhancing channel catfish

culture.

We found that ipMC3R had a typical structure of Family A GPCR, similar as
MC3Rs of other species (Fig. 3.1 and Fig. 3.2A). The ipMC3R showed a remarkable
conservation with several other teleost MC3Rs at the amino acid level (more than 80%
identities). Seven TMDs were present in ipMC3R, which were highly conserved among
MC3Rs from different species. Several highly conserved motifs that are known to be
important for receptor structure and function, such as PMY in TMD2, DRYxxI in TMD3,
and DPIIY in TMD7, were also identified in ipMC3R. It is interesting to note that ipMC3R
had a long C-terminal domain similar as in iridescent shark and red piranha but different
from those in other fish and mammalian MC3Rs (Fig. 3.2A), which might account for its
unique properties. The ipMC3R was also evolutionarily conserved since phylogenetic tree
revealed that ipMC3R was clustered with teleost MC3Rs and chromosomal synteny
analysis showed that the surrounding genes of catfish mc3r were similar to those in red

piranha, coho salmon, and zebrafish (Figs. 3.3 and 3.4).

To investigate the pharmacology of ipMC3R, we first performed competitive ligand
binding assays in HEK293T cells transfected with ipMC3R plasmid. As shown in Fig. 3.5
and Table 3.1, the super-potent agonist NDP-MSH bound to ipMC3R with the highest
affinity, comparable to that of hMC3R. The binding affinities of ipMC3R to a-MSH and
ACTH (1-24) were also comparable to those of hMC3R. Significant fifteen-fold difference
is observed between ICsos of hMC3R and ipMC3R when D-Trp8-y-MSH, an analogue of

v-MSH, was used (Fig. 3.5E and Table 3.1). In mammals, among the five subtypes of
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MCRs, MC3R has the highest affinity to y-MSH and is the only MCR that is fully activated
by y-MSH (Cone, 2006). However, potential y-MSH region was not found in channel
catfish POMC (Karsi et al., 2004) (Fig. 3.2B). Therefore, the low affinity of D-Trp8-y-MSH

to ipMC3R might be explained by the absence of y-MSH in this species.

The MC3R couples to both Gs-cAMP and ERK1/2 pathways. We next investigated
the signaling properties of ipMC3R on both cAMP production and ERK1/2 activation. In
CAMP assays, our data showed that the maximal responses of ipMC3R to five agonists
were about 50 to 70% of those of hMC3R (Fig. 3.6 and Table 3.2). In addition, all five
agonists could stimulate ipMC3R with sub-nanomolar potencies. In particular, the sub-
nanomolar potency of ACTH (1-24) at ipMC3R, significantly different from its nanomolar
potency at h(MC3R (Fig. 3.6D, and Table 3.2), indicated that ACTH might be an important
endogenous ligand for ipMC3R. ACTH was proposed as the “original” ligand for the early
MCRs during vertebrate evolution, since ACTH could bind to and/or stimulate MC4R with
high affinity and/or potency in several fishes (Haitina et al., 2004; Klovins et al., 2004a; Li
et al., 2016a; Li et al., 2017; Yi et al., 2018). Only one study reported the results on the
MC3R (Klovins et al., 2004b). Our results showing the high affinity and potency of ACTH
(1-24) to ipMC3R provide further support for the importance of ACTH as an endogenous

ligand for fish MC3R.

As another pathway triggered by MC3R, ERK1/2 activation was shown to be
involved in the regulation of energy homeostasis in terms of food intake, feeding
behaviors and long-lasting effects of melanocortins (Daniels et al., 2003; Sutton et al.,

2005; Begriche et al., 2012). In this study, ERK1/2 activation was also observed when
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cells were stimulated by a-MSH and ACTH (1-24) (Fig. 3.9A and B), suggesting that
ipPMC3R might trigger ERK1/2 pathway similar to hMC3R, thus contributing to the

regulation of energy homeostasis.

Previous studies showed that several fish MC4Rs are constitutively active in cAMP
pathway (Sanchez et al., 2009; Sebag et al., 2013; Li et al., 2016a; Li et al., 2017). In
cavefish, mutations of mc4r leading to decreased constitutive activity was considered as
one cause of elevated appetite, growth, and starvation resistance, suggesting the
physiological relevance of constitutive activity (Aspiras et al., 2015). Only zebrafish MC3R
was shown to be constitutively active in the cAMP pathway before (Renquist et al., 2013).
We revealed that ipMC3R displayed constitutive activity in cAMP pathway (Fig. 3.7A and
Table 3.2) in contrast to hMC3R which has little or no constitutive activity in this pathway
(Tao, 2007; Tao et al., 2010). AgRP is orexigenic in fishes (reviewed in (Volkoff, 2016)).
The high basal cAMP level of ipMC3R could be potently reduced by AgRP (Fig. 3.7B) in
accordance with the findings in chicken and zebrafish MC3Rs (Renquist et al., 2013;
Zhang et al., 2017), indicating that AQRP was also a potent inverse agonist for ipMC3R.
Therefore, AgRP could potentially regulate energy balance through MC3R in channel
catfish. Furthermore, we showed that ipMC3R was also constitutively active in ERK1/2

pathway (Fig. 3.7C and D).

In mammals, MRAP1 is highly expressed in the adrenal gland with the
indispensable function in trafficking MC2R to the plasma membrane. Mutations in MRAP1
accounts for ~20% of cases of familial glucocorticoid deficiency type 2 and causes earlier
disease onset compared with familial glucocorticoid deficiency type 1 resulting from

mutations in MC2R (Metherell et al., 2005; Chung et al., 2010). Different from MRAP1,
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MRAP2 is primarily expressed in the hypothalamus and has impact on regulation of
energy homeostasis through interaction with MC4R (Asai et al., 2013; Sebag et al., 2013),
as well as prokineticin receptors (Chaly et al., 2016) and ghrelin receptor (Srisai et al.,
2017). Mice with Mrap2 deletion display severe obesity (Asai et al., 2013). Potentially
pathogenic MRAP2 mutations have also been identified in humans with obesity (Asai et
al., 2013), which impair the function of MC4R and thus lead to obesity. In zebrafish, MC4R
signaling can be differentially modulated by two isoforms of MRAP2, MRAP2a and
MRAP2Db, leading to distinct regulation on energy homeostasis (Sebag et al., 2013).
MRAP2a stimulates growth of zebrafish by strongly inhibiting MC4R signaling, whereas

MRAP2b increases ligand sensitivity and potentiates MC4R signaling (Sebag et al., 2013).

As for the MC3R, there are only three previous studies reporting the modulation of
signaling by MRAPs (Chan et al., 2009; Kay et al., 2013; Zhang et al., 2017). The first
study showed that in CHO cells expressing hMC3R, human MRAP2 significantly reduces
NDP-MSH-induced cAMP production (Chan et al., 2009). Kay et al. showed that hAMRAPa
increases agonist-induced signaling (Kay et al., 2013). Zhang et al. demonstrated that in
chicken MC3R, MRAP2 decreases constitutive activity but potentiates agonist-induced
signaling in the cAMP pathway (Zhang et al., 2017). In the present study, we investigated
the role of ipMRAP2 in modulating ipMC3R signaling in both cAMP and ERK1/2 pathways.
As shown in Fig. 3.8, ipMRAP2 inhibited both constitutive and agonist-induced signaling
in CAMP pathway. However, the constitutive activity and agonist-induced signaling in
ERK1/2 pathway were not affected (Fig. 3.9C and D). We suggest that ipMRAP2
preferentially stabilized ipMC3R in an inactive conformation for cAMP production but not

ERKZ1/2 activation.
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In the present study, we used a mammalian cell line cultured at 37 °C to perform
the pharmacological studies. Although this is a widely used strategy, partly due to the lack
of well-established piscine cell expression system, we caution that the activities of fish
receptors may potentially be affected by the properties of the mammalian cells and culture
temperature, such as different viscosities of cell membrane at different temperatures.
Viscosity is known to affect receptor conformational changes and downstream adenylyl

cyclase activity (Hirata et al., 1979).

In summary, we showed that ipMC3R was evolutionarily conserved in piscine
MC3Rs. The cloned ipMC3R was a functional receptor with unique pharmacological
properties compared to hMC3R, such as high constitutive activities and high sensitivities
to a-MSH and ACTH (1-24). We also showed that ipMRAP2 could preferentially modulate
the cAMP signaling rather than ERK1/2 pathway. Therefore, we propose that MC3R,
melanocortins (a-MSH and ACTH), and MRAP2, as well as inverse agonist AgRP, are
important components in a complex network that contribute to the central regulation of
energy homeostasis in channel catfish. Novel strategies might be developed targeting

each of these components to improve the growth and quality of this cultured fish.
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Table 3.1 The ligand binding properties of hMC3R and ipMC3R.

