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Abstract 

Cell signalling by the human melanocortin 4 receptor (hMC4R) suppresses food intake and 

increases energy expenditure, and defective mutation within the hMC4R represents the most 

common monogenetic cause of obesity. Perplexingly, six out of nine hMC4R constitutively 

active mutations (CAMs) associate with obesity, despite conferring a ligand-independent 

increase in cyclic adenosine monophosphate (cAMP) response element (CRE) reporter activity. 

Serendipitously discovered, hMC4R co-expression with human melanocortin 2 receptor 

accessory protein α (hMRAPα), but not related hMRAP2, robustly increased constitutive cAMP 

production by adenylyl cyclase (AC). Henceforth, a conundrum ensues – how can CAM hMC4R 

associate with obesity, and in light of this, would hMC4R co-expression with hMRAPα be 

beneficial? To address this conundrum, hypotheses were formulated that 1) at least two distinct 

CAM signalling conformations exist, one of which associates with obesity, and 2) hMC4R co-

expression with hMRAPα may protect from obesity. To address these hypotheses, this study 

employed a hemagglutinin (HA) epitope tagged hMC4R wild-type (HA-hMC4R-WT) vector to 

generate nine CAM HA-hMC4Rs, as well as eight defective obesogenic HA-hMC4Rs. Mutant 

HA-hMC4R cell signalling was directly compared with HA-hMC4R co-expression with 

hMRAPα or hMRAP2, as well as HA-hMC4R-WT, within human embryonic kidney 293 

(HEK293) cells. Only three CAM HA-hMC4Rs (obesogenic H76R and L250Q; non-obesogenic 

H158R) of 17 tested HA-hMC4Rs were confirmed to have constitutive CRE reporter activity, as 

did HA-hMC4R co-expression with hMRAPα (but not hMRAP2). Further molecular 

characterisation identified a common signalling signature between obesogenic CAM HA-

hMC4Rs and HA-hMC4R co-expression with hMRAPα. In addition to increased constitutive 

CRE reporter activity, the signalling signature consisted of increased constitutive AC activity, 

reduced cell surface and total cellular expression, normal α-melanocyte stimulating hormone (α-

MSH) stimulated AC and extracellular regulated kinase (ERK) activity, but impaired α-MSH 

stimulated CRE reporter activity. At the molecular level, the signalling signature did not follow 

orthodox cAMP/protein kinase A/cAMP response element binding protein signal transduction, 

but was dependent on dynamin activity. This suggested constitutive activity was predominantly 

generated intracellularly. These findings confirm existence of two distinct constitutive signalling 

conformations, one obesogenic and one non-obesogenic, and if hMC4R co-expression with 

hMRAPα occurred in vivo a likely obesogenic signalling signature would ensue. 
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1.1 Introductory overview 

The melanocortin 4 receptor (MC4R) has a critical role in physiological regulation of body 

weight as well as appetite control, and mutations within the MC4R represent the most common 

form of monogenetic obesity (Breit et al., 2011; Y.-X. Tao, 2010). The MC4R belongs to the G-

protein coupled receptor (GPCR) family, of which virtually all members share a characteristic 

structure consisting of seven membrane spanning helices linked via loops with an extracellular 

amino terminus and intracellular carboxyl terminus (Refer to Figure 1-1) (Y.-X. Tao, 2010; 

Trzaskowski et al., 2012).  

 
Figure 1-1: Representation of a GPCR’s seven transmembrane domain structure residing within a 

cell membrane.  

(Structure modelled using Phyre2 and human MC4R amino acid sequence input (GenBank ID: 

AAI01803.1) (Kelley, Mezulis, Yates, Wass, & Sternberg, 2015)) 

More than 150 distinct mutations are distributed through the length of the MC4R with varying 

effects on receptor functionality, and some obesity associated mutations alter the degree of 

constitutive activity of the receptor (Y.-X. Tao, 2009, 2010). Most GPCRs are known to exhibit 

some level of constitutive activity; that is effector activation in the absence of extracellular 

ligand, and thus forms an important aspect of normal GPCR function (Breit et al., 2011; Y.-X. 

Tao, 2010; Xiang et al., 2006). Recent publications highlighted a potential natural modulator of 

MC4R constitutive activity, melanocortin 2 receptor accessory protein α (E. I. Kay, R. Botha, J. 

M. Montgomery, & K. Mountjoy, 2013a; Kay, Botha, Montgomery, & Mountjoy, 2015; E. I. 

Kay, R. Botha, J. M. Montgomery, & K. G. Mountjoy, 2013b). However, the mechanism behind 

MC4R constitutive activity has not been well characterised, and confounding reports in literature 

suggest constitutively active MC4R mutations (gain-in-function mutations) can either contribute 

to or protect from human obesity. This project aimed to characterise the mechanism of MC4R 

constitutive activity associating with human obesity. The following introductory chapter reviews: 



 

  3 

 

 

current literature relevant to understanding MC4R constitutive activity, which will include an 

overview of the current paradigm of GPCR signalling, followed by overviews of melanocortin 

receptor (MCR) signalling, MC4R signalling, constitutive activity as well as the physiological 

relevance of MC4R constitutive activity.  

1.2 Current understanding of GPCR signalling 

1.2.1 Family, structure and function 

GPCRs represent a protein family with over 800 distinct genes that contribute to around 1% of 

the human genome and have diverse functional roles mediated through detection of extracellular 

ligands (Lander et al., 2001; Venter et al., 2001). GPCRs detect extracellular ligands such as 

peptides, hormones, biological amines, neurotransmitters, odorants or light photons and thus 

have important functions in a range of physiological processes (Ali et al., 2006). Some of these 

processes include cellular growth, proliferation, differentiation and death as well as 

neurotransmission, reproduction, metabolism and neuroendocrine-controlled physiological 

homeostasis (Ali et al., 2006). Phylogenetic analysis of human GPCR nucleotide sequences gave 

rise to the currently accepted GPCR classification system, GRAFS, an acronym for Glutamate, 

Rhodopsin, Adhesion, Frizzled/taste2 and Secretin families (Fredriksson, Lagerström, Lundin, & 

Schiöth, 2003; Helgi B. Schiöth & Fredriksson, 2005).  

All GPCRs share a common membrane topology (Refer to Figure 1-1) and most homology 

pertains to the transmembrane domains (TMDs) (Kobilka, 2007). In contrast, extensive diversity 

has been found within the amino- and carboxy-termini as well as within the intracellular loop 

spanning TMD five and six (Kobilka, 2007). Not surprisingly, the areas of diversity contribute to 

the wide range of GPCRs functions through permitting detection of a range of ligands and 

permitting coupling to a diverse range of signalling cascades in response to ligand binding 

(Morris & Malbon, 1999; Oldham & Hamm, 2008). A number of techniques including 

mutagenesis studies and molecular modelling have provided some insight into the three 

dimensional interaction of different domains within the GPCR structural conformation but the 

successful isolation of GPCR crystal structures has greatly enhanced this understanding 

(Kobilka, 2007; Kristiansen, 2004). Obtaining crystal structures of GPCRs through X-ray 

crystallography has proven challenging due to difficulties with isolating membrane bound 

proteins but despite this the structure of 39 GPCRs have been obtained to date (Kobilka, 2007; 

Munk et al., 2016; Suwa, Sugihara, & Ono, 2011; J. Yang & Zhang, 2014; D. Zhang, Zhao, & 

Wu, 2015). 
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1.2.2 Receptor activation 

GPCRs are dynamic membrane bound proteins that naturally oscillate between active and 

inactive conformations which variably modulate the activity of intracellular signal transducers, 

such as heterotrimeric G-proteins and arrestins (Deupi & Kobilka, 2010; Granier & Kobilka, 

2012). Inactive conformations are most common due to having a greater intrinsic stability, 

however, extracellular ligands stabilise specific receptor conformations with varying affinities 

for signal transducers (Deupi & Kobilka, 2010; Granier & Kobilka, 2012; L. M. Luttrell & 

Kenakin, 2011). Moreover, association with specific signal transducers additionally alter the 

stability of the receptor’s conformation, suggesting that the receptor behaves like a bidirectional 

‘signal interpreter’, with extracellular ligands and intracellular transducers modulating its 

structure and function (Deupi & Kobilka, 2010; Granier & Kobilka, 2012; L. M. Luttrell & 

Kenakin, 2011; Shukla et al., 2008). 

1.2.2.1 Constitutive activity 

Initial evidence for GPCR constitutive activity was identified for the δ opioid receptors and β2-

adrenergic receptors (β2-AR) (Cerione et al., 1984; Koski, Streaty, & Klee, 1982). Koski et al. 

(1982) identified constitutive activity of endogenously expressed opioid receptors within 

membranes derived from neuro-blastoma-glioma cells (NG108-15 cells) using a radioactive GTP 

(γ-32P-GTP) binding assay. The addition of Na+ ions in the presence of Mg2+ ions greatly 

inhibited the basal level of GTPase activity and the addition of opiates stimulated GTPase 

activity (Koski et al., 1982). The level of GTPase activity was sufficient to stimulate activation 

of adenylyl cyclase (AC) within the membrane, suggesting that a basal level of GPCR coupling 

to and activation of G-proteins (Koski et al., 1982). Cerione et al. (1984) first identified β2-AR 

signalling activity through the Gα G-protein in the absence of ligand using a reconstituted 

system. Cerione et al. extracted β-ARs from guinea pig lung and extracted G-proteins regulating 

AC activity from human erythrocytes, and inserted both components into phospholipid vesicles. 

This interaction was identified to lead to the induction of G-protein GTPase activity, which could 

be further stimulated with an agonist (isoproterenol) or completely blocked by what was classed 

as an antagonist (alprenolol), thus identifying constitutive activity of β2-AR and “inverse 

agonism” (term coined in subsequent studies) of an antagonist (Cerione et al., 1984). 

Subsequently Costa and Herz (1989) identified constitutive activity of δ-opioid receptors 

expressed in membranes derived from NG108-15 cells also using a radioactive GTP (γ-32P-GTP) 

binding assay. Following application of different competitive antagonists, the GTPase activity of 
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the G-proteins coupled to the δ-opioid receptors was either unaffected (antagonist) or reduced 

(inverse agonist), revealing the constitutive coupling of δ-opioid receptors to G-proteins as well 

as inverse agonist effects of a previously classified antagonist (Costa & Herz, 1989). Thus, from 

these early studies constitutive activity was defined as the basal level of GPCR mediated 

signalling that was independent of any ligand interaction. In the years following these reports, 

many additional GPCRs were identified that display varying levels of constitutive activity in the 

absence of ligand, including wild type isoforms of a given receptor as well isoforms with 

naturally or artificially introduced mutations (Y.-X. Tao, 2008). 

1.2.2.1.1 In vitro and in vivo evidence of GPCR constitutive activity  

Constitutive activity of the β-adreno receptors has been extensively studied in a range of models, 

including both in vitro and in vivo models. Through using membranes prepared from SF9 

(Spodoptera frugiperda 9) cells and a baculovirus expression system, it was identified that β2-

AR produced higher levels of cyclic adenosine monophosphate (cAMP) when expressed in SF9 

cell membranes compared with uninfected membranes (Chidiac, Hebert, Valiquette, Dennis, & 

Bouvier, 1994). Increased β2-AR expression (up to 40pmol/mg of membrane protein) yielded a 

corresponding increase in cAMP levels, and the cAMP levels could be reversed through the 

addition of various β2-AR antagonists, thus revealing inverse agonism activity (Chidiac et al., 

1994). COS-7 (CV-1 in origin and carrying SV40 genetic material) cells as well as a transgenic 

mouse model with heart-specific overexpression of human β1-AR were used to study 

constitutive activity of the β1- and β2-ARs (Engelhardt, Grimmer, Fan, & Lohse, 2001). β2-AR 

was identified to have a 5-fold greater level of constitutive activity than β1-AR in COS-7 cells 

when expressed at comparable levels (up to 2.5pmol/mg of protein) (Engelhardt et al., 2001). 

Additionally, it was also found that transgenic mice over-expressing β1-AR had a significantly 

higher atrial beating frequency than wild type mice and addition of a β1-AR specific inverse 

agonist completely restored beating frequency to that seen in wild type mice (Engelhardt et al., 

2001).  

The constitutive activity of endogenously expressed α2A-AR in human erythroleukemia cells 

(HEL 92.1.7) was assessed through measurement of intracellular calcium ([Ca2+]i)
 mobilisation 

and cAMP production (Jansson et al., 1998). Application of an agonist (dexmedetomidine) 

increased [Ca2+]i release and reduced forskolin stimulated cAMP production (Jansson et al., 

1998). Application of various other ligands revealed inverse agonist activity due to reducing 

[Ca2+]i release and increasing forskolin stimulated cAMP production; with pertussis toxin (PTX) 
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application blocking these effects (Jansson et al., 1998). Thus, the endogenous α2A-AR are 

constitutively coupling to Gαi G-proteins which yields a “basal tone” of effector signalling that 

can be modulated through the addition of ligands (Jansson et al., 1998).  

Constitutive activity of both the D1 and D5 dopamine receptors was identified through measuring 

the conversion of tritiated ([3H]) adenine into [3H]-cAMP after transient heterologous expression 

in HEK293 (human embryonic kidney 293) cells (Tiberi & Caron, 1994). The D5 receptor was 

identified to have higher basal activity (cAMP production) than the related D1 receptor and also 

presented increased agonist affinity and potency (Tiberi & Caron, 1994). Addition of inverse 

agonists (such as flupentixol) reduced the basal cAMP production to near the level seen in 

vehicle transfected HEK293 cells. Additionally, a selective dopamine 1-like (D1 and D5) receptor 

antagonist (SCH 23390) presented partial agonism by elevating basal cAMP levels by two to 

three fold (Tiberi & Caron, 1994).  

Characterisation of the 5-hydroxytryphophan receptor revealed strong evidence for an in vivo 

role for constitutive activity. Constitutive activity of the 5-hydroxytryphophan 2C receptor (5-

HT2CR) towards the Phospholipase C (PLC) signalling pathway was first identified in NIH 3T3 

fibroblasts through measurement of [3H] inositol monophosphate formation (Barker, Westphal, 

Schmidt, & Sanders-Bush, 1994). Application of 5-HT2CR inverse agonists (such as mainserin) 

revealed a reduction in agonist-independent phosphoinositide hydrolysis only in NIH 3T3 cells 

transfected with 5-HT2CR, and application of a 5-HT2CR neutral antagonist (2-bromo-lysergic 

acid diethylamide) blocked both agonist and inverse agonist mediated effects (Barker et al., 

1994). When considered together, these studies provide strong in vitro evidence for the existence 

of constitutive GPCR activity. 

Constitutive activity of the 5-HT2AR was illustrated in vivo in rabbit through the administration 

of ritanserin (inverse agonist), which concentration-dependently blocked the enhancing effects of 

LSD (lysergic acid diethylamide) on the rate of acquisition of conditioned responses (eye-blink 

conditioning), and when administered alone retarded the rate of acquisition of conditioned 

responses (Welsh, Kachelries, Romano, Simansky, & Harvey, 1998). Administration of BOL (5-

HT2A/CR selective neutral antagonist) alone had no effect on the rate of acquisition of 

conditioned responses, but was able to block the inverse agonist effects of ritanserin (Welsh et 

al., 1998). Additionally, administration of a high dose of neurotoxin 5,7- DHT (5,7-

dihydroxytryptamine), which depleted 5-HT levels by around 90% in the hippocampus and 

cortex, was found to have no effect on the rate of acquisition of conditioned responses (A. 
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Romano et al., 2006). Together these studies provide evidence for an in vivo role of constitutive 

activity of 5-HT2AR in regulating “learning” associated with classical conditioning of eye-

blinking responses.  

Constitutive activity of the growth hormone secretagogue receptor (GHSR) was found in vitro to 

be near 50% of maximal stimulation with the endogenous ligand, ghrelin, when exogenously 

expressed within either COS7 or HEK293 cells (Holst, Cygankiewicz, Jensen, Ankersen, & 

Schwartz, 2003). In vivo studies demonstrated an important role for GHSR constitutive activity 

in the regulation of normal food and body weight control. This was evident through 

intracerebroventricular osmotic pump administration of substance P, an inverse agonist at 

GHSR, in rats significantly reducing food intake and body weight relative to control peptide or 

vehicle injection treatments (Mear, Enjalbert, & Thirion, 2013; Petersen et al., 2009). Recently, 

GHSR constitutive activity was implicated with a role in negative modulation of N-type voltage 

gated calcium channels (VGCC; Cav2.1 and 2.2), an effect observed in both HEK293 cells as 

well as within presynaptic neurons (López Soto et al., 2015).  

There are many additional reports of GPCRs with endogenous constitutive activity (For a 

comprehensive, but out-of-date, review refer to (Seifert & Wenzel-Seifert, 2002)), with 

differences being apparent between members of a given GPCR subfamily as well between 

different GPCR families. 

1.2.2.1.2 Mutation induced alterations of constitutive activity 

There are also numerous reports of constitutively active mutant (CAM) GPCRs that demonstrate 

alterations in constitutive activity in response to amino acid alterations that span the whole 

length of the receptor (Parnot, Miserey-Lenkei, Bardin, Corvol, & Clauser, 2002; Seifert & 

Wenzel-Seifert, 2002; Y.-X. Tao, 2008). Point mutations that alter GPCR constitutive activity 

have received considerable interest due to the association with disease pathology, as well as 

providing insight into GPCR function. Rhodopsin was reliant on the inverse agonism of 11-cis-

retinal, covalently bound to Lys296 in TMD7, to keep constitutive activity near nil (Y.-X. Tao, 

2008). Upon photon-mediated activation, conversion of the covalently bound 11-cis-retinal to 

all-trans-retinal (agonist, per se) facilitated initiation of conformation changes that allow signal 

transduction (Y.-X. Tao, 2008; Weis & Kobilka, 2008). The first identified CAM of rhodopsin 

(K296E) was found in patients with autosomal dominant retinitis pigmentosa; the K295E 

mutation was believed to disrupt the interaction with 11-cis-retinal (Keen et al., 1991). 

Subsequent functional testing confirmed the constitutive activity of the K296E mutant and also 
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identified that mutation of E113, which forms a salt bridge with K296, to Q113 resulted in 

constitutive activity when measuring [35S] GTPγS binding in COS-7 cells (Keen et al., 1991). 

Additional CAMs (A292E, G90D and T94I) were identified in patients with congenital night 

blindness (Y.-X. Tao, 2008). All three of these CAMs behaved in a manner similar to the wild 

type receptor in the presence of light, however, in the absence of light they were able to activate 

transducin and thus activate intracellular signalling (Y.-X. Tao, 2008).  

Two CAMs, D619G and A623I, located within TMD6 of the thyroid stimulating hormone 

receptor (TSHR) resulted in thyroid adenoma with hyperthyroidism (Parma et al., 1993). 

Functional testing in COS-7 cells revealed normal responsiveness to TSH through 

radioimmunoassay measurement of cAMP and 1, 4, 5-inositol tris-phosphate (IP3) accumulation, 

but both mutations promoted a higher basal accumulation of cAMP (not seen for IP3 

accumulation) compared with the wild type TSHR (Parma et al., 1993). Following this initial 

report, around 50 additional CAMs have been identified for the TSHR (Y.-X. Tao, 2008). There 

was, however, a report that identified that some previously classified CAMs were false positives 

due to differential cell surface expression in a stably transfected CHO cell line (Jaeschke, 

Mueller, Eszlinger, & Paschke, 2010). The vast majority of these CAM TSHRs only display 

constitutive activity towards the cAMP signalling pathway, and only a few were selective 

towards the PLC pathway (Hébrant, van Staveren, Maenhaut, Dumont, & Leclère, 2011; Y.-X. 

Tao, 2008). 

1.2.2.2 Ligand mediated activation 

In accordance with the currently accepted ‘Monod-Wyman-Changeux’ model of ligand function 

(Changeux & Edelstein, 2011), different ligands bind to structurally distinct conformations of the 

receptor present within the plasma membrane and then stabilise that specific conformation - 

termed allostery (Changeux & Edelstein, 2011; Deupi & Kobilka, 2010; Granier & Kobilka, 

2012; Kobilka, 2007; Nussinov, Tsai, & Liu, 2014; Onaran & Costa, 2012; Rahmeh et al., 2012). 

Ligand binding results in a shift of the receptor equilibrium towards a specific conformation and 

each specific ligand-stabilised conformation may interact differentially with signal transducers 

(Refer to Figure 1-2) (Deupi & Kobilka, 2010; Granier & Kobilka, 2012; Kobilka, 2007; 

Nussinov et al., 2014; Onaran & Costa, 2012; Rahmeh et al., 2012).  
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Figure 1-2: Ligand mediated stabilisation of a specific receptor conformational state resulting in 

increased transducer activity (example of an agonist that enchances G-protein signalling).  

 

Additionally, both the affinity for a specific signal transducer and the efficacy of the signal 

transducer can be altered because of ligand-mediated stabilisation of a conformational state (L. 

M. Luttrell & Kenakin, 2011; Nussinov et al., 2014). Potential ligands include a photon, ions 

such as calcium (Ca2+) and hydrogen, small organic molecules such as amines, small 

peptides/hormones such as neuropeptide Y and cholecystokinin and proteins such as Wnt 

proteins (Kobilka, 2007; Kristiansen, 2004; Rosenbaum, Rasmussen, & Kobilka, 2009). Changes 

in transducer affinity mediate which transducer may be activated by the receptor and changes in 

efficacy determine the strength of transducer mediated signalling (L. M. Luttrell & Kenakin, 

2011; Nussinov et al., 2014). 

1.2.3 Signalling cascades 

Following activation of the receptor, whether constitutive or ligand mediated (Refer to Figure 

1-3 [refer to corresponding number demarcated #1]), the G-protein-dependent GPCR signalling 

pathway involves the activation of specific heterotrimeric G-proteins (Refer to Figure 1-3 [refer 

to corresponding number demarcated #2]) (Outlined in Section 1.2.3.1) (Kobilka, 2007; Oldham 

& Hamm, 2008; Rosenbaum et al., 2009). Activated heterotrimeric G-proteins permit 

propagation of signal transduction through activation of a range of effectors (Refer to Figure 1-3 

[refer to corresponding number demarcated #3] and Table 1-1) (Outlined in Section 1.2.3.1) 

(Oldham & Hamm, 2008; Rosenbaum et al., 2009). Following signal transduction, the activity of 

the activated receptor as well as other inactive receptors can be modulated through protein 
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interactions (Refer to Figure 1-3 [refer to corresponding number demarcated #4]), which leads 

to desensitisation (Outlined in Section 1.2.3.2) (Ferguson, 2001). 

 

Figure 1-3: GPCR G-protein-dependent signalling. 

Following receptor activation (1), G-proteins are activated (2) which proceed to propagate 

intracellular signalling (3). Downstream kinase activation modulates receptor desensitisation 

through phosphorylation (4). Subsequently arrestin can be recruited at phosphorylated receptors 

and the degree of phosphorylation serves as a ‘barcode’ that differentially modulates arrestin’s 

conformation and function. Arrestin then serves as a scaffolding station, permitting receptor 

association with a range of intracellular proteins (Table 1-1) and contributes to additional 

signalling (6) and/or internalisation (7). Following internalisation, the receptor’s fate could be 

either resensitisation and recycling back to the cell surface or degradation (8). 

The ligand bound receptor may be internalised (Outlined in Section 1.2.5); normally mediated 

by β-arrestin (Refer to Figure 1-3 [refer to corresponding numbers demarcated #5 and #7]) 

which can moderate additional signalling (Refer to Figure 1-3 [refer to corresponding number 

demarcated #6]) (Outlined in Section 1.2.3.3), and will either be recycled back to the membrane 

or degraded in lysosomes (Refer to Figure 1-3 [refer to corresponding number demarcated #8]) 

(Outlined in Section 1.2.6) (McMahon & Boucrot, 2011; Rosenbaum et al., 2009).  

1.2.3.1 Heterotrimeric G-protein signalling 

Following GPCR activation, conformational changes within the GPCR permit high affinity 

interactions with heterotrimeric G-proteins (HtGPs) which allow signal propagation (Refer to 

Figure 1-4). HtGPs are highly dynamic structures composed of three subunits (α, β and γ), 

within which there are a range of different isoforms, including 21-Gα, 6-Gβ and 12-Gγ within 

the human genome, that give rise to diverse heterotrimeric G-protein structures (Oldham & 

Hamm, 2008). 
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Figure 1-4: Heterotrimeric G-protein activity cycle. 

Following GPCR facilitated GDP exchange for GTP of the Gα subunit, the Gβγ dimer dissociates, 

permitting interaction with effectors. Regulators of G-protein signalling subsequently hydrolyse the 

Gα subunit’s GTP to inactivate the complex and permitting reassociation with the Gβγ dimer. 

HtGPs are classified according to the similarities of the Gα subunit sequences, giving rise to four 

main classes: Gαs, Gαq, Gαi and Gα12. These classes are further subdivided according to function, 

with Gαs/Gαolf G-proteins activating AC, Gαq/Gα11, 14, 15/16 G-proteins activating phospholipase 

Cβ, Gαi/Gαo G-proteins inhibiting AC activity or regulating Ca2+/K+ channel activity through the 

Gβγ subunit and Gα12/13 G-proteins targeting many downstream effectors (Refer to Table 1-1) 

(Cabrera-Vera et al., 2003; Corvol, Studler, Schonn, Girault, & Hervé, 2001; Kristiansen, 2004; 

Oldham & Hamm, 2008). The Gβγ dimer acts on a range of effectors such as AC, 

phosphodiesterase, GPCR kinases, ion channels and members of the MAPK pathway and 

extends the range of possible effectors modulated by heterotrimeric G-proteins (Refer to Table 

1-1) (Kristiansen, 2004). 

The Gα subunit consists of a conserved GTPase domain, that functions to hydrolyse guanosine 

triphosphate (GTP) and provides binding sites for the Gβγ dimer, as well as a helical domain 

which forms a cover over the nucleotide-binding pocket (Refer to Figure 1-4) (Oldham & 

Hamm, 2008). In the inactive state the Gα subunit of the HtGP would be coupled to guanosine 

diphosphate (GDP) that promotes association with the Gβγ dimer (Kristiansen, 2004). Upon 

agonist binding, a specific conformational state would be stabilised in the intracellular portion of 

a GPCR that increases affinity towards specific HtGPs and upon binding allows displacement of 

GDP and binding of GTP (Kristiansen, 2004). The exchange of guanine nucleotides on the Gα 

subunit reduces the affinity towards the Gβγ dimer, leading to dissociation of the heterotrimer 

and permitting the Gβγ dimer to act on a range of effectors (such as AC, phosphodiesterase, 
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GPCR kinases, ion channels and members of the MAPK pathway) (Refer to Table 1-1) 

(Kristiansen, 2004). The Gα subunit returns to the inactive state once GTP becomes hydrolysed 

to GDP, either through the intrinsic GTPase activity or through the action of GTPase-activating 

proteins (GAPs) that promote re-association and inactivation of the Gβγ dimer (Refer to Figure 

1-4) (Kristiansen, 2004). In addition to GAPs, guanine nucleotide exchange factors (GEFs) and 

guanine nucleotide dissociation inhibitors (GDIs) further modulate the function of the HtGP 

(Denis, Sauliere, Galandrin, Senard, & Gales, 2012). GEFs interact with specific Gα subunits 

and facilitate the exchange of GDP for GTP which functions to accelerate the generation of the 

active GTP bound form (Denis et al., 2012). GDIs stabilise the inactive GDP bound-Gα G-

protein and exhibit dual functions on the Gαi/o subunits through also inhibiting Gβγ re-

association, thus allowing prolonged Gβγ activity (Denis et al., 2012).  

Upon activation of a specific HtGP a diverse number of cellular signalling pathways can be 

modulated to facilitate the propagation and amplification of the activated GPCR’s message, a 

selection of which will be outlined within the following sections. 
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Table 1-1: Outline of G-protein-dependent and G-protein-independent mechanisms of GPCR mediated signalling. 

 

G-protein-dependent signalling 

G-

protein 

isoforms 

Primary site  

of action 

Secondary sites  

of action 

Identified downstream-

effectors 

References 

Gαs AC- ↑cAMP 

↑ PKA 

CREB (Mohammad et al., 2011) 

Protein phosphatase 2 (PP2) (Pitcher, Payne, Csortos, DePaoli-Roach, & Lefkowitz, 

1995) 

Lipase (Holm, Langin, Manganiello, Belfrage, & Degerman, 

1997) 

Phosphorylase kinase (Soderling et al., 1970) 

Phosphodiesterase (PDE) (Ahlström & Lamberg-Allardt, 1997) 

Ryanodine receptors (RYR) (B. Xiao et al., 2007a) 

SERCA-Phospholamban (Sheehan, Ke, & Solaro, 2007) 

VGCC 1.1 and 1.2 (Ca2+V1.1/2) (T. Gao et al., 1997; Jacobo, Guerra, & Hockerman, 

2009) 

AMPAR (Svenningsson et al., 2004) 

CFTR (Howell et al., 2004) 

Src/C3G/Rap1 (Grewal et al., 2000; Schmitt & Stork, 2002; Vossler et 

al., 1997) 

c-Raf (Marquette, André, Bagot, Bensussan, & Dumaz, 2011; 

Subramaniam et al., 2005) 

↑ EPAC Rap1/B-Raf/MEK½   (Enserink et al., 2002; Grewal et al., 2000) 

↑ cAMP-gated ion 

channels (CNG-IC) 

Ca2+ and Na+ influx 

 

(Hatt & Ache, 1994) 

Gαi AC- ↓cAMP 
↓ PKA 

Negative modulation of PKA 

targets mediated by Gαs 

(De Keijzer, Meddens, Torensma, & Cambi, 2013) 

- c-Raf/MEK½/ERK½  (Goldsmith & Dhanasekaran, 2007; L. Luttrell, 2003) 

1
3
 



 

  14 

 

4 
 

↓ EPAC 
Negative modulation of EPAC 

mediated by Gαs 

(H.-J. Yang, Vainshtein, Maik-Rachline, & Peles, 2016) 

↑ Rap1-GAP Inhibits Rap/c-Raf/pERK½ (Jordan, Carey, Stork, & Iyengar, 1999) 

Gαq 

Phospholipase 

C- β (PLCβ)- 

↑ IP3 and 

DAG 

DAG/PKC 

c-Raf (Berridge, 2012; Kolch et al., 1993) 

SPHK (Berridge, 2012; Serrano-Sanchez, Tanfin, & Leiber, 

2008) 

R-Smads (Berridge, 2012) 

Dynamin (Delom & Fessart, 2011) 

GRK2 and 5 (Chuang, LeVine, & De Blasi, 1995; Chuang, Paolucci, 

& De Blasi, 1996; Delom & Fessart, 2011) 

p47phox (Berridge, 2012) 

Pyk2/Src/Ras/MEK½/ERK½ (Hodges et al., 2006) 

Shc/Gab1/Grb2/mSOS/Ras (Maudsley et al., 2000) 

Inositol trisphosphate receptors (Ferris, Huganir, Bredt, Cameron, & Snyder, 1991) 

IP3 receptors Ca2+ release from ER (Taylor, da Fonseca, & Morris, 2004) 

Gα12 
Small G-

protein RhoA 
 

Rho/MAP3K/MKK4/6/JNK (Haidari, Zhang, Ganjehei, Ali, & Chen, 2011) 

HSP90 (Vaiskunaite, Kozasa, & Voyno-Yasenetskaya, 2001) 

AKAP (Diviani, Soderling, & Scott, 2001) 

Btk (Bruton’s tyrosine kinase) (Jiang et al., 1998) 

Ras-Gap (Jiang et al., 1998) 

Pyk2 (Shi, Sinnarajah, Cho, Kozasa, & Kehrl, 2000) 

Rho-Gef (Kozasa et al., 1998) 

Radixin (Vaiskunaite et al., 2000) 

PP5 (Yamaguchi, Katoh, Mori, & Negishi, 2002) 

Cadherin (Meigs, Fields, McKee, & Casey, 2001) 

Ras/Raf/ MEK½/ERK½ (Snabaitis, Muntendorf, Wieland, & Avkiran, 2005) 

Rac/MAP3K/MKK4/6/JNK (Nishida et al., 2005) 

CDC42/MAP3K/MKK4/6/JNK (Voyno-Yasenetskaya, Faure, Ahn, & Bourne, 1996) 

Gβγ 

dimer 
- - 

AC- cAMP (Hanoune & Defer, 2001) 

PLC- IP3 and DAG (Camps et al., 1992) 

1
4
  



 

  15 

 

5 
 

↓Cav1.2 (Dolphin, 2003; Kammermeier, Ruiz-Velasco, & Ikeda, 

2000) 

GIRK- ↑ VΔ (Berlin et al., 2010) 

PI3K- PIP3 (Bommakanti, Vinayak, & Simonds, 2000) 

Cdc42 (Ueda et al., 2008) 

Rac (Ueda et al., 2008) 

Kir3.0 (Robillard, Ethier, Lachance, & Hébert, 2000) 

Phospholipase D (PLD) (Preininger et al., 2006) 

GRK (DebBurman, Ptasienski, Benovic, & Hosey, 1996) 

Matrix metalloprotease (L. Luttrell, 2003) 

G-protein-independent signalling 

Arrestin - 

Mitogen activated 

protein kinases 

(MAPK) 

SRC 

ERK 

JNK 

(DeWire, Ahn, Lefkowitz, & Shenoy, 2007) 

(DeWire et al., 2007) 

(McDonald et al., 2000) 

Phosphodiesterases 

(PDE) 

PDE4 (Lefkowitz, Rajagopal, & Whalen, 2006; Perry et al., 

2002) 

Kinases 

PI3K 

 

DAG kinase 

(L. M. Luttrell & Gesty-Palmer, 2010; Walters et al., 

2009) 

(L. M. Luttrell & Gesty-Palmer, 2010) 

Regulatory proteins 

PP2A 

 

IκBα 

 

Ubiquitin ligase 

 

Mdm2 

 

Ral-GDS 

(Beaulieu et al., 2005; L. M. Luttrell & Gesty-Palmer, 

2010) 

(H. Gao et al., 2004; L. M. Luttrell & Gesty-Palmer, 

2010) 

(C. H. Lin, MacGurn, Chu, Stefan, & Emr, 2008; L. M. 

Luttrell & Gesty-Palmer, 2010) 

(L. M. Luttrell & Gesty-Palmer, 2010; Strous & Schantl, 

2001) 

(Bhattacharya et al., 2002; L. M. Luttrell & Gesty-

Palmer, 2010) 
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Figure 1-5: Schematic 

summary of G-protein-

dependent and G-protein-

independent mechanisms 

of GPCR mediated 

signalling.  

 

(For a detailed breakdown 

of Figure 1-5 constituents, 

refer to Section 1.2.3.1, 

1.2.3.1.1, 1.2.3.1.2, 1.2.3.1.3, 

1.2.3.1.4, 1.2.3.2 and 

1.2.3.3). 

(Figure constructed as per 

content within Table 1-1 

while modelling GPCR 

characterised signalling 

cascades reported in 

literature within HEK293 

cells). 
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1.2.3.1.1 AC 

One effector modulated by Gα would be AC, which functions to convert adenosine triphosphate 

(ATP) to cAMP to permit signal amplification (Refer to Table 1-1 and Figure 1-5) (Lugnier, 

2006). AC functions as an ATP-pyrophosphate lyase membrane protein through its ability to lyse 

ATP to yield cAMP and pyrophosphate (Sadana & Dessauer, 2009). Thus far, nine membrane 

bound AC isoforms have been characterised along with a tenth transmembrane-lacking soluble 

isoform (Sadana & Dessauer, 2009). The AC family share a common structure comprising of 12 

TMDs with two homologous ATP binding domains comprising the catalytic core as well as 

variable N- and C-termini (Sadana & Dessauer, 2009). The Gαs subunit induces closure of the 

catalytic core around ATP, where Gαi inhibits this effect and stabilises an inactive conformation 

(Sadana & Dessauer, 2009). Forskolin, an organic compound derived from the root of Coleus 

forskohlii, potently activates all AC isoforms, except AC9. This occurs through binding to an 

allosteric site near the interface of the ATP binding domains, which also induces closure of the 

catalytic core (Sadana & Dessauer, 2009).  

AC mediated cAMP production permits activation of intracellular signalling events driven 

through activation of protein kinase A (PKA), cAMP-gated ion channels and exchange proteins 

activated by cAMP (EPAC) (Refer to Table 1-1 and Figure 1-5) (Gloerich & Bos, 2010; Tasken 

& Aandahl, 2004). cAMP production and distribution are tightly regulated within the cell to 

ensure specificity of responses and to regulate the duration of responses (Baillie, 2009; Lugnier, 

2006). cAMP responses are terminated by phosphodiesterases (PDEs) which degrade cAMP to 

adenosine monophosphate and there are 11 PDE isozyme families that vary in intracellular 

function and distribution (Refer to Table 1-1 and Figure 1-5) (Conti & Beavo, 2007; Lugnier, 

2006). PDEs demonstrate compartmentalisation within the cell and this contributes to the 

generation of cellular cAMP gradients that are crucial for normal cellular signalling responses 

(Baillie, 2009; Conti & Beavo, 2007; Lugnier, 2006).  

One of the major effectors of cAMP action, PKA, consists of a tetrameric complex of two 

catalytic subunits and two regulatory subunits (Refer to Table 1-1 and Figure 1-5) (Daniel, 

Walker, & Habener, 1998; Tasken & Aandahl, 2004; M. Vallejo, 1994). Each regulatory subunit 

has two cAMP binding sites (A and B), and in the inactive state only the B-site would be 

accessible (Tasken & Aandahl, 2004). Once the B-site becomes occupied, it permits cAMP 

binding to the A-site and once all four regulatory sites are bound to cAMP a conformational 

change occurs that dissociates the regulatory dimer from the two catalytic monomers (Tasken & 
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Aandahl, 2004). The activated catalytic subunits of PKA then proceed to phosphorylate serine 

(Ser) or threonine (Thr) amino acids in a range of intracellular proteins with an Arg-Arg-Ser/Thr 

motif (Arg: Arginine), such as enzymes, ion channels and cytoskeletal elements as well as 

various membrane receptors (Refer to Table 1-1) (Daniel et al., 1998; Tasken & Aandahl, 2004). 

Compartmentalisation of PKA can be regulated through binding interactions with A-kinase 

anchoring proteins (AKAPs), which are a family of scaffolding proteins (more than 50 members) 

that anchor protein complexes in subcellular domains (Refer to Table 1-1 and Figure 1-5) 

(Conti & Beavo, 2007; Tasken & Aandahl, 2004). AKAPs contain a PKA-binding tethering 

domain and a sub-cellular targeting domain, and some are able to form interactions with other 

signal transduction proteins including kinases and phosphatases (Tasken & Aandahl, 2004).  

One main enzymatic target of PKA, cAMP response element binding protein (CREB), resides in 

the nucleus and requires nuclear translocation of the catalytic subunits of PKA to permit 

interaction (Refer to Table 1-1 and Figure 1-5) (Silva, Kogan, Frankland, & Kida, 1998; M. 

Vallejo, 1994). Phosphorylation of CREB permits interaction of CREB binding protein (CBP) 

and this protein complex can recruit transcription factors and RNA polymerase II onto the 

promoter of genes with cAMP response elements (CREs), and thus modulates gene transcription 

of these genes (Silva et al., 1998; M. Vallejo, 1994). 

Cyclic nucleotide gated ion channels (CNG-IC) require direct binding of cyclic nucleotides for 

activation and permit control of [Ca2+]i levels as well as resting membrane potential (Refer to 

Table 1-1 and Figure 1-5) (Tasken & Aandahl, 2004). EPAC proteins have a role in the activity 

regulation of Rap1 and Rap2 through their GEF activity (Gloerich & Bos, 2010). Rap forms part 

of the Ras family of small G proteins and require displacement of GDP and subsequent binding 

of GTP for activation (Gloerich & Bos, 2010). Upon cAMP binding to a regulatory domain, 

steric hindrance of the catalytic region would be relieved, thus activating EPAC (Gloerich & 

Bos, 2010). Activated EPAC regulates numerous cellular processes (refer to Gloerich and Bos, 

(2010) for a comprehensive review), with regulation of the activity of Rap1, B-Raf and 

extracellular signal-regulated kinase ½ (ERK½) being prominent sites of action (Gloerich & Bos, 

2010).  

1.2.3.1.2 RAS-ERK signalling pathway 

The MAPK signal transduction pathways are responsible for converting the message carried by 

extracellular signals into cellular signalling aimed towards the regulation of specific cellular 

functions (Refer to Table 1-1) (Chuderland & Seger, 2005). Four distinct MAPK pathways have 
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been identified, the ERK½ cascade, the stress activated protein kinase 1 (SAPK1) cascade, also 

known as c-Jun N-terminal kinase (JNK), the SAPK2, also known as p38MAPK cascade and the 

ERK5, also known as Big MAPK 1 (BMK1) cascade (M. Hayashi & Lee, 2004). The ERK½ 

cascade involves signals relating mainly to cell division/transformation (mitogenic) and has roles 

in regulation of proliferation, differentiation, development, survival and memory/learning 

(Chuderland & Seger, 2005). The SAPK1 signalling cascade involves regulation of cell 

proliferation and apoptosis and the SAPK2 signalling cascade involves regulation inflammation 

and cell growth/differentiation/death (Hommes, Peppelenbosch, & van Deventer, 2003). The 

ERK5 signalling cascade involves regulation of cell proliferation and differentiation and would 

typically be activated by both mitogenic factors as well as stress signals (M. Hayashi & Lee, 

2004).  

Activation of the ERK signalling cascade occurs through regulation by small guanosine 

trisphosphate (GTP) - binding proteins (RAS family of small G-proteins), which cycle between 

an inactive GDP bound state and active GTP bound state (Aoki, Niihori, Narumi, Kure, & 

Matsubara, 2008; Chuderland & Seger, 2005). The Ras subfamily consists of numerous members 

(such as HRAS, KRAS, MRAS, NRAS, R-RAS, Rap1 [A and B], Rap2 [A and B] and Ral [A 

and B]), which are membrane-bound proteins with GTPase activity (Aoki et al., 2008). The 

exchange of GDP for GTP would be stimulated by GEFs and the GAPs functions to inactivate 

GTP-bound RAS through stimulating intrinsic GTPase activity (Aoki et al., 2008). A wide range 

of cellular effectors can be activated by RAS, such as RAF kinase, MEKK1, phospholipase C 

epsilon and PI-3 kinase (PI3K) (Refer to Table 1-1 and Figure 1-5) (Aoki et al., 2008). The best 

characterised ERK signalling pathway involves Ras mediated activation of RAF, a Ser/Thr 

protein kinase, which activates the MAPKKs, MEK1 and MEK2, through phosphorylation of Ser 

residues (Chuderland & Seger, 2005). The MEKs then proceed to phosphorylate their 

downstream effectors ERK1 and ERK2 through phosphorylation of specific Thr and tyrosine 

residues (Chuderland & Seger, 2005; Kyriakis, Force, Rapp, Bonventre, & Avruch, 1993). 

Activated ERKs phosphorylate a range of downstream effectors including transcription factors 

(such as c-Fos, c-Jun and Elk1), kinases (such as MSK, MNKs and RSKs), cytoskeletal elements 

and intracellular regions of membrane proteins (Refer to Table 1-1 and Figure 1-5) (Chuderland 

& Seger, 2005; Lewis et al., 2000).  

GPCR activation of Gαs, Gαi/o, Gαq/11 and their associated Gβγ dimers all have roles in the 

regulation of ERK½ activation (L. Luttrell, 2003). The role of Gαs in ERK½ activation can be 

complex, however, most of the ERK½ activation effects are modulated through PKA-mediated 
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phosphorylation of effectors (L. Luttrell, 2003). Initial findings implicated a role for PKA-

mediated phosphorylation of c-Raf-1 that resulted in inhibition of growth-factor mediated ERK½ 

activation (L. Luttrell, 2003; J. Wu et al., 1993). PKA-dependent phosphorylation of Rap-1 (Ras-

GTPase) and of B-Raf (Ser/Thr protein kinase) contributes to ERK½ activation and may involve 

the activation of the Src family of tyrosine kinases or EPAC (Refer to Table 1-1 and Figure 1-5) 

(L. Luttrell, 2003).  

Additionally, GPCR coupling to Gαi and Gαq G-proteins permit rapid phosphorylation of Shc 

and Gab1 adapter proteins, which permits association with Grb2 and results in subsequent 

recruitment and activation of RAS guanine nucleotide exchange factor-mSOS1 (Refer to Table 

1-1 and Figure 1-5) (L. M. Luttrell et al., 1999). Members of the Src family of tyrosine kinases 

have been identified to mediate the rapid phosphorylation of Shc and Gab1 adaptor proteins, 

which permits Shc and Gab1 complex formation (L. M. Luttrell et al., 1999). The Src family of 

tyrosine kinases consist of a catalytic domain, a regulatory domain, and SH2 and SH3 binding 

domains (Ram & Iyengar, 2001). With a predominant cytoplasmic distribution, they normally 

exist in an inactive phosphorylated state and require dephosphorylation to permit activity (L. M. 

Luttrell et al., 1999; Ram & Iyengar, 2001). Inhibition of AC activity through Gαi activation 

reduces PKA mediated inhibition of c-Raf, which confers another Gαi pathway for modulation of 

ERK½ activity (Refer to Table 1-1 and Figure 1-5) (Goldsmith & Dhanasekaran, 2007; L. 

Luttrell, 2003). Gαq mediated regulation of phospholipase C-β regulates PKC activity, which has 

both RAS-dependent and RAS-independent mechanisms of ERK½ activation (Refer to Table 

1-1 and Figure 1-5) (L. Luttrell, 2003). Gαq mediated ERK½ activation can also occur 

independent of PKC and involves the Ca2+-stimulated autophosphorylation of Pyk2, a member of 

the focal adhesion kinase family, as well as Src recruitment to permit RAS mediated ERK½ 

activation (Refer to Table 1-1 and Figure 1-5) (Della-Rocca, Maudsley, Daaka, Lefkowitz, & 

Luttrell, 1999; L. Luttrell, 2003).  

Gβγ dimers associated with the various members of the Gα family also have distinct roles in 

ERK½ activation (Refer to Table 1-1) (L. Luttrell, 2003). A well characterised pathway of 

ERK½ activation involves Gβγ dimer mediated activation of a matrix metalloprotease which 

mediates the release of growth factors that activate receptor tyrosine kinases (L. Luttrell, 2003). 

Receptor tyrosine kinase activation permits recruitment of proteins with SH2 domains such as 

Shc and Gab1 to permit activation of the RAS-ERK pathway (L. Luttrell, 2003).  
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1.2.3.1.3 Ca2+ signalling 

An important second messenger generated by a diverse range of GPCRs would be an increase in 

[Ca2+]i, which modulates a multitude of cellular processes, including gene expression, 

proliferation, neurotransmitter release, apoptosis and electrolyte balance (Kiselyov, Shin, & 

Muallem, 2003). GPCR mediated Ca2+ signalling involves two physiological steps: the 

biochemical step involving GPCR mediated activation of downstream effectors and a 

biophysical step involving activity of Ca2+ channels and pumps (Refer to Table 1-1 and Figure 

1-5) (Kiselyov et al., 2003). In a typical signalling cascade GPCR mediated activation of PLC 

permits production of two second-messengers, IP3 and diacylglycerol (DAG) which permit 

signal propagation (Kiselyov et al., 2003; Rhee, 2001). IP3 targets and activates the IP3 receptor 

Ca2+ channels (IP3R; located within the ER), which function to increase [Ca2+]i through releasing 

Ca2+ stored within the ER (Kiselyov et al., 2003). The resulting increase in [Ca2+]i contributes to 

the activation of Ca2+ - release activated Ca2+ channels as well as other plasma membrane 

channels such as store-operated channels (S-OCs) (Kiselyov et al., 2003). The plasma membrane 

channel mediated increase in [Ca2+]i induces the activation of Ca2+ pumps located within the 

plasma membrane (plasma membrane Ca2+ ATPase (PMCA)), as well as ER (sarcoendoplasmic 

reticulum Ca2+ ATPase (SERCA)), which function to remove Ca2+ from the cytosol (Refer to 

Table 1-1 and Figure 1-5) (Kiselyov et al., 2003; Periasamy & Kalyanasundaram, 2007). 

Subsequently, [Ca2+]i levels plateau, a process dependent on the relative activities of both the 

plasma membrane Ca2+ channels and the ER Ca2+ pumps (Kiselyov et al., 2003). It should be 

noted that the changes in [Ca2+]i follow spatially and temporally regulated oscillations that 

initiate in discrete sites, and subsequently involves the entire cell (Kiselyov et al., 2003; Rooney 

& Thomas, 1993; Shin et al., 2001; Xu, Zeng, Diaz, & Muallem, 1996). 

Ca2+ is tightly regulated throughout the cell - with numerous energy consuming transporters 

being responsible for establishing tightly controlled Ca2+ gradients that set resting state 

intracellular Ca2+ concentration at a low 100nM (Lam & Galione, 2013). Major organelles 

regulating Ca2+ homeostasis include the ER, sarcoplasmic reticulum, mitochondria and the 

nucleus (Ibarra et al., 2014). Alternations in frequency, amplitude and duration of Ca2+ transients 

form the major basis for cellular control of Ca2+ mediated signalling (Ibarra et al., 2014). Of 

particular importance for transcriptional regulation is nucleoplasmic Ca2+ transients, which are 

regulated by the nuclear envelope and operate with strict boundaries (Ibarra et al., 2014). Not 

unlike the sarcoplasmic reticulum, the nuclear envelope maintains Ca2+ gradients through RyR2 

Ca2+ channels, IP3-InsP3R Ca2+ channels, Ca2+ buffering proteins and SERCA Ca2+ pumps 
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(Ibarra et al., 2014). Intriguingly, endothelin-1 induces nuclear Ca2+ transients without induction 

of cytosolic Ca2+ transients and instead is reliant on perinuclear Ca2+ stores (Kockskämper et al., 

2008). Increasing evidence also supports a role for second messengers in regulation of nuclear 

Ca2+ - such as InsP3, PIP2 or PLCβ and ε (Ibarra et al., 2014). Moreover, receptor localisation to 

the nuclear envelope can also facilitate production of second messengers (Ibarra et al., 2014).   

1.2.3.1.4 Phospholipase C signalling 

Numerous extracellular ligands stimulate the hydrolysis of a minor phospholipid component of 

the plasma membrane, phosphatidylinositol 4, 5-bisphosphate (PIP2), into IP3 and DAG to permit 

signal propagation (Refer to Table 1-1 and Figure 1-5) (Rhee, 2001). Phosphoinositide-specific 

PLC isozymes catalyse PIP2 hydrolysis into IP3 and DAG, and the main downstream effects 

include the release of Ca2+ from intracellular Ca2+ stores (IP3 mediated) and activation of PKC 

(DAG mediated) (Refer to Table 1-1 and Figure 1-5) (Rhee, 2001). PIP2 also modulates the 

activity of additional enzymes including PLD and phospholipase A2 (PLA2) as well as having 

regulatory roles through serving as a membrane-docking site for pleckstrin homology (PH) 

domain containing proteins, and through modulating actin function through interaction with actin 

regulatory proteins (Brown, Gutowski, Moomaw, Slaughter, & Sternwels, 1993; Mosior & 

Newton, 1998; Rhee, 2001). Additionally, GPCRs can also stimulate conversion of PIP2 to PIP3 

(phosphatidylinositol 3, 4, 5-bisphosphate) through the actions of phosphatidylinositol-3-kinase, 

which contributes to the activity regulation of downstream GTP-binding proteins such as Rac 

and protein kinase B, also called Akt; a Ser/Thr kinase (Refer to Table 1-1 and Figure 1-5) 

(Rhee, 2001).  

Currently 13 PLC isozymes have been identified which are divided into six different subtypes 

including PLCβ, PLCγ, PLCδ, PLCε, PLCζ and PLCη, each with a variable number of splice 

variants as well as differential tissue distribution and structure (Refer to Figure 1-5) (Rhee, 

2001; Suh et al., 2008). Low amino acid conservation between PLC subtypes has been reported, 

with only two regions (X and Y domains) showing conservation, which participate in catalytic 

core formation (Rhee, 2001; Suh et al., 2008). Additional structural domains presented by some 

PLC isozymes include a PH domain that mediates interactions with PIP3 and the Gβγ dimer, EF-

hands motifs that have a regulatory function through Ca2+ binding and a C2 domain that binds 

Ca2+ to enhance enzyme activity (Rhee, 2001; Suh et al., 2008).  

Specific PLC subtypes are activated through GPCR activity either through direct G-protein 

mediated activation or through downstream activation of effectors (Suh et al., 2008). PLCβ can 
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be activated through direct interaction with Gα (Gαq subfamily) and the Gβγ dimer (S. B. Lee, 

Shin, Hepler, Gilman, & Rhee, 1993; Suh et al., 2008). PLCγ has been shown to be activated 

indirectly by GPCR activity through GPCR kinase-interacting protein-1 (GIT1), an adaptor 

protein that permits activation of PLCγ-1 through facilitating a connection with Src kinase 

(Haendeler et al., 2003). PLCε has been identified to be activated through GPCR mediated Rho 

activation or Rap activation (Suh et al., 2008). Gαs mediated EPAC activation contributes to the 

activation of Rap2B, with activated Rap2B being capable of interacting with a Ras-associating 

domain of PLCε, leading to PIP2 hydrolysis (Suh et al., 2008). Additionally, GPCRs that couple 

to Gα12 or Gα13 activate RhoA which stimulates PLCε activity directly (Suh et al., 2008). PLCε 

can also be activated either directly or indirectly (Ras-dependent) by the Gβγ dimer (Citro et al., 

2007). PLCη can be activated by a range of G-proteins (members of Gα and Gβγ) as well as 

many members of the Ras and Rho families (Katan, 2005). 

1.2.3.2 G-protein dependent desensitisation of receptor function 

Regulation of GPCR signalling activity through phosphorylation of intracellular residues allows 

recruitment of arrestin which uncouples G-proteins from the GPCR (Delom & Fessart, 2011; 

Kelly, Bailey, & Henderson, 2008). Ser and Thr residues located within the C-terminus and/or 

third cytoplasmic loop are sites of phosphorylation, which can be mediated by kinases such as 

GPCR regulatory kinase (GRK), PKA and PKC (Refer to Table 1-1 and Figure 1-5) (Kelly et 

al., 2008). Desensitisation has been classified according to the specificity of the effect, with 

homologous desensitisation resulting directly from the signalling activity of a specific receptor, 

and where heterologous desensitisation represents a more generalised loss of signalling activity 

from multiple receptors (Kelly et al., 2008). Homologous desensitisation primarily involves 

GRK mediated phosphorylation of an activated GPCR and provides high affinity binding sites 

for arrestin which would be required for desensitisation (Delom & Fessart, 2011; DeWire et al., 

2007; Lefkowitz & Whalen, 2004; L. M. Luttrell & Lefkowitz, 2002; Rajagopal, Rajagopal, & 

Lefkowitz, 2010). Heterologous desensitisation occurs independent of ligand occupancy of the 

GPCR being desensitised, and primarily results from the activity of second-messenger dependant 

kinases such as PKA or PKC (Kelly et al., 2008; L. M. Luttrell & Lefkowitz, 2002). The second-

messenger dependant kinases are regulated through second messengers such as cAMP, IP3/Ca2+ 

and DAG produced from the activity of unrelated receptors (Bunemann, Lee, Pals-Rylaarsdam, 

Roseberry, & Hosey, 1999; Delom & Fessart, 2011; L. M. Luttrell & Lefkowitz, 2002).   
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There are seven members within the GRK family divided into three main groups: visual GRK 

subfamily (GRK1 and 7), β-AR kinases subfamily (GRK2 and 3) and the GRK4 subfamily 

(GRK4, 5 and 6) (Ribas et al., 2007). GRK2, 3, 5 and 6 are ubiquitously expressed and GRK1, 4 

and 7 have tissue specific expression, suggesting significant functional diversity between GRK 

members (Palczewski, 1997; Premont & Gainetdinov, 2007; Ribas et al., 2007). GRKs share a 

common architecture consisting of an amino terminus, involved in receptor recognition and 

membrane anchoring, a core catalytic region which resembles the core of Ser/Thr kinases and a 

carboxy terminus involved in subcellular localisation and agonist-dependent translocation (Ribas 

et al., 2007). 

Arrestin binding to phosphorylation sites promote receptor desensitisation by blocking G-protein 

binding and promoting internalisation into clathrin-coated pits, targeting the receptor for either 

recycling or lysosomal degradation (Refer to Table 1-1) (Delom & Fessart, 2011; Lefkowitz & 

Whalen, 2004; McMahon & Boucrot, 2011; Rajagopal et al., 2010). The initial identification of 

arrestin (initially named S-antigen or 48k protein) occurred through the observation that 

progressive purification of GRK2 from the bovine brain lead to reduced ability of the kinase to 

desensitise the β2-AR mediated Gαs activation (Benovic et al., 1987; Shenoy & Lefkowitz, 

2003). When S-antigen (an abundant retinal protein; later named arrestin) was substituted back 

with the purified GRK2 it largely restored the β2-AR desensitisation effect, and subsequent 

studies identified additional members of the arrestin family (Benovic et al., 1987). There are four 

arrestin isoforms (arrestin 1 to 4), where arrestin 1 and 4 are solely expressed in the retina 

(regulating rhodopsin and opsin GPCRs, respectively) and arrestin 2 and 3 are expressed 

throughout the body (DeWire et al., 2007; Lefkowitz & Whalen, 2004; Rajagopal et al., 2010). 

Arrestin 2 and 3, also referred to as β-arrestin 1 and β-arrestin 2, respectively, share near 80% 

amino acid identity and are variable mainly within the C-termini (DeWire et al., 2007; Lefkowitz 

& Whalen, 2004; Rajagopal et al., 2010). Structurally arrestins consist of three distinct domains, 

where the N-terminal domain recognises the activated receptor, the C-terminal domain 

recognises secondary receptors and the phosphate sensor domain resides between the N- and C-

terminal domains (L. M. Luttrell & Lefkowitz, 2002).  

β-arrestins also serve as multi-functional scaffolding proteins that permit receptor linkage to a 

diverse range of signalling molecules as well as endocytic machinery (Delom & Fessart, 2011; 

DeWire et al., 2007; Lefkowitz & Whalen, 2004; Rajagopal et al., 2010). At the level of the 

plasma membrane, β-arrestin can recruit PDE in close proximity to a GPCR to further facilitate 

desensitisation (Lefkowitz et al., 2006). This effect was initially identified through β2-AR 
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mediated desensitisation mediated through β-arrestin recruitment of PDE4 at the plasma 

membrane to attenuate cAMP production (Lefkowitz et al., 2006; Perry et al., 2002). 

1.2.3.3 Arrestin - multifunctional scaffold yielding G-protein-independent signalling 

Aside from arrestin mediated desensitisation and internalisation, arrestin has also been 

determined to contribute to cellular signalling in a G-protein-independent manner (DeFea, 2011; 

DeWire et al., 2007; Lefkowitz & Whalen, 2004; Rajagopal et al., 2010). β-arrestin has been 

indicated to associate with both phosphorylated and non-phosphorylated GPCRs, with recent 

studies proposing two arrestin GPCR binding sites, one being an agonist-dependent ionic site 

and the other a phosphorylation site (DeFea, 2011). Once bound to a GPCR, β-arrestin serves as 

a docking station for members of the Mitogen activated protein kinases (the Src family, ERK 

family and the JNK family), for PI3K and for inhibitor of nuclear factor κ B, α-isoform (IκBα) 

(Refer to Table 1-1 and Figure 1-5) (Lefkowitz et al., 2006). β-arrestin scaffolding appears very 

dynamic and diverse, with studies suggesting β-arrestins may function as phosphosensors that 

regulate the activity of phosphorylated proteins (Skånland, Wälchli, & Sandvig, 2009; K. Xiao et 

al., 2007). Potential interaction partners for β-arrestin includes proteins involved in signal 

transduction (such as adaptor proteins, kinases, phosphates, G-proteins and GTPases), cellular 

organisation (such as cytoskeletal-motor, -accessory and -constituent proteins) and nucleic acid 

binding (such as histones, transcription factors and RNA processing proteins), but potential 

interacting partners extend to many other cellular processes as well (DeFea, 2011; K. Xiao et al., 

2007).  

Initial evidence for β-arrestin mediated signalling was through diminished GPCR mediated 

ERK½ activation in the presence of defective dynamin or β-arrestin1, or through inhibition of 

clathrin-mediated internalisation (Refer to Table 1-1) (Daaka et al., 1998; DeWire et al., 2007; 

F.-T. Lin, Daaka, & Lefkowitz, 1998). Following this, β-arrestin 1-mediated ERK½ activation 

was identified to occur through recruitment of c-Src to an activated GCPR, which was observed 

for β2-AR as well as the neurokinin-1 receptor (DeFea et al., 2000; Johnston & Siderovski, 

2007; L. M. Luttrell et al., 1999). Subsequently, β-arrestin 1 was shown to form a complex with 

Raf-1 and phosphorylated ERK½ (pERK½) following agonist stimulation of the protease 

activated receptor 2 (DeWire et al., 2007). Similarly, agonist stimulation of the angiotensin two 

type 1A receptor (AT1AR) induces the formation of a signalling complex involving β-arrestin2, 

Raf-1, MEK1 and ERK½ (DeWire et al., 2007). Additionally, β-arrestin 2 mediated ERK½ 

activation was found to be both spatially and temporally regulated. GPCR mediated activation of 
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ERK½ yields maximal pERK½ 2-minutes following agonist stimulation, which was greatly 

attenuated 10-minutes post stimulation (DeWire et al., 2007). β-arrestin 2 mediated ERK½ 

activation was minimal before 10-minutes, but 30-minutes post-stimulation it became 

responsible for nearly 100% of the ERK½ mediated signalling (DeWire et al., 2007). Some 

downstream signalling effects mediated by β-arrestin ERK½½ activation include the 

phosphorylation of JNK3, the Elk-1 transcription factor and p38 MAPK (DeWire et al., 2007; 

McLaughlin et al., 2006). 

JNK3 has a tissue specific expression pattern (primarily expressed in brain, heart and testes) and 

was initially identified in complex with β-arrestin2 (DeWire et al., 2007). Subsequent studies 

revealed that MAP kinase 4 (MKK4), apoptosis signalling kinase (ASK1) and MAP kinase 

phosphatase 7 (MKP7) also form part of the JNK3-β-arrestin complex (McDonald et al., 2000; 

W. E. Miller et al., 2001). Interestingly, the phosphatase, MKP7, appears to regulate the JNK3-β-

arrestin cascade due to rapid dissociation upon stimulation of AT1AR and subsequent re-

association permits dephosphorylation of the JNK3 complex (DeWire et al., 2007; Willoughby 

& Collins, 2005). Phosphorylation of the Elk-1 transcription factor represents a normal 

downstream process of ERK½ activation and regulates genes involved in promoting cell cycle 

progression (DeWire et al., 2007; McLaughlin et al., 2006). However, stimulation of AT1AR and 

subsequent β-arrestin-ERK mediated phosphorylation of Elk-1 did not result in transcription of 

Elk-1 dependent genes, highlighting alternative ERK½ signalling mechanisms (DeWire et al., 

2007; Tohgo, Pierce, Choy, Lefkowitz, & Luttrell, 2002). β-arrestin1 mediated activation of the 

P38 MAPK has recently been identified to occur through direct association of the P38 

signalosome (consisting of ASK1/MKK3/p38 MAPK) in response to stimulation of platelet 

activating factor receptor (PAFR) (McLaughlin et al., 2006).  

Moving beyond the ERK½ signalling cascade, β-arrestin has also been implicated in regulating 

PI3K activity, a common signalling intermediate that regulates the phosphorylation of PIP2 to 

PIP3 (Refer to Table 1-1 and Figure 1-5) (DeWire et al., 2007). A non-conventional mechanism 

of PI3K action involves β-arrestin dependent activation of PI3K instead of conventional receptor 

mediated activation (such as receptor tyrosine kinase mediated PI3K activation) (Cianfrocca et 

al., 2010). Following ligand stimulated activation of the endothelin-1 /endothelin A receptor 

(ETAR), β-arrestin-dependent activation of PI3K results in activation of integrin-linked kinase 

(ILK) as well as Akt, which reduces glycogen synthase kinase 3β (GSK3β) activity and promotes 

metastatic behaviour of ovarian cancer cells (Cianfrocca et al., 2010). Similarly, β-arrestins were 

required for PI3K mediated activation of Akt in mouse embryo fibroblasts following ligand 
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stimulation of insulin-like growth factor 1 (IGF-1) receptor (Povsic, Kohout, & Lefkowitz, 

2003).  

The common signalling intermediate Akt inhibits apoptosis and promotes cell survival through 

regulation of many signalling intermediates and G-protein-independent but β-arrestin-dependent 

regulation of Akt activity appears to be common among GPCRs (DeWire et al., 2007). 

Thrombin, through the action of protease-activated receptors (PARs), activates Akt through Gα 

or β-arrestin-1-mediated activation of PI3K (Goel, Phillips-Mason, Raben, & Baldassare, 2002). 

Dopamine stimulation of dopamine 2 receptors permits formation of an Akt signalosome 

consisting of β-arrestin2, protein phosphatase 2A (PP2A) and Akt (L. M. Luttrell & Gesty-

Palmer, 2010). In contrast to thrombin action, dopamine induced β-arrestin2 signalosome bound 

to PP2A dephosphorylates Akt resulting in inactivation of Akt. Inactivated Akt relieves 

inhibition from GSK3β, favouring GSK3β mediated phosphorylation of downstream effectors (L. 

M. Luttrell & Gesty-Palmer, 2010).  

β-arrestin-mediated signalling has also been found to extend into regulation of transcription, with 

the β-arrestin interaction with IκBα and IκBα-regulatory kinases negatively regulating nuclear 

factor κ B (NFκB) activity (L. M. Luttrell & Gesty-Palmer, 2010). NFκB represents a 

transcription factor family involved in the regulation of genes implicated in inflammation, 

proliferation, autoimmune responses and apoptosis (L. M. Luttrell & Gesty-Palmer, 2010). IκBα 

mediates its inhibitory effects on NFκB through direct binding, preventing nuclear translocation 

and thus NFκB mediated transcription (L. M. Luttrell & Gesty-Palmer, 2010). 

