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ABSTRACT

The melanocortin system regulates various physiological processes including feeding

behavior, sexual function, skin pigmentation and photoprotection via five G-protein

coupled receptors and several endogenous ligands. There is a need for selective and

potent ligands to the human melanocortin receptors (hMCRs) that can chemically resolve

these various functions. This thesis presents three studies aimed at refining the

understanding of the structural differences between binding pockets of the hMCR

subtypes. In the first study α-N-methylated analogues of the non-selective agonist, MT-II,

are evaluated for their in vitro function. This study produced the most potent hMC1R

selective agonist to date. The following two studies examine the effects of mutations on

the biological activity of melanocortin receptor subtypes 1 and 4. Much of the mutation

study data is preliminary and requires a demonstration of reproducibility.
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ABBREVIATIONS

ACTH Adrenocorticotropic hormone
AgRP Agouti-related protein
ASP Agouti signaling protein
cAMP Adenosine 3’,5’-cyclic monophosphate
CART Cocaine and amphetamine regulated-transcript
EGFP Enhanced green fluorescent protein
G-protein Guanine nucleotide binding protein
GPCR G-protein coupled receptor
GRK G-protein coupled receptor kinase
GTP Guanosine 5’-triphosphate
HEK293 Human embryonic kidney 293 (cell line)
ICV Intracerebroventricular
LLMOD Large scale low-mode
MAP kinase Mitogen-activated protein kinase
MCMM/LMCS Monte Carlo/Low frequency mode
MCR Melanocortin receptor
MSH Melanocyte stimulating hormone
MT-II Melanotan-2
NDP-MSH [Nle4, DPhe7]-α-melanocyte stimulating hormone
NMR Nuclear magnetic resonance (spectrometry)
PKC Protein Kinase C
POMC Pro-opiomelanocortin
SAR Structure-activity relationship
SEM Standard Error of Measurement
THIQ N-[(3R)-1,2,3,4-Tetrahydroisoquinolium-3-ylcarbonyl]-

(1R)-1-(4-chlorobenzyl)-2-[4-cyclohexyl-4-(1H-1,2,4-
triazol-1ylmethyl)piperidin-1-yl]-2-oxoethylamine(1)
(hMC4R selective agonist, Merck)

UV Ultraviolet
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Why Study the Melanocortin System?

Melanocortin receptors (MCRs) are involved in a large and astonishingly diverse

set of physiological processes including feeding behavior, energy homeostasis, sexual

function, skin pigmentation, steroidogenesis, exocrine gland secretion23, analgesia,

inflammation, cardiovascular regulation, immunomodulation and neuromuscular

regeneration.41 They also activate a diverse set of signaling cascades. Although the

MCRs primarily signal through the adenosine 3’,5’-cyclic monophosphate (cAMP)

pathway via the stimulatory G protein Gs, certain subtypes have also been shown to

activate alternate transduction pathways including inositol trisphosphate63, mitogen-

activated protein (MAP) kinase34, protein kinase C (PKC)59, calcium influx63,

mobilization of intracellular calcium77, and janus kinase/signal transducer and activator

of transcription (Jak Stat).13 In addition to their biological diversity, they are unique in

that the MCR family is the only G-protein coupled receptor (GPCR) family with a known

endogenous antagonist. 29 The MCRs therefore hold both academic and industrial interest:

they mediate biological functions conducible to therapy; they have unique potential for

structure-activity relationship (SAR) studies in having an endogenous antagonist; and

they are potential model proteins for the study of functional selectivity and ligand-

specific conformational states.
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The scholastically interesting complexity of the melanocortin system presents

difficult challenges in drug development, and although MCRs are aggressively

researched by several companies (including Merck, Chiron, Neurocrine Biosciences, and

Palatin) as pharmacological targets, no FDA-approved drug acts at a MCR. In order to

develop a successful melanotropic lead compound, the various signaling cascades and

receptor subtypes must be chemically resolved. Only in this way can each physiological

function be specifically targeted. Much time and energy has been devoted to

differentiating the binding pockets of each MCR, as well as understanding the

relationships between ligand structure, physiological function and signal transduction,

with hopes of developing therapies. In spite of this work, there are surprisingly few

selective and potent melanotropins. This thesis presents three projects aimed at

developing functionally selective ligands to the MCRs.

1.2 Specific Aims of This Thesis

Specific Aim 1: Identify the MCR subtype selectivity of α-N-methylated

Melanotan II (MT-II) analogues.

MT-II is a non-selective cyclic peptide melanocortin agonist structurally similar

to the endogenous melanocortin agonist, α-melanocyte stimulating hormone (α-MSH).

Methylation of the α-nitrogen of the MT-II peptide backbone was examined as a possible

strategy to improve the selectivity of MT-II for melanocortin receptor subtypes. Two

human melanocortin 1 receptor (hMC1R) selective agonists and one hMC3R selective

agonist are presented.
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Specific Aim 2: Identify the contributions of specific intracellular

phosphorylation sites to β-arrestin 2 mediated hMCR internalization and adenylate

cyclase activation.

Human embryonic Kidney 293 (HEK293) cell lines stably over expressing

hMC1R mutated at intracellular serine and threonine residues were established to verify

their ability to bind melanotropins, activate adenylate cyclase and undergo β-arrestin

mediated internalization. Confocal fluorescence microscopy was attempted on living

cells to directly observe the recruitment of enhance green fluorescence protein (EGFP)

tagged β-arrestin 2 in response to agonist stimulation in these stably transfected HEK293

cells. Images from confocal microscopy were not conclusive because of limitations of

our equipment.

Specific Aim 3: Identify amino acids of the third intracellular loop and

intracellular carboxyl terminus of hMC4R involved in ligand binding, β-arrestin mediated

internalization and cAMP signal transduction.

The rhodamine fluorescent dye was conjugated to MT-II (peptide agonist),

SHU9119 (hMC4R peptide antagonist) and N-[(3R)-1,2,3,4-Tetrahydroisoquinolium-3-

ylcarbonyl]-(1R)-1-(4-chlorobenzyl)-2-[4-cyclohexyl-4-(1H-1,2,4-triazol-

1ylmethyl)piperidin-1-yl]-2-oxoethylamine(1) (THIQ, small molecule agonist, Merck).91

Each fluorescent ligand was evaluated in each hMC4R mutant construct for their binding

affinity, activation of adenylate cyclase, and β-arrestin mediated internalization. The

hMC4R mutants consisted of carboxyl terminal truncations and mutants in which

consecutive sequences of three to seven amino acids of the third intracellular loop were
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mutated to alanine. Confocal microscopy in living cells was attempted, but inadequate

microscope resolution limits the usefulness of the results.

1.3 The Melanocortin System

The human melanocortin system consists of five receptors of the GPCR

superfamily, four endogenous agonists cleaved from a common prohormone, and two

endogenous antagonists. The endogenous melanocortin agonists are all cleavage

products of the pro-opiomelanocortin (POMC) prohoromone; they are named α-, β-, and

γ-melanocyte stimulating hormone (MSH) and adrenocorticotropic hormone (ACTH).

The endogenous antagonists are the homologous proteins agouti signaling protein (ASP)

and agouti-related protein (AgRP). The structure of POMC is shown in Figure 1, and the

relative affinities of the endogenous melanotropins at each receptor subtype is shown in

Table 1. The general role of ACTH is to stimulate secretion of corticosteroids from the

adrenal gland. Alpha-MSH acts in a paracrine and endocrine manner to regulate skin

color and feeding behavior, among other processes. The precise role of ASP and AgRP

in the human is unknown. 41

Rodent models have provided a great deal of functional information for the MCRs

and mouse knockouts of various MCRs have been particularly informative. The rodent

melanocortin system is similar to that of humans: it consists of five melanocortin

receptors, POMC, ACTH, α- β- and γ-MSH, AgRP and a competitive MC1/4 antagonist,

agouti, after which ASP is named. The physiological role of agouti in the rodent is to

regulate coat color, and it was the discovery of agouti that stimulated research which
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Figure 1: Cleavage Products of Pro-opiomelanocortin Prohormone.

The endogenous agonists of the melanocortin receptors, α-, β-, and γ-MSH

and ACTH are all cleaved from the Pro-opiomelanocortin (POMC) prohormone.

Table 1: Relative Affinities and Potencies of the Endogenous Melanocortin

Ligands at the Melanocortin Receptor Subtypes.

Agouti signaling protein (ASP) is the human equivalent of the murine agouti.1
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would uncover the role of the melanocortin system in feeding, as discussed below. The

physiological role of the human homolog of agouti protein, ASP, is unknown but it is not

likely a regulator of hair color. This is suggested by the fact that humans do not show a

banded pattern of hair color, and by the wider pattern of expression of ASP.41 While

agouti is expressed only in the skin of rodents, ASP has been found in adipose tissue,

testis, ovary, heart, and at low levels in the foreskin, kidney and liver.114

The MCRs and their ligands mediate diverse physiological functions. The

remainder of this section is a brief overview of the established roles of the melanocortin

system in rodent and human physiology.