NDP-MSH a-MSH B-MSH ACTH (1-24) D-Trp8-y-MSH
MC3R Brmax (%)

ICs0 (nM) ICs0 (nM) ICs0 (n M) ICs0 (nM) ICso (n M)
hMC3R 100 3.17+1.13 110.91 £ 24.93 309.00 + 60.51 33.22 +5.30 7.91+£0.75
ipMC3R 334.01 £ 28.07° 5.23+1.27 106.15+17.57 110.33 + 44.032 53.84 + 20.37 118.91 + 29.582

Values are expressed as the mean £ SEM of at least three independent experiments.
a Significantly different from the corresponding parameter of h(MC3R, P <0.05.

b Significantly different from the corresponding parameter of h(MC3R, P <0.001.
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Table 3.2 The cAMP signaling properties of hMC3R and ipMC3R.

NDP-MSH a-MSH B-MSH ACTH (1-24) D-Trp8-y-MSH
MC3R Basal (%) o
ECso ("M)  Rmax (%)  ECso (NM)  Rmax (%)  ECso (NM)  Rmax (%) " ,\23 Rmax (%)  ECso ("M)  Rmax (%)
0.29 + 8.82 + 752 + 4.89 + 1.47 +
hMC3R 100 015 100 199 100 0.99 100 0.87 100 0.31 100
ioMcar  095-81% 0.48 + 61.44 + 0.24 + 69.41 + 0.10 + 65.64+ 0.15+ 68.45+  0.32+ 53.18 +
P 83.67¢ 0.20 6.00¢ 0.11a 10.502 0.02¢ 3.42¢ 0.07° 13.142 0.14a 9.40P

Values are expressed as the mean + SEM of at least three independent experiments. The basal cCAMP level of nNMC3R was

15.74 £ 1.63 pmol/10° cells. The maximal response (Rmax) values of hMC3R were 2514.80 + 541.54, 2882.33 + 329.29,

2267.50 + 470.49, 2873.80 + 547.63, and 2514.67 + 357.79 pmol/10° cells upon NDP-MSH, a-MSH, B-MSH, ACTH (1-24),

and D-Trp8-y-MSH stimulation, respectively.

a Significantly different from the corresponding parameter of h(MC3R, P <0.05.

b Significantly different from the corresponding parameter of hAMC3R, P <0.01.

¢ Significantly different from the corresponding parameter of h(MC3R, P <0.001.
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1 ATG AAC GGA TCT TAC CAT CAC ATG CTC CTG CGG GAC AGC TCT CTG ACC AAC CTC ACA GAA GAA ACA GAA TAC GAG 75
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76 AAT GGG AGC ACT TCG CTG TGG CTG TCT AAT GGC AGT GTT GCT CCA CCT CCA TCA GGG GCG CTG TGC CAA CAG GTT 150
26|E|TSLWLSEVAPPPSGALCQsto

151 CAG ATC CAG GCT GAA GTT TTC CTT GCG CTT GGG ATC GTC AGT CTG CTG GAG AAC ATC CTG GTC ATT TCT GCA GTG 225
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526 GCC ATT GGC ATC ATT TGG CTC ACC TGC ATC ATC TGC GGC ATT GTC TTC ATC ATA TAC TCC GAG AGC AAG ATG GTC 600
176 A | G I I w L T ¢C I I c G 1 vV F I 1 Y s E S8 K M V 200

601 ATC ATT TGT CTA ATT ACA ATG TTC TTT GCA ATG CTG GCA CTG ATG GCA ACA CTC TAT GTT CAC ATG TTT TTG CTT 675
201 | | c L | T M F F A M L A L M A T L Y V H M F L L 225

676 GCC CGA CTC CAT GTC CAG CGC ATC GCG GCG TTA CCA GCC GCA GCT GTT GCC GCG GGT GAT CCG GCA CCA CGG CAA 750
26 A R L H V Q@ R 1 A A L P A A A V A A G D P A P R Q 250

751 CGC AGT TGC TTG AAG GGA GCA GTG ACT ATC AGC ATT CTC TTG GGG GTC TTT GTG TGC TGC TGG GCA CCT TTC TTC 825
251 R 8§ € L K 66 A V T I S 1 L L 6 VvV F v € C W A P F F 275

826 CTC CAC CTC ATC CTC CTT GTG GCA TGC CCA CGC CAC CCA CTC TGC CTG TGT TAC ATG TCA CAC TTC ACC ACT TAC 900
216 | L H L 1 L L VvV A C P R H P L C L ¢ Y M S8 H F T T Y 300

901 CTG GTG CTC ATC ATG TGC AAC TCA GTC ATC GAC CCC ATC ATC TAC GCC TTC CGC AGC CTG GAG ATG AGA AAT ACC 975
301 L Vv L I M C N s Vv I D P ) 1 Y A F R S L E M R N T 325

976 TTT AGA GAG ATC CTC TGC TGC TTT GGC ACA GGC TGT CCA TCT CCG GCGT TGC GAG CGA GAA CGA GAG ATG GAC CCG 1050
326 F R E I L ¢ ¢C F G T G C P S P G C E R E R E M D P 350

1051 GAG AGA GTG AGG GAG AGA CGA CAG GAA CGG GAG AAG GAG AGT GAG ACA GAG TG
351 E R V R E R R Q@ E R E K E S E T E *

Fig. 3.1 Nucleotide and deduced amino acid sequence of ipMC3R. Positions of
nucleotide and amino acid sequences are indicated on both sides. The seven TMDs are
shaded in grey. The conserved motifs (PMY, DRYxxI, and DPIIY) are highlighted in italic.
Open boxes frame tripeptide sequences with the consensus sequence for N-linked

glycosylation sites. Asterisk (*) denotes stop codon.
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Fig. 3.2 Comparison of amino acid sequences of MC3R, MRAP2, and POMC
between channel catfish and other species. (A) Amino acid sequence alignment of
MC3Rs. The putative TMDs are marked with lines. PMY, DRYxxI, and DPIIY motifs are
indicated by black triangles. (B) Amino acid sequence alignment of POMCs. The putative
sequences of peptide hormones derived from POMC are marked with lines. The core
sequences of melanocortins (HFRW) are indicated by black triangles. (C) Amino acid
sequence alignment of MRAP2s. The single putative TMD is underlined. Asterisk (*)

denotes the identical amino acid positions. Dot (.) denotes the similar amino acid positions.
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Fig. 3.3 Phylogenetic tree of MC3Rs. The tree was constructed using the neighbor-
joining (NJ) method. Numbers at nodes indicate the bootstrap value, as percentages,
obtained for 1000 replicates. Dot indicates ipMC3R. Two river lamprey MCRs (MCaR
(ABB36647.1) and MCbR (ABB36648.1)) were used as the outgroups. MC3Rs: channel
shark (XP_026770221.1), red piranha

(XP_017548887.1), Mexican tetra (XP_007231215.1), Wuchang bream (AWA81517.1),
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common carp (XP_018922723.1), goldfish (BAJ83473.1), zebrafish (NP 851303.2),
Chinook salmon (XP 024229914.1), coho salmon (XP_020360426.1), Arctic char
(XP_023994975.1), Asian arowana (XP_018615783.1), Chinese softshell turtle
(XP_006129463.1), common box turtle (XP_024059166.1), Chinese alligator
(XP_006018246.1), saltwater crocodile (XP_019403708.1), turquoise-fronted amazon
(KQL61336.1), great cormorant (XP_009512236.1), African bush elephant
(XP_003419952.1), sifaka (XP_012501302.1), human (NP_063941.3), mouse
(AAI03670.1), rat (NP_001020441.3), large flying fox (XP_011368476.1), black flying fox
(XP_006921991.1), nine-banded armadillo (XP_004447768.1), cat (XP_023106851.1),

horse (NP_001243901.1), gemsbok (AFH58734.1).
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Fig. 3.4 Chromosomal synteny analyses of MC3R genes in different species. The
syntenic genes are displayed as boxes with the directions and linked by lines. MC3R
genes are shown in grey boxes. The genes showing conserved synteny in fishes are