1.2.4 A developing concept: GPCR G-protein independent signalling 

A key feature of GRKs that was deemed important was that their activity was dependent on the 

activity of the target GPCR, with GRKs effectively phosphorylating receptors that have adopted 

an active conformation (Gurevich, Tesmer, Mushegian, & Gurevich, 2012; C.-C. Huang & 

Tesmer, 2011). At a structural level, the receptor requires stabilisation of a conformational state 

that exposes the correct binding interface for GRK interaction (Refer to Figure 1-6 [refer to 

corresponding number demarcated #2]) (C.-C. Huang & Tesmer, 2011). This specific receptor 

conformational state can be selectively stabilised by ligands (Refer to Figure 1-6 [refer to 

corresponding number demarcated #1]), or may be exposed within the conformation of a 

constitutively active receptor, and results in GRK mediated phosphorylation (Refer to Figure 1-6 

[refer to corresponding number demarcated #3]). This forms the basis of GPCR signalling that 

occurs independent of G-protein-mediated signalling and results in subsequent arrestin 
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recruitment. Moreover, GPCR phosphorylation functions as a barcode pattern capable of 

inducing distinct conformational changes within arrestin, and this in turn alters which molecular 

docking sites are exposed (Butcher et al., 2011; Coffa et al., 2011; Nobles et al., 2011; Reiter, 

Ahn, Shukla, & Lefkowitz, 2012). Thus, conformational changes within arrestin’s structure 

differentially modulates the association with adaptor proteins and creates diversity within 

arrestin mediated signalling, which occurs independent of G-protein activity (Shukla et al., 2008; 

K. Xiao, Shenoy, Nobles, & Lefkowitz, 2004).  

The dynamic interaction between GPCRs, arrestin and GRKs are still in the early stages of 

characterisation, but there are reports that suggest this interaction provides an additional means 

of signalling specificity. Differential ligand stabilised conformational states of the β1-AR were 

identified that resulted in either a combination of G-protein-dependent and -independent 

signalling or just G-protein-independent signalling (Galandrin et al., 2008). A full agonist 

(isoproterenol) for the AC pathway of the β1-AR also activated MAPK in a Src-dependent 

manner through both the Gαi-βγ heterotrimeric G-protein and β-arrestin-Src-dependent pathway 

(Galandrin et al., 2008). A partial agonist and inverse agonist (bucindolol and propranolol, 

respectively; efficacy classed based on the AC pathway) only promoted MAPK activation 

through the β-arrestin mediated Src pathway (Galandrin et al., 2008).  

 

Figure 1-6: GPCR G-protein independent signalling.  

Following receptor activation (1), downstream kinases (GPCR regulatory kinases; GRKs) modulate 

desensitisation of the receptor through phosphorylation of specific intracellular residues (2 and 3). 

Arrestin recruitment at a phosphorylated receptor serves as a molecular scaffold, permitting 

receptor association with a range of intracellular proteins (Refer to Table1) and this modulates 

signalling independent of G-protein activity (5). Additionally, arrestin also permits internalisation, 

with the receptor’s fate either being resensitisation followed by recycling back to the cell surface or 

lysosomal degradation (6-7). 
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This indicated that different ligands stabilise different β1-AR conformations that contribute to 

selectivity of the signalling pathway recruited for signal propagation. There are also reports of 

GPCRs that have constitutive activity towards a particular signalling pathway, such as G-protein 

independent signalling. Some inverse agonists, which reduce receptor constitutive activity for the 

pathway being measured, have been shown to have biased signalling due to also promoting β-

arrestin recruitment (Azzi et al., 2003; DeWire et al., 2007). Both the β2-AR and the V2 

vasopressin receptor (V2R) display biased signalling when stimulated with inverse agonists 

(ICI118551 and SR121463B, respectively) (Azzi et al., 2003; DeWire et al., 2007). Following 

inverse agonist application, the inverse agonism response was mediated through a measurable 

reduction in AC activity and the biased signalling response is dependent on β-arrestin 

recruitment to permit ERK½ activation (Azzi et al., 2003; DeWire et al., 2007).  

1.2.5 Receptor internalisation 

Following homologous desensitisation, the next phase of agonist stimulated GPCR signal 

termination involves internalisation/endocytosis of the receptor. Endocytosis is the process 

through which molecules are internalised from the cell surface into internal membrane 

compartments and classically occurs through two pathways, clathrin-dependent and clathrin-

independent lipid rafts (Le Roy & Wrana, 2005; McMahon & Boucrot, 2011). Additionally, 

many GPCRs have been identified to also undergo constitutive endocytosis (independent of 

ligand binding) which can be mediated through either the clathrin-dependent or -independent 

pathways (Marchese, Paing, Temple, & Trejo, 2008; McMahon & Boucrot, 2011; Seachrist & 

Ferguson, 2003). Clathrin-independent lipid raft mediated endocytosis involves the recruitment 

of cholesterol and glycosphingolipids which alter membrane fluidity, creating liquid-ordered 

domains which segregate from less ordered liquid-domains (Le Roy & Wrana, 2005). A common 

type of lipid raft, the caveolae, requires the action of caveolin proteins (along with cholesterol 

and sphingolipids) to permit the membrane invagination (Le Roy & Wrana, 2005). Clathrin-

dependent endocytosis is a highly dynamic and intensively regulated process that is dependent 

on a diverse range of endocytic machinery (Refer to Figure 1-7 [refer to corresponding number 

demarcated #3]) (McMahon & Boucrot, 2011; Wolfe & Trejo, 2007). Clathrin-coated pits form a 

polymeric lattice consisting of heavy and light chain clathrin molecules that segregate segments 

of the plasma membrane that are rich in PIP2 (Wolfe & Trejo, 2007). Various adaptor proteins 

(such as adaptor protein 2) are recruited during the formation of clathrin-coated pits and 

additional accessory proteins further mediate this process (McMahon & Boucrot, 2011; Wolfe & 

Trejo, 2007). Dynamin, a large GTPase, releases the clathrin-coated pits from the plasma 
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membrane, which subsequently permits the formation of an early endosome following 

disassembly of the clathrin-lattice (McMahon & Boucrot, 2011; Wolfe & Trejo, 2007). Within 

the early endosome, internalised GPCRs are either recycled back to the plasma membrane or 

targeted towards lysosomes for degradation (Refer to Figure 1-7 [refer to corresponding 

numbers demarcated #4-8]) (Ferguson, 2001). 
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Figure 1-7: GPCR signal termination through desensitisation, internalisation and endosomal sorting.  

For a detailed breakdown of Figure 1-7 constituents, refer to corresponding numbers demarcated [#1-8] within Sections 1.2.5 and 1.2.6. 

3
1
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The degree to which arrestins are involved in endocytosis varies depending on the specific 

properties of each GPCR, as well as the endogenous expression of proteins mediating the process 

within a given cell type (L. M. Luttrell & Lefkowitz, 2002). The LIEF motif within β-Arrestins 

permits association with the N-terminus of clathrin heavy chain and the β-Arrestin RxR motif 

permits binding to the heterotetrameric adaptor protein 2 (AP-2) complex, which links an β-

Arrestin bound receptor to endocytic machinery required for clathrin-coated pit formation (such 

as clathrin, dynamin and ADP-ribosylation factor 6 [ARF6]) (Claing et al., 2001; Lefkowitz & 

Whalen, 2004; L. M. Luttrell & Lefkowitz, 2002). β-arrestin 1 also binds to N-ethylmaleimide-

sensitive fusion protein (NSF; an ATPase with a role in intracellular transport), and this 

interaction has been shown to be important for normal receptor endocytosis of the human β2-AR 

(L. M. Luttrell & Lefkowitz, 2002; Y. Wang, Lauffer, Von Zastrow, Kobilka, & Xiang, 2007).  

Additionally, phosphorylation of residue S412 of β-arrestin 1 has been implicated in regulation 

of function (Delom & Fessart, 2011). β-arrestin 1 exists in a constitutively phosphorylated state, 

with ERK1 and ERK2 being responsible for phosphorylation of S412, and dephosphorylation 

would be required to permit engagement with endocytic machinery (Delom & Fessart, 2011; 

DeWire et al., 2007; L. M. Luttrell & Lefkowitz, 2002). β-arrestin 2 lacks the C-terminal 

phosphorylation site, but its endocytic function can be regulated through ubiquitination (DeWire 

et al., 2007; L. M. Luttrell & Lefkowitz, 2002). Ubiquitination involves enzymatic covalent 

linkage of ubiquitin to lysine residues and has functional roles in trafficking and signal 

transduction (DeWire et al., 2007). Ubiquitination of β-arrestin 2 would typically be mediated by 

E3 ubiquitin ligase Mdm2, a process that regulates correct subcellular localisation of β-arrestin 

as well as regulating internalisation of the β-arrestin bound receptor (DeWire et al., 2007; L. M. 

Luttrell & Lefkowitz, 2002; Yin, Zhang, Xu, Chen, & Xie, 2011). 

1.2.6 Receptor recycling or degradation 

Two classifications of β-arrestin mediated endocytosis have been proposed following 

homologous desensitisation of GPCRs (Refer to Figure 1-7 [refer to corresponding number 

demarcated #6]) (DeWire et al., 2007). Class A receptors represent GPCRs which have an 

apparent rapid and transient low affinity association with β-arrestin, resulting in β-arrestin 

dissociation following receptor targeting to clathrin-coated pits (Refer to Figure 1-7 [refer to 

corresponding number demarcated #8]) (DeWire et al., 2007). Thus, Class A receptors are 

recycled back to the plasma membrane in a rapid manner following resensitisation (DeWire et 

al., 2007). Class B receptors on the other hand show prolonged high affinity association with β-

arrestin, with association persisting following clathrin coated pit formation and endocytosis, 
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resulting in a slowing of receptor resensitisation and recycling back to the plasma membrane 

(DeWire et al., 2007). 

The fate of an internalised receptor, whether it be resensitisation and recycling, or lysosomal 

degradation, would typically be modulated by β-arrestin but additional proteins also modulate 

endocytic sorting (Refer to Figure 1-7 [refer to corresponding numbers demarcated #6 and 7]) 

(DeWire et al., 2007; Hanyaloglu & von Zastrow, 2008). As mentioned earlier, NSFs association 

with β-arrestin 1 was important for normal endocytosis and trafficking of human β2-AR (L. M. 

Luttrell & Lefkowitz, 2002; Y. Wang et al., 2007). NSF has additionally been identified to bind 

directly to the C-terminus of human β2-AR and mutation within the C-terminus of β2-AR can 

alter this interaction, resulting in intracellular sequestration through deficient recycling (Cong et 

al., 2001). The C-terminus of β2-AR has also been identified to interact with Na+/H+ - exchanger 

regulator factor-1 (NHERF1) through PDZ domain association (Drake, Shenoy, & Lefkowitz, 

2006). NHERF1 interacts with the actin cytoskeleton through an ezrin-radixin-moesin (ERM) 

domain, and the interaction with the β2-AR modulates recycling back to the plasma membrane 

(Drake et al., 2006). Mutational alterations of this interaction biases agonist-induced β2-AR 

internalisation towards lysosomal degradation rather than recycling, highlighting a role for 

NHERF1 in β2-AR recycling (Drake et al., 2006). Rab GTPases (Ras-like small G-proteins) 

have important roles in endocytosis and trafficking of GPCRs through modulating the rate of 

endocytosis and intracellular sorting (Jean-Alphonse & Hanyaloglu, 2011; Seachrist & Ferguson, 

2003). Specific species of Rab protein are found within distinct cellular compartments, with Rab 

4, 5 and 11 localising within early endosomes, Rab 1 and 2 localising within ER to Golgi 

transporting vesicles, and Rab 7 and 9 localising within late endosomes and lysosomes (Refer to 

Figure 1-7 [refer to corresponding number demarcated #6]) (Jean-Alphonse & Hanyaloglu, 

2011; Seachrist & Ferguson, 2003).  

The GPCR-associated sorting protein (GASP) family have been shown to regulate the 

endosomal fate of many GPCRs through modulation of GPCR trafficking towards lysosomes 

(Hanyaloglu & von Zastrow, 2008). GASPs bind within the C-terminus as well as interacting 

with conserved residues located within the seventh TMD of GPCRs (Hanyaloglu & von Zastrow, 

2008; Simonin, Karcher, Boeuf, Matifas, & Kieffer, 2004). Another protein involved in both 

recycling and lysosomal trafficking is sorting nexin-1 (SNX-1). SNX-1 has been shown to 

interact with the C-terminus of a range of GPCRs following agonist-induced endocytosis and 

facilitates either recycling to the plasma membrane (observed for muscarinic 1 and 4 and 

neurokinin 1 and 2 receptors) or targeting towards lysosomal degradation (observed for δ-opiod 

and oxytocin GPCRs) (Hanyaloglu & von Zastrow, 2008). 
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1.2.7 Biased agonism- a newly emerged concept 

Biased agonism is a newly emerged concept of ligand mediated signalling pertaining to the 

ability of a given ligand to preferentially activate a subset of signal transducers by a given GPCR 

(Andresen, 2011; DeWire et al., 2007; Zuzana Bologna, Jian-peng Teoh, Ahmed S. Bayoumi, 

Yaoliang Tang, & Kim, 2017). Ligand mediated stabilisation of specific GPCR conformational 

states (referred to as “functional selectivity”) contributes to differential affinity/selectively 

towards specific cytosolic signalling proteins, such as heterotrimeric G-proteins and arrestin 

(Kristiansen, 2004; Rosenbaum et al., 2009; Seifert & Dove, 2009). Using the currently accepted 

‘Monod-Wyman-Changeux’ model of ligand function (Outlined in Section 1.2.2.2) (Changeux 

& Edelstein, 2011), illustrations of ligand function were prepared while integrating the biased 

agonism concept (Refer to Figure 1-8).  

Agonists were identified as ligands that stabilise conformational states that enhance affinity for a 

specific transducer as well as the efficacy of that transducer (Refer to Figure 1-8 [A]) (L. M. 

Luttrell & Kenakin, 2011). Competitive antagonists stabilise conformational states that have no 

impact on transducer affinity or efficacy and occupy the ligand binding site, which prevents 

binding of agonists in particular (Refer to Figure 1-8 [C]) (L. M. Luttrell & Kenakin, 2011). 

Inverse agonists were identified as ligands that stabilise conformational states that reduce 

receptor affinity towards a specific transducer or reduce the efficacy of that transducer 

(Andresen, 2011; L. M. Luttrell & Kenakin, 2011; Seifert & Wenzel-Seifert, 2002). Increasing 

evidence is accumulating suggesting that inverse agonists are actually biased agonists that switch 

receptor affinity from one transducer to another (Andresen, 2011; Blättermann et al., 2012; 

Denis et al., 2012; Gundry, Glenn, Alagesan, & Rajagopal, 2017; Rajagopal et al., 2011; 

Salahudeen & Nishtala, 2017).  

Thus, when measuring the signalling activity of only one transducer, inverse agonists would 

appear to lower the efficacy of that transducer when in fact they switch the transducer that is 

interacting with the receptor, and thus change the signalling pathway being activated (Refer to 

Figure 1-8 [B]) (Andresen, 2011; Rajagopal et al., 2011). Non-competitive antagonists bind to 

allosteric sites that are distinct from the agonist binding site and stabilise conformational states 

that prevent agonists from stabilising an active conformation (Refer to Figure 1-8 [D]) (L. M. 

Luttrell & Kenakin, 2011). Allosteric modulators bind and stabilise a conformational state that 

alters the interaction of the receptor with ligands (L. M. Luttrell & Kenakin, 2011). 
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Figure 1-8: Ligand stabilisation of specific receptor conformational states. 2 

For a detailed breakdown of Figure 1-8 constituents, refer to corresponding letters (demarcated #[A-F]) within Section 1.2.7, 1.2.5, 1.2.6 and 1.2.3.2.  

                                                 
2 Key:  

A: Biased agonist stabilisation of a conformational state that promotes G-Protein activation.  

B: Biased agonist stabilisation of a conformational state that permits GRK mediated phosphorylation of intracellular residues that allow arrestin recruitment and Arrestin-ERK 

scaffold signalling.  

C: Competitive antagonist of biased agonist-1 that competes for binding sites and stabilises a conformational state that does not change affinity or efficacy towards transducers. 

D: Non-competititve antagonist binding to an allosteric site which prevents Biased agonist-1 from inducing signalling. 

E and F: Positive/Negative allosteric modulator binding to an allosteric site to enhance/attenuate the effects of biased agonist-1, respectively. 

3
5
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Positive modulators enhance agonist mediated effects (Refer to Figure 1-8 [E]) and negative 

modulators reduce agonist mediated effects (Refer to Figure 1-8 [F]) (L. M. Luttrell & Kenakin, 

2011). Another emerging concept within biased agonism relates to ligand signalling occurring in 

two waves, rapid short-term G-protein mediated signalling and delayed prolonged β-arrestin 

mediated signalling (Goupil, A. Laporte, & E. Hebert, 2012). For the biased agonism concept to 

hold true, it requires that GPCRs can adopt a dynamic range of conformational states with 

differential affinities for heterotrimeric G-proteins and β-arrestins (DeWire et al., 2007; Louis M. 

Luttrell, 2014). Moreover, the inactive state would represent a conformational state in which 

affinity towards G-proteins/β-arrestin would be very low, thus yielding an inactive receptor 

(DeWire et al., 2007). Additionally, a biased agonist that only activates Gα/Gβγ signalling would 

be a traditional agonist, but may produce prolonged signals due to no β-arrestin recruitment and 

hence no desensitisation (Andresen, 2011). A biased agonist that only induces β-arrestin 

signalling has antagonistic effects on Gα/Gβγ signalling (Andresen, 2011).  

Extensive evidence for this dynamic interaction between GPCRs and their ligands has been 

obtained through technologies such as fluorescence resonance energy transfer (FRET), 

bioluminescence resonance energy transfer (BRET) and nuclear magnetic resonance (NMR) 

(Sridharan, Zuber, Connelly, Mathew, & Dumont, 2014; Vaidehi & Kenakin, 2010). Ligand 

specific conformational changes within the extracellular surface of the β2-AR (Family A GPCR) 

was identified, which associate with differential activation of cytosolic signalling proteins 

(Bokoch et al., 2010; Kahsai et al., 2011). Additionally, differential ligand-specific 

conformational states were identified for the muscarinic 1, 3 and 5 acetylcholine receptors, with 

differences in both the temporal and spatial receptor conformational changes observed through 

changes in FRET intensity following ligand stimulation (Thal et al., 2016; Ziegler, Bätz, Zabel, 

Lohse, & Hoffmann, 2011). Differential ligand mediated conformation states were also observed 

through measuring alterations in receptor interactions with cytosolic signalling proteins 

(Outlined in Section 1.2.4) (Galandrin et al., 2008). These studies indicate that ligands stabilise 

specific conformational states that permit dynamic receptor interactions with signal transducers, 

creating a complex signalling milieu.  

GPCRs that have constitutive activity towards a particular signalling pathway have also been 

implicated in biased signalling. Some inverse agonists, which reduce the constitutive G-protein 

coupling for the measured pathway, have been shown to have biased signalling mediated by β-

arrestin (Azzi et al., 2003; DeWire et al., 2007). Both the β2-AR and the V2R display biased 
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signalling when stimulated with inverse agonists ICI118551 and SR121463B, respectively 

(Outlined in Section 1.2.4) (Azzi et al., 2003; DeWire et al., 2007). Biased signalling has also 

been reported that occurs independent of β-arrestin. The CCR7 chemokine receptor was reported 

to activate both G-protein signalling and β-arrestin signalling in response to one of its 

endogenous ligands, CCL19 (DeWire et al., 2007; Kohout et al., 2004). However, stimulation 

with another endogenous ligand, CCL21, did not recruit β-arrestin and only resulted in the 

activation of G-protein dependent signalling (DeWire et al., 2007; Kohout et al., 2004). This was 

the result of CCL21 stimulating GRK6 mediated phosphorylation of the CCR7 receptor, 

followed by β-arrestin recruitment and subsequent MAPK signalling (Zidar, Violin, Whalen, & 

Lefkowitz, 2009). Similarly, stimulation of β2-AR with isoproterenol (full agonist) or carvedilol 

(biased agonist- weak β-arrestin signalling) had differential effects on receptor phosphorylation 

(Nobles et al., 2011). Isoproterenol promoted phosphorylation of several GRK2 sites and two 

GRK6 sites; with the GRK2 sites being primarily responsible for internalisation (Nobles et al., 

2011). In contrast, carvedilol only promoted phosphorylation on the GRK6 sites, thus only 

pertaining to β-arrestin signalling (Nobles et al., 2011).  

1.2.8 GPCR oligomerisation  

Initially GPCRs were considered to function as monomeric units, but increasing evidence 

challenges this view, with some GPCRs existing in dimeric or oligomeric higher-order structures 

(Szidonya, Cserző, & Hunyady, 2008). The ‘receptor mosaic hypothesis of the engram’ was 

proposed in 1982, which suggested that islands of receptors located on postsynaptic neuronal 

membranes were formed through receptor-receptor interactions, and that these islands of 

receptors permit specific and complex signalling to occur (Agnati, Fuxe, Zoli, Rondanini, & 

Ogren, 1982). Around the same time evidence was proposed for the occurrence of physical 

interaction between GPCR monomers and this was through the observation that an antagonist of 

gonadotropin-releasing hormone incubated with a bivalent antibody specific for the antagonist 

presented agonist activity (Conn, Rogers, Stewart, Niedel, & Sheffield, 1982). This result 

suggested that if an antagonist could bring two receptors in close proximity of around 15-150Å, 

then agonist effects could be observed (Conn et al., 1982). Domain swapping experiments 

provided additional early evidence for the direct interaction between receptors, such as the 

generation of two chimeric receptors, one consisting of the first five TMDs of α2-AR and the last 

two TMDs of M3 muscarinic acetylcholine receptor (M3 AChR), and the other receptor 

consisting of the complimenting fragments (TMD 1-5 of M3 AChR and TMD6-7 of α2-AR) 

(Maggio, Vogel, & Wess, 1993). Neither receptor was functional when expressed alone, 
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however, following co-expression some degree of agonist binding was restored to both receptors 

and signalling restored for the M3 AChR (Maggio et al., 1993). Since these early reports of 

potential GPCR to GPCR interaction, many additional reports have surfaced that incorporate a 

multitude of methodologies such as biochemical, structural, functional, high resolution imaging 

and resonance energy transfer studies (Reader referred to good reviews (Breitwieser, 2004; 

Milligan, 2009; Szidonya et al., 2008)).  

GPCRs function as monomers, homodimers or heterodimers, but this function varies greatly 

between GPCR families. Recent examples of both the β2-AR and rhodopsin receptors have 

indicated that monomeric receptor units are sufficient to stimulate their signal transducers (Gαs 

and transducin, respectively) when isolated within a high-density lipoprotein phospholipid 

bilayer (Whorton et al., 2007; Whorton et al., 2008). The best characterised 

homo/heterodimerising GPCR family is the glutamate-like (Family C) GPCRs and includes 

receptors such as mGluR1a (M. J. Robbins, Ciruela, Rhodes, & McIlhinney, 1999), mGluR5 (C. 

Romano, Yang, & O'Malley, 1996), Ca2+ sensing receptor (Ray et al., 1999) and gamma-

aminobutyric acid-B (GABA-B) (White et al., 1998). Most members within this receptor family 

have a long amino-terminus, which forms a venus flytrap domain (VFT) responsible for ligand 

binding (J.-P. Pin et al., 2004). The homodimerisation interaction within this family can be 

mediated through intermolecular disulphide bonds (C. Romano et al., 1996), coiled-coil (White 

et al., 1998), or non-covalent interactions (Z. Zhang, Sun, Quinn, Brown, & Bai, 2001). 

Homodimerisation is required for function of the mGluRs due to being required for correct 

allosteric coupling of the VFT, which facilitates ligand binding as well as signal transduction 

(Jean-Philippe Pin et al., 2007). Heterodimerisation of the GABA-B receptor, composed of 

GABA-B1 and GABA-B2 subunits, was shown to be required for function (K. A. Jones et al., 

1998). Each receptor subunit had a specific purpose, with GABA-B1 interacting with agonists 

and GABA-B2 being required for G-protein mediated signal transduction, and these findings 

were replicated in vivo (Gassmann et al., 2004; Prosser et al., 2001). Similar findings were 

obtained for the sweet and umami taste receptors where heterologous expression of single 

monomers were non-functional and only through heterodimerisation could functional receptors 

be obtained (X. Li et al., 2002; Nelson et al., 2002; Nelson et al., 2001).  

1.2.9 GPCR interacting proteins 

Outside the generic GPCR interactions with other GPCRs (such as, G-proteins, arrestins and 

kinases) are a dynamic range of GPCR accessory proteins that modulate GPCR function in 
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diverse ways (Ritter & Hall, 2009). Accessory proteins can influence GPCR maturation, 

trafficking between cellular compartments, plasma membrane anchoring, ligand binding and G-

protein signalling; and a selection of accessory proteins that modulate GPCR function will be 

discussed within this section (Bugge, Lindorff-Larsen, & Kragelund, 2016; Ritter & Hall, 2009). 

1.2.9.1 Modulation of maturation and membrane trafficking 

An early accessory protein identified with a role in regulating GPCR maturation was ‘neither 

inactivation nor after potential protein A’ (Nina-A) (Shieh, Stamnes, Seavello, Harris, & Zuker, 

1989). Nina-A is an integral membrane glycoprotein that has been implicated with an important 

role in catalysing correct protein folding of Drosophila rhodopsin Rh1 within the ER (Colley, 

Baker, Stamnes, & Zuker, 1991; Cooray, Chan, Webb, Metherell, & Clark, 2009). Nina-A also 

co-localises with Rh1 within vesicles tied to the secretary pathway and loss of Nina-A function 

results in ~90% reduction of functional Rh1 through Rh1 accumulation within the ER, 

stimulating ubiquitin driven degradation (Chapple et al., 2001). Olfactory receptors (ORs) were 

identified to require an accessory protein for correct maturation through the observation that ORs 

are retained within the ER when heterologously expressed (Dwyer, Troemel, Sengupta, & 

Bargmann, 1998). Odorant response abnormal protein 4 (ODR-4) was identified as a molecular 

chaperone facilitating the correct folding of ORs within olfactory cilia in C. Elegans (Dwyer et 

al., 1998). Receptor transporting proteins 1 and 2 (RTP1 and 2), as well as receptor expression 

enhancing protein 1 (REEP1), were implicated with a role in facilitating expression of 

mammalian ORs through potential roles as molecular chaperones (Saito, Kubota, Roberts, Chi, 

& Matsunami, 2004). Other members identified within the RTP family, RTP3 and RTP4, as well 

as REEP family, REEP1-6, were implicated with roles in modulating the cell-surface expression 

of specific bitter taste receptors (Behrens et al., 2006). RTP1 and 2 share a common one TMD 

structure, with the N-terminus located intracellularly and the C-terminus located extracellularly 

(Saito et al., 2004). The molecular mechanism behind a short variant of RTP1, RTP1s, was 

explored through generating chimeric forms of RTP1s and site-directed mutagenesis (L. Wu, 

Pan, Chen, Matsunami, & Zhuang, 2012). The RTP1 N-terminus was implicated with aiding OR 

folding to permit ER export, and the middle section of RTP1s aided Golgi transport to the 

plasma membrane and permitted localisation of RTP1s within lipid raft domains at the cell 

surface (L. Wu et al., 2012).  

The receptor activity modifying protein family (RAMP1, 2 and 3) have a number of effects on 

the function of adrenomedullin and calcitonin gene related peptide (CGRP) at their GPCRs 
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(Barwell et al., 2012; Gibbons, Dackor, Dunworth, Fritz-Six, & Caron, 2007; McLatchie et al., 

1998). One pertinent effect on GPCR function relates to the requirement of RAMP mediated 

trafficking of calcitonin receptor-like receptor (CLR) to the cell surface, highlighting an 

important role as a molecular chaperone (Gibbons et al., 2007; McLatchie et al., 1998). The 

RAMP family share a common structure, consisting of a single TMD with a long extracellular 

N-terminus and short intracellular C-terminus (Barwell et al., 2012; Gibbons et al., 2007). 

Moreover, RAMP 1 and 3 can form stable parallel homodimers (Hilairet et al., 2001), of which 

the functional significance is still uncertain, and RAMP1 specifically affects the glycosylation 

pattern of CLR through promoting terminal glycosylation (Foord & Marshall, 1999; McLatchie 

et al., 1998).    

1.2.9.2 Modulation of GPCR signalling 

The ability of GPCRs to couple to signal transducers is dependent on correct membrane targeting 

of the GPCR as well as close association of the required transducers to permit signal 

propagation. A large number of GPCR interacting proteins have been identified which 

specifically modulate aspects of GPCR signalling. 

1.2.9.2.1 Modulation of GPCR membrane targeting and clustering 

The Homer family of proteins have dynamic effects on the signalling of metabotropic glutamate 

receptors (mGluRs) that include anchoring and clustering of mGlu1 and 5R within the post-

synaptic density of dendritic spines as well as enhancing the efficiency of Gαq mediated Ca2+ 

signalling (Duncan, Hwang, & Koulen, 2005; B. Xiao et al., 1998; Zou, Jiang, & Yang, 2017). 

There are three homer genes that yield several transcripts through alternative splicing, with each 

homer isoform having unique functional aspects (Hall & Lefkowitz, 2002; B. Xiao et al., 1998). 

Homer proteins function as scaffolds that recruit a variety of cellular proteins such as IP3 

receptors (Tu et al., 1998), ryanodine receptors (Feng et al., 2002), dynamin (Gray et al., 2003), 

syntaxin 13 (Minakami, Kato, & Sugiyama, 2000) and Shank family, which contribute to the 

signalling efficiency of mGluRs in particular (Duncan et al., 2005; Tu et al., 1999). Moreover, 

the interaction of Homer with Shank was implicated in the formation of a mesh-like network 

within dendritic spines which facilitates the recruitment of proteins at synapses (M. K. Hayashi 

et al., 2009).  

The Shank family of PDZ domain scaffolding proteins mediate interaction with a range of 

intracellular proteins and membrane proteins, and can also interact directly with and modulate 
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the clustering of GPCRs such as mGluRs (Tu et al., 1999), latrotoxin-binding GPCR latrophilin 

1 (Tobaben, Südhof, & Stahl, 2000) and somatostatin receptor 2 (Tobaben et al., 2000; Zitzer, 

Hönck, Bächner, Richter, & Kreienkamp, 1999). Clustering of these GPCRs serves to increase 

the level of that receptor at a specific subcellular location, which enhances the efficacy of the 

signalling generated by the receptors (Dunn & Ferguson, 2015; Ritter & Hall, 2009; Tobaben et 

al., 2000). Association of PSD95, another PDZ scaffold protein, with the 5-HT2A facilitates 

clustering (Zongqi Xia, Gray, Compton-Toth, & Roth, 2003) as well as membrane targeting 

within the postsynaptic dendrite of cultured cortical pyramidal neurons (Z. Xia, Hufeisen, Gray, 

& Roth, 2003) which reduces agonist mediated internalisation (Zongqi Xia et al., 2003). On the 

other hand, the association of PSD95 with the 5-HT2C receptor facilitates agonist-dependent 

internalisation (Gavarini et al., 2006), highlighting that the same scaffold protein can have 

distinctly different functions between members of the same family of GPCRs (Ritter & Hall, 

2009). 

1.2.9.2.2 Modulation of GPCR ligand binding 

Aside from RAMP’s role in trafficking, the RAMP family also have an important role in 

regulation of ligand binding (Gibbons et al., 2007; McLatchie et al., 1998). CLR association with 

RAMP1 yields a receptor responsive predominantly to CGRP and CLR association with RAMP2 

or 3 yields a receptor responsive predominantly to adrenomedullin (McLatchie et al., 1998). The 

different pharmacological profiles of CLR in association with RAMP was attributed to N-

terminus of RAMP being required for ligand induced signalling and the TMD conferred affinity 

of RAMP towards the receptor (N. J. Fraser et al., 1999; Zumpe et al., 2000). Differential RAMP 

heterodimer interactions with CLR have also been shown to bias G-protein specificity, with CLR 

coupling to Gαs, Gαi or Gαq in HEK293 cells being both ligand-dependent and RAMP-

dependent (Weston et al., 2016). 

1.2.9.2.3 Modulation of GPCR signalling through signal transducers 

Some accessory proteins modulate the interaction of the GPCRs with signal transducers as well 

as the strength and duration of signalling responses. Numerous scaffold proteins containing PDZ 

domains have a huge role in the modulation of GPCR signalling, of which the Na+-H+ exchange 

regulator factors (NHERF1-4) are well characterised (Ardura & Friedman, 2011). NHERF was 

originally identified as a cytoplasmic target of PKA that enhanced the activity of the Na+-H+ 

exchanger (Morell, Steplock, Shenolikar, & Weinman, 1990). NHERF association with mGluR5, 

purinergic receptor Y1 (P2RY1), lysophosphatidic acid receptor 2 (LPAR2) and parathyroid 
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hormone receptor 1 (PTH1R) enhances their PLCβ signalling in an agonist-independent manner 

(Ritter & Hall, 2009). NHERF scaffolds various proteins involved with PLCβ signalling such as 

Gαq (Rochdi et al., 2002), PLCβ (J.-I. Hwang et al., 2000), PKC (Lee-Kwon et al., 2003), 

Protein kinase D (PKD) (Kunkel, Garcia, Kajimoto, Hall, & Newton, 2009) and transient 

receptor potential canonical (TRPC) channels (Lee-Kwon, Wade, Zhang, Pallone, & Weinman, 

2005), which contributes to fine-tuning of GPCR function (Tang et al., 2000). Similarly, 

Inactivation-no-after-potential D protein (INAD), associates with rhodopsin and scaffolds PLCβ, 

TRPC channels and PKC to create an optimal signalling complex for photoreception (Ritter & 

Hall, 2009; Tsunoda et al., 1997). Spinophilin, in contrast to the enhancers of GPCR signalling 

mentioned thus far, interacts with the third intracellular loop of specific GPCRs and facilitates 

attenuation of GPCR signalling (Ritter & Hall, 2009; X. Wang et al., 2005). Spinophilin binds to 

members of the regulators of G-protein signalling (RGS) that have a role in enhancing the 

intrinsic GTPase activity of G-proteins (Ritter & Hall, 2009; X. Wang et al., 2005). Similarly, 

calmodulin interacts with a range of GPCRs (such as mGluRs (Minakami, Jinnai, & Sugiyama, 

1997), serotonin (Turner, Gelasco, & Raymond, 2004) and dopamine (Bofill-Cardona et al., 

2000) where it promotes attenuation of G-protein coupling and may enhance G-protein-

independent signalling mediated by β-arrestin (Labasque, Reiter, Becamel, Bockaert, & Marin, 

2008). The AKAP family have a role in permitting close association of PKA with β2-AR that 

enhances PKA mediated phosphorylation of β2-AR, which leads to enhanced internalisation (I. 

D. C. Fraser et al., 2000; J. Tao, Wang, & Malbon, 2003). 

1.2.9.3 Modulation of GPCR endocytosis, recycling and degradation 

Endocytosis and recycling forms an important aspect of GPCR function and numerous accessory 

proteins have been identified which interact with GPCRs during their endocytic recycling to 

modulate their final fate. The GASPs are involved in trafficking of internalised GPCRs and 

associate with a range of GPCRs such as δ-type opioid receptors (Simonin et al., 2004), 

cannabinoid 1 receptor (CB1R) (Martini et al., 2007), CB related receptor- GPR55 (Kargl et al., 

2012) and D2 dopamine receptors (Bartlett et al., 2005). The GASP family consists of 10 

members (Simonin et al., 2004), of which GASP1 has been determined to be the main regulator 

of GPCR function (Moser, Kargl, Whistler, Waldhoer, & Tschische, 2010; Roux & Cottrell, 

2014). GASP1 interacts with the C-terminus of several GPCRs where it promotes GPCR 

targeting towards lysosomes for degradation (Simonin et al., 2004), but has also been identified 

with a role in enhancing Gαq mediated IP3 turnover and activation of NF-κB and CREB 

(Tschische et al., 2010). SNX1 associates with the C-terminus of GPCR where it promotes 
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targeting to lysosomes from endosomes to permit degradation (Ritter & Hall, 2009; Roux & 

Cottrell, 2014). SNX1 association with proteinase-activated receptor has been identified as a key 

regulator of thrombin-induced degradation of this receptor, with siRNA mediated knockdown of 

SNX1 in HeLa cells inhibiting SNX1 mediated targeting to lysosomes (Gullapalli, Wolfe, 

Griffin, Magnuson, & Trejo, 2006). Aside from NHERF1’s role in modulation of GPCR function 

mentioned earlier, NHERF1 additionally promotes recycling of specific GPCRs such as β2-AR 

(Cao, Deacon, Reczek, Bretscher, & von Zastrow, 1999), κ-opioid receptor (J.-G. Li, Chen, & 

Liu-Chen, 2002) and PTH1R (B. Wang, Bisello, Yang, Romero, & Friedman, 2007) from 

endosomes to the cell surface (Ritter & Hall, 2009). The interaction between NHERF1 and the 

β2-AR promotes recycling back to the cell surface, revealed through mutant β2-AR, which are 

unable to interact with NHERF1, being preferentially targeted towards lysosomes following 

agonist stimulation (Cao et al., 1999).  

When all these dynamic accessory protein interactions are considered together it becomes 

apparent that the signalling response from a given GPCR is not merely determined by the 

receptor isoform but also by the dynamic molecular environment interacting with the receptor. 

1.2.10 GPCR Cross-Talk 

GPCR cross-talk is defined as signalling of one receptor subtype modulating the signalling of 

another receptor subtype, which can occur at a number of different levels throughout the 

signalling cascade of each GPCR (Linderman, 2009). Given the diversity and signalling 

complexity within the GPCR family, integration of cellular signalling cascades between various 

GPCRs expressed within a single cell is required to permit normal homeostasis (Hur & Kim, 

2002). GPCRs can interact through formation of complexes, whether homomeric or heteromeric 

in nature, which can contribute to alterations of signalling cascades. A prime example is the D1 

and D2 dopamine receptors, where the D1 receptor primarily couples to Gαs and the D2 receptor 

primarily couples to Gαi (Fukunaga & Shioda, 2012; S. P. Lee et al., 2004; Stanwood, 2008). 

However, if the D1 and D2 receptor are co-expressed they can form hetero-oligomers that can be 

co-activated to stimulate PLC through a Gαq dependent mechanism (Fukunaga & Shioda, 2012; 

S. P. Lee et al., 2004; Stanwood, 2008).  

Cross-talk can also occur between signalling cascades initiated from a single receptor (Hur & 

Kim, 2002). The best focal point of GPCR cross-talk corresponds to the modulation of AC 

activity. All nine of the AC isoforms are sensitive to Gαs activation, however, only a selection 

are sensitive to other signalling modulators such as Gαi, Gβγ, PKA, PKC, calmodulin, 
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Ca2+/calmodulin dependent kinases (CaMK) and Ca2+ (Hur & Kim, 2002). This creates scope for 

dynamic modulation of AC activity based on specific expression of each AC isoform and allows 

for integration of a range of signalling cascades (Hur & Kim, 2002). Moving further 

downstream, cross-talk between two GPCRs signalling cascades can be mediated through 

regulation of the activity of second messenger-dependent kinases (such as PKA and PKC) (Kelly 

et al., 2008). GPCRs such as P2YI, mGluR2 and D3 are typically not desensitised by GRK but 

are sensitive to second messenger kinase phosphorylation which contributes to desensitisation 

(Kelly et al., 2008). Thus, the integration of various signalling cascades can lead to modulation 

of the global signalling response to a range of extracellular ligands, making cross-talk between 

signalling cascades an important aspect of normal GPCR signalling.   

Furthermore, if two GPCRs are competing for the same G-protein subtype they can dampen each 

other’s responsiveness to agonist through modulation of G-protein scavenging (Vischer, Watts, 

Nijmeijer, & Leurs, 2011). The CB1R and μ-opioid receptor (μOR) are co-expressed within the 

same neurons (Rodrı́guez, Mackie, & Pickel, 2001) and both can couple to Gαi/o signalling 

pathways (Rios, Gomes, & Devi, 2006; Turu & Hunyady, 2010; Vischer et al., 2011). However, 

the constitutive activity of the CB1R was identified to inhibit agonist stimulation of μOR and 

application of a CB1R inverse agonist or mutagenic ablation of CB1R constitutive activity 

restored μOR function (Canals & Milligan, 2008). Similarly, the constitutive activity of the 

histamine 1 receptor (H1R) through the Gαq/11 can be enhanced through co-expression with the 

serotonin 5-HT1B receptor or muscarinic M2 receptor that couple to Gαi/o G-proteins (Bakker, 

Casarosa, Timmerman, Smit, & Leurs, 2004). Co-expression of H1R with 5HT1B followed by 

application of a 5HT1B agonist enhances H1R constitutive activity and application of a 5-HT1B 

inverse agonist attenuates H1R constitutive activity (Bakker et al., 2004).  

The observed amplifying effect of Gαi coupled GPCRs on the Gαq mediated activation of PLC 

can be mediated through both direct and indirect mechanisms. Direct effects are mediated by 

Gβγ derived from Gαi coupled receptors such as adenosine A1 and α2C adrenergic receptors that 

mediate the augmentation of Gαq coupled receptor dependent PLC stimulation, such as the 

bradykinin B2 or P2Y receptors (Quitterer & Lohse, 1999). Indirect effects of Gαi coupled 

receptors on Gαq PLC signalling relate to the regulatory effects of PKC. Co-stimulation of both 

Gαi and Gαq, through the action of P2Y2 and muscarinic acetylcholine receptors, accelerated 

GPCR regulated inward rectifying potassium channel deactivation in a PLC and PKC dependent 

manner (Mark, Ruppersberg, & Herlitze, 2000). Similarly, Y1-NPY mediated Gαi signalling can 
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augment α1B-adrenergic Gαq mediated arachidonic acid release in a PKC dependent manner 

(Selbie et al., 1995).   

It should also be noted that cross-talk can occur between GPCR signalling and other cellular 

signalling pathways, such as ion channel function, MAPK signalling and other membrane 

receptors (such as receptor tyrosine kinases) (Hur & Kim, 2002). Interestingly, the β2-AR was 

identified to be directly associated with one of its effectors, a L-type Ca2+ channel, in a complex 

also containing a G-protein, AC, PKA and PP2A (Davare et al., 2001). Such a complex would 

provide highly specific and localised signalling responses, highlighting the complexity within 

signalling responses. GPCR mediated modulation of MAPK signalling is very dynamic and 

involves a range of intracellular signalling cascades and can occur at various levels of the MAPK 

signalling cascade. Many GPCR differentially modulate MAPK signalling (such as bradykinin, 

muscarinic, α-adrenergic and P2Y) and mechanistically can involve regulation of signalling 

responses mediated by Ras, kinases (such as Src and PI3K), PLC and Ca2+ (Hur & Kim, 2002). 

Furthermore, the epidermal growth factor receptor (EGFR) is an example of a membrane 

receptor that modulates the activity of the Ras/MAPK pathway. However, signalling cascades 

mediated by GPCRs (such as thrombin, endothelin, bradykinin and muscarinic acetylcholine 

receptors) can regulate the activation of EGFR, which further contributes to the regulation of 

MAPK signalling. This highlights that cross-talk is very dynamic and complex, but forms part of 

the normal cellular fine tuning of signalling responses (Hur & Kim, 2002).  

1.3 Melanocortins and their receptors 

The MCR GPCR family consists of five receptors (MC1-5R) that modulate a diverse range of 

physiological processes, including but not limited to pigmentation, the stress response, energy 

homeostasis, reproductive function, immune function and sebaceous secretions (Table 1-2) (Ira 

Gantz & Fong, 2003). 

1.3.1 MCR structure  

The MCR family do present numerous structural features common among GPCRs such as the 

characteristic seven TMD structure, amino terminal N-linked glycosylation sites, carboxy 

terminus palmitoylation site, phosphorylation sites within intracellular loops and the carboxy 

terminus (Y.-k. Yang, 2011). The TMDs contribute to the formation of the ligand binding 

crevice, which would typically be formed just below the extracellular surface of the plasma 

membrane (García-Borrón, Sánchez-Laorden, & Jiménez-Cervantes, 2005). MCRs contain the 
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conserved aspartic acid-arginine-tyrosine (DRY) motif near the third TMD implicated with an 

important role in normal GPCR signalling through functioning as a micro-switch for activation 

(Valentin-Hansen et al., 2012; Y.-k. Yang, 2011). The intracellular loops and C-terminus of the 

MCRs have functionally important roles in receptor interaction with signal transducers, receptor 

anchorage in the lipid bilayer through acetylation, palmitoylation or myristoylation, and harbour 

signals for intracellular trafficking and internalisation (Ser/Thr phosphorylation) (García-Borrón 

et al., 2005; L. M. Luttrell & Lefkowitz, 2002; Qanbar & Bouvier, 2003). 

1.3.2 MCR ligands  

Endogenous melanocortin ligands for the MCRs are derived from pro-opiomelanocortin 

(POMC) through enzymatic processing involving prohormone convertases (PC), 

carboxypeptidase E (CPE), peptidyl α-amidating mono-oxygenase (PAM) and an unidentified n-

acetyltransferase (N-AT) (Refer to Figure 1-9) (Kumar, Mains, & Eipper, 2016; Millington, 

2007; Pritchard, Turnbull, & White, 2002). POMC was shown to have tissue specific expression 

(A. I. Smith & Funder, 1988) and cellular processing was determined through the expression 

profile of the processing enzymes (Dores & Baron, 2011; Millington, 2007; Pritchard et al., 

2002). An unique feature of MCRs is the existence of endogenous antagonists, agouti and agouti 

related protein (AgRP). Agouti potently antagonises ligand action at hMC1R, hMC2R and 

hMC4R and only weakly antagonises ligand action at hMC3R and hMC5R (Refer to Table 1-2) 

(Y.-k. Yang et al., 1997; Y.-k. Yang, Thompson, et al., 1999). 

 

Figure 1-9: Melanocortins derived from POMC processing.  

Abbreviations: NT, N-terminal fragment; JP, Joining peptide; ACTH, adrenocorticotropic 

hormone; β-LPH, β-lipotropin; γ-MSH and α-MSH and β-MSH, melanocyte stimulating hormones; 

des-α-MSH, desacetyl-MSH (compiled using (Coll & Tung, 2009; Kathleen G. Mountjoy, 2010)).  
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AgRP potently antagonises ligand action at MC3R and MC4R and only weakly antagonises 

ligand action at MC5R; measured in vitro through changes in ligand stimulated cAMP 

accumulation (Refer to Table 1-2) (Y.-k. Yang et al., 1997; Y.-k. Yang, Thompson, et al., 1999). 

Studies have also suggested that AgRP functions as an inverse agonist through lowering 

constitutive cAMP production by MC4R in the absence of ligand (Breit et al., 2006; M. Chen, 

Celik, Georgeson, Harmon, & Yang, 2006; Nijenhuis, Oosterom, & Adan, 2001). However, 

more recent studies suggested that AgRP functions as a biased ligand through reducing MC4R 

Gαs coupling and enhancing Gαi coupling (Büch, Heling, Damm, Gudermann, & Breit, 2009; 

Y.-X. Tao, 2010; Z. Yang & Tao, 2016). Additionally, the metal Zinc ion (Zn2+) has been 

determined to have concentration dependent effects on the signalling of both the MC1R and 

MC4R (Refer to Table 1-2) (Holst, Elling, & Schwartz, 2002; Holst & Schwartz, 2003). In the 

presence of Zn2+, a partial agonistic effect was seen for both MC1R and MC4R with an efficacy 

between 50% and 25%, relative to α-MSH induced cAMP production, and an EC50 of 11 and 

13μM, respectively (Holst et al., 2002). Zn2+ also presented an inhibitory effect on α-MSH 

mediated stimulation, but this only occurred between 1-10μM of Zn2+ in the presence of 1μM α-

MSH (Holst et al., 2002). Furthermore, Zn2+ potentiated 1μM α-MSH stimulation at high Zn2+ 

concentrations of 10-100μM (García-Borrón et al., 2005; Holst et al., 2002). β-defensins were 

originally known for their endogenous antibiotic effects, however, recent studies have revealed 

that β-defensins function as ligands for MC1R as well as MC4R (to a lesser extent), acting as a 

weak partial cAMP agonist and MAPK agonist at MC1R (Refer to Table 1-2) (Beaumont et al., 

2012; Kaelin et al., 2008). Future studies may in fact confirm that agouti, AgRP and β-defensins 

are biased ligands for the melanocortin system, each inducing biased signal amplification; 

indicative of selective stabilisation of specific receptor conformational states. 
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Table 1-2: Outline of MCR function and MCR interactions with ligands and accessory proteins. 
 

Receptor Primary function Melanocortin affinity  

(human receptors) 

Melanocortin 

potency  

(cAMP; human) 

Other ligands Accessory protein interactions 

MC1R Melanin pigment 

formation 

(Flanagan et al., 

2000) 

α-MSH = desacetyl-α-MSH > 

β-MSH > γ3-MSH > ACTH1-39 

= γ2-MSH > γ1-MSH (H. B. 

Schiöth, Muceniece, & 

Wikberg, 1996) 

α-MSH = ACTH 

> β-MSH > γ-

MSH (MacNeil et 

al., 2002) 

 

Agouti (Ollmann et al., 

1997; Y.-k. Yang et al., 

1997) 

Zn2+ (Holst et al., 2002) 

β-defensin (Beaumont et 

al., 2012; Kaelin et al., 

2008) 

MRAPs (Chan et al., 2009) 

Attractin (L. I. N. He, Eldridge, 

Jackson, Gunn, & Barsh, 2003) 

Mgrn-1 (L. I. N. He et al., 2003) 

Syndecan-1  

MC2R Glucocorticoid 

production 

(Bertolini, Tacchi, 

& Vergoni, 2009) 

ACTH  ACTH (MacNeil 

et al., 2002) 

Agouti (Y.-k. Yang et 

al., 1997) 

MRAPs (Metherell et al., 2005) 

Mgrn-1(Cooray, Guasti, & 

Clark, 2011) 

MC3R Energy homeostasis 

(Begriche et al., 

2011) 

desacetyl-α-MSH >/= γ1-MSH 

> γ3-MSH = β-MSH = γ2-MSH 

> α-MSH > ACTH1-39 (H. B. 

Schiöth et al., 1996) 

α-MSH = β-MSH 

= ACTH = γ-

MSH (MacNeil et 

al., 2002) 

Agouti (Y.-k. Yang et 

al., 1997) 

AgRP (Y.-k. Yang, 

Thompson, et al., 1999) 

MRAPs (Chan et al., 2009) 

Attractin 

Mgrn-1 

Syndecan-3 

MC4R Satiety and energy 

homeostasis (Y.-X. 

Tao, 2010) 

β-MSH > desacetyl-α-MSH > 

α-MSH > ACTH1-39 >> γ-MSH 

(H. B. Schiöth et al., 1996) 

 

α-MSH = ACTH 

> β-MSH > γ-

MSH (MacNeil et 

al., 2002) 

 

Agouti (Y.-k. Yang et 

al., 1997) 

AgRP (Y.-k. Yang, 

Thompson, et al., 1999) 

Zn2+ (Holst et al., 2002) 

β-defensin (Beaumont et 

al., 2012) 

MRAPs (Chan et al., 2009) 

Attractin (Haqq et al., 2003) 

Mgrn-1 (Overton & Leibel, 

2011) 

Syndecan-3 (Reizes et al., 2001) 

MC5R Sebaceous 

secretions (K. R. 

Smith & Thiboutot, 

2008) 

Low affinity (μM range); 

desacetyl-α-MSH > α-MSH > 

β-MSH > ACTH1-39 >> γ-MSH 

(H. B. Schiöth et al., 1996)  

α-MSH > ACTH 

> β-MSH > γ-

MSH (MacNeil et 

al., 2002) 

Agouti (Y.-k. Yang et 

al., 1997) 

AgRP (Y.-k. Yang, 

Thompson, et al., 1999) 

MRAPs (Chan et al., 2009) 

 

Compiled from (Biebermann et al., 2006; Breit et al., 2011; Y.-X. Tao, 2010) 

4
8
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1.3.3 Melanocortin 1 receptor  

The human MC1R (hMC1R) gene was independently cloned by two groups in 1992 and 

consisted of a coding sequence of 954bp that translated into a 317 amino acid protein (Chhajlani 

& Wikberg, 1992; Kathleen. G. Mountjoy, Robbins, Mortrud, & Cone, 1992). The MC1R, 

encoded within the mammalian extension locus, was implicated in having a role in promoting 

formation of brown/black pigment (eumelanin) and inhibiting formation of red/yellow pigment 

(phaeomalenin) (Refer to Table 1-2) (L. S. Robbins et al., 1993). MC1R expression was 

identified in a range of specialised cells such as melanocytes, leydig cells (testes), lutein cells 

(corpus luteum), trophoblast (placenta), immune cells (macrophages, monocytes and neutrophils) 

and astrocytes (Kathleen. G. Mountjoy et al., 1992; Starowicz & Przewłocka, 2003). The 

hMC1R is responsive to numerous POMC derived ligands as well as other ligands and interacts 

with numerous accessory proteins (Refer to Table 1-2).   

1.3.3.1 Constitutive activity  

Given MC1R’s important function in pigmentation, mutations affecting MC1R constitutive 

activity have been identified as being physiologically relevant in vivo through changes in coat 

colour (L. S. Robbins et al., 1993). Five different extension locus’ alleles were identified in mice, 

including wild type (E+), sombre (Eso and Eso-3J), tobacco (Etob) and recessive yellow (e); all of 

which had alterations in coat pigmentation due to mutation induced alterations in MC1R function 

(L. S. Robbins et al., 1993). The sombre (Eso and Eso-3J) mutant mice both presented an almost 

entirely black coat colour along with darkened skin (Lu, Vage, & Cone, 1998; L. S. Robbins et 

al., 1993). The Eso-3J mice were characterised as having an E92K mutation within MC1R that 

rendered the receptor unresponsive to α-MSH (1pM-0.1μM range). However, the E92K MC1R 

was constitutively active and stimulated AC at approximately 60% of maximal α-MSH-MC1R 

(wild type) mediated AC stimulation (L. S. Robbins et al., 1993). This effect was suggested to be 

induced through the E92K mutation disrupting the salt bridge responsible for keeping MC1R in 

an inactive conformation that would normally form between Glu92 and Lys182/His183 (Abdel-

Malek et al., 2001; L. S. Robbins et al., 1993). The Eso mice had a L98P point mutation in MC1R 

which was suspected to also disrupt the Glu92 salt bridge (L. S. Robbins et al., 1993). Another in 

vivo example of altered MC1R constitutive activity was the tobacco (Etob) mice that presented a 

darkening of the dorsum around 8weeks of age which was attributed to a S69L mutation in 

MC1R (L. S. Robbins et al., 1993). This mutation rendered a MC1R with slightly elevated basal 

activity as well as a significantly increased ability to activate AC when compared to the wild 
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type MC1R (L. S. Robbins et al., 1993). The underlying mechanism proposed for the S69L 

mutation (located within ICL1) was suggested to involve a greater off rate for G-protein 

coupling compared to the wild type MC1R (L. S. Robbins et al., 1993). Although enhanced G-

protein off-rate may have been plausible, the receptor expression levels could not be determined 

due to technical constraints, making it difficult to accurately confer the mechanism (L. S. 

Robbins et al., 1993). Additional evidence for MC1R constitutive activity can be derived from 

the POMC knockout mouse, which, despite lacking endogenous MSH peptides, presented black 

pigment production (Yaswen, Diehl, Brennan, & Hochgeschwender, 1999). 

1.3.4 Melanocortin 2 receptor  

The human melanocortin 2 receptor was the second MCR to be identified, forming a 297 amino 

acid protein that only responded to ACTH and was implicated with an important role in adrenal 

gland function (Kathleen. G. Mountjoy et al., 1992; Starowicz & Przewłocka, 2003). The MC2R 

has been isolated from both the zona fasciculata, the site of glucocorticoid production, and zona 

glomerulosa, the site of mineralocorticoid production, within the adrenal cortex (Kathleen. G. 

Mountjoy et al., 1992). MC2R mutations have been associated with the onset of familial 

glucocorticoid deficiency (FGD), which results in inability to secrete cortisol and the adrenal C19 

androgen (Starowicz & Przewłocka, 2003); leading to a range of pathological symptoms 

including hyperpigmentation, hypoglycaemia and seizures (Migeon et al., 1968). The hMC2R 

only responds to ACTH, but agouti has also been shown to modulate hMC2R function (Refer to 

Table 1-2) (Y.-k. Yang et al., 1997). Melanocortin-2 receptor accessory protein (MRAP) was 

shown to be critically required for trafficking MC2R to the cell surface and for the formation of 

an ACTH-responsive receptor (Chan et al., 2009; Metherell et al., 2005; Webb & Clark, 2010). 

1.3.4.1 MC2R constitutive activity  

CAM MC2Rs have been associated with human pathology (Swords et al., 2002; Swords, Noon, 

King, & Clark, 2004). A Phe278Cys MC2R mutant was determined to have impaired 

desensitisation, which resulted in an increase in basal levels of cAMP production and was 

associated with ACTH-independent Cushing’s syndrome (prolonged elevated cortisol levels) 

(Swords et al., 2002). A Cys21Arg and Ser247Gly MC2R double mutant rendered a MC2R that 

was unresponsive to ACTH but had an elevated level of basal cAMP production, and was 

identified in a patient with normal cortisol levels but no detectible serum ACTH (Swords et al., 

2004). Additionally, through generation of chimeric MCRs using MC2R and MC4R structural 

domains, a role for TMD2-5 was identified in the regulation of constitutive activity (Hinkle et 
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al., 2011). Chimeric MC2Rs, with either TMD2-3 or TMD4-5 substituted with the corresponding 

domains of MC4R, had elevated constitutive cAMP production in the presence of mMRAP 

(Hinkle et al., 2011).    

1.3.5 Melanocortin 3 receptor 

The human MC3R was originally identified as being 360 amino acids in length, however, an 

alternative start codon was identified that yielded a 323 amino acid MC3R with identical 

function to the longer isoform (Helgi B. Schiöth, Muceniece, Wikberg, & Szardenings, 1996). 

The MC3R had high expression in the central nervous system within areas such as the 

hypothalamus, thalamus, limbic system and cortex (Kathleen. G. Mountjoy, 2010). Peripherally, 

MC3R has also been identified within numerous tissues such as gastrointestinal tract, placenta, 

pancreas, heart, kidney, testes and ovary (I Gantz, Konda, et al., 1993; Starowicz & Przewłocka, 

2003). The hMC3R was shown to be responsive to numerous POMC derived ligands as well as 

other ligands and interacts with numerous accessory proteins (Refer to Table 1-2). Interestingly, 

the MC3R was believed to have little (Nijenhuis et al., 2001) to no constitutive activity (Y.-X. 

Tao, 2007), yet application of AgRP83-132 dose dependently suppressed basal and forskolin 

induced cAMP production (20-35% reduction) within B16/G4F cells transfected with MC3R 

(expressed at 190 x 104 receptors per cell) (Breit et al., 2006; Nijenhuis et al., 2001).  

1.3.6 Melanocortin 4 receptor 

Refer to Section 1.4 for in depth discussion of MC4R function.  

1.3.7 Melanocortin 5 receptor 

The human MC5R, being a 325 amino acid protein, has been implicated with a role in exocrine 

gland function (W. Chen et al., 1997), and mouse MC5R was identified within a range of tissues 

including skin, adrenal gland, skeletal muscle, brain, bone marrow, thymus and gonads (I. Gantz 

et al., 1994; Labbe, Desarnaud, Eggerickx, Vassart, & Parmentier, 1994). The endogenous ligand 

for the human MC5R is unknown (Refer to Table 1-2) (Bednarek et al., 2007; Joseph et al., 

2010), with melanocortin ligand affinity being within the micromolar range (I. Gantz et al., 

1994; Labbe et al., 1994); however, α-MSH clearly has the highest affinity and potency on 

mouse and rat MC5R (I. Gantz et al., 1994; Adriana R. Rodrigues, Almeida, & Gouveia, 2012; 

Adriana R. Rodrigues, Pignatelli, Almeida, & Gouveia, 2009). Interestingly, γ2-MSH was 

determined to have nanomolar potency at mouse MC5R and micromolar potency at hMC5R, 
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highlighting species differences within MC5R ligand potency (Joseph et al., 2010). The MC5R 

does not appear to be constitutively active and AgRP does not reduce basal cAMP production 

(Nijenhuis et al., 2001).  

1.3.8 MCR accessory proteins  

Accessory proteins (such as attractin, mahoganoid, syndecans, and MRAPs) have important roles 

in the modulation of MCR signalling (Refer to Table 1-2). Attractin modulates the activity of 

agouti and was suggested to be required for agouti action in mice (Ira Gantz & Fong, 2003). 

Similarly, Mahogunin ring finger-1 (aka Mahoganoid/Mgrn-1; an E3 ubiquitin ligase) was also 

required for agouti action at both MC4R and MC1R and has a role in agouti stimulated receptor 

internalisation and targeting to lysosomes (Overton & Leibel, 2011). Syndecan-3, a single TMD 

heparin sulphate proteoglycan, augments AgRP antagonism at MC4R and thus has an important 

role in facilitating AgRP function (Reizes et al., 2003). Aside from MRAP’s critical role for 

trafficking and formation of an ACTH-responsive hMC2R receptor, MRAPs have also been 

shown to interact with and modulate the function of the other MCRs (Chan et al., 2009; 

Metherell et al., 2005; Webb & Clark, 2010). When considered together all the mediators of 

MCR signalling create a complex network of protein to protein interactions that modulate 

receptor function and these will be discussed in further detail. 

1.3.8.1 Attractin 

Attractin (aka Mahogany), is a type 1 one-TMD protein with a large extracellular and small 

intracellular domain that functions as a co-receptor for agouti (Gunn et al., 1999; L. I. N. He et 

al., 2003; Overton & Leibel, 2011). Attractin binds to basic residues within the N-terminus of 

agouti with an affinity ~500-fold less than the affinity of the carboxy terminus of agouti for 

MC1R (L. I. N. He et al., 2003). Attractin was required for agouti action in vivo on both MC1R 

and MC4R, which was illustrated using the Agouti viable yellow (Avy) mouse model (Ira Gantz 

& Fong, 2003; L. He et al., 2001; L. I. N. He et al., 2003). Avy mice, which normally present 

pheomelanin (yellow) fur and are obese, ectopically express agouti permitting unregulated 

antagonism of MC1R as well as MC4R in the brain (L. He et al., 2001; Yen, Gill, Frigeri, Barsh, 

& Wolff, 1994). Moreover, crossing attractin-null (Atrnmg-3J or Atrnmg) mice with Avy mice 

revealed suppression of Avy mediated pigmentation (thus yielding eumelanin/black fur) and 

reversed the effects on body weight (yielding a lean mouse) (L. He et al., 2001). Interestingly, 

attractin does not have any binding affinity for AgRP, determined through surface plasmon 
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resonance (L. He et al., 2001), suggesting specificity of agouti’s interaction with attractin (K. A. 

Miller et al., 1997). 

1.3.8.2 Mahoganoid 

The original Mahoganoid (Mgrn-1) null mutation arose within the C3H/HeJ mouse strain in 

1960 and presented a darkened eumelanic fur phenotype, suggesting enhanced MC1R function 

(L. I. N. He et al., 2003). Mgrn-1 contains a characteristic C3HC4-type ring finger motif which 

contributes to its function as an E3 ubiquitin ligase as well as a PSAP tetrapeptide motif; with a 

PSAP tetrapeptide motif being common within endosomal trafficking proteins (B. Y. Kim, 

Olzmann, Barsh, Chin, & Li, 2007). Evidence for an important role of Mgrn-1 within MCR 

function arose through crossing Avy mice with Mgrn-1 null mutants (L. I. N. He et al., 2003). 

The combination of the Avy and Mgrn-1md alleles suppressed the Avy phenotype, yielding black 

and thin mice (L. I. N. He et al., 2003). However, the combination of MC1R null mutant with the 

Mgrn null mutant had no effect on MC1R null phenotype (yellow/pheomelanin fur colour), 

suggesting that Mgrn-1 influences some aspect of agouti function (L. I. N. He et al., 2003). A 

recent study identified that Mgrn-1, like Atrn, is required for agouti action at both MC4R and 

MC1R and has a role in agouti stimulated receptor internalisation and targeting to lysosomes 

(Overton & Leibel, 2011). 

1.3.8.3 Syndecans 

The syndecan family of plasma membrane heparin sulphate proteoglycans (HSPG) have an 

important role as co-receptors on the cell surface through binding of extracellular peptides such 

as hormones and growth factors (Park, Reizes, & Bernfield, 2000; Reizes et al., 2001). 

Structurally syndecans consist of core proteins which are covalently linked to two to three chains 

of heparin sulphate as well as a N- and O-sulphated chain of repeating disaccharides containing 

either GlcNAc (N-acetylglucosamine) and IdoUA (iduronic acid) or GlcA (uronic acid) (Park et 

al., 2000). Aside from their co-receptor function, syndecans can also be shed from the plasma 

membrane where they can bind extracellular ligands and thus are able to regulate cellular 

signalling (Park et al., 2000; Reizes et al., 2001). It was also identified that misexpression of 

syndecan-1 within transgenic mice (specifically, the expression within hypothalamic nuclei) lead 

to maturity-onset obesity, predominantly due to hyperphagia (Reizes et al., 2001). In vitro 

analysis identified that syndecan-1 bound to FGF-2 (fibroblast growth factor-2), agouti and 

AgRP, but did not bind other metabolic regulators (either α-MSH, NPY, leptin, MCH or CRH) 

(Reizes et al., 2001). Further analysis revealed that only full length AgRP interacted with 
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syndecan-1 and not the C-terminal peptide, highlighting that syndecan-1 interacts with the amino 

terminus of AgRP where the carboxy terminus of AgRP exerts the antagonistic effects on MC4R 

(Reizes et al., 2001). Of additional importance, it was determined in vivo that only uncleaved 

syndecan-1 transgenic mice developed maturity onset obesity, were a constitutively cleaved 

syndecan-1 transgenic mouse matched the phenotype of wild type controls (Reizes et al., 2001). 

1.3.8.4 Melanocortin 2 receptor accessory proteins (MRAPs) 

The MRAP family, derived from MRAP1 and MRAP2 genes, represent a family of single TMD 

integral membrane proteins with a pertinent role in regulating maturation, cell surface expression 

and signalling of the MCR family (Metherell et al., 2005). Currently there are three human 

MRAPs (hMRAP) derived from two genes, with hMRAPα and hMRAPβ being derived from the 

hMRAP1 gene through alternative splicing and hMRAP2 being derived from the hMRAP2 gene 

(Refer to Figure 1-10) (Chan et al., 2009; Metherell et al., 2005).  

 

Figure 1-10: A) Outline of hMRAP and hMRAP2 genes that yield the hMRAP splice variants 

(hMRAPα, hMRAPβ and hMRAP2) through alternative splicing of exons. B) Amino acid 

schematics for the antiparallel homodimer conformations for hMRAPs. 3  

Functional expression and analysis of MC2R in heterologous cell lines was complicated due to 

ER retention within these cells; suggesting the requirement of an accessory protein to promote 

                                                 
3 A) Coloured exons correspond to coding DNA sequence for human MRAP and MRAP2 genes. hMRAPα and 

hMRAPβ share identical N-T and TMDs but have variant C-T due to alternative splicing. B) Amino acid schematic 

of hMRAPα, hMRAPβ and hMRAP2 with a colour scheme matching the corresponding coding DNA sequence from 

panel A). Abbreviations: N-T: N-terminal, C-T: C-terminal, UTR: untranslated region.  
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functional expression (Metherell et al., 2005; Sebag & Hinkle, 2009a, 2009b). All three MRAPs 

were identified to facilitate trafficking of MC2R from the ER to the cell surface (Chan et al., 

2009; Metherell et al., 2005), however, only MRAPα and MRAPβ permit MC2R signalling at 

physiological concentrations of ACTH (Roy et al., 2012; Sebag & Hinkle, 2010).  

