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Abstract

The neural melanocortin receptors (MCRs), melanocortin-3 and -4 receptors (MC3R and
MC4R), play essential non-redundant roles in the regulation of energy homeostasis.
Melanocortin-2 receptor accessory proteins (MRAPs, MRAP1 and MRAP2) were shown to
regulate neural MCRs. To gain a better understanding of the regulation of neural MCRs by
MRAPs, we identified MRAP2 splice variants from humans and canine, and investigated effects
of isoforms of MRAPs on human and canine MC3R/MC4R pharmacology. We also conducted

experiments to explore modulation of fish Mc3r/Mc4r by two isoforms of Mrap2.

We identified two new human (h) MRAP2 splice variants, MRAP2b (465 bp open reading
frame) and MRAP2c (381 bp open reading frame). Human MRAP2s are different in C-termini.
We investigated effects of five isoforms of MRAPs, hMRAPla, hMRAP1lb, hMRAP2a,
hMRAP2b, and hMRAP2c, on MC3R and MC4R pharmacology. At the hMC3R, hMRAP1a and
hMRAP2c increased and hMRAP1b decreased the cell surface expression. h(MRAP1a increased
affinity to ACTH. Four MRAPs (hMRAP1a, hMRAP1b, hMRAP2a, and hMRAP2c) decreased
the maximal responses in response to a-MSH and ACTH. For hMC4R, hMRAP1a, hMRAP23,
and hMRAP2c increased the cell surface expression of hMC4R. Human MRAP1b significantly
increased affinity to ACTH while MRAP2a decreased affinity to ACTH. Human MRAPla
increased ACTH potency. MRAPs also affected hMC4R basal activities, with hMRAP1s
increasing and hMRAP2s decreasing the basal activities. In summary, the newly identified
splicing variants, h(MRAP2b and hMRAP2c, could regulate MC3R and MC4R pharmacology.
The two MRAP1s and three MRAP2s had differential effects on MC3R and MC4R trafficking,

binding, and signaling.



The effect of MRAP1 and MRAP2 on canine neural MCRs are not understood. Herein, we
cloned canine (c) mc3r and identified an canine MRAP2 splice variant, MRAP2b, with extension
at N-terminus of cMRAP2a. Canine MC3R showed higher Bmax and Rmaxs to five agonists than
that of hMC3R. We further investigated modulation of cMRAP1, cMRAP2a, and cMRAP2b, on
cMC3R and cMC4R pharmacology. All MRAPs had no effect on cMC3R trafficking. Canine
MRAP1 significantly decreased the Bmax, whereas cMRAP2a and cMRAP2Db increased Bmax Of
cMC3R. Both MRAP1 and MRAP2a decreased RmaxS in response to a-MSH and ACTH,;
MRAP2b only decreased a-MSH-stimulated cAMP generation CAMP production of cMC3R. At
cMC4R, MRAP1 and MRAP2a increased cell surface expression of cMC4R. MRAP1 and
MRAP2a increased Bmaxs of cMC4R. All MRAPs increased affinities to a-MSH and ACTH.
MRAP2a increased ACTH-induced cAMP levels of ctMC4R, whereas MRAP2b decreased o-
MSH- and ACTH-stimulated cAMP production of cMC4R. All MRAPs decreased the basal

activities of cMC4R.

Considering the crucial importance of energy metabolism, understanding the endocrine
modulation of energy homeostasis is important for economically important fishes and may
potentially lead to novel approaches to manipulate fish growth, feed efficiency, and final product
quality in cultured fish. Hence, it is not surprising that Mc3r/Mc4r has also attracted some
attention in fish. Topmouth culter (Culter alburnus) is an economically important freshwater fish
in China. In this study, we cloned culter mc3r, mrap2a, and mrap2b. All agonists could bind and
stimulate caMc3r to increase dose-dependently intracellular cAMP accumulation. Compared to
hMC3R, culter Mc3r showed higher constitutive activity, higher efficacies and Rmax to a-MSH,
des-a-MSH, and ACTH. Both caMrap2a and caMrap2b markedly decreased caMc3r basal

CAMP production. However, only caMrap2a significantly decreased cell surface expression, Bmax



and Rmax Oof caMc3r. These data indicated that the cloned caMc3r was a functional receptor.

Mrap2a and Mrap2a had different effects on expression and signaling of caMca3r.

We also cloned culter mc4r, consisting of a 981 bp open reading frame encoding a protein of
326 amino acids. Culter Mc4r could bind to four peptide agonists and increase intracellular
CAMP production dose dependently. Culter Mc4r could be constitutively active in both cAMP
and Erk1/2 pathways, which differentially regulated by caMrap2a and caMrap2b. Culter Mrap2a
significantly increased Bmax and decreased agonist-stimulated cAMP, while Mrap2b increased
cell surface and total expression but did not affect Bmax and agonist-stimulated cAMP. These

results will aid investigate the diverse physiological processes of Mc4r in topmouth culter.

In summary, we systemically investigated the modulation of MRAP1 and MRAP2 on
MC3R/MCA4R in humans, canine, and fish, and found that the effect of MRAPs on MC3R/MC4R
IS in species-dependent manner. We also studied functionality of Mc3r/Mc4r in an economically
important fish, laying the foundation for further physiological studies of fish Mc3r or Mc4r that

might provide new strategies for promoting growth and culture.
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Chapter 1: Literature review

1.1. Introduction

The superfamily of G protein-coupled receptors (GPCRs) consists of the largest member
of membrane proteins and about 800 GPCRs were reported in humans [1-3]. GPCRs transduce
signals of numerous physicochemical stimulating, including neurotransmitters, hormones, as
well as taste signals, vision, pheromone, and olfaction [3, 4]. The GPCRs in humans can be
divided into five main groups (GRAFS), including glutamate (Class C), rhodopsin (Class A),
adhesion, frizzled/taste2 (Class F), and secretin (Class B) [1]. GPCRs have regulatory functions
in diverse physiological processes in almost all organ systems and dysfunctions of GPCR
signaling has been implicated in the pathogenesis of in diverse human diseases [5-13]. GPCRs
have been considered as the most popular drug targets, accounting for about 35% of all approved
drugs (~700 approved drugs target ~130 GPCRs) and over 50% of total pharmacotherapies in

the market today [14-16].

Melanocortin receptors (MCRs), MC1R to MC5R, are members of rhodopsin-like Family
A G-protein-coupled receptors (GPCRs) activated by melanocortin peptides, including a-, B-,
and y--melanocyte-stimulating hormone (a-, B-, and y-MSH) and adrenocorticotropic hormone
(ACTH) [17, 18]. MC3R and MC4R (neural MCRs) are primarily expressed in the central
nervous system [19-22] and play pivotal roles in regulating energy homeostasis [23, 24]. Neural
MCRs show distinct non-redundant mechanisms in regulating energy homeostasis [25-29].
Mutations in MC3R and MCA4R have been shown to be closely associated with monogenic human

obesity [13, 30-33]. Additionally, MC3R/MC4R have been shown to regulate various other
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physiological processes, such as cardiovascular function, reproduction and sexual function, anti-

inflammation, and other functions [13, 32, 34-42].

MCRs have been shown to interact with small single transmembrane proteins-
melanocortin-2 receptor accessory proteins (MRAPSs, including MRAP1 and MRAP2). MRAPL,
first identified as low molecular weight protein from fat tissue [43], was the first MC2R
accessory protein identified, as the specific molecular chaperone for MC2R in regulating
receptor expression, ligand binding, and signaling [3, 44-46]. There are two alternatively spliced
isoforms of human (h) MRAP1, hMRAPla and hMRAP1b, with similar effects on MC2R
trafficking and signaling [44, 45]. MRAPla and MRAP1b are widely expressed, but their
distribution patterns are distinct [44, 220], indicating that it might possess multiple functions
beyond regulating MC2R (primarily expressed in adrenal gland) [44]. Indeed, MRAP1 has been

shown to regulate all five hMCRs in distinct ways [47-49].

Subsequent studied showed that there is a paralogue of MRAP1 in vertebrate genomes,
termed MRAP2 [47, 48]. MRAP2 shares 40% homology with MRAP1 and has different
functions from MRAP1. MRAP2 with high expression in brain is essential for modulation of
energy homeostasis. Mrap2 knockout mice display early-onset severe obesity [50, 51]. MRAP2
mutations are associated with severe obesity in humans [50, 52-54]. MRAP2 regulates MC3R or
MCA4R signaling in mammals and other species [47, 50, 55-61]. In teleosts, there are two copies
of mrap2 (mrap2a and mrap2b) in zebrafish and topmouth culter with various modulatory roles

of Mcrs in these fishes [55, 59, 60].
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This chapter provides an overview of the central melanocortin system, including ligands
and receptors. The physiological functions and intracellular signaling pathways of neural MCRs

are discussed. Additionally, regulation of MC3R/MC4R by MRAP1 or MRAP2 is highlighted.

1.2. Melanocortin system

1.2.1 Endogenous ligands

The melanocortin system is comprised of six major known endogenous ligands (four
agonists and two antagonists) and five receptors, named MC1R-MC5R based on the order of
their cloning. Four agonists consist of a-, B-, y-MSH, and ACTH, derived from tissue-specific
post-translational processing of proopiomelanocortin (POMC) [17, 18]. Only MSHs are
produced in the central nervous system (CNS) [62]. a-MSH, a major endogenous agonist in
CNS, stimulates neural MCRs to induce a negative energy balance [63]. The melanocortin
system is unique in that four agonists and two endogenous antagonists, Agouti and Agouti-

related peptide (AgRP), exist.

These endogenous ligands show variable degrees of specificity for MCRs. a-MSH and -
MSH act as agonists for MC1R, MC3R, MC4R and MC5R. y-MSH has modest selectivity for
MC3R, while MC2R only binds to ACTH [64]. For two antagonists, Agouti functions
specifically on MC1R and MC4R [65, 66], whereas AgRP acts a selective antagonist on MC3R
and MCA4R [67, 68]. AgRP antagonizes a-MSH binding to neural MCRs and stimulates a long-
lasting increase in food intake, leading to a positive energy balance [63, 69]. However, mice

lacking neuronal MSH show delayed and long-lasting effects of AgRP on appetite control,
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indicating that AgRP regulates food intake in melanocortin-signaling independent manner [70,
71]. Subsequent studies suggest that AgRP decreases the basal activity of MC3R and MCA4R [72-

74]. These findings suggest that AgRP could act as an inverse agonist for MC3R/MCA4R.

Among the five MCRs, MC3R and MCA4R are primarily expressed in the CNS and have
important role in regulating body weight and metabolic activity. The central melanocortin system
maintains energy balance primarily via the leptin-melanocortin circuit to interconnect neuronal

circuits affecting satiety and metabolism with signals of metabolic state.

1.2.2 Melanocortin-3 receptor

The MC3R was first cloned by Gantz and coworkers, encoding a 360 amino acid protein
as a single exon gene located on 20g13.2 [20]. Subsequent studies suggest the translational
starting site of human MCS3R is at the evolutionarily conserved second ATG codon instead of the
originally assumed nonconserved first ATG, resulting in losing 37 amino acids [75, 76]. Studies
also found that human MC3R with an additional upstream exon can use the second ATG codon

as the translational start site [76].

Human MC3R has high expression in the hypothalamus [21] especially in the
ventromedial nucleus (VMN), the arcuate nucleus (ARC), and the posterior hypothalamic region
[77]. According to the Human Protein Atlas database, human MC3R is mainly expressed in the
brain, including thalamus, hypothalamus, amygdala, midbrain, pons, medulla oblongata,
hippocampal formation, basal ganglia, and cerebral cortex (Figure 1.1A). Furthermore, MC3R
has the wide expression in several peripheral tissues, including the intestine, kidney, placenta,

gut, heart, and macrophages [20, 38, 39, 78, 79].
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MC3R plays a key role in energy homeostasis [13, 80]. Mc3r” mice have a moderate
obesity phenotype with increased fat mass and decreased lean mass [27, 28]. MC3R regulates
feed efficiency probably due to the subtle imbalance between fat intake and oxidation, with

markedly reduced fatty acid oxidation observed in Mc3r ~

~ mice. Moreover, during fasting,
Mc3r”~ mice are defective in fasting-induced white adipose tissue lipolysis, liver triglyceride
accumulation, refeeding response, and regulation of the adipostatic and hypothalamic-pituitary-
adrenal axes [81]. MC3R might be a crucial modulator of boundary controls on melanocortin
signaling in rheostatic control of energy storage [82]. MC3R is involved in the regulation of
inputs of feeding-related signals into systems expressing rhythms of food anticipatory activity.
Under restricted feeding, Mc3r~~ mice show decreased wakefulness before food presentation,
suggesting impaired behavioral adaptation [83, 84]. MC3R might act as an inhibitory

autoreceptor on POMC neurons, in that peripheral and central administration of selective MC3R

agonist increase feeding in rats [85, 86].

Human genetic studies show a positive association between obesity and the chromosomal
region 20q13 that harbors MC3R, making the MC3R a plausible candidate gene for human
obesity and type 2 diabetes [87-91]. T6K and V81l MC3R were the first two variants identified,
which are polymorphic variants in complete linkage disequilibrium [92, 93]. Since then, 27
naturally occurring mutations of MC3R have been identified in nonobese and obese individuals
(for reviews, see Refs. [31, 33, 94]. 1183N and 1335S were identified only from obese individuals
and show defects in pharmacological properties [95-100], and are regarded as potential
pathogenic mutations or at least predisposing genetic factors conferring susceptibility to
excessive weight gain since the cosegregation of these two mutations with obesity in family has

been identified [97, 100-102]. Recently, over 200 mutations in MC3R are reported in gnomAD
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v2.1.1 database (https://gnomad.broadinstitute.org/) based on Ref. [13, 103], These findings

provide further evidence for its role in the regulation of energy homeostasis.

The MC3R has been shown to be involved in the mediation of inflammatory responses
among multiple organs and tissues, including rheumatoid [104], lung inflammation [38, 105],
arthritis [106], and periodontal disease [39]. MC3R is also expressed in macrophages of rodent
and human, indicating an important modulatory role in host inflammatory responses [107, 108].
MC3R activation leads to the inhibition of pro-inflammatory cytokines, chemokine or nitric
oxide and the enhancement of anti-inflammatory mediators [39, 109-111], whereas the anti-
inflammatory effects are absent in Mc3r’~ mice [109]. Additionally, SHU9119, a mixed
MC3/4R antagonist, prevents the inhibitory actions induced by either D-Trp®y-MSH or y2-MSH
(MC3R selective agonists), whereas HS024, a selective MC4R antagonist, does not affect,

indicating the pivotal and independent role of MC3R in inflammatory regulation.

Owing to the wide expression of MC3R in several peripheral tissues, MC3R might have
other potential physiological functions in the periphery, including involvement in modulating
natriuresis [41], cardiovascular function [34, 35], and timing of sexual maturation [42] (Figure

1.2).

1.2.3 Melanocortin-4 receptor

The human MCA4R was first cloned in 1990s, encoding 332 amino acids by an intronless
gene located at chromosome 18¢21.3 [19, 22]. Human MCA4R is primarily expressed in brain,
including the thalamus, cortex, brain stem, hippocampus, hypothalamus, and spinal cord areas

[19, 22]. In addition to its central expression, human MCA4R is also detected in several peripheral
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tissues, including heart, kidney, muscle, lung, and testis [112]. According to the Human Protein
Atlas database, the MC4R is also highly expressed in the fallopian tube and retina (even higher
than the brain) and lowly expressed in epididymis, salivary gland, thymus, tonsil, breast, adrenal
gland, and spleen (Figure 1.1B). The potential physiological roles of the MC4R in these tissues
have not been investigated yet. In non-mammalian species, such as fish, mc4r is also abundantly

expressed in brain and peripheral tissues [59, 61, 113-118].

The crucial role of MC4R in modulation of energy balance has been established by
numerous studies. The MC4R selective agonists and antagonists have been developed and results
in animal studies using these selective ligands provide the indisputable role of MC4R in
modulating energy homeostasis [119-123]. Mice lacking Mc4r show morbid obesity with
decreased energy expenditure and increased food intake [25, 26]. Mutations in MC4R causing
early-onset morbid obesity demonstrate the critical role of MC4R in regulating human energy
homeostasis. Since the first MC4R frameshift mutations were reported [124, 125], numerous
MC4R mutations have been identified. The obese MC4R mutation carriers are characterized by
hyperphagia, hyperinsulinemia, and increased bone mineral density [126-130]. Three articles
summarized the MC4R mutations identified then and functional studies on these mutations [13,

30, 131].

In addition to regulating energy homeostasis, MC4R is also involved in multiple
physiological functions including glucose and lipid metabolism, pain modulation, reproduction,

cardiovascular functions, brain inflammation, and bone metabolism (Figure 1.2) [13, 32].
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Mc4r has been shown to act as a regulator of energy balance in fish. Mc4r agonists
decrease food intake and antagonists increase food intake in goldfish and rainbow trout [132-
134]. In zebrafish, knockout of mc4r or genetic deletion of a-Msh leads to hyperphagia and
increased body weight [135, 136]; Mc4r agonists can ameliorates these phenotypes in fish
lacking a-Msh [136]. Importantly, loss-of function mutations in Mexican cavefish mc4r are the
likely cause of hyperphagia and obesity phenotype, similar results in human MC4R mutations

[137].

In fish, mc4r is widely expressed including in the gonads [138]. Dimorphic expression
has also been reported [59, 117]. Therefore, Mc4r might have a potential role in modulation of
fish reproduction [116, 117, 139]. The roles of Mc4r in sexual behavior and reproductive

function have been reported in several studies [139-145].

A unique property is observed in fish Mc4rs, for example, dramatically high constitutive
activities compared to hMC4R. The hMC4R has modest constitutive activity in CAMP signaling,
and the loss of constitutive activity in MC4R mutations is considered as one cause of obesity [9,
146]. The higher constitutive activity of hMC4R is pivotal in regulating energy homeostasis
[147], and increased basal activity of MC4R might protect against obesity. Compared to h(MC4R,
teleost Mc4rs have much higher constitutive activity in CAMP signaling [59, 61, 115-118, 148,
149]. Mrap2- and Agrp-suppressed the basal activity of Mc4r is essential for promoting zebrafish
growth [55, 141]. Constitutive activation of Erk1/2 signaling in some fish but not others has also
been observed [59, 149]. Similar phenomenon is also observed in fish Mc3rs, in which high
constitutive activities in cCAMP signaling are reported in zebrafish, channel catfish, and topmouth

culter [57, 60, 150]. However, hMC3R has little or no basal activity in cAMP pathway [74, 98].
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Thus, high basal activity of Mc3r/Mc4r might provide new strategies to reduce basal signaling
by antagonist or Mrap2 for growth promotion in aquaculture. The potential relevance and

physiological functions of constitutive activity in teleost Mc3r/Mc4r need further study.

1.2.4 Multiple signaling pathways of neural MCRs

The canonical signaling pathway for the neural MCRs is to couple to the stimulatory
heterotrimeric G protein (G). Neural MCR activation leads to stimulation of adenylyl cyclase
(AC) activity, which will increase the intracellular level of the second messenger cyclic
adenosine monophosphate (CAMP) and subsequently activate protein kinase A (PKA) to trigger
downstream signaling. Gs-protein mediated signaling is the conventional intracellular and the

most investigated signaling for MC3R/MCA4R.

In addition to Gs, MC4R also couples to Gq (activates phospholipase C/protein kinase C
(PLC/PKC) to increase intracellular calcium) and Gi protein (inhibits AC activity to decrease
cAMP levels). MC4R activation results in increase of intracellular calcium via Gg/phospholipase
C-dependent signaling pathway in GT1-1 cells, a murine hypothalamic cell line endogenously
expressing MC4R [151]. This signaling is also confirmed in transfecting cells expressing MC4R
[152]. In contrast, in GT1-7 cells, MC4R cannot stimulate intracellular calcium signaling [153].
Recently, several studies have confirmed that MC4R could couple to Gi and Gqg [154, 155].

MCA4R also binds to Gi2/13 [156].

MCA4R also carries out functions in G protein independent signaling pathway. In vitro
and in vivo studies indicate that MC4R is involved in stimulating extracellular signal-regulated

kinases 1/2 (ERK1/2) pathway [157-160]. The underlying mechanism of MC4R-ERK1/2
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signaling depends on the cell types and ligand used. In GT1-7 cells, upon a-MSH, MC4R-
activated ERK1/2 signaling is PKA-dependent [161]. Melanotan Il (MTII), a MCR agonist,
induces activated ERK 1/2 signaling via PKA-dependent way in in rat solitary nucleus neurons
(expressing MC4R) [159]. [Nle4, D-Phe7]-a-MSH (NDP-MSH) stimulates ERK1/2 signaling
via Ca?"/PKC in GT1-1, through Gi protein in HEK293 cells expressing MC4R [160], and by
phosphatidylinositol 3-kinase (PI3K) in CHO cells expressing hMC4R [158]. Gain-of-function
MCA4R variants exhibit signaling bias toward B-arrestin recruitment and increased ERK1/2
signaling [162]. MC4R also is involved in other signaling pathways, including 5'-AMP-activated
protein kinase (AMPK), c-Jun N-terminal kinases (JNK), protein kinase B (PKB or AKT),

potassium channel Kir7.1, and B-arrestin [163-167].

MC3R-induced intracellular signaling, compared to that of MC4R, is less extensively
studied. In addition to the Gs signaling, MC3R can couple to Gi and Gq proteins [168, 169].
MC3R modulates intracellular Ca?* mobilization by the IP3-dependent manner, indicating that
MC3R can activate the Gq signaling [168]. MC3R also induces Gi signaling [169]. Furthermore,
MC3R regulates ERK1/2 signaling via Gi rather than rather than PKA, PKC, and Ca?* signaling
in MC3R-transfected HEK293 cells upon NDP-MSH stimulation [169]. However, AgRP, an
inverse agonist of MC3R, stimulates ERK1/2 signaling in a PKA- or PI3K-independent way
[166]. MC3R was also demonstrated to regulate AKT [166, 170], and further increases
intracellular Ca?* concentration in IP3-dependent or independent manner [168, 171] and PKC

pathway [172], and inhibits AMPK activity [166].

1.3. Melanocortin-2 receptor accessory proteins
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1.3.1 MRAP1

1.3.1.1 MRAP1 discovery, tissue distribution, and structure

MC2R is expressed primarily in the adrenal cortex, and activation MC2R by ACTH
stimulates intracellular cAMP generation and further results in adrenal glucocorticoid
production. Loss-of-function mutations in MC2R cause the rare autosomal recessive disorder
familial glucocorticoid deficiency (FGD) [173]. Mutations in MC2R cause about 25% of FGD
syndrome cases, suggesting that other genetic causes the same clinical phenotype [174]. In
addition, MC2R only is expressed in cells derived from an adrenal lineage and cannot reach the
cell surface in heterologous cell lines, such as HEK293, CHO, or COS-7 cells [175], indicating
the presence of an adrenal specific accessory protein for MC2R. Subsequent genetic studies on
FGD patients with normal MC2R identified mutations in another gene, as another cause for this
disease, accounting for ~20% of FGD cases [44, 176]. This gene that previously was identified
from adipocytes and named fat tissue-specific low molecular weight protein [43] encodes a small
single transmembrane protein of unknown functions. This gene has been shown to be necessary
for functional MC2R expression, re-named melanocortin 2 receptor accessory protein (MRAP),
as the specific molecular chaperone for MC2R in regulating receptor expression, ligand binding,

and signaling [3, 44-46].

Human MRAPL1 is a six-exon gene on chromosome 21g22.11 [43]. MRAPL1 has two
functional MRAP splice variants: MRAP1a derived from exon 1-5, encoding a protein with 172
amino acids (19 kDa), and MRAP1b derived from exon 1-4 and 6, encoding a protein with 102

Amino acids (14.1 kDa). These two splice variants have identical N-termini and transmembrane
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domains (TMD) but differ at the C-terminus. Both MRAP1a and MRAP1b are present in adrenal,
breast, testis, fat, skin, ovary, and jejunum tissues. MRAP1a is also present in heart, lymph node,
liver, stomach, ileum, and MRAP1b alone is detected in brain [44]. These results suggest that
hMRAP1a and hMRAP1b might possess multiple functions beyond regulating MC2R (primarily
expressed in adrenal gland and pituitary) [44]. According to the Human Protein Atlas database,
MC2R has high expression in adrenal gland and low expression in pituitary, testis, and
epididymis, whereas MRAP1 is present at high level in adrenal gland, breast, and adipose tissue,

and low expression in 46 human tissues of 55 tested (Figure 1.1C).

MRAP1 forms a unique antiparallel homodimer (Figure 1.3). MRAPs were originally
predicted to show a type Il topology (Nin/Cout) [44]. Both biochemical and imaging approaches
have found that MRAPs have a dual topology in the cell membrane in both Nouwt/Cin and Nin/Cout
orientations [46, 177-179]. Utilizing antibodies specifically against the N- or C-terminus of
MRAP1, both ends of the endogenous proteins are detected on the extracellular side of
membrane in Y1 cells expressing endogenous MRAP1 [46]. After that, using bi-molecular
fluorescence complementation, two complementary fragments of YFP fused on the N- and C-
terminus of MRAP1 (YFP1-MRAP and MRAP-YFP2), individually, show that fluorescent is
observed in ER, indicating that the anti-parallel dimer of MRAPL is present in the ER early after
translation [177, 180]. Existing research has indicated that MRAPs form stable anti-parallel
oligomers; nevertheless, the mechanisms responsible for the development of this unusual

structure and its stoichiometry have yet to be determined.