indicated in blue boxes and those in mammals are shown in green boxes.
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Fig. 3.5 Ligand binding properties of ipMC3R. Different concentrations of unlabeled
agonists including (A) NDP-MSH, (B) a-MSH, (C) B-MSH, (D) ACTH (1-24), and (E) D-
Trp8-y-MSH, were used to displace the binding of [*?°I]-NDP-MSH to MC3Rs in intact cells.
Data are expressed as % of hMC3R binding + range from duplicate measurements within

one experiment. The curves are representative of at least three independent experiments.
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Fig. 3.6 cAMP signaling properties of ipMC3R. Different concentrations of agonists

including (A) NDP-MSH, (B) a-MSH, (C) B-MSH, (D) ACTH (1-24), and (E) D-Trp8-y-MSH,

were used to stimulate cells expressing MC3Rs. The intracellular cAMP levels were

measured by RIA. Data are expressed as mean + SEM from triplicate measurements

within one experiment. The curves are representative of at least three independent

experiments.
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Fig. 3.7 Constitutive activities of ipMC3R in both cAMP and ERK1/2 pathways. (A)
The cAMP levels of HEK293T cells transfected with increasing concentrations of ipMC3R
plasmids were measured by RIA. The curve is representative of three independent
experiments. (B) HEK293T cells transfected with ipMC3R (plasmid final concentration:
0.5 pug/mL) were treated without or with 10" M AgRP. The intracellular cAMP levels were
measured by RIA. The data are expressed as mean+SEM from three independent
experiments. Asterisk (*) indicates significant difference between control and ligand
treatment (two-tailed Student’s t-test). (C) The ERK1/2 phosphorylation levels of
HEK293T cells transfected with increasing concentrations of ipMC3R plasmids were

measured by western blot. (D) Values are expressed as mean + SEM of five independent
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experiments. Asterisk (*) indicates significant difference from the basal ERK1/2
phosphorylation level of cells transfected with empty pcDNAS.1 vector (One-way ANOVA
followed by Dunnett test). In (A), (C), and (D), different concentrations of empty vector

pcDNAS3.1 were added to maintain the identical total plasmid amount.
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Fig. 3.8 The actions of ipMRAP2 on cAMP signaling of ipMC3R. The cAMP levels of
ipPMC3R stimulated without (A) or with agonists a-MSH (B) and ACTH (1-24) (C), could
be dose-dependently inhibited by ipMRAP2. Values are expressed as mean * SEM of
four independent experiments. Values marked with different lowercase letters are
significantly different (One-way ANOVA followed by Tukey test). (D) The curve is
representative of five independent experiments in which different concentrations of a-
MSH were used to stimulate cells co-transfected with ipMC3R and ipMRAP2 at the ratios

of 1:0 and 1:5.
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Fig. 3.9 The actions of ipMRAP2 on ERK1/2 signaling of ipMC3R. (A and B) Cells
transfected with empty vector pcDNA3.1, ipMRAP2, and ipMC3R were stimulated without
or with a-MSH and ACTH (1-24). The ERK1/2 phosphorylation levels were measured by
western blot. Asterisk (*) indicates significant difference from the each basal ERK1/2
phosphorylation level (Two-tailed Student’s t-test). (C and D) Cells co-transfected with
iIPMC3R and ipMRAP2 at different ratios were stimulated without or with a-MSH and
ACTH (1-24). The ERK1/2 phosphorylation levels were measured by western blot. Hash
symbol (#) indicates that the ERK1/2 phosphorylation of all ligand-treated groups are

significantly different from those of the corresponding control groups (two-way ANOVA

3 control
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followed by Bonferroni test). All values are expressed as mean + SEM of at least five

independent experiments.
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Chapter 4: Melanocortin-4 receptor in swamp eel (Monopterus albus): Cloning,

tissue distribution, and pharmacology

4.1. Introduction

Melanocortin-4 receptor (MC4R) is a member of Family A G protein-coupled
receptors (GPCRs) consisting of seven transmembrane domains (TMDs) linked by
several extracellular loops (ECLs) and intracellular loops (ICLs). The human MC4R
(hMC4R), consisting of 332 amino acids, is encoded by an intronless gene located at
chromosome 18q21.3 (Gantz et al., 1993a; Magenis et al., 1994; Mountjoy et al., 1994).
MC4R has been shown to mediate diverse physiological processes, such as energy
homeostasis, cardiovascular function, reproductive and sexual functions, and other
functions in mammals (Tao, 2009; Tao, 2010a). MC4R plays an essential role in the
regulation of energy homeostasis by controlling both food intake and energy expenditure
(Balthasar et al., 2005; Tao, 2010a). Targeted deletion of Mc4r in mice results in obesity
associated with hyperphagia, hyperinsulinemia, and hyperglycemia (Huszar et al., 1997).
Mutations on MC4R have been shown to be involved in human obesity pathogenesis
(Vaisse et al., 1998; Yeo et al., 1998; Hinney et al., 1999) (reviewed in (Tao, 2009; Hinney
et al.,, 2013)). Recent studies suggested that MC4R is also involved in modulating

reproductive functions by affecting secretion of several reproductive hormones, such as
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gonadotropin-release hormone (GnRH), luteinizing hormone (LH), and prolactin (PRL)
(Watanobe et al.,, 1999; Khong et al., 2001; Roa and Herbison, 2012). Therefore,
understanding the important roles of MC4R in regulation of energy homeostasis and
reproductive functions provides us implications for artificial feeding and breeding of

economically important species.

The MCA4R primarily couples to the heterotrimeric stimulatory G (Gs) protein.
Activated MC4R leads to dissociation of o subunit (Gas) from By subunits, resulting in
stimulation of adenylyl cyclase activity and increased generation of the intracellular
second messenger cAMP to trigger downstream signaling pathways. The endogenous
ligands for MC4R mainly comprise four agonists (a-, -, and y-melanocyte-stimulating
hormones (MSHs), and adrenocorticotropin (ACTH)) and two antagonists (Agouti and
Agouti-related peptide (AgRP)). The endogenous agonists are post-translational
processing products of the precursor pro-opiomelanocortin (POMC), which is expressed
in arcuate nucleus of hypothalamus in the CNS (Smith and Funder, 1988; Dores and
Lecaude, 2005). The endogenous antagonist, AgRP, antagonizes agonists binding to
MC4R (Fong et al., 1997; Ollmann et al., 1997). Recent studies also clarified that AQRP
is also an inverse agonist which can decrease basal intracellular cAMP levels (Haskell-

Luevano and Monck, 2001; Nijenhuis et al., 2001) (reviewed in (Tao et al., 2010)).

MC4R has also been characterized in lower vertebrates such as fish. MC4R is
expressed in the CNS as well as many peripheral tissues such as gill, liver, intestine, and
gonads in fish (reviewed in (Tao, 2010a)). Several functional studies have revealed the

important roles of fish MC4Rs in the regulation of energy homeostasis. Overexpression
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of AgRP in zebrafish resulted in obesity phenotype with increased linear growth and
adipocyte hypertrophy (Song and Cone, 2007). Melanocortin receptor accessory protein
2a (MRAP2a) stimulated growth of zebrafish by reducing the ability of MC4R binding to
o-MSH and specifically blocking the MC4R activation (Sebag et al.,, 2013).
Intracerebroventricular injection of MC4R agonists, [Nle*, D-Phe’]- a-MSH (NDP-MSH)
or melanotan Il (MTII), inhibits food intake, whereas MC4R antagonist HS024 increases
food intake in both goldfish and rainbow trout (Cerda-Reverter et al., 2003b; Schjolden et
al., 2009). Moreover, nonsynonymous mc4r mutations in cavefish have been shown to
contribute to elevated appetite, growth, and starvation resistance (Aspiras et al., 2015).
In addition to regulation of energy homeostasis, fish MC4Rs are suggested to be involved
in modulation of onset of sexual maturity and reproductive tactics. The mc4r copies are
located on the X and Y chromosomes in both platyfish and swordtails. Sequence
polymorphisms of mc4r genes comprising both functional and non-functional receptors
may modulate onset of puberty (Lampert et al., 2010; Volff et al., 2013). The copy number
variation of mc4r in swordtails is associated with variation in male body size, affecting the

mating behavior (Lampert et al., 2010; Smith et al., 2015).

Swamp eel, Monopterus albus, belongs to the family of Synbranchidae of the order
Synbranchiformes, which is a protogynic, diandric, freshwater fish (Lo Nostro et al., 2003).
This fish is an important economic species distributed in the tropics and subtropics with
great value for food production. In addition, swamp eel is also an ideal model for genomic
and physiological studies owing to its unique evolutionary status and natural sex reversal
from female into male via a special stage of intersex with ovotestis (Liu, 1944; Liem, 1963;

Tao et al., 1993; Zhou et al., 2002; Cheng et al., 2003). To explore the potential roles of
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MCA4R in the growth and reproduction of swamp eel, we cloned swamp eel (Monopterus
albus) mc4r (mamcdr) and investigated tissue distribution of its mRNA. We also
performed pharmacological characterization of swamp eel MC4R (maMC4R) in order to

lay a foundation for future physiological studies.