The interaction of MRAP with MC2R required the MRAP TMD, and thus suggested that 

hydrophobic interactions between MRAP and the MC2R TMDs mediated this interaction (Webb 

et al., 2009). The hMRAPα N-terminus (residues 9-24) was implicated with a role in facilitating 

MC2R trafficking to the cell surface, but this region was not required for MRAP to reach the cell 

surface alone (Webb et al., 2009). Interestingly, species differences may be present with the 

removal of the first 30 residues of mouse MRAP (mMRAP) not affecting MC2R cell surface 

trafficking (Sebag & Hinkle, 2009b). mMRAP was determined to exist as a homodimer through 

Western Blot analysis, with antibodies specific towards epitope tagged MRAP and endogenous 

MRAP (Y1 adrenal cell line) revealing a band ~30kDa instead of the predicted 14.1kDa of the 

mMRAP monomer (Cooray et al., 2008). Further analysis revealed that MRAP exists in a stable 

and exclusive anti-parallel homodimer conformation, and residues 31-37 of the mMRAP N-

terminus conferred this conformation (Refer to Figure 1-10) (Maben, Malik, Jiang, & Hinkle, 

2016; Sebag & Hinkle, 2009b).  

Additionally, residues 9-24 of hMRAPα were determined to be required for hMC2R cAMP 

production in response to ACTH stimulation (Webb et al., 2009). The MRAP C-terminus was 

determined to not be required for the functional effects of MRAP on MC2R. However, recently 

the MRAP C-terminus was identified to modulate the maximal MC2R cAMP production as well 

as the intracellular localisation of MRAP. hMRAPα localised in pre-Golgi compartments and 

endosomes (Rab1 and Rab11) while hMRAPβ strongly co-localised with the cell surface and 

partially with rapid recycling endosomes (Rab4 and Rab5) (Roy et al., 2012). Interestingly, 

MRAP2 was identified to colocalise with MRAPα and this interaction increased cell surface 

localisation of MRAPα (Roy et al., 2012).  

All three MRAPs co-immunoprecipitate with the other members of the MCR family, 

highlighting the potential for MRAP modulation of the trafficking and/or signalling of the other 

MCRs (Chan et al., 2009). Both hMRAPα and hMRAP2 down-regulated the cell-surface 

expression and cAMP production (at a single dose of NDP-α-MSH) of the hMC4R and hMC5R 

(Chan et al., 2009). Additionally, hMC5R was retained intracellularly in the presence of 

mMRAP due to MRAP mediated inhibition of MC5R dimerisation; this resulted in an 
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accumulation of N-linked glycosylated MC5R within the ER (Sebag & Hinkle, 2009a). 

hMRAPα co-expression with hMC1R and hMC3R enhanced maximal α-MSH stimulated 

coupling to AC, in contrast to hMRAPα co-expression reducing hMC5R maximal NDP-α-MSH 

stimulated coupling to AC (Kay et al., 2013a).  

1.4 Melanocortin 4 receptor 

Human MC4R was originally cloned through degenerate PCR and homology screening and was 

identified as a 999bp intronless gene coding for a 332 amino acid protein (I Gantz, Miwa, et al., 

1993; Kathleen. G. Mountjoy, Mortrud, Low, Simerly, & Cone, 1994). The MC4R is vitally 

important for normal appetite control and energy homeostasis, but also modulates sexual 

sensation, systemic blood pressure, inflammation, allodynia and neurite elongation (Breit et al., 

2011; M. J. Krashes, Lowell, & Garfield, 2016; Y.-X. Tao, 2010). 

1.4.1 Structure-function relations 

hMC4R lacks a conserved disulphide bond linking the upper portions of TM3 and EL2 but has a 

disulphide bond located within EL3 (Y.-X. Tao, 2010). Additionally, the highly conserved 

Proline in TM5 and Asparagine in TM7 are substituted with Methionine and Aspartic acid, 

respectively (Y.-X. Tao, 2010). The hMC4R possesses four potential N-linked glycosylation 

sites, three of which are in the extracellular N-terminus (Asn3, Asn17 and Asn26; Asn = 

Asparagine) and one in the first extracellular loop (Asn108) (Refer to Figure 1-11; green 

residues), but limited experimental characterisation of these sites have been done and thus the 

exact function of hMC4R glycosylation is unknown (A R Rodrigues, Sousa, Almeida, & 

Gouveia, 2013; Y.-X. Tao, 2010).  

 

Removal of the first 28 amino acids of MC4R has identified that the N-terminus, and thus the N-

terminal glycosylation sites, has no role in ligand binding or expression; measured through a 

radioligand binding assay for NDP-α-MSH (Nle4, D-Phe7-α-MSH), a super potent analogue of α-

MSH (Helgi B. Schiöth, Petersson, Muceniece, Szardenings, & Wikberg, 1997). However, 

subsequent studies have identified a role for the N-terminus in conveying constitutive activity of 

MC4R through partial agonism mediated through interaction with Phe201, Trp258 and Phe262 

amino acids (Refer to Figure 1-11; light blue residues) (Ersoy et al., 2012; Peter et al., 2007; 

Srinivasan et al., 2004). hMC4R also possesses two conserved cysteine residues (Cys318 and 

Cys319) which may serve as palmitoylation sites- anchoring the C-terminus to the plasma 

membrane (Refer to Figure 1-11; purple residues) (Y.-X. Tao, 2010).  
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Figure 1-11: Amino acid schematic of hMC4R highlighting glycosylation sites, residues involved in ligand binding and constitutive activity and 

palmitoylation sites. 

Predicted N-linked glycosylation sites (green), key residues interacting with melanocortins (dark blue), residues with a role in N-terminal constitutive 

activity (light blue) and predicted palmitoylation sites (purple). (structure based on uniprot.org predictions of hMC4R structure (GenBank ID: 

AAI01803.1); figure constructed using GIMP and Paint.net software (Brewster & dotPDN-LLC, 2017; Natterer & Neumann, 2017)) 

5
7
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The ligand binding site is located within the TMDs and does not involve the N-terminus or first 

extracellular loop (Helgi B. Schiöth et al., 1997; Y.-k. Yang, 2011; Y.-k. Yang, Thompson, et al., 

1999). Amino acids Glu100 (within TMD2), Asp122 and Asp126 (within TMD3) as well as 

Trp258, Phe261 and His264 (within TMD6) are implicated with a role in mediating interaction 

with melanocortins (Refer to Figure 1-11; dark blue residues, except W258 which is light blue) 

(H. Huang & Tao, 2012; Y.-X. Tao, 2010). Amino acids within extracellular loop 2 and 3 as well 

as amino acids within TMD2, 3 and 4 have been in implicated with a role in AgRP binding (Y.-

k. Yang, Dickinson, et al., 1999; Y.-k. Yang et al., 2000a). 

1.4.2 Ligand binding 

The melanocortins have variable affinity as well as efficacy towards MC4R (Refer to Table 1-2), 

but all share a common His-Phe-Arg-Trp pharmacophore (His = histamine, Phe = phenylalanine, 

Refer to Figure 1-12) organised into a β-turn conformation (Y.-X. Tao, 2010).  

ACTH1-39        ---SYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLEF 39 

ACTH1-24        ---SYSMEHFRWGKPVGKKRRPVKVYP--------------- 24 

α-MSH           ---SYSMEHFRWGKPV-------------------------- 13 

β-MSH           DEGPYRMEHFRWGSPPKD------------------------ 18 

γ3-MSH          ----YVMGHFRWDRFGRRNSSSSGSSGAG------------- 25 

γ2-MSH          ----YVMGHFRWDRFG-------------------------- 12 

γ1-MSH          ----YVMGHFRWDRF--------------------------- 11 

                    * * ****. 

Figure 1-12: Clustal-2 amino acid sequence alignment for POMC derived melanocortins.  

Green signifies the common pharmacophore. Abbreviations: ACTH, adrenocorticotropic hormone; 

γ-MSH, α-MSH and β-MSH (melanocyte stimulating hormones) (compiled using sequences from 

Uniprot.org and (Humphreys, 2004)).  

Early studies using NDP-α-MSH revealed a number of potential interaction sites between 

hMC4R and the pharmacophore (M. Chen et al., 2007; Haskell-Luevano, Cone, Monck, & Wan, 

2001; Y.-X. Tao, 2010; Y.-k. Yang et al., 2000b). Mutation of the conserved acid residues 

Asp122 or Asp126 (TMD3) as well as Phe261 and His264 (TMD6) decreased the binding 

affinity of NDP-α-MSH by at least 5-fold (Y.-k. Yang et al., 2000a). A recent mutagenesis study 

identified an additional role of Leu265 and Tyr268 (TMD6) in modulation of α-MSH binding 

affinity following mutation to alanine (H. Huang & Tao, 2012).  

Mutagenesis studies on mouse MC4R (mMC4R) characterised residues important for binding as 

well as efficacy of both agonists and antagonists (Haskell-Luevano et al., 2001). D-Phe7 residue 

of the NDP-α-MSH pharmacophore was identified to interact with residues Phe184 and Tyr187 



 

  59 

 

9 
 

(TMD4) as well as residues Phe262 and Phe267 (TMD6) of mMC4R (Haskell-Luevano et al., 

2001). mMC4R residues required for AgRP (AGRP83-132 and AGRP109-118) recognition include 

residues Glu100, Asp126 and Phe261, and Phe184 has a role in mediating AgRP function as an 

antagonist (Haskell-Luevano et al., 2001; Y.-k. Yang, Dickinson, et al., 1999). Mutagenesis 

studies of hMC4R identified that the Phe7 residue of the α-MSH and ACTH pharmacophore, but 

not of NDP-α-MSH, interacted with both Phe261 (TMD6) and Phe284 (TMD7); with both the 

affinity and potency being reduced following mutation to alanine (Nickolls et al., 2003). The 

affinity and potency of the partial synthetic agonist THIQ was reduced following mutation of 

Phe261 and Phe284, where only Phe284 influenced AgRP (83-132) affinity (Nickolls et al., 

2003). When all these findings are considered together, it becomes apparent that alterations in 

ligand structure may lead to alternative binding orientations, which contribute to distinct 

interactions with surrounding residues and alternative signalling responses.  

 

Table 1-3: Outline of crucial amino acid residues involved with ligand interaction with MC4R. 

 

Peptide Ligand 

residues 

mediating 

interactions 

MC4R core 

acidic residues 

involved 

MC4R additional 

hydrophobic 

interactions 

References 

α-MSH 
Phe7 and 

Trp9 

Asp122 and 

Asp126 

Phe261, Leu265, 

Tyr268 and Phe284 

(H. Huang & Tao, 2012; 

Nickolls et al., 2003) 

NDP-α-MSH 

Phe7 - 
Phe184, Tyr187, 

Phe262, Phe267 

(Haskell-Luevano et al., 

2001) 

Arg8 
Glu100, Asp122 

and Asp126 
- 

(M. Chen et al., 2007; Y.-

k. Yang et al., 2000a) 

Trp9 - 
Trp258, Phe261, 

His264 
(M. Chen et al., 2007) 

THIQ - Asp122 Phe261 (Nickolls et al., 2003) 

AgRP87-132 - 
Asp122 and 

Asp126 
- (Y.-k. Yang et al., 2000a) 

AgRP83-132 - 
Glu100 and 

Asp126 

Phe184-functional 

antagonist 

(Haskell-Luevano et al., 

2001) 

AgRP109-118 - - 
Phe184-functional 

antagonist 

(Haskell-Luevano et al., 

2001) 

SHU9119 - 
Asp122 and 

Asp126 

Phe262, Phe267 

Leu133 

(Y.-k. Yang et al., 2002; 

Y.-k. Yang et al., 2000a) 
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1.4.3 G-protein signalling 

The MC4R mediates its effects on physiological processes through initiating diverse signalling 

cascades that regulate a number of cellular processes (Breit et al., 2011; Y.-X. Tao, 2010). Initial 

findings revealed MC4R coupled to Gαs following α-MSH stimulation and resulted in increased 

intracellular cAMP production (I Gantz, Miwa, et al., 1993; Kathleen. G. Mountjoy et al., 1994). 

This was measured using a cAMP competitive binding assay kit with MC4R transiently 

expressed in either COS-1 or L-cells (murine fibroblast derived) and through measuring AC 

activity directly (tritiated adenine conversion into tritiated-cAMP) using HEK293 cells stably 

expressing hMC4R (I Gantz, Miwa, et al., 1993; Kathleen. G. Mountjoy, 1994). Subsequent 

studies have identified that a diverse range of cell signalling pathways are modulated by MC4R 

which vary depending on the ligand used, cell type used and method of expression (endogenous 

or exogenous; transient or stable transfections) (Breit et al., 2011).  

Coupling to the Gαs-cAMP-PKA pathway is the classical MC4R signalling pathway that has 

been measured in vitro through a variety of assays (AC activity, cAMP radioimmunoassay and 

cAMP response element reporter (CRE) genes) and within a range of cell lines (Brumm et al., 

2012; Ersoy et al., 2012; Mohammad et al., 2007; Y.-X. Tao, 2010). MC4R activation also 

increases intracellular Ca2+ through either a Gαs mediated mechanism (cholera toxin sensitive; 

exogenous MC4R in HEK293 cells) (Kathleen G. Mountjoy, Kong, Taylor, Willard, & 

Wilkison, 2001) or through Gαq activation of PLC (MC4R antagonist-SHU9119 and PLC 

inhibitor sensitive; measured in GT1-1 cells) (Newman et al., 2006). Of particular interest, 

MC4R α-MSH stimulation increases intracellular cAMP levels as well as [Ca2+]i levels in 

HEK293 (Kathleen G. Mountjoy et al., 2001). Mountjoy et al. (2001) observed MC4R-WT α-

MSH stimulated [Ca2+]i transients with ~100nM increase in [Ca2+]i over resting levels following 

stimulation with 10-9M - 10-6M α-MSH within HEK293. Moreover, higher concentrations of α-

MSH appeared to shift the [Ca2+]i transient latency from ~45seconds for 10-9M α-MSH to 

~5seconds for 10-6M α-MSH (Kathleen G. Mountjoy et al., 2001). MC4R α-MSH stimulated 

[Ca2+]i transient peaked around 5-45 seconds post-ligand stimulation and was CTX sensitive, 

PTX insensitive, IP3 independent, and thapsigargin sensitive (Kathleen G. Mountjoy et al., 

2001). Thapsigargin empties the sarcoplasmic reticulum and ER Ca2+ stores when used at 

<200nM, and when used at 200-2000nM would also inhibit cell surface voltage gated Ca2+ 

currents (Rossier et al., 1993; Shmigol, Kostyuk, & Verkhratsky, 1995). Carbachol, which acts 

on endogenous M3-AChR’s in HEK293, increases [Ca2+]i through an IP3-InsP3R mechanism and 

was also sensitive to thapsigargin treatment (Tong, Du, Chen, & Maclennan, 1999). However, 
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carbachol pre-treatment did not prevent the MC4R α-MSH stimulated Ca2+ transient (Kathleen 

G. Mountjoy et al., 2001); indicative that MC4R and M3-AChR’s may not share the same 

intracellular pool of Ca2+. Of particular importance, the nuclear envelope regulates nuclear Ca2+ 

stores in a manner reminiscent of the ER, i.e. thapsigargin sensitive but not depleted by 

carbachol pre-treatment. Future studies may find that hMC4R-WT α-MSH stimulation produces 

nucleoplasmic Ca2+ transients. 

MC4R activation increases pERK½ through a few mechanisms, with PTX inhibiting ERK½ 

activation in HEK293 cells (suggesting Gαi/o mediated), Ca2+ and PKC inhibitors (BAPTA-AM 

and Myr-PKC or safingol, respectively) blocking NDP-α-MSH mediated ERK½ activation in 

GT1-1 cells (most likely mediated through Gαq or Gβγ (Berridge, 2012)) and PI3K inhibitors 

(wortmannin and Ly294002) blocking NDP-α-MSH stimulated ERK½ activation in CHOK1 

cells (most likely mediated through the Gβγ dimer (Berridge, 2012)) (Chai et al., 2006; Y.-X. 

Tao, 2010; Vongs, Lynn, & Rosenblum, 2004). 

MC4R NDP-α-MSH stimulation of pERK½ activity in rat astrocytes was sensitive to PI3K and 

Src inhibition, with pERK½ activity upregulating BDNF expression as well as negatively 

regulating pAkt activity (Ramírez et al., 2015). MC4R melanotan II stimulation induced 

persistent cAMP signalling as well as reducing phosphorylation of AMPK at Thr 172 (pAMPK) 

activity in mHypoE-42 immortalized hypothalamic neurons (Molden, Cooney, West, Van Der 

Ploeg, & Baldini, 2015). A more recent study found no effect of MC4R NDP-α-MSH 

stimulation on pAkt (Thr308 and Ser473) or pAMPK (Thr172) in HEK293 (Z. Yang & Tao, 

2016). However, NDP-α-MSH stimulation of GT1-7 cells had apparent pAkt stimulation 

between 10–60-minutes post stimulation and reduced pAMPK activity ~45 – 180 min post 

stimulation (Z. Yang & Tao, 2016). NDP-α-MSH stimulation of MC4R also negatively regulated 

c-Jun N-terminal kinase (JNK) within HEK293 cells, resulting in reduced insulin receptor 

substrate-1 Ser307 phosphorylation and thus augmented insulin signalling (Chai, Li, Zhang, 

Wang, & Mulholland, 2009). Additionally, NDP-α-MSH stimulation of GT1-1 cells enhanced 

insulin stimulated glucose uptake, which further supports that MC4R negatively regulates JNK 

to augment insulin signalling (Chai et al., 2009).  

Interestingly, Büch et al. (2009) proposed that MC4R coupled to both Gαs and Gαi G-proteins 

following α-MSH stimulation, with PTX treatment enhancing α-MSH potency (but not forskolin 

potency) through increasing maximal cAMP production in MC4R expressing HEK293 cells. 

Additionally, PTX treatment followed by α-MSH stimulation lowered the rate of GTPγS35 
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incorporation to ~50% of the level of untreated α-MSH stimulated MC4R expressing HEK293 

membranes (Büch et al., 2009). Moreover, a mutant mMC4R (Asp90Asn / D90N) was 

insensitive to α-MSH stimulated cAMP production but α-MSH did stimulate GTPγS35 

incorporation in MC4R-D90N expressing HEK293 extracted membranes (Büch et al., 2009). 

PTX treatment of the MC4R-D90N mutant reduced GTPγS35 incorporation to near nil, 

suggesting that α-MSH stimulated coupling predominantly to Gαi in this mutant receptor. The 

fact that pertussis treatment reduced GTPγS35 incorporation to ~50% of untreated MC4R-WT 

suggests that α-MSH stimulated dual coupling to Gαs and Gαi, highlighting that a significant 

proportion of α-MSH stimulated GTPγS35 incorporation was PTX sensitive. This finding is 

unexpected given the current view that a given ligand stabilises one specific conformation of a 

GPCR’s full repertoire of conformations (Changeux & Edelstein, 2011; Deupi & Kobilka, 2010; 

Granier & Kobilka, 2012; Kobilka, 2007; Onaran & Costa, 2012; Rahmeh et al., 2012). 

The role of AgRP as a competitive antagonist and inverse agonist of MC4R coupling to Gαs has 

also been challenged with reports that AgRP stimulates GTP35S incorporation (highlighting G-

protein activation) (Büch et al., 2009), activates PTX sensitive G-proteins (Büch et al., 2009), 

potentiates or attenuates (depending on cell line) forskolin mediated AC activation (Büch et al., 

2009), inhibits EPSC (excitatory post synaptic currents) in VMH glutamatergic neurons in a 

PTX sensitive manner (Fu & van den Pol, 2008) and induces β-arrestin recruitment and 

subsequent MC4R endocytosis (Breit et al., 2006). Given these findings, AgRP appears to be a 

biased ligand that stabilises a MC4R conformation that preferentially couples to and activates 

Gαi/o G-proteins resulting in activation of distinct signalling pathways, and induces β-arrestin 

recruitment and subsequent endocytosis. Similarly, agouti has been identified to not merely be a 

competitive antagonist, with reports of agouti mediated Ca2+ increase within myocytes and 

adipocytes (J. H. Kim et al., 1997; Zemel et al., 1995), increased leptin synthesis and secretion 

(Claycombe, Xue, Mynatt, Zemel, & Moustaid-Moussa, 2000) and reduced maximal desacetyl-

α-MSH stimulated mMC4R AC coupling in a manner not consistent with competitive 

antagonism (Kathleen G. Mountjoy, Willard, & Wilkison, 1999).  

MC4R also couples to an inwardly rectifying potassium channel (Kir7.1) in the mouse 

paraventricular nucleus of the hypothalamus (PVN) to regulate firing activity of neurons 

(Ghamari-Langroudi et al., 2015). MC4R α-MSH stimulation lead to closure of the Kir7.1 

channel (leading to depolarisation) and AgRP stimulation lead to opening of the Kir7.1 channel 

(leading to hyperpolarisation) in a manner that was not sensitive to AC activity (Ghamari-

Langroudi et al., 2015). MC4R melanotan II stimulation also inhibited N-type Ca2+ channels in 
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the amygdaloid complex of neurons in a manner sensitive to cholera toxin (CTX) inhibition 

(Francina Agosti et al., 2014). An elegant study identified a role for normal MC4R functioning 

in regulation of dopamine production (electrically evoked in slice culture), voluntary energy 

expenditure (measured through voluntary wheel running), regulation of ΔFosB gene expression 

within D1-type medium spiny neurons through a cAMP/PKA/DARPP-32 cascade (functionally 

implicated with regulation of behavioural response to rewarding stimuli), as well as upregulation 

of skeletal muscle GLUT4 expression in response to voluntary wheel running (Obici et al., 

2015). Moreover, DARPP-32 (also known as Protein phosphatase 1 regulatory subunit 1B) 

forms an integral component of dopaminergic signalling through normally functioning to 

potently inhibit protein phosphatase-1 (PKA-dependent), which contributes to cAMP nuclear 

translocation (L. Li, Gervasi, & Girault, 2015). More recent studies have identified that MC4R 

constitutive activity inhibits L-type (Cav 1.2/1.3) and P/Q-type (Cav 2.1) Ca2+ channels (PTX 

sensitive) and that this inhibition contributed to regulation of amygdaloid neuronal activity 

through reductions in c-fos levels (F. Agosti et al., 2017). Moreover, prolonged AgRP 

application appeared to enhance activity of the Ca2+ channels and increased amygdaloid neuronal 

c-fos levels (F. Agosti et al., 2017).    

1.4.4 Constitutive trafficking, desensitisation and internalisation 

Similar to other GPCRs, there are reports of ligand induced desensitisation of MC4R, whether 

heterologously or endogenously expressed (Z. Gao et al., 2003; McDaniel et al., 2012; Nickolls, 

Fleck, Hoare, & Maki, 2005; Shinyama, Masuzaki, Fang, & Flier, 2003). MC4R internalisation 

is, however, unusual for a GPCR because it occurs at the same rate independent of agonist 

presence, highlighting that MC4R is constitutively internalised and recycled (McDaniel et al., 

2012). MC4R constitutive internalisation occurs at a rapid rate (~7-fold faster than β2-AR), 

resulting in a greater proportion of the receptor being distributed internally compared with β2-AR 

(in the absence of agonist), and resulted in a comparatively reduced loss of MC4R from the 

plasma membrane following agonist stimulation (McDaniel et al., 2012). MC4R constitutive 

internalisation was shown to be dependent on clathrin heavy chain, measured through exogenous 

expression of MC4R in both Neuro2A and HEK293 cells, where clathrin depletion increased 

plasma membrane MC4R expression by ~50% but lead to a ~75% reduction in cAMP production 

(McDaniel et al., 2012). The involvement of β-arrestins and AP-2 in MC4R constitutive 

internalisation was determined to only be ~20%, suggesting the majority of the clathrin-

dependent constitutive internalisation occurred independent of arrestins (McDaniel et al., 2012). 

Cholesterol depletion through application of 3mM of MβCD inhibited MC4R internalisation (~5-
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fold reduction) in Neuro2A and GT1-7 cells and resulted in accumulation of non-functional 

MC4R at the cell surface (McDaniel et al., 2012). MC4R predicted phosphorylation sites 

(Thr312, Ser329 and Ser330) were implicated with a role in mediating constitutive 

internalisation as well as receptor desensitisation in response to α-MSH stimulation (McDaniel et 

al., 2012). 

1.4.5 Accessory protein interactions 

1.4.5.1 Attractin-like protein 

A novel MC4R interacting protein, named attractin-like protein (ALP; attractin paralog), was 

identified to interact with the C-terminus of mMC4R during a yeast two-hybrid screen and the 

interaction confirmed through GST pull-down assays (Haqq et al., 2003). No functional analysis 

was performed, but ALP expression was mapped within the mouse brain through In Situ 

hybridisation and expression in-part overlapped with mMC4R expression (Haqq et al., 2003). 

Additionally, a region within the ALP carboxy terminus (amino-acids 1275-1316) was 

determined to interact with the mMC4R C-terminus (Haqq et al., 2003). Thus far, no further 

functional characterisation has been done to determine the functional role of ALP in MC4R 

signalling.  

1.4.5.2 Molecular mechanism of attractin and mahoganoid action on MC4R 

The molecular mechanism behind attractin and mahoganoid’s interaction with agouti has been 

characterised and provided insight into the phenotype for the viable yellow agouti (Avy) mouse 

model (Overton & Leibel, 2011). Using Neuro2A cells stably transfected with MC4R, the effects 

of agouti and AgRP upon MC4R function were characterised through transfection of plasmid 

encoding either agouti or AgRP (Overton & Leibel, 2011). This permitted over-expression of 

agouti or AgRP, and ELISA mediated detection of AgRP revealed ~2.5nM of AgRP within the 

media. Thus revealing AgRP secretion to a level sufficient for α-MSH antagonism, with the 

normal in vitro requirement being ~1-10nM (Overton & Leibel, 2011; Shinyama et al., 2003). 

Agouti over-expression revealed reduced cell surface and total MC4R expression through 

increased trafficking towards lysosomes (Overton & Leibel, 2011). AgRP overexpression, 

however, increased cell surface and total MC4R levels independent of MC4R transcription, 

suggesting reduced degradation for the mechanism (Overton & Leibel, 2011).  

Moreover, attractin (Atrn) and Mgrn-1 were selectively knocked down (short interfering RNA, 

siRNA, mediated) in the presence or absence of agouti or AgRP over-expression in the Neuro2A 

cells (Overton & Leibel, 2011). Stimulation of MC4R mediated cAMP production with α-MSH 
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revealed no requirement for either Atrn or Mgrn-1 to permit antagonism, by either agouti or 

AgRP, of α-MSH action (Overton & Leibel, 2011). Atrn knockdown did, however, reduce total 

MC4R cellular levels by ~twofold in control, agouti and AgRP transfected Neuro2A cells 

(Overton & Leibel, 2011). Additionally, Atrn knockdown partially blocked the agouti mediated 

reduction in total MC4R levels, with only ~50% reduced MC4R levels being evident compared 

with ~90% without siRNA knockdown of endogenous attractin (Overton & Leibel, 2011). 

siRNA mediated knockdown of Mgrn-1 revealed that agouti dependent down-regulation of 

MC4R cell surface levels in part requires Mgrn-1 (Overton & Leibel, 2011). Agouti 

overexpression reduced MC4R cell-surface expression by ~90%, where Mgrn-1 siRNA 

knockdown only reduced the level to 60% compared to control siRNA treated (Overton & 

Leibel, 2011). AgRP, however, increased MC4R cell-surface expression by 30-40% or 50-60% 

in control or Mgrn-1 siRNA knockdown cells, respectively (Overton & Leibel, 2011). 

1.4.5.3 Syndecan-3 

Syndecan-3, predominantly expressed within neuronal cells, was proposed to naturally modulate 

the interaction between MC4R and AgRP (Reizes et al., 2003; Reizes et al., 2001). Syndecan-3 

was illustrated both in vitro (Reizes et al., 2003; Reizes et al., 2001) and in vivo (Reizes et al., 

2003; Strader, Reizes, Woods, Benoit, & Seeley, 2004) to modulate the activity of MC4R 

through augmenting AgRP action. Using HEK293 cells, syndecan-3 was found to augment 

AgRP action (1nM; full length AgRP) at MC4R, in the presence of both α-MSH and NDP-α-

MSH (100nM) (Reizes et al., 2001). Subsequent work by Reizes et al. (2003) observed that 

syndecan-3 knockout mice were ~4-times more sensitive to melanotan II (α-MSH analogue) 

mediated food intake reduction compared to wild type mice. Additionally, introduction of 

MMPI, a pan-specific sheddase/protease inhibitor, into the third ventricle of fasted rats 

significantly increased food intake; an effect not observed in ad libitum fed rats (Reizes et al., 

2003).  

1.4.5.4 MRAPs 

Chan et al. (2009) identified that both hMRAPα and hMRAP2 down-regulated the cell-surface 

expression and cAMP production (at a single dose of NDP-α-MSH) of the hMC4R. Hinkle et al. 

(2011) identified that mMRAP modulated constitutive activity of chimeric MC2R/MC4Rs but 

this finding was not discussed or explored mechanistically. It was subsequently identified that 

hMRAPα co-expression with hMC4R increased constitutive activity and changed hMC4R 

molecular mass through alteration of N-linked glycosylation observed in both intracellular and 
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cell surface fractions (Kay et al., 2013a; Kay et al., 2013b). Some studies identified a link 

between MRAP2 and human as well as mouse obesity - with suggestion that the effect was 

through MRAP2 action on MC4R signalling (Asai et al., 2013; Sebag, Zhang, Hinkle, Bradshaw, 

& Cone, 2013). However, there was no indication of hMRAP2 significantly effecting hMC4R α-

MSH stimulated coupling to AC (Kay et al., 2015). More recent studies revealed MRAP2 

knockout models cause obesity through an alternative mechanism because symptomatology does 

not match MC4R knockout models (Clark & Chan, 2017). Hence, hMRAPα, but not hMRAP2, 

increases hMC4R constitutive activity when co-expressed. However, it remains unclear if this 

would occur in vivo and if this increase in constitutive activity would be beneficial.  

1.4.6 Brief summary of current role in central melanocortin system 

Physiological regulation of body weight requires modulation of energy intake and energy 

expenditure, both of which can be modulated by MC4R. Episodic signals such as short-term 

feeding ques contribute to regulation of hunger and satiety as well as metabolic and 

thermoregulatory energy expenditure (M. J. Krashes et al., 2016). Regulation of body weight 

relies on tonic hormonal signalling within discrete populations of neurons within the 

hypothalamus and brainstem, which serve to convey awareness of energetic needs and in the 

modulation of feeding behaviour in accordance to energy requirements (M. J. Krashes et al., 

2016).   

The central melanocortin system forms a key regulatory system that interacts with short-term 

feeding ques to regulate physiological and behavioural responses. Two principal neural 

populations within the hypothalamus form part of the central melanocortin system and reside 

within the arcuate nucleus (ARC) of the hypothalamus. ARC neurons expressing AgRP 

(ARCAgRP), neuropeptide Y (ARCNPY) and GABA (ARCGABA) represent anabolic regulatory 

neurons (primarily GABAergic), which become increasingly active with caloric insufficiency 

and are required for driving energy intake and promoting weight gain (Aponte, Atasoy, & 

Sternson, 2011; Garfield, Lam, Marston, Przydzial, & Heisler, 2009; M. J. Krashes et al., 2016; 

Michael J. Krashes, Shah, Koda, & Lowell, 2013). ARC neurons expressing POMC (ARCPOMC) 

represent catabolic regulatory neurons (primarily GABAergic) that increase activity in response 

to caloric sufficiency to promote cessation of feeding and increased energy expenditure 

(Michael J. Krashes et al., 2013). ARCAgRP and ARCPOMC neurons mediate both acute and long-

term regulation of energetic status, which involves both neuronal and neuroendocrine signalling 

(Garfield et al., 2015; Gautron, Elmquist, & Williams). The majority of second-order post-
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synaptic targets expressing MC4R are modulated by both ARCAgRP and ARCPOMC neurons, with 

pre-synaptic α-MSH serving to stimulate neuronal depolarisation and action potential firing, and 

AgRP either antagonising α-MSH or serving as a biased agonist through promoting neuronal 

hyperpolarisation (Garfield et al., 2015; Ghamari-Langroudi et al., 2015; Kathleen. G. Mountjoy 

et al., 1994).  

Novel evidence for the anabolic effect of ARCAgRP neurons was obtained through chemogenetic 

and optogenetic neuronal activation contributing to voracious food seeking and consumption 

within mice, and the opposite of which was seen with chemogenetic silencing of ARCAgRP 

neurons (Betley, Cao, Ritola, & Sternson, 2013; M. J. Krashes et al., 2011). ARCAgRP and 

ARCPOMC neurons have similar neuronal projection profiles to second-order targets (D. Wang et 

al., 2015). ARCAgRP neurons project to PVN (MC4R expressing), lateral hypothalamus (LH; 

MC4R expressing), anterior bed nucleus of the stria terminalis (MC4R expressing), and 

paraventricular nucleus of the thalamus (D. Wang et al., 2015). Functionality of ARCPOMC 

neuronal projections has been more difficult to delineate in part due to proceeding through a 

more temporal manner to regulate late-onset hypophagic responses and body weight loss 

(Mandelblat-Cerf et al., 2015; Zhan et al., 2013). Thus, ARCAgRP neuronal activity serves more 

paramount in short-term regulation of feeding responses, and ARCAgRP and ARCPOMC hormonal 

signals (AgRP and α-MSH) signal through modulation of MC4R activity within second-order 

neurons which defines a slower behavioural modulation (M. J. Krashes et al., 2011; Zhan et al., 

2013). For more detailed reviews on the central melanocortin system, refer to these excellent 

reviews: (E. J. P. Anderson et al., 2016; Garfield et al., 2015; M. J. Krashes et al., 2016; K. G. 

Mountjoy, 2015). 

1.4.7 Human mutation 

Two independent groups initially identified frameshift mutations within the human MC4R gene 

that were associated with severe early-onset obesity (Vaisse, Clement, Guy-Grand, & Froguel, 

1998; Giles S. H. Yeo et al., 1998). This prompted intensive screening for novel MC4R 

mutations, and to date over 150 distinct mutations have been identified in obese humans which 

are scattered throughout the length of the MC4R protein (Refer to Figure 1-13) (Y.-X. Tao, 

2009). The prevalence of pathogenic mutations within the MC4R gene and their association with 

obesity varies between different ethnic origins, age of obesity onset as well as severity of obesity 

(Y.-X. Tao, 2009). One study on early-onset obese patients of British Caucasian decent 

identified a 6% prevalence of pathogenic MC4R mutations, where the typical range across 
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different ethnicities was between 1-5% (Farooqi et al., 2003; Y.-X. Tao, 2009). Functional 

characterisation of the natural MC4R mutants has revealed defects in receptor maturation/folding 

(intracellular retention), membrane expression, constitutive activity, ligand binding, ligand 

efficacy and internalisation (Y.-X. Tao, 2009; Xiang et al., 2006). Intriguingly, numerous N-

terminal MC4R polymorphisms have been associated with obesity in humans and, given the 

initial reports that the N-terminus was not required for function (Helgi B. Schiöth et al., 1997), 

this represented a conundrum regarding their effect on MC4R function (Y.-X. Tao, 2010). 

Aside from pathogenic MC4R mutations, there are two polymorphisms, V103I and I251L, which 

have proven to be protective from obesity (A. Hinney et al., 1999; Stutzmann et al., 2007). V103 

is located within the second TMD in close proximity to one of the conserved acid residues, 

Glu100, implicated with a role in ligand binding (Y.-k. Yang, Dickinson, et al., 1999; Y.-k. Yang 

et al., 2000a). The V103I polymorphism, occurring at a frequency of 2-4%, and was estimated to 

reduce the risk of obesity by ~18% (Young et al., 2007) to 31% (Geller et al., 2004). Initial 

functional analysis of this polymorphism failed to identify differences between V103-MC4R and 

I103-MC4R concerning surface expression, ligand binding, ligand efficacy or constitutive 

signalling (Geller et al., 2004; Gu et al., 1999; Ho & MacKenzie, 1999).  
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Figure 1-13: Amino acid schematic of hMC4R:  

highlighting residues that have been found to be mutated in humans (orange), with predicted N-linked glycosylation sites (green), key residues interacting 

with melanocortins (navy blue), residues with a role in N-terminal constitutive activity (light blue), predicted phosphorylation sites (yellow) and predicted 

palmitoylation sites (purple) (structure based on uniprot.org predictions of hMC4R structure (GenBank ID: AAI01803.1). 

6
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However, a subsequent study identified a statistically significant twofold reduction in truncated 

hAgRP87-132 antagonist potency, suggesting that V103I may reduce sensitivity to AgRP which 

confers protection from obesity (Xiang et al., 2006).  

I251 is located within the sixth TMD near the intracellular boundary and has been associated 

with strong protection from obesity; with it contributing to a 50% reduction in obesity risk 

(Stutzmann et al., 2007). Characterisation of the function of the I251L MC4R mutant identified 

similar functionality to that of the wild type I251-MC4R apart from an elevated basal level of 

cAMP production (Xiang et al., 2006). Further analysis revealed reduced cell surface expression 

(~35% of MC4R-WT), eliminating the possibility of elevated receptor expression levels 

contributing to the basal activity (Xiang et al., 2006). Moreover, transfection of increasing 

concentrations of plasmid DNA, which has been proposed as a test for identification of CAMs 

(Haskell-Luevano et al., 2001; Srinivasan et al., 2004), revealed no change in basal cAMP 

accumulation between I251L-MC4R and I251-MC4R (hMC4R-WT) (Xiang et al., 2006).  

Another CAM MC4R tested at the same time, L250Q, demonstrated increased constitutive 

activity with increasing levels of plasmid DNA, which was suggested to indicate that only the 

L250Q mutant was truly more constitutive active than MC4R-WT (Xiang et al., 2006). Xiang et 

al. (2006) speculated that the I251L mutant may alter downstream aspects of MC4R signalling 

such as interaction with more G-proteins, up-regulation of AC protein, down-regulation of PDEs 

or up-regulation of PKA. 

1.5 Melanocortin 4 receptor constitutive activity 

1.5.1 MC4R constitutive activity identification, characterisation and function  

Nijenhuis et al. (2001) first identified constitutive activity of the MC4R through measurement of 

the conversion of [3H]-adenine into [3H]-cAMP after heterologous expression in B16/G4F cells 

(mouse melanoma cell line). B16/G4F cells transfected with 23 x 104 MC4Rs per cell 

demonstrated significantly higher basal AC activity compared to untransfected cells (Nijenhuis 

et al., 2001). However, lower expression levels of 1.6 - 5.6 x 104 receptors per cell did not 

present significantly elevated levels of basal AC activity (Nijenhuis et al., 2001). Application of 

AgRP83-132 dose dependently suppressed both basal and forskolin stimulated AC activity in 

B16/G4F cells transfected with MC4R, however, the effect was only observed when expression 

was 3.6 x 104 receptors/cell or greater (Nijenhuis et al., 2001). The selective MC4R antagonist 

SHU9119 blocked the effect of AgRP83-132 on both the basal and forskolin induced AC activity 
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(3.6 x 104 MC4Rs per cell), however, at a higher MC4R expression level (23 x 104 MC4Rs per 

cell) SHU9119 also displayed partial agonism (Nijenhuis et al., 2001). Thus, Nijenhuis et al. 

(2001) proposed that the MC4R constitutively couples to Gαs, that AgRP reduces this 

constitutive Gαs coupling, and that the amount of cell surface MC4R correlated with the degree 

of constitutive activity.  

Not long after this initial identification of MC4R constitutive activity, Srinivasan et al. (2004) 

characterised the molecular mechanism behind MC4R constitutive activity. MC4R N-terminal 

mutants, initially isolated from obese individuals, located at residue T11 (T11S and T11A) and 

R18 (R18C, R18H and R18L) presented comparable effects on MC4R function (Srinivasan et 

al., 2004). These point mutations had no defect in α-MSH responsiveness and AgRP antagonised 

α-MSH action to the same degree as for the MC4R-WT (Srinivasan et al., 2004). The N-terminal 

mutant MC4Rs did, however, all have significantly reduced levels of constitutive cAMP 

accumulation when measured as a ratio of cell surface expression following both stable and 

transient expression (Srinivasan et al., 2004). Moreover, no increase in constitutive cAMP 

activity was observed following transfection of increasing concentrations of plasmid DNA for 

MC4R mutants R7H, T11S and R18C relative to the MC4R-WT (Srinivasan et al., 2004). 

Moreover, deletion of the first 24 amino acids of the MC4R N-terminus abolished constitutive 

activity of the MC4R N-terminal mutant receptor (Srinivasan et al., 2004). However, it should 

also be noted that deletion of the first 24 amino acids of the MC4R N-terminus impaired 

membrane localisation, prompting the addition of a prolactin signal peptide to promote 

membrane targeting (Srinivasan et al., 2004). This contrasts an earlier study that revealed no 

functional effect following deletion of the first 29 residues of MC4R; with no change observed 

for ligand binding in COS-1 cells (testing included NDP-α-MSH, α-MSH and β-MSH) (Helgi B. 

Schiöth et al., 1997).  

To confirm the role of the N-terminus in mediating MC4R constitutive activity, Srinivasan et al. 

(2004) generated a N-terminal fusion protein consisting of residues 1-48 of the MC4R-WT N-

terminus fused to a CD8 single TMD. Co-expression of the N-terminal fusion protein with the 

N-terminal MC4R deletion mutant restored constitutive activity to that of the MC4R-WT, and no 

change in constitutive activity was observed when co-expressed with the MC4R-WT (Srinivasan 

et al., 2004). Additionally, co-expression of a R18C N-terminal fusion protein with the N-

terminal MC4R deletion mutant did not restore its constitutive activity (Srinivasan et al., 2004). 

Thus these results suggest that the N-terminus of MC4R acts as a partial ligand tethered to the 

receptor (Srinivasan et al., 2004). Srinivasan et al. (2004) further explored the mechanism of 
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MC4R N-terminal constitutive activity through testing the requirement of the conserved acid 

residues for constitutive activity. Mutations E100A and D122A increased MC4R constitutive 

activity relative to MC4R-WT and combination of either mutation with R18C reduced the level 

of constitutive activity below the level of the MC4R-WT (Srinivasan et al., 2004). The D126A 

mutation alone or in combination with R18C both nearly equally reduced constitutive activity 

relative to MC4R-WT, suggesting that residue R18 normally interacts with D126 in MC4R-WT 

to confer constitutive activity (Srinivasan et al., 2004). From these results, it becomes apparent 

that isolated single residue changes within the tertiary structure of MC4R lead to subtle 

conformational changes that appear to differentially alter the level of constitutive activity.  

Peter et al. (2007) generated antibodies directed towards the N-terminus of the MC4R and 

illustrated inverse agonist activity of the antibody both in vitro in HEK293 and in vivo in 

Sprague-Dawley rats. Incubation of MC4R transfected HEK293 cells with increasing 

concentrations of the N-terminal antibody yielded a concentration-dependent reduction in basal 

cAMP levels, measured through enzyme mediated cAMP immunoassay (Peter et al., 2007). 

Intracerebroventricular administration of the N-terminal antibody (1μg dose) promoted a 28% 

increase in food intake compared with control peptide antibody administration or sham 

(untreated) groups (Peter et al., 2007). Additionally, following immunisation of rats with the N-

terminal peptide used for antibody production, both cumulative food intake and body weight 

were significantly increased compared with the control peptide (immunised) and sham groups 

(Peter et al., 2007).  

MC4R function within mouse neuronal PVN was accessed within brain slices derived from a 

transgenic mouse expressing GFP under the control of the MC4R promoter (Ghamari-Langroudi, 

Srisai, & Cone, 2011; Liu et al., 2003). They identified that fasting increased the firing frequency 

of these neurons and leptin directly inhibited the fasting effect (Ghamari-Langroudi et al., 2011). 

Application of α-MSH or NPY either stimulated or inhibited, respectively, the firing frequency 

of the PVN neurons, a finding that contradicted the current model of leptin action mediated 

through modulation of neurons within the arcuate nucleus (Ghamari-Langroudi et al., 2011). 

Intriguingly, application of AgRP to MC4R expressing PVN neurons potently inhibited the basal 

firing frequency (Ghamari-Langroudi et al., 2011). Given current knowledge regarding AgRP’s 

mechanism of action (Outlined in Section 1.3.2 and 1.3.8.2), this finding would suggest that in 

vivo constitutive activity of MC4R may set the basal firing frequency of these PVN neurons 

(Ghamari-Langroudi et al., 2011). 
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1.5.2 MC4R mutations affecting constitutive activity 

After a thorough review of the literature, numerous hMC4R mutations were identified that result 

in the substitution of a single amino acid which associates with a change in the level of 

constitutive MC4R activity (Refer to Table 1-4). Given that MC4R was known to signal through 

the cAMP pathway, assays were employed to measure changes in cellular cAMP levels. It 

should be noted that the measurement of cAMP alone presents a limitation in functional analysis 

of these MC4R mutants given the current appreciation that MC4R couples to multiple G-proteins 

and that arrestin can contribute to signalling through G-protein- dependent and independent 

mechanisms. Additional support for this notion was the identification that although both the 

D90N and D298A mutations have similarly impaired cAMP and pERK½ signalling, the D298A 

mutation retained some degree of cAMP signalling and but lost all pERK½ signalling (Patten, 

Daniels, Suzuki, Fluharty, & Yee, 2007). Thus highlighting that changing a single amino acid 

can differentially impact each signalling pathway (Patten et al., 2007). A noteworthy point is that 

different assays measuring MC4R coupling to cAMP have different efficiencies and accuracies. 

A direct comparison between the CRE β-lactamase gene reporter assay with a cAMP 

accumulation assay following ligand stimulation of either MC3R or MC4R has been performed 

(Simon, Young, & Nickolls, 2009). The cAMP accumulation assay, which is a direct measure of 

cAMP levels, accurately measured affinity and efficacy (Simon et al., 2009). The cAMP reporter 

assay, however, illustrated a 100-fold increase in agonist affinity compared with cAMP 

accumulation data and presented low values of efficacy (Simon et al., 2009). As mentioned 

earlier, another important factor affecting MC4R function is the cell line used for functional 

analysis. Thus, care is required in the interpretation of current data on the functional effects of 

single nucleotide changes on MC4R constitutive activity and highlights the need for a 

multifactorial approach to accurately measure MC4R constitutive activity.  
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Table 1-4: Outline of all MC4R single amino acid changes associated with a change in the level of constitutive activity as well as their effects on receptor 

function. 
 

Residue 

number 

Amino 

acid 

Location 

within 

MC4R 

structure 

Mutation 

(naturally 

occurring 

vs 

artificial) 

Basal 

signalling 

(relative to 

hMC4R-WT) 

Agonist 

maximal 

response 

(cAMP; 

relative to 

WT) 

Cell surface 

expression 

Effect 

measured 
References 

7 R N-T 
Arg7His 

Arg7Cys 
~50% 

WT-like 

 

80% 

 

Luciferase-

cAMP 

 

(Srinivasan et al., 2004) 

(Stäubert et al., 2007) 

11 T N-T 
Thr11Ala 

Thr11Ser 
~50% 

 

WT-like 
80% 

 

Luciferase-

cAMP 

(Y.-X. Tao & Segaloff, 2005a) 

(Lubrano-Berthelier et al., 

2006; Srinivasan et al., 2004) 

18 R N-T 

Arg18His 

Arg18Cys 

Arg18Leu 

Reduced WT-like 

160% 

120%  

100%  

Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006; Xiang et al., 2006) 

(Srinivasan et al., 2004) 

30 S N-T Ser30Phe 

0.4-fold 

higher or 

reduced  

WT-like - H3 Adenine 

(Anke Hinney et al., 2003) 

 

(Lubrano-Berthelier, Durand, 

et al., 2003) 

55 G 1st TMD Gly55Val ~190% WT-like 140%  
Luciferase-

cAMP 
(Tan et al., 2009) 

55 G 1st TMD Gly55Val WT-like WT-like - 
Luciferase-

cAMP 
(Cai et al., 2006) 

58 S 1st TMD Ser58Cys 11% 
Severely 

impaired 
50% 

β-Gal. 

activity 

(Lubrano-Berthelier, Durand, 

et al., 2003; Xiang et al., 2006) 

61 E 1st TMD Glu61Lys ~170% Reduced 75%  
β-Gal. 

activity 
(Tan et al., 2009) 

69 I 1st TMD Ile69Met 
Severely 

reduced 
~10% 30%  

Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006) 

7
4
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69 I 1st TMD Ile69Thr 200% ~25% 44% 
β-Gal. 

activity 
(Tan et al., 2009) 

76 H ICL1 His76Arg 1700% 158% 55%  H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

79 M ICL1 Met79Ile ~20% 60% WT-like H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

94 S 2nd TMD Ser94Asn 50% 218% 50%  H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

95 V 2nd TMD Val95Ile Reduced WT-like 120%  
Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006) 

97 N 2nd TMD Asn97Asp 
Severely 

reduced 

Severely 

impaired 
25%  

β-Gal. 

activity 
(Xiang et al., 2006) 

102 I 2nd TMD Ile102Ser 
Severely 

reduced  
None 

57% 

 

Luciferase-

cAMP, H3 

Adenine(Y.-

X. Tao & 

Segaloff, 

2005a) 

(Lubrano-Berthelier, Durand, 

et al., 2003; Y.-X. Tao & 

Segaloff, 2005a; Xiang et al., 

2006) 

102 I 2nd TMD Ile102Thr 16% 68% 80% 
Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006) 

106 L 2nd TMD Leu106Pro - Reduced ~35%  
β-Gal. 

activity 
(Xiang et al., 2006) 

121 I ECL1 Ile121Thr 40% Reduced - H3 Adenine (Anke Hinney et al., 2003) 

122 D 3rd TMD Asp126Ala 185% 19.8% WT-like 
Catch-point-

cAMP assay 

(Srinivasan, Santiago, 

Lubrano, Vaisse, & Conklin, 

2007) 

126 D 3rd TMD Asp126Tyr 50%  No response ~150%  H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

126 D 3rd TMD Asp126Ala 80% 
Severely 

impaired 
- 

Luciferase-

cAMP 
(Srinivasan et al., 2004) 

7
5
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127 S 3rd TMD Ser127Leu WT-like Reduced WT-like 
Luciferase-

cAMP 
(Valli-Jaakola et al., 2004) 

127 S 3rd TMD Ser127Leu 250% 57% ~50% H3 Adenine (Fan & Tao, 2009) 

137 I 3rd TMD Ile137Thr - Reduced - 
β-Gal. 

activity 
(Xiang et al., 2006) 

146 D 3rd TMD Asp146Asn 1500% 133.4%  ~20% H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

150 T ICL2 Thr150Ile 10%  

68% (Lubrano-

Berthelier et 

al., 2006)  

WT-like 
Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006; Vaisse et al., 2000a; 

Xiang et al., 2006) 

154 A ICL2 Ala154Asp 10%  90% ~115% 
Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006) 

158 H ICL2 His158Arg 632% 142%  WT-like H3 Adenine (Anke Hinney et al., 2006) 

165 R 4th TMD 

Agr165Trp 

 

Arg165Gln 

less than 10%  

20%  

 

Partial 

9.4% 

26%  

7.5%  

Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006; Vaisse et al., 2000a; 

Giles S.H. Yeo et al., 2003) 

170 I 4th TMD Ile170Val 

Reduced 

 

WT-like 

~20% 

 

110%  

84% 

 

80%  

Luciferase-

cAMP 

 

(Vaisse et al., 2000a) 

 

(Lubrano-Berthelier et al., 

2006) 

174 W 4th TMD Trp174Cys 50% 31% 10% H3 Adenine (Fan & Tao, 2009) 

194 I 5th TMD Ile194Thr 20% No response 20% H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

195 I 5th TMD Ile195Ser 200% 300% ~30%  H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

200 M 5th TMD Met200Phe 125% WT-like - 

β-Gal. 

activity and 

linear 

increase with 

more DNA 

(Haskell-Luevano et al., 2001) 

(Y.-X. Tao & Segaloff, 2005b) 

7
6
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201 F 5th TMD Phe201Leu 40% WT-like ~135% H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

219 A ICL3 Ala219Val ~55% 56% ~70%  H3 Adenine (Fan & Tao, 2009) 

226 I ICL3 Ile226Thr ~73% WT-like - 
Luciferase-

cAMP 

(D.-H. Kim, Shin, & Baik, 

2008) 

230 P ICL3 Pro230Leu 300% 
WT-like, trend 

= increased 
- 

Luciferase-

cAMP 
(D.-H. Kim et al., 2008) 

230 P ICL3 Pro230Leu 200% Elevated - H3 Adenine (Anke Hinney et al., 2003) 

231 G ICL3 Gly231Ser 62% WT-like ~125%  
Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006) 

231 G ICL3 Gly231Ser 90% 150% ~75%  H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

238 G ICL3 Gly238Asp ~68% WT-like - 
Luciferase-

cAMP 
(D.-H. Kim et al., 2008) 

240 N 6th TMD Asn240Ser ~70% WT-like - 
Luciferase-

cAMP 
(D.-H. Kim et al., 2008) 

240 N 6th TMD Asn240Ala ~220% WT-like - H3 Adenine (H. Huang & Tao, 2012) 

241 M 6th TMD Met240Ala ~560% WT-like - H3 Adenine (H. Huang & Tao, 2012) 

242 K 6th TMD Lys242Ala ~40% WT-like - H3 Adenine (H. Huang & Tao, 2012) 

243 G 6th TMD Gly242Ala ~60% 65% - H3 Adenine (H. Huang & Tao, 2012) 

244 A 6th TMD Ala244Glu Reduced Reduced WT-like 
Luciferase-

cAMP 

(Lubrano-Berthelier, Durand, 

et al., 2003) 

244 A 6th TMD Ala244Glu ~70% WT-like - 
Luciferase-

cAMP 
(D.-H. Kim et al., 2008) 

244 A 6th TMD Ala244Ala ~350% WT-like - H3 Adenine (H. Huang & Tao, 2012) 

246 T 6th TMD Thr246Ala ~70% 68%  - H3 Adenine (H. Huang & Tao, 2012) 

247 L 6th TMD Leu247Ala ~40% 76% - H3 Adenine (H. Huang & Tao, 2012) 

250 L 6th TMD Leu250Gln 156% of WT  79% 
16% 

~65% 

Luciferase 

activity 

(Lubrano-Berthelier et al., 

2006; Vaisse et al., 2000a; 

Xiang et al., 2006) 

7
7
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250 L 6th TMD Leu250Gln 250% 
WT-like 

 
72%  

β-Gal. 

activity 
(Proneth et al., 2006) 

250 L 6th TMD Leu250Phe 70% WT-like 46%  
β-Gal. 

activity 
(Proneth et al., 2006) 

250 L 6th TMD Leu250Arg 153%  WT-like 52%  
β-Gal. 

activity 
(Proneth et al., 2006) 

250 L 6th TMD Leu250Lys ~165%  WT-like 58%  
β-Gal. 

activity 
(Proneth et al., 2006) 

250 L 6th TMD Leu250Glu ~184%  WT-like 66%  
β-Gal. 

activity 
(Proneth et al., 2006) 

250 L 6th TMD Leu250Asn 270% WT-like 52%  
β-Gal. 

activity 
(Proneth et al., 2006) 

250 L 6th TMD Leu250Ala 410% 43% -  (H. Huang & Tao, 2012) 

251 I 6th TMD Ile251Leu 

WT-like or 

 

 

 

Elevated 

 

 

WT-like 

 

 

 

WT-like 

 

 

- 

 

35%  

 

Luciferase-

cAMP 

 

β-Gal. 

activity and 

linear 

increase with 

more DNA 

(Vaisse et al., 2000a) 

 

 

 

 

(Xiang et al., 2006) 

251 I 6th TMD Ile251Ala ~40% 78%  - H3 Adenine (H. Huang & Tao, 2012) 

252 G 6th TMD Gly252Ser 21% 

Reduced 

 

107% 

60%  

92% 

Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006; Lubrano-Berthelier, 

Durand, et al., 2003) 

252 G 6th TMD Gly252Ala ~50% WT-like - H3 Adenine (H. Huang & Tao, 2012) 

253 V 6th TMD Val253Ile Reduced WT-like 90%  
Luciferase-

cAMP 

(Lubrano-Berthelier, Durand, 

et al., 2003) 

258 W 6th TMD W258Ala ~40%  132% - H3 Adenine (H. Huang & Tao, 2012) 

259 A 6th TMD Ala259Gly ~230% 139% - H3 Adenine (H. Huang & Tao, 2012) 

7
8
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260 P 6th TMD Pro260Gln ~25% No response ~25% H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

260 P 6th TMD Pro260Ala ~50% 157% - H3 Adenine (H. Huang & Tao, 2012) 

264 H 6th TMD H264Ala ~50% 
Severely 

impaired  
- H3 Adenine (H. Huang & Tao, 2012) 

266 I 6th TMD Ile266Ala 600% 164% - H3 Adenine (H. Huang & Tao, 2012) 

267 F 6th TMD Phe267Ala ~330% 148% - H3 Adenine (H. Huang & Tao, 2012) 

269 I 6th TMD Ile269Ala ~220% 139%  - H3 Adenine (H. Huang & Tao, 2012) 

271 C ECL3 Cys271Tyr - Reduced 20%  
β-Gal. 

activity 
(Xiang et al., 2006) 

280 F ECL3 Phe280Leu ~200% 174% 50%  H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

295 S 7th TMD Ser295Pro 124% WT-like WT-like 
Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006) 

300 L 7th TMD Leu300Pro ~40% 200% ~25%  H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

301 I 7th TMD Ile301Thr Reduced ~20% 10%  
Luciferase-

cAMP 

(Vaisse et al., 2000a) 

(Haskell-Luevano et al., 2001) 

305 R C-T Arg305Trp 
Severely 

reduced 
74% 69%  

Luciferase-

cAMP 

(Lubrano-Berthelier et al., 

2006) 

305 R C-T Arg305Ser ~40% 180% 80%  H3 Adenine 
(Z. Q. Wang & Y. X. Tao, 

2011) 

317 I C-T Ile317Thr - WT-like 60%  
β-Gal. 

activity 
(Xiang et al., 2006) 

317 I C-T Ile317Val 130% WT-like 80%  H3 Adenine (Fan & Tao, 2009) 

 

Note: The effect of each mutation on agonist efficacy was excluded from Table 1-4 due to variable EC50 results based on the cellular assay used. 

 

7
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Numerous amino acid changes point mutations throughout the length of MC4R appear to increase the level of constitutive activity (Refer to Table 

1-4), but these mutations may also present alternative functional defects- such as changes in cell surface expression, agonist potency, or multiple 

functional changes (Refer to Figure 1-14, Table 1-4 and Table 1-5).   

 

Figure 1-14: Amino acid schematic highlighting the distribution and functional effects of hMC4R mutations that confer constitutive activity. 

 (structure based on uniprot.org predictions of hMC4R structure (GenBank ID: AAI01803.1).

8
0
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Table 1-5: Summary of the effects of single amino acid changes on MC4R constitutive activity and 

function. (Key: N-terminus, TMDs, ICLs, C-terminus) 

 

  Constitutive activity 

Non-WT-like features  Reduced Increased 

Cell surface expression 

Reduced R7H T11A/S 
I251L 

I317V 

WT-like 

R18L 

G252S 

V253I 

 M200F 

Increased 
R18H/C 

V95I 

A154D 

F201L 

G55V 

S295P 

Agonist potency 

Reduced 

M79I 

I102T 

A244E 

 
I69T 

D122A 

Increased G231S  
H158R 

P230L 

Cell surface and agonist potency Reduced 

R165W 

R165Q 

W174C 

A219V 

G252S 

P260G 

R305W 

E61L 

S127L 

Agonist potency and AgRP 

action impaired 
Reduced T150I  - 

Multiple alternative changes in: 

- cell surface expression and 

- agonist potency and  

- AgRP action 

 

S58C 

I69M 

S94N 

N97D 

I102S 

R305S 

D126Y 

I194T 

G231S 

L300P 

I301T 

 

H76R 

D146N 

I195S 

L250E 

F280L 

Note: MC4R mutants with conflicting findings were excluded from Table 1-5. 

1.5.3 Regulation of MC4R constitutive activity 

Recently, work completed by Kay et al. (2013a) within the Mountjoy Laboratory has identified 

the first potential endogenous modulator of MC4R constitutive activity. Following transient co-

expression of hMRAPα-FLAG with HA-hMC4R-WT in HEK293, hMC4R constitutive cAMP 

production increased by 25% (p < 0.04) compared with HA-hMC4R-WT alone (Kay et al., 

2013a). Furthermore, this interaction also altered HA-hMC4R-WT complex glycosylation, with 
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the molecular mass of both intracellular and cell surface HA-MC4R glycoforms shifting from 

~85-65kDa and ~42kDa to ~65-50kDa and ~42kDa in the presence of hMRAPα-FLAG (Kay et 

al., 2013a). PNGase F digestion, which cleaves off all N-linked glycosylation, collapsed all 

glycoforms to ~33-31kDa in the presence or absence of hMRAPα-FLAG, suggesting that HA-

hMC4R-WT was N-linked glycosylated (Kay et al., 2013b). Only the glycoforms that were 

~42kDa in both the presence and absence of hMRAPα-FLAG were sensitive to endoglycosidase 

H digestion, which cleaves non-complex N-linked glycosylated glycoforms; collapsing the 

~42kDa glycoforms to ~33-31kDa (Kay et al., 2013b). Thus, hMRAPα-FLAG was identified to 

alter complex glycosylation of HA-hMC4R-WT.  

Subsequent work by Kay et al. (2015) further explored the role of hMRAPα on hMC4R 

constitutive activity through exploring intracellular localisation and trafficking, which required 

epitope tagging. Confocal imaging revealed that hMRAPα-FLAG predominantly co-localised 

with HA-hMC4R-WT within Golgi-derived vesicles (Kay et al., 2015). Live cell imaging of 

hMC4R-eGFP expressed with hMRAPα-FLAG revealed co-localisation predominantly within 

the ER as large stable clusters (Kay et al., 2015). Additionally, highly dynamic hMC4R-eGFP 

vesicles were identified near the plasma membrane that did not co-localise with the ER or 

hMRAPα (Kay et al., 2015). Interestingly, it was identified that hMC4R-eGFP lacked complex 

glycosylation, both in the presence and absence of hMRAPα-FLAG (Kay et al., 2015). 

Moreover, the functionality of hMC4R-eGFP relative to cAMP production was similar to that 

observed for HA-hMC4R-WT and hMC4R-WT (Kay et al., 2015). In the presence of hMRAPα, 

the constitutive cAMP production of hMC4R-eGFP was enhanced, which suggested that the 

hMRAPα mediated increase in MC4R constitutive activity was independent of complex 

glycosylation (Kay et al., 2015). Thus, hMRAPα co-localises with hMC4R intracellularly and 

prevents complex glycosylation of MC4R, with the eGFP tag also preventing complex 

glycosylation, as well as enhancing hMC4R constitutive activity through an unknown 

mechanism.  

1.5.4 Physiological relevance of MC4R constitutive activity 

GPCR constitutive or basal activity has been shown to be of physiological importance for normal 

receptor function (Seifert & Wenzel-Seifert, 2002; Y.-X. Tao, 2008). Several factors support this 

view, including in vivo measures of constitutive activity, pathology associated with altered levels 

of constitutive activity (CAMs and mutants lacking constitutively activity), discovery of inverse 
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agonists that reduce basal activity and the discovery that the N-termini can function as a tethered 

ligand for GPCRs.  

Point mutations within the MC4R gene are an important contributing factor to human obesity, 

with up to 6% of British Caucasian early-onset obese patients having been found to have MC4R 

mutations (Y.-X. Tao, 2010). The first MC4R polymorphism to affect basal/constitutive activity 

(L250Q) was identified in an obese individual and conferred robustly increased constitutive 

activity, but also impaired receptor trafficking (Proneth et al., 2006; Y.-X. Tao, 2008). Despite 

the slight reduction in cell-surface expression of the L250Q mutant, WT-like maximal 

responsiveness to α-MSH and ~5-fold increased EC50 was obtained. A range of other MC4R 

mutations have since been identified in obese patients with elevated constitutive activity such as 

S127L, H158R, P230L, H76R and D146N, as well as mutations that have reduced constitutive 

activity such as R7H, T11A/S, R18C/H/L, I102S, I102T, A154D, F201L and N240S (Refer to 

Table 1-4 and Table 1-5) (Srinivasan et al., 2004; Y.-X. Tao, 2008, 2009, 2010). These amino 

acid substitutions dynamically affect various aspects of MC4R function (Refer to Table 1-5). 

Initial expectation regarding increased constitutive activity of the MC4R was that this would 

present protection from obesity due to gain of function. Thus, the identification of mutant 

MC4Rs with enhanced constitutively activity within obese humans was and still is puzzling.  

Of particular interest are two polymorphism, I251L and V103I, which have been identified 

within lean individuals and have been associated with protection of obesity (Outlined in Section 

1.5.3) (Stutzmann et al., 2007; Xiang et al., 2006). The mechanism behind the I251L 

polymorphism is still uncertain, with this mutant MC4R having an increased constitutive cAMP 

accumulation that does not have a linear increase in constitutive activity with increasing 

concentrations of MC4R DNA transfected (Outlined in Section 1.5.3) (Haskell-Luevano et al., 

2001; Srinivasan et al., 2004). The mechanism behind the V103I polymorphism was contributed 

to a twofold reduction in AgRP potency (Xiang et al., 2006). This presents an intriguing finding 

regarding the role of MC4R constitutive activity, AgRP and obesity protection, and suggests that 

the functional effect of AgRP on MC4R signalling plays a key role in weight regulation.  

The current perspective is that AgRP is a biased MC4R ligand (Outlined in Section 1.3.2). 

Moreover, fasting increases AgRP mRNA levels within the arcuate nucleus (Hahn, Breininger, 

Baskin, & Schwartz, 1998), and leptin reduces AgRP mRNA levels and increases α-MSH 

mRNA levels (Ebihara et al., 1999). Application of AgRP onto MC4R expressing PVN neurons 

potently inhibits the basal firing frequency, where the application of α-MSH to PVN neurons 
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stimulates the basal firing frequency (Ghamari-Langroudi et al., 2011). MC4R constitutive 

activity was speculated to have an important role in vivo in setting the basal firing frequency of 

PVN neurons (Outlined in Section 1.5.1) (Ghamari-Langroudi et al., 2011). More recent studies 

identified that MC4R couples to Kir7.1 to regulate neuronal activity, with α-MSH and AgRP 

stimulation having opposing effects on membrane polarisation (depolarisation and 

hyperpolarisation respectively) (Ghamari-Langroudi et al., 2015). MC4R constitutive activity 

inhibits L-type and P/Q-type Ca2+ channels in a PTX sensitive manner to regulate amygdaloid 

neuronal activity (F. Agosti et al., 2017). 

Extrapolating from these key findings, it becomes apparent that the MC4R functions as a 

molecular nutrient sensor that matches energy intake to expenditure. MC4R constitutive 

signalling may function to set a basal neuronal firing frequency and MC4R ligand stimulation 

modulates signalling to alter neuronal firing frequency to either reduce or increase feeding and 

energy expenditure.  