1.3.1 Melanocortin Receptor 1: Skin and Hair Pigmentation

The mouse agouti protein is named after a banded fur pattern seen in mammals

called the agouti pattern. The agouti banding pattern is a light pigment-dark pigment

pattern over the length of a strand of fur which is caused by changes in the eumelanin

(dark pigment) to phaeomelanin (light-pigment) ratio over the growing time of the strand

of fur. The pigment ratio is determined by the relative levels of α-MSH and agouti at the

MC1R during the growth of a strand of fur. Activation of MC1R by α-MSH increases

the eumelanin-to-phaeomelanin ratio, resulting in brown/black fur, while blockade the α-

MSH by agouti results in a yellow/red coat color. 29,110 The protein agouti has been

studied in depth because of the unusual phenotype of the agouti strain of mouse. The

agouti mouse has a mutation in the agouti gene which results in unregulated expression of

agouti in all tissues. This ectopic expression results in a functional MC1/4R knockout

with a phenotype which includes pronounced obesity, yellow fur, and a predisposition to
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diabetes and neoplasms.14 These observations of the agouti mouse pointed to the role of

MC1R in fur coloration and MC4R in energy regulation.

In human beings, hMC1R is found in several cell types of the skin including

cutaneous melanocytes, keratinocytes, fibroblasts, endothelial cells and antigen-

presenting cells.72 Alpha-MSH activates hMC1R expressed in cutaneous melanocytes to

increase levels of eumelanin, resulting in a darker skin pigment, and greater resistance to

damage from ultraviolet (UV) radiation.97,98 ACTH and α-MSH are produced by

keratinocytes in the skin, and both are upregulated in response to UV radiation. These

hormones act in a paracrine fashion on hMC1R expressed on the cellular membrane of

melanocytes, which respond to hMC1 agonism by producing more eumelanin thereby

darkening the skin pigment with cytoprotective eumelanin. Melanocytes also express α-

MSH, likely as part of an autocrine mechanism of pigment regulation.

Loss of function mutations of the gene encoding POMC in humans results in a

phenotype that includes red hair, fair skin, obesity and hyperphagia due to the absence of

α-MSH.67 Several polymorphisms of the hMC1R gene have been associated with

skin/hair color (see section 1.6). No one mutation is a predictor of red hair, but the trend

of increasing alleles with increasing probably of the red hair phenotype is established.80

It has also been observed that melanocytes expressing MC1R variants display different

photoprotective responses to UV radiation90 and varying abilities to regulate gene repair

mechanisms.11,57 Some MC1R variants have been associated with melanoma in genetic

studies.80,107 For this reason the hMC1R is researched in the skin cancer biology

community.
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1.3.2 Melanocortin Receptor 1: Inflammatory Response

Melanocortin receptors and their ligands have significant anti-inflammatory

properties. Administration of either α-MSH or the carboxy terminal tripeptide of α-MSH,

Lys-Pro-Val, inhibits the production of pro-inflammatory factors and upregulates

immunosuppressive IL-10.19 The anti-inflammatory effects of α-MSH are mediated by

MC1, but the Lys-Pro-Val pharmacophore exerts anti-inflamatory effects in spite of

MC1R blockade. The receptor that Lys-Pro-Val stimulates is unknown. Several cell

types involved in the inflammatory response, including monocytes and macrophages,

neutrophils, mast cells, astrocytes and microglia, express the MC1R.19,24 Normal human

monocytes express small amounts of hMC1R, but upregulate the receptor in response to

certain combinations of cytokines, suggesting a mediatory role of the hMC1R in

inflammatory suppression.10

1.3.3 Melanocortin Receptor 2: ACTH Receptor

The MC2R does not respond to α-, β-, or γ-MSH, but is activated by ACTH. The

main function of MC2R is as a mediator of ACTH induced adrenocorticoid release from

the zona fasiculata and zona reticularis of the adrenal cortex.41 MC2R is also expressed

in the adipose tissue. In mice, ACTH is lypolytic. Its function in human adipose tissue is

currently unknown.113

1.3.4 The Central Melanocortin System (MC3R and MC4R)

MC3R and MC4R are expressed in regions of the hypothalamus and brainstem

where they are known to regulate feeding behavior and energy homeostasis. 25,27,33 The

central melanocortin system is the collection of neurons expressing POMC, and/or
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MC3/4R and the networks related to these neurons. It is highly complex and only

partially understood, but its role in regulating feeding behavior and energy homeostasis is

well established. POMC is often co-expressed with cocaine and amphetamine regulated-

transcript (CART) in neurons of the hypothalamus (primarily the arcuate nucleus).

Additional POMC expressing neurons are found in the nucleus tractus solitarius of the

brainstem.27 The POMC/CART neurons in the hypothalamus respond to leptin secreted

by adipose tissue by releasing the agonist α-MSH on to MC4R in various parts of the

brain to signal satiety. Neurons expressing the MC3R and MC4R antagonist AgRP are

also found in the arcuate nucleus of the hypothalamus. They project to many of the same

brain regions as the POMC neurons where they oppose the POMC/CART neural input

and produce an orexigenic response by blocking α-MSH at the MC4R.27 The precise role

of MC3R in the POMC circuitry is poorly understood, but a recent hypothesis suggests

that it acts as an inhibitory autoreceptor on POMC neurons.27

Several lines of evidence demonstrate the necessity of a functioning POMC/AgRP

axis for normal energy homeostasis. The earliest example was the obese and hyperphagic

phenotype of the agouti mouse which is the result of ectopic expression of agouti in the

hypothalamus and subsequent antagonism of α-MSH at MC4R.14 The agouti mouse is

essentially a MC1R/MC4R knockout, and MC4R knockout mice exhibit a similarly

hyperphagic and obese pheonotype.54 In human beings, null mutations in the gene

encoding POMC result in a syndrome that includes red hair and obesity.67 Mutations of

the hMC4R are the most prevalent monogenic cause of obesity and have been found in

4% of morbidly obese French.101 The role of MC4R in weight gain has prompted animal
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science researchers to suggest breeding pigs with loss of function MC4R variants in order

to increase their weight for the slaughter.104

Pharmacological studies have reinforced these genetic findings. The MC4R

selective antagonist SHU-9119 blocks the appetite suppressant effect of the non-selective

melanocortin agonist, MT-II in mouse36 and intracerebroventricular (ICV) injection of

the selective MC4R antagonist HS014 increased food intake in free-feeding male rats.60

The importance of MC3R in energy homeostasis has also been demonstrated in

several studies. Targeted disruption of the MC3R gene results in mice that are

hypophagic with normal total body mass but decreased lean mass.21 Injection of the

selective MC3R peptide agonist D-Trp8-γ-MSH stimulates feeding in the mouse.73 This

evidence supports the model of an MC3/4R mediated central energy regulatory pathway,

and there is active research in developing melanotropins for cachexia, anorexia and

obesity.

1.3.5 Melanocortin Receptor 4 and Sexual Function

MT-II was originally developed at the University of Arizona as a drug that would

stimulate tanning through the MCR, thereby imparting resistance to UV radiation. In

clinical trials it had the unexpected and potentially lucrative side effect of causing

erection in male patients.46 Since that fateful day, both non-selective melanocortin

agonists and Merck’s selective MC4R agonist, THIQ,91 have been shown to produce

penile erection humans.

It is likely that the role of melanotropins in sexual function is due to agonist

actions at both peripheral and central targets. Central administration of ACTH or α-MSH
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via ICV injection caused penile erection in several species of male laboratory animals

including dogs, cats, rabbits, mice and rats.5 Likewise, subcutaneous administration of

MT-II to men with psychogenic or organic erectile dysfunction produced spontaneous

erection.111,112 In mice, peripheral administration of THIQ augmented the erectile

response, while this response was absent in null-MC4R mice.106 This data indicates that

MC4R plays a critical role in the erectile response and that both peripherally and

centrally expressed receptors are involved.

It is interesting to note here that another POMC cleavage product, β-endorphin,

exhibits an opposing effect by stimulating opioid receptors. Central administration of

analogues of β-endorphin resistant to proteolytic cleavage inhibit male and female

copulatory behavior, and this effect is reversible by administration of opioid antagonists

naloxone and naltrexone.5

1.3.6 Melanocortin Receptor 5

The physiological roles of the MC5R are only partially understood, but it is

known that the MC5R is required for proper exocrine gland function and that it may be

involved in temperature regulation and fatty acid oxidation in skeletal muscle.4,23,105

MC5R mRNA has been detected in skeletal muscle, sebaceous glands and the secretory

epithelia of several exocrine glands including prostate, lacrimal, preputial, and Harderian

glands.23,105 The MC5R knockout mouse demonstrated reduced secretion of coat lipid,

reduced core temperature after swimming, and reduced protein secretion of the lacrimal

glands.23 The hMC5R is the least understood of the MCRs, and much work needs to be

done.
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1.4 G-Protein Coupled Receptor Signaling

The melanocortin receptors are members of the GPCR superfamily. GPCRs are

well-studied membrane proteins with seven transmembrane domains, extracellular amine

terminus and intracellular carboxyl terminus. GPCRs relay extracellular signals across

the cellular membrane into the intracellular space. The extracellular binding of a ligand

results in a conformational change that causes activation of a G-protein heterotrimer that

interacts with intercellular face of the GPCR. The G-protein heterotrimer is composed of

an α-subunit with GTP-ase activity and a strongly interacting βγ-dimer. In the inactive

state, the Gα subunit is bound to GDP. Interaction of the Gα-GDP complex with an

activated GPCR decreases the affinity of Gα for GDP and increases its affinity for GTP,

resulting in GDP-GTP exchange, and release of the βγ-dimer.  Both the βγ-dimer and the

activated Gα*-GTP complex interact with secondary targets to transduce and amplify the

GPCR signal. Eventually the Gα*-subunit cleaves a phosphate from GTP, returns to the

inactive GDP bound state and sequesters the βγ-dimer, thus terminating propagation of

the Gα* signal.