4.2. Materials and methods

4.2.1. Ligands and plasmids

NDP-MSH was purchased from Peptides International (Louisville, KY, USA), a-
and B-MSH from Pi Proteomics (Huntsville, AL, USA), ACTH (1-24) from Phoenix
Pharmaceuticals (Burlingame, CA, USA), THIQ (Sebhat et al., 2002) from Tocris
Bioscience (Ellisville, MO, USA). Ipsen 5i (Poitout et al., 2007) and ML00253764 (Vos et
al., 2004) were custom synthesized by Enzo Life Science, Inc. (Plymouth Meeting, PA,
USA) and used in our previous studies (Fan and Tao, 2009; Tao and Huang, 2014). [*?°I]-
NDP-MSH and [*?°1]-cAMP were iodinated in our lab using chloramine T method (Steiner
et al., 1969; Mo et al.,, 2012). The N-terminal c-myc-tagged hMC4R subcloned into
pcDNA3.1 vector (pcDNA3.1-hMC4R) was generated as previously described (Tao and

Segaloff, 2003).

4.2.2. Molecular cloning of maMC4R

Total RNA used for obtaining mamc4r cDNA was extracted from brain using total
RNA extraction reagent, RNAiso ™plus (Takara, Dalian, China) and reverse transcribed
using reverse transcriptase M-MLV (RNase H) (Takara). The PCR reaction was
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performed using degenerate primers (Table 1) to obtain the partial fragment of mamc4r
cDNA based on the conversed regions of the known mc4r sequences. The remaining
regions of cDNA were obtained by 5 and 3’ Rapid amplification of cDNA ends (RACE)
reactions with 5’- and 3’-Full RACE Kit (Takara) using specific RACE primers designed
according to the DNA sequences of the 5’- and 3’ end of mamc4r (Table 4.1). The full-
length mamc4r cDNA was then obtained using primers flanking the open reading frame
(Table 4.1). All the amplified PCR products were separated by 1.8% agarose gel
electrophoresis, purified by Gel Extraction kit (Omega Bio-tek, Norcross, GA, USA),
ligated into pMD18-T (Takara), and transformed into Escherichia coli for sequencing. The
verified coding sequence of mamc4r was then synthesized by PCR and subcloned into
pcDNA3.1 vector by GenScript (Piscataway, NJ, USA) to generate the plasmid for

expressing maMC4R.

4.2.3. Homology, phylogenetic, and chromosome synteny analyses of maMC4R

Multiple alignments of amino acid sequences of MC4Rs from different species
were performed with Clustal X 2.1. The putative TMDs of maMC4R were predicted based
on the crystal structure of rhodopsin (Palczewski et al., 2000) and that reported for
hMC4R (Tao, 2010a). A phylogenetic tree based on the amino acid sequences (sequence
numbers are listed in Fig. 2 legend) was constructed with 1000 bootstrap replications
using the neighbor-joining (NJ) method (Saitou and Nei, 1987) and MEGA 7.0 (Kumar et
al., 2016). Chromosome synteny analysis was performed between swamp eel, fugu,
medaka, zebrafish, human, mouse, and rat with National Center for Biotechnology

Information (NCBI) genome browser (https://www.ncbi.nlm.nih.gov).
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4.2.4. Quantitative real-time PCR (gRT-PCR) for tissue distribution

The following tissues (liver, muscle, brain, spleen, kidney, intestine, heart, and
gonad) were taken from six male, intersex, and female adults, respectively (the average
body length and body weight: 32.50 + 2.17cm and 103.00 £ 1.41g for male, 27.33 £
1.21cm and 85.00 + 2.24q9 for intersex, and 16.83 = 1.47cm and 43.67 + 3.14g for female).
Total RNA was extracted from fresh tissues using total RNA extraction reagent,
RNAiso™plus (Takara) and treated with RNase-free DNase | (Takara). Reverse
Transcriptase M-MLV (Takara) was used for cDNA synthesis. The synthesized cDNA was
subjected to amplification using specific primers designed based on sequence of mamc4r.
The expression of swamp eel f-actin was used as a reference gene, which was used as
an internal control for normalization because of its similar expression levels in all tissues
studied. All the primers used in qRT-PCR were designed as shown in Table 4.1.
Amplifications were performed with a CFX Connect™ Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA) in 25 puL reaction volume containing 12.5 uL. Power SYBR®
Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 1 uL each of specific
forward and reverse primer (10 uM), 5.0 uL dilute cDNA (1 ng/uL), and 5.5 uL H20. The
following conditions were used for reaction: 95 °C (3 min) for pre-incubation, followed by
40 cycles at 95 °C (10 s), 55 °C (30 s), 72 °C (20 s), and 75 °C (5 s). Melting curves were
generated at the end of each run to verify the presence of a single product. The relative
expression levels in different tissues were calculated via the 2722¢t method (Livak and
Schmittgen, 2001). The results were presented as the relative expression ratio of each
target to reference gene. All data were expressed as the mean + SEM. All samples were

run in triplicate.
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4.2.5. Cell culture and transfection

Human Embryonic Kidney (HEK) 293T cells (Manassas, VA, USA) were cultured
in Dulbecco’s Modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, USA)
containing 10% newborn calf serum (PAA Laboratories, Etobicoke, ON, Canada), 10 mM
HEPES, 0.25 ug/ml of amphotericin B, 50 ug/ml of gentamicin, 100 1U/ml of penicillin, and
100 pg/ml of streptomycin at 37 °C in a 5% CO2-humidified atmosphere. The cells were
plated into 6-wells plates (Corning, Corning, NY, USA) pre-coated with 0.1 % gelatin. At
approximately 70% confluence, the cells were transfected with plasmids hMC4R and
maMC4R using calcium phosphate precipitation method (Chen and Okayama, 1987).

Ligand binding and cAMP assays were performed 48 h after transfection.

4.2.6. Ligand binding assays

To perform the pharmacological studies on the maMC4R and hMC4R, seven
ligands of the MC4R, including five agonists (NDP-MSH, a-MSH, B-MSH, ACTH (1-24),

and THIQ) and two antagonists (Ipsen 5i and ML00253764), were used.

Forty-eight hours after transfection with hMC4R and maMC4R, HEK293T cells
were washed twice with warm DMEM containing 1 mg/mL bovine serum albumin (BSA,
EMD Millipore Corporation, Billerica, MA, USA) (DMEM/BSA) and then incubated at 37 °C
with DMEM/BSA containing ~80,000 cpm of ['?°1]-NDP-MSH without or with different
concentrations of unlabeled ligands for one hour. The final concentration ranged from
101 to 10 M for NDP-MSH, THIQ, Ipsen 5i, and ML00253764, or from 101° to 10> M

for a-MSH, B-MSH, and ACTH (1-24). After incubation, the plates were placed on ice,
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and then the cells were washed twice with cold Hank’s balanced salt solution containing
1 mg/ml BSA to terminate the reaction. The cells were lysed by 100 uL 0.5 M NaOH and
collected using cotton swabs. The radioactivity was counted by a gamma counter (Cobra

Il Auto-Gamma, Packard Bioscience, Frankfurt, Germany).

4.2.7. cAMP assays

Forty-eight hours after transfection with hMC4R and maMC4R, HEK293T cells
were washed twice with warm DMEM/BSA and then incubated with DMEM/BSA
containing 0.5 mM isobutylmethylxanthine (Sigma—Aldrich, St. Louis, MO, USA) at 37 °C
for 30 min. To investigate agonist-stimulated cAMP production, the cells were treated
without or with different concentrations of agonists. The final concentration ranged from
10?2 to 10° M for NDP-MSH and THIQ, or from 10! to 10> M for o-MSH, B-MSH, and
ACTH (1-24). To investigate effects of the antagonists on the basal activities of h(MC4R
and maMC4R, the cells were treated without or with 10® M Ipsen 5i or 10° M
ML00253764. After one hour incubation at 37 °C, the plates were placed on ice to
terminate the reaction, and the cells were lysed by 0.5 M perchloric acid containing 180
ug/ml theophylline (Sigma-Aldrich) and neutralized by 0.72 M KOH/0.6 M KHCOs. The
cAMP levels were determined by radioimmunoassay (RIA) as described previously

(Steiner et al., 1969).