Of particular relevance to MC4R constitutive activity, the uncharacterised finding by Srinivasan 

et al. (2004), and more recently by Esroy et al. (2012), that removal of the first 24 N-terminal 

amino acids of MC4R prohibited cell surface expression in addition to constitutive activity. As 

discussed earlier (Outlined in Section 1.5.2), Srinivasan et al. (2004) also characterised the effect 

of N-terminal polymorphisms, located at residue Arg7, Thr11 (T11S and T11A) and Arg18 

(R18C, R18H and R18L) on the function of the MC4R. Of the predicted MC4R glycosylation 

sites, Arg18 neighbours Asn17 and the MC4R Arg18 mutant receptors all lack constitutive 

cAMP activity (Srinivasan et al., 2004). Furthermore, Esroy et al. (2012) identified that the 

minimal sequence required for the N-terminal mediated receptor activation spanned His14-

Ser19, which also includes Asn17. This raises the possibility that N-linked glycosylation present 

at the Asn17 may modulate MC4R constitutive activity, potentially through steric hindrance by 

the large glycan chain. Interestingly, hMC1R was reported to have functionally different N-

linked (Asn15 and Asn29) glycan chains that have a strong effect on plasma membrane 

trafficking (Herraiz, Sánchez-Laorden, Jiménez-Cervantes, & García-Borrón, 2011). Moreover, 

N-linked glycosylation has been suggested to present a “quality control” step within the Golgi 

Apparatus for export of Family A GPCRs to the cell surface (Canals, Lopez-gimenez, & 

Milligan, 2009; Conn, Knollman, Brothers, & Janovick, 2006; Petäjä-Repo, Hogue, Laperrière, 

Walker, & Bouvier, 2000; Y. P. Xiao, Morice, Compton, & Sadofsky, 2011). Another role for N-

terminal N-linked glycosylation within GPCRs relates to receptor dimerisation, with numerous 

reports suggesting that N-linked glycosylation can have a role in facilitating dimerisation (Canals 
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et al., 2009; J. He, Xu, Castleberry, Lau, & Hall, 2002; Whitaker, Lynn, McIntosh, & Accili, 

2012). Thus, it remains uncertain exactly what role N-linked glycosylation has on MC4R 

functionality and creates uncertainty regarding the mechanism behind increased MC4R 

constitutive cAMP production observed in the presence of hMRAPα.  

1.6 Synopsis and final conclusions drawn from the literature review 

The plethora of GPCRs may represent a small percentage of the human genome but they have a 

critical role in cellular signalling. Dynamic receptor oscillation between active and in-active 

conformations, along with multifactorial ligand stabilised conformations, gives rise to a complex 

signalling milieu. Significant progress has been made in the understanding of GPCR signalling 

dynamics, particularly within GPCR oligomerisation, G-protein independent signalling, 

internalisation and recycling. Signalling cross-talk between GPCRs and even between other 

signalling receptors (ionotropic receptors [such as AMPA receptors] and enzyme-coupled 

receptors [such as receptor tyrosine kinases]) create a highly integrative cellular communication 

network. Moreover, through considering the importance of both cellular microenvironment as 

well as the spatial and temporal nature of signalling responses, it becomes apparent that cellular 

signalling responses have an intricate level of complexity. Mutations, such as SNPs, often 

contribute to homeostatic disruption, which may associate with human disease. Mutations within 

the hMC4R, although of rare prevalence, provide supporting evidence for the importance of 

normal physiological receptor function to permit homeostatic maintenance of body weight. 

Although physiological receptor function is still poorly understood at a cell signalling level, the 

association of increased hMC4R constitutive cAMP activity with human obesity presents a 

perplexing contradiction.  

As such, several key questions were raised from the literature review regarding MC4R 

constitutive activity: 1) What is the precise signalling mechanism behind AgRP’s biased 

agonism through MC4R? 2) Does MC4R constitutive activity set a “basal tone” of energy 

expenditure and appetite? 3) How does increased MC4R constitutive activity contribute to 

obesity? 4) Does hMRAPα represent an endogenous regulator of MC4R constitutive activity and 

would this interaction be beneficial if it occurred in vivo? 5) Can MC4R constitutive activity be 

manipulated to treat obesity and/or anorexia? 
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2.1 Culmination of current understanding of GPCR function with regard to 

constitutive activity, inverse agonism and GPCR signalling   

The current validity of using inverse agonists as a measure of constitutive activity is questionable 

given the reports of biased agonism (Outlined in Section 1.2.7), however, there is sufficient 

evidence to support the existence of GPCR constitutive activity and that this activity is 

physiologically important through setting a basal tone of effector activation. A number of 

potential confounding factors have been identified within the current understanding of GPCR 

constitutive activity.  

The first key factor lies within the definition of constitutive activity. Traditionally, constitutive 

activity was observed as the ability of a GPCR to adopt an active conformation in the absence of 

agonist, and this activity resulted in a measurable increase in basal G-protein activity (Seifert & 

Wenzel-Seifert, 2002). Given the reports of GPCR conformational dynamics and the emergence 

of biased agonism, it appears that GPCR constitutive activity extends beyond G-protein 

signalling. Constitutive activity, that is the formation of an active conformation independent of 

ligand, may well be a normal aspect of GPCR function that occurs rapidly as the receptor’s 

conformational state changes over time. Dynamic changes in GPCR conformational state may 

also yield unique interaction interfaces for specific signal transducers, which exist in a state of 

equilibrium with the receptor. Ligand interaction with a GPCR may shift the constitutive 

receptor equilibrium towards one particular conformation that has specific affinities and 

efficacies for different signal transducers (e.g. Gαs and arrestin or Gαi and arrestin etc.). 

Moreover, techniques such as FRET, BRET and NMR (Outlined in Section 1.2.7) provide 

compelling evidence for the dynamic interaction between GPCRs, their ligands and their signal 

transducers (Bartuzi, Kaczor, Targowska-Duda, & Matosiuk, 2017; Vaidehi & Kenakin, 2010). 

Ligands stabilise specific GPCR conformational states that permit dynamic receptor interactions 

with signal transducers and vice versa, thus creating a complex milieu of dynamic signalling 

conformations.   

This raises the second key factor, which is that ligands are typically classified according to 

efficacy towards one signalling pathway. However, this will most likely not reflect the full scope 

of the ligand’s action. Interestingly, Büch et al. (2009) proposed that following α-MSH 

stimulation of MC4R-WT, both Gαs and Gαi G-proteins were activated and that PTX treatment, 

thus blocking Gαi-GPCR interaction, enhanced α-MSH (but not forskolin) potency in MC4R 

expressing HEK293 cells (Outlined in Section 1.4.3). Additionally, PTX treatment followed by 
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α-MSH stimulation of MC4R resulted in a reduced the rate of GTPγS35 incorporation, 

suggesting inhibition of Gαi activation (Büch et al., 2009). These findings suggest that a specific 

ligand may permit coupling to more than one G-protein, however, the mechanism facilitating this 

process is unknown. Moreover, this may suggest that different GPCR conformations have 

different affinities for specific G-proteins, with high affinity interactions superseding lower 

affinity interactions. Thus, the microenvironment or signalosome of a given GPCR isoform 

would predetermine the localisation of specific G-protein isoforms, which presents a level of 

micro-regulation that modulates GPCR - G-protein interactions (H. Wu, 2013). Interestingly, 

Büch et al. (2009) also identified that AgRP stimulated MC4R coupling specifically to Gαi and 

stimulated PTX sensitive GTPγS35 incorporation (Outlined in Section 1.4.3). Given the current 

classification of ligands through one signalling pathway, it may argue that inverse agonism 

mediated by AgRP is in fact just a consequence of Gαi signalling reducing AC activity. Thus, 

this imposes the requirement for screening ligand efficacy through multiple signalling pathways 

that may be G-protein- dependent and/or independent. This may establish that inverse agonists 

are merely biased agonists that uncouple GPCRs from one signal transducer in favour of another. 

With regard to constitutive activity, a given GPCR may be constitutively active through multiple 

signal transducers, prompting the requirement to screen all possible signal transducers. However, 

it is technically challenging to measure activity through all signal transducers simultaneously. 

Hence, single pathway assays have historically been employed to measure GPCR function. This 

does introduce the requirement to specifically state what signal transducer’s activity is being 

measured and whether it be for constitutive activity or ligand activity of a GPCR. Hypothetical 

examples: AgRP is a biased ligand for Gαi and β-arrestin at MC4R; MC4R constitutive activity 

for Gαs increases cAMP production.  

The third key factor is that caution is required regarding interpretation of current GPCR 

constitutive activity data, particularly given that the majority of constitutively active GPCRs 

(endogenous or CAMs) have only been tested for constitutive activity towards one cellular 

pathway (predominantly within Gαs-cAMP pathway). It remains to be determined if 

constitutively active GPCRs truly are constitutively active towards only one signalling pathway 

or differentially constitutively active through a range of signalling pathways. Furthermore, 

defective constitutive activity within the Gαs-cAMP pathway of a given mutant GPCR may 

foreshadow that this mutant is constitutively functional within a different signalling pathway, as 

was identified for the D90N hMC4R mutant (Büch et al., 2009) (Outlined in Section 1.4.3).  

Other important factors to consider when measuring GPCR functionality, particularly for 
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constitutive activity, relates to variability between cell lines due to differential cellular 

proteomes, species differences, expression system used (transient vs stable and heterologous vs 

endogenous), expression levels if heterologously expressed and how signalling activity is 

measured (G-protein activation vs downstream measures and reporter genes that have cross talk 

confounding the results). Thus, careful consideration is required in the selection of cell lines and 

expression systems as well as what techniques are used to measured signalling responses.  

2.2 Rationale  

Identification of obesity associated hMC4R mutations that have either increased or reduced 

constitutive cAMP activity represents a significant conundrum that limits the current mechanistic 

understanding of hMC4R constitutive activity. To date there are only a few hMC4R 

mutations/polymorphism (D146N, H158R and I251L) reported with increased constitutive 

cAMP activity that protects from obesity. This research study will attempt to empirically resolve 

the conundrum whereby increased hMC4R constitutive activity can be associated with human 

obesity at a molecular level. Given that GPCRs dynamically oscillate through multiple different 

conformational states, there will be spatial and temporal regulation of the activity of intracellular 

signal transducers. In current literature, “hMC4R constitutive activity” refers to either hMC4R 

coupling to the AC/cAMP signalling pathway, pERK½ pathway, membrane channels or 

constitutive endocytosis. Hence, there is a need to characterise constitutive activity with regard 

to each specific signal transduction pathway that MC4R is known to activate to advance the 

understanding of MC4R constitutive activity. Understanding hMC4R constitutive activity at a 

molecular level may contribute to the identification of novel hMC4R signalling mechanisms, as 

well as potentially establishing a link between particular molecular signalling cascades and 

specific physiological functions.  

2.3 Hypotheses 

MC4R is oscillating between multiple conformational states, a subset of which constitutively 

activate signal transduction pathways. Furthermore, conformation change induced through 

mutation or accessory protein interaction can dynamically alter which signal transduction 

pathways are constitutively activated:  

I. Obesogenic CAM MC4Rs adopt a conformation that activates signal transduction 

pathways that associate with obesity.  
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II. Non-obesogenic CAM MC4Rs adopt a conformation that activates signal transduction 

pathways that associate with protection from obesity.    

III. Co-expression of hMRAPα with MC4R-WT adopts a conformation that activates signal 

transduction pathways that associate with protection from obesity.    

 

2.4 Objectives 

To address the hypotheses outlined in Section 2.3, all reported hMC4R obesity associated 

mutations with alterations in constitutive activity within literature were tabulated in Table 1-4. 

Subsequently, hMC4R obesity associated mutations with consistent reports of altered 

constitutive activity were correlated with additional receptor functional alternations (Refer to 

Table 1-5). Reported functional alterations of hMC4R mutations within Table 1-5 were then 

further examined according to body mass index before selection of hMC4R mutations for this 

research study (Refer to Table 2-1). It should be noted that gender, age and Body Mass Index 

(BMI) are dependent variables in part, but these parameters were used to support that hMC4R 

mutations either protect from or associate with obesity. The hMC4R mutations selected for this 

research study included obesogenic mutations reported with and without increased constitutive 

activity as well as non-obesogenic mutations reported with increased constitutive activity for this 

research study (Refer to Table 2-1). Moreover, this included six obesogenic mutations with 

increased constitutive activity (H76R (Stutzmann et al., 2008), S127L (Anke Hinney et al., 

2003), P230L (Anke Hinney et al., 2003), L250Q (Vaisse et al., 2000b), F280L (Vaisse et al., 

2000b) and S295P (Lubrano-Berthelier et al., 2006)) and two non-obesogenic mutations with 

increased constitutive activity (D146N (Stutzmann et al., 2008) and H158R (Anke Hinney et al., 

2006)) (Refer to Table 2-1). Of the two human polymorphisms that confer protection to obesity, 

I251L (Vaisse et al., 2000b) but not V103I (Gotoda, Scott, & Aitman, 1997) appears to have 

some form of increased constitutive activity (Xiang et al., 2006).  

Additionally, obesogenic mutations R7H (Lubrano-Berthelier, Cavazos, et al., 2003), R18L 

(Lubrano-Berthelier, Cavazos, et al., 2003), T150I (Vaisse et al., 2000b), A154D (Lubrano-

Berthelier et al., 2006) and R305S (Stutzmann et al., 2008) were included to serve as negative 

controls and present mutations with either just reduced constitutive activity (R18L) or with other 

additional functional changes such as reduced cell surface expression (R7H), increased cell 

surface expression (A154D), reduced agonist potency and impaired AgRP action (T150I) and 

reduced cell surface expression, agonist potency and AgRP action (R305S) (Lubrano-Berthelier, 

Cavazos, et al., 2003; Lubrano-Berthelier et al., 2006; Stutzmann et al., 2008). 
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Table 2-1: Summary of the human MC4R mutations selected to study constitutive activity as well as the gender, age and BMI (if provided) details. 

 

HA-

hMC4R 

construct 

Gender (if 

reported/ 

applicable) 

Age of BMI (if 

reported, 

years) 

Body Mass 

Index (BMI) 
Purpose/Reasoning for inclusion in study 

Key Reference/s for 

signalling 

characterisation 

HA-

hMC4R-

WT 

- - - 

Represents hMC4R-WT and thus is crucial for comparing 

changes in function between hMC4R-WT and mutant 

hMC4Rs. 

(Kay et al., 2013a) 

pcDNA3.

1-empty 
- - - 

The empty backbone plasmid serves as a negative transfection 

control. 
(Kay et al., 2013a) 

Δ1-24-

MC4R 
- - - 

The N-terminal deletion mutant MC4R was reported to lack 

constitutive cAMP activity and thus serves as a negative 

constitutive cAMP activity control. 

(Ersoy et al., 2012; 

Srinivasan et al., 2004) 

R7H - - 29.5  

Was reported to have reduced constitutive cAMP activity 

(~50% of HMC4R-WT) while maintaining hMC4R-WT-like 

α-MSH stimulation. 

(Lubrano-Berthelier, 

Cavazos, et al., 2003; 

Srinivasan et al., 2004) 

R18L - - 29.5  
Was reported to have reduced constitutive activity while 

maintaining hMC4R-WT-like α-MSH stimulation. 

(Lubrano-Berthelier, 

Cavazos, et al., 2003; 

Srinivasan et al., 2004) 

H76R Female 
- 

- 

~41  

30.84  

Reported to have a 17-fold increase in constitutive cAMP 

activity despite only 55% of hMC4R-WT cell surface 

expression. 

(Moore et al., 2014; 

Stutzmann et al., 2008) 

D90N Female 13 32.4  
The D90N MC4R mutant was characterised as being defective 

within the Gαs-cAMP pathway but did have substantial 

(Biebermann et al., 2003; 

Büch et al., 2009) 

9
1
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coupling to Gαi. Hence, this hMC4R mutant will be used as a 

Gαs-cAMP negative control and Gαi activity positive control. 

V103I - - 

Reported in 

obese, normal 

and anorexic 

humans.  

The V103I hMC4R polymorphism is associated with 

protection from obesity and functional analysis identified that 

this mutant has reduced AgRP affinity and potency. Hence, 

the V103I hMC4R construct will serve as a negative control 

for AgRP action. 

(Geller et al., 2004; Vaisse 

et al., 2000b) 

S127L Male 
- 

14 

26 

36.7 

Reported to have reduced α-MSH responsiveness and twofold 

increased constitutive activity. 

(Anke Hinney et al., 2006; 

Valli-Jaakola et al., 2004) 

D146N - - 19.2  
Reported to have increased constitutive cAMP activity and no 

defect in α-MSH responsiveness. 
(Stutzmann et al., 2008) 

T150I 

Female 
51 

54 

49  

35.1  
Reported to have reduced constitutive cAMP activity (10% of 

hMC4R-WT), reduced maximal coupling to AC (68% of 

hMC4R-WT), but with WT-like cell surface expression. 

(Lubrano-Berthelier et al., 

2006; Vaisse et al., 2000b) 
Male 

- 

46 

50  

50  

A154D Female 
43 

- 

43  

39.5  

Reported to have reduced constitutive cAMP activity (10% of 

hMC4R-WT), but near hMC4R-WT maximal coupling to AC 

(90% of hMC4R-WT) and cell surface expression (115% of 

hMC4R-WT). 

(Lubrano-Berthelier et al., 

2006) 

(Stutzmann et al., 2008) 

H158R Male 45 28.44 
Reported to have a 6-fold increase in constitutive cAMP 

activity with hMC4R-WT-like cell surface expression. 
(Anke Hinney et al., 2006) 

P230L - - 32.5  
Reported to have increased constitutive cAMP activity and no 

defect in α-MSH responsiveness. 
(Anke Hinney et al., 2006) 

9
2
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L250Q Female 

- 

- 

25 

~58.9  

59  

59  

Reported to have a 2.5-fold increase in constitutive cAMP 

activity with 65% of hMC4R-WT cell surface expression. 

(Lubrano-Berthelier et al., 

2006; Moore et al., 2014; 

Vaisse et al., 2000b) 

I251L - - 

Reported in 

obese, normal 

and anorexic 

humans. 

This polymorphism is associated with protection from obesity 

and was reported with increased constitutive cAMP activity 

despite only 30% of hMC4R-WT cell surface expression. 

(A. Hinney et al., 1999; 

Vaisse et al., 2000b) 

F280L Female - 36.3  
Reported to have threefold increased constitutive cAMP 

activity and no defect in α-MSH responsiveness 

(Beckers et al., 2010; Z.-

Q. Wang & Y.-X. Tao, 

2011) 

S295P - 

35  

 

- 

44  

 

25  

Reported to have increased constitutive cAMP activity and no 

defect in α-MSH responsiveness 

(Lubrano-Berthelier et al., 

2006) 

(Stutzmann et al., 2008) 

R305S - - 34.3  

Reported to have reduced constitutive cAMP activity (~40% 

of hMC4R-WT) but also had increased α-MSH maximal 

hMC4R coupling to cAMP (180%). 

(Stutzmann et al., 2008) 

 

This approach permitted direct functional comparison of the constitutive activity conferred through co-expression of hMC4R and hMRAPα with the 

selected obesogenic and non-obesogenic CAM hMC4Rs, as well as non-constitutively active obesogenic hMC4R mutations, which would serve as 

negative controls, within a range of signalling assays targeting specific signalling cascades.

9
3
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2.4.1 Objective #1 (Addressed in Chapter 4) 

Generation and validation of mutant hMC4Rs reported to have either increased or 

decreased constitutive activity measured through AC activity, pERK½ activity and CRE 

reporter transcription compared to HA-epitope tagged hMC4R-WT (HA-hMC4R-WT).   

Expected outcome: Validation of mutant hMC4Rs plasmid DNA sequences and confirmation of 

function relative to HA-hMC4R-WT with regard to: α-MSH stimulated activity, and constitutive 

activity (CA) for AC, pERK½ activity and CRE transcription, as well as determination of cell 

surface and intracellular expression levels. These experiments will prove or disprove existence of 

obesogenic and non-obesogenic MC4R conformation states when considering AC, pERK½ and 

CRE reporter activity, thus directly addressing this studies’ hypotheses (outlined in Section 2.3).  

Conditional exclusions: Any CAM HA-hMC4Rs that were identified in literature that present 

validated α-MSH responsiveness and adequate cellular expression, but are found to lack 

constitutively increased CRE reporter activity within this research study, would be excluded 

from further characterisation due to contradicting with published reports (Refer to Table 2-1).  

2.4.2 Objective #2: (Outlined in Chapter 5) 

Evaluate possible signal transduction that can lead to increased constitutive activity of 

hMC4R mutants (compared with HA-hMC4R-WT) within the AC, pERK½ and CRE 

reporter pathways. 

Expected outcome: Obesogenic hMC4R mutations will stabilise a conformation that 

constitutively activates a signalling cascade that associates with obesity and this conformation 

will not be shared with HA-hMC4R-WT or non-obesogenic CAM hMC4Rs. This objective will 

expand upon findings from Objective #1 and will further address this research studies’ 

hypotheses as outlined in Section 2.3.  

2.4.3 Objective #3: (Outlined in Chapter 5) 

Establish an evidence based signal transduction paradigm that hypotheses the mechanism 

that links association of increased constitutive activity of MC4R with human obesity.  

Expected outcome: Following comparison of the signalling signature for obesogenic and non-

obesogenic hMC4R mutations to that obtained for HA-hMC4R-WT as well as HA-hMC4R-WT 

co-expressed with hMRAPα there should be a defined obesity associated signalling signature.  

The next chapter will address methodology and reagents used within this research study.  
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3.1 Construction of recombinant DNAs 

The N-terminal 3x Hemagglutinin epitope tagged HA-tagged melanocortin 4 receptor construct 

in pcDNA3.1 (HA-hMC4R-WT) and HA-tagged human dopamine D2 receptor (HA-hD2R) in 

pcDNA3.1 were purchased from the Missouri S&T cDNA Resource Centre, Rolla, Missouri, 

USA. hMRAPα and hMRAP2 constructs were cloned as described within Kay et al. (2013a). 

3.1.1 HA-hMC4R point mutants and polymorphisms 

Using HA-hMC4R-WT in pcDNA3.1 as template DNA, each point mutant was generated using 

Overlap Extension PCR (SOE) (A. N. Vallejo, Pogulis, & Pease, 2008). Briefly, each construct 

was cloned using three independent PCR reactions with use of six different primer pairs, two of 

which are unique to the point mutation (Refer to Table 7-1 for primer details and sequences). 

PCR#1 used a generic 5’ primer (HA-hMC4RForR1) targeting the pcDNA3.1 plasmid multiple 

cloning site upstream of the HA-epitope and a mutant specific 3’ primer incorporating the target 

point mutation. PCR#2 used a generic 3’ primer (HA-hMC4RRevR2) targeting the multiple 

cloning site downstream of the hMC4R stop codon and a mutant specific 5’ primer incorporating 

the target point mutation. PCR product from PCR#1 and #2 were then combined, DPNI treated 

to lyse original HA-hMC4R-WT template and then used as template DNA in PCR#3. PCR#3 

amplified full-length mutant HA-hMC4R-WT with 5’ KpnI and 3’ XhoI restriction sites using 

HA-hMC4RForR3 and HA-hMC4RRevR3 primers.  

 

Figure 3-1: Schematic illustrating SOE methodology. Template hMC4R plasmid DNA sequence 

permits amplification of two fragments in PCR1 and PCR2, which introduce the desired mutation. 

PCR3 serves to amplify full-length hMC4R with selective incorporation of the desired mutation.  

SOE PCR#1 and #2 was performed in a 30μL reaction mix containing 1ng of HA-hMC4R-WT 

pcDNA3.1 template DNA and iProof High Fidelity DNA Polymerase (Bio-Rad Laboratories, 

Philadelphia, PA, USA) under the following conditions: denature (98°C, 1-minute; 98°C, 5 
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seconds), anneal (62°C, 30 seconds), elongate (72°C, 10 seconds) for 35 cycles and then one 

final 7-minute elongation at 72°C. PCR product from PCR#1 and #2 (8.2μL  of 30μL PCR final 

volume) were DpnI (Roche Applied Science, Indianapolis, IN, USA) digested in a final volume 

of 10μL with 0.8units in supplier recommended buffer at 37°C for 1-hour. DpnI digested PCR#1 

and #2 product were then pooled (1μL of each) and used as template DNA for PCR#3 using the 

above-described PCR conditions with exception of annealing temperate being 63°C. Each HA-

hMC4R mutant or polymorphism were then subcloned into pcDNA3.1 (Invitrogen Corporation) 

using KpnI and XhoI restriction sites and the recombinant DNA verified by sequencing and 

subsequent alignment to NM_005912.2 as well as the original template HA-hMC4R-WT 

nucleotide sequence (using MEGA version 6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 

2013)). 

3.1.2 HA-hMC4R-Delta24 mutant 

The HA-hMC4R-Delta24 mutant was generated using SOE but with modification from the 

method described above (Refer to Figure 3-2). Two complementary primers 

(5’caccatgtacccatacgatgttccagattacgcttacccatacgatgttccagattacgcttacccatacgatgttccagattacgctgat 

and 5’atcagcgtaatctggaacatcgtatgggtaagcgtaatctggaacatcgtatgggtaagcgtaatctggaacatcgtatgg-

gtacatggtggtac) were purchased and resuspended to 200μM final concentration using sterile 

water (Global Science) and annealed in a 20μL reaction volume using the following conditions 

(protocol modified from ThermoFisher (Thermo Fisher Scientific Inc., Undated)): 50μM final 

concentration of each complementary primer in 1x Oligo Annealing Buffer (100mM Tris-HCl 

pH7.5, 1M NaCl, 10mM EDTA prepared in MQ water) was incubated at 95°C for 4-minutes and 

then 21°C for 5-minutes. Oligo annealing was confirmed on a Methaphor agarose (3:1 ratio) gel 

prepared in 0.5x Tris/Borate/EDTA buffer (44.5mM Tris, 44.5mM Boric acid, 0.1M EDTA 

pH8.0) with 10μg of ethidium bromide (Life Technologies). The resulting oligo incorporated a 

sticky 5’ KpnI site with HA-epitope tag and a blunt end at the 3’ end (Refer to Figure 3-2).  

Using the SOE conditions described for PCR#1 and #2 earlier, the HA-hMC4R-Delta24 

nucleotide fragment was generated using the following primers: 5’ agcaatgccagtgagtcccttgga 

sense primer and HA-hMC4RRevR3 anti-sense primer. The resulting HA-hMC4R-Delta24 PCR 

product had a 5’ blunt end and XhoI digested sticky 3’ end (Refer to Figure 3-2). Both the 

double stranded oligo (50μM or 50pmol/µl) and HA-hMC4R-Delta24 PCR fragment were then 

phosphorylated at 5’ ends using T4 polynucleotide kinase (Invitrogen Corporation, Carlsbad, 

CA, USA) in supplied buffer with 1mM dATP for 1h at 37°C. KpnI and XhoI digested 
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pcDNA3.1 (Invitrogen Corporation, Carlsbad, CA, USA) was dephosphorylated using Rapid 

alkaline phosphatase (Roche Applied Science) using the manufacturer’s recommended protocol. 

 

Figure 3-2: Schematic illustrating the cloning strategy for the creation of Δ24-hMC4R. A.) 

PCR amplification of a hMC4R fragment lacking the first 24 amino acids. B.) Annealing of 

complimentary oligos to form a KpnI restriction site and HA-epitope. C). Ligation of fragments 

generated in A.) and B.) yielded full length Δ24-hMC4R.  

Then 82.4 fmol of phosphorylated double stranded oligo, 24.72 fmol of phosphorylated HA-

hMC4R-Delta24 PCR fragment and 8.25 fmol KpnI and XhoI cut and dephosphorylated 

pcDNA3.1 (Invitrogen Corporation, Carlsbad, CA, USA) were ligated using Roche T4 DNA 

ligase (Roche Applied Science) for 16-hours at 14°C (Refer to Figure 3-2). The recombinant 

HA-hMC4R-Delta24 DNA was verified by sequencing and subsequent alignment to 

NM_005912.2 as well as the original template HA-hMC4R-WT nucleotide sequence (using 

MEGA version 6 (Tamura et al., 2013)). 

3.1.3 Human and mouse MC4Rs and MRAPs 

Full length hMC4R and mouse MC4R (mMC4R) as well as full length hMRAPα-WT, hMRAP2-

WT, mMRAPα-WT and mMRAP2-WT constructs were cloned into pcDNA3.1 as per methods 

described within Kay et al. (2013a). Briefly, PCR was performed in a 30μL reaction mix 

containing appropriate PCR primers and 1ng of appropriate template DNA (outlined within 

Appendix: 7.4.1 [p. 232]). Each PCR was performed using iProof High Fidelity DNA 

Polymerase (Bio-Rad Laboratories, Philadelphia, PA, USA) under the following conditions: 

denature (98°C, 1-minute; 98°C, 5 seconds), anneal (62°C, 30 seconds), elongate (72°C, 10 
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seconds) for 35 cycles and then one final 7-minute elongation at 72°C. Following subcloning 

using standard molecular biology techniques (as described within Kay et al. (2013a), plasmids 

were validated through DNA sequencing and sequence alignments with NCBI reference 

sequences (sequence alignments were omitted from this thesis). 

3.2 Cell culture 

3.2.1 HEK293 cells 

HEK293 were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% 

(v/v) newborn calf serum (NCS) and 1% (v/v) penicillin and streptomycin (P/S) (Invitrogen 

Corporation) at 37°C under 5% carbon dioxide (CO2). Refer to Section 7.3.3 as well as Figure 

7-5 and Figure 7-6 [p. 230 and 231, respectively] for HEK293 cell line authentication. 

3.2.2 GT1-7 cells 

Mouse hypothalamic neuronal cells (GT1-7) were grown in DMEM supplemented with 10% 

(v/v) foetal calf serum (FCS) and 1% (v/v) penicillin and streptomycin (Invitrogen Corporation) 

at 37°C under 5% CO2. 

3.2.3 Stable lines 

HEK293 stably transfected with plasmid were grown in DMEM supplemented with 10% (v/v) 

newborn calf serum (NCS), 1% (v/v) penicillin and streptomycin (Invitrogen Corporation) and 

0.5mg/ml G418 at 37°C under 5% CO2.  

3.3 Cellular activity assays 

3.3.1 AC assays 

80,000 HEK293 or 75,000 GT1-7 cells were seeded per well in 24-well plates. After 48-hours 

when the cells were ~50% confluent each well was transfected with 0.5μg of total plasmid DNA 

and 1.5μL of Fugene6 (Promega, Madison, WI, USA). After an additional 48-hours the 

transfected cells were equilibrated with [3H] adenine (2.5µCi/ml) for 2h at 37°C under 5% CO2. 

Cells were then washed once with 1x phosphate-buffered saline (PBS) and then duplicate wells 

were incubated for 1hour with increasing concentrations of α-MSH (or 0M for constitutive 

assays) at 37°C under 5% CO2. All peptide dilutions were prepared in DMEM + 0.1% bovine 

serum albumin (BSA; AlbuMAX, Gibco) + 0.5mM isobutylmethylxanthine (IBMX, Sigma 

Aldrich Ltd, St Louis, MO, USA). AC activity was measured as accumulation of [3H] cAMP as 

described previously (Kathleen G. Mountjoy et al., 1999). 
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3.3.1.1 PTX assays 

PTX AC assays were performed as described above but with modification. 120,000 HEK293 or 

150,000 HA-D2R HEK293 stable line cells were seeded per well in 24-well plates and 

transfected as described above. After ~30-hours post-transfection each well was spiked with 

PTX (Sigma Aldrich Ltd, St Louis, MO, USA) or control buffer (in-house prepared PTX storage 

buffer diluted to match final buffer concentration: 0.0125% glycerol, 0.0125mM Tris, 

0.0025mM glycine, 0.125mM NaCl, pH 7.5) to yield 50ng/ml PTX final concentration and pre-

incubated for 18h at 37°C under 5% CO2. At 48-hours post-transfection (18-hour PTX pre-

incubation) cells were equilibrated with [3H] adenine (2.5µCi/ml) in presence of 50ng/ml of PTX 

or control buffer (final concentration) for 2h at 37°C under 5% CO2 to ensure complete Gαi 

inhibition upon stimulation. HA-D2R stable cells were assayed as described previously (Kay et 

al., 2013a). 

3.3.1.2 Dyngo4A assays 

Dyngo4A AC assays were performed as described previously but with modification. 120,000 

HEK293 cells were seeded per well in 24-well plates and transfected as described previously. 

Upon reaching 48-hours post-transfection, cells were equilibrated with [3H] adenine (2.5µCi/ml) 

in presence of 30μM of Dyngo4A (Selleck Chemicals) or dimethyl sulfoxide buffer (DMSO; 

diluted 1:5000 to match final DMSO concentration in Dyngo4A wells) for 2h at 37°C under 5% 

CO2 to ensure adequate Dyngo4A uptake. Cells were then washed and incubated with peptide as 

described previously. Before starting the 1h incubation with increasing concentrations of α-MSH 

(or 0M for constitutive assays) at 37°C under 5% CO2, each well was spiked with a 50x 

concentrated Dyngo4A or DMSO buffer to yield 30μM final concentration per well (5μL of 50x 

buffer spiked into 495μL of peptide medium). 

3.3.1.3 ESI-09 assays  

ESI-09 AC assays were performed as described for Dyngo4A but with modification. Upon 

reaching 48-hours post-transfection, cells were equilibrated with [3H] adenine (2.5µCi/ml) in 

presence of 20μM of ESI-09 (Sigma Aldrich Ltd, St Louis, MO, USA) or DMSO buffer (DMSO 

was diluted 1:250 to match final DMSO concentration in ESI-09 wells) for 2h at 37°C under 5% 

CO2 to ensure adequate ESI-09 uptake. Cells were then washed and incubated with peptide as 

described previously. Before starting the 1h incubation with increasing concentrations of α-MSH 

(or 0M for constitutive assays) at 37°C under 5% CO2, each well was spiked with a 50x 
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concentrated ESI-09 or DMSO buffer to yield 20μM final concentration per well (5μL of 50x 

buffer spiked into 495μL of peptide medium). 

3.3.2 pCRE reporter assays  

The CRE reporter gene assay employs a plasmid, which contains the β-Galactosidase gene 

(LacZ) under the transcriptional control of an artificial promotor consisting of four tandem 

repeats of cyclic AMP response element 

sequences upstream of a vasoactive intestinal 

peptide (VIP) promoter, which contains one 

endogenous CRE sequence (Refer to Figure 3-3).  

 

 

 

3.3.2.1 Ligand Stimulation 

3500 HEK293 or 1900 GT1-7 cells were seeded per well in 96-well plates and transfected 24-

hours later when the cells were ~40-50% confluent with 85ng of total plasmid DNA and 0.25μL 

of Fugene6 per well (Promega, Madison, WI, USA). After an additional 48-hours, triplicate 

wells were stimulated with increasing concentrations of α-MSH prepared in DMEM + 0.1% 

BSA for 6-hours at 37°C under 5% CO2. Following stimulation, cells were washed with 1x PBS 

and lysed in a 50µl volume of 1x reporter lysis buffer (RLB; Promega, Madison, WI, USA) for 

20-minutes and then stored at -80°C until required. Upon thawing lysates, 25µl of lysate from 

each well was transferred to a 96-well assay plate containing 25µl of 1x RLB per well (1:2 

dilution of lysate). Each well then received 50µl of 2x assay buffer (200mM Sodium phosphate 

buffer- pH7.3, 2mM MgCl2, 100mM Mercaptoethanol (β-ME) (Promega), 1.33mg/ml ONPG 

(Sigma Aldrich Ltd, St Louis, MO, USA), and the plate was then incubated at 37°C for 30-

minutes for colour development. The reaction was stopped with 150µl of 1M sodium carbonate 

and the absorbance read at 420nM (Pherastar plate reader, BMG LABTECH). β-Galactosidase 

(β-Gal) activity for each 96-well plate was determined using a freshly prepared β-Galactosidase 

standard (0-5 milliunits; Promega, Madison, WI, USA) prepared in 1x RLB as per manufacturer 

instructions. Sample absorbance readings at 420nM were converted to β-Gal activity per well 

through use of the β-Galactosidase standard on that plate to obtain β-Gal milliunits per 25µl, 

Figure 3-3: CRE reporter gene assay plasmid 

map encoding for 5x CRE elements upstream 

of a VIP promotor regulating transcription of 

the β-Galactosidase gene (LacZ)  

(Figure modelled from (W. B. Chen, Shields, 

Stork, & Cone, 1995)).  
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which was multiplied by two to account for 1:2 lysate dilution, which yielded β-Gal activity per 

well of a 96-well plate. 

3.3.2.2 Constitutive activity 

Methodology was identical to ligand stimulation method described previously with a few 

exceptions: 72-hours post-transfection triplicate wells were incubated in DMEM + 0.1% BSA 

(no ligand present) for 6-hours at 37°C under 5% CO2; upon thawing 50μL of lysate was 

transferred to a 96-well assay plate; no dilution was performed and hence β-Gal milliunits per 

50μL represents β-Gal activity per well. 

3.3.2.3 PTX assays 

PTX CRE reporter assays were performed as described for ligand stimulation CRE reporter 

assays but with modifications. 4500 HEK293 cells were seeded per well in 96-well plates and 

transfected 24-hours later. After ~54-hours post-transfection each well was spiked with PTX 

(Sigma Aldrich Ltd, St Louis, MO, USA) or control buffer to yield 50ng/ml PTX (or buffer 

without PTX) final concentration and pre-incubated for 18h at 37°C under 5% CO2. After ~72-

hours post-transfection triplicate wells were stimulated with increasing concentrations of α-MSH 

prepared in DMEM + 0.1% BSA in presence of 50ng/ml of PTX or control buffer (final 

concentration) for 6-hours at 37°C under 5% CO2. Following stimulation, cells were washed 

with 1x PBS and lysed and assayed as described for ligand stimulation above (Outlined in 

Section 3.3.2.1). 

3.3.2.4 Dyngo4A assays 

Dyngo4A CRE reporter assays were performed as described for ligand stimulation CRE reporter 

assays but with modifications. 4500 HEK293 cells were seeded per well in 96-well plates and 

transfected 24-hours later. After 48-hours post-transfection media was aspirated and each well 

then pre-incubated with DMEM + 0.1% BSA + either 30μM Dyngo4A or DMSO buffer (DMSO 

was diluted 1:5000 to match final DMSO concentration in Dyngo4A wells) for 30-minutes at 

37°C under 5% CO2. After pre-incubation, triplicate wells were spiked with increasing 

concentrations of α-MSH prepared 50x concentrated in DMEM + 0.1% BSA. Cells where then 

stimulated for 6-hours at 37°C under 5% CO2. Following stimulation, cells were washed with 1x 

PBS and lysed and assayed as described for CRE assay ligand stimulation previously (Outlined 

in Section 3.3.2.1). 
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3.3.2.5 ESI-09 assays 

ESI-09 CRE reporter assays were performed as described for ligand stimulation CRE reporter 

assays but with modifications. 4500 HEK293 cells were seeded per well in 96-well plates and 

transfected 24-hours later. After 48-hours post-transfection media was aspirated and each well 

then pre-incubated with DMEM + 0.1% BSA + either 20μM ESI-09 or DMSO buffer (DMSO 

was diluted 1:250 to match final DMSO concentration in ESI-09 wells) for 30-minutes at 37°C 

under 5% CO2. After pre-incubation, triplicate wells were spiked with increasing concentrations 

of α-MSH prepared 50x concentrated in DMEM + 0.1% BSA. Cells where then stimulated for 6-

hours at 37°C under 5% CO2. Following stimulation, cells were washed with 1x PBS and lysed 

and assayed as previously described for CRE assay ligand stimulation (Outlined in Section 

3.3.2.1). 

3.4 Cellular expression assays 

3.4.1 Cell surface Elisa- Fixed cell immunolabelling 

This method was adapted from Hinkle et al. (2011). 15000 HEK293 cells were seeded per well 

in 24-well plates pre-coated with 0.2mg/ml Poly-L-Lysine (Sigma Aldrich Ltd, St Louis, MO, 

USA). After 48-hours, when the cells were ~50% confluent, each well was transfected with 

0.5μg of total plasmid DNA and 1.5μL of Fugene6 (Promega, Madison, WI, USA). After an 

additional 48-hours the transfected cells were fixed in 4% PFA (pH7.4; 500µl) for 10-minutes at 

room temperature (RT), washed twice with 1x PBS, and then non-specific sites were blocked 

through incubation with 5% low-fat powdered milk (Pams) + 100mM Glycine in 1x PBS for 30-

minutes at RT with gentle rocking. Cells were then incubated overnight at 4°C with 300µl per 

well of 1:4k mouse anti-HA.11 monoclonal antibody (Cat# MMS-101P, Covance Research 

Products, Princeton, NJ, USA) prepared in 1x PBS + 5% low fat milk powder. Wells were then 

washed three times with 1x PBS for 10-minutes at RT with gentle rocking. Cells were then 

incubated with 300µl per well of 1:20k sheep anti-mouse horseradish peroxidase (HRP) 

conjugated secondary antibody (Jackson ImmunoResearch, Westgrove, PA, USA) prepared in 1x 

PBS + 5% low fat milk powder for 2-hours at RT with gentle rocking. Cells were then washed 

three times with 1x PBS for 10-minutes before incubation with 200µl of BM POD Substrate 

(Roche Applied Science) per well for 5-minutes at RT for colour development. The reaction was 

stopped by adding 200µl per well of 10% sulphuric acid. Then 300µl of reaction mix was 

transferred to a 96-well plate (NUNC) and the absorbance read at 450nm and 690nm (Pherastar 

plate reader, BMG LABTECH).   
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3.4.2 Cell surface Elisa- Live cell immunolabelling 

15000 HEK293 cells were seeded per well in 24-well plates pre-coated with 0.2mg/ml Poly-L-

Lysine (Sigma Aldrich Ltd, St Louis, MO, USA). After 48-hours, when the cells were ~50% 

confluent, each well was transfected with 0.5μg of total plasmid DNA and 1.5μL of Fugene6 

(Promega, Madison, WI, USA). After an additional 48-hours the transfected cells were placed on 

ice, media aspirated and incubated with 300µl per well of 1:1k mouse anti-HA.11 monoclonal 

antibody (Cat# MMS-101P, Covance Research Products, Princeton, NJ, USA) prepared in 

DMEM + 0.25mM HEPES for 1-hour at 4°C with gentle agitation. While kept on ice, cells were 

then washed twice with ice cold DMEM before cells were fixed in 2% PFA (pH7.4; 500µl) for 

10-minutes at 4°C with gentle agitation. Cells were then washed twice with 1x PBS for 5-

minutes at 4°C with gentle agitation before incubation with 300µl per well of 1:20k sheep anti-

mouse HRP conjugated secondary antibody (Cat#515-035-003, Jackson ImmunoResearch, 

Westgrove, PA, USA) prepared in 1x PBS + 1% low fat milk powder for 2-hours at 4°C with 

gentle agitation. Cells were then washed three times with 1x PBS for 10-minutes before 

incubation with 200µl of BM Blue POD Substrate (Roche Applied Science, Indianapolis, IN, 

USA) per well for 10-minutes at RT for colour development. The reaction was stopped by 

adding 200µl per well of 10% sulphuric acid. Then 300µl of reaction mix was transferred to a 

96-well plate (Nunc, Thermo Scientific) and the absorbance read at 450nm and 690nm 

(PHERAstar plate reader, BMG LABTECH). Cell surface expression was calculated through 

subtraction of 690nm background absorbance from the equivalent wells 450nm absorbance, 

followed by subtraction of averaged absorbance background HRP binding to HEK293 

transfected with pcDNA3.1 alone (typically ~0.1-0.2 absorbance). 

3.4.2.1 Dyngo4A cell surface Elisa- Live cell immunolabelling 

Dyngo4A Elisa assays were performed as described previously (Outlined in Section 3.4.2) but 

with modification. 15000 HEK293 cells were seeded per well in 24-well plates pre-coated with 

0.2mg/ml Poly-L-Lysine (Sigma Aldrich Ltd, St Louis, MO, USA). After 48-hours, when the 

cells were ~50% confluent, each well was transfected with 0.5μg of total plasmid DNA and 

1.5μL of Fugene6 (Promega, Madison, WI, USA). After an additional 48-hours the transfected 

cells were incubated in fresh DMEM + NCS + P/S in the presence of 30μM of Dyngo4A 

(Selleck Chemicals) or DMSO buffer (DMSO was diluted 1:5000 to match final DMSO 

concentration in Dyngo4A wells) for 2h at 37°C under 5% CO2 to ensure adequate Dyngo4A 
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uptake. Cells were incubated on ice and immunolabelled with anti-HA.11 monoclonal and anti-

mouse HRP as described in Section 3.4.2.   

3.4.3 Western blotting - Lysate generation 

80,000 HEK293 were seeded per well in 24-well plates. After 48-hours when the cells were 

~50% confluent each well was transfected with 0.5μg of total plasmid DNA and 1.5μL of 

Fugene6 (Promega, Madison, WI, USA). After an additional 48-hours duplicate wells were 

incubated in DMEM + 0.1% BSA (no ligand present) for 1-hour at 37°C under 5% CO2 and cells 

within each well lysed with 55µl of PBS + 1% n-Dodecyl-β-D-maltoside (Sigma Aldrich Ltd, St 

Louis, MO, USA) + Complete mini Protease inhibitors and PhosStop (Roche Applied Science, 

Indianapolis, IN, USA) for 15-minutes on ice. Cells were then scraped using mini cell scrapers 

(LEAP Biosciences; Palo Alto, CA, USA) and transferred into centrifuge tubes and briefly 

vortexed and incubated on ice for 15-minutes to complete lysis. Lysates were then centrifuged at 

4°C for 10-minutes at 4000 x g before transferal of supernatant into new centrifuge tubes and 

samples stored at -20°C. Each lysate was quantitated in duplicate using a DC protein assay kit 

(Bio-Rad Laboratories, 139 Philadelphia, PA, USA). For total cellular expression and 

constitutive pERK½ activity, three independent lysate samples for each transfection condition 

tested were prepared using the above method and the three independent lysates were then loaded 

side-by-side on SDS-PAGE gels for further analysis. 

3.4.3.1 HA-total HEK293 cellular expression 

Lysates were thawed from -20°C, vortexed and briefly centrifuged before being sonicated three 

times for 10-seconds (with 10-second intervals on ice in between sonication steps). Lysates were 

then vortexed and briefly centrifuged before removing 20µg of lysate which was combined with 

2x Laemmli buffer + 5% freshly added β-ME (Bio-Rad Laboratories, 139 Philadelphia, PA, 

USA) and made up to a 20µl final volume with MilliQ water. Lysates were heated to 65°C for 

10-minutes before being loaded into 10% precast polyacrylamide TGX strain-free gels, with at 

least one lane receiving 2.5µl of Precision Unstained Standard to estimate the molecular mass of 

specific bands (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). Gels were electrophoresed at 

100volts for 3-minutes and then 150volts for 58-minutes using a Mini-PROTEAN Tetra Cell 

system (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). Gels were then removed from 

cassettes and the stain-free system activated through a 1-minute ultra violet (UV) light exposure 

and an image captured of total protein loaded on the gel with ImageLab 5.1 software using a 

ChemiDoc (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). Gel protein was then 
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electrophoretically transferred using a Trans-Blot Turbo system with an in-house optimised 

protocol. Briefly, 0.2µM polyvinylidene difluoride (PVDF) membrane (Roche Applied Science) 

was cut to match the gel size, activated in 100% methanol for 3seconds and then equilibrated in 

Towbin transfer buffer (25mM Tris, 192mM glycine, 20% methanol) for 30-minutes. 

Simultaneously, Trans-Blot Turbo Mini transfer pads were removed from their supplied 

package/buffer and incubated for 30-minutes in Towbin transfer buffer. The transfer stack was 

then assembled as per the Bio-Rad recommended protocol but with modest application of 

Towbin transfer buffer to each layer. Protein lysates were transferred on an optimised Transblot 

Turbo transfer protocol using the following conditions: 25volts, 2.5amps and 4-minute running 

time. Post-transfer, both the stain-free total PVDF blot protein signal and gel stain-free signal 

was imaged using ImageLab 5.1 to allow for assessment of transfer efficiency and to allow for 

total protein normalisation. PVDF blots were then washed two times for 5-minutes in Tris-

Buffered Saline (TBS; 200mM Tris, 1.37M NaCl, pH7.5) + 0.1% (v/v) Tween 20 (TBS-T) and 

non-specific sites then blocked through incubation with 5% low fat milk powder + TBS-T for 

1.5-hours. PVDF blots were then incubated overnight at 4°C with 1:5k mouse anti-HA.11 

monoclonal antibody (Cat# MMS-101P, Covance Research Products, Princeton, NJ, USA) 

prepared in TBS-T + 1% low fat milk powder. PVDF blots were then washed four times for 5-

minutes in TBS-T before incubation with 1:10k sheep anti-mouse HRP conjugated secondary 

antibody (Cat# 115-035-062,  Jackson ImmunoResearch, Westgrove, PA, USA) prepared in 

TBS-T + 1% low fat milk powder for 2-hours at RT. PVDF blots were then washed three times 

for 10-minutes in TBS-T before development with Clarity ECL (Bio-Rad Laboratories, 139 

Philadelphia, PA, USA). PVDF blot chemiluminescent signals were visualised on a ChemiDoc 

(Bio-Rad Laboratories, 139 Philadelphia, PA, USA). (For antibody titration, refer to Appendix: 

Table 7-7 [p. 236] and Figure 7-8 [p. 236]). 

3.4.3.2 pERK½ and total ERK½ expression 

Methodology for pERK½ and ERK½ detection through western blot were identical to that for 

HA-total expression but with some exceptions. Each well received 20µg of lysate which was 

combined with 2x Laemmli buffer + 5% freshly added β-ME (Bio-Rad Laboratories, 139 

Philadelphia, PA, USA) and made up to a 12µl final volume with MilliQ water. Gels were 

electrophoresed at 100volts for 3-minutes and then 150volts for 48-minutes using a Mini-

PROTEAN Tetra Cell system (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). PVDF blots 

were washed two times for 5-minutes in TBS-T post-transfer and non-specific sites then blocked 

through incubation with TBS-T + 5% BSA (AlbuMAX, Gibco) for 1.5-hours. PVDF blots were 
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then incubated overnight at 4°C with 1:16k rabbit anti-pERK½ monoclonal antibody (Cat# 4370, 

Cell Signalling Technology, Danvers, MA, USA) prepared in TBS-T + 5% BSA (AlbuMAX, 

Gibco). PVDF blots were then washed four times for 5-minutes in TBS-T before incubation with 

1:40k goat anti-rabbit HRP conjugated secondary antibody (Cat# 111-035-003, Jackson 

ImmunoResearch, Westgrove, PA, USA) prepared in TBS-T + 5% BSA (AlbuMAX, Gibco) for 

2-hours at RT. PVDF blots were then washed three times for 10-minutes in TBS-T before 

development with Clarity ECL (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). PVDF blot 

chemiluminescent signals were visualized on a ChemiDoc and then the blots were stored at 4°C 

in TBS-T until required for stripping (Bio-Rad Laboratories, 139 Philadelphia, PA, USA).  

Blots were subsequently washed two times for 5-minutes in TBS-T before stripping using 

Abcam’s harsh stripping protocol (Abcam, 2017). Blots were then washed two times for 5-

minutes in TBS-T before blocking for 1.5-hours in TBS-T + 5% BSA at RT. PVDF blots were 

then incubated overnight at 4°C with 1:10k rabbit anti-ERK½ monoclonal antibody (Cat# 4695, 

Cell Signalling Technology, Danvers, MA, USA) prepared in TBS-T + 5% BSA (AlbuMAX, 

Gibco). PVDF blots were then washed four times for 5-minutes in TBS-T before incubation with 

1:40k goat anti-rabbit HRP conjugated secondary antibody (Jackson ImmunoResearch, 

Westgrove, PA, USA) prepared in TBS-T + 5% BSA (AlbuMAX, Gibco) for 2-hours at RT. 

PVDF blots were then washed three times for 10-minutes in TBS-T before development with 

Clarity ECL (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). PVDF blot chemiluminescent 

signals were visualised on a ChemiDoc (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). 

(For antibody titration, refer to Appendix: Table 7-7 [p. 236], Figure 7-9 [p. 237] and Figure 

7-10 [p. 237]). 

3.4.3.3 pCREB and total CREB expression 

Methodology for pCREB133 and total CREB detection through western blot were identical to that 

for HA-total expression but with some exceptions. Each well received 20µg of lysate which was 

combined with 2x Laemmli buffer + 5% freshly added β-ME (Bio-Rad Laboratories, 139 

Philadelphia, PA, USA) and made up to a 14µl final volume with MilliQ water. Gels were 

electrophoresed at 100volts for 3-minutes and then 150volts for 52-minutes using a Mini-

PROTEAN Tetra Cell system (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). PVDF blots 

were washed two times for 5-minutes in TBS-T post-transfer and non-specific sites then blocked 

through incubation with TBS-T + 5% BSA (AlbuMAX, Gibco) for 1.5-hours. PVDF blots were 

then incubated overnight at 4°C with 1:5k rabbit anti-CREB monoclonal antibody (Cat#9197, 
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Cell Signalling Technology, Danvers, MA, USA) prepared in TBS-T + 5% BSA (AlbuMAX, 

Gibco). PVDF blots were then washed four times for 5-minutes in TBS-T before incubation with 

1:40k goat anti-rabbit HRP conjugated secondary antibody (Jackson ImmunoResearch, 

Westgrove, PA, USA) prepared in TBS-T + 5% BSA (AlbuMAX, Gibco) for 2-hours at RT. 

PVDF blots were then washed three times for 10-minutes in TBS-T before development with 

Clarity ECL (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). PVDF blot chemiluminescent 

signals were visualized on a ChemiDoc and then the blots were stored at 4°C in TBS-T until 

required for stripping (Bio-Rad Laboratories, 139 Philadelphia, PA, USA).  

Blots were subsequently washed two times for 5-minutes in TBS-T before stripping using 

Abcam’s mild stripping protocol (Abcam, 2017). Blots were then blocked for 1.5-hours in TBS-

T + 5% BSA at RT. PVDF blots were then incubated overnight at 4°C with 1:5k rabbit anti-

pCREB133 monoclonal antibody (Cat#9198, Cell Signalling Technology, Danvers, MA, USA) 

prepared in TBS-T + 5% BSA (AlbuMAX, Gibco). PVDF blots were then washed four times for 

5-minutes in TBS-T before incubation with 1:40k donkey anti-rabbit HRP conjugated secondary 

antibody (Cat#711-035-152, Jackson ImmunoResearch, Westgrove, PA, USA) prepared in TBS-

T + 5% BSA (AlbuMAX, Gibco) for 2-hours at RT. PVDF blots were then washed three times 

for 10-minutes in TBS-T before development with Clarity ECL (Bio-Rad Laboratories, 139 

Philadelphia, PA, USA). PVDF blot chemiluminescent signals were visualized on a ChemiDoc 

(Bio-Rad Laboratories, 139 Philadelphia, PA, USA). (For antibody titration, Refer to Appendix: 

Table 7-7 [p. 236] and Figure 7-11 [p. 237]). 

3.4.3.4 pAkt and total Akt expression 

Methodology and cell lysates used for measuring phosphorylation of Akt at Thr 308 (pAkt) and 

total Akt expression through western blot were identical to those used for pCREB/CREB 

expression but with some exceptions. Post-transfer, PVDF blots were incubated overnight at 4°C 

with 1:1k rabbit anti- pAkt polyclonal antibody (Cat# 9275, Cell Signalling Technology, 

Danvers, MA, USA) prepared in TBS-T + 5% BSA (AlbuMAX, Gibco). PVDF blots were then 

developed as described under Section 3.4.3.3.  

Following Clarity ECL development, blots were washed two times for 5-minutes in TBS-T 

before stripping using Abcam’s mild stripping protocol (Abcam, 2017). Blots were then blocked 

for 1.5-hours in TBS-T + 5% BSA at RT. PVDF blots were then incubated overnight at 4°C with 

1:5k rabbit anti-Akt polyclonal antibody (Cat#9272, Cell Signalling Technology, Danvers, MA, 

USA) prepared in TBS-T + 5% BSA (AlbuMAX, Gibco). PVDF blots were then developed as 
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described under Section 3.4.3.3. (For antibody titration, Refer to Appendix: Table 7-7 [p. 236] 

and Figure 7-11 [p. 237]). 

3.4.3.5 pAMPK and total AMPK expression 

Methodology and cell lysates used for measuring phosphorylation at Thr 172 of AMPKα 

(pAMPK) and total AMPKα expression through western blot were identical to those used for 

pCREB/CREB expression but with some exceptions. Post-transfer, PVDF blots were incubated 

overnight at 4°C with 1:2k rabbit anti-AMPKα polyclonal antibody (Cat#2532, Cell Signalling 

Technology, Danvers, MA, USA) prepared in TBS-T + 5% BSA (AlbuMAX, Gibco). PVDF 

blots were then developed as described under Section 3.4.3.3.  

Following Clarity ECL development, blots were washed two times for 5-minutes in TBS-T 

before stripping using Abcam’s mild stripping protocol (Abcam, 2017). Blots were then blocked 

for 1.5-hours in TBS-T + 5% BSA at RT. PVDF blots were then incubated overnight at 4°C with 

1:500 rabbit anti-pAMPK monoclonal antibody (Cat#2535, Cell Signalling Technology, 

Danvers, MA, USA) prepared in TBS-T + 5% BSA (AlbuMAX, Gibco). PVDF blots were then 

developed as described under Section 3.4.3.3. (For antibody titration, Refer to Appendix: Table 

7-7 [p. 236] and Figure 7-11 [p. 237]). 

3.4.3.6 ImageLab data analysis and total protein normalisation 

Western blot images were analysed on ImageLab as per Bio-Rad recommended protocol. 

Briefly, each Chemiluminescence blot was normalised for total protein on the blot through the 

ImageLab normalisation feature.  

For HA-total expression data, lanes were detected automatically for both the Chemiluminescence 

blot and stain-free protein on the blot (image captured post-transfer) and lanes were manually 

adjusted when required to include relevant regions of volume data only. One single band was 

added to each lane and the band resized to span the full spectrum of observed total expression in 

that lane (band spanning ~35kDa to ~250kDa). Background subtraction was enabled and the disk 

size was reduced to 5-8mm for all lanes as required to ensure consistent background subtraction 

for both the chemiluminescent blot and stain-free blot. Total protein normalisation data was then 

exported to Excel and transferred into GraphPad Prism 6.0 for analysis. 

For phosphoprotein blot normalisation to respective total protein (pERK½/ERK½, 

pCREB/CREB, pAkt /Akt and pAMPK/AMPK), lanes were detected automatically for both the 
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phosphorylated and respective total protein chemiluminescence blots and adjusted when 

required. Custom band detection was used to separately detect the two different pERK½ or 

ERK½ isoforms. Custom band detection was used to only detect the single target protein for 

pCREB/CREB, pAkt/Akt and pAMPK/AMPK isoforms according to sizing determined by 

Precision Plus protein standards (Bio-Rad Laboratories, 139 Philadelphia, PA, USA). 

Background subtraction was enabled and the disk size was reduced to 3-7mm for all lanes as 

required to ensure consistent background subtraction for both the phosphoprotein and respective 

total protein chemiluminescent blots. Phosphoprotein normalisation to the respective total 

protein data was then exported to Excel. The sum of normalised pERK1 and pERK2 band 

volume was calculated as well as the sum of ERK1 and ERK2 and data transferred into 

GraphPad Prism 6.0 for analysis. Normalised pCREB/CREB, pAkt/Akt and pAMPK/AMPK 

data transferred directly into GraphPad Prism 6.0 for analysis.  

3.5 Confocal imaging 

3.5.1 Validation of Dyngo4A mediated inhibition of α-MSH driven 

internalisation/endocytosis of HA-hMC4R-WT 

HEK293 stably expressing HA-hMC4R-WT or HEK293 (to serve as negative controls for 

Dyngo4A and FITC) were seeded at a high density (4 drops of ~1.2e6 cells/ml) onto polysine-

coated slides and allowed to adhere and grow for 20-hours at 37°C under 5% CO2. Cells were 

then washed once in DMEM, serum starved for 4-hours in DMEM alone (at 37°C under 5% 

CO2), washed once in DMEM and preincubated with 50μM Dyngo4A (or DMSO control) for 

15-minutes at 37°C under 5% CO2. Cells were then stimulated with 10-6M α-MSH (or vehicle) 

prepared in DMEM in the presence of 50μM Dyngo4A (or DMSO control) for 2-hours at 37°C 

under 5% CO2. Cells were then transferred onto ice and washed twice in cold 1x PBS before 

fixation in cold 4% PFA (pH7.4 in 1x PBS) for 10-minutes with gentle rocking. Following three 

5-minute 1x PBS washes, cells were permeabilised with 0.25% Triton-X-100 in 1x PBS (or 

incubated in 1x PBS for non-permeabilised cells) for 5-minutes, then washed twice with 1x PBS 

for 5-minutes before blocking non-specific binding sites with 1x PBS + 0.1% BSA for 15-

minutes at RT. Cells were then incubated with 1:1000 mouse anti-HA (prepared in 1x PBS + 

0.1% BSA; Cat# MMS-101P, Covance) at 4°C for 4-hours. Following three 5-minute 1xPBS 

washes, cells were incubated with 1:1000 Alexa goat anti-mouse fluorescein isothiocyanate 

(FITC) (prepared in 1x PBS + 0.1% BSA; Cat# F2761, Invitrogen Corporation, Carlsbad, CA, 

USA) at 4°C for 2-hours in the dark. Following three 5-minute 1x PBS washes, cells were 

incubated with 1:20k DAPI (4',6-diamidino-2-phenylindole) (prepared in 1x PBS; Cat# D9542, 
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Sigma Aldrich Ltd, St Louis, MO, USA) for 20-minutes. Following two 1xPBS washes, slides 

were coverslipped with No.1 rectangular glass coverslips with Citifluor AF1 antifade reagent 

(Citifluor, Leicester, UK) and the edges sealed with nail varnish. Slides were left to cure 

overnight at 4°C in the dark before microscopy. 

Confocal microscopy was performed to validate Dyngo4A mediated inhibition of α-MSH driven 

HA-hMC4R-WT sequestering in punctate intracellular vesicles. Using a 60x oil immersion lens 

on an Olympus TE1000 confocal microscope with Olympus Fluoview software (version 2.0c, 

Olympus Corporation), single plane images were captured in a focal plane with optimal 

nuclei/DAPI focus as well as representative clusters of FITC labelled cells. All captured images 

were processed in ImageJ (Version 1.49, National Institutes of Health, Maryland, USA) using 

macros to improve brightness and contrast (DAPI and FITC channels) as well as specifically 

levelling the DAPI channel signal intensity due to variable nuclear labelling/high background 

DAPI signal. Confocal microscope laser power was set to the limit of saturation for each non-

permeabilised condition and the matching laser power settings was used for the corresponding 

permeabilised condition (allowing comparison of signal intensity between non-perm and perm 

within a given condition). 

3.5.2 Validation of Dyngo4A mediated inhibition of α-MSH stimulated clathrin-

dependent endocytosis of hMC4R-eGFP 

Cell preparation method identical to that described for HA-hMC4R-WT +/- Dyngo4A testing but 

with some exceptions. Post 4% PFA fixation, cells were washed three times for 5-minutes in 1x 

PBS before blocking non-specific binding sites with 1x PBS + 0.1% BSA for 15-minutes at RT. 

Cells were then incubated with 1:20k DAPI (prepared in 1x PBS; Sigma Aldrich Ltd, St Louis, 

MO, USA) for 20-minutes. Following two 1x PBS washes, slides were coverslipped with No.1 

rectangular glass coverslips with Citifluor AF1 antifade reagent (Citifluor, Leicester, UK) and 

the edges sealed with nail varnish. Slides were left to cure overnight at 4°C in the dark before 

microscopy. 

The confocal microscopy method to validate Dyngo4A mediated inhibition of α-MSH driven 

hMC4R-eGFP sequestering in punctate intracellular vesicles was identical to that described for 

HA-hMC4R-WT +/- Dyngo4A testing (Outlined in Section 3.5.1). 
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3.5.3 Live-cell labelling of cell surface fraction and post-fixation labelling of total 

cellular fraction of HA-hMC4R-WT and HA-hMC4R mutants in the presence 

and absence of Dyngo4A 

HEK293 stably expressing HA-hMC4R-WT, HA-hMC4R-H76R, HA-hMC4R-H158R, HA-

hMC4R-L250Q or HA-hMC4R-I251L were seeded at a high density (4 drops of ~1.2e6 cells/ml) 

onto polysine coated slides and allowed to adhere and grow for 20-hours at 37°C under 5% CO2. 

Cells were then washed once in DMEM, serum starved with 50μM Dyngo4A (or DMSO control) 

for 2-hours in DMEM alone at 37°C under 5% CO2. Cells were then transferred onto ice and 

washed twice in cold 1x PBS and live-labelled with 1:1k dilution of mouse anti-HA primary 

(Cat# 901502, BioLegend, San Diego, CA) at 4°C in DMEM + 25mM HEPES for 1-hour. Cells 

were then placed on ice, washed twice in ice cold DMEM and once in ice cold 1x PBS before 

fixation in ice cold 2% PFA for 10-minutes. Cells were then washed three times in 1x PBS 

before incubation with 1:1k dilution of anti-mouse FITC secondary prepared in 1x PBS + 0.1% 

BSA for 2-hours (cell were kept in the dark from this point onwards). Cells were then washed 

three times in 1x PBS and fixed again in cold 2% PFA for 10-minutes before permeabilisation 

with 0.25% Triton-X-100 for 5-minutes at RT. Cells were then washed three times in 1x PBS 

and blocked for 15-minutes in 0.1% BSA prepared in 1x PBS before incubation with 1:1k mouse 

anti-HA primary (Cat# 901502, BioLegend, San Diego, CA) prepared in 1x PBS + 0.1% BSA 

for 2-hours at 4°C. Cells were then washed three times in 1x PBS before incubation with 1:500 

dilution of anti-mouse Alexa A594 secondary (Cat# A-11032, Invitrogen Corporation) for 2-

hours. Cells were then washed three times in 1x PBS before staining with 1:20k dilution of DAPI 

(Cat# D9542, Sigma Aldrich Ltd, St Louis, MO, USA) prepared in 1x PBS. Cells were then 

washed twice in 1x PBS before slides were coverslipped with No.1 rectangular glass coverslips 

with Citifluor AF1 antifade reagent (Citifluor, Leicester, UK) and the edges sealed with nail 

varnish. Slides were left to cure overnight at 4°C in the dark before microscopy. 

Fluorescent imaging microscopy was performed on an EVOS FL Auto imaging system 

(Invitrogen Corporation) to visually validate Dyngo4A mediated inhibition of endocytosis. Using 

a 40x magnification Plan Fluorite lens with EVOS FL Auto software, 5-12 single plane images 

were captured per condition in a focal plane with optimal nuclei/DAPI focus as well as 

representative clusters of live-cell anti-HA + FITC labelled cell surface receptor and 

permeabilised anti-HA + Alexa A594 labelled total cellular receptor. All captured images were 

processed in ImageJ using macros to improve brightness and contrast (DAPI, FITC and Alexa 

channels) as well as specifically levelling the DAPI channel signal intensity due to variable 
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nuclear labelling/high background DAPI signal. Microscope laser power was set to the limit of 

saturation for each Dyngo4A-treated condition and the matching laser power settings was used 

for the corresponding DMSO-treated condition (allowing comparison of signal intensity between 

Dyngo4A- and DMSO-treatment within a given stable cell line). 