The N-terminal and TMD of MRAP1 are highly conserved, whereas the C-terminal

region is very variable in evolution. Three conserved motifs are observed in the N-terminus by
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site-specific deletions and mutagenesis (Figure 1.3). Amino acids 31-37 (LKANKHS) preceding
the TMD deletion lead to almost exclusively in the Nou/Cin orientation of MRAPL, indicating
that this motif is required for the dual topology of MRAP1 (topology motif); LDY1 motif (18-21
amino acids) is necessary for ACTH binding to MC2R (activation motif), but not required for
MC2R trafficking, and deletion or mutations of those four amino acids result in normal MC2R
surface expression without binding to ACTH and signaling [177]. YEYY motif of MRAPL is
apparent in nearly every vertebrate examined [181], and plays an important role for MC2R
activation [182], in which mutations of those amino acids result in diminished ACTH-induced
signaling with normal MC2R expression [182]. TMD is essential for MC2R trafficking and not
required for the dual topology of MRAPL, in which a chimeric protein, replacing the TMD of
MRAP1 with the TMD of the receptor activity modifying protein 3 (RAMP3) or CD8, shows
normal dual topology and leads to reduced MC2R cell face expression and ACTH-induced

signaling [182, 183].

Additionally, the N-terminal region of MRAP1 on the outside of the cell is important for
functional MC2R, in which mutating or deleting topology and activation motifs in the Nin/Cout
MRAP1 with normal Nou/Cin has no effect on MC2R signaling, whereas mutation either motif in
the Nout/Cin protomer results in no ACTH-induced signaling [182]. C-terminal of MRAP is not
very conserved across species and plays less important for MC2R trafficking and signaling.
MRAP constructs with deletion of the entire C-terminus appear to be able to function normally
[46, 184]. Two MRAP1 spliced variants, MRAP1a and MRAP1D, differ only in their C-terminal

tail, and show similar effects on MC2R trafficking and signaling [45].

1.3.1.2 Physiological roles of the MRAP1
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MRAP1 is essential for MC2R trafficking and signaling. Mutations in either MC2R or
MRAP1 cause FDG, the manifestation of the adrenal disease (Figure 1.4A). Mrapl deficiency
mice cannot not survive after birth without administration of corticosterone to pregnant dams and
impairs adrenal gland development [185]. MRAP has wide expression beyond MC2R, indicating
other physiological functions of MRAP1, especially breast and adipose tissue with high
expression of MRAPL. The potential physiological roles of the MRAPL in these tissues have not
been investigated yet. Recently, studies have been done to document the potential role of
MRAP1 in adipose tissue [186]. In vitro, overexpression or knockdown of Mrapl in 3T3-L1
cells increases or decreases ACTH-stimulated lipolysis, respectively [186]. In vivo, adipose
overexpression of Mrapl enhances lipolysis mediated by ACTH-MC2R signaling in transgenic
mice [186]. Furthermore, Mrapl overexpression in adipose tissue increases overall energy
expenditure and thermogenesis and does not affect food intake in transgenic mice. Transgenic
mice with Mrapl overexpression show leaner phenotype with reduced adipocyte size and less fat
in adipose tissue than that of WT mice on an HFD, but with similar body weight on the chow
diet. Adipose overexpression of Mrapl improves insulin sensitivity and hyperlipidemia in HFD-
fed mice [186]. These findings indicate MRAPL plays a critical role in the regulation adipose

lipolysis and whole-body energy balance.

1.3.1.3 MRAP1 interactions with melanocortin receptors

In addition to regulating MC2R, MRAP1 was shown to interact with other melanocortin
receptors [47]. Until now, there are only three studies focusing on the interaction of MRAP1 and
MCI1R [47, 187, 188]. Human MRAP1 does not alter MC1R trafficking and decreases NDP-

MSH-induced cAMP signaling [47]. In rainbow trout, Mrapl does not affect signaling of two
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Mc1lr variants [187]. In Xenopus tropicalis, MRAP1 increases cell surface expression of MC1R,

basal and a-MSH- and ACTH-stimulated signaling [188].

At MC3R, human MRAP1a does not alter [47] or decreases cell surface expression of
hMC3R [189]. MRAP1 decreases NDP-MSH-induced [47] or increases a-MSH-stimulated [49,
189] cAMP production of AMC3R. In other species, frog MRAP1 increases and chicken MRAP1
does not alter the surface expression of MC3Rs [56, 190]. Xenopus MRAP1 increases a-MSH
and ACTH-induced cAMP signaling, and chicken MRAP1 does not modulate agonist-induced

signaling of MC3Rs [56, 190].

At MC4R, hMRAP1a decreases the cell surface expression of hMC4R [47, 189], and
inhibits a-MSH- and NDP-MSH-induced or does not affect a-MSH- and ACTH-stimulated
hMCA4R signaling [47, 49]. Chicken MRAP1 was shown to decrease a-MSH-stimulated and has
no effect on ACTH-induced signaling of MC4R [56]. MRAPL1 increases a-MSH- and ACTH-

stimulated signaling of Xenopus MC4R [190]. Additionally, Human MRAP1 was shown to

increase [49, 191, 192] or does not affect the basal activities of hMCA4R [47, 48].

For MC5R, hMRAP1 decreases cell surface expression of hMC5R and diminishes NDP-
induced signaling [47] or does not affect the a-MSH- and ACTH-induced signaling of hMC5R

[49]. MRAP1a also is reported to disrupt dimerization and surface localization of MC5R [180].

1.3.1.4 MRAP1 interactions with non-melanocortin receptors

MRAP1 is not required for other MCR (except MC2R) trafficking, but it alters receptor

signaling, implying that MRAP1 might interact with other receptors. Most recently, MRAP1 was
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shown to interact with somatostatin receptors [193]. RAMPs were originally identified as
chaperones that increases the cell surface expression of the calcitonin-like receptor (CLR), a
member of Class B GPCR [194]. So far, RAMPs have been found to interact with over 11
different GPCRs from families A, B, and C, altering their trafficking, signaling, and
pharmacology [195]. The newly identified and characterized GPCR interacted with RAMPs
keeps growing continuously [196]. This experience shows that MRAP will eventually be found

to encompass a wider range of activities than we presently understand.

1.3.2 MRAP2

1.3.2.1 MRAP2 discovery, tissue distribution, and structure

MRAP2, a paralogue of MRAP1, was identified in subsequent studied [47]. Human
MRAP2 gene is located at 6g14.3 and encodes a protein with 205 amino acids. MRAP2 shares
approximately 40% identity with MRAPZla. Evolutionarily, the MRAP2 might be an ancient
subtype, identified in sea lamprey, and MRAP1 separated from MRAP?2 at a later stage [197]. In
vertebrate evolution, MRAP2 undergoes a process of duplication, resulting in one copy became
MRAP1 before the emergence of ray-finned fishes [197]. MRAP1 gene is absent in the most
teleost fishes, and only is identified in rainbow trout and zebrafish [198, 199]. MRAP2 are found
in almost vertebrate species. In some fishes, mrap2 gene has two duplicated copies (termed
mrap2a and mrap2b), including zebrafish and topmouth culter [55, 59]. Furthermore, the two
forms of Mrap2 in zebrafish and culter, show different effects on Mc3r/Mc4r pharmacology [55,

59].

32



Similar to MRAP1, MRAP2 also forms the dual topology and several conserved motifs,
including LKAHKY (topology motif), YEYY motif, and very conserved TMD (Figure 1.3)
Interestingly, MRAP2 has been shown to form a heterodimer with the MRAP1 [183]. However,
activation motif (LDY1) is absent in MRAP2. Indeed, unlike MRAP1, MRAP2 facilitates MC2R
trafficking to cell membrane and subsequent signaling [47]. However, the dosage of ACTH
necessary to activate the receptor is 1000 times higher than that of MRAP1 [183, 200]. This
might be due to the absence of LDYI motif in MRAP2. Additionally, Mrap2 mRNA level is
significantly lower than Mrapl in rat adrenal gland, and Mrap2 is expressed throughout the adult
adrenal cortex, whereas Mrapl is mainly expressed in the zona fasciculata [200]. No adrenal

phenotype has yet been described in Mrap2-deficient mice [55, 200].

According to the Human Protein Atlas database, MC2R has wide expression pattern in 55

human tissues tested, with high expression in the CNS (Figure 1.1D).

1.3.2.2 Physiological roles of the MRAP2

MRAP2 is abundantly expressed in the CNS, in which are associated with appetite
control. MC4R is also expressed in the hypothalamus, especially in the paraventricular nucleus
(PVN) where it controls food intake and energy expenditure. Mice lacking Mc4r display morbid
obesity [25, 26]. Both global Mrap2~~ and brain targeted Mrap2~~ mice show morbidly obese,
and Mrap2 deficiency mice do not show hyperphagia or reduced energy consumption [50].
Although, both Mc4r KO mice and Mrap2 KO mice show severe obesity, significant differences
are observed between the two animal models, in which Mc4r KO mice show very early onset of

obesity due to hyperphaegia, decreased energy expenditure, increased food intake [25, 26], and
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Mrap2 KO mice develop a later onset of obesity without impairment in food intake or in energy
expenditure [50]. The central injection of MC4R agonist MTII results in a normal anorexigenic
response in Mrap2 KO mice, indicating functional MC4R. Also, the double Mc4r” and
Mrap2~~ mice show obesity phenotype, however, they have low weigh than Mc4r~~ mice [50].
In vitro studies also confirmed that MRAP2 interacts and regulates MC4R [47]. The important
role of MRAP2-regulated-MC4R signaling also is confirmed by overexpression of Mrap2 in
adult paraventricular MC4R neurons [201]. Collectively MRAP2 might modulate energy

homeostasis through MC4R-independent and MC4R-mediated manners.

There are two isoforms of Mrap2, Mrap2a and Mrap2b, in Zebrafish. Two Mrap2s have
different expression patterns at different stages, with Mrap2a expressed from embryos to adults,
stimulating growth by blocking Mc4r action in larvae, and Mrap2b mainly expressed in adults,
enhancing Mc4r response [55]. In vitro, Mrap2a decreases the Mc4r affinity for a-MSH, but
Mrap2b increases ligand sensitivity of zebrafish Mc4r [55]. Deletion of mrap2a caused a
significant growth delay but mrap2b not [55]. This also demonstrates in-vivo that MRAP2 is an

important regulator of the MC4R [55].

In addition to MC4R-mediated signaling, MRAP2 also can regulate the ghrelin receptor
(GHSR1a) [202, 203], orexin receptors (OX1R and OX2R)[204], and prokineticin receptor 1
(PKR1) [204, 205]. MRAP2 potentiates ghrelin-stimulated signaling both in vitro and in vivo,
and in the absence of MRAP2, fasting cannot activate AgRP neurons and the orexigenic effect of
ghrelin is lost in mice lacking Mrap2 [202]; MRAP2 was shown to significantly inhibit the

anorexigenic signal mediated by blocking PKR1 signaling in vivo [205].
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MRAP2 mutations are associated with severe obesity in humans [50, 52-54]. Several
infrequent MRAP2 variants are reported from severe obese human patients. Loss-of-function
MRAP2 variants are pathogenic for hyperglycemia, monogenic hyperphagic obesity, and
hypertension [53]. About 100 mutations in MRAP2 have been identified (Figure 1.4B). Some
MRAP?2 variants significantly impair MC4R or MC3R signaling [53, 189]. These findings also

support the important roles of MRAP2 in energy balance.

1.3.2.3 MRAP2 interactions with melanocortin receptors

The effects of MRAPL on MCA4R are extensively studied. Human MRAP2 decreases the
cell surface expression of hMC4R [47, 189]. Conflicting results were reported previously on and
hMRAP2-regulated signaling of hMC4R, in which MRAP2 has no effect [206], or increases
[189, 191] a-MSH-stimulated, decreases NDP-MSH-induced [47], and does not affect ACTH-
induced [206] signaling of hMC4R. The reason for the discrepancy is not clear. In addition,
MRAP?2 interaction with MC4R converted the MC4R into an ACTH receptor are observed in

fish, avian, and human MCA4Rs, increasing the MC4R sensitivity to ACTH [56, 206, 207].

There are also several studies on Mrap2 effect of fish Mc4r pharmacology. Sea lamprey
Mrap2 interacts with both Mca and Mcb, inhibits the cell surface expression of the receptors and
improves o-MSH-stimulated signaling [208]. Mrap2 inhibits both basal and agonist-induced
CAMP signaling of orange-spotted grouper Mc4r, whereas increases basal and decreases agonist-
stimulated Erk1/2 signaling [117]. In Nile tilapia, Mrap2 was shown to decrease the cell surface

expression and a-MSH-induced cAMP signaling at Mc4r [209]. In snakehead, Mrap2 does not
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alter Mc4r trafficking, whereas decreases basal and agonist-induced cAMP signaling [61]. In

zebrafish, Mrap2a and Mrap2b show different effect on Mc4r signaling [55].

In other species, MRAP2 enhances agonist-stimulated cCAMP signaling of feline MC4R,
including increased maximal response and decreased potency [210]. In amphibian species,
MRAP2 has been reported to increase the cell surface expression of Xenopus MC4R, basal and
ligand-induced signaling [190]; Axolotl Neural MRAP2 decrease the cell surface expression and
basal activity at MC4R [211]. In avian, chicken MRAP2 does not alter MC4R trafficking and

basal activity, but increases ACTH-stimulated and decreases a-MSH-induced signaling [56].

At the MC3R, MRAP2 decreases cell surface expression of hMC3R [47, 189], but
increases a-MSH-stimulated [49, 189] and decreases NDP-MSH-induced [47] cAMP production
of hMC3R. In amphibian species, MRAP2 decreases the cell surface expression of Xenopus
MC3R, increases basal and ligand-induced signaling [190]; Axolotl Neural MRAP2 does not
affect the cell surface expression but decreases basal activity at MC3R [211]. Chicken MRAP2
has no effect on cell surface expression of MC3R, decreases basal activity, increases ACTH-
induced signaling but does not alter a-MSH-stimulated cCAMP levels [56]. Zebrafish Mrap2s do
not affect agonist-induced signaling of Mc3r [55]. In channel catfish, Mrap2 decreases basal and
agonist-induced cAMP signaling of Mc3r, but does not affect the basal and agonist-induced

Erk1/2 signaling [57].

The effect of MRAP2 on MC1R and MC5R pharmacology is less studied. At the
hMC1R, MRAP2 has no effect on cell surface expression but decrease NDP-MSH-stimulated

CAMP signaling [47]. MRAP2 interacts with zebrafish Mclr but does not alter the
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pharmacological properties [212]. In the orange-sotted grouper, Mrap2 decreases Mclr
trafficking to cell membrane and agonist-induced cAMP signaling, increases basal but does not

change a-MSH-induced Erk1/2 signaling [213].

At the MC5R, When MRAP2 is co-expressed, the MCBSR is retained intracellularly [47].
In ricefield eel, Mrap2 does not alter cell surface expression of Mc5r, and decreases agonist-
induced cAMP signaling [214]. Elephant shark Mrap2 increases sensitivity to ACTH but not to
Des-acetyl-a-MSH of stingray Mc5r [215], but has no effect on ligand sensitivity at elephant

shark Mc5r [216].

1.3.2.4 MRAP2 interactions with non-melanocortin receptors

Recently, MRAP2 has been shown to interact with GPCRs beyond the MCRs, including
ghrelin receptor (GHSR1a) [202, 203], orexin receptors (OX1R and OX2R) [204], and
prokineticin receptor 1 (PKR1) [204, 205]. MRAP2 was shown to decrease the trafficking and
signaling of OX1R and PKR1 and inhibits OX2R cell surface expression without affecting
signaling [204, 205]. At the ghrelin receptor, MRAP2 has no effect or decreases cell surface
expression of ghrelin receptor [202, 203], affects GHSR1a signaling by blocking constitutive
activity, the recruitment and signaling of B-arrestin, and improving G protein-dependent
signaling (Gs and Gq) [202, 203]. Additionally, MRAP2 regulated Gq and B-arrestin of GHSR1a
are independent and involved in different domains of MRAP2 [203]. MRAP2 blocks B-arrestin

recruitment to the ghrelin receptor via preventing GHSR1a phosphorylation [217].

Most recently, MRAP2 is reported to interact with glucagon like peptide 1 receptor

(GLP1R) and melanin concentrating hormone receptor 1 (MCHR1), resulting in impaired
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trafficking and signaling [218]. Wide expression of MRAP2 indicates that MRAP2 might

regulate multiple GPCRs in different tissues.
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Figure 1.1 Gene expression. MC3R (A), MC4R (B), MRAP1 (C), and MRAP2 (D). Tissue based
on https://www. proteinatlas.org/ [219]. nTPM indicates normalized protein-coding transcripts

per million. Color-coding is based on tissue groups with functional features in common.
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based on Liu T, Ji R L, and Tao Y X. Naturally occurring mutations in G protein-coupled
receptors associated with obesity and type 2 diabetes mellitus[J]. Pharmacology & therapeutics,

2022: 108044. Copyright 2022 Elsevier.

40




A MRAP1 B MRAP2

YEYY motif EONEWGH Dimerization/orientation motif (LKAHKHS)

~

NTD ﬁ cTD NTD i ™™D cTD

YEYY motif Dime'yﬁonloriemation motif (LKAHKYS)

D C
N
=
h ﬁ ﬂ X ﬁlh
U‘U'U‘ vy
|
= GPCR GPCR
GPCR N N
C c C
MRAP1 homodimer MRAP2 homodimer MRAP1/MRAP2 heterodimer

Figure 1.3 Structure and dual topology of MRAP1 and MRAP2. Structure of MRAP1 (A)
and MRAP2 (B), MRAP1 homodimer (C), MRAP2 homodimer (D), MRAP1/MRAP2
heterodimer (E). NTD: N-terminus domain; TMD: transmembrane domain; CTD: C-terminus

domain.

41



A Y16X S$13T/N Y11H/F A9T N6K/S G4R/IE A2T

C terminus of MRAP1b

N71K D73N L82P/R  Tasl
b ry

D OIEEELECECLEROREDEOEEDE
) = 721 E7‘4X E80K RELPIQ  pyoten ::99-’::'1- g
PG6L sgiN/ G83S NB5K L8BR/H  Qoik  L94p C96R R98TP100T/H A102v A102T QQ@GG@

proL  HB2R/Q L8AF | ggF
$128F

K92R/W  posL
G118D R116T

P122L

Q137R/H  G134R L131M

A108TIVIE

R124G/Q/X
G1518 V1541 $159R P162T  D165N L170M

e QO@WEOOLECEELVREREEEERPECREREEELE®
L142v  E145Q N149s  P1528/L R155K/S E160G/K P163A/H R166T Q169R  S172R

42



A16P s15L Tl

B
E20R G31E/X  S32A
G525
FEILIY
arse N778 H74Q ”‘2""
EEME@HE® 701
S80C/T

Q75X _ P73R
MB7TII S'BQR D93G P97S E99K/Q K102E R106C/H

E110K R113G

R84T Fg5L/s  NBBK/Y  voiMm G95R
A147S Q145K  V142I A137TIV Q134  A131T A129D

Q153R/X
E155G

E156K

D203Y H201Y Q198R  P1958/L E192A

Figure 1.4 Naturally occurring mutations at human MRAP1(A) and MRAP2 (B). The data
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Chapter 2: Regulation of melanocortin-3 and -4 receptors by isoforms of melanocortin-2

receptor accessory protein 1 and 2

2.1 Introduction

Melanocortin receptors (MCRs), MC1R to MC5R, are members of rhodopsin-like Family
A G-protein-coupled receptors (GPCRs) activated by melanocortin peptides including (a-, B-,
and y-melanocyte-stimulating hormone (a-, B-, and y-MSH) and adrenocorticotropic hormone
(ACTH) [17, 18]. MC3R and MC4R (neural MCRs) are primarily expressed in the central
nervous system [19-22] and play pivotal roles in regulating energy homeostasis [23, 24]. Mice
lacking Mc4r display morbid obesity with decreased energy expenditure and increased food
intake [25, 26]. Mc3r knockout mice have moderate obesity phenotype with normal food intake
and metabolism, increased fat mass, and decreased lean mass [27-29]. These results indicate
distinct non-redundant mechanisms between MC3R and MC4R in regulating energy
homeostasis. Furthermore, variants in MC3R and MC4R have been shown to be closely
associated with monogenic human obesity [13, 30-33]. In addition, MC4R is also involved in
sexual function and reproduction [13, 32]. MC3R is also expressed in the periphery and may
have potential physiological functions in regulating cardiovascular function [34, 35], immune

response [36-40], natriuresis [41], and timing of sexual maturation [42].

Melanocortin-2 receptor accessory protein 1 (MRAPL), first identified as low molecular
weight protein from fat tissue [43], was the first MC2R accessory protein identified, as the
specific molecular chaperone for MC2R in regulating receptor expression, ligand binding, and

signaling [3, 44-46]. MRAP1 mutations account for ~20% of familial glucocorticoid deficiency
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cases [44, 176]. There are two alternatively spliced isoforms of human (h) MRAP1, hMRAP1a
and hMRAP1b, with similar effects on MC2R trafficking and signaling [44, 45]. MRAP1la and
MRAP1b are widely expressed, but their distribution patterns are distinct [44, 220]. These results
suggest that hMRAPla and hMRAP1b might possess multiple functions beyond regulating
MC2R (primarily expressed in adrenal gland) [44]. Indeed, hMRAPla has been shown to
regulate all five hMCRs in distinct ways [47-49]. However, almost all of the investigations focus

on MRAP1a and its regulation on MC3R/MCA4R, and there are few studies on MRAP1b.

MRAP2 (a paralog of MRAP1) shares 40% homology with MRAP1 and has different
functions from MRAP1s. MRAP2 with high expression in brain is essential for modulation of
energy homeostasis. Mrap2 knockout mice display early-onset severe obesity [50, 51]. MRAP2
mutations are associated with severe obesity in humans [50, 52-54]. MRAP2 regulates MC3R or
MC4R signaling in mammals and other species [47, 50, 55-61]. It has been reported that
hMRAP2a either decreases NDP-MSH-stimulated [47] or increases a-MSH-stimulated [189]
CAMP generation of hMC3R and hMCA4R. In addition, hMRAP2a increases ACTH potency of
hMCA4R [206]. In teleosts, there are two copies of mrap2 (mrap2a and mrap2b) in zebrafish and

topmouth culter with various modulatory roles of MCRs in these fishes [55, 59, 60].

Recently, we identified two new human MRAP2 splice variants, MRAP2b and MRAP2c.
Human MRAP2b and MRAP2c share the same amino acid sequences in N-termini and
transmembrane domains (TMD) with hMRAP2a. However, whether MRAP2b and MRAP2c are
involved in MC3R/MC4R regulation was unknown. Additionally, the regulation of
MC3R/MC4R by MRAP1b is not clear. Hence, the potential effects of all five isoforms of
hMRAPs, hMRAPla, hMRAP1b, hMRAP2a, hMRAP2b, and hMRAP2c, on hMC3R and

hMC4R pharmacology were systematically investigated in this study.
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2.2 Materials and Methods
2.2.1 Ligands and plasmids

NDP-MSH was obtained from Peptides International (now Vivitide, Louisville, KY, USA).
o-MSH was purchased from Pi Proteomics (Huntsville, AL, USA). Human ACTH (1-24) was
purchased from Phoenix Pharmaceuticals (Burlingame, CA, USA). [1%1]-NDP-MSH and [*®1]-
cAMP were iodinated using chloramine T method [221, 222]. The N-terminal myc-tagged
human MC4R (hMC4R) subcloned into pcDNAS3.1 vector was generated as previously described
[223]. N-terminal myc-tagged hMC3R and N-terminal Flag-tagged hMRAPla, hMRAP1b,
hMRAP2a, hMRAP2b, and hMRAP2c were commercially synthesized by Synbio Technologies

(Monmouth Junction, NJ, USA) to generate the plasmids used for transfection.
2.2.2 Cell culture and transfection

Human embryonic kidney (HEK) 293T cells were obtained from the American Type
Culture Collection (Manassas, VA, USA) and were cultured at 37 °C in a 5% CO2-humidified
atmosphere in Dulbecco’s Modified Eagle’s medium (DMEM) containing 10% newborn calf
serum, 10 mM HEPES, 100 1U/mL of penicillin, 0.25 pg/mL of amphotericin B, 50 ug/mL of
gentamicin, and 100 pg/mL streptomycin [223]. Cells were plated into gelatin-coated 24-well
plates. Cells, when reaching 50-70% confluency, were co-transfected with 0.25 pg/uL hMC3R
or hMC4R with or without MRAP1 or MRAP2 plasmids using calcium phosphate precipitation

method [224]. The total DNA was normalized using empty vector pcDNA3.1 in each well.