4.2.8. Statistical analysis

GraphPad Prism 4.0 software (San Diego, CA, USA) was used to calculate the
parameters of ligand binding and cAMP signaling assays. The significance of differences

in expression levels between male and female, ligand binding and cAMP signaling
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parameters between maMC4R and hMC4R, as well as vehicle and ligand-treated groups,

were all determined by Student’s t-test.

4.3. Results

4.3.1. Nucleotide and deduced amino acid sequences of maMC4R

The cloned mamc4r gene contained an open reading frame of 981 bp encoding a
putative protein of 326 amino acids and 36.43 kDa molecular mass (Fig. 4.1). Similar with
previously identified MC4R orthologs, the predicted maMC4R consisted of seven putative
hydrophobic TMDs connected by alternating ECLs and ICLs with an extracellular N-
terminus and an intracellular C-terminus. In addition, the PMY, DRYxxI, and DPIIY motifs
were predicted at homologous positions with MC4Rs of other species. As shown in Figs.
4.1 and 4.2, the potential N-linked glycosylation site (Asn®) within N-terminus, consensus
sequence for protein kinase C phosphorylation (Thr32Phe313Lys34) within C-terminus,
and 11 highly conserved cysteine residues were also found. Multiple sequence alignment
revealed that maMCA4R shared high identities with other piscine MC4Rs, with 90.2% to
spotted scat, 89.6% to sea bass, 89.0% to flounder, 85.4% to swordtail fish, and 76.8%
to zebrafish. However, the identities of maMC4R to mammalian MC4Rs were relatively
low, with 66.1% to hMC4R and 65.5% to rat MC4R. Most of the conversed amino acids

were localized in the TMDs and ICLs.
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4.3.2. Phylogenetic and chromosome synteny analyses of maMC4R

To evaluate the evolutionary relationships between the predicted maMC4R and
other vertebrate MC4Rs, phylogenetic analysis was conducted with full-length amino acid
sequences of maMC4R and other MC4Rs. Our results indicated that maMCA4R is nested
within a clade of Burton's mouthbrooder (Haplochromis burtoni), turquoise Killifish
(Nothobranchius furzeri), and red-striped killifish (Aphyosemion striatum) (Fig. 4.3). To
determine whether mamc4r is orthologous to those of other vertebrates (fishes: fugu,
medaka, and zebrafish, and mammals: rat, mouse, and human), chromosome syntenic
relationships among different species were then analyzed. The results indicated that
mamc4r gene neighbors exhibited a highly conserved synteny to fugu and medaka. The
neighboring genes of human, mouse and rat were also conserved, especially those of
mouse and rat. However, there was no conserved synteny between swamp eel and
human, mouse and rat mc4r genes since only RNF152 and CDH20 of human were found
to locate at the same homologous positions compared with swamp eel, and none of
neighboring genes of mamc4r was found in the adjacent regions of mouse and rat Mc4r

genes (Fig. 4.4).

4.3.3. Tissue expression of mamc4r

Expression of mamc4r in male, intersex and female swamp eel was studied by
gRT-PCR. Our results showed that mamc4r transcripts were found to be highly expressed
in brain and gonad of male, intersex and female swamp eel, but expressed at low levels
in other tissues. We also found that both mamc4r transcripts in brain and gonad of female

swamp eel exhibited significantly higher expression levels compared to those of male (P
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< 0.05, n =6) (Fig. 4.5). There was no significant difference between expression levels of
male and intersex in brain and gonad, although we observed higher expression levels in

intersex in these two tissues.

4.3.4. Ligand binding properties of maMC4R

Comparative ligand binding assay was performed to investigate the binding
properties of maMC4R to different MC4R ligands, including five agonists (NDP-MSH, a-
MSH, B-MSH, ACTH (1-24), and THIQ) and two antagonists (Ipsen 5i and ML00253764).
The maximal binding value of maMCA4R to radiolabeled NDP-MSH was 30.89 + 1.38% of
that of hMC4R (Table 4.2 and Fig. 4.6). Similar as the binding affinity order of h(MC4R,
maMC4R bound to super-potent agonist NDP-MSH with the highest affinity (ICso, 2.20 +
0.19 nM), followed by ACTH (1-24) (33.07 + 4.91 nM), a-MSH (205.23 + 19.32 nM), and
B-MSH (495.47 = 66.26 nM). When NDP-MSH, o-MSH, or ACTH (1-24) was used as the
competitor to displace the radiolabeled NDP-MSH, maMC4R exhibited significantly
decreased ICsos compared to hMC4R. No significant difference was observed between
the ICsos of these two MC4Rs when 3-MSH was used as the competitor (Table 4.2). THIQ,
Ipsen 5i, and ML00253764 were not able to displace the radiolabeled NDP-MSH bound
with maMC4R, although they could displace radiolabeled NDP-MSH bound with hMC4R

in a dose-dependent manner (Fig. 4.6E, Fig. 4.8 and Table 4.2).

4.3.5. Signaling properties of maMC4R

RIA was performed to investigate the signaling properties of maMC4R to

determine whether the cloned maMCA4R could respond to ligand stimulation. All agonists
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were able to dose-dependently stimulate maMC4R and increase intracellular cAMP
production (Fig. 4.7). The maximal response of maMC4R in response to NDP-MSH, o-
MSH, or B-MSH was similar as that of hMC4R, whereas maMC4R initiated significantly
reduced maximal intracellular cAMP production in response to ACTH (1-24) or THIQ
compared with hMC4R (Fig. 4.7D and E, and Table 4.3). ECsos of a-MSH, 3-MSH, and
ACTH (1-24) for maMC4R were significantly lower than those for hMC4R. In contrast,
ECso of THIQ for maMC4R was significantly higher compared with that for (MC4R (Table

4.3).

Ipsen 5i and ML00253764 were previously demonstrated as inverse agonists by
decreasing the basal activities of both WT and constitutively active mutant hMC4Rs (Mo
and Tao, 2013). In the present study, we found basal cAMP levels of hMC4R decreased
approximately 60% after treatment of Ipsen 5i or ML00253764 compared with the control
(Fig. 4.8). ML00253764 could decrease basal cCAMP level of maMC4R by 50%, whereas
Ipsen 5i exhibited agonistic activity, significantly increasing the cAMP level of maMC4R

compared with the control (Fig. 4.9).

4.4. Discussion

MCA4R has been well studied in mammals as an important factor in regulation of
energy homeostasis and reproductive function. However, few studies have focused on
non-mammalian vertebrates, especially economically important fish. In the present study,
we demonstrated that the cloned mamc4r cDNA encoded a protein with similar structural

features as MC4Rs of other species, including TMDs, ECLs, and ICLs. The amino acid
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sequence was more than 80% identical to several teleost MC4Rs. The conversed motifs
including PMY, DRYxxI, and DPIlY (DPxxY) were also conserved in maMC4R. Other
structural features, such as consensus potential N-linked glycosylation sites, C-terminal
phosphorylation sites, and highly conserved cysteine residues, were also identified in
maMC4R (Figs. 4.1 and 4.2). These motifs and residues are known to be significant to
maintain receptor 3D structure and function. Phylogenetic tree revealed that maMC4R
was clustered with teleost MC4Rs (Fig. 4.3). Furthermore, the maMC4R was suggested
to be evolutionarily conserved because chromosomal synteny analysis showed that the
genes surrounding mamc4r were highly conserved compared with those in fugu and
medaka (Fig. 4.4). Together, these results indicated that the cloned maMC4R might

exhibit the same functions as MC4Rs in other species.

The expression pattern of the MC4R in lower vertebrates has been shown to be
much wider compared to that in mammals. Our results showed that mamc4r mRNA was
highly expressed in the gonads in addition to the brain (Fig. 4.5), similar to the results
obtained in other fish, such as barfin flounder, goldfish, and spotted scat (Cerda-Reverter
et al., 2003a; Li et al., 2016a), suggesting a putative function of maMC4R in gonadal
development. It is interesting to note that swamp eel undergoes natural sex reversal from
female via intersex into male. Several genes, such as dmrt genes, sox9 genes (sox9al
and sox9a2), and androgen receptor (ar) gene, have been observed to be involved in the
process of sex reversal of swamp eel (Cheng et al., 2003; Zhou et al., 2010; Sheng et al.,
2014). Ravaglia et al. observed sex reversal in female swamp eel after administration of
salmon GnRH analogue (sGnRH-A) and the dopamine receptor antagonist, domperidone

(DOM) (Ravaglia et al., 1997). Although the role of maMCA4R in this process has not been
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reported so far, studies in mammals have shown that MC4R is involved in regulating
reproductive function by modulating hormone secretion through GnRH neurons.
Watanobe et al. found that MC4R antagonists decrease the magnitude of LH surges in
normal fed rats (Watanobe et al., 1999). Roa et al. further demonstrated that GnRH
neurons are activated by a-MSH through direct postsynaptic activation of MC4R in mice
(Roa and Herbison, 2012). In spotted scat, MC4R activation increases gene expression
of hypothalamic GnRH and pituitary gonadotropins (Jiang et al., 2017). In the present
study, of particular interest was the result that expression levels of mamcd4r in brain and
gonad of females were significantly higher than those of males (Fig. 4.5). However,
whether or not MC4R plays a role in the process of sex reversal of swamp eel by

activating the hypothalamic-pituitary-gonadal axis is still needed to test.