3.6 Statistical analysis 

GraphPad Prism 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was used to 

generate all graphs and to perform statistical analysis.  

3.6.1 AC and CRE reporter gene assay data 

For statistical analysis of AC and CRE reporter ligand stimulation assays, concentration response 

curves were fitted to either raw AC data or the Beta-Galactosidase activity per well data pooled 

from at least three independent experiments. A non-parametric sum of squares F-test was 

performed on minimum and maximum best-fit values and EC50 values as well as non-matching 

One-Way ANOVA with Dunnet’s Post-Hoc test when testing for MRAP species differences 

within CRE reporter ligand stimulations. For AC and CRE reporter constitutive activity assays, 

raw AC data or the Beta-Galactosidase activity per well data was pooled from three independent 

experiments and a non-matching One-Way ANOVA with Dunnet’s Post-Hoc test was performed 

to determine significant differences relative to HA-hMC4R-WT.  

3.6.2 HA-ELISA cell surface and Western blot total cellular expression data 

Live-cell HA-Elisa cell surface expression data were pooled from three independent experiments 

and plotted as: 

 𝐂𝐞𝐥𝐥 𝐒𝐮𝐫𝐟𝐚𝐜𝐞 𝐄𝐱𝐩𝐫𝐞𝐬𝐬𝐢𝐨𝐧 =  (Absorbance at 450nm −  Absorbance at 690nm) −

Background Absorbance of HEK293 +  pcDNA3.1 transfection (Abs450 − Abs690nm) 

This yielded background HRP binding corrected absorbance readings. Statistically significant 

differences in absorbance data was determined from duplicate wells of three independent 

experiments using a non-matching One-Way ANOVA with Dunnet’s Post-Hoc test to determine 

significant differences relative to HA-hMC4R-WT. A p-value < 0.05 was considered significant.  

Total protein normalised HA-total expression data from three independently generated lysates 

analysed on the same blot were pooled. Significant differences relative to HA-hMC4R-WT were 

determined using a non-matching One-Way ANOVA with Dunnet’s Post-Hoc test. Data was 
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further processed through normalisation to HA-hMC4R-WT expression on each blot to allow 

pooling of data and graphical representation of all conditions in one figure (statistical analysis 

determined on raw data was retained).  

3.6.3 Phosphorylated protein activity western data 

3.6.3.1 Constitutive pERK½ activity following 1-hour serum starvation 

pERK½ normalised to total ERK½ data was pooled from three independently prepared lysates 

analysed on the same blot and significance determined using a non-matching One-Way ANOVA 

with Dunnet’s Post-Hoc test. 

3.6.3.2 Constitutive pERK½ activity with no serum starvation 

pERK½ normalised to total ERK½ data on a given blot was normalised to mean pERK½ activity 

for HA-hMC4R-WT on that blot. Normalised data from three independent experiments were 

then pooled and significance determined using a non-matching One-Way ANOVA with 

Dunnet’s Post-Hoc test. 

3.6.3.3 Stimulated pERK½ and pCREB activity in the presence of RP-cAMPs 

Mean data for triplicate or quadruplicate treatment conditions for pERK½ normalised for total 

ERK½ or pCREB normalised for total CREB on a given assay was analysed through One-Way 

ANOVA with Tukey’s post-hoc. Due to unequal replicate numbers, only the mean values for 

each condition could be compared in One-Way ANOVA to determine significant differences 

within each assay. 

3.6.3.4 Stimulated pERK½, pCREB, pAkt and pAMPK activity with no serum 

starvation 

Due to high variability in pCREB, pAkt and pAMPK levels on the blot, three to five independent 

lysates were analysed on the same blot. This methodology was repeated in three independent 

experiments. Mean data for quadruplicate and quintuplicate treatment conditions for stimulated 

pERK½, pCREB, pAkt and pAMPK activity derived from the same lysates but analysed on 

separate western blots were first analysed using paired Student’s t-tests to determine significant 

differences within individual assays. Stimulated pERK½, pCREB, pAkt and pAMPK activity 

data was then normalised to mean quadruplicate vehicle response within each individual assay 

for each respective blot before pooling data for three independent assays and performing a One-

Way ANOVA with Tukey’s post-hoc test. Due to unequal replicate numbers, only the mean 
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values for each condition could be compared in One-Way ANOVA to determine significant 

differences within each assay. 

3.6.3.5 Constitutive pCREB, pAkt and pAMPK activity with no serum starvation 

Mean data for triplicate and quadruplicate treatment conditions for constitutive pERK½, pCREB, 

pAkt and pAMPK activity derived from the same lysates but analysed on separate western blots 

were first analysed using paired Student’s t-tests to determine significant differences within 

individual assays. Constitutive pERK½, pCREB, pAkt and pAMPK activity data was then 

normalised to mean quadruplicate HA-hMC4R-WT constitutive activity within each individual 

assay for each respective blot before pooling data for three independent assays and performing a 

One-Way ANOVA with Tukey’s post-hoc test. Due to unequal replicate numbers, only the mean 

values for each condition could be compared in One-Way ANOVA to determine significant 

differences within each assay. 

3.6.3.6 Stimulated pERK½ activity in the presence of ESI-09 

Mean data for quadruplicate and quintuplicate treatment conditions for stimulated pERK½ 

activity were first analysed using paired Student’s t-tests to determine significant differences 

within individual assays. Stimulated pERK½ activity data was then normalised to mean 

quadruplicate vehicle response within each individual assay for each respective blot before 

pooling data for three independent assays and performing a One-Way ANOVA with Tukey’s 

post-hoc test. Due to unequal replicate numbers, only the mean values for each condition could 

be compared in One-Way ANOVA to determine significant differences within each assay. 
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4.1 Prelude 

Obesogenic hMC4R receptors with increased constitutive activity within the cAMP pathway 

present a conundrum. How can the presumed beneficial signalling be associated with obesity? 

Moreover, does that imply that co-expression of hMRAPα with hMC4R will also contribute to 

an obesogenic phenotype or would that be a beneficial effect?  

4.2 Results  

The following results section addresses the first component of answering the above questions, as 

well as addressing Objective #1 in an attempt to prove the hypotheses set out within this thesis 

(Refer to Section 2.3). 

4.2.1 Cloning and DNA sequence validation of HA-hMC4R mutations 

As described under Section 2.4, for this research study only a selection of either obesogenic or 

non-obesogenic hMC4R mutations were selected to address the hypotheses set in Section 2.3. 

HA-hMC4R-WT was chosen as template vector due to commercial anti-HA antibody 

availability, a requirement due to no reliable primary antibodies targeting naïve hMC4R. 

Following generation of each required HA-hMC4R point mutant using Overlap Extension PCR 

(SOE), PCR fragments were then cloned into pcDNA3.1 vector using standard molecular 

biology techniques, and DNA sequences confirmed (For methodology - Refer to Section 3.1; For 

sequence alignment: Refer to Appendix: Figure 7-1 [p. 222]) (A. N. Vallejo et al., 2008). 

4.2.2 Functional coupling of selected HA-hMC4R mutants to the CRE reporter gene 

in response to α-MSH stimulation 

Ligand stimulated activity for all the HA-hMC4R mutants selected for this research study has 

been extensively characterised by others in literature, but with caveats such as differences in 

chosen cell line, cAMP activity assay methodology and epitope tags. To address these caveats in 

ligand-stimulated activity, the most commonly used HEK293 cell line was employed to express 

HA-epitope tagged receptors, whilst measuring the α-MSH stimulated coupling to the CRE 

reporter gene assay for all HA-hMC4R mutants (Refer to Figure 4-1). HA-hMC4R mutants 

R7H, R18L, V103L, S127L, D146N, T150I, A154D, H158R, P230L, I251L, F280L, S295P and 

R305S were responsive to α-MSH stimulation within the CRE reporter assay, with clear 

sigmoidal dose responses evident (Refer to Figure 4-1 A - E). HA-hMC4R co-expressed with 

hMRAP2 was also responsive to α-MSH stimulation (Refer to Figure 4-1 A). HA-hMC4R co-
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expressed with hMRAPα as well as HA-hMC4R mutants H76R and L250Q were not responsive 

to ligand stimulation, but presented markedly increased constitutive activity (Refer to Figure 4-1 

B). HA-hMC4R mutants D146N and H158R also appeared to be constitutively active (Refer to 

Figure 4-1 A and B). HA-hMC4R mutant D90N was non-responsive to α-MSH stimulation, 

confirming this mutant likely lacks Gαs coupling (Refer to Figure 4-1 D) (Büch et al., 2009). 

HA-hMC4R mutant Delta24 retained some α-MSH responsiveness, but maximal responsiveness 

appeared ~threefold less than HA-hMC4R-WT (Refer to Figure 4-1 C). 

 

Figure 4-1: Confirmation of α-MSH ligand stimulated functionality of HA-hMC4R mutants within 

the CRE reporter assay. 4 

                                                 
4 A - E) HA-hMC4R-WT was triple transfected with either pcDNA3.1 or hMRAPα or hMRAP2, as well as with 

the CRE reporter plasmid. All studied HA-hMC4R mutants were triple-transfected with pcDNA3.1 and the CRE 

reporter plasmid. Data represents triplicate wells for measured β-Gal activity normalised to WT response within 

each assay. Each comparison represents only a single experiment. 
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4.2.3 Validation of increased constitutive CRE reporter activity 

Following validation of α-MSH responsiveness, the constitutive activity within the CRE reporter 

assay was measured to determine which HA-hMC4R mutants presented significantly increased 

constitutive CRE reporter activity (Refer to Figure 4-2).  

  

Figure 4-2: HA-hMC4R-WT co-expressed with hMRAPα exhibits significantly increased CA within 

the CRE reporter assay- resembling obesity associated mutants H76R and L250Q. 5 

Significantly increased constitutive activity within the CRE reporter assay was only measured 

for HA-hMC4R co-expressed with hMRAPα (p<0.0001) and HA-hMC4R mutants H76R 

(p=0.0005), H158R (p=0.0338) and L250Q (p=0.0177) (Refer to Figure 4-2). HA-hMC4R 

mutants H76R and L250Q are obesogenic CAMs and the H158R is a non-obesogenic CAM 

(Refer to Figure 4-2). None of the non-constitutively active obesogenic HA-hMC4R mutants 

were significantly different from HA-hMC4R-WT within the CRE reporter assay (Refer to 

Figure 4-2). Neither of the two hMC4R polymorphisms V103I (non-CA. non-obesogenic) or 

I251L (CA. non-obesogenic), presented increased constitutive CRE reporter activity (Xiang et 

al., 2006). The other reported CAMs S127L, D146N, P230L, F280L and S295P were not 

                                                 
 
5 Constitutive activity within CRE reporter assay was assessed in HEK293 for HA-hMC4R-WT triple-transfected 

with pcDNA3.1 and the CRE reporter plasmid, and all studied HA-hMC4R mutants were triple-transfected with 

pcDNA3.1 and the CRE reporter plasmid. Data was pooled from triplicate wells of three independent experiments. 

Non-matching One-Way ANOVA with Dunnet’s Post-Hoc test was performed on the pooled data to determine 

significant differences and a p-value < 0.05 was considered significant. Assay data was further processed through 

normalisation to WT constitutive activity to give fold change (with statistics reported as calculated on non-

normalised pooled data).   
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constitutively active within the CRE reporter assay (Refer to Figure 4-2). Transfection of 

HEK293 with hMRAPα or hMRAP2 and the CRE reporter plasmid alone did not have any 

significant effect on constitutive activity - suggesting their effects are specific for transfected 

HA-hMC4R-WT and not endogenous hMC4R (HEK293 hMCR and hMRAP mRNA expression: 

Refer to Appendix: Figure 7-2 [p. 228] and Figure 7-3 [p. 228]). 

To confirm increased constitutive activity within a more physiologically relevant cell line, 

constitutive CRE reporter activity was measured for HA-hMC4R-WT and select HA-hMC4R 

mutants within GT1-7 cells (Refer to Figure 4-3 and Figure 4-4). GT1-7 cells are an 

immortalised mouse hypothalamic cell line with endogenous MC4R (Büch et al., 2009; Dumont 

et al., 2001). The GT1-7 cell line used in this research study was confirmed to have mMC4R 

mRNA expression only when cells were serum starved and contained no apparent mMRAPα or 

mMRAP2 mRNA expression (Refer to Appendix: Figure 7-4 [p. 229]). When expressed in 

GT1-7 cells, HA-hMC4R co-expressed with hMRAPα was not responsive to α-MSH stimulation 

and no stimulation was observed for endogenous MC4R using the established CRE reporter 

assay methodology (Refer to Figure 4-3). 

 

Figure 4-3: HA-hMC4R co-expression with hMRAPα does not appear to respond to α-MSH 

stimulation when expressed in GT1-7 cells. 6 

Transfection of hMRAPα alone did not increase constitutive activity of endogenous mMC4R, 

however, there was also no α-MSH responsiveness of endogenous mMC4R under the assay 

conditions used (O/N serum starvation is required to induce endogenous mMC4R expression in 

GT1-7 cells (Dumont et al., 2001)) (Refer to Figure 4-3). 

                                                 
6 GT1-7 cells were co-transfected with either pcDNA3.1 or hMRAPα and the CRE reporter plasmid (2:1 ratio) or 

triple transfected with HA-hMC4R-WT, CRE reporter plasmid and either pcDNA3.1 or hMRAPα. Data represents 

triplicate wells and this experiment was performed only once.  
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With the GT1-7 cell line validated, the constitutive activity of selected HA-hMC4R mutants and 

HA-hMC4R co-expressed with hMRAPα or hMRAP2 was assessed (Refer to Figure 4-4). 

Significantly increased constitutive activity within the CRE reporter assay was observed for HA-

hMC4R co-expressed with hMRAPα (p<0.0001) as well as the HA-hMC4R mutants H76R 

(p<0.0001) and L250Q (p=0.0174) within GT1-7 cells (Refer to Figure 4-4).  

 

Figure 4-4: Constitutive CRE reporter activity in GT1-7 cells of HA-hMC4R-WT co-expressed with 

hMRAPα and the obesity associated mutants H76R and L250Q resembles data in HEK293 cells. 7 

Neither the HA-hMC4R mutant H158R nor I251L were constitutively active within the CRE 

reporter assay within GT1-7 cells (Refer to Figure 4-4). Surprisingly, the HA-hMC4R-Delta24 

mutant had significantly increased constitutive activity (p=0.0103) within the CRE reporter assay 

in GT1-7 cells (Refer to Figure 4-4). 

4.2.4 Confirmation that the CRE reporter signalling effects of MC4R co-expression 

with MRAPα are observed across species 

There are conflicting reports in literature for the functional effects of MRAPs on MC4R function 

(Refer to Section 1.3.8.4) (Asai et al., 2013; Kay et al., 2015; Sebag et al., 2013). To determine 

if non-responsiveness to α-MSH within the CRE reporter assay is peculiar to hMC4R co-

expressed with hMRAPα (as observed within Figure 4-1 and Figure 4-3), a direct functional 

                                                 
7 HA-hMC4R-WT and all studied HA-hMC4R mutants were triple-transfected with pcDNA3.1 (or with hMRAPα 

or hMRAP2 for HA-hMC4R-WT) and the CRE reporter plasmid. CRE reporter data was pooled from triplicate 

wells of three independent experiments. Due to endogenous mMC4R expression in GT1-7 cells, hMRAPα or 

hMRAP2 was co-transfected with pcDNA3.1 to serve as an additional control for endogenous mMC4R 

constitutive activity. Non-matching One-Way ANOVA with Dunnet’s Post-Hoc test was performed to determine 

significant differences and a p-value < 0.05 was considered significant. 
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comparison was made between human as well as mouse MRAPα and MRAP2 effects on 

hMC4R-WT and mMC4R-WT. To remove possible bias from epitope tagging, naïve full length 

hMC4R and mMC4R was subcloned into pcDNA3.1 as well as hMRAPα-WT, hMRAP2-WT, 

mMRAPα-WT and mMRAP2-WT. Species differences between human and mouse was then 

assessed in HEK293 cells whilst measuring α-MSH stimulated coupling to the CRE reporter 

gene (Refer to Figure 4-5 and Refer to Appendix: Table 7-6). 

 

Figure 4-5: A and B) Species differences exist between human and mouse MRAP2 effects on both 

human (A) and mouse (B) MC4R, and both human and mouse MRAPα confer constitutive activity 

and no α-MSH responsiveness on human (A) and mouse (B) MC4R in HEK293 cells within the 

CRE reporter assay. 8  

Both hMC4R and mMC4R were responsive to α-MSH stimulation within the CRE reporter assay 

with similar efficacies (Refer to Figure 4-5 A and B and Refer to Appendix: Table 7-6). Co-

expression of hMC4R with both hMRAPα and mMRAPα increased constitutive activity, 

however, only hMRAPα reached significance, and yielded the hMC4R unresponsive to α-MSH 

stimulation (Refer to Figure 4-5 A and Refer to Appendix: Table 7-6). Co-expression of 

hMC4R with hMRAP2 had no significant effect on α-MSH responsiveness, but mMRAP2 

significantly reduced constitutive activity and maximal responsiveness to α-MSH (Refer to 

Figure 4-5 A and Refer to Appendix: Table 7-6). Co-expression of mMC4R with either 

hMRAPα or mMRAPα increased constitutive activity, however, only hMRAPα reached 

statistical significance, and yielded the mMC4R unresponsive to α-MSH stimulation (Refer to 

                                                 
8 A and B) Untagged human or mouse MC4R (hMC4R, A, or mMC4R, B) was triple transfected with either 

pcDNA3.1, or a human or mouse MRAP, as well as with the CRE reporter plasmid. Data represents triplicate 

wells pooled from three independent assays for measured β-Gal activity response within each assay. Statistics for 

bottom value, EC50 and max value are listed within Appendix: Table 7-6. 
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Figure 4-5 B and Refer to Appendix: Table 7-6). Co-expression of mMC4R with hMRAP2 had 

significantly increased maximal α-MSH responsiveness and co-expression of mMC4R with 

mMRAP2 significantly reduced constitutive activity (Refer to Figure 4-5 B and Refer to 

Appendix: Table 7-6). Thus, naïve hMC4R and mMC4R co-expression with hMRAPα or 

mMRAPα contributed to apparent constitutive CRE reporter activity and loss of α-MSH 

responsiveness within the CRE reporter assay. In contrast, naïve hMC4R and mMC4R co-

expression with either hMRAP2 or mMRAP2 presented species differences, but did not confer 

increased constitutive activity, and only hMC4R co-expressed with mMRAP2 presented 

impaired α-MSH responsiveness. 

4.2.5 Reduction in cell surface expression evident 

To confirm cell surface expression of all HA-hMC4R mutants studied, and to rule out increased 

cell surface expression relative to HA-hMC4R-WT as a mechanism for increasing constitutive 

activity, a live-cell anti-HA ELISA method was performed in transiently transfected HEK293 

(Refer to Figure 4-6).  

  

Figure 4-6: Reduced cell surface expression for obesity associated mutants with increased 

constitutive activity and for HA-hMC4R co-transfected with hMRAPα. 9 

                                                 
9 Cell surface Elisa was performed in HEK293 to compare HA-hMC4R-WT co-transfected with pcDNA3.1 with 

HA-hMC4R co-transfected with hMRAPα / hMRAP2 and with HA-hMC4R mutants co-transfected with 

pcDNA3.1. Data was pooled from duplicate wells of three independent experiments. Non-matching One-Way 

ANOVA with Dunnet’s Post-Hoc test was performed to determine significant differences and a p-value < 0.05 

was considered significant. (Note: HA-hMC4R-WT expression was denoted twice, once on the left and once on 

the right, on the figure to simplify statistical illustrations).  
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In contrast to published reports, significantly reduced cell surface expression was observed for 

HA-hMC4R R7H, R18L, D90N, T150I, A154D (Refer to Figure 4-6; p<0.0001). HA-hMC4R 

co-expressed with hMRAPα had significantly reduced cell surface expression (Refer to Figure 

4-6; p<0.0001). Cell surface expression of HA-hMC4R mutants V103I and I251L was similar to 

that observed with HA-hMC4R-WT (Refer to Figure 4-6), replicating previous reports for 

V103I but not I251L (Geller et al., 2004; Heid et al., 2008; Xiang et al., 2006). Cell surface 

expression of HA-hMC4R mutant H158R was significantly increased compared with HA-

hMC4R-WT (Refer to Figure 4-6; p=0.0031), contrasting previous reports of WT-like cell 

surface expression (Anke Hinney et al., 2006; Piechowski et al., 2013). Cell surface expression 

was significantly reduced for all other HA-hMC4R mutants (Refer to Figure 4-6; Delta24, R7H, 

R18L, H76R, D90N, S127L, D146N, T150I, A154D, P230L, L250Q, F280L and R305S), 

reproducing published reports for cell surface expression of Delta24 (Srinivasan et al., 2004), 

H76R (Moore et al., 2014; Z. Q. Wang & Y. X. Tao, 2011), S127L (Fan & Tao, 2009), D146N 

(Z. Q. Wang & Y. X. Tao, 2011), P230L (Fan & Tao, 2009), L250Q (Nijenhuis, Garner, van 

Rozen, & Adan, 2003; Proneth et al., 2006; Xiang et al., 2006), F280L (Z. Q. Wang & Y. X. 

Tao, 2011) and R305S (Moore et al., 2014). 

4.2.6 Reduction in total cellular expression evident 

To confirm similar total cellular expression, SDS-PAGE and HA-immunodetection was 

employed on transiently transfected HEK293 cell lysates, using an optimised western blotting 

protocol that incorporates Bio-Rad stain-free detection of total lane protein bound to the PVDF 

blotting membrane. Thus, the blot chemiluminescent signal can be normalised to total protein, 

negating the requirement for blotting a housekeeping protein, which are normally confounding 

due to issues with variability in house-keeping gene protein levels (Gilda & Gomes, 2013). HA-

hMC4R-WT protein electrophoretically separated in 10% TGX strain-free gels was observed to 

have several bands, including a 37kDa band, two-three predominant bands ranging from 50kDa 

to 65kDa and several less dominant larger bands ranging from 65kDa-150kDa that likely 

represent SDS-resistant oligomeric structures with complex glycosylation (Refer to Figure 4-7) 

(Kay et al., 2013b). 
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Figure 4-7: Comparison of total cellular expression in HEK293 of HA-hMC4R-WT co-transfected 

with pcDNA3.1 to HA-hMC4R co-transfected with hMRAPα as well as HA-hMC4R mutants co-

transfected with pcDNA3.1, measured through SDS-PAGE and HA immunoblotting. 10 

                                                 
10 A - C) Data was pooled from a single lane from three independent experiments. Non-matching One-Way 

ANOVA with Dunnet’s Post-Hoc test was performed to determine significant differences, and a p-value < 0.05 

was considered significant. 
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Figure 4-8: Comparison of total cellular expression in HEK293 of HA-hMC4R-WT co-transfected 

with pcDNA3.1 to HA-hMC4R mutants co-transfected with pcDNA3.1, measured through SDS-

PAGE and HA immunoblotting. 11 

                                                 
11 A - D) Data was pooled from a single lane from three independent experiments. Non-matching One-Way 

ANOVA with Dunnet’s Post-Hoc test was performed to determine significant differences, and a p-value < 0.05 

was considered significant. 
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Figure 4-9: Comparison of total cellular expression in HEK293 of HA-hMC4R-WT co-transfected 

with pcDNA3.1 to HA-hMC4R co-transfected with hMRAPα as well as HA-hMC4R mutants co-

transfected with pcDNA3.1, measured through SDS-PAGE and HA immunoblotting. 12 

HA-hMC4R co-transfected with hMRAPα had significantly reduced total expression relative to 

HA-hMC4R co-transfected with pcDNA3.1 (Refer to Figure 4-7; p=0.0052), and had an 

apparent shift in the predominant band size, reproducing previous findings by Kay et al. (2013b). 

HA-hMC4R co-transfected with hMRAPα was observed to have one band at 37kDa, one 

predominant band at 50kDa and few larger bands at 80kDa and 150kDa (Refer to Figure 4-7). 

                                                 
 
12 A - C) Data was pooled from a single lane from three independent experiments. Non-matching One-Way 

ANOVA with Dunnet’s Post-Hoc test was performed to determine significant differences, and a p-value < 0.05 

was considered significant. 
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This result is similar to that observed previously by Kay et al. (2013b), although there are 

differences in blot band appearance, which were attributed to a more even transfer through 

switching from a Bio-Rad wet transfer system to a Bio-Rad semi-dry transfer system (Transblot 

Turbo) (Refer to Appendix: Figure 7-7 [p. 235]). HA-hMC4R co-transfected with hMRAP2 

presented a similar band pattern to HA-hMC4R-WT, but appeared to increase total HA-hMC4R-

WT expression; however, this effect did not reach significance (p=0.09). Band patterns for all the 

other HA-hMC4R mutants resembled that seen for HA-hMC4R-WT except HA-hMC4R-I251L 

that appeared to lack the 37kDa band, which may be of functional relevance (Refer to Figure 

4-8). 

Total cellular expression data from each blot was pooled following normalisation to HA-

hMC4R-WT expression to allow direct visual comparison of differences in total expression 

(Refer to Figure 4-10).  

  

Figure 4-10: Reduced total cellular expression for obesity associated mutants with increased 

constitutive activity and for HA-hMC4R co-transfected with hMRAPα. 13 

                                                 
13 Total cellular expression in HEK293 of HA-hMC4R-WT co-transfected with pcDNA3.1 was compared with 

HA-hMC4R co-transfected with hMRAPα as well as HA-hMC4R mutants co-transfected with pcDNA3.1, 

measured through SDS-PAGE and HA immunoblotting. Data represents total cellular expression from three 

independent experiments (analysed on the same blot), with expression data being normalised to mean WT 

expression per blot. Non-matching One-Way ANOVA with Dunnet’s Post-Hoc test was performed to determine 

significant differences on the raw data (pre-normalisation) and a p-value < 0.05 was considered significant. (Note: 

HA-hMC4R-WT expression was denoted twice, once on the left and once on the right, on the figure to simplify 

statistical illustrations). 
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Total cellular expression was not significantly different from HA-hMC4R-WT for HA-hMC4R- 

V103I (Geller et al., 2004), R18L (Xiang, Proneth, Dirain, Litherland, & Haskell-Luevano, 

2010), H158R (no total expression data published) and I251L (Xiang et al., 2006) (Refer to 

Figure 4-10), reproducing published findings where applicable. Total cellular expression was 

significantly reduced for HA-hMC4R mutants Delta24 (p < 0.0001), D90N (p = 0.0001) (Xiang 

et al., 2010), R7H (p = 0.0104) (Xiang et al., 2010), H76R (p = 0.0235) (Z. Q. Wang & Y. X. 

Tao, 2011), S127L (p = 0.0164) (Fan & Tao, 2009), D146N (p = 0.0203) (Z. Q. Wang & Y. X. 

Tao, 2011), T150I (p = 0.0003) (Lubrano-Berthelier et al., 2006), A154D (p = 0.0003) (Y.-X. 

Tao & Segaloff, 2005b), P230L (p = 0.2248) (Fan & Tao, 2009), L250Q (p = 0.0123) (Xiang et 

al., 2006), F280L (p = 0.0190) (Z. Q. Wang & Y. X. Tao, 2011), S295P (p = 0.0007) (Xiang et 

al., 2010), and R305S (p = 0.0009) (Z. Q. Wang & Y. X. Tao, 2011) (Refer to Figure 4-10). 

4.2.7 Validation of α-MSH stimulated and constitutive AC-cAMP activity 

Since the CRE reporter assay is not mutually exclusive to Gαs stimulated activity, an AC assay 

was also performed, which measures tritiated adenine conversion into tritiated cAMP as a 

measure of AC activity (Kathleen G. Mountjoy et al., 1999). HA-hMC4R co-expressed with 

hMRAPα and the HA-hMC4R mutant α-MSH stimulated AC activity was measured in HEK293 

(Refer to Figure 4-11). All HA-hMC4R mutants except HA-hMC4R-D90N and -Delta24 

responded to α-MSH stimulation with sigmoidal dose responses confirming functional coupling 

to AC (Refer to Figure 4-11). An apparent increase in constitutive AC activity was observed for 

HA-hMC4R mutants H76R and L250Q, but there was only a modest increase for HA-hMC4R-

H158R and no apparent increase for HA-hMC4R-I251L (Refer to Figure 4-11). No coupling to 

AC was observed for HA-hMC4R-D90N, which confirmed previous reports that this mutant fails 

to couple to Gαs (Refer to Figure 4-11) (Büch et al., 2009). HA-hMC4R-Delta24 showed little 

to no responsiveness to α-MSH stimulation within the AC assay, confirming previous reports 

(Refer to Figure 4-11) (Srinivasan et al., 2004), suggesting that the N-terminus and likely the N-

linked glycosylation sites have a role in regulation of hMC4R cell surface expression.  
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Figure 4-11: Confirmation of α-MSH stimulated functionality of HA-hMC4R mutants within the 

AC assay. 14 

                                                 
14 A - G) All studied HA-hMC4R mutants were transiently transfected into HEK293. When testing HA-hMC4R 

co-expression with hMRAPα or hMRAP2, HA-hMC4R-WT was co-transfected with pcDNA3.1. Data represents 

only a single experiment performed with duplicates wells.  
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Following validation of α-MSH responsiveness within the AC assays, constitutive AC activity 

was measured to determine if HA-hMC4R mutants presented significantly increased constitutive 

AC activity (Refer to Figure 4-12).  

 

Figure 4-12: HA-hMC4R-WT co-expressed with hMRAPα exhibits significantly increased 

constitutive activity within the AC assay - resembling obesity associated HA-hMC4R mutants 

H76R and L250Q. 15 

HA-hMC4R co-expressed with hMRAPα had significantly increased constitutive activity within 

the AC assay (Refer to Figure 4-12; p<0.0001). Similarly, HA-hMC4R-H76R had significantly 

increased constitutive activity within the AC assay (Refer to Figure 4-12; p=0.0005). HA-

hMC4R mutants H158R and L250Q appeared to have increased constitutive activity in the AC 

assay, but did not reach statistical significance (Refer to Figure 4-12; p=0.0545 and p=0.2037 

respectively). None of the HA-hMC4R obesogenic mutants that are reported with reduced 

constitutive activity in literature, nor the HA-hMC4R-Delta24 mutant, were significantly 

reduced in the AC assay (Refer to Figure 4-12).  

No significant differences were seen for the two polymorphisms HA-hMC4R-V103I (Non-CA. 

Non-Obesogenic) and HA-hMC4R-I251L (CA. Non-Obesogenic), of which only I251L has been 

suggested to be constitutively active (Xiang et al., 2006). Due to endogenous hMC4R expression 

                                                 
 
15 Constitutive activity within the AC assay was assessed in HEK293 for HA-hMC4R-WT co-transfected with 

pcDNA3.1 and selected HA-hMC4R mutants co-transfected with pcDNA3.1. Data was pooled from duplicate 

wells of three independent experiments. Non-matching One-Way ANOVA with Dunnet’s Post-Hoc test was 

performed on the pooled data to determine significant differences, and a p-value < 0.05 was considered significant.  
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in HEK293 (Refer to Appendix: Figure 7-2 [p. 228]), hMRAPα or hMRAP2 was co-transfected 

with pcDNA3.1 to serve as an additional control for constitutive activity within the AC assay. 

Neither hMRAPα alone nor hMRAP2 alone significantly affected constitutive AC activity - 

suggesting no significant, potentially confounding, endogenous hMC4R protein expression.  

4.2.8 HA-hMC4R co-expressed with hMRAPα does not increase constitutive activity 

within the ERK½ pathway 

Having identified that HA-hMC4R co-expression with hMRAPα increased both CRE reporter 

and AC assay constitutive activity, it was hypothesised that there would also be increased 

constitutive phosphorylation of ERK½. This is of particular interest given that the obesogenic 

HA-hMC4R mutants H76R and L250Q have been shown to be constitutively active within the 

ERK½ pathway (Mo & Tao, 2013), and the HA-hMC4R-H158R mutant shown to have reduced 

constitutive activity within the ERK½ pathway (S. He & Tao, 2014). Since HA-hMC4R co-

expression with hMRAPα more closely resembles the signalling signature of the obesogenic HA-

hMC4R mutants H76R and L250Q, it was hypothesised that constitutive pERK½ activity would 

similarly be increased.  

Traditionally pERK½ assays employ overnight serum starvation, an act which presents 

numerous complex alterations to cellular function and signalling (Pirkmajer & Chibalin, 2011). 

To obtain a more representative measure of constitutive pERK½ activity, no prolonged serum 

starvation was performed and instead HEK293 were incubated in DMEM + 0.1% BSA for 1-

hour to remove serum effects on pERK½ activity. Cell lysates prepared from three independent 

experiments were analysed through SDS-PAGE and immunoblotting performed for pERK½ and 

total ERK½ (Refer to Figure 4-13). Using this methodology, no significantly increased 

constitutive pERK½ activity was observed for HA-hMC4R co-expressed with hMRAPα relative 

to HA-hMC4R-WT alone (Refer to Figure 4-13). Only the HA-hMC4R-H76R mutant reached 

significance for increased pERK½ activity relative to HA-hMC4R-WT (Refer to Figure 4-13; 

p=0.0321), however, it is prudent to note the apparent reduction in total ERK½ also.  

None of the other obesogenic mutants or non-obesogenic mutants were significantly different 

from HA-hMC4R-WT within this assay. Additionally, pERK½ activity for cells transfected with 

only empty pcDNA3.1 plasmid was not significantly different from those transfected with HA-

hMC4R-WT. This may suggest that either the assay methodology is not sensitive enough to 

detect constitutive pERK½ activity over background HEK293 pERK½ activity, or that HA-
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hMC4R-WT constitutive activity does not contribute significantly to the background cellular 

pERK½ response. 

 

 

Figure 4-13: Significantly increased constitutive pERK½ activity in HEK293 for the HA-hMC4R-

H76R mutant co-transfected with pcDNA3.1 in contrast to no apparent constitutive pERK½ 

activity for HA-hMC4R co-transfected with hMRAPα, as well as obesogenic CAM HA-hMC4Rs co-

transfected with pcDNA3.1, measured through SDS-PAGE and pERK½ and total ERK½ 

immunoblotting. 16 

                                                 
16 A - E) Data was pooled from a single lane from three independent experiments. Non-matching One-Way 

ANOVA with Dunnet’s Post-Hoc test was performed to determine significant differences and a p-value < 0.05 

was considered significant. Data represents mean +/- SEM.  
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4.2.9 Normal α-MSH responsiveness for both transient and sustained pERK½ 

responses 

hMC4R has been shown to phosphorylate ERK½ in a few different cell lines (HEK293, GT1-1 

and ChoK1) through a range of G-protein mediated signalling cascades. Having not measured 

any increase in constitutive pERK½ activity within HEK293 for HA-hMC4R co-expressed with 

hMRAPα as well as the CAM HA-hMC4Rs H76R, H158R and L250Q, confirmation was sought 

that α-MSH does stimulate transient and sustained pERK½ activity through western blotting 

(Refer to Figure 4-14 and Figure 4-15). For these assays, a 2-hour serum starvation was 

performed on transfected HEK293 through incubation with DMEM + 0.1% BSA before spiking 

wells with either vehicle or α-MSH.  

Apparent increases in pERK½ activity 5-minutes, 10-minutes, 30-minutes and 180-minutes post 

α-MSH stimulation was observed for HA-hMC4R-WT, HA-hMC4R co-expressed with 

hMRAPα, as well as the CAM HA-hMC4Rs H76R and H158R (Refer to Figure 4-14 and 

Figure 4-15). HA-hMC4R-L250Q only appeared to weakly respond at 5-minutes and 10-

minutes post α-MSH stimulation, with no apparent activity at 30-minutes and 180-minutes post 

α-MSH stimulation (Refer to Figure 4-14 - D and Figure 4-15 - D).  
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Figure 4-14: Transient and sustained α-MSH stimulated pERK½ coupling of HA-hMC4R-WT and 

HA-hMC4R co-expressed with hMRAPα, as well as HA-hMC4R mutants H76R, H158R and 

L250Q. 17 

                                                 
17 HEK293 transiently expressing HA-hMC4R-WT co-transfected with pcDNA3.1 or hMRAPα was compared 

with HA-hMC4R mutants co-transfected with pcDNA3.1. HEK293 cells were serum starved for 2-hours before 

spiking wells with either vehicle (DMEM + 0.1% BSA) or 10-7M α-MSH, and stimulating at 37°C for either 5-

minutes (transient response), 10-minutes or 30-minutes (sustained response). Data represents lysates derived from 

single wells. This experiment was performed twice and only one representative assay is shown.  
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Figure 4-15: Transient and sustained α-MSH stimulated pERK½ coupling of HA-hMC4R-WT and 

HA-hMC4R co-expressed with hMRAPα as well as HA-hMC4R mutants H76R, H158R and 

L250Q. 18 

                                                 
18 HEK293 transiently expressing HA-hMC4R-WT co-transfected with pcDNA3.1 or hMRAPα was compared 

with HA-hMC4R mutants co-transfected with pcDNA3.1. HEK293 cells were serum starved for 2-hours before 

spiking wells with either vehicle (DMEM + 0.1% BSA) or 10-7M α-MSH and stimulating at 37°C for either 5-

minutes (transient response), 10-minutes or 180-minutes (sustained response). Data represents lysates derived 

from single wells. This experiment was performed only once.  
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4.3 Discussion  

4.3.1 Cloning and DNA Sequence Validation 

To address Objective #1, a number of hMC4R mutations were required and these were generated 

using SOE PCR methodology, which involves primer-mediated introduction of selective 

nucleotide point mutations within the template DNA (Outlined in Section 4.2.1). The SOE 

methodology proved robust, and aided selective introduction of desired point mutations within 

the template HA-hMC4R-WT nucleotide sequence. Planning the methodology for the generation 

of the HA-hMC4R-Delta24 mutant was technically challenging. The HA-epitope (nucleotide 

sequence: TACCCATACGATGTTCCAGATTACGCTT) was repeated three times within the HA-hMC4R-

WT plasmid and resided downstream of the ATG start codon and upstream of the HA-hMC4R-

WT sequence (Nucleotide sequence outlined in Appendix: Figure 7-1 [p. 222]). This prevented 

application of the SOE PCR methodology and required a more creative approach. Two 

complimentary oligos were generated that included a 5’ restriction site, ATG start codon and 3x 

HA-epitope repeats. Following annealing of these two oligos, a 5’ sticky KpnI restriction 

enzyme site was generated along with a 3’ blunt end, which could be blunt-end ligated to a PCR 

fragment that contained a deletion of the first 24 amino acids (72 nucleotides) of hMC4R and a 

3’ XhoI restriction enzyme site. Numerous incorrect false-positive constructs were obtained from 

this methodology, which likely relates to inefficient oligo annealing under the conditions used, 

and the well-known inefficient nature of blunt end ligations. This methodology has some 

resemblance to fusion gene based sticky/blunt-end ligation protocols (S. Gao et al., 2015).   

4.3.2 CRE Reporter Gene Activity  

Ligand stimulated activity has been assessed by others for the HA-hMC4R mutants selected for 

this research study (Refer to Table 1-4), but with numerous caveats outlined in Section 4.2.2. 

The present study addressed caveats in current literature because: 1) selected hMC4R mutants 

were cloned into identical plasmid backgrounds, 2) identical epitope tags were used, 3) α-MSH 

stimulated activity within CRE reporter gene assay was compared within the same cellular 

background, HEK293. This approach identified two obesogenic CAMs, HA-hMC4R-H76R and 

HA-hMC4R-L250Q, that appeared non-responsive to α-MSH stimulation within the CRE 

reporter assay, but both presented increased constitutive CRE reporter activity (Refer to Figure 

4-1 and Figure 4-2). The hMC4R-H76R mutant has only been characterised within signalling 

assays measuring cAMP activity directly and no stimulation defects have been reported 

(Stutzmann et al., 2008; Z. Q. Wang & Y. X. Tao, 2011). The hMC4R-L250Q mutant has been 
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characterised within both the AC (Nijenhuis et al., 2003) and CRE reporter assays (Nijenhuis et 

al., 2003; Proneth et al., 2006). No defect was observed for hMC4R-L250Q mutant α-MSH 

stimulation within the AC assay, but constitutive CRE reporter activity was ~90% of maximal α-

MSH stimulated CRE reporter activity (Nijenhuis et al., 2003). Nijenhuis et al. (2003) 

transfected HEK293 with a 1:35 ratio of HA-tagged receptor to CRE reporter plasmid whereas in 

the present study a 1:1 ratio of HA-tagged receptor to CRE reporter plasmid. This may suggest 

that HA-hMC4R-L250Q constitutive activity saturates CRE reporter activity or that AC-cAMP 

activity is not directly contributing to CRE reporter activity due to activity-based desensitisation 

upstream of the CRE reporter. It is also pertinent to note that the CRE reporter gene assay is 

known for not being mutually exclusive to Gαs input (W. B. Chen et al., 1995). Intriguingly, 

HA-hMC4R co-expressed with hMRAPα was not responsive to α-MSH stimulation within the 

CRE reporter assay, but was constitutively active (Refer to Figure 4-1 and Figure 4-2), and thus 

resembles the HA-hMC4R-H76R and HA-hMC4R-L250Q mutants. In contrast, HA-hMC4R co-

expressed with hMRAP2 retained responsiveness to α-MSH stimulation within the CRE reporter 

assay and had no effect on constitutive activity. Both HA-hMC4R co-expressed with hMRAPα 

or hMRAP2 are responsive to α-MSH stimulation within the AC assay, but only co-expression 

with hMRAPα presented increased constitutive AC activity, thus reproducing previous data from 

Kay et al. (2013a and 2015). When considered together the data suggests that the CAM HA-

hMC4Rs H76R and L250Q and HA-hMC4R co-expressed with hMRAPα likely have normal 

function within the AC assay, but fail to stimulate CRE reporter activity beyond the level of 

constitutive activity. HA-hMC4R-H158R was responsive to α-MSH stimulation within the CRE 

reporter assay and was constitutively active (Refer to Figure 4-1 and Figure 4-2). This suggests 

that the HA-hMC4R-H158R mutant does not share the same mechanism compared with HA-

hMC4R-H76R and -L250Q mutants and HA-hMC4R co-expressed with hMRAPα.  

Increased constitutive CRE reporter activity for HA-hMC4R-H76R and -L250Q mutants and 

HA-hMC4R co-expressed with hMRAPα was also validated within the more physiologically 

relevant cellular background, GT1-7 hypothalamic cell line (Refer to Figure 4-4). Constitutive 

CRE reporter activity for HA-hMC4R-H158R was not significantly different from HA-hMC4R-

WT within GT1-7 cells (Refer to Figure 4-4). This suggests that HA-hMC4R-H158R 

constitutive CRE reporter activity may only occur within specific cellular backgrounds. HA-

hMC4R co-expressed with hMRAPα was not responsive to α-MSH stimulation within GT1-7 

cells (Refer to Figure 4-3), which supports that observations within HEK293 (Refer to Figure 

4-1) are not specific to one cellular background.  
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4.3.3 MC4R co-expression with MRAPα CRE reporter signalling effects are observed 

across species 

Species differences between human and mouse for MRAP effects on MC4R α-MSH stimulated 

coupling to the CRE reporter assay was confirmed (Refer to Figure 4-5). Co-expression of 

MC4R with MRAPα increased constitutive activity and rendered MC4R non-responsive to α-

MSH stimulation. In contrast, MRAP2 effects were primarily occurring cross-species, with the 

only species relevant effect being mMRAP2 significantly reducing mMC4R constitutive CRE 

reporter activity. This data reproduces in part the published findings for MRAPα and MRAP2 

interaction with MC4R (Agulleiro et al., 2013; Hinkle et al., 2011; Kay et al., 2013a, 2015; 

Sebag et al., 2013). Given that there are species differences (Refer to Figure 4-5), the cross-

species effects of MRAP2 are not of particular physiological importance due to the irrelevance 

of cross-species comparisons. This data does, however, highlight the requirement to compare 

accessory protein and receptor within the same species because there are subtle but significant 

functional differences in how human and mouse MRAPs effect human and mouse MC4R 

signalling. This data also supports that the effect of MRAPα on MC4R α-MSH coupling to the 

CRE reporter occurs independent of receptor epitope tagging and was not peculiar to one 

particular combination of MRAPα and MC4R. Hence, this data provides strong evidence for 

hMC4R co-expression with hMRAPα contributing to increased constitutive activity as well as 

non-responsiveness to α-MSH within the CRE reporter assay. Lastly, this data also provides 

justification for use of GT1-7 cells as a more physiological cell line model for further 

characterisation of the underlying signalling mechanism hMRAPα effects on hMC4R.   

4.3.4 Cell Surface and Total Expression 

Cell surface and total cellular expression has largely been assessed by others for the HA-hMC4R 

mutants selected for this research study (Refer to Table 1-4), but with numerous caveats outlined 

in Section 4.2.2. For this research study, a live-cell anti-HA labelling methodology was adapted 

for detection of cell surface expression due to indications of cell permeability to anti-HA primary 

post 4% PFA-fixation (Kay et al., 2013a). For this research study total cellular expression was 

quantified through western blotting due to HA-hMC4R co-expression with hMRAPα altering 

predominant molecular weight isoforms due to loss of complex glycosylation; an effect that may 

affect constitutive activity (Kay et al., 2013b).  

Reduced cell surface expression was observed for all HA-hMC4R mutants tested except for HA-

hMC4R-V103I and HA-hMC4R-I251L, which were similar to HA-hMC4R-WT, and HA-
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hMC4R-H158R was significantly increased relative to HA-hMC4R-WT (Refer to Figure 4-6). 

These findings are in agreement with published data (Refer to Table 1-4), except for HA-

hMC4R-T150I and HA-hMC4R-A154D which were observed with WT-like cell surface 

expression by others (Lubrano-Berthelier et al., 2006). Lubrano-Berthelier et al. (2006) used 

HEK293 transiently transfected with N-terminal FLAG and C-terminal GFP tagged receptors, 

and fluorescence activated cell sorting (FACS) based methodology for measurement of mouse 

anti-FLAG and anti-mouse phycoerythrin secondary as a measure of cell surface expression. 

Hence, methodology differences and epitope tag differences might underlie the differences in 

results between the present study, and Lubrano-Berthelier et al. (2006) for HA-hMC4R-T150I 

and HA-hMC4R-A154D cell surface expression.  

Reduced total cellular expression was observed for all HA-hMC4R mutants tested except for 

HA-hMC4R-R18L, HA-hMC4R-V103I, HA-hMC4R-H158R, HA-hMC4R-P230L and HA-

hMC4R-I251L, which were similar to HA-hMC4R-WT (Refer to Figure 4-10). These findings 

are in agreement with published data for total expression except for HA-hMC4R-R7H, HA-

hMC4R-D90N, HA-hMC4R-S127L, HA-hMC4R-T150I, HA-hMC4R-A154D, HA-hMC4R-

P230L, HA-hMC4R-L250Q, HA-hMC4R-F280L, HA-hMC4R-S295P and HA-hMC4R-R305S. 

Discrepancies between the present study and published total expression data likely resides in 

methodology used for detection. Extraction of GPCR protein is notoriously difficult but non-

ionic detergents such as n-dodecyl-β-D-maltoside aid extraction and SDS PAGE separation 

(Grisshammer, 2009); which has held true for the MCRs (Kay et al., 2013b). Most studies have 

employed FACS flow cytometry based measurement of MC4R total cellular expression, but this 

technique is reliant on two different epitope tags on the receptor. Kay et al. (2015) has shown 

differences in functionality of HA-hMC4R-WT versus eGFP-hMC4R, which may put into 

question the physiological relevance of dual epitope tagged MC4R receptors. Hence, the use of a 

N-terminal HA-epitope for detection of hMC4R total protein through SDS PAGE electrophoresis 

and western blotting is likely more representative of naïve protein expression. Ideally 

immunoglobulin G antibodies are required that show specificity towards the naïve hMC4R to 

obtain absolute clarity regarding total cellular expression, however, this is no simple task due to 

high structural flexibility of GPCRs (Jo & Jung, 2016).  

Through correlating both cell surface and total cellular expression data for all HA-hMC4R 

mutants, it becomes apparent that the obesogenic CAM HA-hMC4Rs H76R and L250Q both 

present marked reductions in cell surface and total expression; an effect also seen for HA-

hMC4R co-expressed with hMRAPα (Refer to Table 4-1).  
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Table 4-1: Comparison of Live-Cell Elisa cell surface expression data (n = 3) and Western 

Blot HA-total expression data (n = 3). 19 

Construct % Surface 

Expression 

p-

value 
Significance 

% Total 

Expression 

p-

value 
Significance 

WT 100 - - 100 - - 

WT + hMRAPα 64.9 0.0001 

 

**** 64.9 0.0019 

 

** 

WT + hMRAP2 29.8 0.0008 *** 35.2 0.0986 

 

ns 

Delta24 94.8 0.0001 **** 98.0 0.0001 

 

**** 

R7H 39.8 0.0001 **** 70.7 0.0104 

 

* 

R18L 50.3 0.0001 **** 29.9 0.1230 

 

ns 

H76R 43.8 0.0001 **** 51.8 0.0235 

 

* 

D90N 46.5 0.0001 **** 74.2 0.0001 

 

*** 

V103I 15.8 0.2442 ns 18.5 0.7858 

 

ns 

S127L 40.0 0.0001 **** 54.1 0.0164 

 

* 

D146N 84.8 0.0001 **** 50.3 0.0203 

 

* 

T150I 44.4 0.0001 **** 69.4 0.0003 

 

*** 

A154D 39.3 0.0001 **** 68.3 0.0003 

 

*** 

H158R 27.0 0.0031 ** 18.2 0.8734 

 

ns 

P230L 65.0 0.0001 **** 20.2 0.2248 

 

ns 

L250Q 63.6 0.0001 **** 77.0 0.0123 

 

* 

I251L 9.6 0.8486 ns 22.2 0.2734 

 

ns 

F280L 89.2 0.0001 **** 65.1 0.0190 

 

* 

S295P 29.1 0.0011 ** 75.6 0.0007 

 

*** 

R305S 57.6 0.0001 **** 75.9 0.0009 

 

*** 

 

The non-obesogenic CAM HA-hMC4R H158R and the non-obesogenic HA-hMC4R mutants 

V103I and I251L did not have any defect in expression (Refer to Table 4-1). Interestingly the 

HA-hMC4R-H158R had a 27% increase in cell surface expression relative to HA-hMC4R-WT, 

which may be the mechanism behind this mutant’s elevated constitutive activity within HEK293 

(Refer to Table 4-1).  

4.3.5 AC assay activity 

As mentioned in Section 4.3.2, there is an apparent discrepancy between published reports for 

ligand stimulated CRE reporter gene activity and AC-cAMP activity. This discrepancy was 

                                                 
19 Expression data displayed as percentage change relative to WT expression which was set to 100%. Statistics 

shown were obtained from the respective raw data (Refer to Figure 4-6, Figure 4-7, Figure 4-8 and Figure 4-9). 
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directly evaluated for select HA-hMC4R mutants (Refer to Figure 4-11). Interestingly, all HA-

hMC4R mutants tested, as well as HA-hMC4R co-expressed with hMRAPα, retained full α-

MSH responsiveness within the AC assay (Refer to Figure 4-11) despite clear non-

responsiveness to α-MSH stimulation within the CRE reporter gene assay (Refer to Figure 4-1). 

This data suggests that the signal transduction between α-MSH stimulated AC and CRE reporter 

activity does not correlate as would have been expected in the classical cAMP signalling 

paradigm. It is unclear how sigmoidal α-MSH stimulated AC activity does not translate into 

sigmoidal CRE reporter activity for HA-hMC4R mutants H76R and L250Q as well as HA-

hMC4R co-expressed with hMRAPα. Constitutive AC activity was observed for HA-hMC4R 

mutants H76R, H158R and L250Q as well as HA-hMC4R co-expressed with hMRAPα (Refer to 

Figure 4-12).  

Although far withdrawn from MC4R signalling, it proves interesting to note that only mice with 

AC3 knockout were found to become obese and that polymorphisms in human AC3 isoform 

associate with obesity (H. Wang et al., 2010; Z. Wang et al., 2009). Moreover, the mechanism 

behind AC3 knockout leading to mouse obesity involved increased food intake, reduced light 

phase activity and higher fat mass not due to reduced lipolysis; which may suggest that reduced 

hypothalamic AC3 activity lead to obesity (Z. Wang et al., 2009). This may implicate the AC3 

isoform in HA-hMC4R signalling, which proves feasible within HEK293 at least given the 

relative abundant expression of the isoform (Atwood, Lopez, Wager-Miller, Mackie, & Straiker, 

2011). It may also prove prudent to note that cAMP activity of the AC3 isoform can be 

positively modulated by calmodulin and PKC activity in addition to Gαs and negatively 

modulated through CaMKIV and RGSII activity in addition to Gαi (Hanoune & Defer, 2001).  

4.3.6 pERK½ assay activity 

Increased constitutive pERK½ activity was observed for HA-hMC4R-H76R relative to HA-

hMC4R-WT, but no constitutive pERK½ activity was observed for any of the other HA-hMC4R 

mutants or HA-hMC4R co-expressed with hMRAPα or hMRAP2, relative to HA-hMC4R-WT 

(Refer to Figure 4-13). HA-hMC4R-H76R transfected HEK293 also appeared to have aberrantly 

reduced total ERK½ levels, which may be the result of a blotting artefact and further 

experiments are required to confirm the significantly increased pERK activity. Mo and Tao 

(2013) have suggested that HA-hMC4R-H76R, -S127L, -D146N, -P230L, -L250Q and -F280L 

have significantly increased constitutive pERK½ activity. Mo and Tao (2013) compared 

constitutive pERK½ activity relative to either agonist (NDP-α-MSH) or inverse agonist (AgRP, 
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MCL0020, Ipsen 5i and ML00253764) stimulated activity for each CAM mutants (one lane per 

condition, each CAM mutant compared with WT on one blot). To achieve this, Mo and Tao 

(2013) serum starved HEK293T cells for 18-hours before a 5-minute incubation with 

Waymouth’s MB752/1 media with 0.1% BSA followed by cellular lysis. Although all CAM 

hMC4R tested appeared to have striking constitutive pERK½ activity within NDP-α-MSH and 

MCL0020 western blots, the constitutive pERK½ activity observed within AgRP, Ipsen 5i and 

ML00253764 blots was not apparent, with either WT-like or even reduced pERK½ activity 

being obvious (Refer to Figures 3-6 Panel D within Mo and Tao (2013) article) (Mo & Tao, 

2013). An alternative study, while using the same pERK½ methodology, showed reduced 

constitutive pERK½ activity for hMC4R-H158R (S. He & Tao, 2014). 

Serum starvation is one of the most commonly performed procedures in molecular biology to 

lower background signalling, but increasing evidence suggests this procedure has complex and 

variable effects on cell signalling (Pirkmajer & Chibalin, 2011). Hence, the present study did not 

incorporate serum starvation but had an 1-hour incubation within DMEM + 0.1% BSA before 

cellular lysis on ice (Outlined in Section 3.4.3.2). The 1-hour DMEM + 0.1% BSA incubation 

time point was selected to resemble assay conditions used for constitutive AC activity assays 

(Outlined in Section 3.3.1). Constitutive pERK½ levels were variable between three independent 

experiments (Refer to Figure 4-13), despite attempts to handle the HEK293 cells in a similar 

manner between assays (i.e. assays were performed at similar times on the same day of a given 

week). Hence, the constitutive pERK½ data obtained within this research study supports no 

constitutive pERK½ activity, however, assay sensitivity may also not be optimal to conclusively 

rule out any constitutive pERK½ activity. As such, it may be prudent to re-assess constitutive 

pERK½ activity of the CAM hMC4Rs using a more sensitive method to obtain certainty of 

elevated CA within the ERK½ cascade.   

Current opinion regarding GPCR ligand stimulated pERK½ activity observes two principal 

phases, transient and sustained. The transient phase typically spans 2–10-minutes post ligand 

application and is predominantly associated with cell surface receptor signalling (Pavlos & 

Friedman, 2017). The sustained phase typically spans from 10-minutes and onwards, and is 

considered to be the predominate result of signalling from endosomal populations of receptor 

(Pavlos & Friedman, 2017). Both transient and stimulated pERK½ activity was observed 

following α-MSH stimulation of HA-hMC4R mutants H76R, H158R and L250Q as well as HA-

hMC4R co-expressed with hMRAPα (Refer to Figure 4-14 and Figure 4-15). Similarly, clear 

ligand responsiveness has been observed for HA-hMC4R-WT and hMC4R mutants H76R, 
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H158R and L250Q following a transient 5-minute NDP-α-MSH pERK½ stimulation (S. He & 

Tao, 2014; Mo & Tao, 2013). Considered together, the data supports WT-like α-MSH 

responsiveness for transient and sustained pERK½ activation by HA-hMC4R mutants H76R, 

H158R and L250Q as well as HA-hMC4R co-expressed with hMRAPα.  

4.3.7 Synopsis 

A common signalling signature has been identified between HA-hMC4R co-transfected with 

hMRAPα and the obesogenic CAM HA-hMC4Rs H76R and L250Q. This signalling signature 

consists of: increased constitutive AC activity, increased constitutive CRE reporter activity, 

increased ligand stimulated AC activity, no ligand stimulated CRE reporter activity, either 

increased (HA-hMC4R-H76R only) or no apparent increased constitutive pERK½ activity, and 

normal ligand stimulated transient and sustained pERK½ stimulation, and reduced cell surface 

and total cellular expression (Refer to Figure 4-16 and Table 4-2).  

The non-obesogenic CAM HA-hMC4R-H158R deviates from this signalling signature because 

of α-MSH stimulated CRE activity, increased surface expression, and WT-like total expression. 

This brings to light two key differences between the obesogenic and non-obesogenic constitutive 

active mutants. 1) No ligand responsiveness within the CRE reporter assay and 2) reduced total 

cellular expression. Essentially the inability for α-MSH stimulation of the HA-hMC4R mutants 

H76R and L250Q to increase CRE reporter activity could be the main mechanism behind the 

association of increased constitutive activity with obesity. This also implies that if HA-hMC4R 

was co-expressed with hMRAPα in vivo, this would promote an obesogenic signature. Chronic 

high levels of constitutive CRE transcription could induce compensatory mechanisms to silent 

the transcriptional activity. To the author’s knowledge this may be the first probable account of 

constitutive activity mediated desensitisation or uncoupling of signal transduction from 

transcription. This may occur independent of phosphorylation of CREB and could involve 

regulation of nuclear Ca2+ transients and CAMKIV activity, which are key regulators of CRE 

transcription. As such, the constitutive CRE reporter activity, which is suggestive of constitutive 

CRE transcription, may not lead to a “lean phenotype” as would be expected for elevated activity 

of the hMC4R. When combined with reduced total expression, which may be a hallmark of 

elevated constitutive activity, there will be less opportunity for ligand-stimulated activity, which 

will also contribute to the obesogenic phenotype. The I251L hMC4R polymorphism, which is 

associated with protection from obesity, did not present increased constitutive activity within the 

AC, CRE reporter or pERK½ assays within HEK293 or GT1-7 cells within the present study.    
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Figure 4-16: Signalling signature identified for between HA-hMC4R co-transfected with hMRAPα and the obesogenic CAM HA-hMC4Rs H76R and 

L250Q.  

Obesogenic CAMs and WT co-expressed with hMRAPα share a common signalling signature which is defined by reduced surface and total expression, 

increased constitutive AC activity and CRE reporter activity (demarked ↑↑) but WT-like pERK½ CA (demarked ↑), WT-like AC and pERK½ α-MSH 

responsiveness (demarked ↑↑↑) but no α-MSH responsiveness within the CRE reporter assay (demarked ×). Non-obesogenic CAMs resembled HA-

hMC4R-WT function for the most part but presented increased surface expression and increased constitutive AC activity and CRE reporter activity 

(demarked ↑↑).  
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Table 4-2: Summary table of signalling signature for HA-hMC4R co-expressed with hMRAPα/2 and HA-hMC4R mutants determined 

through characterisation of constitutive and α-MSH stimulated AC, CRE reporter and pERK½ activity as well as cellular expression. 

A B 

Construct 
Constitutive 

AC (% 

change) 

Stimulated 

AC 

Constitutive 

CRE (% 

change) 

Stimulated 

CRE 

% Surface 

Expression 

% Total 

Expression 

Constitutive 

pERK½ 

Transient 

pERK½ 

Sustained 

pERK½ 

WT 100  100  100 100    
WT + hMRAPα 471%  IS 345%  NR 64.9 64.9 WT-like WT-like WT-like 

WT + hMRAP2 WT-like WT-like WT-like WT-like 29.8 WT-like WT-like - - 

Delta24 WT-like NR WT-like RP 94.8 98.0 WT-like - - 

R7H WT-like WT-like WT-like WT-like 39.8 70.7 WT-like - - 

R18L WT-like WT-like WT-like WT-like 50.3 WT-like WT-like - - 

H76R 189%  IS 218%  NR 43.8 51.8 WT-like WT-like WT-like 

D90N WT-like RS WT-like RS 46.5 74.2 WT-like - - 

V103I WT-like WT-like WT-like WT-like WT-like WT-like WT-like - - 

S127L - - WT-like RS 40.0 54.1 - - - 

D146N - - WT-like WT-like 84.8 50.3 - - - 

T150I WT-like RS WT-like RS 44.4 69.4 WT-like - - 

A154D WT-like RS WT-like RS 39.3 68.3 WT-like - - 

H158R 159%  WT-like 137%  WT-like 27.0 WT-like WT-like WT-like WT-like 

P230L - - WT-like WT-like 65.0 WT-like - - - 

L250Q 148%  RP 129%  NR 63.6 77.0 WT-like WT-like WT-like 

I251L WT-like WT-like WT-like WT-like WT-like WT-like WT-like - - 

F280L - - WT-like WT-like 89.2 65.1 - - - 

S295P - - WT-like RS 29.1 75.6 - - - 

R305S WT-like RS WT-like RS 57.6 75.9 WT-like - - 

      

1
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Kay et al. (2013b) identified that the 37kDa isoform of HA-hMC4R-WT is reduced to 31kDa 

and 33kDa following PNGase F digestion to remove N-linked high mannose and complex 

glycans. Hence, this may suggest the HA-hMC4R-I251L polymorphism may have altered N-

linked glycosylation since there was no apparent 37kDa band present (Refer to Figure 4-8), 

which could be of functional significance. The hMC4R-H158R mutation that associates with 

protection from obesity was constitutively active when expressed in HEK293 within the AC and 

CRE reporter assays, but not in the pERK½ assay. However, this signalling signature may be cell 

line specific since expression within GT1-7 cells did not yield any CA within the CRE reporter 

assay (Refer to Figure 4-4). Given the significantly increased cell surface expression of the HA-

hMC4R-H158R mutant relative to HA-hMC4R-WT in HEK293 (Refer to Figure 4-6), this may 

suggest that increasing HA-hMC4R-WT cell surface expression without affecting total cellular 

expression could be of therapeutic benefit.  

Finally, findings within this chapter raise several key questions. 1) What is the mechanism 

behind the signalling signature identified for HA-hMC4R co-expressed with hMRAPα and the 

two obesogenic CAM HA-hMC4Rs H76R and L250Q? 2) How does α-MSH stimulated AC 

activity fail to increase CRE reporter activity when the presumed signal transduction is AC-

cAMP-PKA-CREB. Moreover, does that imply uncoupling arises within signal transduction as a 

consequence of elevated constitutive activity? 3) Through what mechanism and where within the 

cell is the elevated constitutive CRE reporter activity generated - particularly since α-MSH 

stimulated AC activity does not increase CRE reporter activity. 4) Ligand stimulated transient 

and sustained pERK½ appears normal for the HA-hMC4R co-expressed with hMRAPα and the 

two obesogenic CAM HA-hMC4Rs H76R and L250Q - does that imply pERK½ signalling is not 

contributing to regulation of CRE reporter activity?  

These and more factors will be tested within the next chapter.  
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5.1 Prelude  

Several methodologies were employed to explore the questions raised by the signalling signature 

identified for HA-hMC4R co-expressed with hMRAPα and the two obesogenic CAM HA-

hMC4Rs H76R and L250Q (Outlined in Section 4.3.7), and findings are outlined within this 

chapter.  

5.2 Evaluating the contribution of the Gαi G-protein 

Büch et al. (2009) elegantly demonstrated G-protein promiscuity of the hMC4R through 

measuring dual coupling to Gαs and Gαi in HEK293 and GT1-7 cells. As such, one could 

hypothesise that the CAM HA-hMC4Rs could stabilise a specific conformational state with 

diminished Gαi coupling, which could explain the observed increase in constitutive AC and CRE 

reporter activity. However, for this to hold true, PTX incubation should increase constitutive 

activity of HA-hMC4R-WT to match that observed following co-expression with hMRAPα or 

for the constitutive active HA-hMC4R-H76R and HA-hMC4R-L250Q mutants. Alternatively, 

the Gβγ subunit released from Gαi also has the potential to increase AC activity of AC2, AC4, 

AC5 and AC6 isoforms (Federman, Conklin, Schrader, Reed, & Bourne, 1992; X. Gao, Sadana, 

Dessauer, & Patel, 2007). Given the strong obesogenic nature of the HA-hMC4R-H76R mutant, 

this mutant could potentially have increased constitutive Gαi coupling which may sensitise AC 

activity through the Gβγ dimer, but alternative Gαi initiated signalling may mimic the effect of 

AgRP signalling (by increasing food intake) (Rossi et al., 1998). Gαi coupling has also been 

implicated with positive modulation of pERK½ activity, demonstrated through hMC4R NDP-α-

MSH stimulated pERK½ activity being PTX sensitive in HEK293 (Chai et al., 2006). However, 

no significant differences were observed for constitutive pERK½ activity of HA-hMC4R co-

expressed with hMRAPα or for the constitutive active HA-hMC4R-H76R and HA-hMC4R-

L250Q mutants. This may suggest no significant constitutive coupling to Gαi due to the lack of 

constitutive pERK½ activity for HA-hMC4R co-expressed with hMRAPα or for the constitutive 

active HA-hMC4R-H76R and HA-hMC4R-L250Q. Hence, through comparison of constitutive 

and α-MSH stimulated pERK½ activity of HA-hMC4R co-expressed with hMRAPα and CAM 

HA-hMC4Rs H76R and L250Q in the presence and absence of PTX, further support for a 

constitutive conformational state with diminished Gαi coupling may be obtained. 
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5.2.1 Reduced coupling to Gαi G-protein does not explain increased constitutive AC 

activity  

To explore hypotheses regarding Gαi involvement, α-MSH stimulated AC and CRE reporter 

activity of the HA-hMC4R-H76R mutant was compared to that of HA-hMC4R co-transfected 

with or without hMRAPα in HEK293 cells while completely blocking Gαi activity through use 

of PTX. Due to concerns of cellular recovery from PTX and generation of new Gαi subunits 

during the 2-hour 3H-Adenine incorporation for the AC assay, an 18-hour PTX pre-equilibration 

was incorporated with 50ng/ml of PTX, followed by a 2h 3H-adenine equilibration also in the 

presence of 50ng/ml of PTX. This method was validated through measuring HA-D2R quinpirole 

stimulated inhibition of forskolin stimulated AC activity (Refer to Figure 5-1). The D2R 

selectively couples to Gαi/o in HEK293 cells, and thus served as an ideal model for PTX 

validation (Jin et al., 2013).   