2.2.3 Flow cytometry assay
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The influence of hMRAP1s or hMRAP2s on the total and cell surface expression of
hMC3R and hMC4R was performed using flow cytometry (Accuri Cytometers, Ann Arbor, Ml,
USA) as described previously [118, 225]. Cells (6-well plates) were transfected with hMC3R or
hMC4R (N-terminal c-myc tag) and hMRAPla, hMRAP1lb, hMRAP2a, hMRAP2b or
hMRAP2c plasmids at a ratio of 1:5. Fluorescence of cells transfected with empty vector
(pcDNA3.1) was used for background staining. The expression of the hMC3R or hMC4R was
calculated as the percentage of the cell transfected with h(MC3R or hMC4R but without MRAPS

set as 100% [225].
2.2.4 Radioligand binding assays

Binding assay was described previously [57, 223]. To explore the regulation of h(MRAP1s
or hMRAP2s on the binding property of hMC3R or hMC4R, hMC3R or hMC4R (0.25 pg/ulL)
with hMRAP1 or hMRAP2 plasmids at a ratio of 1:5 was co-transfected into cells (24-well plate
or 6-well plate). Two ligands, a-MSH (from 102 to 10° M) and ACTH (1-24) (from 1072 to 10-

M), were used in this study.
2.2.5 Ligand-stimulated cAMP assays

cAMP signaling assay was performed by radioimmunoassay (RIA) as described previously
[74, 221, 223]. Cells (24-well plate) were transfected with hMC3R or hMC4R (0.25 ug/uL) and
hMRAP21s or nMRAP2s plasmids at a ratio of 1:5, and two ligands, a-MSH and ACTH (1-24),

were used.
2.2.6 Statistical analysis

All data were represented as mean + S.E.M. The parameters and significance of differences

were calculated by GraphPad Prism 8.3 software (GraphPad, San Diego, CA, USA). The
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significance of differences in ligand binding, cCAMP signaling, and flow cytometry parameters

were all determined by One-way ANOVA, with P < 0.05 set as significant.
2.3 Results
2.3.1 Nucleotide and deduced amino acid sequences of hAMRAP2s

Human MRAP2 (NG_051944.1) is composed of 11 exons. Three MRAP2 splice variants
were identified: MRAP2a (XM _017010220.1) derived from 4 exons (1, 3, 4, and 6) that had 618
bp open reading frame (ORF), encoding a protein of 205 amino acids; MRAP2b
(XM_017010221.2) derived from 6 exons (2, 3, 4, 7, 8, and 9) that had a 465 bp ORF, encoding
a protein of 154 amino acids; and MRAP2c (XM _024446318.1) derived from 4 exons (2, 3, 4,
and 5) that had a 381 bp ORF, encoding a protein of 126 amin acids (Figure 2.1A). Human
MRAP2b and hMRAP2c had the same sequences in the N- termini, a putative LKAHKY'S motif,
and a single conserved TMD but different C-termini from hMRAP2a (Figure 2.1B). Two
potential N-linked glycosylation site (Asn® and Asn®) in N-termini of AMRAP1a and hMRAP1b,
and one potential N-linked glycosylation site (Asn®) in N-termini of hAMRAP2a, hMRAP2b, and
hMRAP2b (Figure 2.1B). In addition, a conserved motif (YEY'Y) was observed in all h(MRAP1s
and hMRAP2s (Figure 2.1B). LDYL motif was only present in hMRAP1s but not in hMRAP2s
(Figure 2.1B). MRAP2a shared 60% amino acid identity to MRAP2b, and 97% identity to

MRAP2c (Figure 2.1C). MRAP2b had 99% identity to MRAP2c (Figure 2.1C).
2.3.2 Regulation of hMC3R pharmacology by hMRAP1s and hMRAP2s

Flow cytometry was used to determine MRAP regulation of hMC3R expression (Figure
2.2). The results showed that h(MRAP1a and hMRAP2c significantly increased the cell surface

expression, and hMRAP1b decreased the cell surface expression of hMC3R (Figure 2.2A).
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Human MRAP2a and hMRAP2b had no effect on the cell surface expression of hMC3R (Figure
2.2A). Only hMRAP1b decreased the total expression of h(MC3R, and the other four MRAPs did

not affect the total expression of hMC3R (Figure 2.2B).

Competitive ligand binding assays were performed to explore MRAP regulation of
hMC3R binding properties. Different concentrations of unlabeled a-MSH or ACTH (1-24) were
used to compete with a fixed amount of 12°I-NDP-MSH. Results showed that only hMRAP1b
significantly decreased the maximal binding value (Bmax), and hMRAPla, hMRAP2a,
hMRAP2b, and hMRAP2c had no significant effect on Bmaxs of hMC3R (Figure 2.3 and Table
2.1). All MRAPs did not affect a-MSH affinities at hMC3R (Figure 2.3A and Table 2.1). Only
hMRAP1a increased ACTH affinity of h(MC3R, and the other MRAPs had no effect on affinities

of hAMC3R to ACTH (Figure 2.3B and Table 2.1).

The signaling properties of h(MC3R modulated by MRAPSs were determined using CAMP
RIA. Results showed that all h(MRAPs had no significant effect on potencies of hMC3R to a-
MSH and ACTH (Figures 2.4A & B and Table 2.2). Four hMRAPs (hMRAPla, hMRAP1bD,
hMRAP2a, and hMRAP2c) markedly decreased maximal responses (Rmax) in response to o-
MSH and ACTH, and hMRAP2b deceased Rmax to ACTH but not a-MSH (Figures 2.4A & B
and Table 2.2). In addition, all MRAPs significantly decreased the basal activities of hLMC3R

(Table 2.2).
2.3.3 Regulation of hMC4R pharmacology by hMRAP1s and hMRAP2s

Results of flow cytometry showed that hMRAPla, hMRAP2a, and hMRAP2c
significantly increased, while hMRAP1b and hMRAP2b had no significant effect on the cell

surface and total expression of hMCA4R (Figures 2. 5A, B).
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Ligand binding assays indicated that at h(MC4R, hMRAP1a and hMRAP1b significantly
decreased Bmaxs, While hMRAP2a increased Bmaxs (Figure 2.6 and Table 2.3). No significant
effect was observed for hMRAP1a, hMRAP1b, hMRAP2a, hMRAP2b, and hMRAP2c on a-
MSH affinities at the h(MC4R (Figure 2.6A and Table 2.3). Additionally, hMRAP1b increased
affinity, whereas hMRAP2a decreased affinity of hMC4R to ACTH (Figure 2.6B and Table
2.3). MRAP1la, MRAP2b, and MRAP2c had no effect on affinities of hMC4R to ACTH (Figure

2.6B and Table 2.3).

Modulation of hMC4R signaling by MRAP1s and MRAP2s was also studied. Data
showed that all MRAPs had no effect on a-MSH potencies of hMC4R (Figure 2.7A and Table
2.4). Only hMRAP1a significantly increased ACTH potency, and the other MRAPs did not
affect ACTH potency at hMC4R (Figure 2.7B and Table 2.4). Both hMRAP1a and hMRAP1b
significantly increased the basal cCAMP levels, whereas all three MRAP2s decreased the basal
activities of h(MC4R (Figure 2.7A). Additionally, all MRAPs decreased Rmaxs of hMC4R when
o-MSH was used (Figure 2.7B). Only hMRAP1b decreased ACTH-stimulated cAMP
generation, and the other MRAPs had no effect on Rmaxs of hMC4R in response to ACTH

(Figure 2.7B).

2.4. Discussion

Alternative splicing is prevalent in eukaryotes, resulting in greatly increased diversity of
proteins encoded by the genome [226]. Tissue-specific and developmentally regulated alternative
splicing is also modulated by divergent stimulation. Approximately 95% of multi-exon genes are
alternatively spliced in humans [227, 228]. I1soforms produced by alternative splicing might have

different functions. For example, two splice variants of receptor expression-enhancing protein 6
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gene have distinct functions in the retina [229]. However, in the majority of cases, isoforms from
alternative splicing have not been well investigated. In this study, we identified two human
MRAP?2 splice variants, MRAP2b and MRAP2c. Additional studies are needed to confirm which
tissues express these alternative splicing variants. Human MRAPL also have two isoforms:
MRAP1a and MRAP1b. The potential effects of the two MRAP1 and three MRAP2 isoforms on

hMC3R and hMC4R pharmacology were investigated herein.

Human MRAP1s and hMRAP2s have several similar structural features as MRAP1 and
MRAP2 of other species. The conserved motif, LKAHKHS in hMRAP1 or LKAHKYS in
hMRAP?2, is required for reverse topology (Figure 2.1B) [46, 177, 230], and the corresponding
reverse topology motif is also observed in MRAP1 and MRAP2 orthologs of other species [199].
In addition, YEYY motif is apparent in both MRAP1 and MRAP2 of nearly every vertebrate
examined [181], and play an important role for MC2R activation [182]. However, the activation
motif (LDYL) was only found in the hMRAPL1 paralogs but not in hMRAP2s (Figure 2.1B),
which is a critical difference between MRAP1 and MRAP2 [199]. MRAP1 paralogs facilitate the
activation of hMC2R, but MRAP2 paralogs (without this activation motif) cannot promote

MC2R activation in teleosts and tetrapods [199, 230-232].

Detailed pharmacological studies were performed on potential MRAP regulation of
hMC3R. There was no report on the regulation of hMC3R by hMRAP1b, hMRAP2Db, and
hMRAP2c. Both hMRAP1a and hMRAP2a were reported to decrease the cell surface expression
of hMC3R [47, 189]. Our data showed that hMRAPla and hMRAP2c increased, hMRAP1b
decreased, and hMRAP2a and hMRAP2b had no effect on the cell surface expression of h(MC3R
(Figure 2.2A). Previously, it has been reported that both hMRAPla and hMRAP2a decrease

NDP-MSH-stimulated [47] or increase a-MSH-induced [49, 189] cAMP production of h(MC3R.
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The current study is the first to explore potential MRAP modulation of MC3R using ACTH. In
this study, four MRAPs (hnMRAPla, hMRAP1b, hMRAP2a, and hMRAP2c) showed similar
effects on MC3R signaling, resulting in decreased a-MSH- and ACTH-stimulated cAMP levels
of hMC3R (MRAP2b only decreased ACTH-stimulated signaling of hMC3R) (Figure 2.4 and
Table 2.2). Our findings indicated that hAMRAP1b, hMRAP2b, and hMRAP2c might also be
involved in regulating hMC3R in distinct ways compared with hMRAP1a and hMRAP2a. In
addition, MRAP1 or MRAP2 has been reported to increase ACTH potency at chicken and frog
MC3R [56, 190]. However, MRAP2s have no effect on ACTH potency of fish (topmouth culter)
MC3R [60]. Our current results showed that all MRAPs had no effect on ACTH potency at
hMC3R (Table 2.2). Further studies in MC3Rs from other species are needed to address whether

MRAPs change MC3R to an ACTH-preferring receptor.

The regulation of MRAP1s and MRAP2s on hMC4R was also studied. It was reported
that hMRAP1a and hMRAP2a decrease the cell surface expression of hMC4R [47, 189]. Our
current results showed that hMRAP1a, hMRAP2a, and hMRAP2c increased the cell surface
expression of hMC4R whereas hMRAP1b and hMRAP2b had no effect (Figure 2.5A). For
signaling, conflicting results were reported previously: hMRAPla was reported to either
decrease NDP-MSH-stimulated [47] or increases [189, 191] or does not affect a-MSH-
stimulated [49] signaling of hMC4R. Our data showed that MRAP1b decreased o-MSH- and
ACTH-induced cAMP generation, while MRAP1a only decreased a-MSH-stimulated cAMP
signaling of hMC4R (Figure 2.7 and Table 2.4). Inconsistent results were also reported on
hMRAP2-regulated hMCA4R signaling: MRAP2a has no effect [206] or increases [189, 191] a-
MSH-stimulated signaling of hMC4R. MRAP2a does not affect ACTH-induced [206] or

decreases NDP-MSH-stimulated [47] cAMP levels of hMC4R. Our study demonstrated that all
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MRAP2s decreased a-MSH-stimulated cAMP signaling but had no effect on ACTH-induced
signaling of hMCA4R (Figure 2.7 and Table 2.4). Similar results were also observed in chicken
MCA4R, in which MRAP1 and MRAP2 do not affect ACTH-stimulated signaling, but inhibit -
MSH-induced signaling [56]. Our findings suggested that the new isoforms studied herein,

hMRAP1b, hMRAP2b, and hMRAP2c, could modulate MC4R signaling.

An interesting observation reported previously is that MRAPs might change MC4R
preference to different endogenous ligands. Previous results showed that hMRAPla or
hMRAP2a increase [191, 206] or do not affect a-MSH potency at hMC4R [49]. Two
endogenous hormones, a-MSH and ACTH, are used in this study to investigate whether MRAPS
change ligand potencies of hMC4R. Our results showed that MRAP1s and MRAP2s could not
change a-MSH potencies of hMC4R (Table 2.4). For ACTH, there is no report on whether
MRAP1 affects ACTH potency at hMC4R, and hMRAP2a was reported to increase ACTH
potency at hMC4R [206]. MRAP2 increase of ACTH potency of MC4R has also been observed
in several other species, including pig, chicken, frog, and zebrafish [56, 58, 190, 206, 207].
However, this phenomenon was not observed in several other species, such as orange-spotted
grouper [117], Nile tilapia [209], topmouth culter [59], and snakehead [61]. Our results showed
that only hMRAP1a significantly increased ACTH potency, and the other MRAPS had no effect
on ACTH potency at h(MC4R (Table 2.4). We conclude that the MRAP effect on ACTH potency

at MC4R might be species dependent.

Human MC4R has modest basal cAMP signaling [74]. The loss of constitutive activity in
MC4R mutations is considered as one cause of obesity [9, 146]. The higher constitutive activity
of hMC4R is pivotal in regulating energy homeostasis [147], and increased basal activity of

MCA4R might protect against obesity. Human MRAP1a was shown to increase [49, 191] or have
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no significant effects on the constitutive activity of hMC4R [47, 48]. The ratios between hMC4R
and hMRAP1a have an important effect on the basal activity of hMC4R [49, 191], which might
result in the inconsistent results. Our finding showed that both hMRAPla and hMRAP1b

significantly increased hMCA4R basal activity (Table 2.4).

At hMC4R, MRAP2 was reported to have no significant effect on the basal activity [47,
48, 191, 233]. However, MRAP2(s) has been shown to decrease MC4R basal activity in other
species, including zebrafish [55], orange-spotted grouper [117], Nile tilapia [209], topmouth
culter [59], and snakehead [61]. In addition, hMRAP2a also inhibits the basal activity of ghrelin
receptor [203]. Our study found that all three MRAP2s decreased hMCA4R basal cCAMP signaling
(Table 2.4). MRAP2 regulates GPCR signaling in a dose-dependent manner [55, 59, 60, 117,
190, 203, 205]. Thus, different ratios between hMC4R and hMRAP2 in previous studies might
lead to the inconsistent results. The potential regulation of constitutive activity in MC4R by

MRAPs needs further study.

Splicing variants with different specific domains provide a nature-made opportunity to
study functions of specific domain. Lab-generated truncated MRAPs indicate that N-terminus,
but not C-terminus, of AMRAP1 has crucial roles in regulating hMC2R trafficking and signaling
[184], and similar phenomena have been observed in the cells heterologously expressing
truncated mouse MRAP1 and hMC2R [46, 177]. The present study found that hMRAP1a and
hMRAP1b with different C-termini played different roles in regulating hMC3R or hMC4R
pharmacology (Tables 2.2 and 2.4), indicating that C-termini of MRAPL is important for
modulation of MC3R and MC4R signaling. Results of MRAP2 deletion mutants and chimeras
indicate that the C-terminus of MRAP2a is important for trafficking and signaling of GPCRs,

such as ghrelin receptor, orexin receptor, and prokineticin receptor [203, 204]. Similar to
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MRAP1s, hMRAP2a, hMRAP2b, and hMRAP2c are also different in C-termini. However, our
study suggested that C-termini of hMRAP2s played distinct roles in regulating MC3R/MC4R
trafficking with similar effects on signaling (Figures 2.2 and 2.5, Tables 2.2 and 2.4).
Collectively, these results suggest that distinct regions of MRAP1s or MRAP2s might have
different roles in regulating diverse GPCRs, resulting in increased complexity of MRAPS in

modulating GPCRs.

In summary, MRAP1b and two newly identified MRAP2 splicing variants, hMRAP2b
and hMRAP2c, had potential roles in regulating MC3R and MC4R pharmacology. All MRAPs
except MRAP2b decreased o-MSH- and ACTH-stimulated cAMP generation of hMC3R.
MRAP1s and MRAP2s showed opposite effects on the basal activity of hMC4R, with MRAP1s
increasing and MRAP2s decreasing the basal activities of hMC4R. MRAP1a conferred increased
potency for ACTH at the hMC4R whereas the other MRAPSs had no effect on ACTH potency.
These findings suggest complexity of MRAPs in modulating MC3R/MCA4R and provide a new

opportunity for regulating MC3R and MCA4R signaling.
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Table 2.1 The ligand binding properties of h(MC3R regulated by hMRAP1s and hMRAP2s

Bunex (%) o-MSH binding ACTH binding
e ICs0 (NM) ICs0 (NM)

hMC3R 100 667.50 £ 152.87 85.81 £ 14.16
hMC3R+MRAPla 85.69+7.43 360.20 £ 47.09 17.49 + 3.42°
hMC3R+MRAP1b 63.26 £ 6.192 490.84 £ 179.41 42.75 £ 13.05
hMC3R+MRAP2a 9142 +£8.31 820.24 £ 177.02 80.64 £ 13.63
hMC3R+MRAP2b 102.49 + 7.93 895.85 £ 131.95 65.03 £10.47
hMC3R+MRAP2c 87.77 +6.35 479.51 + 71.39 80.94 + 14.78

Values are expressed as the mean + SEM of at least three independent experiments.
& Significant difference from the parameter of hMC3R, P < 0.05.

56



Table 2.2 The signaling properties of hMC3R regulated by hnMRAP1s and hMRAP2s

a-MSH ACTH (1-24)
Basal (%) ECso (NM) Rmax (%) ECso (M) Rmax (%)
hMC3R 100 1.39+0.16 100 463 +0.81 100

hMC3R+MRAPla  77.06 +5.95 1.31+0.28  58.22 +9.55% 1.81 +0.65 58.54 + 8.98°
hMC3R+MRAP1h  58.25+ 5.35° 546+199  52.41+1158% 8.39+258 34.26 + 3.95°
hMC3R+MRAP2a  74.18+10.50° 3.82+1.14  39.07 + 8.66" 491+2.15 46.85 + 17.28°
hMC3R+MRAP2b  67.39 + 7.43" 1.25+0.36 86.61+10.49 2.07+0.85 66.85 + 16.92°
hMC3R+MRAP2c 64.36+11.57¢ 1.79+0.32  59.07 + 6.60° 3.39+1.19 52.10 + 16.25%

Values are expressed as the mean = SEM of at least three independent experiments.
& Significant difference from the parameter of h(MC3R, P < 0.05.

b Significant difference from the parameter of h(MC3R, P < 0.01.

¢ Significant difference from the parameter of hAMC3R, P < 0.001.
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Table 2.3 The ligand binding properties of A(MCA4R regulated by hMRAP1s and hMRAP2s

a-MSH ACTH (1-24)
Bmax (%) ICs0 (NM) ICs0 (NM)
hMC4R 100 335.51 +32.19 53.62 + 13.46
hMC4R+MRAP1a 48.96 £ 7.572 234.73 £ 79.01 26.16 + 13.77
hMC4R+MRAP1b 48.01 £ 8.942 289.67 + 77.10 19.08 + 2.52%

hMC4R+MRAP2a 143.32 £ 11.76% 355.93 +39.71 123.18 £ 22.12°
hMC4R+MRAP2b 133.72 £ 14.64 330.42 +£70.97 55.78 +18.24
hMC4R+MRAP2c 132.51 +9.31 380.19 + 87.45 69.64 + 10.53

Values are expressed as the mean = SEM of at least three independent experiments.
& Significant difference from the parameter of h(MC4R, P < 0.05.
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Table 2.4 The signaling properties of hMCA4R regulated by hMRAP1s and hMRAP2s

a-MSH ACTH (1-24)
Basal (%) ECs0 ("M)  Rumax (%) ECso ("M)  Rumax (%)

hMC4R 100 5.10+0.80 100 1.81+0.34
hMC4R+MRAPla 659.91 +97.58° 4.79+231 4781+6.97*% 0.33+0.05a 93.28+23.57
hMC4R+MRAP1b 152.41+12.81° 4.27+1.33 49.20+7.90* 0.89+0.19 66.29 +12.292
hMC4R+MRAP2a 55.88 + 8.92° 3.10+0.14 56.90+18.75* 3.20+0.41 102.73+22.28
hMC4R+MRAP2b 66.34 + 7.52° 3.26+0.63 4596+ 13.34> 1.89+0.28 121.35+ 22.98
hMC4R+MRAP2c 65.37 + 7.55° 3.43+096 33.04+7.10° 3.27+0.86 81.54+14.07

Values are expressed as the mean + SEM of at least three independent experiments.
& Significant difference from the parameter of hMC4R, P < 0.05.
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A MRAP2 gene - Exon1 - Exon2 - Exon3 — Exond - Exon5 - Exon6 - Exon7 — Exon8 — Exon9 - Exon10 -

mRNA Exon1 Exon2 Exon3 Exon4 Exon5 Exoné Exon7 Exon8 Exon9 Exon10
Alternative Splicing
Mature mRNA| Exon1 | Exon3 | Exon4 | Exonal |Exon2 | Exon3 | Exond | Exon7 | Exon8 | Exonsl | Exon2 | Exon3 | Exon4 | Exon5 |
Protein MRAP2a MRAP2b MRAP2c
B o
hMRAP1a M------ AINGT| - NASIAPYYS - - - -AE-BEM| DYLDLIPVDEKKLKAHKHS|IVIAFWVSLAAFA49
hMRAP1b M------ AINGT|- NASIAPYYS - - - -A@-BEM| DYLDLIPVDEKKLKAHKHS|IVIAFWVSLAAFA49
hMRAP2a MSAQRLISINRTISQQSASNSDYTWERS-BEM- - - -EIGPVSFEGLKAHKYSIIVIGFWVGLAVFS56

hMRAP2b MSAQRLISINRT|ISQQSASNSDYTWERS-B@ME- - - -EIGPVSFEGLKAHKYS|IVIGFWVGLAVFS56
hMRAP2c MSAQRLISINRT/ISQQSASNSDYTWELRS-BE- - - -EIGPVSFEGLKAHKYS|IVIGFWVGLAVFS56
Consensus * % * * % k K * % Kk kK kK Kk k x Kk Kk xk Kk K
hMRAP1a VVLLFLILLYMSWSASPQMRNSPKHHQTCPWSHGLNLHLCIQKCLP - ------- CHREPL101
hMRAP1b VVLLFLILLYMSWSASPQMS - - - - - - - .. ... FNTDESLLHSEVLP - - - - - - .. QTRA- 188
hMRAP2a VIFMFFVLTLLTKTGAPHQDNAESSEKRFRMNSFVSDFGRPLEPDKVFSRQGNEESRSLF116
hMRAP2b VIFMFFVLTLLTKTGAPHQDGLSQQELTWVEKKNFSFLTVFGNADGTF--WDTPSTLEPA114
hMRAP2c VIFMFFVLTLLTKTGAPHQEKHS - -CVMEEQPHTAGLLGLLSHSAG - -------- ATGRQ102
Consensus % * *
hMRAP1a ATSQAQASSVEPGSRTGPDQPLRQESSSTLPLGGFQTHPTLLWELTLNGGPLVRSKPSEP 161
hMRAP1b SCDELQAPREEGAA - - - - - - = = - o o o o st e m m m s h s s h s e e e e e e s e e e e e e 102
hMRAP2a HCYINEVERLDRAKACHQTTALDSDVQLQEAIRSSGQPEEELNRLMKFDIPNFVNTDQNY 176
hMRAP2b DEILAKLAEAGKRKI HGKHSDKYRLLITSRSYHLARNASY - - - - - - - oo o 0 o0t o oot 154
hMRAP2c KSYFSELLSLGIEEWCGPQQS - - - - - - - = - - = = & oo ot mmm hm e e m e m m e e e e e e 126
Consensus
hMRAP1a PPGD RTSQLQS- - - -« -« - oo oo oo 172
hMRAP1b e e e e e e e e e e e e e e e e e e e e e e e e e 102
hMRAP2a FGED DLLISEPPIVLETKPLSQTSHKDLD 205
hMRAP2b T N R 154
hMRAP2c - - - - - = = - - - s - e e s e e s e e e e 126
Consensus

MRAP1a MRAP1b MRAP2a MRAP2b MRAPZ2Zc
MRAP1a 100 80 43 44 44
MRAP2a 100 60 97

MRAPZ2b 100 99
MRAP2c 100

Figure 2.1 Schematic diagram of the human MRAP2 splice variants (A), comparison of

amino acid sequences of human MRAP1s and MRAP2s (B), and amino acid sequence

identities of MRAP1s and MRAP2s (C). Open boxes indicate potential N-linked glycosylation

sites. Dark shadows show conserved motifs (YEYY) in both MRAP1 and MRAP2. Green color
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indicates the activation motif (LDYL). LKAHKHS (red color) in MRAP1s and LKAHKYS (red
color) in MRAP2s are required for dual topology. Transmembrane domains are shown in shaded

boxes. Asterisk (*) denotes the same amino acids.
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Figure 2.2 Regulation of hMC3R expression by hMRAP1s or hMRAP2s. Cell surface (A)
and total (B) expression of h(MC3R were measured by flow cytometry. HEK293T cells were co-
transfected with hMC3R and hMRAP1s or hMRAP2s. Fluorescence in cells transfected with
empty vector pcDNA3.1 was used for background staining. The results are calculated as % of
1:0 group. Each data point represented the mean £ SEM (n = 3). * indicates significant difference

(*P < 0.05 and **P < 0.01) (One-way ANOVA followed by Tukey test).
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Figure 2.3 The ligand binding properties of hAMC3R regulated by hMRAP1s or hMRAP2s
to a-MSH (A) and ACTH (B). HEK293T cells were transiently transfected with hMC3R with
or without hMRAP1a, hMRAP1b, hMRAP2a, hMRAP2b or hMRAP2c plasmids (1:5), and the
binding properties were measured 48 h later by displacing the binding of !®I-NDP-MSH using
different concentrations of unlabeled a-MSH and ACTH (1-24). 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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Figure 2.4 The signaling properties of hMC3R regulated by hMRAP1s or hMRAP2s in
response to a-MSH (A) and ACTH (B). HEK293T cells were transiently transfected with
hMC3R with or without h(MRAP1a, hMRAP1b, hMRAP2a, h(MRAP2b or h(MRAP2c plasmids
(1:5). Intracellular cAMP levels were measured by RIA after stimulation with different
concentrations of a-MSH and ACTH (1-24). The curves are representative of at least three

independent experiments. All experiments were performed at least three times independently.
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Figure 2.5 Regulation of hMC4R expression by hMRAP1s or hMRAPZ2s. Cell surface (A)
and total (B) expression of hMC3R were measured by flow cytometry. HEK293T cells were co-
transfected with hMC3R and hMRAP1s or hMRAP2s. Fluorescence in cells transfected with
empty vector pcDNA3.1 was used for background staining. The results are calculated as % of
1:0 group. Each data point represented the mean + SEM (n = 3). * indicates significant difference

(*P <0.05, **P < 0.01, and ***P < 0.001) (One-way ANOVA followed by Tukey test).
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Figure 2.6 The ligand binding properties of hMCA4R regulated by hMRAP1s or hMRAP2s
to a-MSH (A) and ACTH (B). HEK293T cells were transiently transfected with hMC4R with
or without MRAP1a, MRAP1b, MRAP2a, MRAP2b or MRAP2c plasmids (1:5), and the binding
properties were measured 48 h later by displacing the binding of ?°I-NDP-MSH using different
concentrations of unlabeled a-MSH and ACTH (1-24). Data are expressed as % of hMC4R
binding + range from duplicate measurements within one experiment. All experiments were

performed at least three times independently.
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Figure 2. 7. The signaling properties of hMC4R regulated by hMRAP1s or hMRAP2s in
response to a-MSH (A) and ACTH (B). HEK293T cells were transiently transfected hMC4R
with or without MRAPla, MRAP1b, MRAP2a, MRAP2b or MRAP2c plasmids (1:5), and
intracellular cAMP levels were measured by RIA after stimulation with different concentrations
of a-MSH or ACTH (1-24). Data are mean + SEM from triplicate measurements within one

experiment. All experiments were performed at least three times independently.
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Chapter 3: Regulation of canine melanocortin-3 and -4 receptors by melanocortin-2

receptor accessory protein 1 and 2

3.1 Introduction

Melanocortin-3 and -4 receptors (MC3R and MC4R, neural MCRs), two of the five
subtypes of melanocortin receptors (MCRs), have high expression in the central nervous system
[19-22], and are essential for regulating energy homeostasis [13, 23, 24]. Mice lacking Mc3r
have moderate obesity phenotype with normal food intake and metabolism, decreased lean and
increased fat mass [27-29]. Mc4r knockout mice with morbid obesity have increased food intake
and decreased energy expenditure [25, 26]. These findings suggest distinct non-redundant
mechanisms of MC3R and MC4R in modulation of energy balance. Additionally, mutations in
MC3R and MC4R show close association with monogenic obesity [13, 30-33]. MC3R was
shown to be involved in other potential physiological functions in modulation of natriuresis [41],
cardiovascular function [34, 35], immune response [36-40], and timing of sexual maturation

[42]. MCA4R also has crucial roles in sexual function and reproduction [13, 32].