To date researchers have reported 17 α subunits, 7 β subunits and 13 γ subunits 

amounting over 1500 possible trimers, and making GPCR signals extremely complex.6

The harmony between the α-subunit, βγ-dimer and active receptor is elegant even in the

current simplified understanding.  The conformation of free βγ-dimer is identical to βγ 

bound to Gα, therefore Gα in the inactive state acts to sequester βγ.48,95 The βγ-dimer

acts on its own set of effectors, but certain βγ combinations have been shown to aid in 

signal termination by recruiting kinases of the GRK family to the activated GPCR. GRK
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phosphorylated GPCRs have increased affinity for β-arrestins which have been shown to

terminate GPCR signaling both through internalization of the GPCR and by recruiting

enzymes that degrade Gα second messengers. 48 Two examples of the latter function are

β-arrestin dependent recruitment of phosphodiesterase 4 which degrades cAMP, a

product downstream of Gαs,81 and diacylglycerol kinases which degrade diacylglycerol, a

product downstream of Gαq.78 Amazingly, phosphodiesterase 4 and diacylglycerol

kinase are two functionally related but structurally distinct proteins. The

interconnectivity of this signal transduction system is truly a wonder of nature.

All melanocortin receptors interact with the stimulatory Gα-subunit, Gαs, which

stimulates adenylate cyclase to increase intracellular levels of the second messenger,

cAMP. For this reason, measuring intracellular cAMP is the traditional assay for

melanocortin stimulation, and is the measure of MCR activity used in the experiments

presented in this thesis. Recent work has uncovered examples of a single GPCR

activating several distinct signaling cascades. In MCRs, certain cascades can be

preferentially activated by different ligands,79 this phenomenon is known as functional

selectivity. Gaining knowledge of the structural requirements that impart functional

selectivity to ligands may be the future of rational drug design.

1.5 The Design of Peptide Melanocortin Ligands

During initial truncation studies of α, β, γ-MSH and ACTH, it was discovered that

the minimal signaling sequence for melanocortin ligand-receptor interaction is the His-

Phe-Arg-Trp sequence found in each of these hormones (see Table 2).17,53 Later, it was
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observed that heat and alkali treatment and the resulting amino acid racemization caused

changes in the biological activity of α-MSH.35,68,70,71 Further study identified that the

observed increase in biological activity was due to racemization at Met4 and Phe7 which

lead to the discovery of the now famous analogue [Nle4, DPhe7]-α-MSH (NDP-

MSH).47,87 In addition to being 26-times more potent than α-MSH in the adenylate

cyclase assay, NDP-MSH exhibited prolonged activity due to reduced recognition of its

unnatural amino acids by serum peptidases.87 Molecular models88 of NDP-MSH along

with knowledge of the conformational restraints of D-amino acid substituted peptides20,109

led researchers to postulate that the biologically active conformation of the peptide was a

β-turn structure. Cyclic peptides designed with disulfide88 and lactam bridges2 to mimic

the β-turn structure eventually produced MT-II, a super potent agonist at all hMCRs.2

The sequence of MT-II is Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2. The lactam

bridge cyclization connecting the side chains of aspartic acid and lysine serves to

Table 2: Sequences of Endogenous and Widely Used Synthetic Peptide

Ligands to the hMCRs. Note that the endogenous ligands (ACTH, α-, β-,

and γ-MSH) all contain the melanotropic core sequence His – Phe – Arg –

Trp. (Nle = norleucine, DNal = β-(2-naphthyl)-D-alanine)
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stabilize a β-turn structure. The current consensus is that a β-turn structure around

positions 6 and 7 is necessary for receptor recognition, and β-turn structures have been

observed in α-MSH82,84, MT-II3,123 and the competitive MC3/4R antagonist SHU9119.123

1.6 Mutation Studies of Melanocortin Receptor 1

1.6.1 Clinically Observed Mutations of MC1R in Humans

The role of MC1R mutations in different patterns of melanogenesis was first

discovered in the mouse26 and evaluated in vitro in cloned mouse MC1R. These initial

studies established that mutants with gain of function in vitro (increased cAMP response

to α-MSH or ACTH) produced increased eumelanin in vivo and resulted in mice with

black fur, while loss of function mutants resulted in mice with yellow fur. When this

genetic work was extended to humans, it was found that loss of function mutations of

hMC1R are associated with red hair, pale skin and risk for cutaneous malignant

melanoma (see Table 3 for references). The mechanism of the risk for cutaneous

melanoma is thought to be hMC1R mediated because melanocytes have been shown to

respond to UV radiation by increasing the eumelanin to pheomelanin ratio,90 and skin

exposure to UV radiation increases the levels of α-MSH and POMC peptides.93,97

Several of the known polymorphisms of the hMC1R are presented in Table 3 along with

the phenotypic changes of the individuals studied and the in vitro hMC1R variant

function when available.
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Table 3: Polymorphisms of the hMC1R Identified in Genetic Studies of Skin and

Hair Pigmentation. Generally, loss of function mutants increase the

probability of the pale skin and red hair phenotypes as the number of variant

alleles increases in a gene dose dependent (DD) manner.
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1.6.2 Overview of in Vitro MC1R Mutagenesis Studies

In addition to the several mutagenesis studies of phenotypic mutations presented

in Table 4, some systematic mutation studies have attempted to understand the structural

requirements of the hMC1R for cell surface expression, receptor binding and signal

transduction. An internalization study demonstrated that GRK2 dependent

phosphorylation of Thr308 and Ser316 is involved in the internalization of activated

hMC1R. This was observed both as decreased internalization of the non-

phosphorylatable mutants T308A, S316A and T308A/S316A, and as constitutive

desensitization of the phospho-mimetic mutants T308D, S316D and T308D/S316D.85

Residues Glu94, Asp117, Asp121 have been postulated to interact with the arginine

residue of the melanotropin core sequence, while aromatic residues Phe175, Phe196, and

Phe257 are thought to interact with aromatic residues of melanotropins.115

1.7 Mutation Studies of Melanocortin Receptor 4

1.7.1 Clinically Observed Mutations of MC4R in Humans

Like the MC4R knockout mouse and the agouti mouse, human beings with loss of

function mutations to the MC4R are frequently obese and hyperphagic with increased

height. Several loss-of-function and partial function mutants of the hMC4R have been

observed in genetic studies of obese patients over the last ten years (see Table 4 for

references). It is obvious from this work that the hMC4R is highly polymorphic and, that

loss of MC4R function correlates with obesity. Animal knockouts support the role of

MC4R in weight homeostasis and feeding behavior.
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Table 4: Mutations of hMC4R Detected in Morbidly Obese Patients. The agonist action of α-MSH at the MC4R causes

an orexigenic response and decreased feeding. Individuals with mutated MC4R resulting in decreased MC4R signaling are

often obese and hyperphagic. (Key: Het = Heterozygote, Hom = Homozygote, Poly = Polymorphism, N-Term = N-Terminus,

TM = transmembrane domain, IL = Intracellular Loop, EL = Extracellular Loop, C-Term = Carboxyl-Terminus.)
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1.7.2 Overview of in Vitro MC4R Mutagenesis Studies

Several in vitro mutagenesis studies have characterized the binding capacity,

signal transduction and cell surface expression of clinically observed hMC4R mutants

(summarized in Table 4 for those available in the literature). In addition to these studies,

systematic work has taken advantage of the selective ligands available for the MCR

subtypes in order to determine the structural requirements of the MC4R required for

receptor binding, ligand specificity and cAMP mediated signal transduction. The results

of these studies will allow researchers to infer the structure of the binding pocket of each

receptor subtype thereby allowing for rational design of new selective compounds.

A particularly informative in vitro cassette mutagenesis approach was adopted by

Dr. Yingkui Yang, University of Alabama. This strategy involves replacing

transmembrane, intracellular or extracellular domains of one MCR subtype with the

corresponding domain of another MCR subtype and examining the resulting changes in

receptor binding and activation in response to selective ligands.22,115-121 By substituting

the transmembrane domains of MC2R which does not bind to NDP-MSH, into MC4R

which binds NDP-MSH with high affinity, they identified the third transmembrane

domain as the most important domain for NDP-MSH recognition.22 In this and another

experiment, the key residues involved were Asp122 and Asp126, which interact with

Arg8 of NDP-MSH and SHU9119.118 A similar experiment involved swapping domains

of MC1R into MC4R. At the MC1R, SHU9119 is an agonist, while it is a high affinity

competitive antagonist at the MC4R. By mutating Leu133 of MC4 to methionine, the

corresponding residue in hMC1R, SHU9119 was converted to an agonist at the MC4R
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mutant. The result of the converse to this experiment is analogous: mutation of Met128

to leucine decreases the binding affinity of SHU9119 at MC1R and decreases the cAMP

response. 119 The third and fourth transmembrane domains are essential for AgRP(87-132)

recognition over the hMC1R.120

While studies like this have provided information on the binding pockets of the

hMCRs, this technique is not applicable to a systematic study of the structural

requirements of the intracellular domains because all MCR subtypes respond to agonist

through the cAMP pathway, and little is known about their selectivity of other signal

transduction pathways.79 The hMC4R mutation studies presented in this thesis follow up

a different strategy employed by Yang et al. To identify the relative contributions of the

third intracellular domain and the carboxyl terminus with regard to agonist dependent

internalization and adenylate cyclase activiation, the carboxyl-terminus of the hMC4R

was truncated and substituted to a minimal length with repeats of alanine. A similar

strategy was employed in mutant constructs of the third intracellular loop. Here blocks of

three to seven alanine repeats were substituted in place of the natural third loop residues

and evaluated for internalization and adenylate cyclase activation.