 

Figure 5-1: Complete inhibition of Quinpirole stimulated Gαi coupling of HA-D2R stably expressed 

in HEK293 following an 18-hour preincubation with 50ng/μL of PTX and subsequent 2-hour 3H-

Adenine equilibration in the presence of 50ng/μL of PTX. 20 

 

PTX incubation appeared to completely block HA-D2R quinpirole mediated inhibition of 

forskolin stimulated AC activity (Refer to Figure 5-1). There was suggestion that PTX 

incubation may also lower background AC activity, since both HEK293 with and without HA-

D2R expression appeared to have slightly lower forskolin stimulated AC activity (Refer to 

Figure 5-1). Following complete PTX mediated inhibition of Gαi activity, no significantly 

increased constitutive activity was observed for HA-hMC4R-WT within either the AC or CRE 

                                                 
20 PTX incubation of untransfected HEK293 also appeared to partially reduce background AC activity- which may 

be suggestive of the Gαi βγ dimer normally sensitising certain AC isoforms in HEK293. This experiment was 

performed twice with similar results, and only one representative assay is shown. 
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reporter assays (Refer to Figure 5-2, Appendix: Table 7-8 [p. 241], Table 7-9 [p.242], Table 

7-10[p.243] and Table 7-11 [p.244]). Both CAM HA-hMC4R-H76R and HA-hMC4R co-

expressed with hMRAPα treated with control were responsive within the AC assay, but were 

unresponsive to α-MSH stimulation within the CRE reporter assay (Refer to Figure 5-2 A and 

B), reproducing findings reported in Figure 4-1 and Figure 4-11. Incubation of HA-hMC4R-

WT with PTX did not significantly affect α-MSH stimulated activity within the AC or CRE 

reporter assay relative to HA-hMC4R-WT + control (Refer to Figure 5-2 A-D, Appendix: 

Table 7-8 [p. 241], Table 7-9 [p.242], Table 7-10 [p.243] and Table 7-11 [p.244]).  

 

Figure 5-2: Reduced coupling to Gαi does not explain increased CA for CAM HA-hMC4R-H76R or 

HA-hMC4R co-expressed with hMRAPα. 21 

                                                 
21 Effects of PTX in HEK293 on HA-hMC4R-WT co-transfected with pcDNA3.1 (or triple-transfected with 

pcDNA3.1 and CRE reporter plasmid) and either HA-hMC4R-H76R co-transfected with pcDNA3.1 (or triple-

transfected with pcDNA3.1 and CRE reporter plasmid) or HA-hMC4R co-transfected with hMRAPα (or triple-

transfected with hMRAPα + CRE reporter plasmid) following α-MSH stimulation within AC or CRE reporter 

assays.  

For AC assays data was pooled from duplicate wells of three independent experiments. For CRE reporter assays 

data was pooled from triplicate wells of three independent experiments. Non-matching One-Way ANOVA with 

Tukey’s Post-Hoc test was performed to determine significant differences and a p-value < 0.05 was considered 

significant. Statistics listed in Appendix: Table 7-8 [p.241], Table 7-8 [p.242], Table 7-9 [p.243] and Table 

7-11 [p.244]. 
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Constitutive activity for HA-hMC4R co-expressed with hMRAPα + control was near 

significantly increased relative to HA-hMC4R-WT + control within the AC assay (p=0.0675) 

and significantly increased within the CRE reporter assay (p=0.0036) (Refer to Figure 5-2 A 

and C, Appendix: Table 7-8 [p.241], Table 7-9 [p. 242], Table 7-10[p.243] and Table 7-11 

[p.244] 

There was no apparent effect of PTX incubation on constitutive activity of HA-hMC4R co-

expressed with hMRAPα relative HA-hMC4R co-expressed with hMRAPα + control within the 

AC assay, but there was a near significant increase in constitutive activity within the CRE 

reporter assay (p=0.0948) (Refer to Figure 5-2 A and C, Appendix: Table 7-8 [p.241] and 

Table 7-10[p.243]). Constitutive activity for the CAM HA-hMC4R-H76R + control was 

significantly increased relative to HA-hMC4R-WT + control within the AC assay (p=0.0263), 

and near significantly increased within the CRE reporter assay (p=0.0954) (Refer to Figure 5-2 

B and D, Appendix: Table 7-9 [p. 242] and Table 7-11 [p.244]). There was no apparent effect 

of PTX incubation on constitutive activity of CAM HA-hMC4R-H76R relative to HA-hMC4R-

H76R + control within the AC assay, however, there was a trend for increased constitutive 

activity within the CRE reporter assay (p=0.2129) (Refer to Figure 5-2 B and D, Appendix: 

Table 7-9 [p. 242] and Table 7-11 [p.244]). 

HA-hMC4R co-expressed with hMRAPα + control was significantly more sensitive to α-MSH 

stimulation relative to HA-hMC4R-WT + control within the AC assay (EC50 p=0.0210) (Refer to 

Figure 5-2 A and C and Appendix:  Table 7-8 [p.241]). There was no significant effect of PTX 

incubation on the EC50 for HA-hMC4R co-expressed with hMRAPα relative HA-hMC4R co-

expressed with hMRAPα + control within the AC assay (Refer to Figure 5-2 A and C and 

Appendix: Table 7-8 [p.241]).  Maximal α-MSH responsiveness for HA-hMC4R co-expressed 

with hMRAPα + control was not different from HA-hMC4R-WT + control within the AC assay 

(Refer to Figure 5-2 A and C and Appendix: Table 7-8 [p.241]). HA-hMC4R co-expressed 

with hMRAPα was not responsive to α-MSH stimulation within the CRE reporter assay, and as 

such, α-MSH sensitivity and maximal responsiveness could not be compared to HA-hMC4R-WT 

(Refer to Figure 5-2 C and Appendix: Table 7-10[p.243]).   

HA-hMC4R-H76R + control appeared more sensitive to α-MSH stimulation relative to HA-

hMC4R-WT + control within the AC assay, but was not significantly different (EC50 p=0.3293) 

(Refer to Figure 5-2 B and D and Appendix: Table 7-9 [p. 242]). There was no apparent effect 

of PTX incubation on the EC50 for CAM HA-hMC4R-H76R relative CAM HA-hMC4R-H76R + 
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control within the AC assay (Refer to Figure 5-2 B and D and Appendix: Table 7-9 [p.243]). 

Maximal α-MSH responsiveness for HA-hMC4R-H76R + control was not different from HA-

hMC4R-WT + control within the AC assay (Refer to Figure 5-2 B and D, and Appendix: Table 

7-9 [p. 242]). The CAM HA-hMC4R-H76R was unresponsive to α-MSH stimulation within the 

CRE reporter assay, and as such, α-MSH sensitivity and maximal responsiveness could not be 

compared to HA-hMC4R-WT (Refer to Figure 5-2 D and Appendix: Table 7-11 [p.244]).  The 

signalling mismatch observed previously between the AC and CRE reporter assay for CAM HA-

hMC4R-L250Q (Refer to Figure 4-11 and Figure 4-1) was reproduced for CAM HA-hMC4R-

L250Q + control within both the AC and CRE reporter assays (data not shown). Incubation of 

CAM HA-hMC4R-L250Q + PTX mirrored effects observed for HA-hMC4R-H76R + PTX 

within AC and CRE assays (data not shown). 

5.2.2 Partial role for α-MSH stimulated coupling to Gαi in the generation of transient 

and sustained pERK½ responses 

To confirm the requirement of Gαi coupling for α-MSH stimulated transient and sustained 

pERK½ signalling for HA-hMC4R co-expressed with hMRAPα as well as the CAM HA-

hMC4Rs H76R, H158R and L250Q, pERK½ activity was assessed through western blotting 

(Refer to Figure 5-3, Figure 5-4 and Figure 5-6). PTX incubation of HA-hMC4R-WT appeared 

to marginally reduce the background pERK½ response in 5-minute and 30-minute vehicle 

treated HEK293 (Refer to Figure 5-3 and Figure 5-4). Stimulation of HA-hMC4R-WT with 10-

7M α-MSH for 5-minutes and 30-minutes produced clear increases in pERK½ activity. The HA-

hMC4R-WT 5-minute α-MSH stimulated transient pERK½ activity appeared more sensitive to 

PTX treatment than 30-minute α-MSH stimulated sustained pERK½ activity (Refer to Figure 

5-3 and Figure 5-4).  

HA-hMC4R co-expressed with hMRAPα as well as the CAM HA-hMC4Rs H76R, H158R and 

L250Q all appeared responsive to α-MSH stimulation for both transient and sustained pERK½ 

(Refer to Figure 5-3 and Figure 5-4). Similar to HA-hMC4R-WT, α-MSH stimulated 5-minute 

and 30-minute pERK½ activity appeared partially sensitive to PTX treatment, with slight 

reductions in pERK½ activity being evident (Refer to Figure 5-3 and Figure 5-4).  
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Figure 5-3: Representative assay for partial inhibition of α-MSH stimulated transient pERK½ coupling of HA-hMC4R-WT and HA-hMC4R co-expressed 

with hMRAPα, as well as CAM HA-hMC4Rs H76R, H158R and L250Q.22 

                                                 
22 A and B) HEK293 transiently expressing HA-hMC4R-WT co-transfected with pcDNA3.1 or hMRAPα was compared with HA-hMC4R mutants co-transfected with pcDNA3.1. 

HEK293 cells were preincubated with 50ng/μL of PTX (or control DMSO buffer) for 18-hours before being serum starved for 2-hours in the presence of 50ng/μL of PTX (or 

control DMSO buffer), before spiking wells with either vehicle (DMEM + 0.1% BSA) or 10-7M α-MSH and stimulating at 37°C for 5-minutes (transient response). Data represents 

lysates derived from single wells. This experiment was reproduced in three independent experiments. Refer to Appendix: Figure 7-14 [p. 245] and Figure 7-15 [p. 246] for the 

data from the other assays. To confirm statistical significance for the apparent PTX sensitivity, data from three independent experiments was normalised to HA-hMC4R-WT 

treated with control buffer and spiked with vehicle (WT + Cont. + Veh.) within each assay for 5-minute stimulations. Normalised data was then pooled and One-Way ANOVA 

statistical analysis performed on the normalised pooled data (Refer to Figure 5-6, Appendix: Table 7-12 [p. 247] and Table 7-13 [p. 248]). Statistical significance was only 

1
5
4
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Figure 5-4: Representative assay for partial inhibition of α-MSH stimulated sustained pERK½ coupling of HA-hMC4R-WT and HA-hMC4R co-expressed 

with hMRAPα, as well as CAM HA-hMC4Rs H76R, H158R and L250Q. 23

                                                 
reached when comparing α-MSH stimulation to vehicle stimulation for HA-hMC4R +/- hMRAPα + control and HA-hMC4R-H158R + control (Refer to Figure 5-6, Appendix: 

Table 7-12 [p. 247] and Table 7-13 [p. 248]). 

  
23 A and B) HEK293 transiently expressing HA-hMC4R-WT co-transfected with pcDNA3.1 or hMRAPα was compared with HA-hMC4R mutants co-transfected with pcDNA3.1. 

HEK293 cells were preincubated with 50ng/μL of PTX (or control DMSO buffer) for 18-hours before being serum starved for 2-hours in the presence of 50ng/μL of PTX (or 

control DMSO buffer) before spiking wells with either vehicle (DMEM + 0.1% BSA) or 10-7M α-MSH and stimulating at 37°C for 30-minutes (sustained response). Data 

represents lysates derived from single wells. This experiment was reproduced in three independent experiments. Refer to Appendix: Figure 7-14 [p. 245] and Figure 7-15 [p. 246] 

for the data from the other assays. To confirm statistical significance for the apparent PTX sensitivity, data from three independent experiments was normalised to HA-hMC4R-WT 

treated with control buffer and spiked with vehicle (WT + Cont. + Veh.) within each assay for 30-minute stimulations. Normalised data was then pooled and One-Way ANOVA 

1
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statistical analysis performed on the normalised pooled data (Refer to Figure 5-6, Appendix: Table 7-12 [p. 247] and Table 7-13 [p. 248]). Statistical significance was only 

reached when comparing α-MSH stimulation to vehicle stimulation for HA-hMC4R-WT +/- hMRAPα + control and HA-hMC4R-H158R + control (Refer to Figure 5-6, 

Appendix: Table 7-12 [p. 247] and Table 7-13 [p. 248]). 
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Performing a less stringent paired Student’s t-test statistical analysis revealed more significant 

differences (Refer to Appendix: Table 7-14 [p.249] and Table 7-15 [p. 249]).  

Significance was obtained for HA-hMC4R-WT, HA-hMC4R co-expressed with hMRAPα, and 

CAM HA-hMC4Rs H76R, H158R and L250Q α-MSH stimulation of pERK½ activity at 5-

minutes (Refer to Appendix: Table 7-14 [p.249]; p = 0.031, 0.0028, 0.017, 0.0235 and 0.0429 

respectively). Significance was also obtained for HA-hMC4R-WT +/- PTX + vehicle at 5-minute 

and 30-minute time-points (Refer to Appendix: Table 7-14 [p.249] and Table 7-15 [p. 249]; p = 

0.0193 and p = 0.0478 respectively) - suggesting that PTX reduces background pERK½ in 

HEK293.  

This result prevented conclusive interpretation of the role Gαi plays in pERK½ activity. To 

confirm that PTX treatment alone reduces background pERK½ activity in HEK293, duplicate 

well lysates from three independent experiments were compared (Refer to Figure 5-5). The 

effect of PTX on background pERK½ did not reach significance at either 5-minutes or 30-

minutes post vehicle stimulation, but there was an apparent reduction in sustained pERK½ 

activity (Refer to Figure 5-5). Hence, at best, the PTX data supports partial involvement of Gαi 

in transient α-MSH stimulated pERK½ activity, but the apparent PTX treatment effect masks the 

true significance of Gαi involvement (Refer to Figure 5-6). A graphical summation of the 

contribution of the Gαi G-protein within the signalling signature identified within Chapter 4 

was outlined within Figure 5-7.  
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Figure 5-5: Near significant effect of PTX incubation on background HEK293 pERK½ activity and 

a trend for α-MSH stimulation of untransfected HEK293 to reduce background pERK½ activity. 24 

                                                 
24 A and B) HEK293 cells were preincubated with 50ng/μL of PTX (or control DMSO buffer) for 18-hours before 

being serum starved for 2-hours in the presence of 50ng/μL of PTX (or control DMSO buffer) before spiking wells 

with vehicle (A and B; DMEM + 0.1% BSA) or 10-7M α-MSH (B only), and stimulating at 37°C for either 5-

minutes (transient response) or 30-minutes (sustained response). Data represents lysates derived from duplicate 

wells from three independent experiments.  
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Figure 5-6: Apparent partial inhibition of α-MSH stimulated transient and sustained pERK½ 

coupling of HA-hMC4R-WT and HA-hMC4R co-expressed with hMRAPα as well as CAM HA-

hMC4Rs H76R, H158R and L250Q.25 

                                                 
 
25 A – D) HEK293 transiently expressing HA-hMC4R-WT co-transfected with pcDNA3.1 or hMRAPα was 

compared with HA-hMC4R mutants co-transfected with pcDNA3.1. HEK293 cells were preincubated with 

50ng/μL of PTX (or control DMSO buffer) for 18-hours before being serum starved for 2-hours in the presence of 

50ng/μL of PTX (or control DMSO buffer) before spiking wells with either vehicle (DMEM + 0.1% BSA) or 10-

7M α-MSH and stimulating at 37°C for either 5-minutes (transient response; A and B) or 30-minutes (sustained 

response; C and D). Data from three independent experiments performed as a single well per condition were 

normalised to WT + Control + Vehicle within each assay and the data then pooled. Two-Tailed Paired t-test and 

Non-Matching One-Way ANOVA with Tukey’s Post-Hoc test was performed on the normalised data to determine 

significant treatment differences and a p-value < 0.05 was considered significant. t-test statistics listed in 
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Figure 5-7: Signalling signature identified for between HA-hMC4R co-transfected with hMRAPα 

and the obesogenic CAM HA-hMC4Rs H76R and L250Q.  

PTX incubation appeared to increase HA-hMC4R-WT α-MSH stimulated constitutive CRE 

reporter activity (demarked ↑) and reduced constitutive and ligand stimulated pERK1/2 activity 

(demarked ↑). PTX incubation appeared to increase Obesogenic CAMs and WT co-expressed with 

hMRAPα α-MSH stimulated AC activity and constitutive CRE reporter activity (demarked ↑) and 

appeared to reduce constitutive and ligand stimulated pERK1/2 activity (demarked ↑). PTX 

incubation appeared to reduce CA. Non-obesogenic CAM constitutive and ligand stimulated 

pERK1/2 activity (demarked ↑). 

5.3 Evaluating phosphorylation of CREB 

Early reports systematically characterised the signalling cascade that contributed to transcription 

of CRE containing genes. Using PC12 cells (Pheochromocytoma cells derived from 

neuroendocrine tumour of the adrenal medulla), it was determined that forskolin stimulation of 

AC induced phosphorylation of CREB (at Ser 133) in a PKA dependent manner (Gonzalez & 

Montminy, 1989; Montminy & Bilezikjian, 1987). MC4R is well recognised for coupling to Gαs 

to increase cAMP production that presumably results in a concomitant increase in PKA 

translocation to the nucleus to facilitate phosphorylation of CREB at Ser133 - a key requirement 

                                                 

Appendix: Table 7-14 [p.249] and Table 7-15 [p.249] and One-Way ANOVA statistics listed in Appendix: 

Table 7-12 [p. 247] and Table 7-13 [p. 248]. 
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for transcription of CRE containing genes (Carlezon Jr, Duman, & Nestler, 2005; Ilouz et al., 

2017). However, existing signalling dogma for the cAMP signalling pathway has been 

challenged at a plethora of different points through the signalling cascade. A study using 

HEK293 as a cell model identified that a pool of nuclear PKA holoenzyme was responsible for 

cAMP driven PKA signalling (Sample et al., 2012). Moreover, CRE transcription is a complex 

highly regulated and integrative process. CREB can be phosphorylated at site Ser133 by PKA 

(cAMP), RSKs (ERK), PKC (PLC-DAG), Ca2+ (Ca2+ transient) and CaMKIV (Carlezon Jr et al., 

2005; Mayr, Canettieri, & Montminy, 2001; Saura Carlos & Valero, 2011). Additionally 

phosphorylation of Ser142 by CAMKII proceeds to inhibit transcription and phosphorylation of 

Ser129 by GSK-3 (which can only occur when phosphorylated at Ser133) enhances transcription 

by ~70% (Carlezon Jr et al., 2005). However, CREB phosphorylation is not sufficient to allow 

transcription, with CBP (CREB binding protein), CREM (cAMP response element modulator), 

CREB coactivators (CRTCs) and ICER (inducible cAMP early repressor) also regulating 

transcription (Carlezon Jr et al., 2005; Saura Carlos & Valero, 2011). Of particular importance 

are nuclear Ca2+ transients and nuclear CaMKIV activity that together are required for the 

phosphorylated CREB133 + CBP + RNA polymerase transcription complex to begin 

transcription. Moreover, the concept of CRE transcription being reliant on nuclear Ca2+ transients 

has already been well established in literature (Chawla, Hardingham, Quinn, & Bading, 1998). 

Microinjection of a non-diffusible analogue of BAPTA (1,2-bis (2-aminophenoxy) ethane-

N,N,N9,N9-tetra-acetic acid) that was linked to a 70kD dextran demonstrated inhibition of 

potassium chloride induced CRE transcription without affecting phosphorylation of CREB at 

Ser133 (Chawla et al., 1998). The nuclear Ca2+-CaMKIV-CREB/CBP cascade forms a critical 

transcriptional regulation response for synaptic activity regulation of gene expression. 

AMPK negatively regulates CRTC through phosphorylation which facilitates 14-3-3 binding and 

cytosolic sequestering (Burkewitz, Zhang, & Mair, 2014). CRTCs are dephosphorylated and 

rapidly translocated to the nucleus from their cytoplasmic sequestered 14-3-3 bound location in 

response to cAMP or Ca2+ signals - a response that is sufficient to activate CRE-dependent 

transcription (Saura Carlos & Valero, 2011). CREM facilitates nuclear export of CRTCs which 

disrupts the transcriptional complex and thus, CREM serves as a negative regulator of CRTC 

nuclear activity (Saura Carlos & Valero, 2011). In summary, activities from multiple signalling 

cascades converge on CREB and there is intricate regulation of CRE transcription.     

Importantly, hMC4R α-MSH stimulation not only increases intracellular cAMP levels but also 

results in increased intracellular Ca2+ levels in HEK293 cells (Kathleen G. Mountjoy et al., 
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2001). Little is known regarding the mechanism for the MC4R α-MSH stimulated Ca2+ transient 

in HEK293, but the response was CTX sensitive and thapsigargin sensitive (Kathleen G. 

Mountjoy et al., 2001). Hence, one could hypothesise that hMC4R α-MSH stimulation of CRE 

transcription requires both cAMP driven PKA phosphorylation of CREB as well as a Ca2+ 

transient to facilitate initiation of CRE transcription. Moreover, the signalling mismatch between 

stimulated AC and CRE reporter activity identified between HA-hMC4R co-expressed with 

hMRAPα and the CAM HA-hMC4Rs H76R and L250Q could be the result of no α-MSH 

stimulated phosphorylation of CREB at Ser 133 or a lack of an α-MSH stimulated Ca2+ transient.  

The molecular cascade employed by HA-hMC4R-WT following α-MSH stimulation to increase 

phosphorylation of pCREB will be functionally tested in following sections, with predicted 

signalling interactions outlined in Figure 5-8. 

 

Figure 5-8: Predicted MC4R signalling model for increasing CRE transcription. 

MC4R activity (constitutive or agonist activation) promiscuously activates both Gαs and Gαi 

heterotrimeric G-proteins, and may activate Gαq. Gαs activity augments AC activity and Gαi 

diminishes AC activity, and the summation of Gαs and Gαi determines cellular cAMP levels. cAMP 

principally activates PKA and EPAC which results in a concomitant increase in CRE reporter 

activity through alternative mechanisms (PKA-pCREB or EPAC-pERK-pCREB or EPAC-PLC-ε). 

Intracellular calcium transients generated through an unknown mechanism may involve PKA 

(likely ER and Golgi Apparatus RyR2 Ca2+ channels (B. Xiao et al., 2007b)), EPAC (likely involving 

perinuclear PLC-ε (Schmidt et al., 2001)) or Gαq activity (ER IP3 receptors) and is likely to 

regulate CRE reporter activity. Ca2+ regulation of pAMPK and pAkt may modulate CRE reporter 

activity and Gβγ activation of PI3K may positively modulate pAkt, pERK and pCREB activity.  

 

5.3.1 No discernible α-MSH stimulated coupling of HA-hMC4R-WT to CREB 
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Peak phosphorylation of CREB has typically been reported within 2.5–5-minutes post ligand 

stimulation within a number of different cells lines (Mayr et al., 2001; Nashat & Langer, 2003). 

However, limited reports were found in literature where GPCR ligand stimulated 

phosphorylation at Ser 133 of CREB was assessed within HEK293 cells through western 

blotting. Interestingly, a report by Mayr et al. (2001) suggested HEK293 may have high 

constitutive phosphorylation of CREB at Ser 133, which may explain the low application of 

HEK293 in literature to measure stimulated activity of CREB. There are limited published 

reports of MCR modulation of pCREB activity (Summarised in Table 5-1). 

Table 5-1: Outline of published data for MCR modulation of pCREB activity. 
 

Authors Glas et al. Caruso et al. Sutton et al. 

Date 2016 2010 2005 

Cell line mHypoE-42 neurons 
Rat hypothalamic 

neurons 
Rat NTS 

Antibody 
pCREB133 (Cell 

signalling) 
EMSA using CRE 

probe to bind CREB 
pCREB 133 (Cell 

signalling) 

Cascade AC-cAMP-EPAC α-MSH – CREB-CRE 
α-MSH – ERK½ 

CREB 

Dose  

(time range) 

1μM α-MSH 

(2.5,5,10,20,30 min) 

1-hour stimulation with 

α-MSH 

MT-II 0.05nmol 

↑pCREB (45 min 

stimulation, then 

sacrifice) 

Serum deprived 
Serum deprived 24-

hours 
? - 

Mechanism 
AC-cAMP-EPAC-

pCREB 
↑CREB binding to CRE 

MC4R = expressed in 

dorsal NTS, RP-

cAMPs blocked 50% 

of ERK½ 
(Caruso et al., 2010; Chai et al., 2009; Chai et al., 2010; Damm, Buech, Gudermann, & Breit, 2012; Glas, Mückter, Gudermann, & Breit, 2016; Molden et al., 2015; 

Perino et al., 2014; Ramírez et al., 2015; Sutton, Duos, Patterson, & Berthoud, 2005) 

Stimulation of mHypoA-2/10-CRE cells (likely expressing endogenous mMC4R) with α-MSH 

resulted in peak phosphorylation of CREB at Ser 133 at 5-10-minutes post stimulation (Refer to 

Table 5-1) (Glas et al., 2016). To this end, numerous attempts were made to validate HA-

hMC4R-WT α-MSH stimulated phosphorylation at Ser 133 of CREB (abbreviated to pCREB 

henceforth) in HEK293 through measuring pCREB levels relative to total CREB. Initial 

experiments sought to compare forskolin stimulated pCREB activity to HA-hMC4R-WT α-MSH 

stimulated pCREB activity to validate the currently presumed dogma for MC4R signalling. 

Forskolin driven maximal activation of AC is well recognised for cAMP-PKA-pCREB signal 

transduction (Delghandi, Johannessen, & Moens, 2005; Drozdov et al., 2011; D. C. Jones & 
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Kuhar, 2006), and thus, serves as an ideal model to compare to HA-hMC4R-WT α-MSH 

stimulated pCREB activity in HEK293 cells.  

Surprisingly, no discernible forskolin stimulated or HA-hMC4R-WT α-MSH stimulated pCREB 

activity was obtained in HEK293 following either a 10-minute and 30-minute stimulation (Refer 

to Figure 5-9). pCREB activity appeared variable within triplicate wells in both 10-minute and 

30-minute stimulation assays (Refer to Figure 5-9). Using the same HEK293 lysates, pERK½ 

activity was measured to confirm functional forskolin and HA-hMC4R-WT α-MSH stimulation 

responses (Refer to Figure 5-10). 
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Figure 5-9: No apparent Forskolin or α-MSH stimulated pCREB activity in HEK293 +/- HA-

hMC4R-WT + pcDNA3.1 or pcDNA3.1 alone as measured through SDS-PAGE and pCREB and 

total CREB immunoblotting. 26 

  

                                                 
26 HEK293 cells were serum starved for 2-hours before spiking wells with either vehicle (DMSO or DMEM + 

BSA for Forskolin or α-MSH respectively) or 5μM of Forskolin or 10-7M of α-MSH. Cells were stimulated at 

37°C for either 10-minutes or 30-minutes before lysis. Paired Student’s t-tests were performed between relevant 

comparisons, but no significance was found. Data representative of two independent assays.   
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Figure 5-10: Clear Forskolin and α-MSH stimulated pERK½ activity in HEK293 +/- HA-hMC4R-

WT + pcDNA3.1 or pcDNA3.1 alone, as measured through SDS-PAGE and pERK½ and total 

ERK½ immunoblotting. 27 

Despite the aberrant pCREB activity, pERK½ activity appeared normal, with 5μM forskolin and 

10-7M α-MSH significantly stimulating pERK½ activity in HA-hMC4R-WT transfected 

HEK293 (Refer to Figure 5-10). Only 5μM forskolin significantly stimulated pERK½ in 

untransfected HEK293 (Refer to Figure 5-10). To test if the length of serum starvation before 

stimulation could be the reason for aberrant pCREB activity, HEK293 stimulated pCREB and 

pERK½ activity was measured in the presence and absence of RP-cAMPs following different 

serum starvation intervals (Refer to Figure 5-11).  

 

Figure 5-11: No apparent α-MSH stimulated transient pCREB activity in HEK293 for HA-

hMC4R-WT measured through SDS-PAGE and pCREB and total CREB immunoblotting. 28 

                                                 
27 HEK293 cells were serum starved for 2-hours before spiking wells with either vehicle (DMSO or DMEM + 

BSA for Forskolin or α-MSH respectively) or 5μM of Forskolin or 10-7M of α-MSH. Cells were stimulated at 

37°C for either 10-minutes or 30-minutes before lysis. One-Way ANOVA with Dunnet’s post-hoc test was 

performed; p < 0.05 was considered significant. Data representative of two independent assays. 

 
28 HEK293 cells transfected with HA-hMC4R-WT were serum starved in DMEM + 0.1% BSA for indicated times 

and then pre-treated through spiking with 50μM RP-cAMPs or DMSO control and incubated for 10-minutes at 

37°C. Wells were then spiked with either vehicle or 10-6M α-MSH and stimulated at 37°C for 10-minutes before 
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RP-cAMPs is a selective blocker of PKA activity and is typically used at 50-100μM (D. C. Jones 

& Kuhar, 2006; Pratt, Salyer, Guerra, & Hockerman, 2016; Z. Yang & Tao, 2016). The length of 

serum starvation before forskolin stimulation or HA-hMC4R-WT α-MSH stimulation did not 

appear to effect the lack of stimulated pCREB activity in HEK293 (Refer to Figure 5-11 and 

Figure 5-13). The length of serum starvation before forskolin stimulation or HA-hMC4R-WT α-

MSH stimulation did appear to effect stimulated pERK½ activity - with only 2-hour and 6-hour 

starvation lengths reaching significantly increased pERK½ activity (Refer to Figure 5-12 and 

Figure 5-14).   

 
Figure 5-12: Trend for a minor increase in HA-hMC4R-WT α-MSH stimulated transient pERK½ 

activity in HEK293 following RP-cAMPs pre-incubation - measured through SDS-PAGE and 

pERK½ and total ERK½ immunoblotting. 29 

                                                 
lysis. One-Way ANOVA with Tukey’s post-hoc test was performed within individual assays to determine 

significant differences within each assay. A p-value < 0.05 was considered significant. Data represents mean +/- 

SEM for only a single experiment. 

 
29 HEK293 cells transfected with HA-hMC4R-WT were serum starved in DMEM + 0.1% BSA for indicated 

times, and then pre-treated through spiking with 50μM RP-cAMPs or DMSO control and incubated for 10-minutes 

at 37°C. Wells were then spiked with either vehicle or 10-6M α-MSH and stimulated at 37°C for 10-minutes before 

lysis. One-Way ANOVA with Tukey’s post-hoc test was performed within individual assays to determine 
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RP-cAMPs treatment had no consistent effect on background pCREB activity within HEK293 

serum starved for 2-hours, 4-hours, 6-hours, or overnight (Refer to Figure 5-11 and Figure 

5-13).  

 
Figure 5-13: No apparent forskolin stimulated transient pCREB activity in HEK293 measured 

through SDS-PAGE and pCREB and total CREB immunoblotting. 30 

 

RP-cAMPs treatment had no apparent effect on the lack of stimulated pCREB activity in 

HEK293 for forskolin or HA-hMC4R-WT α-MSH stimulation (Refer to Figure 5-11 and Figure 

5-13). RP-cAMPs treatment trended towards increasing HA-hMC4R-WT α-MSH stimulated 

                                                 
significant differences within each assay. A p-value < 0.05 was considered significant. Data represents mean +/- 

SEM for only a single experiment. 
30 HEK293 cells were serum starved in DMEM + 0.1% BSA for indicated times and then pre-treated through 

spiking with 50μM RP-cAMPs or DMSO control and incubated for 10-minutes at 37°C. Wells were then spiked 

with either vehicle or 5μM Forskolin and stimulated at 37°C for 10-minutes before lysis. One-Way ANOVA with 

Tukey’s post-hoc test was performed within individual assays to determine significant differences within each 

assay. A p-value < 0.05 was considered significant. Data represents mean +/- SEM for only a single experiment. 
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pERK½ activity, and reached significance within HEK293 serum starved for 4-hours (Refer to 

Figure 5-12). Forskolin stimulated pERK½ activity was more variably affected by RP-cAMPs, 

with both a significant increase (4-hour starve) and reduction (6-hour starve) seen (Refer to 

Figure 5-14). To confirm that MC4R α-MSH stimulation does not increase phosphorylation of 

CREB, pCREB activity was also assessed in GT1-7 cells. 

 

Figure 5-14: No consistent effect on Forskolin stimulated transient pERK½ activity in HEK293 

following RP-cAMPs pre-incubation - measured through SDS-PAGE and pERK½ and total ERK½ 

immunoblotting. 31 

 

No clear α-MSH stimulated pCREB activity or pERK½ activity was observed for untransfected 

GT1-7 cells, and there was an apparent effect of a media change on pCREB activity (Refer to 

                                                 
31 HEK293 cells were serum starved in DMEM + 0.1% BSA for indicated times and then pre-treated through 

spiking with 50μM RP-cAMPs or DMSO control and incubated for 10-minutes at 37°C. Wells were then spiked 

with either vehicle or 5μM Forskolin and stimulated at 37°C for 10-minutes before lysis. One-Way ANOVA with 

Tukey’s post-hoc test was performed within individual assays to determine significant differences within each 

assay. A p-value < 0.05 was considered significant. Data represents mean +/- SEM for only a single experiment. 
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Figure 5-15 A). HA-hMC4R-WT transfected GT1-7 cells trended towards a reduction in 

pCREB activity with α-MSH stimulation and presented significantly increased α-MSH 

stimulated pERK½ activity (Refer to Figure 5-15 B). Thus, confirming that HA-hMC4R-WT α-

MSH stimulation robustly increases pERK½ activity, but not pCREB activity, within GT1-7 

cells. Cellular disruption through incubation with either growth medium (Refer to Figure 5-15 

A) or stimulation medium (Refer to Figure 5-15 B) appeared to stimulate cellular pCREB 

activity. 

 

Figure 5-15: No apparent α-MSH stimulated pCREB activity in A) GT1-7 cells for endogenous 

mMC4R or B) GT1-7 cells transfected with HA-hMC4R-WT measured through SDS-PAGE and 

pCREB and total CREB immunoblotting. 32 

                                                 
32 A) Untransfected GT1-7 cells were serum starved overnight (~12hours) to induce mMC4R expression and either 

incubated with DMEM + FCS + P/S (media change) or DMEM + 0.1% BSA for 2-hours at 37°C. Wells incubated 

with DMEM + 0.1% BSA were then either spiked with vehicle or 10-6M α-MSH and stimulated at 37°C for 5-

minutes before lysis. B) HA-hMC4R-WT transfected GT1-7 cells were either left undisturbed in growth medium 
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5.4 Evaluating phosphorylation of Akt and AMPK 

Akt forms a key component of the PI3K /Akt/mTOR signalling cascade which has a fundamental 

role in regulation of cell metabolism, proliferation, differentiation and apoptosis (P. S. Ward & 

Thompson, 2012; Yu & Cui, 2016). In mammals, three genes give rise to three isoforms of Akt 

(Akt1-3) which share similar structural features including a PH domain required for interaction 

with membrane bound PIP2 and PIP3, a catalytic domain with similarity to PKC and PKA 

catalytic domains, and a C-terminal domain with activity regulatory motifs (P. S. Ward & 

Thompson, 2012; Yu & Cui, 2016). For activation of Akt, activated PI3K mediates conversion of 

PIP2 to PIP3. PIP3 facilitates Akt recruitment to the cell surface where activated 

phosphoinositide-dependent kinase-1 (PDK1) can phosphorylate and activate ATK (P. S. Ward 

& Thompson, 2012; Yu & Cui, 2016). Akt phosphorylation of Thr308 yields partial activity and 

phosphorylation at both Thr308 and Ser473 is required for full activity (P. S. Ward & 

Thompson, 2012; Yu & Cui, 2016). Additionally, there are reports of Akt phosphorylation of 

Thr308 by PKA as well as Ca2+/calmodulin-dependent kinase (CaMK) (Filippa, Sable, Filloux, 

Hemmings, & Van Obberghen, 1999; Pérez-García et al., 2004). As such, Akt activity can be 

positively regulated by PI3K activity, as well as potentially cAMP activity through PKA activity 

and intercellular Ca2+ transients through CaMK activity. Of particular importance, 

phosphorylated Akt can phosphorylate CREB, and as such there is scope for pAkt activity to 

regulate CRE reporter activity (Caravatta et al., 2008; Du & Montminy, 1998).  

AMPK has a critical role in regulation of ATP production through sensing relative increases in 

intracellular adenosine monophosphate (AMP) levels, and subsequently facilitates catabolic 

signalling to increase the generation of ATP through glucose and lipid metabolism (Mihaylova & 

Shaw, 2011; Niederberger, King, Russe, & Geisslinger, 2015). AMPK is a heterotrimer 

consisting of a catalytic subunit (α) and two regulatory subunits (β and γ) (Mihaylova & Shaw, 

2011; Niederberger et al., 2015). Phosphorylation of Thr172 is required for AMPK activation 

and is typically mediated by either liver kinase B1 (LKB1) or Ca2+/calmodulin-dependent 

protein kinase kinase 2 (CaMKK2) (Mihaylova & Shaw, 2011; Niederberger et al., 2015). As 

such, AMPK activity can be positively regulated by intercellular Ca2+ transients through 

                                                 
or either incubated in DMEM + FCS + P/S (media change) or DMEM + 0.1% BSA for 2-hours at 37°C. Wells 

incubated with DMEM + 0.1% BSA were then either spiked with vehicle or 10-6M α-MSH and stimulated at 37°C 

for 5-minutes before lysis. One-Way ANOVA with Tukey’s post-hoc test was performed to check for significant 

effects between treatments and p-values are displayed where deemed necessary. A p-value < 0.05 was considered 

significant. Data represents mean +/- SEM for only a single experiment. 
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CaMKK2 activity. CaMKK2 activity is of interest given a direct role in enhancement of CaMKI 

and CaMKIV activities, with CaMKIV residing primarily within the nucleus to regulate CRE 

activity (K. A. Anderson et al., 1998). 
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There are limited published reports of MCR modulation of pAkt and pAMPK activity (Summarised in Table 5-2).  

Table 5-2: Outline of published data for MCR modulation of pAkt and pAMPK activity. 
 

Authors Date Cell line Antibody Cascade Dose (time range) Serum deprived Mechanism 

Perino 

et al. 
2015 GT1-7 

pAkt437 
(Cell signalling) 

PI3Kβ and γ 

pAkt 437 
1μM α-MSH Serum deprived 

↑pAkt; Gαi mediated, 

decreases PDE3b activity to 

increase cAMP 

Chai 

et al. 
2009 

HEK293 

and GT1-1 
pAkt308 

(Cell signalling) 

NDP-α-MSH 

inhibited insulin 

stimulated pAkt 

20 min Insulin/NDP-

α-MSH 

Serum deprived 

O/N 
↓pAkt 

Ramirez 

et al. 
2015 Astrocytes 

pAkt308 
(Cell signalling) 

PI3K-pAkt 
30 min NDP-α-MSH 

10-9M – 10-6M 
- 

↓pAkt, Astrocytes express 

MC4R only 
        

Damm 

et al. 
2012 GT1-7 

pAMPK172 
(Cell signalling) 

PKA indirect 
1μM α-MSH 

(0,2,5,10 min) 

Serum deprived 

20-hours 

↓pAMPK; PKA-› ERK½∕ 

LKB1-› pAMPK 

Chai 

et al. 
2010 GT1-1 

pAMPK172 
 (Cell 

signalling) 
? 

0.1μM α-MSH,  

20 min 

Serum deprived 

O/N 
NDP-α-MSH ↓pAMPK 

Molden 

et al. 
2015 

mHypoE-42 

neurons 

pAMPK172 
 (Cell 

signalling) 
? 

200nM α-MSH for 

30 min 

Serum deprived 

3-hours 

↓pAMPK; Signal dependent 

on α-MSH- washout restored 

levels 
(Caruso et al., 2010; Chai et al., 2009; Chai et al., 2010; Damm et al., 2012; Glas et al., 2016; Molden et al., 2015; Perino et al., 2014; Ramírez et al., 2015; Sutton et al., 2005) 

Importantly, PI3K, Src and Akt have been implicated with a role in NDP-α-MSH stimulated brain derived neurotrophic factor expression from MC4R 

expressing rat astrocytes (Refer to Table 5-2) (Ramírez et al., 2015). NDP-α-MSH stimulated pERK½ activity was sensitive to both PI3K and Src 

inhibition. Additionally NDP-α-MSH stimulation of rat astrocytes dose dependently inhibited pAkt activity (Refer to Table 5-2) (Ramírez et al., 2015). 

Similarly, a dose dependent reduction in pAMPK activity has also been implicated downstream of MC4R α-MSH stimulated pERK½ activity in 

mHypoE-42 immortalised hypothalamic cells (Refer to Table 5-2) (Molden et al., 2015). To this end, regulation of pAkt and pAMPK activity by HA-

hMC4R-WT α-MSH stimulation was assessed in HEK293 to confirm regulation by MC4R signalling.

1
7
1
 

 



 

  174 

 

7
4 
 

5.4.1 No discernible α-MSH stimulated coupling of HA-hMC4R-WT to pAkt or 

pAMPK cascades 

In order to further characterise the HA-hMC4R-WT α-MSH stimulated signalling cascade, both 

pAkt and pAMPK activity was measured along with pCREB and pERK½ activity in HEK293 

cells (Refer to Figure 5-16).  

 

Figure 5-16: No apparent α-MSH stimulated pCREB or pAMPK or pAkt activity in HEK293 for 

HA-hMC4R-WT measured through SDS-PAGE and pCREB133, pAMPK172, pAkt308 and 

pERK½, as well as CREB, AMPKα, Akt and ERK½ immunoblotting. 33  

                                                 
33 HEK293 cells transfected with HA-hMC4R-WT were serum starved for 2-hours with DMEM + 0.1% BSA 

before spiking with either vehicle or 10-6M α-MSH and were stimulated at 37°C for 5, 10, 15, 30, 60 or 180 -

minutes before lysis and SDS-PAGE analysis. Data represents one experiment. 
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No transient or sustained changes were observed for pCREB133 or pAMPK172 or pAkt308 

activity following α-MSH stimulation of HA-hMC4R-WT in HEK293 (Refer to Figure 5-16). 

Apparent increases in both transient and sustained pERK½ was observed for α-MSH stimulation 

of HA-hMC4R-WT in HEK293 (Refer to Figure 5-16), confirming previously observed pERK½ 

responses (Refer to Figure 4-14 and Figure 4-15). 

Likely, incubation of HEK293 cells with DMEM + 0.1% BSA for prolonged periods trigger 

serum starvation driven increases in cellular pERK½ and pCREB activity. Hence, it was 

hypothesised that measuring HA-hMC4R-WT α-MSH stimulation in HEK293 without any 

preceding serum starvation may be a more sensitive method for measuring α-MSH stimulated 

cell signalling responses. To test this HEK293 cells transfected with HA-hMC4R-WT were 

either left in growth medium undisturbed or incubated with DMEM + 0.1% BSA with or without 

10-6M α-MSH, and stimulated at 37°C for 5-minutes before lysis. Lysates prepared from three 

independent experiments were then screened for transient pCREB, pERK½, pAkt and pAMPK 

activity (Refer to Appendix: Figure 7-16 [p. 250] and Figure 7-17 [p. 251]). No apparent HA-

hMC4R-WT α-MSH stimulation effect was observed within any cascade other than stimulated 

pERK½ activity (Refer to Appendix: Figure 7-16 [p. 250] and Figure 7-17 [p. 251]). To allow 

integration of the data, the pCREB, pERK½, pAkt and pAMPK activity within each western blot 

assay was normalised to vehicle response on the blot, and the normalised data from the three 

independent experiments was then pooled (Refer to Figure 5-17). Cellular disruption through 

changing media from growth media to DMEM + 0.1% BSA significantly increased cellular pAkt 

and pAMPK activity (pERK½ activity was near significant; p-value was 0.0556) and 

significantly reduced pCREB activity (Refer to Figure 5-17). HA-hMC4R-WT α-MSH 

stimulation appeared to increase both pAkt and pAMPK activity relative to vehicle treatment, 

but these effects were not statistically significant (p=0.2298 and p=0.0975 respectively) (Refer to 

Figure 5-17). HA-hMC4R-WT α-MSH stimulation significantly increased pERK½ activity 

relative to vehicle treatment (Refer to Figure 5-17), confirming previously observed transient 

pERK½ responses (Refer to Figure 4-14, Figure 4-15, Figure 5-3, Figure 5-4 and Figure 

5-12).  

With reports of pulsatile versus prolonged ligand exposure generating distinct signalling 

responses, and pulsatile ACTH secretion from the anterior pituitary gland, it was hypothesised 

that a more pulsatile application of α-MSH may improve detection of HA-hMC4R-WT α-MSH 

stimulated pCREB activity (Alvarez-Curto et al., 2016; O. Wang & Majzoub, 2011).  
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Figure 5-17: No apparent HA-hMC4R-WT α-MSH stimulated pCREB, pAkt or pAMPK activity in 

HEK293 measured through SDS-PAGE and pCREB133, pAkt308, pAMPK172 or pERK½ and 

total CREB, Akt, AMPK or ERK½ immunoblotting. 34 

                                                 
34 A - D) HEK293 cells transfected with HA-hMC4R-WT were either left in growth medium (DMEM + NCS + 

P/S) or incubated with DMEM + 0.1% BSA + either vehicle or 10-6M α-MSH, and stimulated at 37°C for 5-

minutes before lysis. Paired Student’s t-tests were performed within individual assays to determine significant 

differences within each assay (Refer to Appendix: Figure 7-16 [p. 250] and Figure 7-17 [p. 251]). Data was then 

normalised to mean vehicle response within each assay before pooling three independent assays and performing a 

One-Way ANOVA with Tukey’s post-hoc test. A p-value < 0.05 was considered significant. 



 

  177 

 

7
7 
 

HEK293 transfected with HA-hMC4R-WT were repetitively incubated with transient application 

of α-MSH for 5-minutes repeated four times, with each transient stimulation being separated by 

a 5-minute washout period, and cells were lysed on ice following the final 5-minute α-MSH 

stimulation (Refer to Figure 5-18).  

 

Figure 5-18: Repeated transient application of α-MSH did not result in stimulation of pCREB, 

pAkt or pAMPK activity, but did robustly stimulate pERK½ activity. 35 

 

Following this methodology, transient α-MSH stimulation of HA-hMC4R-WT significantly 

increased only pERK½ activity (Refer to Figure 5-18). Strangely, this methodology induced 

degradation of total CREB, and as such, did not aid detection of HA-hMC4R-WT α-MSH 

stimulated pCREB (Refer to Figure 5-18).  

                                                 
 
35 HEK293 transfected with HA-hMC4R-WT were either left in growth medium or serum starved for 2-hours 

before repeat 5-minute transient α-MSH stimulation at 37°C followed by 5-minute incubation in DMEM + 0.1% 

BSA at 37°C for washout and then repeated three more times. Following the fourth α-MSH 5-minute transient 

stimulation HEK293 were placed on ice and lysed. Following SDS-PAGE separation and transfer blots were 

analysed through pCREB133, pAMPK172, pAkt308 and pERK½, as well as CREB, AMPKα, Akt and ERK½ 

immunoblotting. 
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In summary, α-MSH stimulation of HA-hMC4R-WT does not increase pCREB activity within 

HEK293 cells or within the more physiologically relevant mouse GT1-7 hypothalamic neuronal 

cell line. No apparent α-MSH stimulated effects on HA-hMC4R-WT coupling to pAMPK or 

pAkt were apparent, which suggested that these cascades are not typically involved in MC4R 

signal transduction within HEK293. Cellular disruption through media changes and serum 

starvation likely induce complicated signalling responses, which likely either nullify or 

synchronise with desired ligand stimulated responses.  

5.5 Evaluating constitutive phosphorylation of CREB, Akt and AMPK 

hMC4R α-MSH stimulation of CRE transcription was hypothesised to require cAMP driven 

PKA phosphorylation of CREB, but this hypothesis was disproven for HA-hMC4R-WT within 

both HEK293 and GT1-7 cells (Outlined in Section 5.3.1). Given that HA-hMC4R co-

expression with hMRAPα as well as the CAM HA-hMC4Rs H76R and L250Q likely stabilise 

unique conformations from HA-hMC4R-WT, it was hypothesised that the obesogenic signalling 

signature may present increased constitutive pCREB activity which could explain the signalling 

signature observed in Chapter 4. Moreover, the mechanism for this increase in constitutive 

pCREB activity originates from a signalling cascade not employed by HA-hMC4R-WT α-MSH 

stimulation. 

5.5.1 No apparent increase in constitutive activity pCREB activity 

To confirm these hypotheses, constitutive pCREB, pAkt and pAMPK activity for the HA-

hMC4R co-expressed with hMRAPα, as well as the CAM HA-hMC4Rs H76R and L250Q was 

compared with HA-hMC4R-WT. A lack of constitutive pERK½ activity for HA-hMC4R co-

expressed with hMRAPα as well as CAM HA-hMC4Rs H76R and L250Q relative to HA-

hMC4R-WT had previously been validated (Outlined in Section 4.2.8), and hence, would serve 

as a control comparison for constitutive activity. With indication that serum starvation and media 

changes alone may increase background cellular responses (Refer to Figure 5-16), which may 

mask constitutive activity, a new methodology was employed to measure constitutive pCREB, 

pERK½, pAkt and pAMPK activity. Transfected HEK293 were grown to confluency (48-hours 

post-transfection), and lysed on ice - reasoning that true constitutive activity within a cascade 

should be significantly greater than cellular background activity (despite the presence of serum).  

No significantly increased constitutive pCREB activity was observed for HA-hMC4R co-

expressed with hMRAPα nor the CAM HA-hMC4Rs H76R and L250Q (Refer to Figure 5-19).  
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Figure 5-19: No apparent constitutive pCREB activity in HEK293 for HA-hMC4R co-transfected 

with hMRAPα or CAM HA-hMC4Rs H76R and L250Q, as measured through SDS-PAGE and 

pCREB and total CREB immunoblotting. 36  

Similarly, constitutive pCREB activity for HA-hMC4R mutants H158R, I251L and D90N was 

not significantly different to HA-hMC4R-WT. Although subtle, there was significantly increased 

constitutive pERK½ activity for HA-hMC4R co-expressed with hMRAPα relative to HA-

hMC4R-WT within this assay methodology (Refer to Figure 5-20). 

                                                 
36 A and B) HEK293 cells co-transfected with either HA-hMC4R-WT and pcDNA3.1 or hMRAPα or selected 

HA-hMC4R mutants co-transfected with pcDNA3.1 were grown to confluency (~48-hours post-transfection), and 

then lysed on ice. Paired student t-tests were performed within individual assays to determine significant 

differences within each assay (Refer to Appendix: Figure 7-18 [p. 252] for t-test results). Data was then 

normalised to mean HA-hMC4R-WT activity within each assay before pooling three independent assays and 

performing a One-Way ANOVA with Tukey’s post-hoc test. A p-value < 0.05 was considered significant. 
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Figure 5-20: Apparent constitutive pERK½ activity in HEK293 for HA-hMC4R co-transfected with 

hMRAPα as measured through SDS-PAGE and pERK½ and total ERK½ immunoblotting. 37 

 

Constitutive pERK½ activity for HA-hMC4R mutants H76R, H158R, L250Q, I251L and D90N 

was not significantly different to HA-hMC4R-WT (Refer to Figure 5-20). However, constitutive 

pERK½ activity for HA-hMC4R co-expressed with hMRAPα was not significantly increased 

relative to HEK293 transfected with pcDNA3.1 alone, which puts into question the significance 

of the increase. Constitutive pAkt and pAMPK activity was not different within two independent 

experiments for HA-hMC4R co-expressed with hMRAPα, as well as HA-hMC4R mutants 

H76R, H158R, L250Q, I251L and D90N relative to HA-hMC4R-WT (Refer to Figure 5-21).  

                                                 
37 A and B) HEK293 cells co-transfected with either HA-hMC4R-WT and pcDNA3.1 or hMRAPα or selected 

HA-hMC4R mutants co-transfected with pcDNA3.1 were grown to confluency (~48-hours post-transfection), and 

then lysed on ice. Paired student t-tests were performed within individual assays to determine significant 

differences within each assay (Refer to Appendix: Figure 7-19 [p.254]  for t-test results). Data was then 

normalised to mean HA-hMC4R-WT activity within each assay before pooling three independent assays and 

performing a One-Way ANOVA with Tukey’s post-hoc test. A p-value < 0.05 was considered significant. 
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Figure 5-21: No apparent constitutive pAkt or pAMPK activity in HEK293 for HA-hMC4R co-

transfected with hMRAPα or CAM HA-hMC4Rs H76R and L250Q as measured through SDS-

PAGE and pAkt, pAMPK and total Akt and AMPK immunoblotting. 38 

                                                 
38 A - D) HEK293 cells co-transfected with either HA-hMC4R-WT and pcDNA3.1 or hMRAPα or selected HA-

hMC4R mutants co-transfected with pcDNA3.1 were grown to confluency (~48-hours post-transfection) and then 

lysed on ice. Paired student t-tests were performed within individual assays to determine significant differences 

within each assay. A p-value < 0.05 was considered significant and p-values are only displayed where deemed 

necessary. 
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5.6 Evaluating the requirement for coupling to EPAC   

Given clear stimulation of cAMP, pERK½ and CRE reporter activity of HA-hMC4R-WT 

following α-MSH stimulation (Refer to Figure 5-2, Figure 5-3, Figure 5-4 and Figure 4-1 

respectively), the signalling cascade linking cAMP to CRE reporter activity may involve 

pERK½ activity. A recent report by Glas et al. (2016) suggested that MC4R α-MSH stimulated 

CRE reporter activity was in fact dependent on EPAC regulated phosphorylation of pERK½. 

5.6.1 EPAC activity is required for HA-hMC4R-WT α-MSH coupling to CRE 

reporter activity  

To test the requirement for cAMP driven EPAC activity, a selective inhibitor of EPAC activity, 

ESI-09, was used to evaluate the contribution of EPAC to HA-hMC4R-WT α-MSH stimulated 

activity within the CRE reporter assay (Refer to Figure 5-22).  

 

Figure 5-22: ESI-09 reduces HA-hMC4R-WT α-MSH stimulated coupling to the CRE reporter. 39   

All four concentrations tested appeared to reduce HA-hMC4R-WT α-MSH stimulated coupling 

to the CRE reporter (Refer to Figure 5-22) - reproducing findings by Glas et al. (2016). To 

evaluate the effect of EPAC inhibition on α-MSH stimulated activity within the CRE reporter 

assay, HA-hMC4R-WT was compared with the CAM HA-hMC4R-H76R (Refer to Figure 5-23 

A). ESI-09 incubation significantly reduced HA-hMC4R-WT α-MSH stimulated maximal 

coupling to the CRE reporter (p value = 0.0157, Refer to Figure 5-23 and Appendix: Table 

7-16 [p.254]). ESI-09 incubation appeared to reduce constitutive CRE reporter activity for the 

                                                 
39 A and B) A titration of ESI-09 inhibition of HA-hMC4R-WT α-MSH stimulated CRE reporter activity was 

performed in HEK293. HEK293 transiently transfected with HA-hMC4R-WT were preincubated for 30-minutes 

at 37°C with either 10μM-50μM ESI-09 or DMSO control dilution. Wells where then spiked with α-MSH and 

stimulated for 6-hours at 37°C before cellular lysis and quantifying Beta-Galactosidase activity. For clarity, data 

was split between two figures, A) treatment with either 10μM or 20μM ESI-09 or DMSO control dilution, B) 

treatment with either 35μM or 50μM ESI-09 or DMSO control dilution. 
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CAM HA-hMC4R-H76R, but this effect was variable between assays and did not reach 

significance (Refer to Figure 5-23 A). 

 

Figure 5-23: EPAC inhibitor ESI-09 significantly reduced HA-hMC4R-WT α-MSH coupling to the 

CRE reporter gene, but did not significantly reduce constitutive CRE coupling 40 

Moreover, constitutive activity in the presence and absence of ESI-09 was compared for HA-

hMC4R co-expressed with hMRAPα and CAM HA-hMC4Rs relative to HA-hMC4R-WT (Refer 

to Figure 5-23 B). ESI-09 incubation did not significantly reduce constitutive CRE reporter 

activity for any comparison, however, CAM HA-hMC4R-H76R and HA-hMC4R co-expressed 

with hMRAPα trended towards reduced constitutive CRE reporter activity (Refer to Figure 5-23 

B and Appendix: Table 7-17 [p.255]). ESI-09 incubation had little effect on CAM HA-hMC4Rs 

H158R and L250Q constitutive CRE reporter activity (Refer to Figure 5-23 B). There was no 

apparent effect for ESI-09 incubation on the HA-hMC4R-I251L mutant or on empty pcDNA3.1 

transfected HEK293 (Refer to Figure 5-23 B). No statistical significance was obtained for any 

                                                 
40 Effects of ESI-09 EPAC inhibitor in HEK293 on HA-hMC4R-WT triple-transfected with pcDNA3.1 or 

hMRAPα and CRE reporter plasmid and HA-hMC4R mutants triple-transfected with pcDNA3.1 and CRE reporter 

plasmid. A) 30-minute 37°C 20μM ESI-09 or DMSO control preincubation followed by spiking with α-MSH and 

stimulation for 6-hours at 37°C. Student f-test was performed on basal, EC50 and maximal best-fit values. Statistics 

listed in Appendix: Table 7-16 [p. 254]. B) 6-hour 37°C 20μM ESI-09 or DMSO control incubation. Mean +/- 

SEM data was pooled from triplicate wells of three independent experiments. One-Way ANOVA with Tukey’s 

Post-Hoc test and Paired student t-tests were performed to determine significant differences for ESI-09 vs DMSO 

control incubation. A p-value < 0.05 was considered significant. Statistics listed in Appendix: Table 7-17 

[p.255] and Table 7-18 [p. 256]. 
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comparison within the constitutive ESI-09 CRE reporter assay when performing a One-Way 

ANOVA with Tukey’s post-hoc test (Refer to Appendix: Table 7-18 [p. 256]) - likely a direct 

ramification of large variability between assays. 

5.6.2 Partial role for EPAC activity for HA-hMC4R-WT α-MSH coupling to 

transient and sustained pERK½ 

ESI-09 significantly reduced HA-hMC4R-WT α-MSH stimulated coupling to the CRE reporter - 

an effect that could be hypothesised to be the result of stimulated pERK½ activity, given no 

evidence for involvement of PKA, pCREB, pAkt or pAMPK cascades (Refer to Figure 5-11, 

Figure 5-12 and Figure 5-17). As such, HA-hMC4R-WT α-MSH stimulation robustly increases 

transient and sustained pERK½ in a manner that is likely PKA independent and more likely 

EPAC dependent. To test this hypothesis both transient and sustained HA-hMC4R-WT α-MSH 

stimulation was tested in the presence and absence of the EPAC inhibitor - ESI-09 (Refer to 

Figure 5-24). Relative to vehicle treatment, there was significant HA-hMC4R-WT α-MSH 

stimulated transient and sustained pERK½ activity (Refer to Figure 5-24). Pre-incubation with 

ESI-09 trended towards reducing HA-hMC4R-WT α-MSH stimulated pERK½ activity, but this 

effect was not consistently significant in either transient or sustained stimulations with either 

One-Way ANOVA or Paired Student’s t-tests (Refer to Figure 5-24 and Appendix: Figure 7-20 

[p. 257], respectively).
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Figure 5-24: ESI-09 EPAC inhibitor partially reduced HA-hMC4R-WT α-MSH stimulated transient and sustained pERK½ activity in HEK293.  

For three independent experiments (A, B and C), following a 30-minute 37°C 20μM ESI-09 or DMSO control preincubation, cells were spiked with α-MSH 

and stimulated for either 5-minutes or 30-minutes at 37°C. One-Way ANOVA with Tukey’s Post Hoc test was performed separately for each independent 

assay (A, B and C) to determine significant differences for ESI-09 versus DMSO control incubation. A p-value < 0.05 was considered significant.   

1
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Following normalisation to vehicle response within each assay and performing One-Way 

ANOVA with Tukey’s Post Hoc test on pooled normalised data, there was no significant effect 

of ESI-09 on HA-hMC4R-WT α-MSH stimulated 5-minute transient pERK½ response, but there 

was a significant effect on the 30-minute sustained pERK½ response (p=0.0197) (Refer to 

Figure 5-25). This may suggest that the 5-minute transient response, which could be predicted to 

originate primarily from the cell surface, was less sensitive to EPAC inhibition, whereas the 30-

minute transient response was likely EPAC mediated - at least in part.   

 

Figure 5-25: Representative blot for ESI-09 EPAC partial inhibition of HA-hMC4R-WT α-MSH 

stimulated transient and sustained pERK½ activity in HEK293. 41 

 

5.7 Evaluation of the role for HA-hMC4R endocytosis 

GPCR endocytosis serves to facilitate two important processes, receptor desensitisation 

(Reviewed in Section 1.2.5 and 1.2.6) and endosomal signalling responses. Endosomal 

signalling has received considerable attention in recent years, and strong evidence supports a role 

for temporal and spatial regulation of GPCR signalling responses (Tsvetanova & von Zastrow, 

2014; Villaseñor, Kalaidzidis, & Zerial, 2016). For example, β2-AR stimulation with 

isoprenaline generated two principal waves of cAMP, one mediated at the cell surface and one 

from early endosomes (Irannejad et al., 2013). Endocytosis of β2-AR following isopropanol 

                                                 
41 Following a 30-minute 37°C 20μM ESI-09 or DMSO control preincubation, cells were spiked with α-MSH and 

stimulated for either 5-minutes or 30-minutes at 37°C. Data was then normalised to mean HA-hMC4R-WT vehicle 

response within each assay before pooling three independent assays. One-Way ANOVA with Tukey’s post-hoc 

test was performed on the pooled data determine significant differences for ESI-09 versus DMSO control 

incubation. A p-value < 0.05 was considered significant. Data represents mean +/- SEM for three independent 

experiments. t-test statistics for independent assays are listed in Appendix: Figure 7-20 [p. 257] and Figure 5-24 

[p. 183]. 
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stimulation was identified to be required to generate the full stimulated cAMP accumulation 

response and was required for induction of CREB gene targets (Tsvetanova & von Zastrow, 

2014). In contrast, MC4R has been shown to constitutively endocytose at the same rate in the 

absence or presence of ligand in HEK293, Neuro2A (N2A), GT1-7 cells; a process sensitive to: a 

hypertonic sucrose solution (HEK293), clathrin siRNA knockdown (N2A and HEK293), 

dominant negative dynamin mutant (N2A), cholesterol deletion with Methyl-β-cyclodextrin 

(N2A, GT1-7), Beta-Arrestin ½ knockout (N2A) and AP2 siRNA knockdown (HEK293) (Z. 

Gao et al., 2003; McDaniel et al., 2012; Mohammad et al., 2007). This may suggest that MC4R 

signal transduction generated at the cell surface could be vital for normal functioning. Having 

identified a clear signalling motif for the obesogenic CAM HA-hMC4Rs H76R and L250Q as 

well as for HA-hMC4R co-expressed with hMRAPα, a key question arose regarding the relative 

contributions of cell surface versus intracellular receptor to constitutive CRE reporter activity - 

in particular. To address this question, it was hypothesised that constitutive AC activity was 

generated at both the cell surface and within signalling endosomes, however, only endosomal 

activity could contribute to CRE transcription.  

5.7.1 Dynamin activity - key requirement for constitutive cAMP activity 

To address the role of clathrin dependent endocytosis, chemical inhibition of Dynamin activity 

using Dyngo4A was employed (Villaseñor et al., 2016). Dyngo4A is a non-selective inhibitor of 

clathrin-dependent, as well as some forms of clathrin-independent endocytosis, and thus proves 

as a useful tool to assess the role of endocytosis (McCluskey et al., 2013; Preta, Cronin, & 

Sheldon, 2015). Moreover, stimulation of MC4R with NDP-α-MSH induces formation of 

punctate intracellular vesicles, which are presumed to be endosomal vesicles (Z. Gao et al., 

2003; Mohammad et al., 2007). Dyngo4A chemical inhibition of clathrin endocytosis was 

validated through blocking HA-hMC4R-WT α-MSH stimulated formation of punctate 

intracellular vesicles (Refer to  Figure 5-26). Under permeabilised conditions, HA-hMC4R-WT 

was distributed diffusely with some large dense clusters (presumed ER and golgi apparatus) 

following a 2-hour vehicle stimulation (Refer to  Figure 5-26 G).
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 Figure 5-26: Validation that 

Dyngo4A inhibits α-MSH 

stimulated endocytosis of HA-

hMC4R-WT. 

Following a 4-hour serum 

starvation, HEK293 stably 

expressing HA-hMC4R-WT or 

HEK293 (to serve as negative 

controls for Dyngo4A and FITC) 

were preincubated with 50μM 

Dyngo4A or DMSO control for 

15-minutes at 37°C under 5% 

CO2. Cells were then stimulated 

with 10-6M α-MSH or vehicle in 

the presence of 50μM Dyngo4A 

or DMSO control for 2-hours, 

and then fixed with 4% PFA, 

immunolabelled with mouse anti-

HA antibody and goat anti-

mouse FITC secondary antibody 

and nuclei stained with DAPI. 

Confocal microscope laser power 

was set to the limit of saturation 

for each non-permeabilised 

condition and the matching laser 

power setting was used for the 

corresponding permeabilised 

condition (allowing comparison 

of signal intensity between non-

perm. and perm. within a given 

condition). Zoomed-in images of 

the boxed areas are shown below 

non-permeabilised or above permeabilised confocal images.  

Data is representative of three independent experiments performed on duplicate slides. Scale bar = 30μm.  

1
8
6
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Under permeabilised conditions, HA-hMC4R-WT had distinct punctate intracellular signal 

following a 2-hour α-MSH stimulation (Refer to  Figure 5-26 H). Dyngo4A incubation appeared 

to increase the surface distribution of HA-hMC4R-WT following a 2-hour vehicle stimulation, as 

evident by faint, diffuse intracellular signal (Refer to  Figure 5-26 C and I). Dyngo4A 

incubation successfully inhibited the formation of punctate HA-hMC4R-WT signal following a 

2-hour α-MSH stimulation and prevented the loss of cell surface HA-hMC4R-WT signal (Refer 

to  Figure 5-26 D and J). No non-specific background labelling was seen for HEK293 labelled 

with primary mouse anti-HA and secondary anti-mouse FITC (Refer to  Figure 5-26 E and K). 

There was variable diffuse auto-fluorescence in HEK293 treated with Dyngo4A (Refer to  

Figure 5-26 F and L). 