MC3R and MCA4R are activated by the endogenous agonists, including a-, -, y-melanocyte-
stimulating hormones (MSHs) and adrenocorticotropin (ACTH) [17, 18]. As members of Family
A G protein-coupled receptors (GPCRS), the neural MCRs primarily couple to the stimulatory G
protein (Gs) to stimulate adenylyl cyclase activity, resulting in increased generation of the
intracellular second messenger cyclic adenosine monophosphate (CAMP) to trigger downstream

signaling.
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MCRs have been shown to interact with small single transmembrane proteins-
melanocortin-2 receptor accessory proteins (MRAPSs, including MRAP1 and MRAP2) [44, 46,
47, 55] (reviewed in [3, 234]. MRAP1 was the first MC2R accessory protein identified, as the
specific molecular chaperone for MC2R in modulation of receptor trafficking, ligand binding,
and signaling [3, 44-46]. Human (h) MRAP1 mutations account for ~20% of familial
glucocorticoid deficiency cases [44, 176]. Sequent studies suggest that MRAPL might possess
multiple functions beyond regulating MC2R. Indeed, h(MRAP1 has been shown to modulate five
human MCRs in distinct ways [47-49]. Additionally, MRAP1 is involved in regulating MC3R
and MC4R in chicken and frog [42, 56, 190]. The mrap gene is observed in rainbow trout and
zebrafish, and absent in the most teleosts [198, 199]. So far, only a few publications focus on

MRAP1-regulated neural MCRs [42, 47, 49, 56, 190-192, 235, 236].

MRAP?2 is a paralog of MRAP1 and has distinct roles from MRAP1. MRAP2 with high
expression in brain has essential roles in regulating energy homeostasis. Mice lacking Mrap2
show early-onset severe obesity [50, 51]. Human MRAP2 mutations are also associated with
severe obesity [50, 52-54]. MRAP2 has been shown to modulate MC3R/MCA4R trafficking and
signaling in vertebrates [47, 50, 55-61, 192]. Human MRAP2 has three alternatively spliced
variants with different C-terminus in protein sequences, in which these three variants show

different effects on MC3R/MC4R pharmacology [192].

Although many findings on the regulation of MC3R and MC4R by MRAPs, MRAPs have
been shown to modulate neural MCRs in the receptor- and species-dependent manner. The effect
of MRAP1 and MRAP2 on canine (c) MC3R and cMC4R has not been studied. In this study,
canine (Canis lupus familiaris) was used as an animal model to explore pharmacology of

cMC3R and cMCA4R regulated by MRAP1 and MRAP2. Similar to human MRAP2, dog MRAP2
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also has two alternatively spliced variants, MRAP2a and MRAP2b. In this study, we investigated
pharmacology of ctMC3R as well as pharmacological modulation of cMC3R and cMC4R by

cMRAP1, cMRAP2a, and cMRAP2b.
3.2 Materials and Methods
3.2.1 Ligands and plasmids

NDP-MSH and D-Trp8-y-MSH were obtained from Vivitide (Louisville, KY, USA).
Human a-MSH and 3-MSH were purchased from Pi Proteomics (Huntsville, AL, USA). Human
ACTH (1-24) was supplied by Phoenix Pharmaceuticals (Burlingame, CA, USA). Canine ao-
MSH, B-MSH, and ACTH share same sequences with the corresponding human counterparts
(Figure 3.1). [***1]-cAMP and [}%1]-NDP-MSH were iodinated using chloramine T method [221,
222]. N-terminal myc-tagged receptors (human MC3R (hMC3R), cMC3R, and cMC4R) and N-
terminal Flag-tagged MRAPs (cMRAP1, cMRAP2a, and cMRAP2b) were commercially

synthesized and subcloned into pcDNA3.1 by GenScript (Piscataway, NJ, USA).
3.2.2 Cell culture and transfection

Human embryonic kidney (HEK) 293T cells (ATCC, Manassas, VA, USA) were cultured at
37 °C in a 5% CO»-humidified incubator [223]. Cells were plated into gelatin-coated 6-well or
24-well plates. Cells were co-transfected with 0.25 pg/uL MC3R or MC4R with or without

MRAP plasmids using calcium phosphate precipitation method [224].
3.2.3 Flow cytometry assay

The regulation of cMRAP1 or cMRAP2s on the expression of cMC3R and cMC4R was

carried out using flow cytometry (Accuri Cytometers, Ann Arbor, MI, USA) as described
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previously [118, 225]. Cells were co-transfected with ¢cMC3R or cMC4R and cMRAPIL,
cMRAP2a, or cMRAP2b plasmids (1:5). Fluorescence of cells transfected with pcDNA3.1 was
used for background staining. The expression of receptors was calculated as the percentage of

the cell transfected with receptors in absence of MRAPs (set as 100%) [225].
3.2.4 Ligand binding assays

Binding assay was performed as described previously [57, 223]. The ligands and their final
concentrations used in this study were NDP-MSH (from 102 to 10® M), a-MSH (from 10! to
10 M), B-MSH (from 10! to 10° M), ACTH (1-24) (from 10*2 to 10°® M), and D-Trp8-y-MSH
(from 102 to 10® M). To investigate the regulation of MRAPs on the binding properties of
cMC3R and cMC4R, cMC3R or cMC4R (0.25 pg/uL) and cMRAP1, cMRAP2a or cMRAP2b
plasmids in two ratios (1:0 and 1:5) were co-transfected into cells (6-well plate), and two ligands,

o-MSH and ACTH (1-24), were used.
3.2.5 Ligand-stimulated cAMP assays

Radioimmunoassay (RIA) was used to determine intracellular cAMP levels as described
previously [221, 223]. Five ligands were used, including NDP-MSH, a-MSH, 3-MSH, ACTH
(1-24), and D-Trp8-y-MSH. To investigate effects of MRAPs on cMC3R or ctMC4R signaling,

cells were co-transfected with cMC3R or cMC4R (0.25 pg/uL) and cMRAP1, cMRAP2a or

cMRAP2Db plasmids (1:5), and two ligands, a-MSH and ACTH (1-24) were used.
3.2.6 Statistical analysis

All data were represented as mean £ S.E.M. GraphPad Prism 8.3 software (GraphPad, San

Diego, CA, USA) was used to calculate the parameters of ligand binding, cCAMP signaling, and
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flow cytometry assay. The significant differences in ligand binding, and cAMP signaling
parameters between cMC3R and hMC3R, as well as vehicle and ligand-treated groups, were all
determined by Student's t-test. One-way ANOVA was used to analyze the significant differences

in binding, CAMP, and flow cytometry among multiple groups.
3.3 Results
3.3.1 Nucleotide and deduced amino acid sequences of cMC3R, cMRAP1, and cMRAP2s

The cloned canine MC3R (GenBank: NM_001135124.1) had 972 bp open reading frame
(ORF), encoding a putative protein of 323 amino acids with 35.79 kDa molecular mass (Figure
3.2A). Canine MC3R had seven hydrophobic transmembrane domains (TMDs). Several
conserved motifs, including PMY, DRY, and DPxxY, and three potential N-linked glycosylation
sites (Asn?, Asn'® and Asn?) in N-terminus, were present at homologous positions with MC3Rs
of other species (Figures 3.2A and B). Canine MC3R shared high identities with other MC3R
orthologs, 96% to giant panda, 92% to human, 90% to cat, 89% to pig, 87% to mouse, 76% to
chicken, 76% to turtle, 75% to frog, and 72% to zebrafish (Figure 3.2B). Phylogenetic tree

showed that cMC3R nested with mammalian MC3Rs (Figure 3.3C).

The canine MRAP1 had 336 bp ORF that encoded a putative protein of 111 amino acids with
12.90 kDa molecular mass (Figure 3.3A). Canine MRAPL had the classical characteristic of
other MRAP orthologs, including two potential N-linked glycosylation sites (Asn® and Asn®),
YEYY motif, LDYL motif, LKANKYL motif, and a single TMD (Figures 3.3A,B). Canine
MRAP1 shared high identities with cat MRAP1(90%), and lower identities with other MRAP1
(44%-79%) (Figure 3.3B). Phylogenetic tree showed that were clustered with mammalian

MRAP1s and evolutionarily closer to red fox MRAP1 (Figure 3.3C).
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The canine MRAP2 consists of 11 exons (Figure 3.4A). Two MRAP2 splice variants were
identified: MRAP2a (XM _038682814.1) derived from 4 exons (2, 6, 7, and 11) that had 621 bp
ORF, encoding a putative protein of 206 amino acids with 23.62 kDa molecular mass (Figures
3.4A and B); MRAP2b (XM _038682813.1) derived from 5 exons (3, 4, 6, 7, and 11) that had
684 bp ORF encoding a putative protein of 232 amino acids with 26.71 kDa molecular mass
(Figures 3.4A and C). Canine MRAP2b had an extended N-terminus (26 amino acids)
compared with cMRAP2a, and they shared the common structure with other MRAP2s, such as
one potential N-linked glycosylation sites (Asn® in MRAP2a and Asn® in MRAP2b), YEYY
motif, LKAHKYS motif, and a single TMD (Figures 3.4B, C, and D). Multiple sequence
alignment analysis showed that dog MRAP2a and MRAP2b shared high identities with
mammalian MRAP2s (>81%) and lower identities with MRAP2s from other species (<78%)
(Figure 3.4D). The two isoforms of cMRAP2s were clustered with different MRAP2s, in which
MRAP2a was evolutionarily closer to cat MRAP2, and MRAP2b was nested with Nile tilapia

MRAP2 (Figure 3.4E).
3.3.2 Ligand binding properties of cMC3R

Binding assay was performed using multiple MC3R ligands, including NDP-MSH, a-MSH,
B-MSH, ACTH, and D-Trp®y-MSH. We included hMC3R for comparison in the same
experiments to explore whether cMC3R shows any unique pharmacological characterizations.
The maximal binding value (Bmax) of cMC3R was 247.97 + 13.44% of that of h(MC3R (Figure
3.5 and Table 3.1). Canine MC3R had significantly lower affinities to NDP-MSH and D-Trp8-y-
MSH than that of hMC3R (Figure 3.5 and Table 3.1). The two MC3Rs showed similar 1Csos

when a-MSH, -MSH, and ACTH were used (Figure 3.5 and Table 3.1).
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3.3.3 CAMP signaling properties of cMC3R

Intracellular cAMP levels were determined to explore whether cMC3R could respond to
these agonists. All agonists could dose-dependently stimulate ctMC3R and increase cAMP
production (Figure 3.6 and Table 3.2). Canine MC3R showed higher maximal responses (Rmax)
in response to four agonists (NDP-MSH, B-MSH, ACTH, and D-Trp®-y-MSH) than those of
hMC3R (Figure 3.6 and Table 3.2). Similar ECsos between two MC3Rs were observed to
response to five agonists (Figure 3.6 and Table 3.2). Additionally, cMC3R showed similar basal

activity with that of hnMC3R (Table 3.2).
3.3.4 Modulation of cMC3R and cMC4R expression by MRAPs

Canine MC3R expression regulated by MRAPs was measured using flow cytometry.
Results showed that cMRAP1, cMRAP2a, and ctMRAP2b had no effect on cell membrane and
total expression of ctMC3R (Figures 3.7A and B). At ctMC4R, cMRAP1 and cMRAP2a
increased cell surface and total expression, and cMMRAP2b only increased total expression of

CcMC4R (Figures 3.7C and D).
3.3.5 Modulation of cMC3R pharmacology by MRAPs

Ligand binding assays with a-MSH and ACTH showed that cMRAP1 decreased the Bmax,
whereas cMRAP2a and cMRAP2b increased Bmaxs of cMC3R (Figures 3.8A, B and Table 3.3).
All MRAPs had no significant effect on ICsos of cMC3R to a-MSH and ACTH (Figures 3.8A,

B and Table 3.3).

Modulation of ctMRAPs on ¢cMC3R signaling was also studied. Results showed that all

MRAPs did not alter a-MSH and ACTH potencies of cMC3R (Table 3.4). Both MRAP1 and
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MRAP2a decreased Rmaxs in response to a-MSH and ACTH; MRAP2b significantly decreased
a-MSH-stimulated cAMP generation but showed similar ACTH-induced cAMP production of
cMC3R (Figures 3.8C, D and Table 3.4). Only MRAP2b decreased the basal activity, and other

MRAPs had no effect on the basal cCAMP levels of cMC3R (Table 3.4).

3.3.6 Modulation of cMC4R pharmacology by MRAPs

Ligand binding assays showed that MRAP1 and MRAP2a increased Bmaxs of cMC4R and
MRAP2b did not affect the Bmax (Figures 3.9A, B and Table 3.5). All MRAPs increased

affinities of cMC4R to a-MSH and ACTH (Figures 3.9A, B and Table 3.5).

Signaling results showed that all MRAPs did not affect ECsos of cMCA4R in response to o-
MSH and ACTH (Table 3.6). MRAP1 had no effect on a-MSH- and ACTH-stimulated cCAMP
level of cMC4R (Figures 3.9C, D and Table 3.6). MRAP2a decreased a-MSH- and ACTH-
induced cAMP signaling, whereas MRAP2b increased ACTH-stimulated and did not affect o-
MSH-stimulated cAMP signaling (Figures 3.9C, D and Table 3.6). Canine MC4R showed
higher basal cCAMP production than that of hMC4R (2.38 times than that of h(MC4R), indicating
that cMC4R might be constitutively active. In this study, all MRAPs decreased the basal cCAMP

levels of cMC4R (Table 3.6).

3.4 Discussion

In this study, we cloned canine MC3R and investigated the pharmacological properties of
cMC3R. We also identified a MRAP2 variant, MRAP2b. The potential regulation of canine

MRAP1 and two MRAP2 isoforms on cMC3R/cMC4R pharmacology were further studied.
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To investigate the pharmacology of canine MC3R, ligand binding and signaling assays were
performed. Canine MC3Rs showed higher binding capacity than that of hnMC3R (Figure 3.5 and
Table 3.1), consistent with results of other MC3Rs, including channel catfish [57], topmouth
culter [60], and giant panda MC3Rs [237]. For signaling, different from results on giant panda
and pig MC3Rs [237, 238], cMC3R had high ligand-induced cAMP levels than that of h(MC3R
(Figure 3.6 and Table 3.2). In two fishes, topmouth culter Mc3r has high agonist-stimulated
cAMP production [60], whereas channel catfish Mc3r shows lower Rmaxs than that of hMC3R
[57]. In addition, our current result was consistent with mammalian MC3Rs that MC3R has little
or no basal cAMP signaling [74, 98, 237, 238]. Of interest, the high constitutive activities are
present in several MC3Rs, including zebrafish [150], channel catfish [57], topmouth culter [60],

chicken [56, 239], and Mexican axolotl [211].

The potential roles of MRAPs on cMC3R/cMC4R trafficking were studied. Human
MRAP1a decreases [47, 189] or increases [192], and MRAP2a decreases [47, 189] or has no
effect [192] on cell surface expression of h(MC3R. The current studies showed that all MRAPS
do not affect the cell surface expression of cMC3R (Figures 3.7A, B). In other species, frog
MRAP1 increases and chicken MRAP1 does not alter the surface expression of MC3Rs [56,
190]. For MRAP2, MRAP?2 decreases surface expression of clawed frog MC3R [190], increases
surface expression of topmouth culter Mc3r [60], and has no effect on the surface expression of
Mexican axolotl and chicken MC3Rs [56, 211]. At MC4R, hMRAP1a and hMRAP2a decrease
[47, 189] or increase [192] the cell surface expression of hMC4R. In this study, MRAP1 and
MRAP2a increased cell surface expression of cMC4R (Figures 3.7C, D). MRAP1 was shown to
has no effect on surface expression of chicken MC4R [56] and increases frog MC4R expression

[236]. MRAP2 has been reported to decrease surface expression of tilapia and Mexican axolotl
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MC4Rs [209, 211], increases membrane expression of zebrafish (Mrap2b) [55], topmouth culter
(Mrap2a and Mrap2b) [59], and Xenopus MC4Rs [190], or has no effect surface expression of
chicken and snakehead MC4Rs [56, 61]. Collectively, MRAP1 and MRAP2 modulate the

MC3R/MCA4R trafficking to the plasma membrane in species- and receptor-specific manner.

Pharmacological studies were further performed on potential MRAP modulation of cMC3R.
Human MRAP1 and MRAP2 decrease a-MSH and ACTH-induced [192] or increase o.-MSH-
stimulated [49, 189] cAMP production of hMC3R. Our results showed that MRAP1 and
MRAP2a decreased a-MSH and ACTH-induced cAMP levels, and MRAP2b only decreased o.-
MSH-stimulated signaling of cMC3R (Figure 3.8 and Table 3.4). Xenopus MRAP1 increases
o-MSH and ACTH-induced cAMP signaling, and chicken MRAP1 does not modulate agonist-
induced signaling of MC3Rs [56, 190]. For MRAP2, MRAP2-decreased MC3R signaling is also
reported in channel catfish, topmouth culter (Mrap2a) [59], and Mexican axolotl MC3Rs [211],
whereas MRAP2-increased MC3R signaling is observed in chicken and Xenopus MC3Rs [190].

Zebrafish Mrap2s do not affect agonist-induced signaling of Mc3r [55].

The potential modulation of MRAPs on ctMC4R pharmacology was also studied. Conflicting
results were reported previously on hMRAP1a- and hMRAP2a-regulated signaling of hMCA4R,
where hMRAP1a decreases a-MSH-induced or does not affect o-MSH- and ACTH-stimulated
hMCA4R signaling [49, 192]; MRAP2a has no effect [206], decreases [192] or increases [189,
191] a-MSH-stimulated and does not affect ACTH-induced [192, 206] signaling of hMC4R. Our
results indicated that MRAPL1 had no effect on efficacies of cMC4R in response to a.-MSH and
ACTH and MRAP2a increased ACTH-stimulated and had no effect on a-MSH-induced cMC4R

signaling (Figure 3.9 and Table 3.6). Chicken MRAP1 was shown to decrease o-MSH-
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stimulated and has no effect on ACTH-induced signaling of MC4R [56]. MRAP1 increases o.-
MSH- and ACTH-stimulated signaling of Xenopus MC4R [190]. Mrap2-suppressed o.-MSH-
and/or ACTH-stimulated signaling of Mc4rs are present in several teleosts, including zebrafish

[55], grouper [117], tilapia [209], topmouth culter [59], and snakehead [61].

Human MC4R shows modest basal cCAMP signaling [74]. The defect in basal activities of
MCA4R mutations can cause obesity [9, 146]. Mrap2- and AgRP-suppressed the basal activity of
Mc4r play important role in promoting growth of zebrafish and culter [55, 60, 141]. These
indicate that the basal activity of MC4R play pivotal role in modulation of energy homeostasis
[147]. Human MRAP1s increase [49, 191, 192] or do not affect the basal activities of hMC4R
[47, 48], and MRAP2s decrease [192] or have no significant effect on the basal activities of
hMCA4R [47, 48, 191, 233]. Our studies showed that MRAP1 and MRAP2s decreased the basal
CAMP signaling (Table 3.6). Mrap2(s) decreased Mc4r basal activities were reported in other
species, including zebrafish [55], Nile tilapia [209], orange-spotted grouper [117], topmouth

culter [59], and snakehead [61].

Alternative splicing is prevalent in eukaryotes and might have different functions [226-229].
Splicing variants provide a nature-made chance to investigate roles of specific domain. Human
MRAP and MRAP2 have two and three alternative splicing, respectively, and they show different
effect on hMC3R/hMC4R pharmacology [44, 192]. Canine MRAP2 also has two alternatively
spliced variants, MRAP2a and MRAP2b (MRAP2b with extension at N-terminus compared with
MRAP2a). These extension sequences at N-terminus of MRAP2 are not found in other MRAP2s
(Figure 3.4D). Our results showed that MRAP2a and MRAP2b have different effect on
cMC3R/cMC4R pharmacology (Figure 3.7 and Tables 3.3, 4, 5, and 6). N-terminus of MRAP1

and MRAP2, with several conserved motifs, has important role in modulating GPCR
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pharmacology [184, 192, 203, 204]. We speculate that extension sequences at N-terminus of

MRAP2 might have important role in MC3R/MCA4R pharmacology.

In summary, we cloned canine MC3R and investigated its pharmacology. MRAP1 did not
affect the MC3R trafficking and decreased a-MSH and ACTH-induced signaling, whereas
MRAP1 increased the cell surface expression of cMC4R and decreased the basal activity. Two
MRAP2 isoforms showed different effect on ctMC3R or MC4R pharmacology. MRAP2a
decreased o-MSH and ACTH-induced signaling, while MRAP2b only decreased o-MSH-
stimulated signaling of cMC3R. At cMC4R, MRAP2a increased cell surface expression and
ACTH-induced signaling, decreased the basal activity of cMC4R, whereas MRAP2b had no
effect on cMCA4R trafficking, and decreased basal and a-MSH and ACTH-induced signaling.
These findings indicate the complexity of MRAPSs in regulating neural MCRs and contribute to

further physiological studies of canine MC3R/MCA4R.
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Table 3.1 The ligand binding properties of cMC3R

MC3R cMC3R hMC3R

Bmax (%0) 247.97 +13.44°> 100
NDP-MSH ICs0 (NM) 4.37 +0.72° 1.98 +0.43
a-MSH ICs0 (NM) 240.42 + 37.34 221.57 +30.23
B-MSH ICs0 (NM) 140.18 + 31.37 161.56 + 31.45
ACTH ICs0 (NM) 58.52 + 8.67 4571 +5.23
D-Trp8-y-MSH  ICsp (NM) 39.30 +0.30° 24.62 + 1.25

Results are presented as the mean £ SEM (n = 3 - 4).
& significant difference from the parameter of h(MC3R, P < 0.05.

b significant difference from the parameter of hAMC3R, P < 0.001.
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Table 3.2 The signaling properties of cMC3R

MC3R cMC3R hMC3R
Basal (%) 100.72 + 7.69 100
_ ECso (NM) 0.40 + 0.16 0.24 +0.11
NDP-MSH Rumax (%) 199.38+28.06° 100
] ECso (M) 0.97 +0.35 149 +0.22
a-MSH Rumax (%) 145.69 + 14.30 100
B-MSH ECso (M) 1.04+0.23 1.46 + 0.55
Rumax (%) 229.77+46.45% 100
ECso ("M) 1.46 +0.30 2.12 +0.69
ACTH Rumax (%) 18283425215 100
ECso ("M) 1.08+0.15 0.71 +0.19
D-Trp®-y-MSH
Py Rumax (%) 188.25+1956° 100

Results are presented as the mean £ SEM (n = 3 - 4).