1.8 Organization of Thesis

The following four chapters of this thesis are organized to present each of the

three projects defined in the specific aims section separately. Chapter 2 provides the

details of the materials and methods employed in all studies. The following three

chapters present additional background, design, results and discussion for each project.
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Chapter 3 presents the SAR study of the N-methylated MT-II analogues, Chapter 4

presents the MC1R mutation studies, and Chapter 5 presents the MC4R mutation studies.

Chapter 6 closes with brief conclusions and ideas for future extensions of these projects.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Cell culture reagents were from GIBCO (Carlsbad, CA) except for sodium

bicarbonate which was from Sigma (St. Louis, MO). Cell culture dishes and flasks were

either from Corning (Lowell, MA), Nalgene (Rochester, NY) or BD Falcon (San Jose,

CA). Unless noted, other chemicals mentioned below were purchased from Sigma.

FuGene 6 transfection agent was from Roche (Palo Alto, CA).

2.2 Plasmids and Constructs

Human Melanocortin Receptors 1 and 4 (hMC1R and hMC4R) in the

pcDNA3.1(+) vector (Invitrogen, Carlsbad, CA) were purchased from the Missouri

University of Science and Technology cDNA Resource Center. β-Arrestin tagged at the

C-terminus with EGFP in the pEGFP-N1 vector (Clontech, Mountainview, CA) was

provided by Dr. Robert J. Lefkowitz (Duke University, NC). Point mutants of hMC1R

and C-Terminal and 3rd loop mutants of hMC4R were provided in the pcDNA3.1(+)

vector by Dr. Yingkui Yang, (University of Alabama, AB). Plasmid cDNA was isolated

from Topo 10 E. coli host cells using either the QIAprep® Spin Miniprep Kit or the

EndoFree® Plasmid Maxi Kit (QIAGEN, Valencia, CA) according to the kit instructions.

Sequences of both strands were confirmed at the University of Arizona Genomic
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Analysis and Technology Core using a T7 forward primer and BGH reverse primer

(Invitrogen).

2.3 Cell Culture

Human Embryonic Kidney 293 (HEK293) cell lines were cultured in 5% CO2

under 95% humidity at 37οC in minimum essential medium with Earle's salt (MEM)

supplemented with 10% fetal bovine serum, 100 units/mL penicillin and streptomycin,

and 1 mM sodium pyruvate (GIBCO). Selection pressure of 500μg/mL of the neomycin

analogue, G418, was maintained for all transfected cell lines.

2.4 Transfection

HEK293 cells were transfected with cDNA using Fugene 6 (Roche) according to

the manufacturer’s instructions. Stable cell lines were subjected to 1mg/mL G418

selection pressure for a minimum of 30 days to obtain cell lines with stable expression.

A minimum of five monoclones were selected from each transfection for expression level

screening via a saturation binding assay (see section 2.6.2). Cell lines expressing the

highest levels of receptor were used for further experiments.

2.5 Drugs

2.5.1 N-Methylated MT-II Analogues

The peptide library of α- and ε-N-methylated analogues of MT-II presented in

Table 5 (p 43) was synthesized in the lab of Dr. Horst Kessler (Universtadt Techniche
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Munchen, Germany) by Lucas Doedens (compounds denoted ‘LD’) and Florian Opperer

(compounds denoted ‘FO’). The effects of the methylated carbon backbone on binding

and adenylate cyclase activity was assessed in hMCR’s 1, 3, 4, and 5 using the assays

described in 2.6.1 and 2.7.

2.5.2 Rhodamine Conjugated Melanotropins

A functional rhodamine dye (tetramethylrhodamine-5-(and-6)-isothiocyanate was

introduced to the N-terminal of common melanotropins MT-II and SHU-9119 by Dr.

Alexander Mayorov.15 THIQ91 was synthesized and conjugated to the rhodamine dye by

Hongchang Gu. The structures of these compounds appear in Appendix A.

2.6 Radioligand Binding Assay

2.6.1 Competitive Binding Assay

Competitive binding experiments were performed on whole cells as described

previously.16 Transfected HEK293 cell lines with the various hMCRs were seeded on

96-well plates 48 h before the assay was done at 100,000 cells/well. For the assay, the

cell culture medium was expirated and cells were washed twice with MEM. Then the

cells were immediately incubated for 30 min at 37 °C in binding buffer (containing 100%

MEM, 25 mM HEPES at pH 7.4, 0.2% bovine serum albumin, 1 mM 1,10-

phenanthrolone, 0.5 mg/L leupeptin, and 200 mg/L bacitracin) with different

concentrations of the peptide of interest and 20,000 cpm/well (0.139 nM) radiolabeled

[125I]NDP-MSH (Perkin-Elmer Life Science, Freemont, CA). The assay buffer was

subsequently removed and each well was washed twice with MEM. The cells were lysed
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by the addition of 100 μL of 0.1 M NaOH and 100 μL of 1% Triton X-100. The

radioactivity of the lysed cells was then measured in a Wallac 1470 WIZARDTM Gamma

Counter (Wallac, Jefferson, NY).

2.6.2 Saturation Binding Assay

Saturation binding assays were performed on whole cells. Cells were seeded on

96-well plates 48 h before the assay was done at 100,000 cells/well. For the assay, the

cell culture medium was expirated and cells were washed twice with MEM. Total

binding was determined by incubating the cells for 30 min at 37 °C in binding buffer

containing various concentrations of radiolabeled [125I]NDP-MSH. Non-specific binding

was measured by adding 1 μM MT-II to the radiolabeled dilution and incubating under

the same conditions. In each case the assay buffer was removed following incubation

and each well was washed twice with MEM. The cells were lysed by the addition of 100

μL of 0.1 M NaOH and 100 μL of 1% Triton X-100 and the radioactivity of the cell

lysate was then measured in a Wallac 1470 WIZARDTM Gamma Counter. Specific

binding to the melanocortin receptor of interest was the difference between total binding

and non-specific binding.

2.7 Adenylate Cyclase Biological Activity Assay

HEK-293 cells transfected with human melanocortin receptors were grown to

confluence and seeded on 96-well plates 48 h before the assay at 100,000 cells/well. For

the assay, the cell culture medium was removed and the cells were rinsed with 100 μL of

MEM. An aliquot (100 μL) of MEM supplemented with 0.625 mM
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isobutylmethylxanthine (IBMX) was added to each well and incubated for 10 min at

37 °C. Next, 25 μL aliquots of melanotropin peptides at various concentrations were

added, and the cells were incubated for an additional 10 min at 37 °C. The reaction was

stopped by aspirating the assay buffer and adding 60μL of ice-cold Tris/EDTA buffer to

each well. The plate was sealed with parafilm™ and placed in a boiling water bath for 10

min. The cAMP content of the lysate was determined by competitive binding to PKA.

The cell lysate was then centrifuged for 10 min at 3,200 × g, and 50 μL of the supernatant

was aliquoted into a new 96-well plate and incubated on ice for 2 h with 12,000 CPM

[3H]cAMP (Amersham Biosciences, Pittsburg, PA) in 50 μL Tris/EDTA buffer and 100

μL Tris/EDTA buffer containing 3 × 10-5 U/mL PKA and 1mg/mL BSA. The incubation

was filtered through a Millipore MultiScreen® HTS, FB 96-well 0.65 μm glass fiber

filter plate over a vacuum manifold. The filters were rinsed over vacuum twice with 60

μL Tris/EDTA and soaked in 50 μL/well Optiphase Supermix scintillation cocktail

(Perkin Elmer Life Science) for four hours before being counted in a Wallac MicroBeta

TriLux 1450 Luminescence counter (Perkin Elmer Life Science). The total cAMP

content was determined by comparison to a cAMP standard dilution.

2.8 Data Analysis

Data was entered into GraphPad Prizm 5.0 (GraphPad Software, San Diego, CA)

and analyzed with the non-linear regression one-site competition IC50 curve fit tool to

determine the binding affinitiy IC50 and cAMP EC50 values.
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2.9 Confocal Fluorescence Microscopy of Living Cells

Cells stably expressing various Melanocortin Receptor mutants were grown under

500μg/mL G418 selection pressure on 35 mm petri dishes at low density for single cell

images. Twenty-four to forty-eight hours after seeding, cells were transiently transfected

with pEGFP-N1-β-Arrestin-2 using FuGene 6 according to the manufacturer’s directions.