As additional validation, Dyngo4A inhibition of α-MSH stimulated punctate intracellular signal 

for HEK293 stably expressing hMC4R-eGFP was also confirmed (Refer to Figure 5-27). 

 

Figure 5-27: Validation that Dyngo4A inhibits α-MSH stimulated endocytosis of hMC4R-eGFP. 42 

DMSO treated and vehicle stimulated hMC4R-eGFP presented diffuse intracellular signal with 

weak cell surface expression (Refer to Figure 5-27 A). DMSO treated and α-MSH stimulated 

hMC4R-eGFP presented clear intracellular puncta with no apparent cell surface expression 

                                                 
42 Following a 4-hour serum starvation, HEK293 stably expressing hMC4R-eGFP were preincubated with 50μM 

Dyngo4A (or DMSO control) for 15-minutes at 37°C under 5% CO2. Cells were then stimulated with 10-6M α-

MSH or vehicle in the presence of 50μM Dyngo4A or DMSO control for 2-hours, fixed in 4% PFA and nuclei 

stained with DAPI. Confocal microscope laser power was set to the limit of saturation for each condition. 

Zoomed-in images of the boxed areas are shown below the confocal images. Scale bar = 30μm. 
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(Refer to Figure 5-27 B). Dyngo4A treated and vehicle stimulated hMC4R-eGFP appeared to 

have increased cell surface distribution and sparse intracellular expression (Refer to Figure 5-27 

C). Dyngo4A treated and α-MSH stimulated hMC4R-eGFP retained strong cell surface 

expression, but there was also an indication of intracellular puncta that may suggest partial 

blocking of α-MSH driven hMC4R-eGFP endocytosis (Refer to Figure 5-27 D). 

With validation of Dyngo4A inhibition of HA-hMC4R-WT α-MSH stimulated endocytosis, the 

requirement of HA-hMC4R-WT endocytosis to elicit full α-MSH sigmoidal responses within the 

AC and CRE reporter assays was tested alongside the obesogenic CAM HA-hMC4R-H76R 

(Refer to Figure 5-28).  

 

Figure 5-28: No apparent effect of Dyngo4A on α-MSH stimulated AC activity and slight, but 

significant reduction in CRE reporter assay activity. 43 

 

Both HA-hMC4R-WT and HA-hMC4R-H76R treated with DMSO control were responsive to α-

MSH stimulation within the AC assay and Dyngo4A treatment had no apparent effect on 

stimulated activity (Refer to Figure 5-28 A). Dyngo4A treatment, however, did appear to reduce 

the constitutive coupling of the CAM HA-hMC4R-H76R to AC activity (Refer to Figure 5-28 

                                                 
43 A) Dyngo4A incubation had little effect on HA-hMC4R-WT and the CAM HA-hMC4R-H76R α-MSH 

stimulated coupling to AC, but reduced HA-hMC4R-H76R constitutive AC activity. HEK293 co-transfected with 

HA-hMC4R-WT and pcDNA3.1 and the HA-hMC4R-H76R mutant and pcDNA3.1 were equilibrated with 3H-

adenine + 50μM Dyngo4A (or DMSO control) for 2-hours at 37°C under 5% CO2 before stimulation with 

increasing concentrations of α-MSH prepared in DMEM + 0.1% BSA + 50μM Dyngo4A (or DMSO control) for 

1-hour at 37°C under 5% CO2. Cells were then lysed and percentage conversion of 3H-adenine to 3H-cAMP 

measured. Data represents mean +/- SEM for only one experiment performed with duplicate wells.  

B) Dyngo4A incubation significantly impaired HA-hMC4R-WT maximal coupling to the CRE reporter and 

significantly reduced HA-hMC4R-H76R constitutive activity. HEK293 triple-transfected with HA-hMC4R-WT, 

pcDNA3.1 and the CRE reporter, as well as HA-hMC4R-H76R mutant triple-transfected with pcDNA3.1 and the 

CRE reporter were stimulated with increasing concentrations of α-MSH prepared in DMEM + 0.1% BSA + 50μM 

Dyngo4A (or DMSO control) for 6-hours at 37°C under 5% CO2. Cells were then lysed and Beta-Galactosidase 

activity measured. Data represents mean +/- SEM for three independent experiments performed with triplicate 

wells. 
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A). Only HA-hMC4R-WT was responsive to α-MSH stimulation within the CRE reporter assay 

(Refer to Figure 5-28 B). Dyngo4A treatment significantly impaired HA-hMC4R-WT maximal 

coupling to the CRE reporter and significantly reduced HA-hMC4R-H76R constitutive activity 

within the CRE reporter assay (Refer to Figure 5-28 B). Worth noting, HA-hMC4R-H76R 

treated with Dyngo4A appeared marginally responsive to α-MSH, with α-MSH stimulation 

appearing to increase CRE reporter activity to the basal level observed under DMSO treatment 

(Refer to Figure 5-28 B).  

The significant reduction in constitutive AC and CRE reporter activity for HA-hMC4R-H76R 

following treatment with Dyngo4A suggests that the constitutive activity may be dependent on 

endocytosis. To confirm that endocytosis might be important for constitutive activity, the CAM 

HA-hMC4Rs were tested within both the AC and CRE reporter assays in the presence and 

absence of Dyngo4A (Refer to Figure 5-29).  

 

Figure 5-29: Dyngo4A inhibits constitutive AC and CRE reporter activity for CAM HA-hMC4Rs, 

but not for HA-hMC4R-WT. 44 

                                                 
44 A) HEK293 co-transfected with HA-hMC4R-WT and either pcDNA3.1 or hMRAPα as well as HA-hMC4R 

mutants co-transfected with pcDNA3.1 were equilibrated with 3H-adenine + 50μM Dyngo4A (or DMSO control) 

for 2-hours at 37°C under 5% CO2 before a 1-hour incubation in incubation with DMEM + 0.1% BSA + 50μM 

Dyngo4A (or DMSO control) for 1-hour at 37°C under 5% CO2. Cells were then lysed and percentage conversion 

of 3H-adenine to 3H-cAMP measured. Data represents mean +/- SEM for three independent experiments 

performed with duplicate wells.  

B) HEK293 triple-transfected with HA-hMC4R-WT and either pcDNA3.1 or hMRAPα and the CRE reporter as 

well as HA-hMC4R mutants triple-transfected with pcDNA3.1 and the CRE reporter were incubated with DMEM 

+ 0.1% BSA + 50μM Dyngo4A (or DMSO control) for 6-hours at 37°C under 5% CO2. Cells were then lysed and 

Beta-Galactosidase activity measured. Data represents mean +/- SEM for three independent experiments 

performed with duplicate wells. 
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Dyngo4A treatment marginally increased HA-hMC4R-WT constitutive AC and CRE reporter 

activity, and Dyngo4A treatment of HEK293 transfection with empty pcDNA3.1 control had no 

apparent effect on cellular background AC or CRE reporter activity relative to DMSO treatment 

(Refer to Figure 5-29). Dyngo4A treatment significantly reduced constitutive AC activity for 

HA-hMC4R co-expressed with hMRAPα, HA-hMC4R-H76R, HA-hMC4R-L250Q and HA-

hMC4R-V103I (Refer to Figure 5-29 A). Dyngo4A treatment did not significantly reduce HA-

hMC4R-H158R or HA-hMC4R-I251L constitutive AC activity (Refer to Figure 5-29 A). 

Dyngo4A treatment significantly reduced constitutive CRE reporter activity for HA-hMC4R co-

expressed with hMRAPα, HA-hMC4R mutants H76R, H158R, L250Q and I251L (Refer to 

Figure 5-29 B).  

To confirm that Dyngo4A treatment was preventing endocytosis of the CAMs and HA-hMC4R 

co-expressed with hMRAPα, cell surface expression was measured through two different 

approaches. Using a live-cell primary anti-HA labelling ELISA methodology, significantly 

increased cell surface expression was measured following Dyngo4A treatment relative to DMSO 

treatment for HA-hMC4R-WT, HA-hMC4R co-expressed with hMRAPα and the CAM HA-

hMC4Rs H76R and H158R (Refer to Figure 5-30 A). Cell surface expression trended towards 

being increased following Dyngo4A treatment relative to DMSO treatment for HA-hMC4R 

mutants L250Q and I251L, but did not reach significance (Refer to Figure 5-30 A). Using 

HEK293 stably transfected with either HA-hMC4R-WT, or HA-hMC4R mutants H76R, H158R, 

L250Q or I251L that were serum starved for 4-hours, a dual fluorescent antibody labelling 

methodology was employed to permit live-cell labelling of cell surface receptor (anti-HA 1° + 

FITC 2°) followed by cell permeabilisation and labelling of intracellular receptor (anti-HA 1° + 

Alexa A594 2°) (Refer to Figure 5-30 B). Clear surface expression was observed for HA-

hMC4R-WT, HA-hMC4R-H158R and HA-hMC4R-I251L following DMSO treatment (Refer to 

Figure 5-30 B). Surface expression of HA-hMC4R-H76R and HA-hMC4R-L250Q was sparsely 

observed following DMSO treatment (Refer to Figure 5-30 B). Following a 4-hour Dyngo4A 

incubation, there was a minor but apparent increase in surface expression of HA-hMC4R-WT, 

HA-hMC4R-H158R and HA-hMC4R-I251L (Refer to Figure 5-30 B). 
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Figure 5-30: Dyngo4A treatment significantly increased cell surface expression. 45 

                                                 
45 A) HEK293 co-transfected with HA-hMC4R-WT and either pcDNA3.1 or hMRAPα as well as HA-hMC4R 

mutants co-transfected with pcDNA3.1 were live labelled with mouse anti-HA primary at 4°C in DMEM + 25mM 

HEPES for 1-hour. Following washing (on ice), cells were fixed in ice cold 2% PFA and then incubated with anti-

mouse HRP secondary for 2-hours at RT before washing and incubating with BM Blue POD substrate. Following 

a 5-minute incubation at RT, POD activity was terminated through addition of sulphuric acid and absorbance 

measured. Data represents mean +/- SEM for three independent experiments performed with duplicate wells 

normalised to HA-hMC4R-WT + pcDNA3.1 + DMSO control expression.  

B) HEK293 stably expressing either HA-hMC4R-WT, HA-hMC4R-H76R, HA-hMC4R-H158R, HA-hMC4R-

L250Q or HA-hMC4R-I251L were serum starved for 4-hours in DMEM + 50μM Dyngo4A or DMSO control at 

37°C under 5% CO2. HEK293 were then placed on ice and live labelled with mouse anti-HA primary at 4°C in 

DMEM + 25mM HEPES for 1-hour. Following washing (on ice), HEK293 cells were fixed in ice cold 2% PFA 

and then incubated with anti-mouse FITC secondary in 1x PBS + 0.1% BSA for 2-hours. Following washing, 

HEK293 cells were fixed again in cold 2% PFA and permeabilised with 0.25% Triton-X-100 before incubation 

with mouse anti-HA primary prepared in 1x PBS + 0.1% BSA for 2-hours at 4°C. Following washing, HEK293 

cells were blocked for 15-minutes in 1x PBS + 0.1% BSA and incubated with anti-mouse Alexa A594 secondary 

for 2-hours. Following washing, HEK293 cells were stained with DAPI and mounted in Citifluor antifade before 

fluorescent imaging. The experiment was performed twice with similar results. Neither FITC alone nor Alexa 

A594 alone secondaries had any apparent non-specific labelling on HEK293 stably expressing HA-hMC4R-WT 

(data omitted). FITC = cell surface receptor, Alexa A594 = intracellular receptor. Scale bar = 30μm. 
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Following a 4-hour Dyngo4A incubation, there was no apparent increase in surface expression of 

CAM HA-hMC4Rs H76R and L250Q - with no apparent FITC labelling being observed. 

Intracellular expression was seen for all conditions and no apparent effects were seen for 

Dyngo4A treatment relative to DMSO treatment on intracellular expression for any of the 

conditions tested (Refer to Figure 5-30 B).  

Cell surface expression data was normalised to WT + DMSO expression to give the fold change, 

which also allowed calculation of the percentage increase in cell surface expression following 

Dyngo4A treatment (Refer to Table 5-3).  

Table 5-3: Percentage change in cell surface expression of HA-hMC4R co-expressed with 

hMRAPα and HA-hMC4R mutants relative to HA-hMC4R-WT, as measured through 

anti-HA ELISA assay.  

(Statistical comparisons were made to HA-hMC4R-WT + pcDNA3.1 + DMSO Control). 
 

 WT 
WT + 

hMRAPα 
H76R H158R L250Q I251L 

DMSO treatment 100 14.9 24.8 167.3 5.6 90.4 

Dyngo4A treatment 119.9 30.2 41.2 193.9 10.4 107.9 

Dyngo4A mediated 

percentage increase in 

surface expression 

19.9 * 102.7 * 66.5 * 15.9 * 85.6 19.4 

Dyngo4A treatment of HA-hMC4R-WT, HA-hMC4R-H158R and HA-hMC4R-I251L presented 

around a 16-20% increase in surface expression. Dyngo4A treatment of HA-hMC4R co-

expressed with hMRAPα as well as CAM HA-hMC4Rs H76R and L250Q presented around a 

66-100% increase in cell surface expression.  
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5.8 Discussion 

5.8.1 Role of coupling to Gαi in the signalling signature  

Surprisingly, all hypotheses made regarding Gαi coupling were disproved in Section 5.2.1. The 

first hypothesis was that HA-hMC4R mutants could stabilise a specific conformational state with 

diminished Gαi coupling. However, no evidence supported this hypothesis. 1) HA-hMC4R-WT 

did not present significantly increased constitutive AC or CRE reporter activity following PTX 

treatment (Refer to Figure 5-2). Thus, suggesting that HA-hMC4R-WT may not be 

constitutively coupling to the Gαi G-protein or that constitutive Gαi may not be modulating AC 

activity. 2) PTX treatment had no effect on AC activity, but trended towards increasing 

constitutive CRE reporter activity for HA-hMC4R co-expressed with hMRAPα and HA-

hMC4R-H76R (Refer to Figure 5-2). This supports that HA-hMC4R co-expressed with 

hMRAPα and CAM HA-hMC4R-H76R are constitutively coupling to Gαi, which acts to reduce 

constitutive CRE reporter activity. The mechanism for Gαi reducing CRE reporter activity was, 

however, unclear since there was no apparent effect on AC activity, suggesting Gαi coupling 

normally reduces CRE reporter activity downstream of AC activity. In summary, the PTX AC 

and CRE reporter data reveals no contribution of the Gαi G-protein to conferring increased 

constitutive activity for HA-hMC4R co-expressed with hMRAPα and CAM HA-hMC4R-H76R, 

but does support a model for constitutive dual coupling to Gαs and Gαi G-proteins in HEK293.   

3) Furthermore, it was hypothesised that reduced constitutive Gαi coupling by HA-hMC4R co-

expressed with hMRAPα and CAM HA-hMC4R-H76R could explain the lack of constitutive 

pERK½ activity observed previously (Refer to Figure 4-13). hMC4R NDP-α-MSH stimulation 

of pERK½ activity was determined to be PTX sensitive in HEK293 (Chai et al., 2006), and as 

such it stands to reason that α-MSH stimulation may also stabilise a Gαi coupling conformation 

that increases pERK½ activity in HEK293. Indeed, HA-hMC4R-WT α-MSH stimulation of both 

transient and sustained pERK½ activity appeared sensitive to PTX inhibition (Refer to Figure 

5-3, Figure 5-4 and Figure 5-6). However, PTX incubation reduced both vehicle and α-MSH 

responses to a similar degree for HA-hMC4R-WT, which prompted testing the effect of PTX 

incubation on background pERK½ activity in HEK293 alone (Refer to Figure 5-5). PTX 

incubation of HEK293 did not appear to substantially effect pERK½ activity following a 5-

minute vehicle treatment, but did nearly significantly reduce pERK½ activity following the 30-

minute vehicle treatment (p=0.0836) (Refer to Figure 5-5). Although not conclusive, this data 

does suggest caution may be required in interpretation of pERK½ activity data following PTX 

incubation because PTX treatment may reduce background pERK½ activity (Refer to Figure 
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5-5). Additionally, α-MSH stimulation of untransfected HEK293 did not significantly affect 

background pERK½ activity, likely confirming no functional endogenous hMC4R protein 

despite detectable mRNA expression. However, paradoxically there was a trend for a reduction 

in pERK½ activity following a 30-minute α-MSH stimulation (Refer to Figure 5-5).  

In light of the apparent sensitivity of background pERK½ activity to PTX treatment under the 

30-minute stimulation conditions, it remains feasible that HA-hMC4R-WT α-MSH stimulated 

transient pERK½ activity (Refer to Figure 5-6 A) could largely be mediated by the Gαi G-

protein. However, HA-hMC4R-WT α-MSH stimulated sustained pERK½ activity was not 

particularly sensitive to PTX incubation (Refer to Figure 5-6 C). Similar observations were 

made for HA-hMC4R co-expressed with hMRAPα and all the CAM HA-hMC4Rs tested (H76R, 

H158R and L250Q).  

These findings would support a model where HA-hMC4R-WT constitutively couples to Gαi to 

increase pERK½ activity, and α-MSH stimulation partially reduces CRE reporter activity 

through potentiating the Gαi mediated transient pERK½ activity. However, it remains 

inconclusive if the Gαi G-protein contributes to sustained α-MSH stimulation, which may 

provide support for a hypothesis that sustained α-MSH stimulated pERK½ activity could be 

mediated through an alternative mechanism. HA-hMC4R co-expressed with hMRAPα as well as 

CAM HA-hMC4Rs H76R and L250Q constitutively couple to Gαi in a manner similar to HA-

hMC4R-WT to increase pERK½ activity. HA-hMC4R co-expressed with hMRAPα as well as 

CAM HA-hMC4Rs H76R and L250Q α-MSH stimulation partially reduces stimulated AC 

activity and constitutive CRE reporter activity while also potentiating the Gαi mediated transient 

pERK½ activity.  

5.8.2 Forskolin and HA-hMC4R-WT α-MSH stimulation of pCREB activity   

The inability to stimulate pCREB activity through forskolin or HA-hMC4R-WT α-MSH 

stimulation of HEK293 cells was a perplexing finding. It was hypothesised that CRE 

transcription would require, at least in part, cAMP driven PKA phosphorylation of CREB. 

However, this hypothesis was disproven through several experimental findings. No discernible 

forskolin or HA-hMC4R-WT α-MSH stimulation of pCREB activity could be obtained 

irrespective of: 1) transient or sustained application of ligand (Refer to Appendix: Figure 5-9 [p. 

163]), or 2) the length of serum starvation preceding stimulation (Refer to Figure 5-11). 

Additionally, no discernible HA-hMC4R-WT α-MSH stimulation of pCREB activity could be 

obtained following: 3) no serum starvation period preceding application of ligand (Refer to 
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Figure 5-17), or 4) changing the cellular background to the more physiologically relevant GT1-7 

cells (Refer to Figure 5-15), or 5) “pulsatile” α-MSH exposure of HEK293 cells expressing HA-

hMC4R-WT (Refer to Figure 5-18).  

In stark contrast, both forskolin and HA-hMC4R-WT α-MSH stimulation robustly increased 

pERK½ activity under all conditions tested that failed to stimulate pCREB activity. Interestingly, 

there was suggestion that the length of serum starvation preceding stimulation can affect 

measurement of stimulated pERK½ activity (Refer to Figure 5-12 and Figure 5-14). This likely 

was the result of increased background cellular pERK½ activity - an effect most likely mediated 

through complex autophagy cell signalling responses following serum starvation (Kouroku et al., 

2006). 

Surprisingly, no robust functional validation could be obtained for RP-cAMPs functionality on 

forskolin or HA-hMC4R-WT α-MSH stimulated transient pCREB or pERK½ activity (Refer to 

Figure 5-11 and Figure 5-12). Moreover, RP-cAMPs preincubation did appear to slightly 

increase HA-hMC4R-WT α-MSH stimulated transient pERK½ activity, however, significance 

was only observed in the 4-hour serum starvation assay (Refer to Figure 5-12). This does 

weakly support RP-cAMPs functionality, but would also imply that activated PKA would 

normally supress some portion of the transient pERK½ response. This may suggest that HA-

hMC4R-WT α-MSH stimulated activation of PKA inhibits Raf-1 mediated activation of the 

ERK½ cascade; a well characterised function for PKA (Dumaz & Marais, 2003; Shabb, 2001). 

Importantly, as indicated earlier, characterisation of pCREB activity in HEK293 was sparsely 

observed in literature, which may be the result of high constitutive phosphorylation of CREB at 

Ser 133 (Mayr et al. 2001). Moreover, findings in this research study would support high 

constitutive pCREB activity in HEK293 (likely not mediated by PKA). This emphasises the 

importance of not just employing more physiologically relevant cell lines in vitro, given the lack 

of stimulated pCREB activity in GT1-7 cells, but also characterisation of signalling in vivo, 

where feasible. There was some support for MT-II and α-MSH stimulation of pCREB activity in 

vivo in rat solitary nucleus (Sutton et al., 2005) and primary mouse hypothalamic neurons 

(Caruso et al., 2010), respectively. Hence, it remains plausible that hMC4R α-MSH stimulation 

can increase pCREB activity in a PKA dependent manner, however, this does not seemingly 

occur in HEK293 or GT1-7 cells.  

Upon comparison of pCREB activity methodology from the present study (drawing particular 

attention to Figure 5-16) with the limited published data for MC4R stimulation of pCREB 
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activity, a key methodological limitation stands out (note this limitation can also be applied to 

pERK½ activity). Rarely do published studies incorporate appropriate negative controls when 

measuring pCREB or pERK½ activity; that being a control treated identically except for the 

application of ligand or the inhibitor of interest. Glas et al. (2016), for example, measured 

temporal α-MSH simulated pCREB activity in mHypoA2/1-CRE cells, however, no 

corresponding vehicle treatment was incorporated for each time point of α-MSH stimulation. 

Moreover, statistical comparisons were made to the zero time point, which represented 

undisturbed cells. As such, it remains highly plausible that the pCREB activity findings by Glas 

et al. (2016) could be confounded by potential cellular disruption and serum starvation induced 

background signalling responses.  

5.8.3 HA-hMC4R-WT α-MSH coupling to pAkt and pAMPK cascades   

Despite limited characterisation of MC4R modulation of pAkt and pAMPK cascades, a role for 

MC4R α-MSH stimulation had been identified through dose-dependent reductions in pAkt and 

pAMPK activity (Summarised in Table 5-2). Following indication within this research study that 

prolonged periods of serum starvation may trigger increases in cellular pERK½ and pCREB 

activity, it was hypothesised that a more appropriate methodology for measuring HA-hMC4R-

WT α-MSH stimulation within HEK293 cells would incorporate no preceding serum starvation. 

However, despite incorporating no preceding serum starvation, no significant transient HA-

hMC4R-WT α-MSH stimulated coupling to pCREB, pAkt or pAMPK cascades was observed 

(Refer to Figure 5-17). Moreover, the physical act of changing HEK293 growth medium to 

stimulation medium (DMEM + 0.1% BSA) significantly reduced transient pCREB activity and 

significantly increased transient pAkt and pAMPK activity in HEK293 (Refer to Figure 5-17). 

Contrary to published findings (Summarised in Table 5-2), HA-hMC4R-WT α-MSH stimulation 

trended towards increasing transient pAkt and pAMPK activity relative to vehicle treatment. 

These results raise stark concerns regarding methodology employed for measuring changes in 

phosphorylated protein levels. The simple act of changing the cellular medium or the initiation of 

serum starvation appears sufficient to induce a plethora of signalling cascades, signalling which 

may compliment or even nullify the signalling cascade of interest. Yet, despite this potential 

confounding limitation, HA-hMC4R-WT α-MSH stimulation robustly increased pERK½ activity 

relative to vehicle treatment (Refer to Figure 5-17). This gives certainty that α-MSH does couple 

HA-hMC4R-WT to signalling cascades that significantly increase the transient phosphorylation 

of ERK½, and as such, this cascade would likely be of physiological importance. However, as 

discussed for pCREB activity, this research study only measured HA-hMC4R-WT α-MSH 
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coupling to pAkt and pAMPK within HEK293 cells. Hence, it remains probable that in a cellular 

background other than HEK293 cells, hMC4R α-MSH stimulation could significantly modulate 

pAkt or pAMPK activity. Within the present research study, however, no robust evidence was 

obtained that α-MSH can couple HA-hMC4R-WT to modulate pAkt or pAMPK activity, and as 

such, they are not likely to contribute to CRE reporter activity.      

5.8.4 Role of coupling to pCREB, pERK, pAkt and pAMPK in the signalling 

signature  

The signalling signature observed for HA-hMC4R co-expression with hMRAPα as well as the 

CAM HA-hMC4Rs H76R and L250Q was hypothesised to be the result of elevated constitutive 

pCREB activity leading to increased CRE reporter activity. No clear supporting evidence was 

obtained for a role of constitutive pERK½ in the signalling signature (Refer to Figure 4-13), and 

as such, a broader approach was incorporated through consideration of constitutive pCREB, 

pAkt and pAMPK activity. With the potential for cellular disruption increasing background 

signalling, a less disruptive methodology was incorporated for measuring constitutive activity. 

Despite this effort, no consistent mechanism involving either pERK½, pCREB, pAkt or pAMPK 

activity was identified that could explain the signalling signature observed for HA-hMC4R co-

expression with hMRAPα as well as the CAM HA-hMC4Rs H76R and L250Q (Refer to Figure 

5-19, Figure 5-20 and Figure 5-21). Interestingly, HA-hMC4R co-expression with hMRAPα did 

present significantly increased constitutive pERK½ activity relative to HA-hMC4R-WT using a 

less intrusive methodology. However, increased constitutive pERK½ activity was not 

particularly apparent for CAM HA-hMC4Rs H76R, H158R or L250Q. This result also suggests 

that the significantly increased pERK1/2 activity observed for the HA-hMC4R-H76R mutant 

previously (Refer to Figure 4-13) was likely a blotting artefact or the result of experimental 

differences. These differing results may reflect a caveat in either the sensitivity of western 

blotting for transiently expressed receptors or the lack of spatiotemporal resolution of pERK½ 

activity. The lack of spatiotemporal resolution could be addressed in future studies through 

incorporation of a FRET based biosensor for ERK½ phosphorylation (Blum, Fritz, Ryu, & Pertz, 

2017).  

No pertinent differences were observed in three independent assays for constitutive pAkt or 

pAMPK activity, however, only two assays were completed successfully- a direct ramification of 

failed stripping of the primary antibody on the corresponding PVDF blots (data omitted). 

Regardless, the lack of significant differences alludes to no involvement of pAkt activity in 
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increased constitutive CRE reporter activity identified in the signalling signature. Although far 

withdrawn from hMC4R signalling, Akt1 knockout mice are protected from diet-induced obesity 

at least in part due an increase in energy expenditure, which mechanistically occurred 

peripherally, but was not dependent on skeletal muscle or brown fat uncoupling protein 

expression (Wan et al., 2012). As such, increased constitutive pAkt activity within the signalling 

signature for the CAM HA-hMC4Rs H76R and L250Q could have contributed to a hypothesis 

explaining the association of increased constitutive cAMP activity of CAM hMC4R with human 

obesity. Of particular relevance, Akt signalling can phosphorylate CREB to increase CRE 

activity, a process which ironically has been reported to be driven through serum starvation in 

HEK293T cells (Du & Montminy, 1998).  

The lack of significant differences within constitutive pAMPK is indicative of no involvement in 

the increased constitutive CRE reporter activity observed in the signalling signature. With 

pAMPK activity being positively regulated by intercellular Ca2+ transients through CaMKK2 

activity, there would also be suggestion that constitutive elevated intracellular Ca2+ may not be 

occurring for CAM HA-hMC4Rs or for HA-hMC4R co-expression with hMRAPα. CaMKK2 

activity may be of relevance given a direct role in enhancement of CaMKI and CaMKIV 

activities; with CaMKIV residing primarily within the nucleus to regulate CRE activity (K. A. 

Anderson et al., 1998). Although far withdrawn from hMC4R signalling, CaMKK2 knockout 

mice are protected from diet-induced obesity, which was attributed at least in part due to 

defective hypothalamic AMPK activation (K. A. Anderson et al., 2008). Hence, if elevated 

constitutive pAMPK activity was identified within the signalling signature for the CAM HA-

hMC4Rs H76R and L250Q, it could have contributed to a hypothesis explaining the association 

of increased constitutive cAMP activity of CAM hMC4R with human obesity.  

Seen in this light, further evaluation of CAM HA-hMC4Rs and HA-hMC4R co-expressed with 

hMRAPα constitutive coupling to pAkt or pAMPK activity may prove effectual. However, there 

was no suggestion of a pertinent role for constitutive pAkt or pAMPK activity in the signalling 

signature identified within this research study.  

5.8.5 Role of coupling to EPAC in the signalling signature  

Despite attempts to confirm the expected signal transduction pathway that links cAMP 

production to CRE reporter activity, no clear answer had been obtained. The signalling signature 

identified for CAM HA-hMC4Rs H76R and L250Q, as well as HA-hMC4R co-expressed with 

hMRAPα shared similarity with HA-hMC4R-WT α-MSH responsiveness, with robust increases 
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in cAMP production and reproducible increases in transient and sustained pERK½ activity over 

background levels. The mismatch identified in the signalling signature pertained to α-MSH 

stimulated cAMP activity appearing to fail to translate into CRE reporter activity. However, the 

signal transduction pathway linking cAMP production with CRE reporter activity remained 

uncertain given no supporting evidence for PKA driven phosphorylation of CREB.  

To this end, EPAC was implicated with a definite role in HA-hMC4R-WT α-MSH stimulated 

CRE reporter activity and a significant role in sustained pERK½ activity (Refer to Figure 5-23 

A). It remains unclear if ESI-09 was only partially inhibiting EPAC activity or if an alternative 

signalling cascade was responsible for the remaining CRE reporter activity and sustained 

pERK½ activity (Refer to Figure 5-23 A and Figure 5-25, respectively). Titration of ESI-09 

suggested efficacious inhibition of HA-hMC4R-WT α-MSH stimulated CRE reporter activity 

with similar potency for 10μM – 35μM of ESI-09 (Refer to Figure 5-22). Although potency 

appeared greater at 50μM of ESI-09, there were concerns that the 1:100 dilution required to 

obtain the efficacious concentration would result in DMSO toxicity confounding interpretations.  

With confirmation that EPAC has a significant role in HA-hMC4R-WT α-MSH stimulated 

coupling to the CRE reporter, it was deemed probable that ESI-09 inhibition of EPAC may also 

lower constitutive CRE reporter activity for CAM HA-hMC4Rs H76R and L250Q and HA-

hMC4R co-expressed with hMRAPα. Interestingly, ESI-09 mediated inhibition of EPAC did not 

significantly reduce constitutive CRE reporter activity for CAM HA-hMC4Rs H76R, H158R 

and L250Q or HA-hMC4R co-expressed with hMRAPα (Refer to Figure 5-23 B). This result 

may be confounded through variability between independent assays, but even after pooling data 

following normalisation to WT + Control within each assay, no significant differences were 

obtained (data omitted). Hence, the ESI-09 data supports a model where HA-hMC4R-WT α-

MSH stimulated activity, and likely HA-hMC4R-WT constitutive activity, follows a cAMP-

EPAC-CRE signal transduction pathway. However, constitutive activity for CAM HA-hMC4Rs 

H76R and L250Q and HA-hMC4R co-expressed with hMRAPα contradicts HA-hMC4R-WT 

through no significant coupling to cAMP-EPAC-CRE signal transduction pathway. This 

transduction pathway difference may prove linked to the signalling signature, with reduced cell 

surface and total cellular expression supporting that an alternative signalling conformation may 

be adopted compared with HA-hMC4R-WT.  

Interestingly, there are two isoforms of EPAC, the ubiquitously expressed EPAC1 and 

differentially expressed EPAC2. In terms of expression, EPAC2a has predominant expression 
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within the brain, heart and pancreatic beta cells, and EPAC2b has predominant expression within 

the adrenal gland and EPAC2c has predominant expression within the liver (M. Hwang et al., 

2017). EPAC1 knockout mice developed a lean phenotype and were resistant to diet-induced 

obesity (Yan et al., 2013). EPAC2a knockout mice presented increased body weight, elevated 

adiposity and reduced energy expenditure only when fed a high fat diet (M. Hwang et al., 2017). 

Of particular importance, hypothalamic application of forskolin inhibited leptin mediated 

depolarisation of POMC neurons in a manner independent of PKA and reliant on EPAC 

(Fukuda, Williams, Gautron, & Elmquist, 2011). Moreover, high-fat diet exposure elevated 

EPAC-Rap1 activity, which was associated with increased SOCS-3 and PTP1B activity; both of 

which negatively regulate leptin signalling (Fukuda et al., 2011). As such, upon further research, 

EPAC1 may be implicated with a role in diet-induced leptin resistance, and EPAC2a with a role 

in MC4R α-MSH stimulated regulation of body weight and energy expenditure. 

Also of interest, EPAC2 has been implicated with a strong role in promoting agonist stimulated 

[Ca2+]i mobilisation through either activation of PLCε (Oestreich et al., 2007), or ER expressed 

SERCA (Lacabaratz-Porret et al., 1998), or type 2 ryanodine receptor activation (Pereira et al., 

2007). As such, with confirmation that HA-hMC4R α-MSH couples to EPAC activation, the 

contribution of EPAC2 in MC4R coupling to [Ca2+]i mobilisation and CRE activation should 

prove effectual in future studies. The contribution of EPAC mediated pERK½ activity should 

also be explored through selective attenuation of ERK½ activity, as well as evaluation of spatial 

distribution of pERK½ to confirm either cytosolic or nuclear localisation.   

In summary, HA-hMC4R-WT α-MSH stimulation in HEK293 resulted in cAMP mediated 

activation of EPAC to increase not only pERK½ activity, but also to increase CRE transcription. 

However, no strong evidence was obtained for a role of the cAMP-PKA-CREB or cAMP-

EPAC-CRE transduction pathways within the signalling signature. Similar to HA-hMC4R-WT, 

α-MSH stimulated sigmoidal activation of AC activity, a transduction response initiated at the 

cell surface, for CAM HA-hMC4Rs H76R and L250Q and HA-hMC4R co-expressed with 

hMRAPα. However, a conformational state unique from that of HA-hMC4R-WT may be 

stabilised by CAM HA-hMC4Rs H76R and L250Q and HA-hMC4R co-expressed with 

hMRAPα that does not activate the cAMP-EPAC-CRE signal transduction pathway.  

5.8.6 Role of endocytosis in the signalling signature  

Constitutive endocytosis of the MC4R, a process suggested to occur independent of ligand, may 

suggest signal transduction generated at the cell surface could be vital for normal MC4R 
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signalling function. To this end, it was hypothesised for the signalling signature that constitutive 

AC activity was generated at both the cell surface and within signalling endosomes. However, 

only endosomal constitutive AC activity could contribute to constitutive transcription of the CRE 

reporter gene. This would support a model where both obesogenic CAM HA-hMC4Rs or HA-

hMC4R co-expression with hMRAPα reach the cell surface, only to be endocytosed shortly 

afterwards due to constitutive activity. Once endocytosed, the receptors are internally 

sequestered in an endosomal conformation that constitutively couples to AC to increase cAMP 

as well as CRE reporter gene activity. This hypothesis for the signalling signature was proven 

plausible due to: 1) Dyngo4A mediated inhibition of CAM HA-hMC4R-H76R endocytosis not 

significantly reducing α-MSH stimulated AC activity (Refer to Figure 5-28 A), 2) Dyngo4A 

mediated inhibition of endocytosis of CAM HA-hMC4Rs and HA-hMC4R co-expression with 

hMRAPα significantly reducing both constitutive AC and CRE reporter activity (Refer to Figure 

5-29), 3) CAM HA-hMC4Rs H76R and L250Q present very low cell surface expression (Refer 

to Figure 5-30), 4) Dyngo4A driven significant increase in cell surface expression of CAM HA-

hMC4Rs H76R and L250Q and HA-hMC4R co-expression with hMRAPα did not result in 

increased constitutive AC or CRE reporter activity (Refer to Figure 5-29 and Figure 5-30).  

In contrast, the formation of a new hypothesis regarding HA-hMC4R-WT α-MSH stimulated 

signalling would entail that HA-hMC4R-WT α-MSH stimulation stabilised a conformation at the 

cell surface that increased pERK½ and AC activity, which translated to increased CRE reporter 

activity. This hypothesis for HA-hMC4R-WT α-MSH signalling was proven plausible due to: 1) 

Dyngo4A mediated inhibition of HA-hMC4R-WT endocytosis not significantly affecting 

constitutive AC or CRE reporter activity or α-MSH stimulated AC activity (Refer to Figure 

5-28), 2) Dyngo4A mediated inhibition of HA-hMC4R-WT endocytosis only slightly but 

significantly reduced maximal coupling to CRE reporter activity.  

This hypothesis does put into question the functional implications of different spatial locations of 

MC4R signalling, particularly with regard to the generation of CRE reporter activity. HA-

hMC4R-WT α-MSH dependent formation of intracellular puncta likely only minimally 

contribute to CRE reporter activity and may contribute to pERK½ activation. Alternatively, 

intracellular HA-hMC4R-WT puncta may be responsible for termination of signal transduction. 

Indeed, prolonged MC4R α-MSH stimulation was reported to increase lysosomal association, 

which would be suggestive of degradation (Z. Gao et al., 2003). To this end, total expression of 

HA-hMC4R-WT following prolonged exposure to α-MSH was assessed in HEK293 (Refer to 

Appendix: Figure 7-12 [p. 239] and Figure 7-13 [p. 240]). However, no supporting evidence 



 

  204 

 

0
4 
 

was obtained for a reduction in total HA-hMC4R-WT expression following α-MSH stimulation 

relative to vehicle stimulation (Refer to Appendix: Figure 7-12 [p. 239] and Figure 7-13 [p. 

240]).  

A significant caveat limiting the validity of these conclusions pertains to incomplete inhibition of 

endocytosis by Dyngo4A, which was supported by apparent intracellular punctate signal in 

Dyngo4A treated hMC4R-eGFP cells stimulated with α-MSH (Refer to Figure 5-27). Moreover, 

Dyngo4A inhibition of dynamin activity has been determined to not be mutually exclusive to the 

cell surface (Preta et al., 2015), which would create scope for intracellularly mediated Dyngo4A 

inhibition of constitutive activity that occurs independently of cell surface endocytosis. As such, 

it would be feasible that CAM HA-hMC4Rs and HA-hMC4R co-expression with hMRAPα: 1) 

exhibited incomplete blocking of constitutive activity due to partial inhibition of MC4R 

endocytosis and 2) that both cell surface and intracellular conformations could constitutively 

activate CRE reporter activity. This also draws attention to the requirement of further validation 

of the role of endocytosis, per se, to conclusively determine if Dyngo4A efficacy pertains solely 

to inhibition of dynamin dependent endocytosis. The most appropriate methodology to achieve 

this would be through incorporation of siRNA mediated knockdown of clathrin heavy chain, an 

effect that should attenuate clathrin mediated endocytosis in HEK293 (van de Graaf et al., 2008).  

5.8.7 Synopsis and proposed evidence based mechanism for the signalling signature 

identified in Chapter 4.  

Through consideration of both constitutive and α-MSH stimulated activity for HA-hMC4R-WT, 

suggestive dual coupling to Gαs and Gαi was observed (Refer to Section 5.2 and Figure 5-31). 

HA-hMC4R-WT α-MSH stimulation increased AC activity, likely mediated by Gαs, and 

increased transient pERK½ activity through Gαi coupling (Refer to Section 5.2 and Figure 

5-31). HA-hMC4R-WT α-MSH stimulation had no apparent cAMP signal transduction to 

pCREB activity, which may indicate no nuclear localisation of PKA (Refer to Section 5.3 and 

Figure 5-31). RP-cAMPs incubation had an apparent enhancing effect on HA-hMC4R-WT α-

MSH stimulated transient pERK½ activity, suggestive that PKA normally inhibits transient 

pERK½ activity (Refer to Section 5.3 and Figure 5-31). HA-hMC4R-WT α-MSH stimulation 

strongly coupled the cAMP signal transduction to EPAC activity, which augmented both 

sustained pERK½ activity as well as CRE reporter activity, as evident through ESI-09 inhibition 

of EPAC activity (Refer to Section 5.6 and Figure 5-31). It remains unclear what role pERK½ 

activity may have in cAMP signal transduction, and the mechanism for EPAC increasing CRE 
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reporter activity has not been identified (Refer to Section 5.6 and Figure 5-31). Inhibition of 

dynamin activity through Dyngo4A did not attenuate HA-hMC4R-WT α-MSH stimulated AC 

activity, but did weakly attenuate CRE reporter activity (Refer to Section 5.7 and Figure 5-31). 

The exact role of endocytosis in HA-hMC4R-WT α-MSH stimulation remains uncertain due to 

requiring an alternative approach to Dyngo4A to validate the role of endocytosis (Refer to 

Section 5.7 and Figure 5-31). HA-hMC4R-WT α-MSH stimulation leads to the formation of 

punctate intracellular signal, which are presumed to be endosomal vesicles, because no evidence 

was obtained for prolonged α-MSH stimulation leading to HA-hMC4R-WT total protein 

degradation (Refer to Section 5.2, Figure 5-31 and Appendix: Figure 7-13 [p. 240]). Instead, 

there was an apparent increase in HA-hMC4R-WT total protein with prolonged α-MSH 

stimulation, which could suggest receptor recycling or endosomal signalling was occurring 

(Refer to Figure 5-31 and Appendix: Figure 7-13 [p. 240]).   

Through consideration of both constitutive and α-MSH stimulated activity for CAM HA-

hMC4Rs and HA-hMC4R co-expressed with hMRAPα, several points of difference were 

observed relative to HA-hMC4R-WT. CAM HA-hMC4Rs and HA-hMC4R co-expressed with 

hMRAPα presented increased constitutive AC and CRE reporter activity (Refer to Section 5.2 

and Figure 5-31). CAM HA-hMC4Rs and HA-hMC4R co-expressed with hMRAPα dual 

coupling to Gαs and Gαi was evident because of an apparent PTX mediated increase in 

constitutive CRE reporter activity as well as α-MSH stimulated AC activity and transient 

pERK½ activity (Refer to Section 5.2 and Figure 5-31).  

CAM HA-hMC4Rs and HA-hMC4R co-expressed with hMRAPα had no apparent constitutive 

cAMP signal transduction to pCREB activity, which may indicate no nuclear localisation of 

PKA (Refer to Section 5.3 and Figure 5-31). No strong evidence was obtained for CAM HA-

hMC4Rs and HA-hMC4R co-expressed with hMRAPα coupling to EPAC constitutively, or 

following α-MSH stimulation of CAM HA-hMC4R-H76R (Refer to Section 5.6 and Figure 

5-31). As such, it remains unclear what role pERK½ activity and EPAC activity may have in 

cAMP signal transduction for CAM HA-hMC4Rs and HA-hMC4R co-expressed with hMRAPα 

(Refer to Figure 5-31). Inhibition of dynamin activity through Dyngo4A did not attenuate CAM 

HA-hMC4R-H76R constitutive or α-MSH stimulated AC activity (Refer to Section 5.7 and 

Figure 5-31). Inhibition of dynamin activity through Dyngo4A for CAM HA-hMC4Rs and HA-

hMC4R co-expressed with hMRAPα did markedly attenuate constitutive CRE reporter activity 

(Refer to Section 5.7 and Figure 5-31). However, the exact role of endocytosis in CAM HA-

hMC4Rs and HA-hMC4R co-expressed with hMRAPα α-MSH stimulation remains uncertain 
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due to requiring an alternative approach to Dyngo4A to validate the role of endocytosis (Refer to 

Section 5.7 and Figure 5-31). Regardless, the Dyngo4A data supports that dynamin activity may 

be key for CAM HA-hMC4Rs and HA-hMC4R co-expressed with hMRAPα constitutive 

coupling to the CRE reporter activity. This may suggest that constitutive CRE reporter activity 

originates primarily from an intracellular signalling conformation that may be of endosomal 

origin, but further investigation is required to confirm this.  

In summary, the two key factors surrounding the signalling signature identified within this 

research study for HA-hMC4R co-expression with hMRAPα as well as the two obesogenic 

CAM HA-hMC4Rs H76R and L250Q relate to reduced cellular expression and failure to 

increase CRE transcription following α-MSH stimulation (Refer to Chapter 4). These two 

factors likely contribute to the association of increased CA of hMC4R with human obesity. 

Through methodical investigation of numerous signal transduction hypotheses (Refer to 

Chapter 5), an evidence based signalling signature has been established (Refer to Figure 5-31).  
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Figure 5-31: Signalling Signature determined within this research study for obesogenic CAM HA-

hMC4Rs H76R and L250Q as well as HA-hMC4R co-expressed with hMRAPα relative to HA-

hMC4R-WT when expressed within HEK293 cells.   



 

  208 

 

0
8 
 

 

 

 

 

 

 

Chapter 6 

 

Project Discussion, Conclusions  

and Future Directions  

 

 

 

Chapter 6: Project Discussion, Conclusions and Future Directions 

 

6 Project discussion, conclusions and future directions 

 

 



 

  209 

 

0
9 
 

6.1 Prelude 

The following chapter discusses: 1) key findings in relation to the project hypotheses, 2) original 

contributions to MC4R constitutive activity, 3) holistic relevance, 4) study strengths and 

limitations, 5) future directions, and lastly 6) conclusions. 

6.1.1 Addressing project hypotheses 

Two of three core hypotheses, as outlined in Section 2.3, were proven to hold true following 

investigation. A unique signalling signature was identified for obesogenic CAM hMC4Rs that 

was distinct from signalling conformations observed for HA-hMC4R-WT, non-obesogenic CAM 

hMC4Rs, as well as obesogenic non-constitutively active hMC4Rs. However, the third 

hypothesis was disproven through clear association of the signal transduction profile for hMC4R 

co-expression with hMRAPα with the signalling signature identified for obesogenic CAM 

hMC4Rs. As such, there were two fundamental signal transduction differences that distinguish 

the signalling signature: 1) an inability for α-MSH stimulation to increase CRE reporter activity 

and 2) markedly reduced cell surface and total cellular expression. At the neuronal level, α-MSH 

stimulation of MC4R had been implicated with modulation of basal firing frequency of PVN 

neurons through inhibition of L-type and P/Q-type Ca2+ channels in a PTX sensitive manner 

(Ghamari-Langroudi et al., 2015), and MC4R constitutive activity had been suggested to occupy 

a role in setting the basal firing frequency (Ghamari-Langroudi et al., 2011). This would 

implicate that reduced cell surface and total cellular expression, as observed within the signalling 

signature, would impair α-MSH stimulated modulation of neuronal firing frequency. Thus, likely 

resembling non-constitutively active obesogenic mutants, and in part explaining the association 

with human obesity in the process.  

Of equal importance, but mechanistically more paradoxical, obesogenic CAM HA-hMC4Rs and 

HA-hMC4R co-expressed with hMRAPα stabilise a unique signalling conformation that fails to 

couple cAMP signal transduction to CRE reporter activity. Although not conclusive, evidence 

suggested that a lack of cell surface initiated cAMP-EPAC-CRE signal transduction mediated 

the inability for α-MSH stimulation to increase CRE reporter activity. Moreover, the contribution 

of EPAC mediated pERK½ activity may prove trivial in the modulation of CRE reporter activity. 

Constitutive AC and CRE reporter activity associated with the signalling signature proved 

sensitive to Dyngo4A inhibition of endocytosis, or rather Dyngo4A mediated inhibition of 

dynamin activity. Further work is required to determine the exact distinction between cell 
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surface and intracellular populations with regard to the contribution to AC and CRE reporter 

activity. Although left untested, it may prove effectual to test the hypothesis that the exact 

mechanism for the inability of α-MSH to stimulate an increase in CRE reporter activity within 

the signalling signature pertains to an inability for cAMP to couple EPAC activity to perinuclear 

Ca2+ transients. Evidence in support of this hypothesis can already be drawn from the present 

study through: 1) the observation that the signalling signature had no defect in α-MSH stimulated 

pERK½ activity, 2) although HA-hMC4R-WT α-MSH stimulation of CRE reporter activity 

proved particularly sensitive to EPAC inhibition, only the sustained pERK½ response appeared 

sensitive to EPAC inhibition, 3) previous findings by Mountjoy et al. (2001) demonstrated that 

carbachol pre-treatment did not prevent the MC4R α-MSH stimulated Ca2+ transient; indicative 

that MC4R and M3-AChR’s may not share the same intracellular pool of Ca2+. 

6.1.2 Original contribution to MC4R constitutive activity 

This research project made several significant advances within the melanocortin field, each of 

which will be outlined. 

6.1.2.1 Two distinct CAM hMC4R mechanisms – obesogenic and non-obesogenic? 

After extensive characterisation of the three key CAM hMC4Rs H76R, H158R and L250Q 

identified within this study, two distinct constitutive signalling mechanisms were identified 

(Refer to Table 4-2). Both the CAM HA-hMC4Rs H76R and L250Q shared a common signal 

transduction cascade which, in addition to constitutive activity, featured a defect in α-MSH 

coupling to CRE transcription (Refer to Section 5.8.7 and Figure 5-31). This cascade was 

distinct from that observed for the CAM hMC4R-H158R as well as other HA-hMC4R mutants 

tested within this study (Refer to Table 4-2). The individual identified with the CAM hMC4R-

H158R presented a BMI of 28.44 (Refer to Table 2-1), which matches World Health 

Organisation criteria for being overweight (Ng et al., 2014). Interestingly, the reported BMI for 

individuals identified with either CAM hMC4Rs H76R (BMI = ~41) or L250Q (BMI = ~59) can 

be correlated with the degree of signalling disruption (Refer to Table 2-1). The CAM HA-

hMC4R-L250Q mutant presented lower constitutive activity, α-MSH responsiveness in the AC 

assay and cellular expression relative to the CAM HA-hMC4R-H76R. In contrast, the CAM HA-

hMC4R-H158R largely retained WT-like function, with the exception of increased cell surface 

expression in addition to constitutive activity. However, there are limitations within BMI as an 

indirect measurement of human obesity, which also limits conclusions regarding physiological 

benefit of the CAM hMC4R-H158R (Rothman, 2008). Moreover, this correlation is limited in 
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validity because of limited publication of phenotypic parameters known to affect BMI (such as 

age and ethnicity) for individuals found with hMC4R mutations in literature. This highlights the 

need for a collaborative approach between medicinal and research fields to aid in publication of 

both comprehensive phenotypic characterisation, as well as molecular profiling of mutant 

receptor function.  

6.1.2.2 Clarification of CAM hMC4R-H158R’s signalling mechanism 

CAM hMC4R-H158R was originally identified within a lean control individual (Refer to Table 

2-1), but had been widely associated with human obesity in literature. The present research study 

identified that this CAM does not share the same signalling signature as the obesogenic CAM 

hMC4R H76R and L250Q mutants. The CAM HA-hMC4R-H158R presented a 27% increase in 

surface expression relative to HA-hMC4R-WT, which may explain the 59% increase in 

constitutive AC activity and 37% increase in CRE reporter activity (Refer to Table 4-2). CAM 

HA-hMC4R-H158R incubation with Dyngo4A increased surface expression by 15.9%, which 

was comparable to the 19.9% increase in surface expression for HA-hMC4R-WT with Dyngo4A 

treatment (Refer to Table 5-3). Hence, the CAM HA-hMC4R-H158R expressed more 

abundantly on the cell surface, likely facilitating the increased CA, and retained a similar degree 

of constitutive trafficking to the cell surface as observed for HA-hMC4R-WT. It is, however, 

prudent to note that the CAM hMC4R-H158R did not confer constitutive CRE reporter activity 

within GT1-7 cells (Refer to Figure 4-4), which may suggest WT-like surface expression within 

the GT1-7 cellular background.  

Interestingly, CAM hMC4R-H158R has been shown to have increased constitutive cAMP 

activity as well as reduced dimerisation capacity relative to hMC4R-WT when expressed within 

COS-7 cells (Piechowski et al., 2013). As such, further investigation is required within a more 

physiological human cellular background to confirm the mechanism responsible for CAM 

hMC4R-H158R’s increased constitutive activity. Given support for HA-hMC4R-WT cell surface 

initiated cAMP signalling being critical for EPAC mediated CRE reporter activation (Refer to 

Figure 5-31), support can be obtained for a model where increasing the relative cell surface 

abundance of hMC4R-WT without altering total cellular expression might be of benefit to 

enhance MC4R positive regulation of energy expenditure and food intake. Moreover, this 

approach has seen clinical and molecular investigation through analysis of potential modulators 

that augment α-MSH signalling or MC4R surface expression to treat obesity (E. C. Y. Lee & 

Carpino, 2015; Meimaridou et al., 2011; N.-A. Ward, Hirst, Williams, & Findlay, 2012).  
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6.1.2.3 Could CAM HA-hMC4Rs S127L, D146N, P230L, F280L and S295P be 

constitutively active? 

Following confirmation of cell surface and total cellular expression for the CAM HA-hMC4Rs 

S127L, D146N, P230L, F280L and S295P, these CAM were excluded from further 

characterisation due to lacking constitutive CRE reporter activity within this research study 

(Refer to Figure 4-2 and Table 4-2). However, these mutants may be constitutively active 

within alternative signalling cascades such as AC and pERK½. Indeed, CAM hMC4R-S127L 

had been shown to have constitutive cAMP activity, but not constitutive transcriptional activity 

within several independent studies (Refer to Table 2-1) (M. Chen et al., 2007; Govaerts et al., 

2005; Anke Hinney et al., 2006; Mo, Yang, & Tao, 2012; Roubert et al., 2010; Srinivasan et al., 

2007; Valli-Jaakola et al., 2004). Moreover, findings within the present research study support 

findings from independent studies for a severe loss of CAM hMC4R-S127L α-MSH 

responsiveness (Refer to Figure 4-1); likely the main defect contributing to association with 

obesity (Anke Hinney et al., 2006; Valli-Jaakola et al., 2004).  

CAM hMC4R-D146N had been shown to have constitutive cAMP activity, but no 

characterisation has been done for transcription activity (Stutzmann et al., 2008; Z.-Q. Wang & 

Y.-X. Tao, 2011). Within the present research study, CAM HA-hMC4R-D146N appeared CA 

within a single α-MSH stimulation assay but this did not reproduce within the basal CRE 

reporter assay (Refer to Figure 4-1 and Figure 4-2). CAM hMC4R-P230L had been shown to 

have both constitutive cAMP and transcription activity in HEK293T cells (Fan & Tao, 2009; D.-

H. Kim et al., 2008). CAM hMC4R-F280L had been shown to have constitutive cAMP activity, 

but no characterisation has been done for transcription activity (Z. Q. Wang & Y. X. Tao, 2011). 

CAM hMC4R-S295P had conflicting reports in literature for constitutive activity, however, the 

present research study supported findings for an apparent loss of CAM hMC4R-S295P α-MSH 

responsiveness (Refer to Figure 4-1) (Stutzmann et al., 2008; Y.-X. Tao & Segaloff, 2005b) 

Limited characterisation of constitutive pERK½ activity has been published, however, 

constitutive pERK½ activity was observed for CAM hMC4Rs H76R, S127L, D146N, P230L 

and F280L (Discussed within Section 4.3.6). However, in light of findings within the present 

research study, background cellular pERK½ activity within HEK293 was shown to be elevated 

upon cellular disturbance (Refer to Figure 5-17) and different serum starvation periods variably 

affected background pERK½ activity (Refer to Figure 5-12 and Figure 5-14). Moreover, the 

most ideal methodology was determined to be cellular lysis on ice without any preceding serum 
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starvation period (Refer to Figure 5-20). Following pooling triplicates from three independent 

experiments and normalising pERK½ for total ERK½, no apparent constitutive pERK½ activity 

was observed for any CAM mutant relative to HA-hMC4R-WT or empty vector transfected 

HEK293 cells. The methodology performed by Mo and Tao (2013) incorporated a 5minute 

vehicle incubation to measure constitutive pERK½ activity (Discussed within Section 4.3.6), 

conditions which according to the present study are not optimal. Ideally, a more sensitive 

methodology other than western blotting, such as aforementioned FRET based biosensor for 

ERK½ phosphorylation (Blum et al., 2017), should be employed in future studies for measuring 

constitutive pERK½ activity. 

In summary, CAM hMC4Rs S127L and S295P were reported within both normal weight and 

obese individuals and both have reduced α-MSH sensitivity (Refer to Table 2-1), likely the main 

contributor for their association with obesity. CAM hMC4Rs P230L and F280L were reported 

only within obese individuals, and as such, further characterisation of constitutive signalling 

would be important for understanding their obesity association (Refer to Table 2-1). CAM 

hMC4R-D146N remains of particular interest given identification in a lean individual, and 

previous reports of increased constitutive cAMP activity (Refer to Table 2-1). It is interesting to 

note that the CAM HA-hMC4R-D146N retained α-MSH responsiveness within the CRE reporter 

assay, unlike CAM HA-hMC4R H76R or L250Q, and as such, mechanistically there may be 

resemblance to CAM HA-hMC4R H158R. 

6.1.2.4 Is MRAP a physiological regulator of MC4R constitutive activity? 

Although somewhat disappointing, there was a clear association of the signal transduction profile 

for HA-hMC4R co-expression with hMRAPα with obesogenic CAM HA-hMC4Rs. As such, this 

research project would provide support for a hypothesis where if hMC4R was co-expressed with 

hMRAPα within the same cell in vivo, the resulting signal transduction that may contribute to 

obesity. Interestingly, both hMRAPα and mMRAPα appeared to render either hMC4R or 

mMC4R non-responsive to α-MSH stimulation in addition to conferring constitutive CRE 

reporter activity (Refer to Figure 4-5 and Refer to Appendix: Table 7-6 [p. 233]). In contrast, 

hMRAP2 had no effect on hMC4R α-MSH responsiveness, reproducing findings by Kay et al. 

(2015) for hMRAP2-FLAG effects on HA-hMC4R-WT α-MSH stimulated coupling to AC 

activity. Moreover, mMRAP2 significantly reduced mMC4R constitutive activity (Refer to 

Figure 4-5 and Refer to Appendix: Table 7-6 [p. 233]). Although not conclusive, there was 

suggestion MRAPs have opposing effects on MC4R constitutive activity, where MRAP2 may 
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function to reduce MC4R constitutive activity and MRAPα may function to increase constitutive 

activity (Refer to Figure 4-5 and Refer to Appendix: Table 7-6 [p. 233]). Of particular 

importance, although abundant evidence supports that MRAP2 does interact with MC4R (Refer 

to Section 1.4.5.4 [p. 65]), more recent MRAP2 knockout models revealed an alternative 

mechanism compared with MC4R knockout models for causing obesity because of differing 

symptomatology (Clark & Chan, 2017). In contrast to hMRAPα, if hMC4R was co-expressed 

with hMRAP2 within the same cell in vivo there may be functional effects on signal 

transduction. HA-hMC4R co-expression with hMRAP2 reduced cell surface expression (Refer to 

Figure 4-6) and trended towards increasing total cellular expression (Refer to Figure 4-7 and 

Figure 4-10). Hence, it is important to note that although hMC4R α-MSH responsiveness within 

the CRE reporter assay (and AC assay; Kay et al. (2015)) was not altered by co-expression with 

hMRAP2, there likely are significant effects on a presently uncharacterised signal transduction 

cascade. This may be particularly important given the apparent change in MC4R cellular 

redistribution from the cell surface to an uncharacterised intracellular location. In summary, 

future studies may conclude opposing effects for MRAPs on MC4R function, with hMRAPα 

modulation of hMC4R function associating with obesity and hMRAP2 modulation of hMC4R 

function associating with protection from obesity.   

6.1.3 Holistic relevance 

This section will corroborate relevance of key findings from the present research study through 

alignment with current developments in the melanocortin field aimed towards characterising 

MC4R neuronal signalling.   

6.1.3.1 G-protein specific regulation of food intake and energy expenditure? 

As alluded to previously with MRAP2, AC3, EPAC2, pAkt and CaMKK2 protein knockouts 

associating with obesity, mouse models prove paramount to establish a direct correlation 

between loss of function and detriment to physiological functioning. As such, it stands to reason 

that knockout technology can be applied to MC4R signalling to selectively determine relative 

contributions of specific signalling cascades to either food intake or energy expenditure. 

Although beyond the scope of the present study, an entire surge of MC4R neuronal signalling 

mapping has emerged over the past 5-years, which has been driven through the use of versatile 

mouse models (For further information, refer to Krashes et al. (2016) for a comprehensive 

review). Of relevance, mutation within, or brain knockout of, the Gαs G-protein had been 

strongly implicated with a role in regulation of energy expenditure (Weinstein, Xie, Qasem, 
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Wang, & Chen, 2009). Specifically, mBrGsKO mice have maternal central nervous system-

specific Gαs knockout that resulted in severe obesity, glucose intolerance, insulin resistance, 

reduced energy expenditure, reduced sympathetic activity and impaired melanocortin agonist 

stimulated energy expenditure, but normal melanocortin agonist inhibition of food intake (M. 

Chen et al., 2009). This sets the precedence that Gαs signalling by MC4R may be critical for 

regulation of energy expenditure, but not food intake. PVN specific knockout of MC4R lead to 

increased food consumption, but had no effect on energy expenditure (Balthasar et al., 2005). 

However, PVN specific knockout of Gαs in mPVNGsKO mice resulted in no marked changes in 

food intake, energy expenditure, glucose metabolism, MTII responsiveness or body length (M. 

Chen et al., 2012). More recent work identified that Gαs deficiency within the dorsomedial 

hypothalamus (DMH) within mDMHGsKO mice associated with reduced energy expenditure, 

leading to obesity (M. Chen et al., 2017). In contrast, PVN specific knockout of Gαq/11 in 

PVNGq/11KO mice presented severe hyperphagic obesity and had increased linear growth, but 

no changes in energy expenditure or glucose metabolism (Y.-Q. Li et al., 2016).  

Upon corroborating Gαs knockout mouse model findings, MC4R likely couples to Gαs in the 

DMH to increase energy expenditure and regulate glucose metabolism, and within the PVN, 

MC4R couples to Gαq/11 to regulate food intake and linear growth. Relating these findings back 

to the present study, no characterisation of Gαq coupling was performed for two reasons, 1) no 

commercially available inhibitors of Gαq (YM-254890 is not commercially available, although 

UBQ-QIC may prove an efficacious alternate compound) (Vaishali Inamdar, Akruti Patel, Bhanu 

Kanth Manne, Carol Dangelmaier, & Kunapuli, 2015) and 2) mMC4R α-MSH stimulation does 

not increase IP3 accumulation in HEK293 (Kathleen G. Mountjoy et al., 2001). Moreover, as 

alluded to previously, pAMPK activity may serve as an indirect measure of Gαq activity through 

being positively regulated by intracellular Ca2+ transients through CaMKK2 activity. However, 

within HEK293 cells there does not appear to be substantial justification to evaluate Gαq 

coupling of hMC4R, which brings to light the need to further characterise hMC4R Gαq 

signalling within more physiologically appropriate human cell lines.  

6.1.3.2 Could MC4R constitutive activity regulate food intake and/or energy 

expenditure? 

The present study provides a theoretical model of MC4R Gαs signal transduction and may aid 

future attempts to further characterise hMC4R regulation of energy expenditure and glucose 

metabolism, given the apparent dependence on Gαs signal transduction. Moreover, the inability 
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of obesogenic CAM HA-hMC4Rs H76R and L250Q to couple α-MSH stimulation to CRE 

transcription may implicate hMC4R α-MSH stimulated CRE transcription activity as important 

for regulation of energy expenditure. Interestingly, selective hypothalamic inhibition of CBP 

through adeno-associated virus targeting of Cre-recombinase to hypothalamus in Cbpflox/flox mice 

was associated with profound obesity, impaired glucose homeostasis, increased food intake and 

reduced body temperature (Moreno et al., 2016). Hence, CRE transcription may likely be of 

paramount importance for regulation of both food intake and energy expenditure. The precise 

signal transduction mechanism conferring increased constitutive CRE transcription activity 

remains unclear. As such, it remains mysterious that increased hMC4R constitutive CRE 

transcription activity could associate with obesity. Future studies may identify counterintuitive 

effects of elevated MC4R constitutive CRE activity in DMH neurons, for example; which again 

highlights the importance of cellular context for signalling effects.  

The role of MC4R α-MSH stimulated Ca2+ transients may also be of importance for regulation of 

CRE transcription. Moreover, it may be prudent to assess constitutive coupling to Ca2+ signal 

transduction for CAM HA-hMC4R H76R and L250Q as well as HA-hMC4R co-expression with 

hMRAPα. If a constitutive elevation of intracellular Ca2+ levels was occurring for obesogenic 

CAM hMC4Rs, this may provide support for MC4R constitutive activity contributing to setting 

the basal firing frequency of neurons, as suggested by Ghamari-Langroudi et al. (2011). Of 

importance, given evidence for AC3 knockout leading to hyperphagic obesity (H. Wang et al., 

2010; Z. Wang et al., 2009), there may be scope for Gαq coupling modulating AC activity 

through Ca2+ mediated enhancement of cAMP production (Halls & Cooper, 2011). Moreover, 

given that EPAC2a knockout mice only develop obesity through reduced energy expenditure 

following high fat diet exposure (M. Hwang et al., 2017), there may be a role for MC4R α-MSH 

coupling to cAMP-EPAC-CRE in regulation of energy expenditure in response to gut-brain 

dietary feedback (Drenowatz, 2015; Gregory A Hand, Robin P Shook, James O Hill, Peter R 

Giacobbi, & Blair, 2015; G. Zhang, Hasek, Lee, & Hamaker, 2015). Finally, these findings may 

suggest that MC4R may not only have signal transducer promiscuity (whether through 

constitutive activity or ligand stimulated), but may also have dedicated signalling transduction 

cascades to perform specific functional tasks that are regulated through the cellular signalosome.  

6.1.4 Strengths and limitations  

Outright, the most significant strength of the present research study was the methodological 

approach that was undertaken to characterise the association of increased hMC4R constitutive 
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activity with human obesity. As outlined within the project overview (Refer to Chapter 2), 

potentially confounding factors were identified within the current understanding of GPCR 

constitutive activity, including the: 1) the definition of constitutive activity, 2) characterising 

ligand efficacy beyond a single signal transduction cascade and 3) cautiously interpreting 

literature regarding reports of constitutive activity due to the dynamic scope for constitutive 

interactions with multiple signal transducers. The present study sought to address each of these 

factors and, in the author’s opinion, this was achieved through: 1) setting a clear definition of 

constitutive activity outright (Refer to Section 2.1), 2) generation of hMC4R mutant vectors that 

all shared a common vector background with a simplistic N-terminal 3xHA epitope (Refer to 

Section 4.2.1), 3) characterising all reported CAM hMC4Rs within the most commonly reported 

signalling cascade (CRE reporter activity) along with a positive control (hMC4R co-expression 

with hMRAPα) and appropriate negative controls (non-CA hMC4R mutants) (Refer to Chapter 

4), 4) characterising both ligand stimulated activity and CA within a given signalling cascade 

(where technically feasible) (Refer to Chapter 4 and 5), 5) increasing the scope of signal 

transduction characterisation through assessment of activity within multiple signalling cascades, 

as well as assessing receptor cell surface and intracellular localisation (Refer to Chapter 4 and 

5), and 6) where technically feasible, confirming signal transduction within a more 

physiologically relevant cell line.  