& significant difference from the parameter of A(MC3R, P < 0.05.
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Table 3.3 The effect of MRAPs on ligand binding properties of cMC3R

cMC3R/cMRAPs Bmax (%) a-MSH ACTH
ICs0 (M) ICs0 (NM)
55.56 +
cMC3R 100 106.68 £ 13.80 11.64
cMC3R/cMRAP1 81.81 +£5.01° 127.76 £ 30.47 68.59 +£9.31
CMC3R/cMRAP2a 148.43 +14.94% 118.61+22.25 57.58 +4.09
cMC3R/cMRAP2h 128.42 £9.06* 148.03+30.16 49.59 +6.77

Results are expressed as the mean + SEM (n =3 - 4).

aSignificant difference from the parameter of 1:0, P < 0.05.
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Table 3.4 The effect of MRAPs on cAMP signaling of cMC3R

a-MSH

ACTH

CMC3R/CMRAPs  Basal (%) £ (M) Runax (%) ECso (M)

Rmax (%)

cMC3R 100 3.08 +1.26 100 2.02+0.39
cMC3R/cMRAP1 100.91 +16.74 0.88 +0.18 46.67 +8.88" 2.11+0.56
CMC3R/cMRAP2a 84.71 +19.03 1.37+0.26 73.02 +5.81% 2.18 £0.39
cMC3R/cMRAP2b 68.88 + 9.35% 3.64 +1.11 66.93 +9.64° 3.41+0.99

100

46.61 + 12.37°
73.79 + 4,942

85.02 + 11.04

Results are expressed as the mean + SEM (n =3 - 5).
& Significant difference from the parameter of 1.0, P < 0.05.

b Significant difference from the parameter of 1:0, P < 0.001.
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Table 3.5 The effect of MRAPs on ligand binding properties of cMC4R

cMC4R/cMRAPs Bmax (%) o-MSH ACTH

ICs0 (M) ICs0 (NM)
cMC4R 100 504.66 £ 124.33 348.29 + 9451
cMC4R/cMRAP1 151.36 + 10.67*  186.62 + 13.60 37.63 + 6.84°
cMC4R/cMRAP2a 167.03 £ 11.83°  228.40 + 40.74* 35.63 + 8.10°
cMC4R/cMRAP2b 121.60 + 10.06 120.19 + 22.41°  16.93 + 5.69°

Results are expressed as the mean = SEM (n = 4).

aSignificant difference from the parameter of 1:0, P < 0.05.
b Significant difference from the parameter of 1:0, P < 0.01.

¢ Significant difference from the parameter of 1:0, P < 0.001.
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Table 3. 6 The effect of MRAPs on cAMP signaling of cMC4R

sasal (% o-MSH ACTH
* ECso ("M)  Rumax (%) ECso ("M)  Rmax (%)
100 1184021 100 0.92 % 100
cMC4R 18+ 0. 0.41
53.80 + 1.02 +
MCARIMRAPL o oeb 137024 9980380 o, 76.21 + 13.29
7470 + 87.00 + 3.82 + 144.41 +
cMC4R/cMRAP2a  4.28 090+0.10 44 9g 1.25 13.36°
55.82 + 120+ i
MCARIMRARSD Saah 063+010 5262+7.93° o) 55.87 + 9.82

Results are expressed as the mean + SEM (n = 3 - 4).
& Significant difference from the parameter of 1.0, P < 0.05.

b Significant difference from the parameter of 1:0, P < 0.001.
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A

1 ATG AAC GCT TCG TGC TGC CTA CTG TCT GCT CAG CCG ACG CTG CCC AAC AGC TCG GAG CAC 60

61 CTC GCA GCC GCG TCC TTC GGC AAC CAG AGC GGC AGC GGC TTC TGC GAG CAG GTC TTC ATC 120

21L A A A S F GG S 6 F € E @ V F | 40

121 AAG CCC GAA GTC TTC CTG GCG CTG GGC ATC GTC AGC CTG CTG GAA AAC ATC CTG GTC ATC 180
40K P E V F = A L G I V 8§ L L E N I L V I 60
181 CTG GCC GTG GCC AGG AAC GGC AAC CTG CAC TCC CCC ATG TAC TTC TTC CTC TGC AGC CTG 240
6L A V A R N G N L H s P M Y F E L € s L 80
241 GCG GTG GCC GAC ATG CTG GTG AGC GTG TCC AAC GCC CTG GAG ACC GTC ATG ATC GCC ATC 300
A V A D M L v 8§ VvV 8§ N A L E T V M | A I 100
301 GTC AAC AGC AAC TAC CTG ACC TTC GAG GAC CGG TTC GTC CAG CAC ATG GAC AAC GTC TTC 360
11V N S N Y L T F E D R F VvV Q@ H M D N V F 12
361 GAC TCC ATG ATC TGC ATC TCC CTG GTG GCC TCC ATC TGC AAC CTC CTG GCC ATC GCC GTG 420

121D s M 1 c 1 S L VvV A s | cC N L L A | AV 140
421 GAC AGG TAC GTC ACC ATC TTC TAC GCG CTG CGC TAC CAC AGC ATC ATG ACC GTG CGC AAG 480
141D R Y V T | F Y A L R Y H s I M T V R K 160
481 GCC CTG GCC TGG ATC GTG GCC ATC TGG GTG TGC TGC GGC GTG TGC GGC GTG GTG TTC ATC 540
161A L A W | v A /I w v € ¢ 66 Vv € 6 V V F I 180
541 GTC TAC TCC GAG AGC AAG ATG GTC ATC GTG TGC CTC ATC ACC ATG TTC TTC GCC ATG CTG 600
181V Y s E § K M V I v € L | T M F F A M L 200

601 CTC CTC ATG GGC ACC CTC TAC GTG CAC ATG TTC CTC TTC GCCCGG CTG CAC GTC CAG CGC 660
201L L M &6 T L Y V H M F L F A R L H V Q@ R 220
661 ATC GCG GCG CTG CCA CCT GCC GAC GGG GTG GCC CCG CAG CAG CAC TCG TGC ATG AAG GGG 720

2211 A A L P P A D G V A P Q Q@ H S C M K G 240
721 GCT GTC ACC ATC ACC ATC CTG CTG GGG GTA TTC ATC TTC TGC TGG GCC CCC TTC TTC CTG 780
21A V. T | T 1 L L G V F | E cC W A = F E L 260
781 CAC CTC GTC CTC ATC ATA ACC TGC CCC ACC AAC CCC TAC TGC GTC TGC TAC ACG GCC CAC 840
261H L vV L | | T C P T N P Y € Vv ¢ Y T A H 280
841 TTC AAC ACC TAC CTG GTC CTC ATC ATG TGC AAC TCC ATC ATC GAC CCC CTC ATC TAC GCC 900
281 F N T Y L Vv L | M C€ N S | | D = L 1 Y A 300
901 TTC CGG AGC CTA GAGCTA CGT AAC ACC TTC AAG GAG ATC CTC TGC AGC TGC AAC GGC ATG 960
301 F R S L E L R N T F K E 1 L c S C N G M 320

961 AAC CTG GGG TAG
321N L G -
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100 — Large flying fox
35 L— Black flying fox

— Nine-banded amadillo
18 46 L— pig

A Dog

Horse

30 I—Gemsbok
100 L— Goat

100 Cat

16 |—Mouse
98 100'—Rat

African bush elephant

100 |—Chicken
100 L—— Lungfish

15

71

Zebrafish

50 i
79 Goldfish

43 |—Topmou1:h culter
87 L—— Wuchang bream

Frog

Human

100 — Chinook salmon
83 I—Coho salmon

43 Arctic char
Iridescent shark
{ Mexican tetra

Turquoise-fronted amazon

39

Asian arowana
58

100 Chinese alligator

a5 I—softshell turtie
66 L Common box turtie

Figure 3.2 Nucleotide and deduced amino acid sequences (A), comparison of amino acid
sequences (B), and phylogenetic tree (3) of canine MC3R. Positions of nucleotide and amino
acid sequences are indicated on both sides. N-linked glycosylation sites are present in open
boxes. Shaded boxes show putative TMD1-7. The conserved motifs (PMY, DRY and DPxxY)

are underlined. Asterisk (*) shows stop codon. The tree was constructed by the Neighbor-joining
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(NJ) method. Numbers at nodes indicate the bootstrap value, as percentages, obtained for 1000
replicates. Black dot denotes canine MC3R. MC3Rs: Canis lupus familiaris (dog,
NM_001135124.1), Capra hircus (goat, XP_005688382.1), Xenopus tropicalis (frog,
XP_002935436.1), Protopterus annectens (Lungfish, XP_043945978.1), Megalobrama
amblycephala (Wuchang bream, AWA81517.1), Culter alburnus (topmouth culter, MT419813),
Carassius auratus (goldfish, BAJ83473.1), Oncorhynchus kisutch (coho salmon,
XP_020360426.1), Danio rerio (zebrafish, AA024744.1), Homo sapiens (human,
NP_063941.3), Sus scrofa (pig, AFK25142.1), Mus musculus (mouse, AAI03670.1), Gallus
gallus (chicken, XP_004947293.1), Rattus norvegicus (rat, NP_001020441.3), Pangasianodon
hypophthalmus (iridescent shark, XP_026770221.1), Equus caballus (horse, NP_001243901.1),
Astyanax mexicanus (Mexican tetra, XP_007231215.1), Pteropus vampyrus (large flying fox,
XP_011368476.1), Oryx gazella (gemsbok, AFH58734.1), Pteropus alecto (black flying fox,
XP_006921991.1), Felis catus (cat, XP_023106851.1), Dasypus novemcinctus (nine-banded
armadillo, XP_004447768.1), Loxodonta africana (African bush elephant, XP_003419952.1),
Salvelinus alpinus (Arctic char, XP_023994975.1), Oncorhynchus tshawytscha (chinook salmon,
XP_024229914.1), Scleropages formosus (Asian arowana, XP_018615783.1), Amazona aestiva
(turquoise-fronted amazon, KQL61336.1), Terrapene carolina triunguis (common box turtle,
XP_024059166.1), Pelodiscus sinensis (Chinese softshell turtle, XP_006129463.1), and

Alligator sinensis (Chinese alligator, XP_006018246.1).
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1 ATG GCC AAC GAG ACC AAC GCC TCC ACC CTG TAT GAC AGC TAC GAG TAC TAC CTG GAC TAC 60

61 TTG GAC CTC ATT CCC GTG GAT GAG AGG AAG CTG AAA GCC AAC AAA TAT CTG ATT GTC ATC 120
21L D
121 GCC TTC TGG GTG AGC CTG GCA CTT TTC GTC ATG CTT CTC
40A F
181 TCC TGG TCA GGC TCC TCA CAG GTG AGG AAC AAC GCC CAG
61S W
241 AGT CAC AGC CTC
818 H
301 GGG CGA GGA ACC AGG GAG CAG AGT ATC
101G R
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Mouse MRAP1

Rat MRAP1

51 - Chinese hamster MRAP1

Human MRAP1a

Monkey MRAP1

67 — Pig MRAP1

Goat MRAP1

44 40 — Cat MRAP1

98 —— A Dog MRAP1

71 100 Red fox MRAP1

Human MRAP1b

Dolphin MRAP1

96 L—— Whale MRAP1
Lungfish MRAP1

29 —— Chicken MRAP1

Turtles MRAP1

Lizard MRAP1

Zebrafish MRAP1

98

51 97

66

76

87 97

Killifish MRAP1
Frog MRAP1
Platyfish MRAP1

88

Figure 3.3 Nucleotide and deduced amino acid sequences (A), comparison of amino acid
sequences (B), and phylogenetic tree (3) of cMRAPL. Positions of nucleotide and amino acid
sequences are indicated on both sides. N-linked glycosylation sites are present in open boxes.
Red box denotes YEYY motif. Light blue box indicates LDYL motif. Black box is LKANKYL
motif. Shaded box shows putative TMD. Asterisk (*) shows stop codon. The tree was
constructed by the Neighbor-joining (NJ) method. Numbers at nodes indicate the bootstrap
value, as percentages, obtained for 1000 replicates. Black dot denotes canine MRAP1. MRAP1s:
Canis lupus familiaris (dog, XP_005638887.1), Homo sapiens (human MRAPla, AAH62721.1;

human MRAP1b, NP_996781.1), Mus musculus (mouse, NP_084120.1); Macaca mulatta
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(monkey, XP_001096328.3), Gallus gallus (chicken, XR_001470382.2), Chrysemys picta bellii
(turtle, XP_005283970.1), Xenopus tropicalis (frog, XP_002938489.2), Danio rerio (zebrafish,
ENSDARTO00000148193.3), Sus scrofa (pig, XP_020926573.1), Cricetulus griseus (chinese
hamster, XP_003495626.1), Protopterus annectens (West African lungfish, XP_043927724.1),
Xiphophorus couchianus (platyfish, XP_027854831.1), Fundulus heteroclitus (killifish,
XP_012735037.2), Rattus norvegicus (rat, NP_001129306.1), Lagenorhynchus obliquidens
(dolphin, XP_026957114.1), Vulpes vulpes (red fox, XP_025840964.1), Delphinapterus leucas
(whale, XP_022408665.2), Capra hircus (goat, XP_005674803.2), and Podarcis muralis

(Lizard, XP_028582856.1).

93



A

MRAP2 gene - Exon1 - Exon2 - Exond — Exon4 - Exon5 — Exoné - Exon7 — Exon8 — ExonS - Exoni0 - Exonii

mRNA Exon1 Exon2 Exon3 Exond Exon5 Exoné Exon7 Exon8 Exon9 Exon10  Exon11

Alternative Splicing

7N\

mRNA [ Exon2 | Exons | Exon7 | Exont1 | [ Exon3 | Exons [ Exoné | Exon7 | Exont1 |
Protein MRAP2a MRAP2b
B 1 ATG TCT GCC CAG AGA TTA ATT TCT AAC AGA ACA TCC CAG CCA TCT GCA CCT AAT TCT GAT 60

iM s A @ R L I s [N R T s a P s A P N s D 2
61 TAC ACC TGG GAA TAT GAA TAT TAT GAA ATT GGA CCA GTG TCC TTT GAA GGA CTG AAG GCT 120
a2y 17w e N : ' < ¢ v s r e ¢ [N
121 CAT AAA TAT TCC ATT GTG ATT GGA TTT TGG GTT GGT CTC GCT GTC TTT GTG ATT TTC ATG 180
o[BS v ' ¢ F w v 6 L A VvV F V I F M 60
181 TTT TTT GTG CTG ACT TTG CTG ACC AAG ACG GGA GCT CCA CAC CAA GAC AAT GCA GAA TCT 240
4F F VvV L T L L T K T G A P H Q@ D N A E S 80
241 TCA GAG AAG AGA TTT AGA ATG AAT AGC TTT GTG TCA GAC TTT GGA AGA CCA CTG GAG CCA 300
##S E K R F R M N 8 F V s D F G R P L E P 100
301 GAT AAG GTG TTT TCT CGA CAG GGC AAT GAT GAA TCC AGG TCT CTC TTT CAT TGC TAC ATC 360
1MD K V F s R @ 6 N D E 8 R S8 L F H C Y 1 12
361 AAT GAA GTG GAA CAC TTG GAT AGG GCT AAA GTT TGT CAT CAG ACC ACG GTC CTT GAC AGC 420
121N E V E H L D R A K V € H @ T T V L D s 140
421 AGT GTT CGA CTC CAG GAA GCC ATT AGA AGC AAT GGG CGT CCA GAG GAG GAG CTG AAT AGG 480

1418 V R L Q E A 1 R S N G R P E E E L N R 160
481 CTT ATG AAG TTT GAT ATC CCT AAC TTT GTG AAT ACA GAC CAG AAC TCC TCC TTT GGG GAG 540
161 L M K F D 1 P N F \' N T D @ N S S F G E 180
541 GAT GAT CTT CTA ATT TCA GAA CCA CCT ATT GTT CTA GAA AAT AAG CCA GTT TCC CAG ACC 600
181 D D L L | S E P P | \' L E N K P V 8§ Q T 200
601 TCA CAC AAA GAC CTG GAT TGA 660
201 s H K D L D = 206
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1 ATG ATT AAC CCA CAT TTC TGG GAT GCT GAA GCA GAG GCC AGG GCA ACC AGA ACC AAG GTG 60

iMm 1 N P H F w D A E A E A R A T R T K Vv 20
61 GAG ATG TCT GCC CAG AGA TTA ATT TCT AAC AGA ACA TCC CAG CCA TCT GCA CCT AAT TCT 120
21E M 8§ A Q@ R L | ) N R T S Q P S A P N S 40

121 GAT TAC ACC TGG GAA TAT GAA TAT TAT GAA ATT GGA CCA GTG TCC TTT GAA GGA CTG AAG 180

0o v 1 w e [NEENENE: + c r v s r e c [l

181 GCT CAT AAA TAT TCC ATT GTG ATT GGA TTT TGG GTT GGT CTC GCT GTC TTT GTG ATT TIC 240
NIEECSEEEN v ' ¢ F w v ¢ L A V F V I F 8
241 ATG TTT TTT GTG CTG ACT TTG CTG ACC AAG ACG GGA GCT CCA CAC CAA GAC AAT GCA GAA 300
¢9M F F V L T L L T K T G A P H Q D N A E 100
301 TCT TCA GAG AAG AGA TTT AGA ATG AAT AGC TTT GTG TCA GAC TTT GGA AGA CCA CTG GAG 360
1Ms s E K R F R M N 8 F V s D F G R P L E 120
361 CCA GAT AAG GTG TTT TCT CGA CAG GGC AAT GAT GAA TCC AGG TCT CTC TTT CAT TGC TAC 420
2P D K V F 8 R @ 6 N D E S R S L F H C Y 140
421 ATC AAT GAA GTG GAA CAC TTG GAT AGG GCT AAA GTT TGT CAT CAG ACC ACG GTC CTT GAC 480

1411 N E V E H L D R A K VvV ¢ H Q T T V L D 160
481 AGC AGT GTT CGA CTC CAG GAA GCC ATT AGA AGC AAT GGG CGT CCA GAG GAG GAG CTG AAT 540
161 8 S Vv R L Q E A |1 R $§ N G R P E E E L N 180
541 AGG CTT ATG AAG TTT GAT ATC CCT AAC TTT GTG AAT ACA GAC CAG AAC TCC TCC TTT GGG 600
181 R L M K F D |1 P N F vV N T D @ N s s F G 200
601 GAG GAT GAT CTT CTA ATT TCA GAA CCA CCT ATT GTT CTA GAA AAT AAG CCA GTT TCC CAG 660
201 E D D L L | S E P P 1 vV L E N K P V s Q@ 220
661 ACC TCA CAC AAA GAC CTG GAT TGA 720
21T S H K D L D - 227
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Figure 3.4 Schematic diagram of the canine MRAP?2 splice variants (A), cMRAP2a amino
acid sequences (B), cMRAP2b amino acid sequences, comparison of amino acid sequences,

and phylogenetic tree (3) of cMRAP2s. Positions of nucleotide and amino acid sequences are
indicated on both sides. N-linked glycosylation sites are present in open boxes. Red box denotes

YEYY motif. Light blue box indicates LDYL motif. Black box is LKANKYL motif. Shaded box
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shows putative TMD. Asterisk (*) shows stop codon. The tree was constructed by the Neighbor-
joining (NJ) method. Numbers at nodes indicate the bootstrap value, as percentages, obtained for
1000 replicates. Black dot denotes canine MRAP1. MRAP1s: MRAP2s: Canis lupus familiaris
(dog MRAP2a, XM _038682814.1; MRAP2b, XM _038682813.1), Mus musculus (mouse
NP_001171202.1), Sus scrofa (pig, XP_003353296.2), Capra hircus (goat, XP_017908670.1),
Callorhinchus milii (elelphant shark, XP_007906624.1), Balaenoptera musculus (whale,
XP_036727732.1), Bos taurus (bovine, NP_001092863.1), Protopterus annectens (lungfish,
XP_043922081.1), Culter alburnus (topmouth culter, MRAP2a: MT163516, and MRAP2b:
MT163517), Epinephelus coioides (orange-spotted grouper, QED39647.1), Danio rerio
(zebrafish, MRAP2a: F8W4H9.1 and MRAP2b: F8W4H9.1), Oryzias latipes (Japanese medaka,
XP_023809099.1), Maylandia zebra (zebra mbuna, XP_004568825.1), Kryptolebias
marmoratus (mangrove rivulus, XP_017267334.1), Amphiprion ocellaris (anemonefish,
XP_023122806.1), Oncorhynchus mykiss (rainbow trout, XP_021467183.1), Gallus gallus
(chicken, AL081626.1), Oreochromis niloticus (Nile tilapia, XP_003458293.2), Oncorhynchus
tshawytscha (Chinook salmon, XP_024278413.1), Ictidomys tridecemlineatus (thirteen-lined
ground squirrel, XP_021581743.1), Pteropus alecto (black flying fox, XP_006926405.1), Mus
caroli (Ryukyu mouse, XP_021029091.1), Puma concolor (puma, XP_025781535.1), Bubalus
bubalis (water buffalo, XP_006054803.2), Homo sapiens (human, AAH10003.2), Macaca
nemestrina (pig-tailed macaque, XP_011764298.1), Anabarilius grahami (Kanglang fish,
MRAP2b R0J29330.1), Triplophysa tibetana (MRAP2a: KAAO0703529.1 and MRAP2b:

KAA0720858.1), and Carassius auratus (goldfish, MRAP2a: XP_026139519).
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Figure 3.5 Ligand binding properties of cMC3R. Different concentrations of unlabeled NDP-
MSH (A), a-MSH (B), B-MSH (C), ACTH (1-24) (D), and D-Trp8-y-MSH (E) were used to
displace the binding of 1°I-NDP-MSH. Results are expressed as % of hMC3R binding + range
from duplicate determinations within one experiment. All experiments were repeated at least

three independent times.
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Figure 3.6 Signaling properties of cMC3R. HEK293T cells were transiently transfected with
hMC3R or ctMC3R plasmids. Different concentrations of NDP-MSH (A), a-MSH (B), B-MSH
(C), ACTH (1-24) (D), and D-Trp®-y-MSH (E) were used to stimulate the cells. Data are mean +
SEM from triplicate measurements within one experiment. All experiments were performed at

least three times independently.
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Figure 3.7 Regulation of cMC3R (A, B) and cMC4R (C, D) expression by MRAPs. Cell
surface expression and total expression of cMC3R and MC4R were measured by flow cytometry.
HEK293T cells were co-transfected with cMC3R or ctMC4R and cMRAPs (1:5). The empty
vector pcDNAS3.1 fluorescence was used for background staining. The results are calculated as %
of 1:0 group. Each data point represented as the mean £ SEM (n = 3-4). Different letters indicate

significant difference (P < 0.05) (One-way ANOVA followed by Tukey test).
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Figure 3.8 Modulation of cMC3R pharmacology by MRAPs. Ligand binding (A, B) and
signaling (C, D) properties of cMC3R to a-MSH or ACTH (1-24) upon co-expression of cMC3R
with cMRAP2, cMRAP2a or cMRAP2b were measured. Results of binding properties were
calculated as % of cMC3R without MRAPs binding + range from duplicate determinations

within one experiment. All experiments were measured at least three independent experiments.
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Figure 3.9 Modulation of cMC4R pharmacology by MRAPs. Ligand binding (A, B) and

signaling (C, D) properties of cMC4R to a-MSH or ACTH (1-24) upon co-expression of cMC4R

with cMRAP2, cMRAP2a or cMRAP2b were measured. Results of binding properties were

calculated as % of cMC4R without MRAPs binding + range from duplicate determinations

within one experiment. All experiments were measured at least three independent experiments.
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Chapter 4: Topmouth culter melanocortin-3 receptor: regulation by two isoforms of

melanocortin receptor accessory protein 2

4.1 Introduction

Melanocortin receptors (MCRs) belong to rhodopsin-like Family A G-protein-coupled
receptors (GPCRs). Five MCRs (named MCI1R to MC5R), with diverse ligand affinities
(including a-, B-, y-melanocyte-stimulating hormones (MSHSs) and adrenocorticotropic hormone
(ACTH)) and multiple physiological roles, have been extensively studied in mammals [17, 240-
242]. MC3R and MC4R are known as neural MCRs with high expression in the central nervous
system [19-22]. These two MCRs play vital roles in modulation of energy homeostasis.
Mutations in MC3R and MC4R are associated with obesity [30, 31, 33]. Mc4r knockout mice
show obesity phenotype with increased food intake and decreased energy expenditure [25, 26].
Targeted deletion of Mc3r in mice show a moderate obesity phenotype with decreased lean mass,
increased fat mass, normal food intake and metabolism, suggesting that MC3R could regulate
feed efficiency and alterations in nutrient partitioning [27-29]. In addition, studies found that
MC3R plays a key role in anomalous metabolic adaption to restricted feeding [83, 84]. A recent
study showed that MC3R is a critical regulator of boundary controls on melanocortin signaling,

providing rheostatic control on energy storage [82].

In addition to the central nervous system expression, MC3R is also expressed in several
peripheral tissues, including the intestine, placenta, heart, gut, kidney, and macrophages [20, 38,
39, 78, 243]. Owing to its wide expression, MC3R has been shown to have other potential

physiological functions in the periphery, including involvement in immune response and
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inflammation [36-40], regulating cardiovascular function [34, 35] and natriuresis [41]. The
MC3R primarily couples to the stimulatory G protein (Gs) to stimulate adenylyl cyclase activity,
leading to increased production of the intracellular second messenger cyclic adenosine

monophosphate (CAMP) to trigger downstream signaling.

MCRs have been shown to interact with small single transmembrane proteins: melanocortin-
2 receptor accessory proteins (MRAPs, including MRAP1 and MRAP2) [44, 46, 47, 55]
(reviewed in [3, 234]. MRAP2 has high expression in central nervous system and plays crucial
role in regulating energy homeostasis. Targeted deletion of Mrap2 in mice show severe obesity
[50, 51]. MRAP2 interacts with and modulates MC4R signaling in mammals and other species
[55, 56, 59, 61, 117, 236]. Additionally, the function of MRAP2 in regulating energy

homeostasis through MC3R has also been reported [47, 56, 57].