Fourty-eight hours post transfection, the growth medium was aspirated, cells were

washed once with MEM and treated with binding buffer containing 10 nM rhodamine

conjugated ligand. Confocal fluorescent microscopy was performed on a BioRad laser

scanning microscope using a 63 × 1.4 numerical aperture water immersion lens with dual

line-switching excitation - (488 nm for GFP, and 544 nm for rhodamine) and emission

(515-540 nm GFP, and 590-610 nm for rhodamine ) filter sets.

2.10 Molecular Modeling

Molecular modeling experiments of N-methylated MT-II employed MacroModel

9.1 equipped with Maestro 7.5 graphical interface (Shrödinger, LLC, New York, NY,

2005) installed on a Linux RedHat 9.0 system and were conducted as described.44

Peptide structures were built into extended structures with standard bond lengths and

angles, and they were minimized using the OPLS 2005 force field and the Polak-Ribier

conjugate gradient (PRCG).58 Optimizations were converged to a gradient RMSD less

that 0.05 kJ/Å mol or continued until a limit of 50,000 iterations was reached. Aqueous

solution conditions were simulated using the continuum dielectric water solvent model
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(GB/SA).65 Extended cut-off distances were defined at 8Å for Van der Waals, 20Å for

electrostatics and 4 Å for H-bonds.

Large scale low-mode search (LLMOD) conformational profiles of the cyclic

peptides were investigated by the hybrid Monte Carlo/Low Frequency Mode

(MCMM/LMCS)64 procedure as implemented in Macromodel using the energy

minimization parameters as described above. MCMM torsional variations and Low Mode

parameters were set up automatically within Maestro graphical user interface. A total of

20,000 search steps were performed and the conformations with energy difference of 50

kJ/mol from the global minimum were saved. Interatomic dihedral angles were measured

for each peptide analogue using the Maestro graphical user interface.
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CHAPTER 3

STRUCTURE ACTIVITY RELATIONSHIPS OF

N-METHYLATED MT-II ANALOGUES

3.1 Introduction

Chemistry for methylation of the α-nitrogen of the peptide backbone in synthetic

peptides has been in existence many years, but early syntheses were prohibitively

expensive.76 Recent work on this problem in the laboratory of Dr. Horst Kessler has

made α-N-methylation an economically feasible drug development strategy.9 Historically

α-N-methylated peptides have shown receptor subtype selectivity,69 metabolic stability,49

enhanced potency,99 and enhanced bioavailability.30,74 Therefore α-N-methylation is a

potentially useful lead development strategy.

This chapter presents a structure activity relationship study of a library of N-

methylated MT-II analogues. MT-II is a cyclic analogue of α-melanocyte stimulating

hormone (α-MSH) that exhibits nanomolar binding and superagonist activity non-

selectively at the MSH responsive melanocortin receptor subtypes 1, 3, 4, and 5.2

However, although MT-II is potent and exhibits extended biological activity compared to

linear peptides, selective melanotropins are desirable both as research tools and as

potential therapeutic lead compounds to target specific physiological effects of MCRs..

In pursuit of this aim, a comprehensive peptide library comprised of all 32 of the possible

α-N-methylated combinations for the histidine, D-phenylalanine, arginine, tryptophan,

and lysine positions of MT-II was synthesized and tested for binding affinity and
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adenylate cyclase activity at hMC1R and hMC3-5R. An analogue methylated at the ε-

nitrogen of the lysine which forms the lactam bridge of MT-II was also studied.

For all analogues, radioligand binding affinity and adenylate cyclase activity

assays were measured at hMC1R and hMC3-5R. One highly selective hMC3R agonist

and two very highly selective hMC1R agonists were discovered.

3.2 Peptide Series Design

The peptide library illustrated in Table 5 was synthesized in the laboratory of

Horst Kessler, Ph.D., by Lucas Doedens and Flores Opperer (Technische Universität

München, Garching, Germany). The library consists of 32 MT-II analogues and includes

all possible combinations of methylation at the α-nitrogen of the histidine, D-

phenylalanine, arginine, tryptophan and lysine residues. It also includes an additional

analogue methylated at the ε-nitrogen of lysine.

3.3 Binding Assay Results

Binding assays were conducted for each peptide in the library with [125I]NDP-

MSH as the competitive radioligand according to the procedure described in the materials

and methods. The IC50 results and percent displacement of [125I]NDP-MSH for these

assays are presented in Table 6. Compounds illustrating binding patterns unique from

that of MT-II were selected for further binding assays, and the number of repeats are also

reported. Error is given according to the standard error of measurement (SEM).
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Table 5: The α-N-Methylated Peptide Library. All possible combinations of

α-N-methylation of the His, D-Phe, Arg, Trp and Lys residues are studied for their

ability to displace radiolabeled NDP-MSH and stimulate adenylate cyclase.



44

3.4 Adenylate Cyclase Assay Results

All MCR subtypes are known to couple to the Gs G-protein alpha subunit.

Therefore the adenylate cyclase assay described in the materials and methods was

employed to evaluate the biological activity of these compounds.16,124 Repeat

experiments were planned according to binding affinity results and the novelty of the

binding and activity profile across receptor subtypes. The number of repeats, EC50 ±

SEM, and percent MT-II cAMP accumulation ± SEM are shown in Table 7.

3.5 Discussion

3.5.1 Methylation of D-Phenylalanine

The most dramatic changes in binding and adenylate cyclase activity resulting

from the α-N-methylation of a single position was at D-Phe, compound 6. Alpha-N-

methylation of D-phenylalanine resulted in a complete loss of binding affinity at hMC1R

and hMC5R. Also, the observed IC50 increased from 6.8 nM to 270 nM at hMC3R and

from 4.2 nM to 1.1 μM at hMC4R. In fact, of the 16 analogues N-methylated at the D-

phenylalanine position, only compounds 6 (α-N-methylated D-Phe) and 33 (α-N-

methylated His, D-Phe, Arg, Trp, Lys) showed 50% binding at less than 500 nM for any

MCR.

To determine the structural changes causing the loss of function of me-D-Phe-

MT-II, a molecular modeling analysis was undertaken with the NMR structure of MT-

II123 as the initial condition as described in the Materials and Methods. The computed

lowest energy conformation of compound 6 shows a hydrophobic interaction between the
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Table 6: Binding Assay Results for the α-N-Methylated MT-II Analogues. Note that α-N-methylation of the

D-phenylalanine residue results in compounds with decreased binding at all MCRs. Compounds 25 and 29 are among

the most selective hMC1R agonists to date. Compound 2 shows selective loss of hMC4R binding.
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Table 7: Adenylate Cyclase Assay Results for the α-N-Methylated MT-II Analogues. Compounds 25 and 29 show full

agonist activities highly selective for the hMC1R with EC50 values in the 10 nM range.
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introduced methyl group and tryptophan which results in the three aromatic residues of

MT-II (His, Phe, Trp) gathering in close proximity. This increases the size of

hydrophobic surface around D-phenylalanine (Figure 3) compared to the NMR structure

of MT-II (Figure 2). Ying et al.123 reported the NMR structures of several melanotropins

including that of MT-II, SHU9119 and a hMC4R selective agonist. All of these

structures displayed a similarly large distance between tryptophan and the aromatic ring

of position 7 (D-phenylalanine in this case) so the position of tryptophan in compound 6

is unusual and is probably the cause of its poor receptor affinity. However, it is

impressive that the substitution of a single methyl group had such dramatic consequences.

3.5.2 Epsilon-N-Methylation of Lysine

The single methylation of the ε-nitrogen of lysine (compound 2) effectively

distinguishes the binding pocket of hMC4R from the other receptor subtypes because

receptor affinities are effectively unchanged relative to MT-II for hMC1R, hMC3R, and

hMC5R, while there is an approximately 800 fold decrease in affinity for hMC4R. Also,

adenylate cyclase activity at hMC5R is completely lost making it an antagonist at the

hMC5R and it is only a partial agonist at hMC3R. Therefore, an understanding of the

conformational differences between MT-II and ε-N-methylated lysine MT-II will give

insight into the unique characteristics of the hMC4R binding pocket, as well as

requirements of hMC3/5R activation.

The LLMOD molecular model for compound 2 predicts an unusual peptide

conformation (Figure 4). Only the conformations of D-phenylalanine and Tryptophan
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show similarity to the NMR structure of MT-II. However there is some resemblance

between the relative orientation of histidine and D-phenylalanine in the LLMOD derived

model of compound 2 and the NMR structure of SHU9119 (Figure 5). SHU9119 is a

high affinity antagonist at hMC3/4R and an agonist at hMC1/5R, quite different from the

activity profile of compound 2. It is possible that the subtle differences between these

structures are significant enough to cause loss of binding affinity at hMC4R, gain of

function at hMC3R and loss of function at hMC5R. But molecular models are potentially

misleading, and do not give information on conformational flexibility, which could be

altered in the side chains thereby causing these changes in activity. NMR studies of this

compound are needed to confirm the modeling results. Another possible way to verify

these results would be to synthesize an MT-II analogue methylated at the β carbon of

histidine. This would likely cause a similar histidine-phenylalanine orientiation by

constraining the χ angles of the histidine side chain.