A major limitation to the application of the findings from the present research study pertains to 

the lack of physiological relevance through predominantly employing HEK293 cells for 

functional characterisation. Although the lack of physiological relevance is a recognised 

limitation, HEK293 cells were deemed appropriate due to being the predominant in vitro cell line 

employed in literature for characterisation of obesogenic hMC4R mutant functional defects. 

Another limitation that proved unfortunate was the inability to completely establish the signal 

transduction mechanism responsible for the observed signalling signature for CAM HA-

hMC4Rs H76R and L250Q. Although somewhat over-ambitious given the time frame for this 

research study, completion of the signal transduction model would prove highly beneficial in 

clarification of the signal transduction that associates with obesity. The hope of successful 

completion of the signal transduction characterisation has also delayed publication of the original 

findings identified within this study, and as such, resulting in withholding of new knowledge 

from literature. Although not a limitation as such, the unorthodox findings for the lack of 

forskolin and hMC4R α-MSH stimulation of pCREB activity regardless of methodological 
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adaptations also proved cumbersome. However, in time it became apparent that even well-

established signal transduction dogma could at times be found to be equivocal.  

6.1.5 Future Directions 

A plethora of potential future directions could be appointed, however, several key areas will be 

highlighted that should receive focus in future studies. As outlined in the synopsis for the 

introduction, several key questions arose that could be addressed in future work. The present 

study addressed Question #3 (Section 1.6 [p. 85]) through hypothesising how increased hMC4R 

constitutive activity may contribute to obesity, and assessed Question #4 in part (Section 1.6 [p. 

85]) through determining that hMC4R constitutive activity conferred by co-expression with 

hMRAPα resembles obesogenic constitutively active hMC4R mutants. An important aspect of 

hMC4R signalling which has not been addressed at all within the present research study relates 

to Question #1 (Section 1.6 [p. 85]) and includes the mechanism behind AgRP’s biased agonism 

at hMC4R. Importantly, AgRP signalling through MC4R had been shown sufficient for 

induction of the delayed chronic feeding response (Michael J. Krashes et al., 2013). Given 

AgRP’s role in opposing α-MSH function, it would be of paramount importance to fully 

characterise AgRP signal transduction through hMC4R to better understand potential obesity 

promoting signal transduction.  

Given the large dependency on western blotting for quantitative analysis of phosphorylated 

proteins activity, it would prudent for future studies to incorporate alternative real-time activity 

monitoring approaches to improve spatiotemporal resolution.  

The present study has not addressed if hMC4R’s constitutive activity sets the basal tone of 

energy expenditure and appetite, as outlined in Question #2 (Section 1.6 [p. 85]) of the 

introduction’s synopsis. Future studies need to address the likely opposing effects of MRAPs on 

MC4R function on a more physiological scale – particularly through assessment of MRAP co-

expression with MC4R within neurons known to be crucial for MC4R function (PVN and DMH, 

for example). As predicted through similarity of hMRAPα modulation of hMC4R with 

obesogenic CAM hMC4R function, it would be important to confirm if hMRAPα does 

contribute to modulation of hMC4R signalling in a manner that opposes normal beneficial 

functioning. With identification of species differences for MRAP2 function, and suggestion of 

alternative obesogenic mechanisms between MRAP2 knockout versus MC4R knockout, future 

work may identify a novel MC4R independent mechanism for MRAP2 actions.  
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More directly related to the findings within the present study, future studies are directed to 

examine the distinction between cell surface and intracellular hMC4R populations with regard to 

the contribution to constitutive and ligand stimulated AC, pERK½ and CRE reporter activity. 

Evaluating the contribution of hMC4R α-MSH stimulated intracellular Ca2+ signalling to CRE 

reporter activity would also be effectual. It would also be important to evaluate changes in 

nuclear Ca2+ transients following hMC4R α-MSH stimulation, along with the role of EPAC in 

connecting apparent cell surface signal transduction to nuclear CRE transcription activity. 

Interestingly, members of the Ras family have been implicated in nuclear trafficking of GPCRs 

in both agonist-dependent and -independent mechanisms, which may foreshadow a functional 

role for EPAC mediated pERK½ activity (Vikrant K. Bhosle, José Carlos Rivera, & Chemtob, 

2017). Due to remaining uncertainties regarding the constitutive hMC4R signalling cascades, the 

present study has not been able to conclude if hMC4R’s constitutive activity can be manipulated 

to treat obesity and/or anorexia, as outlined in Question #5 (Section 1.6 [p. 85]) of the 

introduction’s synopsis. Lastly, the theoretical model of MC4R Gαs signal transduction 

identified within this research study could serve as a guide for further characterisation of hMC4R 

regulation of energy expenditure and glucose metabolism, which may identify potential 

strategies to treat obesity and/or anorexia. 

6.1.6 Conclusions 

This project aimed to characterise the mechanism of MC4R constitutive activity associating with 

human obesity as well as to determine if the gain-in-function conferred to hMC4R through co-

expression with hMRAPα could prove beneficial in prevention of obesity. A common signalling 

signature was identified between obesogenic CAM hMC4Rs H76R and L250Q and hMC4R co-

expression with hMRAPα. This signalling signature consisted of increased constitutive AC 

activity, increased constitutive CRE reporter activity, α-MSH stimulated coupling to AC activity, 

transient and sustained pERK½ activity, but not CRE reporter activity, as well as reduced cell 

surface and total cellular expression. Key differentiation between obesogenic and non-

obesogenic CAM hMC4R pertained to no ligand responsiveness within the CRE reporter assay 

and reduced total cellular expression. As such, obesogenic CAM MC4Rs were confirmed to 

adopt a conformation distinct form non-obesogenic CAM MC4Rs as well as other obesogenic 

mutant MC4Rs. Co-expression of hMC4R-WT with hMRAPα strongly aligned with obesogenic 

CAM hMC4Rs and thus, associated with an obesogenic signalling signature. The molecular 

mechanism underlying the signalling signature was shown to likely be independent of Gαi, PKA, 

pCREB, pAkt and pAMPK activity, but appeared sensitive to dynamin inhibition, which could 
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be suggestive of a role for internalisation and/or intracellular dynamin activity. The role of 

EPAC as well as pERK½ activity remains unclear, but both warrant further investigation.  
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7.1 Construct cloning 

Table 7-1: Primers generated for SOE cloning of HA-hMC4R point mutants and polymorphisms 
 

Primer Purpose Nucleotide sequence 

HA-hMC4RForR1 
Binding pcDNA3.1 multiple cloning site upstream of the HA-epitope  

(NheI, PmeI AflII HindIII section of plasmid) 
5’ gctagcgtttaaacttaagc 

HA-hMC4RRevR2 
Binding pcDNA3.1 multiple cloning site downstream of the HA-epitope  

(XhoI, XbaI Apa section of plasmid) 
5’ ggccctctagactcgagtta 

HA-hMC4RForR3 Amplification of full length mutant HA-hMC4R (Asp7181 and KpnI section of plasmid) 5’ cttggtaccaccatgtaccc 

HA-hMC4RRevR3 Amplification of full length mutant HA-hMC4R (3’ HA-hMC4R and XhoI section of plasmid) 5’ gactcgagttaatatctgc 

HA-MC4RR7HForR2 
Introducing CGT codon change to CAT (His) 5’ aactccacccaccatgggatgcacacttc 

HA-MC4RR7HRevR1 5’ gaagtgtgcatcccatggtgggtggagtt 

HA-MC4RR18LForR2 
Introducing CGC codon change to CTC (Leu) 5’ gcacctctggaacctcagcagttacagac 

HA-MC4RR18LRevR1 5’ gtctgtaactgctgaggttccagaggtgc 

HA-MC4RH76RForR2 
Introducing CAT codon change to CGT (Arg) 5’ gaacaagaatctgcgttcacccatgtac 

HA-MC4RH76RRevR1 5’ gtacatgggtgaacgcagattcttgttc 

HA-MC4RD90NForR2 
Introducing GAT codon change to AAT (Asn) 5’ cttggctgtggctaatatgctggtgagcg 

HA-MC4RD90NRevR1 5’ cgctcaccagcatattagccacagccaag 

HA-MC4RV103IForR2 
Introducing GTC codon change to ATC (Ile) 5’ gaaaccattatcatcacccta 

HA-MC4RV103IRevR1 5’ tagggtgatgataatggtttc 

HA-MC4RD146NForR2 
Introducing GAC codon change to AAC (Asn) 

5’ cctgctttcaattgcagtgaacaggtac 

HA-MC4RD146NRevR1 5’ gtacctgttcactgcaattgaaagcagg 

HA-MC4RT150IForR2 
Introducing ACT codon change to ATT (Ile) 5’ gcagtggacaggtactttattatcttctatgctctc 

HA-MC4RT150IRevR1 5’ gagagcatagaagataataaagtacctgtccactgc 

HA-MC4RA154DForR2 
Introducing GCT codon change to GAT (Asp) 5’ ctatcttctatgatctccagtacc 

HA-MC4RA154DRevR1 5’ ggtactggagatcatagaagatag 

HA-MC4RH158RForR2 
Introducing CAT codon change to CGT (Arg) 5’ gctctccagtaccgtaacattatgacag 

HA-MC4RH158RRevR1 5’ ctgtcataatgttacggtactggagagc 

2
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0
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HA-MC4RP230LForR2 
Introducing CCC codon change to CTC (Leu) 

5’ aagaggattgctgtcctcctcggcactggtg 

HA-MC4RP230LRevR1 5’ caccagtgccgaggaggacagcaatcctctt 

HA-MC4RL250QForR2 
Introducing CTG codon change to CAG (Gln) 5’ ccttgaccatccagattggcgtctttg 

HA-MC4RL250QRevR1 5’ caaagacgccaatctggatggtcaagg 

HA-MC4RI251LForR2 
Introducing ATT codon change to CTG (Leu) 5’ accatcctgcttggcgtcttt 

HA-MC4RI251LRevR1 5’ aaagacgccaagcaggatggt 

HA-MC4RF280LForR2 
Introducing TTC codon change to TTG (Leu) 5’ ccatattgtgtgtgcttgatgtctcac 

HA-MC4RF280LRevR1 5’ gtgagacatcaagcacacacaatatgg 

HA-MC4RS295PForR2 
Introducing TCA codon change to CCA (Pro) 5’ gtgtaatccaatcatcgatcctctg 

HA-MC4RS295PRevR1 5’ cagaggatcgatgattggattacac 

HA-MC4RR305SForR2 
Introducing CGG codon change to AGC (Ser) 5’ gatttatgcactcagcagtcaagaactgagg 

HA-MC4RR305SRevR1 5’ cctcagttcttgactgctgagtgcataaatc 
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7.2 Nucleotide sequence alignment for HA-hMC4R mutants 

Figure 7-1: CLUSTAL OMEGA (1.2.4) HA-hMC4R mutant sequence alignment (codon mutation) 
 

     ___Plasmid background__REsite__Start--------HA-Epitope------ 

HA_hMC4R_Delta24      GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_R305S        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_S295P        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_F280L        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_I251L        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_L250Q        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_P230L        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_H158R        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_A154D        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_T150I        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_D146N        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_S127L        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_V103I        GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_D90N         GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_H76R         GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_R18L         GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_R7H          GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

HA_hMC4R_WT           GCTAGCGTTTAAACTTAAGCTTGGTACCACCATGTACCCATACGATGTTCCAGATTACGC 60 

                      ************************************************************ 

       --------HA-Epitope--------------HA-Epitope---------------- 

HA_hMC4R_Delta24      TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGAT-- 117 

HA_hMC4R_R305S        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_S295P        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_F280L        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_I251L        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_L250Q        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_P230L        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_H158R        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_A154D        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_T150I        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_D146N        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_S127L        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_V103I        TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_D90N         TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_H76R         TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_R18L         TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_R7H          TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

HA_hMC4R_WT           TTACCCATACGATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTGATGT 120 

                      *********************************************************    

       ___________N-terminal deletion (amino acid 1-24_____________ 

HA_hMC4R_Delta24      ------------------------------------------------------------ 117 

HA_hMC4R_R305S        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_S295P        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_F280L        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_I251L        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_L250Q        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_P230L        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_H158R        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_A154D        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_T150I        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_D146N        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_S127L        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_V103I        GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_D90N         GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_H76R         GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_R18L         GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCTCAGCAGTTACAG 180 

HA_hMC4R_R7H          GAACTCCACCCACCATGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

HA_hMC4R_WT           GAACTCCACCCACCGTGGGATGCACACTTCTCTGCACCTCTGGAACCGCAGCAGTTACAG 180 

                                                                                   

         _______ 

HA_hMC4R_Delta24      -------AGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 171 

HA_hMC4R_R305S        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_S295P        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_F280L        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_I251L        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_L250Q        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_P230L        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_H158R        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_A154D        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_T150I        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_D146N        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 
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HA_hMC4R_S127L        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_V103I        ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_D90N         ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_H76R         ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_R18L         ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_R7H          ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

HA_hMC4R_WT           ACTGCACAGCAATGCCAGTGAGTCCCTTGGAAAAGGCTACTCTGATGGAGGGTGCTACGA 240 

                             ***************************************************** 

 

HA_hMC4R_Delta24      GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 231 

HA_hMC4R_R305S        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_S295P        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_F280L        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_I251L        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_L250Q        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_P230L        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_H158R        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_A154D        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_T150I        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_D146N        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_S127L        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_V103I        GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_D90N         GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_H76R         GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_R18L         GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_R7H          GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

HA_hMC4R_WT           GCAACTTTTTGTCTCTCCTGAGGTGTTTGTGACTCTGGGTGTCATCAGCTTGTTGGAGAA 300 

                      ************************************************************ 

 

HA_hMC4R_Delta24      TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 291 

HA_hMC4R_R305S        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_S295P        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_F280L        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_I251L        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_L250Q        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_P230L        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_H158R        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_A154D        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_T150I        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_D146N        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_S127L        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_V103I        TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_D90N         TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_H76R         TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCGTTCACCCATGTACTTTTT 360 

HA_hMC4R_R18L         TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_R7H          TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

HA_hMC4R_WT           TATCTTAGTGATTGTGGCAATAGCCAAGAACAAGAATCTGCATTCACCCATGTACTTTTT 360 

                      ***************************************** ****************** 

 

HA_hMC4R_Delta24      CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 351 

HA_hMC4R_R305S        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_S295P        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_F280L        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_I251L        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_L250Q        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_P230L        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_H158R        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_A154D        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_T150I        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_D146N        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_S127L        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_V103I        CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_D90N         CATCTGCAGCTTGGCTGTGGCTAATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_H76R         CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_R18L         CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_R7H          CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

HA_hMC4R_WT           CATCTGCAGCTTGGCTGTGGCTGATATGCTGGTGAGCGTTTCAAATGGATCAGAAACCAT 420 

                      ********************** ************************************* 

 

HA_hMC4R_Delta24      TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 411 

HA_hMC4R_R305S        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_S295P        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_F280L        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_I251L        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_L250Q        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_P230L        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_H158R        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 



 

  226 

 

2
6 
 

HA_hMC4R_A154D        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_T150I        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_D146N        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_S127L        TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_V103I        TATCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_D90N         TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_H76R         TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_R18L         TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_R7H          TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

HA_hMC4R_WT           TGTCATCACCCTATTAAACAGTACAGATACGGATGCACAGAGTTTCACAGTGAATATTGA 480 

                      * ********************************************************** 

 

HA_hMC4R_Delta24      TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 471 

HA_hMC4R_R305S        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_S295P        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_F280L        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_I251L        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_L250Q        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_P230L        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_H158R        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_A154D        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_T150I        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_D146N        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_S127L        TAATGTCATTGACTTGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_V103I        TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_D90N         TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_H76R         TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_R18L         TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_R7H          TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

HA_hMC4R_WT           TAATGTCATTGACTCGGTGATCTGTAGCTCCTTGCTTGCATCCATTTGCAGCCTGCTTTC 540 

                      ************** ********************************************* 

 

HA_hMC4R_Delta24      AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 531 

HA_hMC4R_R305S        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_S295P        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_F280L        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_I251L        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_L250Q        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_P230L        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_H158R        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCGTAACATTATGAC 600 

HA_hMC4R_A154D        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGATCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_T150I        AATTGCAGTGGACAGGTACTTTATTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_D146N        AATTGCAGTGAACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_S127L        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_V103I        AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_D90N         AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_H76R         AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_R18L         AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_R7H          AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

HA_hMC4R_WT           AATTGCAGTGGACAGGTACTTTACTATCTTCTATGCTCTCCAGTACCATAACATTATGAC 600 

                      ********** ************ *********** *********** ************ 

 

HA_hMC4R_Delta24      AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 591 

HA_hMC4R_R305S        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_S295P        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_F280L        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_I251L        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_L250Q        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_P230L        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_H158R        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_A154D        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_T150I        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_D146N        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_S127L        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_V103I        AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_D90N         AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_H76R         AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_R18L         AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_R7H          AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

HA_hMC4R_WT           AGTTAAGCGGGTTGGGATCATCATAAGTTGTATCTGGGCAGCTTGCACGGTTTCAGGCAT 660 

                      ************************************************************ 

 

HA_hMC4R_Delta24      TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 651 

HA_hMC4R_R305S        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_S295P        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_F280L        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_I251L        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 
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HA_hMC4R_L250Q        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_P230L        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_H158R        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_A154D        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_T150I        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_D146N        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_S127L        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_V103I        TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_D90N         TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_H76R         TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_R18L         TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_R7H          TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

HA_hMC4R_WT           TTTGTTCATCATTTACTCAGATAGTAGTGCTGTCATCATCTGCCTCATCACCATGTTCTT 720 

                      ************************************************************ 

 

HA_hMC4R_Delta24      CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 711 

HA_hMC4R_R305S        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_S295P        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_F280L        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_I251L        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_L250Q        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_P230L        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_H158R        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_A154D        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_T150I        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_D146N        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_S127L        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_V103I        CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_D90N         CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_H76R         CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_R18L         CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_R7H          CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

HA_hMC4R_WT           CACCATGCTGGCTCTCATGGCTTCTCTCTATGTCCACATGTTCCTGATGGCCAGGCTTCA 780 

                      ************************************************************ 

 

HA_hMC4R_Delta24      CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 771 

HA_hMC4R_R305S        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_S295P        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_F280L        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_I251L        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_L250Q        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_P230L        CATTAAGAGGATTGCTGTCCTCCTCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_H158R        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_A154D        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_T150I        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_D146N        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_S127L        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_V103I        CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_D90N         CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_H76R         CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_R18L         CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_R7H          CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

HA_hMC4R_WT           CATTAAGAGGATTGCTGTCCTCCCCGGCACTGGTGCCATCCGCCAAGGTGCCAATATGAA 840 

                      *********************** ************************************ 

 

HA_hMC4R_Delta24      GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 831 

HA_hMC4R_R305S        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_S295P        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_F280L        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_I251L        GGGAGCGATTACCTTGACCATCCTGCTGGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_L250Q        GGGAGCGATTACCTTGACCATCCAGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_P230L        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_H158R        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_A154D        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_T150I        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_D146N        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_S127L        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_V103I        GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_D90N         GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_H76R         GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_R18L         GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_R7H          GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

HA_hMC4R_WT           GGGAGCGATTACCTTGACCATCCTGATTGGCGTCTTTGTTGTCTGCTGGGCCCCATTCTT 900 

                      *********************** * * ******************************** 

 

HA_hMC4R_Delta24      CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 891 

HA_hMC4R_R305S        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 
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HA_hMC4R_S295P        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_F280L        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTGATGTC 960 

HA_hMC4R_I251L        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_L250Q        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_P230L        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_H158R        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_A154D        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_T150I        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_D146N        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_S127L        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_V103I        CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_D90N         CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_H76R         CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_R18L         CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_R7H          CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

HA_hMC4R_WT           CCTCCACTTAATATTCTACATCTCTTGTCCTCAGAATCCATATTGTGTGTGCTTCATGTC 960 

                      ****************************************************** ***** 

 

HA_hMC4R_Delta24      TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 951 

HA_hMC4R_R305S        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_S295P        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATCCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_F280L        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_I251L        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_L250Q        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_P230L        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_H158R        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_A154D        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_T150I        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_D146N        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_S127L        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_V103I        TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_D90N         TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_H76R         TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_R18L         TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_R7H          TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

HA_hMC4R_WT           TCACTTTAACTTGTATCTCATACTGATCATGTGTAATTCAATCATCGATCCTCTGATTTA 1020 

                      ************************************* **********************  

 

HA_hMC4R_Delta24      TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1011 

HA_hMC4R_R305S        TGCACTCAGCAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_S295P        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_F280L        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_I251L        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_L250Q        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_P230L        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_H158R        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_A154D        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_T150I        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_D146N        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_S127L        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_V103I        TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_D90N         TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_H76R         TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_R18L         TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_R7H          TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

HA_hMC4R_WT           TGCACTCCGGAGTCAAGAACTGAGGAAAACCTTCAAAGAGATCATCTGTTGCTATCCCCT 1080 

                      ******* * ************************************************** 

                  Stop_REsite_Plasmid background 

HA_hMC4R_Delta24      GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1071 

HA_hMC4R_R305S        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_S295P        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_F280L        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_I251L        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_L250Q        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_P230L        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_H158R        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_A154D        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_T150I        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_D146N        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_S127L        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_V103I        GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_D90N         GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_H76R         GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_R18L         GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_R7H          GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

HA_hMC4R_WT           GGGAGGCCTTTGTGACTTGTCTAGCAGATATTAACTCGAGTCTAGAGGGCCCGTTTAAAC 1140 

                      ************************************************************ 
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7.3 Cell line validation 

7.3.1 Introduction 

The HEK293 cell line was screened for endogenous hMCR expression (Refer to Figure 7-2) as 

well as endogenous hMRAPα, hMRAPβ and hMRAP2 expression (Refer to Figure 7-3) using 

specific primer sets (Refer to Table 7-2 and Table 7-3, respectively). GT1-7 cells were 

previously confirmed to express mMC4R within mRNA (Dumont et al., 2001), which was 

confirmed for this research study (Refer to Figure 7-4), and expression of mMRAPα and 

mMRAP2 was also screened (Refer to Figure 7-4). Additionally, GT1-7 cell α-MSH stimulated 

CRE reporter activity was also measured following either transfection with pcDNA3.1 alone, or 

with hMRAPα alone, or with HA-hMC4R-WT + pcDNA3.1 or HA-hMC4R + hMRAPα (Refer 

to Figure 4-3). Using the more physiologically relevant GT1-7 cellular background, HA-hMC4R 

co-expressed with hMRAPα unresponsiveness to α-MSH stimulated CRE reporter activity was 

confirmed (Refer to Figure 4-3). No α-MSH stimulated CRE reporter activity was observed for 

GT1-7 cells transfected with pcDNA3.1 or hMRAPα alone, suggesting no significant 

endogenous mMC4R expression under the assay conditions tested (Refer to Figure 4-3).  

7.3.2 RNA extraction, cDNA generation and PCR screening 

Total RNA (HEK293 cells) or poly A mRNA (GT1-7 cells; serum starved O/N) was extracted 

using ReliaPrep RNA cell miniprep kit or PolyATtract mRNA extraction system according to 

manufacture protocols (Promega, Madison, WI, USA). RNA integrity was confirmed on MOPS 

RNA gels before reverse transcription of total RNA/PolyA+ mRNA to cDNA (Method outlined 

in (Kay et al., 2013a)). PCR was performed to screen HEK293 for hMCR expression (Refer to 

Figure 7-2) and hMRAP expression (Refer to Figure 7-3) as well as to screen mouse GT1-7 

cells for MC4R and MRAP expression (Refer to Figure 7-4) (Method outlined in (Kay et al., 

2013a)). PCR Primers were specifically designed to anneal efficiently to their target (melting 

temperature ~60°C, ~50% GC content, no self-complementarity or heterodimer formation; 

assessed in silico using IDT OligoAnalyzer 3.1 [Integrated DNA technologies, Inc., Iowa, USA] 

and Nucleotide BLAST [NCBI, National Centre for Biotechnology Information, Maryland, 

USA]). 
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Table 7-2: PCR primers used for amplification of hMCRs from HEK293 cDNA. 

Construct Primer Sequence 

hMC1R hMC1RForscan 5’ GAAGACTTCTGGGCTCCCTCAAC 

hMC1RRevscan 5’ GGTCGATGATGGCATTGCAGATG 

hMC2R hMC2RForscan 5’ AATTCCGACTGTCCTCGTGTGG 

hMC2RRevscan 5’ CATGATCAACATGCCGTTCACC 

hMC3R hMC3RForscan 5’ CTCTGTTCAGCCAACACTGCCTAA 

hMC3RRevscan 5’ CTATCCCAAGTTCATGCCGTTGC 

hMC4R hMC4RForscan 5’ AATTCCGACTGTCCTCGTGTGG 

hMC4RRevscan 5’ CATGATCAACATGCCGTTCACC 

hMC5R hMC5RForscan 5’ GGATCTCAACCTGAATGCCACAG 

hMC5RRevscan 5’ ATCCTGAAACCACGGCAGCAAA 

HEK293 cells abundantly express hMC4R mRNA and have weak hMC5R mRNA expression 

(Refer to Figure 7-2). HEK293 cells also abundatly express hMRAP2 mRNA and have weak 

hMRAPα mRNA expression (Refer to Figure 7-3).  

 

Figure 7-2: HEK293 hMCR expression. HEK293 total RNA was harvested, cDNA generated and 

RT PCR performed using specifically designed primers (Refer to Table 7-2) to check for hMCR 

expression.   

Table 7-3: PCR primers used for amplification of hMRAPs from HEK293 cDNA. 

Construct Primer Sequence 

Full hMRAPα hMRAPsensecorr 5` ATCGGATCCATGGCCAACGGGACCAAC 

hMRAPaRevnoflag 5' ATCGAATTCTCAGCTCTGCAATTGAGAGGT 

Full hMRAPβ hMRAPsensecorr 5` ATCGGATCCATGGCCAACGGGACCAAC 

hMRAPbrevnoHA 5' ATCGAATTCTCAGGCCGCCCCTTCCTCTCTAGG 

Full hMRAP2 hMRAP2 For 5' ATCGGATCCATGTCCGCCCAGAGGTTAAT 

hMRAP2 Rev 5' ATCGAATTCTCAATCCAGGTCTTTGTGTG 

 

Figure 7-3: HEK293 hMRAP expression. HEK293 total RNA was harvested, cDNA generated and 

RT PCR performed using primers to check for full-length hMRAP expression (Refer to Table 7-3). 

GT1-7 cells endogenously express mMC4R mRNA, and GT1-7 cells also have endogenous 

expression of both mMRAPα and mMRAP2 mRNA (Refer to Figure 7-4).   
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Table 7-4: PCR primers used for amplification of mMRAPs and mMC4R from GT1-7 

PolyA+ derived cDNA. 

Construct Primer Sequence 

Full 

mMRAPα 

mFalp ribo sense 5'AAGGATCCAAAGCCACAGTCATGGCCAA 

mMRAPaRevUTR 5’ATCGAATTCATCCTGGACCTGGTCCTAGGGGAGA 

Full mMRAP2 

mMRAP2For 5’ATCGGATCCATGGAGATGTCTGCCCAGAGG 

mMRAP2 ribo CT 

A/S coding 
5’CGGAATTCTCAGTCCAGGTCTATGCGTG 

Full mMC4R 
mMC4Rfor 5'AAGGATCCCAAGGAGGACTCAAAT 

mMC4RRevUTR 5’ATCGAATTCGAGTGACAAAGTCTGCAGGTATC 

   

 

Figure 7-4: GT1-7 polyA+ mRNA was harvested, cDNA generated and RT PCR performed using 

specifically designed primers to check for mouse MC4R and MRAP expression (Refer to Table 

7-4). 

7.3.3 HEK293 cell line authentication 

A HEK293 cellular pellet was harvested from cells grown in DMEM + NCS in the absence of 

P/S for two weeks, and extracted genomic DNA authenticated by DNA Diagnostics Ltd. 

(Panmure, Auckland, New Zealand). Following short tandem repeat (STR) analysis and a DSMZ 

STR alignment (Refer to Figure 7-5 and Figure 7-6), the HEK293 cell line used in this research 

study was authenticated to most closely resemble the CRL-2784 cell line (Cell name: 2V6.11 

[JHU-67]), which is an ATCC commercially supplied HEK293 cell line (Cell line details: 

https://www.atcc.org/en/Products/All/CRL-2784.aspx).  

 

https://www.atcc.org/en/Products/All/CRL-2784.aspx
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Figure 7-5: DSMZ STR matching analysis for the HEK293 haplotype used in this research study 

(Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures,  

https://www.dsmz.de/services/services-human-and-animal-cell-lines/online-str-analysis.html).  

2
3
0
 

 

https://www.dsmz.de/services/services-human-and-animal-cell-lines/online-str-analysis.html
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Figure 7-6: HEK293 STR Genomic DNA authentication haplotype.  

HEK293 cells were grown in the absence of P/S before harvesting genomic DNA and performing 

STR allelic sequencing (performed by DNA Diagnostics Ltd.) for a panel of common SNPs found 

within an array of human chromosomes. 
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7.4 Species differences between mouse and human MRAP function on MC4R 

7.4.1 PCR primer details 

Table 7-5: PCR primers used for amplification of full-length hMC4R and mMC4R as well as hMRAPα-WT, hMRAP2-WT, mMRAPα-WT 

and mMRAP2-WT. 

Construct Primer Sequence DNA cloned from 

Full 

hMC4R 

hMC4Rfor 5’ ATCGGATCCATGGTGAACTCCACCCACCGT 
HA-hMC4R-WT-pcDNA3.1 

HAhMC4RxhoRevR3 5’ GACTCGAGTTAATATCTGC 

Full 

mMC4R 

mMC4Rfor 5’ AAGGATCCCAAGGAGGACTCAAAT 
C57 mouse Brain cDNA 

mMC4RRevUTR 5’ ATCGAATTCGAGTGACAAAGTCTGCAGGTATC 

Full 

hMRAPα 

hMRAPsensecorr 5’ ATCGGATCCATGGCCAACGGGACCAAC hMRAPα cDNA (Ultimate ORF IOH58589 from 

Invitrogen Corporation, CA, USA) hMRAPaRevnoflag 5’ ATCGAATTCTCAGCTCTGCAATTGAGAGGT 

Full 

hMRAP2 

hMRAP2 For 5’ ATCGGATCCATGTCCGCCCAGAGGTTAAT 
Human Ovary cDNA 

mMC4RRevUTR 5’ ATCGAATTCGAGTGACAAAGTCTGCAGGTATC 

Full 

mMRAPα 

mFalp ribo sense 5’ AAGGATCCAAAGCCACAGTCATGGCCAA 
Avy mouse Subcutaneous fat cDNA 

mMRAPaRevUTR 5’ ATCGAATTCATCCTGGACCTGGTCCTAGGGGAGA 

Full 

mMRAP2 

mMRAP2For 5’ ATCGGATCCATGGAGATGTCTGCCCAGAGG 
C57 mouse Brain cDNA 

mMRAP2 ribo CT A/S coding 5’ CGGAATTCTCAGTCCAGGTCTATGCGTG 
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7.4.2 Best-Fit data from statistical analysis of CRE reporter assay data  

Table 7-6: Summary table for Best-Fit data for species differences comparison between mouse and human MRAP effects on MC4R in 

HEK293 following α-MSH stimulated coupling to the CRE reporter assay. 

 Best-Fit values 

Condition Bottom +/- SEM 
f-test p-

value 

1-Way 

ANOVA 

p-value 

EC50 EC50 95% CI Top +/- SEM 
f-test p-

value 

1-Way 

ANOVA  

p-value 

hMC4R + 3.1 1.008 0.1508 - - 6.579-10M 2.869-10M to 1.509-9M 2.337 0.07382 - - 

hMC4R + hMRAPα 1.767 0.1821 <0.0001 0.0020 - - 1.905 0.07754 0.9397 0.3648 

hMC4R + hMRAP2 0.7692 0.1299 0.0885 0.8556 4.365-10M 2.49-10M to 7.651-10M 2.366 0.05795 0.6308 0.9998 

hMC4R + mMRAPα 1.333 0.1714 0.7985 0.3352 - - 1.53 0.0624 0.5702 0.0046 

hMC4R + mMRAP2 0.5102 0.1095 <0.0001 0.2774 9.706-11M 2.66-11M to 3.542-10M 1.206 0.04118 <0.0001 0.0001 

mMC4R + 3.1 1.209 0.1655 - - 1.195-10M 3.212-11M to 4.444-10M 2.553 0.1368 - - 

mMC4R + hMRAPα 2.492 0.1303 0.3413 

 

0.0001 - - 2.732 0.1368 0.3381 0.7286 

mMC4R + hMRAP2 0.8333 0.231 0.1686 

 

0.7286 1.091-10M 3.861-11M to 3.085-10M 3.185 0.1368 0.0007 

 

0.0170 

mMC4R + mMRAPα 2.012 0.1878 0.6632 

 

0.0848 - - 2.131 0.1368 0.5537 0.5305 

mMC4R + mMRAP2 0.7338 0.1488 0.0052 0.1627 7.663-11M 2.745-11M to 2.14-10M 2.221 0.1368 0.6652 

 

0.9330 

Mean data +/- SEM Best-Fit data with either sum of squares f-test or One-Way ANOVA + Dunnet’s Post-Hoc test as obtained from GraphPad 

Prism. Due to no α-MSH responsiveness- conditions with MRAPα have no reported EC50 data. 
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7.5 Stain-free western blot method outline 

To serve as an illustration of the workflow of the Bio-Rad TGX stain-free gels and protein 

normalisation and to determine the most optimal western transfer method, HEK293 lysates for 

HA-hMC4R-WT co-expressed with either pcDNA3.1, hMRAPα or hMRAP2 were assessed 

through western blotting (Refer to Figure 7-7). Following electroporation of HEK293 cell 

lysates through 10% TGX stain-free gels, total gel protein stain-free signal was imaged and 

quantitated (Refer to Figure 7-7 A). Following transfer of gel total protein to a PVDF membrane 

total blot protein and remaining gel protein was imaged and quantitated (Refer to Figure 7-7 B 

and C). PVDF blot was then probed for the HA-epitope to allow comparison of total cellular 

HA-hMC4R-WT expression when co-expressed with either pcDNA3.1, hMRAPα or hMRAP2. 

Upon normalising chemiluminescent signal for total blot protein, a comparison could be made 

for total cellular expression of HA-hMC4R-WT expression when co-expressed with either 

pcDNA3.1, hMRAPα or hMRAP2. Additionally, two transfer methods were compared to 

establish if Bio-Rad semi-dry transfer conditions would be more optimal than previously 

established wet transfer methodology (Kay et al., 2013b) to measure HA-hMC4R-WT 

expression (Refer to Figure 7-7 B-D). The wet transfer methodology resulted in non-uniform 

and less efficient transfer of total protein and appeared better catered to molecular weight 

proteins > 40kDa (Refer to Figure 7-7 B and C).  
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Figure 7-7: HA-hMC4R-WT +/- hMRAPα or hMRAP2 lysate electroporation on a 10% SDS-

PAGE gel followed by semi-dry transfer using Bio-Rad Transblot Turbo using a 3-minute, 25Volts, 

2.5Amp protocol or a 4-hour 4°C Wet transfer using Bio-Rad transfer chamber. 

Transblot turbo transfer had higher transfer efficiency with a more even transfer compared with 

the 4-hour Wet transfer which had a lower efficiency across the entire molecular weight range but 

also lacked good transfer below 37kDa. 
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7.6 Antibody titrations for western blotting 

Optimal titres were determined for mouse anti-HA and sheep anti-mouse HRP (Refer to Figure 

7-8), for total ERK½, pERK½ (44 and 42 kDa respectively) and goat anti-rabbit HRP (Refer to 

Figure 7-9 and Figure 7-10) and for rabbit anti-Akt (60 kDa), -pAkt (60 kDa), -CREB (43 kDa), 

-pCREB (43 kDa), -AMPK (62 kDa) and -pAMPK (62 kDa) antibodies (Refer to Figure 7-11) 

using HEK293 lysates co-transfected with HA-hMC4R-WT (Refer to Table 7-7). 

Table 7-7: Summary of optimal titrations for western blotting antibodies 

 

Antigen Target Catalogue # 

Expected 

Target Size 

(unit = kDa) 

Optimal 

Titre 

Selected 

Hemagglutinin (HA) Cat# MMS-101P - 1:5k 

Sheep anti-mouse HRP conjugated secondary Cat# 115-035-062 - 1:10k 

Total ERK½ Cat# 4695 
44 and 42, 

respectively 
1:10k 

pERK½ Cat# 4370 
44 and 42, 

respectively 
1:16k 

Total CREB Cat# 9197 43 1:5k 

pCREB Cat# 9198 43 1:5k 

Total Akt Cat# 9272 60 1:5k 

pAkt Cat# 9275 60 1:1k 

AMPKα Cat# 2532 62 1:2k 

pAMPK Cat# 2535 62 1:500 

Goat anti-rabbit HRP conjugated secondary Cat# 111-035-003 - 1:40k 

 

 

Figure 7-8: Titration of mouse anti-HA.11 primary and anti-mouse HRP secondary using HEK293 

cell lysates co-transfected with HA-hMC4R-WT + pcDNA3.1. 

Lysates were electrophoretically separated on a 10% SDS-PAGE gel followed by semi-dry transfer 

using Bio-Rad Transblot Turbo using a 3-minute, 25Volts, 2.5Amp protocol.   
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Figure 7-9: Titration of rabbit anti-total ERK½ primary and anti-rabbit HRP secondary using 

HEK293 cell lysates co-transfected with HA-hMC4R-WT + pcDNA3.1.  

Lysates were electrophoretically separated on a 10% SDS-PAGE gel followed by semi-dry transfer 

using Bio-Rad Transblot Turbo using a 3-minute, 25Volts, 2.5Amp protocol.  

 

Figure 7-10: Titration of rabbit anti-pERK½ primary and anti-rabbit HRP secondary and 

confirmation of ERK½ titre on HEK293 cell lysates co-transfected with HA-hMC4R-WT + 

pcDNA3.1.  

Lysates were electrophoretically separated on a 10% SDS-PAGE gel followed by semi-dry transfer 

using Bio-Rad Transblot Turbo using a 3-minute, 25Volts, 2.5Amp protocol.  

 

Figure 7-11: Titration of rabbit anti-Akt, - pAkt, -CREB, -pCREB, -AMPK and -pAMPK primary 

using HEK293 cell lysates co-transfected with HA-hMC4R-WT + pcDNA3.1. 

Lysates were electrophoretically separated on a 10% SDS-PAGE gel followed by semi-dry transfer 

using Bio-Rad Transblot Turbo using a 3-minute, 25Volts, 2.5Amp protocol.    
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7.7 HA-hMC4R-WT total expression following prolonged α-MSH exposure 

7.7.1 Overview and methods 

Gao et al. (2003) identified that MC4R targets to lysosomes following prolonged (20-hours) 

NDP-α-MSH stimulation in HEK293 cells. To test if prolonged α-MSH stimulation of HA-

hMC4R-WT induces receptor degradation, HEK293 transiently transfected with HA-hMC4R-

WT were stimulated for prolonged periods with either vehicle or α-MSH (2h, 4h, 6h, 8h, 12h, 

20h, 24h, 30h and 48h) and HA-hMC4R-WT total expression measured through western blotting 

(Refer to Figure 7-12). 

7.7.2 Results 

HA-hMC4R-WT total expression did not dramatically change following a 2-hour serum 

starvation (Refer to Figure 7-13). HA-hMC4R-WT total expression was not significantly 

different at 2-hours, 4-hours or 48-hours post vehicle treatment compared with serum starved 

HA-hMC4R-WT expression (0-hour time point) (Refer to Figure 7-13). HA-hMC4R-WT total 

expression following vehicle treatment was significantly reduced for all time points between 6-

hours – 30-hours of α-MSH stimulation when compared with serum starved HA-hMC4R-WT 

expression (0-hour time point) (Refer to Figure 7-13). Surprisingly, HA-hMC4R-WT total 

expression was significantly increased following a 4-hour α-MSH stimulation relative to 4-hour 

vehicle treatment and there was a similar apparent trend at most of the other time points tested 

(Refer to Figure 7-13).  

7.7.3 Discussion 

This data suggests that α-MSH likely does not target HA-hMC4R-WT to lysosomes since there 

was no dramatic reduction in HA-hMC4R-WT total expression levels over time for α-MSH 

stimulated versus vehicle stimulation. Unexpectedly, 48-hour serum starvation appeared to 

increase HA-hMC4R-WT total expression relative to serum starved HA-hMC4R-WT expression 

(0-hour time point). This result is perplexing given that transient expression levels would likely 

rapidly reduce over-time due to the nature of transient transfections (the 48-hour serum 

starvation time point was ~96-hours post-transfection).    
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Figure 7-12: No clear evidence for prolonged α-MSH stimulation leading to degradation of HA-hMC4R-WT transiently expressed in HEK293.  

HEK293 transiently expressing HA-hMC4R-WT were either lysed 48-hours post-transfection, or serum starved for 2-hours in DMEM + 0.1% BSA and 

then either stimulated with vehicle (DMEM + 0.1% BSA) or 10-7M α-MSH for 2–48-hours before cellular lysis and lysate separation through SDS-PAGE 

electrophoresis on 10% TGX stain-free gels. Data represents lysates derived from single wells and this experiment was only performed once. A) Anti-HA 

western, B) Beta Tubulin western (1:1000, Cell Signalling Technology, Danvers, MA, USA), C) Stain-Free total blot protein, D) total HA-hMC4R 

expression normalised for stain-free total blot protein (per lane). 
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Figure 7-13: No clear evidence for prolonged α-MSH stimulation leading to degradation of HA-

hMC4R-WT transiently expressed in HEK293. 46 

 

                                                 
46 HEK293 transiently expressing HA-hMC4R-WT were either lysed 48-hours post-transfection, or serum starved 

for 2-hours in DMEM + 0.1% BSA and then either stimulated with vehicle (DMEM + 0.1% BSA) or 10-7M α-

MSH for 2–48-hours before cellular lysis and lysate separation through SDS-PAGE electrophoresis on 10% TGX 

stain-free gels. Total cellular expression data from one independent experiment was further processed through 

normalisation to mean WT expression following 2-hour serum starvation which was run on each blot. Non-

matching One-Way ANOVA with Tukey’s Post-Hoc test was performed to determine significant differences on 

the normalised data and a p-value < 0.05 was considered significant. (Note: HA-hMC4R-WT expression following 

2-hour serum starvation was denoted twice- once on the left and once on the right- on the figure to simplify 

statistical illustrations).  
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7.8 PTX supplemental data 

7.8.1 One-Way AVONA statistical analysis of PTX effects on AC activity 

Table 7-8: Outline of One-Way AVONA statistical analysis PTX effects on AC activity of 

HA-hMC4R-WT + pcDNA3.1 or hMRAPα. 

One-Way ANOVA analysis on Basal only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
-0.02521 -0.1502 to 0.09978 ns 0.9141 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + hMRAPα + Control 
-0.1167 -0.2417 to 

0.008285 
ns 0.0675 

HA-hMC4R-WT + hMRAPα + Control 

vs. HA-hMC4R-WT + hMRAPα + PTX 
0.0263 -0.09869 to 0.1513 ns 0.9041 

One-Way ANOVA analysis on Log EC50 only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
-0.07367 -0.4657 to 0.3183 ns 0.9287 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + hMRAPα + Control 
0.7827 0.3907 to 1.175 ** 0.0010 

HA-hMC4R-WT + hMRAPα + Control 

vs. HA-hMC4R-WT + hMRAPα + PTX 
0.06933 -0.3227 to 0.4613 ns 0.9393 

One-Way ANOVA analysis on EC50 only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
-4.32e-010 -1.946e-009 to 

1.082e-009 
ns 0.7984 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + hMRAPα + Control 
1.809e-009 2.953e-010 to 

3.323e-009 
* 0.0210 

HA-hMC4R-WT + hMRAPα + Control 

vs. HA-hMC4R-WT + hMRAPα + PTX 
5.31e-011 -1.461e-009 to 

1.567e-009 
ns 0.9994 

One-Way ANOVA analysis on Max only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
0.03687 -0.3353 to 0.4091 ns 0.9881 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + hMRAPα + Control 
0.0177 -0.3545 to 0.3899 ns 0.9986 

HA-hMC4R-WT + hMRAPα + Control 

vs. HA-hMC4R-WT + hMRAPα + PTX 
0.1978 -0.1744 to 0.57 ns 0.3822 
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Table 7-9: Outline of One-Way AVONA statistical analysis PTX effects on AC activity of 

HA-hMC4R-WT + pcDNA3.1 and HA-hMC4R-H76R + pcDNA3.1. 

One-Way ANOVA analysis on Basal only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
-0.009413 -0.1019 to 0.08303 ns 0.9871 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-H76R + 3.1 + Control 
-0.1058 -0.1982 to -0.01333 * 0.0263 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + PTX 
0 -0.09244 to 

0.09244 
ns >0.9999 

One-Way ANOVA analysis on Log EC50 only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
0.227 -0.1503 to 0.6043 ns 0.2900 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-H76R + 3.1 + Control 
0.3633 -0.01396 to 0.7406 ns 0.0591 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + PTX 
0.094 -0.2833 to 0.4713 ns 0.8536 

One-Way ANOVA analysis on EC50 only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
1.003e-009 -4.085e-010 to 

2.415e-009 
ns 0.1831 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-H76R + 3.1 + Control 
8.046e-010 -6.07e-010 to 

2.216e-009 
ns 0.3293 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + PTX 
1.844e-010 -1.227e-009 to 

1.596e-009 
ns 0.9738 

One-Way ANOVA analysis on Max only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
0.087 -0.6738 to 0.8478 ns 0.9820 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-H76R + 3.1 + Control 
-0.0328 -0.7936 to 0.728 ns 0.9990 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + PTX 
0.0452 -0.7156 to 0.806 ns 0.9974 
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7.8.2 One-Way AVONA statistical analysis of PTX effects on CRE activity 

Table 7-10: Outline of One-Way AVONA statistical analysis PTX effects on CRE reporter 

activity of HA-hMC4R-WT + pcDNA3.1 or hMRAPα. 

One-Way ANOVA analysis on Basal only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
0.0315 -0.5335 to 0.5965 ns 0.9978 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + hMRAPα + Control 
-0.9179 -1.483 to -0.3529 ** 0.0036 

HA-hMC4R-WT + hMRAPα + Control 

vs. HA-hMC4R-WT + hMRAPα + PTX 
0.485 -0.07995 to 1.05 ns 0.0948 

One-Way ANOVA analysis on Log EC50 only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
0.126 -2.452 to 2.704 ns 0.9985 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + hMRAPα + Control 
-1.808 -4.386 to 0.7702 ns 0.1907 

HA-hMC4R-WT + hMRAPα + Control 

vs. HA-hMC4R-WT + hMRAPα + PTX 
-0.107 -2.685 to 2.471 ns 0.9991 

One-Way ANOVA analysis on EC50 only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
9.503e-011 

-1.266e-007 to 

1.268e-007 
ns >0.9999 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + hMRAPα + Control 
-7.049e-008 

-1.972e-007 to 

5.618e-008 
ns 0.3472 

HA-hMC4R-WT + hMRAPα + Control 

vs. HA-hMC4R-WT + hMRAPα + PTX 
-2.33e-008 

-1.5e-007 to 

1.034e-007 
ns 0.9326 

One-Way ANOVA analysis on Max only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
0.5213 -0.582 to 1.625 ns 0.4733 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + hMRAPα + Control 
1.205 0.1013 to 2.308 * 0.0331 

HA-hMC4R-WT + hMRAPα + Control 

vs. HA-hMC4R-WT + hMRAPα + PTX 
0.191 -0.9124 to 1.294 ns 0.9428 
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Table 7-11: Outline of One-Way AVONA statistical analysis PTX effects on CRE reporter 

of HA-hMC4R-WT + pcDNA3.1 and HA-hMC4R-H76R + pcDNA3.1. 

One-Way ANOVA analysis on Basal only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-WT + 3.1 + PTX 
0.2183 -0.6505 to 1.087 ns 0.8505 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + Control 
-0.7446 -1.613 to 0.1242 ns 0.0954 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + PTX 
0.587 -0.2818 to 1.456 ns 0.2129 

One-Way ANOVA analysis on Log EC50 only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
0.005 -2.725 to 2.735 ns >0.9999 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-H76R + 3.1 + Control 
-0.7187 -3.449 to 2.012 ns 0.8330 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + PTX 
-0.1873 -2.918 to 2.543 ns 0.9959 

One-Way ANOVA analysis on EC50 only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
-1.977e-011 

-1.836e-007 to 

1.835e-007 
ns >0.9999 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-H76R + 3.1 + Control 
-8.072e-008 

-2.643e-007 to 

1.028e-007 
ns 0.5284 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + PTX 
-7.408e-008 

-2.576e-007 to 

1.095e-007 
ns 0.5920 

One-Way ANOVA analysis on Max only: 

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-WT + 3.1 + PTX 
0.306 -1.333 to 1.945 ns 0.9299 

HA-hMC4R-WT + 3.1 + Control vs.  

HA-hMC4R-H76R + 3.1 + Control 
1.209 -0.4306 to 2.848 ns 0.1629 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + PTX 
0.3893 -1.25 to 2.029 ns 0.8698 
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7.8.3 Replicate assays for α-MSH stimulated transient and sustained 

pERK½  

 

Figure 7-14: Second replicate assay for partial inhibition of α-MSH stimulated transient and 

sustained pERK½ coupling of HA-hMC4R-WT and HA-hMC4R co-expressed with hMRAPα as 

well as HA-hMC4R mutants H76R, H158R and L250Q. 47 

                                                 
47 A - D) HEK293 transiently expressing HA-hMC4R-WT co-transfected with pcDNA3.1 or hMRAPα was 

compared with HA-hMC4R mutants co-transfected with pcDNA3.1. HEK293 cells were preincubated with 

50ng/μL of PTX for 18-hours before being serum starved for 2-hours in the presence of 50ng/μL of PTX before 

spiking wells with either vehicle (DMEM + 0.1% BSA) or 10-7M α-MSH and stimulating at 37°C for either 5-

minutes (transient response) or 30-minutes (sustained response). Data represents lysates derived from single wells.  
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Figure 7-15: Third replicate assay for partial inhibition of α-MSH stimulated transient and 

sustained pERK½ coupling of HA-hMC4R-WT and HA-hMC4R co-expressed with hMRAPα as 

well as HA-hMC4R mutants H76R, H158R and L250Q. 48 

                                                 
 
48 A - D) HEK293 transiently expressing HA-hMC4R-WT co-transfected with pcDNA3.1 or hMRAPα was 

compared with HA-hMC4R mutants co-transfected with pcDNA3.1. HEK293 cells were preincubated with 

50ng/μL of PTX (or control DMSO buffer) for 18-hours before being serum starved for 2-hours in the presence of 

50ng/μL of PTX (or control DMSO buffer) before spiking wells with either vehicle (DMEM + 0.1% BSA) or 10-

7M α-MSH and stimulating at 37°C for either 5-minutes (transient response) or 30-minutes (sustained response). 

Data represents lysates derived from single wells.  
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7.8.4 One-Way ANOVA statistics for PTX effects on stimulated pERK½ activity  

Table 7-12: Outline of One-Way AVONA statistical analysis PTX effects on pERK½ activity of HA-hMC4R-WT +/- hMRAPα and HA-

hMC4R-H76R + pcDNA3.1. (Statistical comparisons were made to HA-hMC4R-WT + pcDNA3.1 + Control). 

 5 min α-MSH stimulation 30 min α-MSH stimulation 

Tukey's multiple comparisons test 
Mean  

Difference 
Summary 

Adjusted  

P Value 

Mean 

Difference 
Summary 

Adjusted  

P Value 

WT + Cont. + Veh. vs. WT + PTX + Veh.  0.4367 ns 0.9936 0.2927 ns 0.9993 

WT + Cont. + Veh. vs. WT + Cont. + -MSH -1.295 ns 0.1246 -0.4447 ns 0.9780 

WT + Cont. + Veh. vs. WT + PTX + -MSH -0.8833 ns 0.5923 -0.2467 ns 0.9999 

WT + hMRAP + Cont. + Veh. vs. WT + hMRAP + PTX + Veh.  0.2163 ns >0.9999 0.2543 ns 0.9998 

WT + hMRAP + Cont. + Veh. vs. WT + hMRAP + Cont. + -MSH -1.743 * 0.0116 -0.52 ns 0.9367 

WT + hMRAP + Cont. + Veh. vs. WT + hMRAP + PTX + -MSH -0.7583 ns 0.7760 -0.3817 ns 0.9931 

H76R + Cont. + Veh. vs. H76R + PTX + Veh.  0.2807 ns 0.9999 0.1177 ns >0.9999 

H76R + Cont. + Veh. vs. H76R + Cont. + -MSH -1.198 ns 0.1937 -0.6537 ns 0.7818 

H76R + Cont. + Veh. vs. H76R + PTX + -MSH -0.6563 ns 0.8922 -0.07133 ns >0.9999 
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Table 7-13: Outline of One-Way AVONA statistical analysis PTX effects on pERK½ activity of HA-hMC4R-WT + pcDNA3.1 and HA-

hMC4R-H158R and -L250Q + pcDNA3.1. (Statistical comparisons were made to HA-hMC4R-WT + pcDNA3.1 + Control). 

 5 min α-MSH stimulation 30 min α-MSH stimulation 

Tukey's multiple comparisons test 
Mean  

Difference 
Summary 

Adjusted  

P Value 

Mean 

Difference 
Summary 

Adjusted  

P Value 

WT + Cont. + Veh. vs. WT + PTX + Veh.  0.4723 ns 0.5955 0.2517 ns 0.9999 

WT + Cont. + Veh. vs. WT + Cont. + -MSH -0.6243 ns 0.2236 -0.6483 ns 0.8382 

WT + Cont. + Veh. vs. WT + PTX + -MSH -0.07033 ns >0.9999 -0.2907 ns 0.9996 

H158R + Cont. + Veh. vs. H158R + PTX + Veh.  0.1407 ns >0.9999 0.165 ns >0.9999 

H158R + Cont. + Veh. vs. H158R + Cont. + -MSH -0.8333 * 0.0331 -0.8103 ns 0.5892 

H158R + Cont. + Veh. vs. H158R + PTX + -MSH -0.5837 ns 0.3036 -0.2717 ns 0.9998 

L250Q + Cont. + Veh. vs. L250Q + PTX + Veh.  0.2463 ns 0.9904 0.2187 ns >0.9999 

L250Q + Cont. + Veh. vs. L250Q + Cont. + -MSH -0.157 ns 0.9998 -0.168 ns >0.9999 

L250Q + Cont. + Veh. vs. L250Q + PTX + -MSH 0.03767 ns >0.9999 0.052 ns >0.9999 
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7.8.5 Student’s t-test statistics for PTX effects on stimulated pERK½ activity 

Table 7-14: Two-tailed paired Student’s t-test statistical analysis of PTX effects on pERK½ 

activity of HA-hMC4R-WT +/- hMRAPα and CAM HA-hMC4R H76R + pcDNA3.1. 

 

Two-tailed paired t-tests 
5 min  

p-value  

30 min  

p-value  
   

WT + Cont. + Veh. vs. WT + PTX + Veh.  0.0193 0.0887 

WT + Cont. + Veh. vs. WT + Cont. + -MSH 0.0310 0.0942 

WT + Cont. + -MSH vs. WT + PTX + -MSH 0.3073 0.2395 

WT + hMRAP + Cont. + Veh. vs. WT + hMRAP + PTX + Veh.  0.1655 0.0783 

WT + hMRAP + Cont. + Veh. vs. WT + hMRAP + Cont. + -MSH 0.0028 0.0701 

WT + hMRAP + Cont. + Veh. vs. WT + hMRAP + PTX + -MSH 0.0584 0.3919 

H76R + Cont. + Veh. vs. H76R + PTX + Veh.  0.1094 0.3631 

H76R + Cont. + Veh. vs. H76R + Cont. + -MSH 0.0170 0.1777 

H76R + Cont. + Veh. vs. H76R + PTX + -MSH 0.1811 0.2214 

Table 7-15: Two-tailed paired Student’s t-test statistical analysis of PTX effects on pERK½ 

activity of HA-hMC4R-WT + pcDNA3.1 and CAM HA-hMC4Rs H158R and L250Q + 

pcDNA3.1. 

 

Two-tailed paired t-tests 
5 min  

p-value  

30 min  

p-value  
   

WT + Cont. + Veh. vs. WT + PTX + Veh.  0.0958 0.0478 

WT + Cont. + Veh. vs. WT + Cont. + -MSH 0.1060 0.2173 

WT + Cont. + Veh. vs. WT + PTX + -MSH 0.1624 0.1828 

H158R + Cont. + Veh. vs. H158R + PTX + Veh.  0.2140 0.1751 

H158R + Cont. + Veh. vs. H158R + Cont. + -MSH 0.0235 0.0892 

H158R + Cont. + Veh. vs. H158R + PTX + -MSH 0.1048 0.2139 

L250Q + Cont. + Veh. vs. L250Q + PTX + Veh.  0.0429 0.0395 

L250Q + Cont. + Veh. vs. L250Q + Cont. + -MSH 0.1146 0.0776 

L250Q + Cont. + Veh. vs. L250Q + PTX + -MSH 0.1631 0.0260 
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7.9 Alternative HA-hMC4R-WT α-MSH stimulated signalling cascades 

supplemental data 

7.9.1 HA-hMC4R-WT α-MSH stimulation only reproducibly increased transient and 

sustained pERK½ activity, but not pCREB, pAkt or pAMPK activity 

 

Figure 7-16: A) No apparent α-MSH stimulated transient pCREB activity in HEK293 for HA-

hMC4R-WT measured through SDS-PAGE and pCREB and total CREB immunoblotting. B) 

Clear α-MSH stimulated transient pERK½ activity in HEK293 for HA-hMC4R-WT measured 

through SDS-PAGE and pERK½ and total ERK½ immunoblotting. 49 

 

                                                 
49 A and B) HEK293 cells transfected with HA-hMC4R-WT were either left in growth medium (DMEM + NCS + 

P/S) or incubated with DMEM + 0.1% BSA + either vehicle or 10-6M α-MSH and stimulated at 37°C for 5-

minutes before lysis. Paired Student’s t-tests were performed within individual assays to determine significant 

differences within each assay. A p-value < 0.05 was considered significant.  
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Figure 7-17: C) No apparent α-MSH stimulated transient pAkt activity in HEK293 for HA-

hMC4R-WT measured through SDS-PAGE and pAkt and total Akt immunoblotting. D) No 

apparent α-MSH stimulated transient pAMPK activity in HEK293 for HA-hMC4R-WT measured 

through SDS-PAGE and pAMPK and total AMPKα immunoblotting. 50 

 

 

 

                                                 
50 C and D) HEK293 cells transfected with HA-hMC4R-WT were either left in growth medium (DMEM + NCS + 

P/S) or incubated with DMEM + 0.1% BSA + either vehicle or 10-6M α-MSH and stimulated at 37°C for 5-

minutes before lysis. Paired Student’s t-tests were performed within individual assays to determine significant 

differences within each assay. A p-value < 0.05 was considered significant.  
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7.9.2 Replicate assay data for constitutive pCREB and pERK½ activity of HA-

hMC4R-WT, HA-hMC4R co-expressed with hMRAPα and HA-hMC4R 

mutants 

 

Figure 7-18: No apparent constitutive pCREB activity in HEK293 for HA-hMC4R co-transfected 

with hMRAPα or CAM HA-hMC4Rs H76R and L250Q as measured through SDS-PAGE and 

pCREB and total CREB immunoblotting. 51 

                                                 
51 A and B) HEK293 cells co-transfected with either HA-hMC4R-WT and pcDNA3.1 or hMRAPα or selected 

HA-hMC4R mutants co-transfected with pcDNA3.1 were grown to confluency (~48-hours post-transfection) and 

then lysed on ice. Paired Student’s t-tests were performed within individual assays to determine significant 

differences within each assay. A p-value < 0.05 was considered significant.  
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Figure 7-19: Apparent constitutive pERK½ activity in HEK293 for HA-hMC4R co-transfected with 

hMRAPα as measured through SDS-PAGE and pERK½ and total ERK½ immunoblotting. 52 

                                                 
52 A and B) HEK293 cells co-transfected with either HA-hMC4R-WT and pcDNA3.1 or hMRAPα or selected 

HA-hMC4R mutants co-transfected with pcDNA3.1 were grown to confluency (~48-hours post-transfection) and 

then lysed on ice. Paired Student’s t-tests were performed within individual assays to determine significant 

differences within each assay. A p-value < 0.05 was considered significant.  
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7.10 ESI-09 inhibition effects supplemental data  

7.10.1 One-Way ANOVA data for ESI-09 inhibition of α-MSH stimulated CRE 

reporter activity 

Table 7-16: Outline of One-Way AVONA statistical analysis ESI-09 effects on CRE 

reporter activity of HA-hMC4R-WT + pcDNA3.1 and HA-hMC4R-H76R + pcDNA3.1. 

One-Way ANOVA analysis on Basal only: 

Tukey’s multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-WT + 3.1 + ESI-09 
-0.05731 -1.916 to 1.801 ns 0.9997 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + Control 
-1.8 -3.659 to 0.05817 ns 0.0587 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + ESI-09 
0.5332 -1.325 to 2.392 ns 0.8289 

One-Way ANOVA analysis on Log EC50 only: 

Tukey’s multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-WT + 3.1 + ESI-09 
3.387e-011 

-4.055e-010 to 

4.732e-010 
ns 0.9955 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + Control 
-1.845e-010 

-6.239e-010 to 

2.548e-010 
ns 0.6110 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + ESI-09 
-2.107e-010 

-6.501e-010 to 

2.287e-010 
ns 0.5092 

One-Way ANOVA analysis on EC50 only: 

Tukey’s multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-WT + 3.1 + ESI-09 
0.1322 -0.6119 to 0.8764 ns 0.9507 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + Control 
-0.3428 -1.087 to 0.4014 ns 0.5412 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + ESI-09 
-0.1218 -0.8659 to 0.6224 ns 0.9608 

One-Way ANOVA analysis on Max only: 

Tukey’s multiple comparisons test Mean Diff. 95% CI of diff. Significance 
Adjusted 

p-value 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-WT + 3.1 + ESI-09 
3.044 0.5562 to 5.532 ** 0.0157 

HA-hMC4R-WT + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + Control 
4.497 2.009 to 6.985 *** 0.0008 

HA-hMC4R-H76R + 3.1 + Control vs. 

HA-hMC4R-H76R + 3.1 + ESI-09 
0.695 -1.793 to 3.183 ns 0.8396 
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7.10.2 Student’s t-test data for ESI-09 inhibition of constitutive CRE reporter activity 

Table 7-17: Outline of Paired Student’s t-test statistical analysis for ESI-09 effects on 

constitutive CRE reporter activity of HA-hMC4R-WT + pcDNA3.1, HA-hMC4R + 

hMRAPα and HA-hMC4R mutants (either H76R, H158R, L250Q or I251L) + pcDNA3.1. 

 

Two-tailed paired t-tests Mean Diff. 95% CI 
Adjusted 

p-value 

WT + Control vs. WT + ESI-09 -0.6584 -0.9348 to -0.382 0.1786 

WT + Control vs.  

WT + hMRAP + Control 
2.293 -2.271 to 6.857 0.0024 

WT + hMRAPα + Control vs. 

WT + hMRAPα + ESI-09 
-0.7513 -2.034 to 0.5312 0.1099 

H76R + Control vs. H76R + ESI-09 -0.4442 -0.7431 to -0.1453 0.0946 

WT + Control vs. H76R + Control 1.554 -1.586 to 4.694 0.1036 

H158R + Control vs. H158R + ESI-09 0.2507 -1.287 to 1.788 0.9326 

WT + Control vs. H158R + Control 1.408 -1.086 to 3.902 0.1273 

L250Q + Control vs. L250Q + ESI-09 0.3286 -0.2878 to 0.9451 0.1438 

WT + Control vs. L250Q + Control 1.188 -1.228 to 3.605 0.2040 

I251L + Control vs. I251L + ESI-09 -0.03735 -0.9479 to 0.8732 0.7094 

WT + Control vs. I251L + Control -0.2984 -1.74 to 1.143 0.2952 

3.1 + Control vs. 3.1 + ESI-09 -0.139 -0.7034 to 0.4254 0.2539 

WT + Control vs. 3.1 + Control -0.3097 -1.726 to 1.107 0.4134 
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7.10.3 One-Way ANOVA data for ESI-09 inhibition of constitutive CRE reporter 

activity   

Table 7-18: Outline of One-Way AVONA statistical analysis for ESI-09 effects on 

constitutive CRE reporter activity of HA-hMC4R-WT + pcDNA3.1, HA-hMC4R + 

hMRAPα and HA-hMC4R mutants (either H76R, H158R, L250Q or I251L) + pcDNA3.1. 

 

Tukey's multiple comparisons test Mean Diff. 95% CI 
Adjusted 

P Value 

WT + Control vs. WT + ESI-09 0.2039 -0.3022 - 0.71 0.9616 

WT + Control  

vs. WT + hMRAP + Control 
-0.4531 -0.9592 - 0.05302 0.1145 

WT + hMRAPα + Control vs.  

WT + hMRAPα + ESI-09 
0.1803 -0.3258 - 0.6865 0.9854 

H76R + Control vs. H76R + ESI-09 0.1249 -0.3812 - 0.631 0.9995 

WT + Control vs. H76R + Control -0.2823 -0.7885 - 0.2238 0.7307 

H158R + Control vs. H158R + ESI-09 -0.005111 -0.5112 - 0.501 >0.9999 

WT + Control vs. H158R + Control -0.2851 -0.7912 - 0.221 0.7186 

L250Q + Control vs. L250Q + ESI-09 -0.09733 -0.6035 - 0.4088 >0.9999 

WT + Control vs. L250Q + Control -0.2247 -0.7308 - 0.2815 0.9244 

I251L + Control vs. I251L + ESI-09 -0.01489 -0.521 - 0.4912 >0.9999 

WT + Control vs. I251L + Control 0.1496 -0.3566 - 0.6557 0.9972 

3.1 + Control vs. 3.1 + ESI-09 0.06056 -0.4456 - 0.5667 >0.9999 

WT + Control vs. 3.1 + Control 0.05567 -0.4505 - 0.5618 >0.9999 
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7.10.4 Data for ESI-09 inhibition of constitutive pERK½ activity with Student’s t-test statistics 

 

Figure 7-20: ESI-09 EPAC inhibitor partially reduced HA-hMC4R-WT α-MSH stimulated transient and sustained pERK½ activity in HEK293.  

Following a 30-minute 37°C 20μM ESI-09 or DMSO control preincubation, cells were spiked with α-MSH and stimulated for either 5-minutes or 30-

minutes at 37°C. Paired Student’s t-tests were performed for each assay to determine significant differences for ESI-09 versus DMSO control incubation. A 

p-value < 0.05 was considered significant.  
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