Considering the crucial importance of energy metabolism, understanding the endocrine
modulation of energy homeostasis is important for economically important fishes, and may
potentially lead to novel approaches to manipulate fish growth, feed efficiency and final product
quality in cultured fish. Hence it is not surprising that Mc3r has also attracted some attention in
fish. Our mining of NCBI database and literature search revealed that the mc3r gene is found in
some fish, including Holocephali (elephant shark Callorhinchus milii), Elasmobranchii (spiny
dogfish Squalus acanthias, thorny skate Amblyraja radiata, red stingray Hemitrygon akajei,
velvet belly lantern shark Etmopterus spinax), Polypteriformes (reedfish Erpetoichthys
calabaricus, gray bichir Polypterus senegalus), Lepisosteiforme (spotted gar Lepisosteus
oculatus), Coelacanths (coelacanth Latimeria chalumnae), and teleosts including zebrafish
Danio rerio, common carp Cyprinus carpio, Mexican tetra Astyanax mexicanus, red-bellied

piranha Pygocentrus nattereri, yellow catfish Tachysurus fulvidraco, channel catfish Ictalurus
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punctatus, striped catfish Pangasianodon hypophthalmus, electric eel Electrophorus electricus,
Chinook salmon Oncorhynchus tshawytscha, coho salmon Oncorhynchus kisutch, river trout
Salmo trutta, rainbow trout Oncorhynchus mykiss, Arctic char Salvelinus alpinus, northern pike
Esox lucius, denticle herring Denticeps clupeoides, and Asian bonytongue Scleropages formosus,
although it is absent in other species including lungfish Dipnomorpha, Acipenseriformes
(Yangtze sturgeon Acipenser dabryanus and American paddlefish Polyodon spathula), cichlid
Simochromis diagramma, medaka Oryzias latipes, fugu Takifugu rubripes, stickleback
Gasterosteus aculeatus, ricefield eel Monopterus albus, and orange-spotted grouper Epinephelus
coioides [113, 117, 148, 244, 245]. Since MC3R is considered a specific receptor for y-MSH in
higher vertebrates [20, 21] and y-Msh is absent in teleosts [246], the absence of Mc3r in some

fish might be considered as one example of co-evolution of ligand and receptor.

Only three studies have investigated the pharmacological properties of fish Mc3rs so far [57,
113, 150]. Of interest, two studies reported high constitutive activities in zebrafish and channel
catfish Mc3rs [57, 150], similar to the results in teleost Mc4rs [59, 61, 115-118, 148, 247] and
Mc1lr [213]. In this study, topmouth culter (Culter alburnus) was used as an animal model to
explore physiology and pharmacology of culter Mc3r. Topmouth culter is an important species
of freshwater fish with wide distribution in reservoirs, rivers, and lakes in China [248, 249]. We
cloned culter mc3r and investigated pharmacology of caMc3r and modulation by Mrap2 and

Mrap2b.
4.2 Materials and Methods

4.2.1 Ligands and plasmids
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NDP-MSH was purchased from Peptides International (Louisville, KY, USA). Human a-
MSH was obtained from Pi Proteomics (Huntsville, AL, USA). Human ACTH (1-24) was
purchased from Phoenix Pharmaceuticals (Burlingame, CA, USA). Human des-acetyl-o-MSH
was obtained from GenScript (Piscataway, NJ, USA). Culter a-Msh and Acth are 100 and 87.5%
identical with the corresponding human counterparts, respectively (Figure 4.1). [1*1]-cAMP and
[**°1]-NDP-MSH were iodinated using chloramine T method [221, 222]. The human MC3R
(hMC3R) subcloned into pcDNA3.1 vector (pcDNA3.1-hMC3R) was generated as previously
described [96]. N-terminal Flag-tagged caMrap2a and N-terminal Flag-tagged caMrap2b were
reported before [59]. N-terminal myc-tagged caMc3r was commercially synthesized and
subcloned into pcDNA3.1 by GenScript (Piscataway, NJ, USA) to generate the plasmid used for

transfection.
4.2.2 Gene cloning and sequence alignment

Gene sequences were provided by our collaborator: Dr. Min Tao from Hunan Normal

University, Hunan, China.
4.2.3 Cell culture and transfection

Human embryonic kidney (HEK) 293T cells (ATCC, Manassas, VA, USA) were cultured at
an incubator (37 °C in a 5% CO2-humidified atmosphere) [223]. Briefly, the medium contained
Dulbecco’s Modified Eagle’s medium (DMEM) (Invitrogen), 10% newborn calf serum, 0.25
ug/mL of amphotericin B, 100 IU/mL of penicillin, 100 pug/mL streptomycin, 50 pg/mL of
gentamicin, and 10 mM HEPES. Cells were plated into 6-well or 24-well plates pre-coated with

0.1% gelatin. At approximately 70% confluency, cells were transfected with 0.25 ng/uL MC3R
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with or without MRAP2s plasmids using calcium phosphate precipitation method [224]. Empty

vector pcDNA3.1 was used to normalize the total DNA in each well.
4.2.4 Flow cytometry assay

The expression of the caMc3r was quantified with flow cytometry as described earlier [118,
225], carried out by the C6 Accuri Cytometer (Accuri Cytometers, Ann Arbor, MI, USA). Four
ratios (1:0, 1:1, 1:3, and 1:5) of caMC3R and caMRAP2a/caMRAP2b plasmids were co-
transfected into cells in 6-well plates. Fluorescence of cells transfected with empty vector
(pcDNA3.1) was used for background staining. The expression of the caMc3r was calculated as
the percentage of 1:0 group was set as 100% expression. The expression levels of other groups

were calculated as % of the 1:0 group [225].
4.2.5 Ligand binding assays

Binding assay was described previously [57, 223]. The ligands and their final
concentrations used in this study were NDP-MSH (from 102 to 10® M), a-MSH (from 1072 to
10% M), des-acetyl-o-MSH (from 1072 to 10 M), or ACTH (1-24) (from 1072 to 10 M). To
investigate the modulation of caMrap2a or caMrap2b on the binding property of caMc3r,
caMC3R (0.25 pg/uL) and caMRAP2a or caMRAP2b plasmids in two ratios (1:0 and 1:5) were
applied to co-transfect cells (6-well plate), and ACTH (1-24) (from 10! to 10® M) and a-MSH

(from 107 to 105 M) were used.
4.2.6 CAMP assays

CAMP signaling assay was performed as described previously [221, 223]. The final

concentration of ligands used were 102 to 10® M. To explore effects of caMrap2a and
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caMrap2b on caMc3r signaling, cells (24-well plate) were transfected with caMC3R (0.25
ug/uL) and caMRAP2a or caMRAP2b plasmids in two ratios (1:0 and 1:5), and two ligands, a-
MSH (from 1072 to 107 M) and ACTH (1-24) (from 103 to 107 M) were used. To investigate
the dose-dependent modulation of caMrap2a or caMrap2b on maximal response (Rmax) of CAMP
signaling of caMc3r to a-MSH stimulation (10° M), four ratios (1:0, 1:1, 1:3 and 1:5) of
caMC3R (0.25 ug/uL) and caMRAP2a or caMRAP2b were co-transfected into cells (24-well
plate). To study the constitutive activity of cCAMP signaling, caMC3R plasmid in increasing
concentrations (0, 0.007, 0.015, 0.030, 0.060, 0.125, and 0.250 pg/uL) were transfected into cells

(6-well plate).
4.2.7 Statistical analysis

All data were shown as mean = S.E.M. GraphPad Prism 8.3 software (GraphPad, San
Diego, CA, USA) was used to calculate the parameters of ligand binding and cAMP signaling
assays. The significance of differences in expression levels, ligand binding, and cCAMP signaling
parameters between caMc3r and hMC3R, as well as vehicle and ligand-treated groups, were all
determined by Student's t-test. F test was first analyzed to compare variances for each study. If P
value for F test is less than 0.05, unpaired t test with Welch's correction would be performed. If P
value for F test is more than 0.05, normal unpaired t test would be performed. One-way ANOVA
was used to analyze the significance of differences in binding, cCAMP, flow cytometry and gene
expression between multiple groups. For One-way ANOVA (more than two groups), if P value
for F test is less than 0.05, transformation would be performed to meet the P value for F test.

Statistical significance was set at P < 0.05.

4.3 Results
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4.3.1 Nucleotide and deduced amino acid sequences of caMc3r, MRAP2a, and MRAP2b

The cloned culter me3r (GenBank: MT419813) had 984 bp open reading frame (ORF),
encoding a protein of 327 amino acids with an estimated molecular mass of 36.01 kDa (Figure
4.2A). Multiple alignment of MC3Rs revealed that the predicated caMc3r had the classical
characteristic of Family A GPCRs, with seven hydrophobic transmembrane domains (TMDs)
and several conserved motifs (PMY, DRY, and DPxxY) at homologous positions with MC3Rs
of other species (Figure 4.2B). Three potential N-linked glycosylation site (Asn?, Asn'® and
Asn®) in N-terminus, and consensus sequence for protein kinase C phosphorylation
(Thr3t3Phe3t4Lys®) in the C-terminus were found in caMc3r (Figure 4.2A). The identities
between caMc3r and other piscine MC3R orthologs were 99% to Wuchang bream, 98% to
goldfish, 97% to common carp, 95% to zebrafish, 81% to coho salmon, as well as high
homology to mammalian MC3Rs (with 83% to pig and mouse, and 82% to human) (Figure
4.2B). Phylogenetic tree showed that caMc3r nested with Wuchang bream, goldfish, and

zebrafish Mc3rs (Figure 4.2C).

The cloned culter mrap2a had 654 bp ORF, encoding a protein of 217 amino acids with an
estimated molecular mass of 24.37 kDa (Figure 4.3A). The cloned culter mrap2b had 594 bp
ORF, encoding a protein of 197 amino acids with an estimated molecular mass of 22.20 kDa
(Figure 4.3B). Similar to other MRAP2s, the caMrap2a or caMrap2b contained several features
including a single TMD, a potential N-linked glycosylation site (Asn® of caMrap2a and Asn® of
caMrap2b) within N-terminus, a putative motif (LKAHKYS) crucial for the formation of
antiparallel homodimers [180], and a long C-terminal tail with many conserved residues (Figure
4.3C). Multiple sequence alignment showed that caMrap2a shared high identities with zebrafish

Mrap2a with 94%, and low identities (61%) with caMrap2b and other piscine MRAP2, with 64%
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to rainbow trout Mrap2, 61% to tilapia Mrap2, as well as to mammalian MRAP2s with 62% to
human MRAP2, 62% to mouse MRAP2 and 60% to goat MRAP2. Similar to caMrap2a,
caMrap2b shared high identities with zebrafish Mrap2b with 81%, and low identities with other
piscine MRAP2s, with 61% to rainbow trout Mrap2, 59% to tilapia Mrap2, as well as to
mammalian MRAP2s with 58% to human MRAP2, 60% to mouse MRAP2 and 58% to goat
MRAP2 (Figure 4.3C). Phylogenetic analysis revealed that caMrap2a clustered with teleost
Mrap2a, nested with zebrafish Mrap2a, and caMrap2b clustered with teleost Mrap2b, nested with

kanglang fish Mrap2b (Figure 4.3D).

4.3.3 Ligand binding properties of caMc3r

Binding assay was performed using multiple MC3R ligands, including NDP-MSH, a-MSH,
des-a-MSH, and ACTH (1-24). hMC3R was used for comparison in the same experiments. The
maximal binding values (Bmax) of caMc3r was 627.02 + 68.52% of that of the hMC3R (set as
100%) (P < 0.001) (Figure 4.4 and Table 4.1). caMc3r had significantly higher affinity to
ACTH (1-24) (P < 0.05) (Figure 4.4 and Table 4.1). ICsos were similar between the two

MC3Rs when NDP-MSH, a-MSH, or des-a-MSH, was used (Figure 4.4 and Table 4.1).

4.3.4 cAMP signaling properties of caMc3r

CAMP signaling properties were measured to investigate whether caMc3r could respond to
NDP-MSH, a-MSH, des-a-MSH, or ACTH (1-24) stimulation. The results indicated that all
agonists could stimulate caMc3r and dose-dependently increase intracellular cCAMP generation
(Figure 4.5 and Table 4.2). caMc3r had higher maximal responses (Rmax) to all agonists than
those of hMC3R (Figure 4.5 and Table 4.2). ECsos were remarkably decreased when caMc3r

was stimulated by ACTH (1-24) and des-a-MSH (Figure 4.5 and Table 4.2).
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The present study also showed that caMc3r had 4-times higher basal cCAMP levels than that
of hMC3R (Table 4.2). To further study whether caMc3r could be constitutively active,
increasing concentrations (from 0 to 0.25 pg/uL) of caMc3r plasmid were transfected into cells.
The data indicated that a low amount of caMc3r plasmid transfection could increase basal CAMP

signaling, starting at 0.03 ug/uL (Figure 4.5E).

4.3.5 Regulation of caMc3r expression and pharmacology by caMrap2s

The study showed that the mRNA of culter mc3r, mrap2a, and mrap2b, were detected in the
same tissues (data not shown), indicating that Mrap2s might affect Mc3r pharmacology.
Therefore, we further investigated the potential modulation of caMrap2s on Mc3r expression and

pharmacology.

Flow cytometry was used to measure caMc3r expression. We found that caMrap2a
significantly decreased the cell surface expression in 1:5 group but had no effect on total
expression of caMc3r (Figures 4.6A and B). However, caMrap2b did not significantly affect the

cell surface and total expression of caMc3r (Figures 4.6A and B).

Ligand binding assays with a-MSH and ACTH indicated that only caMrap2a significantly
decreased the Bmax 0f caMc3r in 1:5 group, but caMrap2b did not (Figures 4.7A, B and Table
4.3). caMrap2a and caMrap2b had no significant effect on affinities of caMc3r to a-MSH and

ACTH (1-24) (Figures 4.7A, B and Table 4.3).

Modulation of caMrap2a or caMrap2b on caMc3r signaling was also studied. Results
showed that both caMrap2a and caMrap2b did not markedly affect ECsos in response to a.-MSH
and ACTH; caMrap2a significantly decreased Rmax, but caMrap2b did not (Figures 4.7C, D and

Table 4.4). Additionally, increasing ratios of caMC3R/caMRAP2a or caMRAP2b (1:0, 1:1, 1:3,
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and 1:5) were co-transfected into cells. Results showed that both caMrap2a and caMrap2b dose-
dependently decreased basal CAMP generation (Figure 4.6C). The cCAMP generation of caMc3r
stimulated by 10®% M o-MSH was dose-dependently decreased by Mrap2a but not Mrap2b

(Figure 4.6D).
4.4 Discussion

In this study, we cloned culter mc3r, mrap2a, and mrap2b, and explored the

pharmacological properties of caMc3r and its modulation by Mrap2a and Mrap2b.

Culter mc3r had the similar primary structure as MC3Rs of other species with 7 TMDs and
several highly conserved motifs (Figure 4.2B). Phylogenetic tree analysis found that caMc3r
was clustered with teleost MC3Rs (Figure 4.2C). Culter Mrap2a and Mrap2b were similar to
MRAP2s of other species that had a potential N-linked glycosylation site in the N-terminal
domain and single highly conserved TMD (Figure 4.3). Based on culter genomic data, we did
not identify mrapl in topmouth culter [249], consistent with the hypothesis that mrapl gene is

lost in lobe-finned fish, amphibians and reptiles [3, 197].

Detailed pharmacological studies were performed on culter Mc3r. Results showed that all
agonists could bind and activate caMc3r (Figures 4.4 and 4.5). We found that caMc3r had high
affinity and potency to ACTH (Table 1 and Table 2), similar to dogfish [113] and channel
catfish [57] Mc3rs. Fish Mc4rs also show high affinities and potencies to ACTH [59, 115, 116,
148, 250, 251]. These indicated that ACTH may be the original ligand for the MC3R and MC4R
[252]. In addition, caMc3r showed decreased ECsos than hMC3R in response to a-MSH, des-a.-
MSH, and ACTH (Figure 4.5 and Table 4.2). These results were similar to those of channel

catfish Mc3r (ipMc3r) where ipMc3r shows significant decrease of ECsos in response to a-MSH
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and ACTH [57]. In addition, caMc3r had higher Rmaxs than that of hMC3R to all agonist (Figure
4.5 and Table 4.2). In channel catfish, Mc3r shows lower Rmaxs than that of h(MC3R to NDP-

MSH, a-MSH, B-MSH, and ACTH [57].

We further explored the potential modulation of the trafficking, ligand binding and signaling
on caMc3r by caMrap2s. Culter Mrap2a decreased cell surface expression but had no effect on
total expression of caMc3r, and Mrap2b did not affect cell surface and total expression of
caMc3r (Figures 4.6A and B). Both human MRAP1a and MRAP2 do not significantly affect
hMC3R cell surface expression [47, 49]. Zhang et al. showed that MRAP1 and MRAP2 have no
effect on the cell surface expression of chicken MC3R [56]. Collectively, the potential roles of

MRAPs on MC3R cell surface expression varies in different species.

In this study, we also showed that Mrap2a and Mrap2b did not affect affinities of caMc3r to
o-MSH and ACTH (Figure 4.7A, B and Table 4.3). Mrap2a decreased the Bmax 0f caMc3r,
probably due to decreased cell surface expression. As for signaling, both Mrap2a and Mrap2b
significantly decreased caMc3r basal activity (Figure 4.6C), and only Mrap2a markedly
decreased the Rmax (Table 4.4). Similar results were observed in channel catfish Mc3r that Mrap?2
decreases basal and ligand-stimulated cAMP signaling [57]. In zebrafish, Mrap2a and Mrap2b do
not modulate Mc3r signaling [55]. In hMC3R, MRAP2 significantly decreases NDP-MSH-
induced cAMP generation, and MRAP1a increases agonist-stimulated cCAMP signaling [47, 49].
In chicken, MRAP2 increases agonist-induced cAMP production and reduces constitutive
activity of MC3R, while MRAP1 has no effect on basal and agonist-induced cCAMP generation
[56]. Furthermore, MRAP1 and MRAP2 increase sensitivity to ACTH of chicken MC3R [56].
Mrap2a increases the sensitivity of zebrafish Mc4r to ACTH [206, 207]. MRAP2 also increases

ACTH potency and makes hMC4R act as the ACTH-preferring receptor [206]. However, this

114



study and our previous reports on grouper Mc4r do not find that MRAP2s could make MC3R or

MC4R act as ACTH-preferring receptor [59, 117].

Results of the present study demonstrated that caMc3r had high constitutive activity in
CAMP signaling (Figure 4.5E and Table 4.2), consistent with zebrafish, channel catfish, and
chicken Mc3rs [56, 57, 150]. The high basal activity of MC3R were decreased by MRAP2s in
culter, channel catfish, and chicken [56, 57]. AgRP, as the antagonist, decreases constitutive
activity of MC3R in channel catfish, and chicken [56, 57]. However, h(MC3R has little or no
basal activity in CAMP pathway [74, 98]. hMC4R shows modest constitutive activity, and the
defect in basal activity of MC4R mutations is considered as one cause of obesity [9, 146].
Mrap2- and AgRP-suppressed the basal activity of MC4R is essential for promoting zebrafish
growth [55, 141]. Thus, high basal activity of Mc3r might provide new strategies to reduce Mc3r
signaling by antagonist or Mrap2 for growth promotion in aquaculture. The potential relevance

and physiological functions of constitutive activity in teleost Mc3rs need further study.

In summary, we cloned culter mc3r. Culter Mc3r had high constitutive activity in cCAMP
pathway. Only caMrap2a markedly decreased cell surface expression and Rmax 0f caMc3r. Both
caMrap2a and caMrap2b decreased basal cCAMP production. These findings laid the foundation
for further physiological studies of culter Mc3r that might provide new strategies for promoting

growth and culture of culter.
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Table 4.1 The ligand binding properties of caMc3r

MC3R caMc3r hMC3R

Bmax % 627.02 + 68.52° 100
NDP-MSH ICs0 (NM) 2.78+0.71 1.78 £0.15
a-MSH ICs0 (NM) 20.81 +3.88 30.73 +1.31
des-a-MSH ICs0 (NM) 12397 +11.48  117.95+14.72
ACTH (1-24) ICs0 (NM) 19.66 + 5.58° 43.61 + 3.44

Results are presented as the mean £ SEM (n = 3 - 4).

& significant difference from the parameter of h(MC3R, P < 0.05.

b significant difference from the parameter of hMC3R, P < 0.001.
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Table 4.2 The signaling properties of caMc3r

MC3R caMc3r hMC3R
Basal (%) 406.89 £ 50.49° 100
ECso(nM)  0.42 +0.13 0.28 +0.08
NDP-MSH
Rmax (%) 208.87 + 15.15* 100
MSH ECs(nM)  0.22+0.04 1.70 + 0.42
Rumax (%) 171.91+15.40° 100
ECs(nM)  0.29 % 0.05? 3.14 +0.38
des-a-MSH
“ Rmax (%6) 168.17 £ 11.07 100
ECs(nM)  0.44%0.12) 4.82 +0.79
ACTH (1-24
(1-24) Rumex (%) 14092 +7.05 100

Results are presented as the mean £ SEM (n = 3 - 4).

& significant difference from the parameter of A(MC3R, P < 0.05.

b significant difference from the parameter of h(MC3R, P < 0.01.

¢ significant difference from the parameter of A(MC3R, P < 0.001.
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Table 4.3 The effect of caMrap2s on ligand binding properties of caMc3r

caMc3r/caMrap2s Brmax o-MSH ACTH
ICs0 (NM) ICs0 (NM)
caMc3r 100 40.97 £ 8.63 83.73+13.89

caMc3r/caMrap2a 48.71+5.03*  33.97+7.18 57.43+£12.43
caMc3r/caMrap2b 86.57 + 6.61 49.20 + 2.97 107.13 + 27.48

Results are expressed as the mean + SEM (n =3 - 4).

2 Significant difference from the parameter of 1.0, P < 0.001.
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Table 4.4 The effect of caMrap2s on cAMP signaling of caMc3r

caMc3r/caMrap2s  o-MSH ACTH
ECso ("M)  Rmax ECso (NM) Rmax
caMc3r 0.41+£0.02 100 2.09+£0.17 100
caMc3r/caMrap2a 0.29+0.04 50.86+7.13° 1.91+0.57 42.49 + 9.452
caMc3r/caMrap2b 057+0.15 11162+6.28 1.87+0.38 99.36 + 13.22

Results are expressed as the mean + SEM (n =3 - 4).
& Significant difference from the parameter of 1.0, P < 0.05.

b Significant difference from the parameter of 1:0, P < 0.001.
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A 1ATG AAC AAC TCG TAC CTG CAA TTC ATT AAA GGA CAG AAA CCT GCT AAC AGC ACA TCT TTG 60
1tmMm[N N s]Yy L @ F I K 6@ K P A[N_ s T|s L 20
61 CCT TCT AAT GGC AGT ACT GTG GAT CCT CCA GCA GGGGCG CTG TGC GAG CAG GTC CAG ATC 120
2P s[N 6 s|]T Vv D P P A G A L C E @V Q@ I 4
121 CAG GCA GAG GTT TTT CTC ACC TTG GGT ATT GTG AGT CTT CTG GAG AAC ATA CTC GTC ATC 180
4@ A E V F L T L G I V S L L E N I L V 1 60
181 TCG GCT GTG GTC AAA AAC AAA AAC CTT CAC TCT CCA ATG TAC TTT TTC CTG TGC AGC CTG 240
69 S A V V K N K N L H S P M Y F F L ¢ s L s
241 GCT GCT GCG GAC ATG TTG GTA AGT GTA TCG AAC TCT CTG GAG ACC ATT GTC ATT GCA GTA 300
88 A A A DM L V S V S N S L E T I V 1 A V 100
301 CTA AAC AGT CGC ATT TTG GTG GCC AGT GAT TAT TTT GTA CGT TTG ATG GAC AAT GTG TTT 360
1 L N S R I L V A S D Y F V R L M D N V F 12
361 GAC TCA ATG ATC TGC ATT TCT CTT GTG GCG TCC ATC TGC AAC CTT CTG GCC ATT GCC GTC 420
129 D S M I € I S L V A S I € N L L A I A V 140
421 GAC CGG TAC GTC ACG ATT TTC TAC GCC TTA CGC TAC CAC AGT ATA GTG ACT GTA CGT AGA 480
D R Y V T | F Y A L R Y H S I V T V R R 160
481 GCG CTG GTC GCA ATC GCT GCG ATC TGG CTG GTG TGT GTG GTT TGT GGG ATC GTC TTT ATA 540
61 A L V A I A A I W L V C V V C G 1 V F 1 18
541 GTG TAC TCT GAG AGC AAG ACC GTG ATC GTG TGT CTA ATC ACA ATG TTC TTT GCC ATG CTG 600
189V Y S E S K T V I V ¢ L I T M F F A M L 20
601 GTT CTC ATG GCA ACT CTC TAC GTA CAC ATG TTT CTT CTC GCC AGA CTT CAT GTC CAG AGA 660
20lv L M A T L Y V H M F L L A R L H V Q@ R 22
661 ATC GCA GCA TTA CCC CCA GCA GCA GCT GCC GCT GGC AAC CCG GCC CCA CGT CGA CAC AGC 720

212 | A A L P P A A A A A G N P A P R R H s 20
721 TGC ATG AAG GGA GCC GTG ACC ATC TCC ATC CTC CTC GGA GTG TTT GTG TGT TGC TGG GCG 780
21 ¢ M K G A V T |1 S | L L 6 vV F v C C W A 260
781 CCC TTT TTC CTC CAC CTC ATT CTG CTG GTG TCG TGT CCG CAC CAT CCG CTG TGC CTC TGC 840
261 P F F L H L | L L v §8 C P H H P L C L C 28
841 TAC ATG TCC CAC TTC ACC ACG TAC CTG GTC CTC ATT ATG TGC AAC TCT GTG ATT GAC CCC 900
281 Y M 8§ H F T T Y L Vv L I M C€C N S V | D P 300