3.5.3 hMC1R Selective Peptides

Compounds 25 and 29 show exceptional selectivity for hMC1R and demonstrate

full agonist activity. Both are α-N-methylated at histidine, arginine and tryptophan, and

compound 29 is also α-N-methylated at lysine. Compound 25 showed specific binding

and full agonist activity at hMC1R for the concentrations tested (IC50 = 60 ± 12 nM, EC50

= 40 ± 19 nM). Likewise, compound 29 is a highly selective full agonist at hMC1R. The

affinity for compound 29 at hMC1R (IC50 = 14 ± 4.0 nM, EC50 = 13 ± 11 nM), is

improved over that of compound 25, but binding in the μM range was also detected at

hMC3R with no adenylate cyclase activation.
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The computer model for compound 25 is shown in Figure 6. A molecular model

was not computed for 29, but early minimizations showed a structure similar to

compound 25. The LLMOD derived model of compound 25 is strikingly similar to the

NMR structure of MT-II given its altered biological profile, but it is interesting to not the

similarity between the models of compound 25 and the selective hMC1R antagonist

MSG606 (Figure 7). It is apparent from the computer model of compound 25 that

methylation of the arginine α-nitrogen eliminates the hydrogen bond donor of the

hydrogen bond between the carbonyl group of aspartic acid and the nitrogen of arginine.

Without this hydrogen bond, the β-turn like structure around histidine, D-phenylalanine

and arginine shifts and the aromatic rings of histidine and D-phenylalanine shift,

approaching a perpendicular orientation. A similar orientation between histidine and

phenylalanine is seen in the LLMOD derived model of MSG606. The aromatic stacking

motif that is disrupted in MSG606 and compound 25 has been observed in the NMR

structures of MT-II and a selective hMC4R agonist, but is not present in the NMR

structure of the MC3/4R antagonist/MC1R agonist SHU9119 (Figure 5).123 The

similarities between MSG606 and compound 25 suggest that it is possible that the

perpendicular orientation of the histidine and D-phenylalanine aromatic rings in these

compounds is a general cause of MC1R selectivity. Again, NMR structures of these

compounds would be valuable to validate the modeled conformations.
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3.6 Conclusions and Future Work

Compounds 25 and 29 are the most potent selective hMC1R agonists to date.

Future studies could evaluate the in vivo properties of these compounds to assess their

biological half-life, which may improve on those of MT-II owing to the several

methylations present. Also, it may be beneficial to examine the cytoprotective affects of

these compounds in UV irradiation studies as well as their anti-inflammatory properties.

These selective agonists could demonstrate hMC1R mediated functions specifically in

tissues which express multiple MCR receptor subtypes.

MC1R selective agonists can also be used as a tool in understanding the unique

nature of the hMC1R binding pocket. Molecular modeling is limited in its accuracy and

NMR structures of compounds 25 and 29 and MSG606 would help to understand the

unique structural features of hMC1R when compared to the NMR structure of MT-II.

The results of these models suggest a general structural predictor of hMC1R selectivity.

The structural insights gained from this study, when validated by NMR, would be a good

starting point for the development of novel selective small molecule agonists for the

hMC1R.
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Figure 2: NMR Structure of MT-II.123

MT-II Sequence: Ac-Nle-c[Asp-His-D-Phe-Arg-Trp-Lys]-NH2

MT-II is a non selective hMCR agonist.

Figure 3: LLMOD Derived Model of Compound 6 (FO153K1Xa).

Compound 6 Sequence: Ac-Nle-c[Asp-His-Me-D-Phe-Arg-Trp-Lys]-NH2

Compound 6 differs from MT-II only in the α-N-methylation of D-phenylalanine.

However it exhibits only 270nM binding at hMC3R vs 6.8 for MT-II, and greater

than 1000 μM binding at other hMCR subtypes. These functional changes are

likely due to the change in the orientation of tryptophan.
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Figure 4: LLMOD Derived Model of Compound 2 (LD151).

Compound 2 Sequence: Ac-Nle-c[Asp-His-D-Phe-Arg-Trp-εN-Me-Lys]-NH2

Compound 2 shows approximately 1000-fold decrease in binding affinity for

hMC4R vs. MT-II while retaining its binding affinity for the other hMCR subtypes.

Structurally it differs from MT-II only in the ε-N-methylation of the lysine residue.

Figure 5: NMR Structure of MT-II and SHU9119

SHU9119 Sequence: Ac-Nle-c[Asp-His-D-Nal-Arg-Trp-Lys]-NH2

MT-II (blue) and SHU9119 (Orange) from Ying et al.123 Compound 2 resembles

SHU9119 most closely of all NMR structures of melanotropins reported, but while

SHU9119 is a high affinity antagonist at hMC3/4R and agonist at hMC1/5R,

compound 2 weakly binds hMC4R, is an antagonist at hMC5R and a full agonist at

hMC1/3R.
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Figure 6: LLMOD Derived Model for Compound 25 (FO163X):

Compound 25 Sequence: Ac-Nle-c[Asp-Me-His-D-Phe-Me-Arg-Me-Trp-Lys]-NH2

Compound 25 is a highly selective agonist for the hMC1R. Compared to MT-II, the

aromatic rings of histidine and D-phenylalanine no longer have a parallel orientation.

This is similar to the relative orientation of histidine and phenylalanine in MSG606

(Figure 7, next page), a hMC1R selective antagonist.



54

Figure 7: LLMOD Derived Model for the Melanocortin Core Sequence in MSG606

Compared to the NMR Structure of MT-II

MSG606 Sequence: c[(CH2)3-Gly-His-D-Phe-Arg-Trp-Cys(S-)]-Asp-Arg-Phe-Gly-NH2

The conformation of the melanotropin core sequence (His-D-Phe-Arg-Trp) is shown here

for both the NMR structure of MT-II(Red) and MSG606 (Green). MSG606 is a highly

selective hMC1R antagonist. It is shown here for comparison to the highly selective

hMC1R agonist compound 25 (Figure 5). It is structurally similar to compound 25 in that

the histidine and D-phenylalanine aromatic rings adopt a perpendicular relative

orientation.
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CHAPTER 4

MUTATION STUDIES OF THE HUMAN MELANOCORTIN 1 RECEPTOR

4.1 Experimental Design

These experiments sought to characterize the biological activity of six hMC1R

mutants with alanine substitutions at intracellular serine and threonine residues in order to

determine the relative effects of each possible phosphorylation site on β-arrestin 2

mediated internalization. It is thought that β-arrestins interact with phosphorylated

membrane proteins to terminate signal transduction. Beta-arrestins achieve this by

scaffolding several proteins involved in signal termination including: clatherin,

phosphodiesterases81 and diacylglycerol kinases.78,83 Therefore β-arrestins elegantly

terminate GPCR signals by promoting both internalization and second messenger

degradation.

The current model of β-arrestin mediated receptor internalization is as follows:

ligand activated GPCRs adopt a conformation that can bind protein kinase A, which

phosphorylates an initial round of serine and threonine residues. After this, the receptor

adopts a conformation with affinity to members of the G-Protein Receptor Kinase family

which phosphorylate a second set of serine and threonine residues. At this point the

affinity of the GPCR for β-arrestins is increased, and β-arrestin promotes the formation of

clatherin coated pits leading to the internalization of receptors. The internalized complex

has been shown to interact with other signaling cascades before ultimately resulting in

receptor recycling or endosome mediated degradation.83
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4.1.1 Experimental hMC1R Mutants

The intracellular face of hMC1R contains one potential phosphorylation site on

the 1st intracellular loop, three potential phosporylation site on the 2rd intracellular loop

and four on the carboxyl terminus (see Figure 8). Of these possible phosphorylation sites,

this experiment attempted to examine the alanine substitutions: S145A, S154A, T157A

and T308A with respect to binding affinity, adenylate cyclase stimulation and β-arrestin 2

recruitment. In addition, C79S and C273S mutants were examined as possible disulfide

bond donors.

4.1.2 Biological Assessment

Stably expressing cell lines were established for each mutant, and competitive

binding affinity assays and adenylate cyclase activity assays were conducted on each of

the six mutants as described in Materials and Methods. The peptides studied in these

mutants were MT-II (Ac-Nle-c[Asp-His-D-Phe-Arg-Trp-Lys]-NH2); the hMC1R

selective agonist MT-II analogues, compounds 25 and 29 (25: NMe-HRW-MT-II 29:

NMe-HRWK-MT-II); and an unpublished peptide analogue of γ-MSH developed in Dr.

Victor J. Hruby’s lab that is a highly selective antagonist for hMC1R, MSG606

(c[(CH2)3-Gly-His-D-Phe-Arg-Trp-Cys(S-)]-Asp-Arg-Phe-Gly-NH2). The structures of

these compounds are given Appendix A. Confocal microscopy in living cells transiently

transfected with EGFP-β-arrestin 2. Unfortunately, the resolution of the instrument used

was not sufficient for valuable data.
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Figure 8: Two Dimensional Model of the hMC1R: This illustrates the potential

phosphorylation sites of the intracellular face (gray circles) and the locations of the

common loss of function mutants associated with melanoma, red hair and pale skin,

R151C, R160W, and D294H.85 The residues mutated to alanine in this study were C79,

S145, S154, T157, C273, and T308.