To investigate the pharmacology of cloned maMC4R, ligand binding and cAMP
signaling assays were performed. The results showed that the synthetic agonist NDP-
MSH could bind to maMC4R with the highest affinity with an ICso of 2.20 nM and stimulate
maMC4R with the highest potency with an ECsp of 0.02 nM, consistent with its super-
potent agonistic activity (Table 4.2). Although THIQ, a small molecule agonist, could not
bind to maMC4R orthosterically by displacing the radiolabeled NDP-MSH, it still activated
the receptor and initiate cAMP signaling (Figs. 4.6 and 4.7), indicating that the binding
site of THIQ might be different from that of NDP-MSH at maMC4R (allosteric agonist). As
for NMC4R, the binding sites for THIQ and NDP-MSH were overlapping since THIQ could
displace radiolabeled NDP-MSH in a dose-dependent manner. Our results were
consistent with our previous study demonstrating THIQ to be an allosteric agonist for

spotted scat MC4R (Li et al., 2016a). In artificial propagation of swamp eel, the GnRH
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analogue is used to induce the ovulation of brood females (Guan et al., 1996). We suggest
that the small molecule THIQ may be used in artificial propagation of swamp eel
considering its stimulatory effects on expression of gnrh, lhb (luteinizing hormone beta
subunit), and fshb (follicle-stimulating hormone beta subunit) through MC4R signaling in

spotted scat (Jiang et al., 2017).

ACTH was proposed as the “original” ligand for the early melanocortin receptors
during vertebrate evolution, supported by evidence that ACTH is able to bind to MC4Rs
with high affinity compared to other endogenous agonists in many fishes, such as fugu,
rainbow trout, spotted scat, and grass carp (Haitina et al., 2004; Klovins et al., 2004a; Li
et al., 2016a; Li et al., 2017). Of three endogenous agonists used in the present study,
ACTH (1-24), known to be equipotent to the full-length ACTH (1-39), was also shown to

have the highest binding affinity with maMC4R (Table 4.2).

The MC4R has been shown to be constitutively active in cAMP signaling (Tao,
2014). Naturally occurring mutations in the MC4R resulting in decreased constitutive
activity are considered as the possible causes of human obesity (Tao, 2008). MC4Rs in
many fishes, such as seabass, zebrafish, spotted scat, and grass carp, were all reported
to be constitutively active (Sanchez et al., 2009; Sebag et al., 2013; Li et al., 2016a; Li et
al., 2017). In agreement with these previous results, our present study showed that
maMC4R had significantly increased basal activity, which was approximately 6 times
higher than that of h(MC4R (Table 4.3). It has been reported that the N-termini of GPCRs
are critical in regulating constitutive activities (Zhang et al., 2000; Nishi et al., 2002;
Paavola et al., 2011). As for h(MC4R, N-terminus is proposed to act as a tethered ligand

to maintain constitutive activity of the receptor (Srinivasan et al., 2004). By comparing the
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amino acid sequences of maMC4R, as well as other fish MC4Rs, with that of h(MC4R, we
found that in contrast to high identities in TMDs and ICLs, fish MC4Rs shared low
identities with hMC4R in N-termini and ECL1s (Fig. 4.2). We speculated that evolutionarily
dissimilar structure of N-terminal domain of maMC4R might be the reason for its high
basal activity. Two inverse agonists, Ipsen 5i and ML00253764, were used to investigate
their effects on basal activities of maMC4R. As expected, they were able to decrease the
basal cAMP levels in cells transfected with hMC4R. The inverse agonistic effect of
ML00253764 on maMC4R was also verified, further confirming constitutive activation of
maMC4R. However, Ipsen 5i induced an approximate two-fold increase of constitutive
activity on maMC4R rather than generating an inhibitory effect, showing its agonistic
effect on maMC4R (Fig. 4.9). The different effects of Ipsen 5i on hMC4R and maMC4R
might be due to the dissimilar structures of two receptors. It is interesting to note that
Ipsen 5i and ML00253764 bound to allosteric site(s) (Fig. 4.8), indicating that they were

also allosteric ligands for maMCA4R.

The constitutive activity of fish MC4R is thought to be physiologically relevant.
Mutations in cavefish mc4r leading to decreased constitutive activity and signaling
efficiency of the receptor were proposed as the cause of elevated appetite, growth, and
starvation resistance (Aspiras et al., 2015). Knock-down of agrp or mrap2a in zebrafish
caused decreased growth by increasing the constitutive activity of MC4R (Sebag et al.,
2013). Hence, in pisciculture, inhibition of the constitutive activity of MC4R might be a
novel strategy for feed intake promotion and accelerated growth of the economically
important fishes. The small molecule inverse agonists might be effective food additives

promoting appetite and reducing energy expenditure of those species to achieve better

94



economic return. ML00253764, shown to be an inverse agonist for maMC4R in the
present study, could be one small molecule with economic value for swamp eel farming.
Further in vivo studies are needed to verify whether ML00253764 could potentially be

added to swamp eel feed.

In summary, the cloned maMC4R was demonstrated to be evolutionarily
conserved in piscine MC4Rs. We found that the expression of maMC4R was also highly
expressed in gonad in addition to brain. The receptor was also found in various peripheral
tissues, indicating its important roles in mediating various physiological processes in
swamp eel. The pharmacological studies have demonstrated that the cloned maMC4R
was a functional receptor with its unique pharmacological properties, providing us the

foundation for future physiological studies.
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Table 4.1 Primers used for cDNA cloning and qRT-PCR. p-actin was used as

housekeeping gene.

Primer name

Primer sequence (5°-3’)

Purpose

mc4r-Fw
mc4r-Rv
mc4r-3RACE1
mc4r-3RACE2
mc4r-5RACE1
mc4r-5RACE2
mcér-w-Fw
mc4r-w-Rv
B-actin-Fw
p-actin-Rv
mc4r-RT-Fw
mc4r-RT-Rv

AGCATGTTCTTTACCATGCT
TTGAAGTGTGACATGAAGCA
CTGTATGTCCACATGTTCCTG
ATGTTCCTGTTGGCACGCTT
GCCCAGCATACCACAAACAC
GAGGAGGATAGTGAGGGTGATG
CTCTCACGTTCCCTTTCACTGT
CTTGGCTGCGAAAAGCATAGAT
CTGGACTTCGAGCAGGAGAT
ACCAAGGAAAGAAGGCTGGA
TCCTCACTCTGGGCATCATC
GGAGACACTGACCAGCATGT

mc4r fragment PCR
mc4r fragment PCR
mc4r 3*-RACE PCR
mc4r 3*-RACE PCR
mc4r 5-RACE PCR
mc4r 5-RACE PCR
mc4r full-length PCR
mc4r full-length PCR
p-actin qRT-PCR
p-actin qRT-PCR
mc4r qRT-PCR
mc4r qRT-PCR

96



Table 4.2 The ligand binding properties of hAMC4R and maMC4R.

NDP-MSH  a-MSH B-MSH ACTH (1-24) THIQ Ipsen 5i ML00253764
MC4R Bmax
ICso (n M) ICso (n M) ICso (n M) ICso (n M) ICso (n M) ICso (n M) ICso (I’l M)
hMC4R 100 30.07 835.53 703.33 110.32 159.12 333.83 513.17
+3.92 +101.64 +77.11 + 30.98 + 46.68 +70.29 +297.13
30.89 2.20 205.23 459.47 33.07 X X X
maMCAR 1138 1019t  £1932°  £66.26 +4.91 N/A N/A N/A

Results are expressed as the mean £ SEM of at least three independent experiments.

a Significantly different from the parameter of h(MC4R, P < 0.01.

b Could not be determined.
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Table 4.3 The signaling properties of hnMC4R and maMCA4R.