901 CTC ATC TAC GCC TGC CGC AGC CTG GAA ATG AGG AAG ACT TTT AAG GAG ATA CTC TGC TGT 960
3L I Y A € R S L EMRIKCCF KYE I L C €32
961 TTT GGC TGC CAA CCT TCA CTT TAG

M F 6 ¢ Q@ P § L *
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B continued ™D6

Topmouth culter AMLVLMATLYVHMFLLARLHVQRIAALPPAAAAAGNPAPRRHSCMKGAVTISILLGVFVC257
Coho salmon TMLVLMATLYVHMFLLARLHIKRIAVLPAEG- - - - - - VVPQRTCMKGAITITILLGVFVC256
Common carp AMLVLMATLYVHMFLLARLHVQRIAALPPAAAAAGNPAPRQRSCMKGAVTISILLGVFVC257
Wuchangbream AMLVLMATLYVHMFLLARLHVQRIAALPPAAAAAGNPAPRQHSCMKGAVTISILLGVFVC257

Goldfish AMLVLMATLYVHMFLLARLHVQR|I AALPPAAAAAGNPAPRQRSCMEGAVTISILIGVFVC257
Zebrafish AMLVLMATLYVHMFLLARLHVQRI|I AALPPAAPGAGNPAPRQRSCMKGAVTISILLGVFVC257
Chicken TMLFLMASLYVHMFLFARLHVKRIAALPVD -« -« -« GVPSQRTCMKGAITITILLGVF IV251
Pig AMLLLMGTLYVHMFLFARLHVQRI|I AALPPADG----GPPPQRSCLKGAVTISLLLGVFIF253
Mouse AMVLLMGTLYIHMFLFARLHVQRIAVLPPAGV----VAPQQHSCMKGAVTITILLGVFIF253
Human AMMLLMGTLYVHMFLFARLHVKRI AALPPADG----VAPQQHSCMKGAVTITILLGVFIF2%
Consensus HE- A - HEH-
TMD?7

Topmouthculter CWAPFFLHLILLVSCPHHPLCLCYMSHFTTYLVLIMCNSVIDPLIYACRSLEMRKRNAAEI 317
Coho salmon CWAPFFLHLILLITCPKNQLCVCYMSHFTTYLVLIMCNSVIIDPVIYAFRSLEMRKREFSEI 316
Common carp CWAPFFLHLILLVSCPHHALCLCYMSHFTTYLVLIMCNSVI|IDPLIYACRSLEMRKREINEI 317
Wuchangbream CWAPFFLHLILLVSCPYHPLCLCYMSHFTTYLVLIMCNSVIDPLIYACRSLEMRKREAYEI 317
Goldfish CWAPFFLHLILLVSCPHHPLCLCYMSHFTTYLVLIMCNSVI|DPLIYACRSLEMRKREGHSEI 317
Zebrafish CWAPFFLHLILLVSCPHHPLCLCYMSHFTTYLVLIMCNSVIDPLIYACRSLEMRKREAAEI 317
Chicken CWAPFFLHLILIISCPMNPYCVCYTSHFNTYLVLIMCNSVIIDPLIYAFRSLEMRKREFSEI 311
Pig CWAPFFLHLVLIITCPTHPYCICYTAHFNTYLVLIMCNSVI|IDPLIYAFRSLEL RNREAMEI 313
Mouse CWAPFFLHLVLIITCPTNPYCICYTAHFNTYLVLIMCNSVI|IDPL I YAFRSLELRNREHSEI 313
Human CWAPFFLHLVLIITCPTNPYCICYTAHFNTYLVLIMCNSVI|IDPLIYAFRSLELRNRNFAJE! 350
Consensus R T T T . Koo R R s R R R R R R R K KKK XXX XK R EE R R EK L R R K 2 AR
Topmouthculter LCCFGCQPSL--- - - 327
Coho salmon LCCFSATCRIFHCKY 331
Common carp LCCFGCQPPL - - - - - 327
Wuchangbream LCCFGCQPSL----- 327
Goldfish LCCFGCQPPL - - - - - 327
Zebrafish LCCFGCQPAL - - - - - 327
Chicken VCCCYGVS -VGQCML 325
Pig LCSCNA-=-=====-=- 319
Mouse LCGCNSMN-LG- - - - 323
Human LCGCNGMN-LG - - - - 360
Consensus Hi
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Figure 4.2 Nucleotide and deduced amino acid sequences (A), comparison of amino acid
sequences (B), and phylogenetic tree (3) of caMc3r. Positions of nucleotide and amino acid
sequences are indicated on both sides. N-linked glycosylation sites are present in open boxes.
Shaded boxes show putative TMD1-7. Oval frame denotes potential phosphorylation site. The

conserved motifs (PMY, DRY and DPxxY) are underlined. Asterisk (*) shows stop codon. The
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tree was constructed by the Neighbor-joining (NJ) method. Numbers at nodes indicate the
bootstrap value, as percentages, obtained for 1000 replicates. Black dot denote culter Mc3r.
MC3Rs: Culter alburnus (topmouth culter, MT419813), Megalobrama amblycephala (Wuchang
bream, AWA81517.1), Carassius auratus (goldfish, BAJ83473.1), Danio rerio (zebrafish,
AAO024744.1), Oncorhynchus kisutch (coho salmon, XP_020360426.1), Homo sapiens (human,
NP_063941.3), Mus musculus (mouse, AAI03670.1), Gallus gallus (chicken, XP_004947293.1),
Sus scrofa (pig, AFK25142.1), Rattus norvegicus (rat, NP_001020441.3), Equus caballus (horse,
NP_001243901.1), Pangasianodon hypophthalmus (iridescent shark, XP_026770221.1),
Astyanax mexicanus (Mexican tetra, XP_007231215.1), Oryx gazella (gemsbok, AFH58734.1),
Pteropus vampyrus (large flying fox, XP_011368476.1), Pteropus alecto (black flying fox,
XP_006921991.1), Dasypus novemcinctus (nine-banded armadillo, XP_004447768.1), Felis
catus (cat, XP_023106851.1), Loxodonta africana (African bush elephant, XP_003419952.1),
Oncorhynchus tshawytscha (chinook salmon, XP_024229914.1), Salvelinus alpinus (Arctic char,
XP_023994975.1), Amazona aestiva (turquoise-fronted amazon, KQL61336.1), Scleropages
formosus (Asian arowana, XP_018615783.1), Pelodiscus sinensis (Chinese softshell turtle,
XP_006129463.1), Terrapene carolina triunguis (common box turtle, XP_024059166.1), and

Alligator sinensis (Chinese alligator, XP_006018246.1).
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1 ATG CCG AGG TTC CAG TTT TTA AAC AGT ACT AGT ATG CCA AAT CAT AAT TAT GAA TGG AGC 60

1M P R F @ F L[N s T|ls M P N H N Y E W s 20

61 TAC GAA TAC TAC GAC GAC GAA GAG CCC GTG TCT TTT GAA GGA CTC AAA GCA CAT CGA TAT 120
/NSNS © o £ £ F v s f £ o TSR~
121 TCC ATT GTG ATT GGC TTC TGG GTG GGT CTT GCA GTT TTT GTC ATA TTT ATG TTT TTT GTT 180
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Figure 4.3 Nucleotide and deduced amino acid sequences of Mrap2a (A) and Mrap2b (B),

and comparison of amino acid sequences (C) and phylogenetic tree (D) of MRAP2.

Positions of nucleotide and amino acid sequences are indicated on both sides. N-linked

glycosylation sites are present in open boxes. Red box denotes YEYY motif. Black box is

LKANKYL motif. Shaded box shows putative TMD. Asterisk (*) shows stop codon. Nucleotide

and deduced amino acid sequences and phylogenetic tree of caMrap2a and caMrap2b. A.

Nucleotide and deduced amino acid sequences of caMrap2a. B. Nucleotide and deduced amino

acid sequences of caMrap2b. Positions of nucleotide and amino acid sequences are indicated on

both sides. Amino acids in shaded box indicate putative transmembrane domain. Open box

128



shows putative N-linked glycosylation sites. Initiation and stop codons are underlined. Asterisk
(*) denotes stop codon. C. Phylogenetic tree of MRAP2. The tree was constructed using the
neighbor-joining (NJ) method. Numbers at nodes indicate the bootstrap value, as percentages,
obtained for 1000 replicates. Black dot and open boxes show caMrap2a and caMrap2b and
outgroup, respectively. MRAP2s: Culter alburnus (topmouth culter, MRAP2a: MT163516, and
MRAP2b: MT163517), Epinephelus coioides (orange-spotted grouper, QED39647.1), Danio
rerio (zebrafish, MRAP2a: FBW4H9.1 and MRAP2b: FBW4H9.1), Oreochromis niloticus (Nile
tilapia, XP_003458293.2), Oryzias latipes (Japanese medaka, XP_023809099.1), Kryptolebias
marmoratus (mangrove rivulus, XP_017267334.1), Maylandia zebra (zebra mbuna,
XP_004568825.1), Oncorhynchus tshawytscha (Chinook salmon, XP_024278413.1),
Amphiprion ocellaris (anemonefish, XP_023122806.1), Oncorhynchus mykiss (rainbow trout,
XP_021467183.1), Gallus gallus (chicken, ALO81626.1), Ictidomys tridecemlineatus (thirteen-
lined ground squirrel, XP_021581743.1), Mus caroli (Ryukyu mouse, XP_021029091.1), Puma
concolor (puma, XP_025781535.1), Homo sapiens (human, AAH10003.2), Bubalus bubalis
(water buffalo, XP_006054803.2), Pteropus alecto (black flying fox, XP_006926405.1), Macaca
nemestrina (pig-tailed macaque, XP_011764298.1), Triplophysa tibetana (MRAP2a:
KAA0703529.1 and MRAP2b: KAA0720858.1), Anabarilius grahami (Kanglang fish, MRAP2b

R0J29330.1), Carassius auratus (goldfish, MRAP2a: XP_026139519).
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Figure 4.4 Ligand binding properties of caMc3r. Different concentrations of unlabeled NDP-
MSH (A), a-MSH (B), des-a-MSH (C), and ACTH (1-24) (D) were used to displace the binding
of 1-NDP-MSH. Results are expressed as % of hMC3R binding + range from duplicate
determinations within one experiment. All experiments were repeated at least three independent

times.
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Figure 4.5. Signaling properties of caMc3r. HEK293T cells were transiently transfected with
hMC3R or caMc3r plasmids. Different concentrations of NDP-MSH (A), a-MSH (B), des-a-
MSH (C), and ACTH (1-24) (D) were used to stimulate the cells. (E) Constitutive activities of
caMc3r in cCAMP pathway. Increasing concentrations of caMc3r plasmid were transfected into
HEK293T cells. Cells transfected with empty pcDNA3.1 vector were used as the control group.
Data are mean + SEM from triplicate measurements within one experiment. All experiments

were performed at least three times independently.
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Figure 4.6 Regulation of caMc3r expression and signaling by caMrap2s. Cell surface
expression (A) and total expression (B) of caMc3r modulated by caMrap2a or caMrap2b were
measured by flow cytometry. Basal (C) and maximal signaling (D) of caMc3r regulated by
MRAP2a or MRAP2b were determined by RIA. HEK293T cells were co-transfected with
different ratios of caMc3r/caMrap2a or caMc3r/caMrap2b (1:0, 1:1, 1:3, and 1:5). The empty
vector pcDNAS3.1 fluorescence is used for background staining. The results are calculated as %
of 1:0 group. Each data point represented as the mean £ SEM (n = 3 - 4). Different letters

indicate significant difference (P < 0.05) (One-way ANOVA followed by Tukey test).
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Figure 4.7 Modulation of caMc3r pharmacology by caMrap2s. Ligand binding (A, B) and
signaling (C, D) properties of caMc3r to a-MSH or ACTH (1-24) upon co-expression of caMc3r
with caMrap2a or caMrap2b were measured. HEK293T cells were co-transfected with
caMc3r/caMrap2a or caMc3r/caMrap2b in two different ratios (1:0 and 1:5). Results of binding
properties were calculated as % of h(MC3R binding £ range from duplicate determinations within

one experiment. All experiments were measured at least three independent experiments.
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Chapter 5: Regulation of melanocortin-4 receptor pharmacology by two isoforms of

melanocortin receptor accessory protein 2 in topmouth culter (Culter alburnus)

5.1 Introduction

The melanocortins are derived from tissue-specific post-translational processing of
proopiomelanocortin (POMC), including a-, B-, y-melanocyte-stimulating hormones (a-, B-, v-
MSH) and adrenocorticotropic hormone (ACTH) [17, 18]. The physiological functions of these
peptides are exerted by five melanocortin receptors (MC1R-MC5R), members of rhodopsin-like
Family A G-protein-coupled receptors (GPCRs), including regulation of pigmentation, adrenal
steroidogenesis, energy homeostasis, lipolysis, stress, cardiovascular and sexual function [240-
242]. MCA4R is highly expressed in the central nervous system and involved in regulating energy
homeostasis via modulating both food intake and energy expenditure; it is also involved in
regulating sexual function and reproduction by affecting the secretion of reproductive hormones
(reviewed in [24, 32]). Targeted deletion of Mc4r increases food intake and decreases energy
expenditure, resulting in obesity in mice [25, 26]. MC4R mutation is the leading cause of human

monogenic obesity [127] (reviewed in [30, 131]).

The MC4R is primarily coupled to the stimulatory heterotrimeric G protein (Gs). MC4R
activation leads to stimulation of adenylyl cyclase activity, which will increase the level of the
second messenger cyclic adenosine monophosphate (CAMP) to trigger downstream signaling
[20]. MC4R also phosphorylates extracellular signal-regulated kinase 1 and 2 (ERK1/2) [157,

158, 222, 253].
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Melanocortin receptor accessory proteins (MRAPs, including MRAP1 and MRAP2), small
single transmembrane domain proteins, are identified as receptor-specific molecular chaperones,
regulating MC2R trafficking, ligand binding and cAMP generation [44, 46, 47, 55]. MRAP2 is
involved in modulating energy homeostasis due to its high expression in central nervous system.
MRAP2 deceases agonist-stimulated signaling but does not affect basal signaling of human (h)
MC4R [47], while MRAP2 in mice decreases the basal activity and increases maximal response
(Rmax) [50]. MRAP2 mutations were shown to be potentially pathogenic for early-onset obesity
[50, 254]. Mice with whole body and brain-specific deletion of Mrap2 also have early-onset
severe obesity [50]. These results suggest that MRAP2 is involved in regulating MC4R signaling

and body weight in mammals.

Mc4r has also been characterized in teleosts [55, 114-118, 132, 148, 209, 255], and shown to
act as a regulator in energy balance, sexual behavior, and reproduction [137, 139, 140, 143, 144].
Non-mammalian MRAPs are different from those of mammals. Some fishes only have mrap2,
lacking mrapl [197, 256], and some have two mrap2 genes (mrap2a and mrap2b) [55, 207]. In
zebrafish, two Mrap2s have different expression patterns at different stages, with Mrap2a
expressed from embryos to adults, stimulating growth by blocking Mc4r action in larvae, and
Mrap2b mainly expressed in adults, enhancing Mc4r response [55]. In vitro, Mrap2a decreases
the Mc4r affinity for a-MSH, but Mrap2b increases ligand sensitivity of zebrafish Mc4r [55].
Hence, a better understanding of the vital functions of MC4R in modulating energy homeostasis
and reproductive function and the interaction between Mrap2 and Mc4r is important for feeding

and artificial breeding of economical species.
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The topmouth culter (Culter alburnus), which belongs to Cyprinidae, Cultrinae,
Erythroculter, is an economically important freshwater fish widely distributed in large rivers,
reservoirs, and lakes in China [248, 249, 257, 258]. With excellent taste, rapid growth, and
strong performance in culture, this fish has been extensively cultured over the past few decades
due to high market demand [259]. In this study, we cloned culter mc4r. We then studied the

pharmacological properties of caMc4r and the effects of Mrap2a and Mrap2b on caMc4r.

5.2 Materials and methods

5.2.1 Ligands and plasmids

NDP-MSH was purchased from Peptides International (Louisville, KY, USA), human a-
and B-MSHs from Pi Proteomics (Huntsville, AL, USA), and ACTH (1-24) from Phoenix
Pharmaceuticals (Burlingame, CA, USA), and THIQ (N-[(3R)-1,2,3,4-
Tetrahydroisoquinolinium-3-ylcarbonyl]-(1R)-1-(4-chlorobenzyl)-2-[4-cyclohexyl-4-(1H-1,2,4-
triazol-1-ylmethyl)piperidin-1-yl]-2-oxoethylamine) [260] from Tocris Bioscience (Ellisville,
MO, USA). We analyzed culter Pomc from culter genome, found that culter a-Msh, Acth (1-24)
and B-Msh were conserved with human o-MSH (100%), ACTH (1-24) (87.5%) and B-MSH
(57.1%), respectively. [*?°1]-NDP-MSH and [*?°I]-cAMP were iodinated using chloramine T
method [221, 222]. The N-terminal c-myc-tagged wild-type hMC4R was subcloned into
pcDNAZ3.1 vector as previously described [223]. N-terminal c-myc-tagged caMC4R, N-terminal
flag-tagged caMRAP2a, and N-terminal flag-tagged caMRAP2b were synthesized and subcloned

into pcDNAS3.1 vector by GenScript (Piscataway, NJ, USA) to obtain the plasmids.
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5.2.2Gene cloning and sequence alignment

Gene sequences were provided by our collaborator: Dr. Min Tao from Hunan Normal

University, Hunan, China.

5.2.3 Cell culture and transfection

Human Embryonic Kidney (HEK) 293 T cells (ATCC, Manassas, VA, USA) were cultured
at an incubator (37 °C in a 5% CO2-humidified atmosphere). The medium contained Dulbecco’s
Modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, USA) 10% newborn calf serum,
10 mM HEPES, 50 pg/mL of gentamicin, 0.25 ug/mL of amphotericin B, 100 ug/mL of
streptomycin and 100 1U/mL of penicillin. Cells were plated into 24-wells or 6-wells plates
(Corning, NY, USA) pre-coated with 0.1% gelatin. At approximately 60-70% confluence, cells
were transfected with plasmids by calcium phosphate precipitation method [224]. The total DNA

was normalize using empty vector pcDNA3.1 in each well.

5.2.4 Flow cytometry assay

The influence of caMrap2a or caMrap2b on the cell surface and total expression levels of
caMc4r was studied using flow cytometry as described earlier [118]. Cells were plated into 6-
well plates and transfected with caMC4R (N-terminal c-myc tag) and caMRAP2a or caMRAP2b
plasmids in four ratios (1:0, 1:1, 1:3, and 1:5). The C6 Accuri Cytometer (Accuri Cytometers,
Ann Arbor, MI, USA) was used for analysis. The empty vector (pcDNA3.1) fluorescence was

used for background staining. The expression of the caMc4r was calculated as the percentage of
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1:0 (caMc4r/caMrap2a or caMc4r/caMrap2b) group was set as 100%. The other groups were

calculated as % of the 1:0 group [225].

5.2.5 Ligand binding assays

Binding assay was used to study the binding properties of caMc4r to different ligands as
described previously [57, 223]. Culter MC4R or hMC4R plasmid (0.25 ug/uL) were transfected
into cells (6-well plate). The ligands and final concentration were: NDP-MSH (from 10! to 10
M), a-MSH (from 10° to 10° M), B-MSH (from 101° to 10° M), ACTH (1-24) (from 10° to
10° M) or THIQ (from 107! to 10 M). To study the effect of caMrap2a or caMrap2b on the
binding property of caMc4r, caMC4R (0.25 pg/uL) with caMRAP2a or caMRAP2b in two ratios
(1:0 and 1:5) were transfected into cells (6-well plate), and two ligands, a-MSH (from 102 to

10° M) and ACTH (1-24) (from 10° to 10° M) were used.

5.2.6 CAMP assays

Intracellular cAMP was tested as described previously [221, 223]. The final concentration of
ligands used were NDP-MSH (from 10! to 10° M), a-MSH (from 10° to 10° M), B-MSH

(from 10% to 10° M), ACTH (1-24) (from 10° to 10> M), or THIQ (from 10° to 10° M).

To study the potential effect of caMrap2a and caMrap2b on caMc4r signaling, caMC4R
(0.25 pg/uL) and caMRAP2a or caMRAP2b plasmids in two ratios (1:0 and 1:5) were co-
transfected into cells (24-well plate), and two ligands, a-MSH (from 101° to 10° M) and ACTH

(1-24) (from 1071° to 10> M) were used.
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To study the dose-dependent effect of caMrap2a or caMrap2b on the Rmax of CAMP levels of
caMc4r to a-MSH stimulation, caMC4R (0.25 pg/uL) and caMRAP2a or caMRAP2b plasmids

in four ratios (1:0, 1:1, 1:3 and 1:5) were co-transfected into cells (24-well plate).

To explore the constitutive activity of Gs-cCAMP, cells were transfected with caMC4R
plasmid in different concentrations (0, 0.007, 0.015, 0.030, 0.060, 0.125, and 0.250 pug/uL) (6-

well plate).

5.2.7 Erk1/2 phosphorylation assay

To explore the constitutive pErk1/2 level, cells were transfected with caMC4R plasmid in
different concentrations (0, 0.007, 0.015, 0.030, 0.060, 0.125, and 0.250 pg/uL). The
phosphorylated Erk1/2 levels were detected as described previously [222, 253]. Rabbit anti-
pErk1/2 antibody (Cell Signaling, Beverly, MA) and mouse anti-pB-tubulin antibody
(Developmental Studies Hybridoma Bank, University of lowa, lowa City, 1A) were used in this
study. ImageJ 1.44 software (National Institute of Health, Bethesda, MD) were used to quantify

the films. The pErk1/2 levels were normalized as a ratio of pErk1/2 over B-tubulin in the same

gel.

5.2.8 Statistical analysis

All data were shown as mean + SEM. GraphPad Prism 8.3 software (San Diego, CA, USA)
was used to calculate parameters including maximal binding (Bmax), 1Cso, maximal response
(Rmax), basal activity and ECso. The significance of differences in ligand binding and signaling

between caMc4r and hMC4R were determined by Student's t-test. Ligand binding, cCAMP, flow
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cytometry parameters of caMc4r regulated by Mrap2s and ERK1/2 signaling were analyzed the
significance of differences by one-way ANOVA. Statistical significance was analyzed using

GraphPad Prism 8.3 software.

5.3 Results

5.3.1 Nucleotide and deduced amino acid sequences of caMc4r

The cloned topmouth culter mc4r had 981 bp open reading frame (ORF) that encoded a
pupative protein of 326 amino acids and 36.57 kDa molecular mass (Figure 5.1A). The culter
Mc4r had seven putative hydrophobic transmembrane domains (TMDs) with an extracellular
amino terminus, extracellular loops (ECLSs), intracellular loops (ICLs), and an intracellular
carboxyl terminus (Figures 5.1A and B). The deduced amino acid sequence in the TMDs of
caMc4r was significantly conserved with these of other species. The PMY, DRY, and DPxxY
motifs were predicted at homologous positions with MC4Rs of other species (Figure 5.1B). Two
potential N-linked glycosylation site (Asn? and Asn'®) in N-terminus, 15 cysteine residues and
consensus sequence for protein kinase C phosphorylation (Thr¥'°Phe®Lys3!?) in C-terminus
were observed in the caMc4r amino acid sequence (Figure 5.1B). By multiple sequence
alignment analysis, we found that caMc4r shared high identities with other piscine MC4Rs, with
99% homology to grass carp, 99% to zebrafish, 87% to flounder, 88% to fugu, and 88% to sea
bass, as well as to mammalian MC4Rs with 81% to human, 81% to mouse, and 82% to pig.
Phylogenetic tree between caMc4r and other MC4Rs revealed that caMc4r was localized in a

clade of grass carp and zebrafish (Figure 5.1C).

5.3.2 Ligand binding properties of caMc4r
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A comparative ligand binding assay was performed to investigate the binding properties of
caMc4r using hMC4R for comparison. Different concentrations of five unlabeled agonists (NDP-
MSH, a-MSH, -MSH, ACTH (1-24), and THIQ) were used as competitors with a fixed amount
of 121-NDP-MSH. The maximal binding values (Bmax) of caMc4r was 34.49 + 3.43% of that of
the hMCA4R (Figure 5.2 and Table 5.1). Similar as the binding affinity order of hMC4R, caMc4r
bound to superpotent agonist NDP-MSH with the highest affinity (ICso, 4.87 + 1.80 nM),
followed by ACTH (1-24) (123.03 = 31.15 nM), a-MSH (126.33 + 8.95 nM), and B-MSH
(442.00 £ 65.43 nM) (Table 5.1). Culter Mc4r had a significantly higher affinity to B-MSH than
hMC4R. THIQ was able to displace the °I-NDP-MSH bound with caMc4r, although it had a
lower affinity (1260.33 £ 272.61 nM) compared with that for hMC4R (Figure 5.2 and Table

5.1).

5.3.3 Signaling properties of caMc4r

All agonists (NDP-MSH, a-MSH, B-MSH, ACTH (1-24) and THIQ) were able to stimulate
caMc4r and dose-dependently increased the level of intracellular cAMP (Figure 5.3 and Table
5.2). Similar maximal responses (Rmax) and ECsos to NDP-MSH, a-MSH, B-MSH, and ACTH
(1-24) stimulation were observed between caMc4r and hMC4R. However, ECso was
significantly increased and Rmax Was significantly decreased when stimulated by THIQ (Figure

5.3 and Table 5.2).

In this study, we found that the basal signaling of caMc4r was 4.08 times that of hMC4R
(Table 5.2), indicating that caMc4r might be constitutively active. Different concentrations of

caMC4R plasmid were transfected into cells and basal intracellular cAMP levels measured. We
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found that a low amount of caMC4R plasmid (0.007 pg/uL) transfected resulted in high-level
CAMP production (Figure 5.4A). Similar results were found in basal Erk1/2 phosphorylation,
starting with a transfection of 0.015 ug/uL caMC4R that significantly increased basal pErk1/2
level (Figures 5.4A and B). Therefore, our data indicated that caMc4r could be constitutively

active in both cAMP and Erk1/2 pathways.