4.2 Results

The binding affinities and adenylate cyclase activities of these four peptide

melanotropins are shown in Table 8. Surprisingly, MSG606, a selective hMC1R

antagonist showed full agonist activity at C79S and partial agonist activity at S154A,

T157A, C273S and T308A. It will be necessary to confirm these results with freshly
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synthesized peptide since MSG606 showed agonist activity at all hMC1R mutations

tested, including the C79S and C273S mutations. Antagonist-agonist switching in the

latter two mutants is especially surprising because of their locations on the receptor

(transmembrane domain 2 and the extracellular face, respectively).

4.3 Conclusions and Future Work

A study similar to this one was recently published in the Journal of Biological

Chemistry by Sánchez-Laorden et al.85 They found that mutants T308A and S316A

demonstrated impaired internalization and desensitization while mutations at the same

sites mimicking the phosphorylated state (T308D and S316D) were constitutively

desensitized. They did not demonstrate direct evidence of β-arrestin 2 mediated

internalization. This study sought to establish the role of β-arrestin 2 in the

internalization of hMC1R, but technical difficulties prevented this. In the future, the

confocal microscopy experiments must be optimized and repeated. Also, finer resolution

is afforded by imaging fixed cells, and this is a feasible alternative to imaging live cells.

However, the value of imaging live cells is that it removes bias from the experiment and

this is lost in imaging of fixed cells. In imaging of fixed cells, the researcher has the

freedom to choose an example cell from a population, but when imaging live cells single

cells are imaged over a time course. Once this data is collected, the population can be

analyzed statistically, greatly improving the impartiality of the technique.

Our results for hMC1R:T157A are in disagreement with those of Sánchez-

Laorden et al.85 They reported no cell surface expression of the T157A mutant, while the
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experiments reported here were able to reproducibly detect functional hMC1R:T157A

with binding affinities and adenylate cyclase activities no different from those of the wild

type receptor. It is still possible that T157 is involved in receptor trafficking as reported

by Sánchez-Laorden et al., and we had extraordinary luck in producing an exceptional

cell line. It would be informative to measure the total vs. cell surface expression levels of

this hMC1R:T157A cell line to establish the role of the T157 residue in receptor

trafficking.

The universal switch of MSG606 from antagonist activity to agonist activity at all

mutants is surprising. It must be pointed out that only a small amount of this peptide was

available from previous experiments which is why the experiments were not repeated an

adequate number of times. If the cyclization of the experimental sample had degraded, it

is possible that the linear form of MSG606 is what was active in these assays. On the

other hand, the antagonist character of MSG606 at the wild type hMC1R is in agreement

with previous results. Before the possible structural changes of hMC1R responsible for

this switching are examined at length, it is necessary to repeat these experiments with

freshly prepared peptide.
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Radioligand Binding Assay:

Adenylate Cyclase Activity Assay:

Table 8: Binding and Adenylate Cyclase Assay Results for hMC1R Point Mutants. Non-selective hMCR agonist

(MT-II), hMC1R selective antagonist (MSG606), and hMC1R agonists (Compounds 25 and 29) were assessed for their

activity and binding affinity in the mutants of the intracellular hMC1R phosphorylation sites. MSG606 was converted

to an agonist in all mutants. This result has not yet been repeated.
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CHAPTER 5

MUTATION STUDIES OF THE HUMAN MELANOCORTIN 4 RECEPTOR

5.1 Experimental Design

Mutants of the third intracellular loop and C-terminus were studied in order to

identify the structural requirements of the intracellular face of hMC4R for ligand binding,

adenylate cyclase activation and β-arrestin 2 recruitment. The strategy was to examine

the translocation of EGPF-β-arrestin 2 upon stimulation by rhodamine-conjugated MT-II

(peptide agonist), SHU9119 (peptide antagonist) and THIQ (small molecule agonist), as

well as the colocalization of EGPF-β-arrestin 2 with these rhodamine-dyed ligands.

From the images taken in live HEK293 cells stably expressing mutant receptors, we

hoped to uncover the differential internalization responses of hMC4R to peptide and non

peptide agonists and to a peptide antagonist.

Toward this aim, each rhodamine-conjugated ligand was assessed in each of the

receptor mutants shown in Figures 9 and 10 for binding affinity and adenylate cyclase

affinity versus the corresponding non-conjugated ligand both to verify the functionality

of the mutant receptors and to confirm that the rhodamine dye does not abolish the

biological activity of the ligands.

The mutations were either to the C-terminal or the third intracellular loop. The C-

terminal mutations consisted of two truncations to a minimum of 12 residues. The

proximal 19, 12, 7, 3, or 1 C-terminal residues were preserved and the remaining C-

terminal was truncated in the case of the C19 and C12 mutants or substituted with
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alanines to a minimum length of 12 for the C7+5A, C3+9A and C1+11A mutants. In the

mutations to the third intracellular loop, sequences of three to seven consecutive amino

acids were mutated to alanine. This work extends that of Yang et al.121 in which a similar

mutation scheme was employed with shorter (three to four residue) sequences in the third

intracellular loop mutated to alanine (see Figure 10b). The mutants of this study extend

over larger stretches of the third intracellular loop to further probe the minimal binding

surface for intracellular effectors of hMC4R (Figure 10a). Transiently transfected

HEK293 cells were used to study radioligand binding at these receptor mutants.

5.2 Results

5.2.1 C-Terminal Truncation

In each C-terminal mutant, stably transfected HEK293 cell lines were screened

for expression level with a radioligand saturation binding assay to [125I]NDP-MSH. In

the case of the C1+11A, C3+9A and C7+5A constructs, no significant binding to

radiolabled ligand was detected for either monoclones or transiently transfected cells and

these mutants were studied no further. Stably transfected monoclones of the highest

expression level for the C12 and C19 constructs were used for further experiments. To

assess EGFP-β-arrestin 2 recruitment in these two mutants, rhodamine-conjugated MT-II,

THIQ, and SHU9119 were assessed for their binding affinity, and adenylate cyclase

activity. The rhodamine-conjugated ligands exhibited significantly decreased binding

compared to their non-fluorescent counterparts, but each displayed similar
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Figure 9: Schematic of C-Terminal Truncation Mutants of hMC4R. These hMC4R

mutants were examined for their binding and adenylate cyclase activity. C1+11A,

C3+9A and C7+5A were not expressed at adequate levels on the cell surface due to the

deletion of the Ile-Ile-Cys-Cys sequence.

pharmacological profiles (see Table 9). Both Rhodamine-MT-II and Rhodamine-THIQ

mainatained their ability to stimulate adenylate cyclase activity, and Rhodamine-

SHU9119 maintained binding and was still an antagonist. Therefore it was concluded

that these fluorescent ligands were proper fluorescent probes for use in confocal
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10a)

b)

Figure 10: Schematic of the Third Loop Mutations of hMC4R.

a) The Mutations Unique to this Study

b) A Comparison of the Third Loop Coverage of this and an Earlier Study121.

Binding affinity assays were performed on these mutants. Each mutant showed a left

shifted binding curve relative to the wild type receptor, suggesting that

conformational flexibility of the third intracellular loop may make high affinity

binding sites more easily accessible. (*significantly decreased adenylate cyclase

activity **significantly decreased binding; cartoons adapted from reference 121).
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microscopy studies of capable of EGFP-β-arrestin 2 recruitment. Confocal microscopy

of EGFP-β-arrestin 2 recruitment images were taken in response to rhodamine conjugated

MT-II, THIQ, and SHU-9119, but we were unable to obtain adequate resolution in living

cells due to the limitations of our equipment.

5.2.2 Mutations of the Third Intracellular Loop

The results of the Yang et al. study suggested that stretches of amino acid residues

in the third intracellular loop from 222-232 and 238-243 are involved in a maximal

adenylate cyclase response while all other regions of the third intracellular loop showed

tolerance for mutation in adenylate cyclase activity, and none of the mutations studied

had any effect on NDP-MSH binding (Table 11). In the constructs of this study, it was

found that alanine substitution of residues 223-230 abolished binding to radioligand

(Table 10). For the other mutants, the poly alanine substitutions had the effect of

increasing ligand affinity when compared to the wild-type receptor. No adenylate

cyclase assays were performed, nor were confocal images taken for any of the third

intracellular loop mutants.

5.3 Conclusions and Future Work

Radiolabeled ligand binding to C-terminal mutants C1+11A, C3+9A and C7+5A

were not deemed to be above the baseline in these experiments. This result is in

disonance with Yang et al., who were able to develop cell lines expressing functional

C1+11A, C3+9A and C7+5A, but had difficulty in doing so.121 They observed retained

binding affinities at low levels with decreased adenylate cyclase activity in these cell
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lines. It has been reported that the di-isoleucine sequence of the C-terminal at residues

316 and 317 are required for adequate cell surface expression.108 Therefore it is not

surprising that we were unable to achieve cell lines expressing significant levels of the

three C-terminal mutants lacking this sequence at the cellular surface. Contributing to the

lack of function of these receptors is the absence of the two C-terminal cysteines,

C318/C319 which are possible palmitoylation sites and have been shown to play an

important role in phosphorylation and down regulation.92,121 As a result, the C1+11A,

C3+9A and C7+5A are not ideal constructs for the study of β-arrestin recruitment and

should not be studied in confocal microscopy of live cells.