NDP-MSH a-MSH B-MSH ACTH (1-24) THIQ
MC4R Basal (%)
ECSO (n M) Rmax (%) ECSO (I’] M) Rmax (%) ECSO (n M) Rmax (%) ECSO (n M) Rmax (%) EC50 (n M) Rmax (%)
0.34 1.67 1.75 0.63 3.88
hMC4R 100 +016 100 +053 100 +033 100 +010 100 s068 100
maMC4R 673.78 0.02 87.56 0.14 98.04 0.24 137.45 0.17 76.73 74.45 54.92
+104.13* 10.01 +10.09 +0.022 +14.07 +0.112 +41.74 +£0.032 +7.812 +28.992  +13.712

Results are expressed as the mean £ SEM of at least three independent experiments.
a Significantly different from the parameter of hAMC4R, P < 0.05.

b Significantly different from the parameter of hMC4R, P < 0.01.
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1 ATG AAC ACC ACA GAA TAC CAT GGG CTG AGC CAA GGC TAC CAC AAC AAG AGC CAA CCCCCA
1 M N T T E Y H G L s @ G Y HI[N_K sla P P

61 GGCACG GTG CCA CTT CAC AAG GAC CTC TCA GCTGAG AAG GAC CCA TCTGCAGGA TGT TAC
21 6 T v P L H K D L s A E K D P S8 A G C Y

121GGA CAG CTG CTG ATT TCC ACCGAG GTT TTC CTC ACT CTG GGC ATC ATC AGC CTG CTG GAG
41 G Q L L | S T E V F L T L G | | S L L E

181 AAC ATC TTG GTT GTT GCT GCT ATA ATC ATA AAC AAG AAC CTT CAC TCA CCT ATG TAC TTT
61 N | L v v A A I | | N K N L H S8 P M Y F

241 TTC ATT TGT AGC CTT GCT ATT GCT GAC ATG CTG GTC AGT GTC TCC AAT GCC TCC GAG ACT
81 F | cC s L A 1 A D M L V s V 8 N A s E T

301 ATT GTC ATA GCA CTT ATC AAT GGAGGCAGC CTCACC ATC CCC GTC ACG CTG ATT AGAAGC
101 |1 \) | A L | N G GG s L T | P VvV T L | R s

361 ATG GAT AAT GTG TTT GAC TCT ATG ATC TGT AGC TCT CTG TTA GCA TCC ATC TGC AGC TTG
21 M D N V F D S M 1 c s s L L A s 1 cC s L

421 TTG GCC ATC GCC GTT GAC CGC TAC ATC ACC ATA TTC TAC GCT CTG CGA TAC CAC AAT ATT
141 L A | AV D R Y 1 T 1 F Y A L R Y H N |

481 GTCACC CTG CGAAGAGCG ATG TTT GTC ATC AGC AGC ATC TGG ACC TCC TGC ACCATG TCT
%61 v T L R R A M F V 1 S S I w T 8 € T M S

541 GGC ATT TTG TTC ATC ATC TAC TCG GAG AGC ACC ACG GTG CTC ATC TGC CTC ATC ACC ATG
181 G | L F | | Yy 8 E 8 T T V L 1 c L 1 T M

601 TTC TTC ACC ATG CTG TTG CTC ATG GCA TCA CTG TAT GTC CAC ATG TTC CTG TTG GCA CGC
201 F F T M L L L M A S L Y V H M F L L A R

661 TTG CAC ATG AAG CGG ATT GCGGCG CTA CCA GGA AAC GCG CCC ATC CAG CAG CGA GCC AAC

21 L H M K R | A A L P G N A P | Q Q@ R A N
721 ATG AAG GGC GCC ATC ACC CTC ACT ATC CTC CTCGGGGTG TTT GTG GTA TGC TGG GCACCA
221 M K G A | T L T 1 L L G VvV F VvV VvV € W A P
781 TTT TTC CTT CAT CTC ATT CTC ATG ATC ACC TGC CCC CCA AAT CCG TAC TGC GCC TGC TTC
261 F F L H L | L M 1 T ¢ P P N P Y € A C F
841 ATG TCC CAC TTC AAC ATG TAC CTC ATT CTC ATC ATG TGC AAC TCC ATC ATT GAC CCC ATC
281 M S H F N M Y L 1 L 1 M C N s | | D P I
901 ATC TAT GCT TTT CGC AGC CAA GAA ATG AGA AAAAC GAG ATT TTC TGC TGC TCA
301/ Y A F R 8§ Q@ E M R K E | F C C s

961 CAT ACT CTC CTG CGT GTG TGA
321 H T L L R VvV *

highlighted in italic. Underlines show initiation codon and stop codon. Asterisk (*)

stop codon
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Fig. 4.1 Nucleotide and deduced amino acid sequence of maMC4R. Positions of
nucleotide and amino acid sequences are indicated on both sides. Amino acids in shaded
boxes indicate putative transmembrane domains. Open boxes frame tripeptide
sequences with the consensus sequence for N-linked glycosylation sites. Oval frames
enclose potential phosphorylation sites. PMY, DRYxxl, DPIIY (DPxxY) motifs are

denotes
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1-7, amino- and carboxyl-termini as extracellular amino terminus and cytoplasmic tail,
respectively. Fully conserved and conserved cysteine residues are indicated by
arrowheads. Predicted phosphorylation sites are shown by open boxes. PMY, DRY xxl,
DPIIY (NPXXY) motifs are highlighted in italic. Dark shadow shows N-linked glycosylation

sites. Asterisk (*) indicates the identical amino acids.

101



2
]
2 2 £ 8
2 ¢ F 5§ &
3 s 5§ § 8 ¢
o o B e g a § S
B w T Z g8 £ & & 8
=, -4 B B 9 ]
2z, = 2. B s & § & & &
Z B 3 5 % TS 8 5 s o8 $
Y T 3 2 8 5§ §F 5§ o &
PO - cRf gL ES
5 (] o, ) 2 & L By &
% B oY B R Y tEE s S ¢
Q % 2 05 IS & A
23 = Q, 3, 2 2 C & ) ) ,,0“ &
%, % b, o g ® = O & ¥
5 N = o @
Yoy, o, Gy By o 3 3 & & &
e N > 0
% ] ® = ¥ N )
%, o%’> &3 & B of .
Sy, gy N - P & o
<% ) % “ o o
%, E K Q o s
“ Sy > > LS «° A e
7 A oo o o
A @ o
B T & s RC
Cs,. s, o b e us
i ", G O e B s
S ic/ 6 i’ S
¢ Y, g o N s8d7 L eon
oy, : 55 » ik
A, 1, g A ,\,\ A i
Crog, 9 op!
e, &) 3 lad
& ﬁb‘?fug / Ly u|pgs
” 7 es
er‘%umus = yulpes wip Jandi
£ inslat
Xenocyprs g, o 0 achus SEnaY!
"Genteg 0 Neomo!
M'?Qa'n’obra 41
ma ) i s
amblycepps, ™ rF » 76 . Acinonyx jubatur
Danio rerio 55 Felis catus
70
Xiphophorus mulilineatus — o5 82 DL Panthera pardus
Xiphophorus maculatus & s o0 Cricetulus griseus
% 3,
s 2
Takifugt rbripe 29 “rienes Ungunicusay,,
a7 fa)
rgus [ $ asy
Chan"a arg @ G . P ‘bfcanegen
us = % My, 4
us 219 & S iz,
opha? 5 ~ CUlss
goal aceus W % k) s
Ul 2
.«:.-
e wa!""‘ @ 2 o Hoos,, o"’”y/cu\,
: g 5 > 3 B e,
G W v e, Qs
-Ica"‘ P © Yoo
PRt ot % Sy B
N . A
0‘\0"t FR S 2 T, % s
o
W © o o = % S R
W LA ) 6
e o é—°° & o . 2 < ’)%@,_’ Zs,,
Q{‘on & ¥ & o Z Z, ©a, £
W @ A % o T,
O 3 & @ = & % 9‘73_‘ % %,
W“* & N(S“" & @ o ] T B oy % %,
& F o e % 6 %,
R A N " 3 N Y
< N & & S = o e & % B % Z %
Y ¢ £ s % IR
¢ & g § F T F 2 oo TEITE T O OB
S & F § &£ 8 FS T LT e o 2 0%
¢ § § 5§ & 3 8§ 3 8 = 8 5 2% 9
S ¥ § & o B B & B I o m ® @ %
£ & & F 3 € s e 3 & 8 %
f & g 2 L T § @ @
g ° i g s 8 = %
g & “ (=] =
@ e
2 &