5.3.4 Modulation of caMc4r expression and pharmacology by caMrap2s

The influence of caMrap2a and caMrap2b on the cell surface and total expression levels of
caMc4r was performed by flow cytometry (Figure 5.5). The results demonstrated that caMrap2a
increased the cell surface and total expression of caMc4r, and there were no significant
differences among groups (Figures 5.5A and B). Cuter Mrap2b significantly increased the cell
surface and total expression of caMc4r in 1:3 group than that in the 1:0 group (Figures 5.5C and

D).

Competitive ligand binding assays with ACTH (1-24) and a-MSH showed that ¢ caMrap2a
significantly increased the Bmax of caMc4r in the 1:5 group, while caMrap2b did not affect the
Bmax (Figures 5.6A, B and Table 5.3). Culter Mrap2a and Mrap2b significantly increased

affinity of caMc4r to ACTH (1-24) but did not affect the ICsos of caMc4r to a-MSH (Table 5.3).

To study the effect of caMrap2a or caMrap2b on the cAMP signaling of caMc4r, cells were
co-transfected with caMC4R/caMRAP2a or caMC4R/caMRAP2b in two different ratios (1:0 and
1:5) and ACTH (1-24) and a.-MSH were used as agonists. The results showed that caMrap2a or
caMrap2b had no effect on ECsgs; caMrap?2a significantly decreased the Rmax, but caMrap2b did

not affect the Rmax (Figures 5.6C, D and Table 5.4).
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We further investigated the dose-dependent effects of caMrap2a or caMrap2b on basal and
maximal signaling to a-MSH stimulation (Figure 5.7). Cells were co-transfected with four ratios
of caMC4R/caMRAP2a or caMC4R/caMRAP2b (1:0, 1:1, 1:3, and 1:5). We found that the basal
CAMP production of caMc4r were dose-dependently decreased by both caMrap2a or caMrap2b
(Figures 5.7A and B). In addition, maximal cAMP levels of caMc4r activated by 10° M o-MSH
were also dose-dependently decreased by caMrap2a in 1:3 and 1:5 groups but not caMrap2b

(Figures 5.7 C and D).

5.4 Discussion

In the present study, we demonstrated that cloned culter mc4r was predicted to encode a
protein of 326 amino acids with similar structural characteristics as MC4Rs of other species
(Figure 5.1B), including other teleost Mc4rs [115-118, 148]. Phylogenetic analysis revealed that
caMc4r clustered with teleost Mc4rs (Figure 5.1C). The tissue expression data showed that
mrap2a/mrap2b and mc4r are co-expressed in the central nervous system and in the periphery
(data not shown), indicating that caMrap2a or caMrap2b might modulate Mc4r signaling in the

central nervous system and in the periphery.

We also explored the pharmacology of the cloned caMc4r with binding and signaling assays.
Our results showed that NDP-MSH bound to caMc4r with the highest affinity (ICso of 4.87 nM)
and activated caMc4r with the highest potency (ECso was 0.44 nM) (Tables 5.1 and 2). Lower
binding capacity was observed in caMc4r (about 35% of that of hMC4R) (Table 5.1), consistent
with previous studies in spotted scat [115], grass carp [116], swamp eel [148], sea bass [118],

and orange-spotted grouper [117]. In culter, ACTH had higher affinity and was more efficacious
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than a-MSH for caMc4r, consistent with the suggestion that ACTH may be the original ligand

for the MCRs [252].

In cAMP signaling assay, a-MSH, B-MSH, and ACTH (1-24) stimulated caMc4r and
hMC4R with similar potencies (Figure 5.3 and Table 5.2). THIQ, a small molecule agonist,
bound to caMc4r and displaced the *?°I-NDP-MSH with a lower affinity (Table 5.1), activated
caMcd4r and initiated CAMP accumulation with an ECsg of 75.71 nM (~15-fold higher than that
of hMC4R) (Table 5.2). These data suggested that THIQ was not an allosteric agonist at caMc4r,

different from our previous studies in grass carp and swamp eel [116, 148].

The hMC4R has been shown to have constitutive activity in Gs-CAMP signaling [147], and
N-terminus is an important modulator in regulating constitutive activities in hMC4R [146].
Mutations in MC4R leading to decreased constitutive activity are associated with obesity
pathogenesis [9, 24, 146]. Compared to hMCA4R, teleost Mc4rs showed much higher constitutive
activity in cAMP signaling [115-118, 148]. Our present study also showed that caMc4r
significantly increased basal activities in Gs-CAMP and Erk1/2 signaling (Figure 5.4). The
potential relevance of constitutive activity in teleost Mc4rs remains to be studied more

extensively.

We further investigated whether Mrap2a and Mrap2b could modulate the trafficking, ligand
binding and signaling of caMc4r. Culter Mrap2a and Mrap2b both increased the cell surface
expression of caMc4r (Figure 5.5). In zebrafish, Mrap2b dose-dependently increases the cell
surface expression of Mc4r, while Mrap2a has no effect on the cell surface expression of Mc4r

[55]. Human MRAP1 and MRAP2 decrease the cell surface expression of MC4R [47]. In
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chicken, MRAP1 and MRAP2 have no significant effect the cell surface expression of MC4R
[56]. In tilapia, Mrap2 dose-dependently decreases the cell surface expression of Mc4r [209].
Mrap2 also decreases the cell surface expression of Mcra and Mcrb in sea lamprey, which has
only two Mcrs [208]. Therefore, the effect of MRAP2 on cell surface and total expression of the
MCA4R varies in different species. Culter Mrap2a increased the Bmax 0f ¢ caMc4r but caMrap2b
did not affect the Bmax (Table 5.3). caMrap2a and caMrap2b significantly increased affinity of

caMcdr to ACTH (1-24) but did not affect the 1Cso of caMc4r to a-MSH (Table 5.3).

Remarkably, culter Mrap2a and Mrap2b also inhibited the constitutive activity of caMc4r
(Figure 5.7). Furthermore, caMrap2a significantly decreased the Rmax (Table 5.4), and
caMrap2b had no effect on the Rmax. Mrap2 decreases the constitutive activity and the Rmax of
Mc4r in tilapia and grouper [117, 209]. In zebrafish, Mrap2a suppresses the constitutive activity
of Mc4r, reduces the Rmax, While increases a-MSH potency; Mrap2b suppresses the constitutive
activity of Mc4r and increases the Rmax [55]. In sea lamprey, Mrap2 increases agonist-stimulated
signaling of Mcra and Mcrb [208]. In chicken, MRAP1 and MRAP2 decrease the basal activity
and increases sensitivity to ACTH [56]. Human MRAP1 and MRAP2 decreases agonist-
stimulated cAMP production [47]. Therefore, different effects of MRAPs on MC4R basal and

agonist-stimulated signaling are observed in different species.

One shortcoming of this study is that we used human ACTH and B-MSH for the
experiments. a-MSH has been shown to be fully conserved in all species with POMC gene
studied so far, including culter investigated here. For ACTH (1-24), there were 3 amino acids
different between human and culter sequences, but two of these changes were very conservative

[60]. Therefore, we deduce that culter Acth (1-24) would likely behave similarly as human
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ACTH (1-24) that we used in the experiments. There was only 57% homology between human
and culter B-MSHs [60]. Therefore, we need to interpret the data obtained for B-MSH with
caution. In future studies, we need to identify the molecular forms of the endogenous MSHSs
produced and the modifications (for example, acetylated or des-acetylated) and synthesize these

peptides for functional characterization experiments.

In summary, we cloned mc4r and investigated its pharmacology and regulation by
Mrap2a/Mrap2b. Culter Mc4r had high constitutive activities, and similar potencies to several
agonists as hMC4R. Culter Mrap2a significantly increased the Bmax and decreased agonist-
stimulated cAMP, whereas caMrap2b increased the cell surface and total expression but did not
affect Bmax and agonist-stimulated cAMP. Therefore, these data suggested that Mrap2a/Mrap2b
had differential effects on the expression, binding, and signaling of caMc4r. These findings lay
the foundation for future physiological studies on the functions of culter Mc4r that might provide

new strategies to improve growth and reproduction in culter culture.
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Table 5.1 Ligand binding properties of caMc4r

NDP-
MC4R B % MSH o-MSH B-MSH ACTH THIQ
ICso(NM)  ICs(NM)  ICso (NM) ICso(NM)  ICso (NM)
1427 + 280.47 * 825.87 * 61.96 + 164.63 +
hMC4R 100 2.98 95.49 66.17 1757 30.15
34.49 + 4.87 + 126.33 + 442.00 + 123.03 + 1260.33 +
caMc4r  3.43° 1.80 8.95 65.43° 31.15 272.61

Results are expressed as the mean + SEM of at least three independent experiments. Human
MC4R was used for comparison.
a: Significantly different from the parameter of h(MC4R, P < 0.05.

b: Significantly different from the parameter of hMC4R, P < 0.001.
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Table 5.2 The signaling properties of hMC4R and caMc4r

MC4R caMc4r hMC4R
Basal (%0) 408.65 + 103.30° 100
NDP-MSH ECso (nM) 0.44+0.24 0.30 £ 0.05
Rmax (%0) 84.48 + 8.28 100
0-MSH ECso (NM) 1.23+0.32 1.16 £0.32
Rmax (%0) 166.21 + 47.26 100
B-MSH ECso (NM) 5.76 +1.62 3.91+1.09
Rmax (%6) 167.74 +27.91 100
ACTH ECso (NM) 1.60 £0.76 1.16 £+ 0.27
Rmax (%0) 149.21 + 26.94 100
THIQ ECso (nM) 75.71 + 10.572 .70+ 1.74
Rmax (%0) 39.73+1.37° 100

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: Significantly different from the parameter of hMC4R, P < 0.001.
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Table 5.3 The effect of Mrap2s on ligand binding properties of caMc4r

caMc4r/caMrap2s Bmax o-MSH ACTH

I1Cso0 (NM) 1Cs0 (NM)
caMcér 100 229.00+£79.70  235.13+16.70
caMc4r/caMrap2a 170.74 £13.08* 233.07 +44.80 6.34+1.07°
caMc4r/caMrap2b 123.58 + 9.86 153.47+33.83 10.43+1.12°

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

a: Significantly different from the parameter of 1:0, P < 0.001.
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Table 5.4 The effect of Mrap2s on cAMP signaling properties of caMc4r

caMc4r/caMrap2s a-MSH ACTH

ECs0 (NM)  Rmax ECso (NM)  Rmax
caMc4r 1.53+£0.15 100 3.63+121 100
caMc4r/caMrap?a 5093+1.73 47.60+7.94* 1.29+0.34 60.18 +3.62°
caMc4r/caMrap2b 476+1.13 8521+527 175+0.15 98.86+4.02

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

a: Significantly different from the parameter of 1:0, P < 0.001.
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A

1 ATG AAC ACC TCA CAT CAT CAT GGA CTG CAT CAT TTG TAC CGG AAT CAC AGC CAG GGA GCT 60

1 M| N T 8] H H H G L H H L Y R m Q G A 2
61 CTG CCG GTG GGA AAG CCT GAT CAG GTT GAG AGA GGA TCA GCC TCT GGA TGC TAT GAG CAG 120
21 L P Vv G K P D Q@ V E R G S A s G C Y E Q 40
121 CTG CTC ATC TCC ACA GAG GTC TTC CTC ACG CTC GGG CTT GTC AGT CTC CTG GAG AAC ATT 180

41 L L | S T E V F L T L G L V S L L E N I 60
181 CTG GTG ATT GCT GCT ATT GTC AAG AAC AAG AAC CTT CAT TCT CCC ATG TAT TTC TTT ATC 240
61 L V 1 A A 1 V K N K N L H S P M Y F F 1 80

241 TGC AGT TTA GCC GTA GCA GAC TTG TTG GTC AGT GTC TCC AAT GCT TCA GAA ACG GTC GTG 300
81 C S L A V A D L L V s V S N A S E T V V 100
301 ATG GCG CTC ATC ACG GGG GGC AAC CTG ACC AAC CGC GAG AGC ATC ATC AAG AAC ATG GAC 360

1071 M A L | T G G N L T N R E S | | K N M D 120
361 AAC GTT TTT GAC TCG ATG ATC TGC AGC TCG CTT TTA GCC TCC ATT TGG AGT TTG TTG GCC 420
121 N V F D § M 1 c S S L L A S I W s L L A 140
421 ATC GCG GTG GAC CGG TAC ATC ACA ATA TTC TAC GCC TTG CGC TAC CAC AAC ATC ATG AcCC 480
141 | A VvV D R Y 1 T 1 F Y A L R Y H N I M T 160
481 CAG CGG AGG GCA GGA ACC ATC ATA ACC TGC ATC TGG ACC TTC TGC ACG GTC TCC GGT GTG 540
61 Q@ R R A G T 1 1 T C I W T F c T V § G V 180
541 CTC TTT ATT GTG TAC TCG GAG AGC ACC ACC GTT CTC ATC TGC CTT ATT AGC ATG TTC TTC 600
181 L F | V Y S E S T T V L 1 c L | s M F F 200

601 ACC ATG TTG GCT CTC ATG GCC TCG CTC TAT GTC CAC ATG TTT CTT CTA GCC CGG CTG CAC 660
21 T M L A L M A S L Y V H M F L L A R L H 22
661 ATG AAG CGC ATT GCT GCC CTC CCT GGC AAT GGC CCT ATC TGG CAG GCA GCA AAT ATG AAG 720

21 M K R 1 A A L P G N G P I W Q@ A A N M K 240
721 GGG GCC ATC ACC ATC ACT ATC CTG CTG GGG GTA TTT GTA GTG TGC TGG GCT CCC TTT TTC 780
241 G A | T | T 1 L L G V F v v C wW A P F F 260
781 TTG CAC CTC ATC CTC ATG ATC TCC TGC CCC CGG AAC CCC TAC TGC ATC TGC TTT ATG TCT 840
261 L H L 1 L M 1 S c P R N P Y C I c F M S 280
841 CAT TTC AAC ATG TAT CTG ATA CTC ATT ATG TGC AAC TCA GTC ATA GAC CCT CTC ATC TAT 900
281 H F N M Y L 1 L 1 M C N S V 1 D P L 1 Y 300
901 GCC TTC AGG AGC CAA GAG ATG AGG AAG ACC TTC AAG GAG ATC TGC TGC TGC TGG TAT GGA 960
301 A F R 8 Q@ E M R K T F K E I c CcC Cc wW Y G 32
961 CTG ACC TCT CTA TGT GTA TAA 981
32 . T s L ¢ v = 326
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IAVDRY[I TIFYALRYHNIMTQRRAGTIITCIWTFCTV
IAVDRY(I TIFYALRYHNIMTQRRAGTIITCIWTFCTV
IAVDRYFTIFYALQYHNIMTVKRVGVIITCIWAACTYV
IAVDRY[FTIFYALQYHNIMTVKRVGI I ISCIWAVCTV
IAVDRY[FTIFYALQYHNIMTVRRVGI I ISCIWAACTV
IAVDRYFTIFYALQYHNIMTVKRVGI 1 I1SCIWAACTV

TMD5 -

ILLGVFVVCWAPFFLHL
ILLGVFVVCWAPFFLHL
ILIGVFVVCWAPFFLHL
ILLGVFVVCWAPFFLHL
ILLGVFVVCWAPFFLHL
ILLGVFVVCWAPFFLHL
TLTILIGVFVVCWAPFFLHL
ILIGVFVVCWAPFFLHL
ILIGVFVVCWAPFFLHLLFY
ILIGVFVVCWAPFFLHLIFY

SMFFTMLALMASLYVHMFLLARLHMKRIAALPGNGPIWQAA
TMFFTMLVLMASLYVHMFLLARLHMKRIAAMPGNAPIHQRA
TMFFTMLVLMASLYVHMFLLARLHMKRIAALPGNAPIHQRA
TMFFTMLVLMVSLYVHMFLLARLHMKRIAALPGNAPIQQRA
SMFFTMLALMASLYVHMFLLARLHMKRIAALPGNGPIWQAA
SMFFTMLALMASLYVHMFLLARLHMKRIAALPGNGPIWQAA
SMFFTMLILMASLYVHMFMMARMHIKKIAVLPGTGPIRQGA
TVFFTMLALMASLYVHMFLMARLHIKRIAVLPGTGTIRQGA
SMFFTMLVLMASLYVHMFLMARLHIKRIAVLPGTGTIRQGT
TMFFTMLALMASLYVHMFLMARLHIKRIAVLPGTGA IRQGA

T™MD7 .
LMISCPRNPYCICFMSHFENMYL ILIMCNSV I[DP|
LMITCPKNPYCTCFMSHFNMYLILIMCNSV IDP|
LMITCPRNPYCTCFMSQFNMYL MCNSV IDP|
LMITCPRNPYCTCFMSHFNMYL MCNSV I|DP|
LMISCPRNPYCICFMSHFNMYL MCNSV I|DP|
LMISCPRNPYCVCFMSHFNMYL MCNSV I|DP|
FYISCPYNPYCVCFMSHFNFYL MCNS | I|DP|

|
|
|

FYI SCPQNPYCVCFMSHFNLYL MCNS | I|DP|
SCPQNPYCVCFMSHFNLYL MCNAV I|DP|
SCPQNPYCVCFMSHFNLYL MCNS | I|DP|

CCCWYGLTSLCV- - - - -
FCCSQMLVCM- - - - - - -
FCCSHALLCV- - -----
FCCSNALLCV- - -----
CCCWYGLTSLCV- - - - -
CCCWYGLASLCV- - - - -
ICCCNL -RGLCDLPGKY
ICCYPL -GGLCDL SSRY
ICFYPL-GGICELSSRY
ICCYPL -GGLCDLSSRY
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Figure 5.1 Nucleotide and deduced amino acid sequences (A), comparison of amino acid
sequences (B), and phylogenetic tree (3) of caMc4r. Nucleotide and deduced amino acid
sequences of caMc4r. Positions of nucleotide and amino acid sequences are indicated on both
sides. Shaded boxes denote putative TMD1-7. Potential phosphorylation sites are present in oval
frame. Underline show PMY, DRY, DPxxY motifs. Open boxes denote the consensus sequence

for N-linked glycosylation sites. Asterisk (*) indicates stop codon. The tree was constructed by
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the neighbor-joining (NJ) method. Numbers at nodes indicate the bootstrap value, as
percentages, obtained for 1000 replicates. Black dot shows caMC4R. MC4Rs: Culter alburnus
(topmouth culter, MT163518), Scatophagus argus (spotted scat, KU760724.1), Dicentrarchus
labrax (european sea bass, CBN82190.1), Lepisosteus oculatus (spotted gar, XP_006634516.1),
Danio rerio (zebrafish, NP_775385.1), Vulpes lagopus (arctic fox, ACN55093.1),
Ctenopharyngodon idella (grass carp, AOZ60534.1), Paralichthys olivaceus (Japanese flounder,
ADP09415.1), Squaliobarbus curriculus (barbel chub, ADV40875.1), Takifugu rubripes (fugu,
NP_001027732.1), Mylopharyngodon piceus (black carp, ADV40871.1), Tyto alba (barn owl,
ATN96237.1), Columba livia (rock dove, XP_021153678.1), Bos taurus (cattle, NP_776535.1),
Alligator sinensis (chinese alligator, XP_006025279.1), Anser anser (greylag goose,
ABF19809.1), Pongo abelii (sumatran orangutan, XP_002828309.1), Equus caballus (horse,
XP_001489706.1), Felis catus (cat, XP_019670932.2), Gallus gallus (chicken, AEP17334.10),
Sus scrofa (pig, ABD28176.1), Mus musculus (mouse, NP_058673.2), Capra hircus (goat,

NP_001272520.1), and Homo sapiens (human, NP_005903.2).
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Figure 5.2 Ligand binding properties of caMc4r. HEK293T cells were transiently transfected
with caMC4R plasmids (hnMC4R was used as a control). Different concentrations of unlabeled
NDP-MSH (A), a-MSH (B), B-MSH (C), ACTH (1-24) (D), and THIQ (E) was used to displace
the binding of %°1-NDP-MSH. Results are expressed as % of hMC4R binding + range from

duplicate determinations within one experiment. All experiments were measured at least three

independent experiments.
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Figure 5.3 Signaling properties of caMc4r. HEK293T cells were transiently transfected with
hMCA4R or caMC4R plasmids. Forty-eight hours after transfection, cells were stimulated with
different concentrations of NDP-MSH (A), a-MSH (B), B-MSH (C), ACTH (1-24) (D), and
THIQ (E). Data are mean + SEM from triplicate measurements within one experiment. All

experiments were performed at least three times independently.
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Figure 5.4 Constitutive activities of caMc4r. HEK293T cells transfected with increasing
concentrations of caMC4R plasmids. Cells transfected with empty pcDNA3.1 vector was
considered as control group. (A) cAMP levels were measured by RIA. The curve is made with
three independent experiments. (B, C) The Erk1/2 phosphorylation levels were detected by
western blot. Values are expressed as mean + SEM (n = 3). Asterisk (*) showed significant
difference of cAMP and pErk1/2 levels compared with control group (P < 0.05) (One-way

ANOVA followed by Tukey test).
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Figure 5.5 Modulation of caMc4r expression by caMrap2s. Cell surface (A, C) and total
expression (B, D) of caMc4r was measured by flow cytometry. HEK293T cells were
cotransfected with different ratios of caMC4R/caMRAP2a or caMC4R/caMRAP2b (1:0, 1:1,
1:3, and 1:5). The empty vector (o)cDNAS3.1) fluorescence was used for background staining. The
results were calculated as % of 1:0 group after correction of the background staining. Each data
point repressented as the mean = SEM (n = 3-4). Different letters indicated significant difference

(P < 0.05) (One-way ANOVA followed by Tukey test).
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Figure 5.6 Modulation of caMc4r pharmacology by Mrap2s. Ligand binding properties (A,
B) and signaling properties (C, D) of caMc4r to a-MSH or ACTH (1-24) upon co-expression of
caMrap2a or caMrap2b. HEK293T cells were co-transfected with caMC4R/caMRAP2a or
caMC4R/caMRAP2b in two different ratios (1:0, and 1:5). Results of binding properties were
calculated as % of hMC4R binding + range from duplicate determinations within one

experiment. All experiments were measured at least three independent experiments.
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Figure 5.7 The effect of Mrap2s on caMc4r signaling. HEK293T cells were co-transfected
with different ratios of caMC4R/caMRAP2a or caMC4R/caMRAP2b (1:0, 1:1, 1:3, and 1:5) and
CAMP levels under basal (A, B) or stimulated (with 10® M a-MSH, C, D) conditions were
measured. Data are analysed as % of 1:0 group. Values are expressed as mean + SEM (n = 3).

Different letters indicate significant difference (one-way ANOVA followed by Tukey test).
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Conclusions

In conclusion, firstly, we identified two human MRAP2 splice variants, MRAP2b and
MRAP2c. We investigated effects of five isoforms of MRAPs, hMRAPla, hMRAP1b,
hMRAP2a, hMRAP2b, and hMRAP2c, on MC3R and MC4R pharmacology. MRAP1bD,
MRAP2b, and MRAP2c were involved in regulating hMC3R and hMC4R pharmacology. At
MC3R, MRAP1a and MRAP2c increased, and MRAP1b decreased cell surface expression of
hMC3R; Four MRAPs decreased a-MSH- and ACTH-stimulated cAMP signaling of hMC3R.
For MC4R, MRAP1a, MRAP2a, and MRAP2c, increased cell surface and total expression of
hMC4R; Four MRAPs decreased a-MSH-induced and did not affect ACTH-induced cAMP of
hMC4R; MRAP1s and MRAP2s have opposite effects on the basal activities of hMC4R. These
findings suggest the complexity of MRAPs in modulating MC3R/MC4R and provide a new

opportunity for regulating MC3R and MCA4R signaling.

Secondly, we also identified one canine MRAP2 splice variant, MRAP2b. We further
investigated modulation of cMRAP1, cMRAP2a, and cMRAP2b, on cMC3R and cMC4R
pharmacology. All MRAPs increased cMC4R cell surface expression but did not affect cMC3R
trafficking; All MRAPs increased cMC4R affinities to a-MSH and ACTH, whereas had no
effect on cMC3R affinities; MRAP1 deceased ligand-stimulated signaling of cMC3R;
MRAP2a/MRAP2b had the different effects on agonist-induced signaling of cMC3R/cMC4R.
cMC4R had high basal activity in cAMP signaling, and all MRAPs decreased the basal activity
of cMC4R. These findings indicate the complexity of MRAPs in regulating neural MCRs and

contribute to further physiological studies of canine MC3R/MCA4R.
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Finally, we functionally investigated Mc3r and Mc4r and its regulation by two isoforms of
Mrap2 in topmouth culter. Culter Mc3r and Mc4r were both functional receptors. At Mc3r, Mc3r
had high constitutive activity in CAMP pathway, and similar potencies to several agonists as
hMC3R. Only caMrap2a markedly decreased cell surface expression and Rmax of caMc3r. Both
caMrap2a and caMrap2b decreased basal cAMP production. For Mcdr, Mc4r had high
constitutive activities, and similar potencies to several agonists as hMC4R. MrapZ2a significantly
increased the Bmax and decreased agonist-stimulated CAMP, whereas Mrap2b increased the cell
surface and total expression but did not affect Bmax and agonist-stimulated cAMP. Therefore,
these data suggested that Mrap2a/Mrap2b had differential effects on the expression, binding, and
signaling of Mc3r and Mc4r. These findings lay the foundation for future physiological studies
on the functions of Mc3r and Mc4r that might provide new strategies to improve growth and

reproduction in culter culture.
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