The mutants retaining the Ile-Ile-Cys-Cys sequence, C12 and C19, were

functional and easily expressed. Therefore they should be useful tools for probing the

possible β-arrestin interacting regions of the C-terminus. Further experiments should be

conducted on a confocal microscope with higher resolution for more definitive results.

The mutants of the third intracellular loop demonstrated retained binding affinity

except in the case of mutant 2 (residues 223-230). Adenylate cyclase activity and β-

arrestin recruitment experiments will have to be conducted to complete this study. It is

interesting to note that the 3rd loop mutants showed increased binding affinities for all

ligands when compared to the wild-type hMC4R. This may be due to the increased

flexibility of the third intracellular loop and the resulting relaxed constraints imposed by

the third intracellular loop on the sixth transmembrane domain. Another possible

explanation would be that G-protein binding to the intracellular face has changed, thereby

indirectly causing a change in the conformation of the extracellular face. Either of these
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effects could cause an increased availability of the binding pocket and increased ligand

affinity. However, this data does not give direct evidence for either of these effects. It

has been shown in the β2 adrenergic receptor that transmembrane domains one through

five act as a separate folding domain from transmembrane domains six and seven and that

simulatenous transfection of two separate plasmids encoding each results in a functional

receptor.62 The flexibility between transmembrane domains five and six suggested by

this data may apply to the melanocortin receptors, and a similar experiment on the

melanocortins would be a step toward understanding this data.

All of the rhodamine-conjugated ligands were reasonable in vitro substitutes for

their parent compounds and can be used in following confocal microscopy studies.

While these experiments were unable to obtain direct evidence for the recruitment of β-

arrestin by hMC4R and its mutants, this work did establish the fluorescent ligands and C-

terminal cell lines needed for such a study, and will facilitate future work.
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Radioligand Binding Assay:

Adenylate Cyclase Activity Assay:

Table 9: Binding and Adenylate Cyclase Assay Results for hMC4R C-Terminal Truncations. The mutants lacking the

C-terminal Ile-Ile-Cys-Cys sequence (C1+11A, C3+9A, and C7+5A) were not expressed adequately at the cellular surface.

C12 and C19 show slighty left-shifted binding curves relative to wild type hMC4R.
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Radioligand Binding Assay:

Table 10: Binding Assay Results for hMC4R Third Loop Mutants. This experiment established that the rhodamine-

conjugated ligands bind these mutants with reasonable affinity and will be useful tools in follow up confocal microscopy

experiments. The increased binding affinities of these mutants vs the wild-type receptor is interesting and may be due to

relaxed conformational constraints imposed by the third intracellular loop on transmembrane domain 6.

Table 11: Summary of Results of hMC4R

Third Loop mutants by Yang et al.(2005)121

See Table 10b for the sequences of these mutants.

NDP-MSH did not demonstrate left shifted

binding to these mutants.

(*significantly reduced adenylate cyclase activity)
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CHAPTER 6

CLOSING REMARKS

This thesis intended to elucidate the structure-activity relationships of α-N-

methylated MT-II analogues and identify the intracellular residues of hMC1R and

hMC4R involved in β-arrestin mediated internalization. Toward understanding the

structure activity relationships of the α-N-methylated MT-II analogues, binding affinity

and adenylate cyclase activity experiments were completed for a peptide library

composed of all possible analogues α-N-methylated at combinations of the histidine, D-

phenylalanine, arginine and tryptophan residues, thereby establishing the in vitro

properties of these compounds. For the mutagenesis studies of hMC1R and hMC4R, a

significant foundation was established for β-arrestin recruitment experiments, but we

were unable to complete the planned studies. What follows in this chapter is a brief

summary of the accomplishments presented in this thesis along with some suggestions for

future experiments which could be completed in a relatively short time using the tools

established over the course of this work.

Toward the goal of elucidating structure-activity relationships of α-N-methylated

MT-II analogues, a complete peptide library containing all possible MT-II analogues α-

N-methylated at histidine, D-phenylalanine, arginine and tryptophan residues was

evaluated for binding affinity and adenylate cyclase activity at hMCR subtypes 1, 3, 4,

and 5. This study identified two highly selective hMC1R agonists. Compound 25

(FO163X) is α-N-methylated at histidine, arginine and tryptophan, and demonstrated full
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agonist activity at hMC1R with an EC50 of 40 ± 18 nM and less than 50% binding at 5

μM at the other hMCR subtypes. Compound 29 LD211, is α-N-methylated at histidine,

arginine, tryptophan and arginine, and demonstrated full agonist activity at hMC1R with

an EC50 of 13 ± 11 nM with only 2.2 μM binding at hMC3R and less than 50% binding at

5 μM at hMC4R and hMC5R. These two compounds will most likely prove to be

valuable research tools and may hold some therapeutic merit.

Three α-N-methylated MT-II analogues were selected for LLMOD based

molecular modeling because of their interesting binding/adenylated cyclase activity

profiles. Each of these models should be verified by NMR spectrometry. These three

analogues were compound 25, (α-N-Me-D-Phe)MT-II, and (ε-N-Me-Lys)MT-II.

Compound 25 was examined because of its high degree of hMC1R selectivity, and the

LLMOD derived model of compound 25 (Figure 6) showed remarkable similarity to the

LLMOD derived model of MSG606 (Figure 7), an hMC1R selective antagonist. This is

interesting because these two compounds have different origins. Both are cyclic peptides

containing the melanotropin core sequence (His-D-Phe-Arg-Trp), but the sequence

flanking the core sequence in MSG606 is based on γ-MSH while that of compound 25 is

based on α-MSH. The conformational feature common to these two compounds

according to the LLMOD derived models is the unique orientation of their histidine and

phenylalanine rings. It would be valuable to obtain an NMR structure for each of these

compounds to confirm this feature because, if the models presented here reflect reality,

this feature may be a general determinant of hMC1R selectivity. An LLMOD derived

model was presented for (α-N-Me-D-Phe)MT-II because of its drastically reduced



72

recognition at all MCR subtypes and its hMC3R selectivity (Figure 3). Also, an LLMOD

derived model was presented for (ε-N-Me-Lys)MT-II because this methylation caused

selective loss of binding at hMC4R without reduced affinity vs MT-II at any other MCR

subtype. For both of these compounds, NMR structure would again be valuable. In the

case of (ε-N-Me-Lys)MT-II, the structural insight may help medicinal chemists

distinguish the binding pockets of hMC3R and hMC4R, a problem which has proven

difficult.

The ultimate aim of the mutagenesis studies was to image GFP-β-arrestin

recruitment in living HEK293 cells. This was not completed because the water emersion

objective available to us was not of sufficient power. However, within the year, the

University of Arizona plans to have completed the installation of two new instruments

with the capability of imaging live cells at adequate power and resolution. With this

equipment in place, and the cell lines characterized and established in the work presented

here, observing GFP-β-arrestin recruitment should be a relatively short task.

The projects reported in Chapter 4 demonstrated that point mutations at

intracellular phosphorylation sites of the hMC1R had no effect on ligand binding or

adenylate cyclase activity. Since these receptors are functional and stably expressed in

HEK293 cell lines, one would need to verify the activity of rhodamine-conjugated

ligands at these receptors, transiently transfect them with EGFP-β-arrestin and image

them as described in the Materials and Methods (Chapter 2.9). Likewise, for the hMC4R

mutants described in Chapter 5, completion of the project only requires adenylate cyclase

activity assays of rhodamine-conjugated ligands in third intracellular loop mutants I, III



73

and IV to confirm their biological activity, and follow up imaging of these mutants. The

C-terminal mutants C12 and C19 have already been tested with rhodamine-conjugated

ligands for binding affinity and adenylate cyclase activity, are stably expressed in

HEK293 cells, and are ready for GFP-β-arrestin recruitment studies. The binding affinity

and adenylate cyclase activity assays for the rhodamine-conjugated ligands presented in

Chapter 5 as a whole suggest that rhodamine conjugation has little if any affect on their

binding affinity and adenylate cyclase activity and that they are therefore appropriate

tools for fluorescent imaging.

This thesis presents the discovery of two highly hMC1R selective full agonists

and laid the foundation for the β-arrestin recruitment studies that it sought to perform.

The work completed here will allow for fluorescent studies of β-arrestin recruitment to be

completed in a short time.
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APPENDIX A

STRUCTURES OF MELANOTROPIC LIGANDS

Methylated at Positions Compound Number Compound Name
None - MT-II

F 2 LD151
B 6 FO153K1Xa

A, C, D 25 FO163X
A, C, D, E 29 LD211

I: MT-II and its Analogues: Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2
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II: SHU9119: Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-NH2

III: THIQ: N-[(3R)-1,2,3,4-Tetrahydroisoquinolium-3-ylcarbonyl]-(1R)-1-
(4-chlorobenzyl)-2-[4-cyclohexyl-4-(1H-1,2,4-triazol-1ylmethyl)piperidin-1-
yl]-2-oxoethylamine(1)91
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IV: Rhodamine-MT-II

IV: Rhodamine-SHU9119
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V: Rhodamine-THIQ

VI: MSG606: c[(CH2)3-Gly-His-D-Phe-Arg-Trp-Cys(S-)]-Asp-Arg-Phe-Gly-NH2
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