Fig. 4.3 Phylogenetic tree of MC4R proteins. The trees were constructed using the
neighbor-joining (NJ) method. Numbers at nodes indicate the bootstrap value, as

percentages, obtained for 1000 replicates. Dot shows maMC4R. MC4Rs: Monopterus

(XP_020009048.1), Neovison vison

albus (AVZ65970.1), Castor canadensis

(AGT56096.1), Aphyosemion striatum (SBP15058.1), Vulpes lagopus (ACN55093.1),

Squaliobarbus curriculus (ADV40875.1), Tyto alba (ATN96237.1), Delphinapterus leucas
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(XP_022439973.1), Hypophthalmichthys nobilis (ADV40874.1), Mylopharyngodon
piceus (ADV40871.1), Tursiops truncates (AKH66529.1), Python bivittatus
(XP_007441304.1), Haplochromis burtoni (NP_001274332.1), Merops nubicus
(XP_008934286.1), Bos taurus (NP_776535.1), Pogona vitticeps (XP_020642338.1),
Acinonyx jubatus (XP_014940693.1), Gallus gallus (NP_001026685.1), Alligator sinensis
(XP_006025279.1), Serinus canaria (XP_009092806.1), Cyprinus carpio (CBX89936.1),
Felis catus (XP_019670932.2), Anser anser (ABF19809.1), Picoides pubescens
(XP_009899122.1), Callorhinchus mili (XP_007893711.1), Dicentrarchus labrax
(CBN82190.1), Exaiptasia pallida (KXJ23657.1), Manacus vitellinus (XP_008930852.1),
Carassius auratus (CAD58853.1), Ctenopharyngodon idella (AOZ60534.1), Parus major
(XP_018861381.1), Anolis carolinensis (XP_003226797.1), Neomonachus schauinslandi
(XP_021542070.1), Equus caballus (XP_001489706.1), Mus musculus (NP_058673.2),
Homo sapiens (NP_005903.2), Paralichthys olivaceus (ADP09415.1), Nestor notabilis
(XP_010022838.1), Ophiophagus hannah (ETE68963.1), Phascolarctos cinereus
(XP_020851420.1), Panthera pardus (XP_019319420.1), Chinchilla lanigera
(AMO64347.1), Luciobrama macrocephalus (ADV40882.1), Anas platyrhynchos
(XP_005016300.1), Meriones unguiculatus (XP_021482503.1), Fundulus heteroclitus
(JAR81631.1), Channa argus (AMMO02541.1), Rattus norvegicus (NP_037231.1),
Ochetobius elongatus (ADV40881.1), Opsariichthys bidens (ADV40880.1), Sus scrofa
(ABD28176.1), Vulpes vulpes (ACN55092.1), Dasyatis akajei (BAU98233.1), Columba
livia (XP_021153678.1), Falco cherrug (XP_005434907.1), Scatophagus argus
(AOQ25859.1), Schizothorax prenanti (AGF80338.1), Ovis aries (NP_001119842.1),

Xiphophorus maculatus (AHC02881.1), Colius striatus (XP_010207099.1), Physeter
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catodon (XP_007111342.1), Stylophora pistillata (PFX22344.1), Pongo abelii
(XP_002828309.1), Eurypyga helias (XP_010150784.1), Strix aluco (ATN96239.1),
Terrapene mexicana triunguis (XP_024059247.1), Culter alburnus (ADV40879.1),
Takifugu rubripes (AAO65551.1), Xenopus tropicalis (XP_004915370.1), Nothobranchius
furzeri (SBP43904.1), Piliocolobus tephrosceles (XP_023074139.1), Gorilla gorilla
(ACO90013.1), Chrysemys picta belli (XP_005286507.1), Callithrix jacchus
(ABW94915.1), Megalobrama amblycephala (ADV40876.1), Xiphophorus multilineatus
(ADO60283.1), Elopichthys bambusa (ADV40877.1), Xenocypris argentea

(ADV40878.1), Danio rerio (AAO24745.1).
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Fig. 4.4 Chromosomal synteny analyses of MC4Rs in representative species. The
syntenic genes are displayed as boxes and linked by lines. MC4R genes are shown in
grey boxes. The genes showing conserved synteny in fishes are indicated in blue boxes

and those in mammals are shown in green boxes.
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Fig. 4.5 Expression profiles of mc4r in various tissues of swamp eel. Tissue
expression of mamc4r mRNA was analyzed by gRT-PCR with a stable reference gene -
actin. The data were presented as means + SEM (n = 6). Asterisk (*) indicates significant

difference between male and female (P < 0.05).
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Fig. 4.6 Ligand binding properties of agonists to maMCA4R. Different concentrations
of unlabeled (A) NDP-MSH, (B) a-MSH, (C) B-MSH, (D) ACTH (1-24) or (E) THIQ was
used to displace the binding of [125-NDP-MSH. Data are expressed as % of hMC4R
binding + range from duplicate measurements within one experiment. The curves are

representative of at least three independent experiments.
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Fig. 4.7 Signaling properties of maMC4R. Different concentrations of (A) NDP-MSH,
(B) a-MSH, (C) B-MSH, (D) ACTH (1-24) or (E) THIQ was used to stimulate HEK293T
cell transfected with hMC4R and maMC4R. Intracellular cAMP levels were measured via
RIA. Data are expressed as mean + SEM from triplicate measurements within one

experiment. The curves are representative of at least three independent experiments.
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Fig. 4.8 Ligand binding properties of antagonists to maMC4R. Different
concentrations of unlabeled (A) Ipsen 5i or (B) ML00253764 was used to displace the
binding of 1?°I-NDP-MSH. Data are expressed as % of hMC4R binding + range from
duplicates within one experiment. The curves are representative of at least three

independent experiments.
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Fig. 4.9 Effects of the ligands on the basal activities of maMC4R. HEK293T cells
transfected with hMC4R or maMC4R were treated without or with 1 uM Ipsen 5i or 1 uM
ML00253764. The intracellular cAMP levels were measured via RIA. The data are mean
+ SEM from three independent experiments. * indicates significant difference between

vehicle and ligand treatment (*P < 0.05, **P < 0.01).
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Conclusions

In conclusion, firstly, we have performed systematic functional study of DRYxxI
motif and ICL2 of hMC4R. We have identified several residues important for receptor cell
surface expression, receptor and ligand interaction, constitutive cAMP signaling, ligand-
induced cAMP and ERK1/2 signaling pathways, as well as biased signaling between
CcAMP and ERK1/2 pathways. The investigation of structure-function relationship of
hMC4R provides a better understanding towards the role of MC4R in obesity
pathogenesis and will be valuable for structure-based drug design of molecules with the

capacity to modulate MC4R activity as potential therapeutics.

Secondly, we functionally investigated MC3R in channel catfish. Five agonists,
including a-MSH, B-MSH, NDP-MSH, ACTH (1-24), and D-Trp8-y-MSH, were used in the
pharmacological studies. Our results showed that ipMC3R bound -MSH with higher
affinity and D-Trp8-y-MSH with lower affinity compared with hMC3R. All agonists could
stimulate ipMC3R and increase intracellular cAMP production with sub-nanomolar
potencies. The ERK1/2 activation could also be triggered by ipMC3R. The ipMC3R
exhibited constitutive activities in both cAMP and ERK1/2 pathways, and AgRP served
as an inverse agonist at ipMC3R, potently inhibiting the high basal cAMP level. Moreover,

we showed that MRAP2 preferentially modulated ipMC3R in cAMP production rather than
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ERK1/2 activation. Our study will assist further investigation of the physiological roles of

the ipMC3R, especially in energy homeostasis, in channel catfish.

Finally, we cloned swamp eel mc4r and pharmacologically characterized maMCA4R.
The transcripts of mamc4r were highly expressed in brain and gonads of swamp eel. Four
agonists, a-MSH, 3-MSH, NDP-MSH, and ACTH (1-24), could bind to maMC4R and
induce intracellular cAMP production dose-dependently. Small molecule agonist THIQ
allosterically bound to maMC4R and exerted its effect. Similar to other fish MC4Rs,
maMC4R also exhibited significantly increased basal activity compared with that of
hMC4R. The high basal activity of maMC4R could be decreased by inverse agonist
ML00253764, suggesting that maMC4R was indeed constitutively active. The availability
of maMC4R and its pharmacological characteristics will facilitate the investigation of its

function in regulating diverse physiological processes in swamp eel.
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