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In the United States, the prevalence of obesity has risen at an epidemic rate over the 

past decade. Based on Body Mass Index (BMI) of 30 or greater, more than 60% of 

American adults are considered obese. Although still viewed more as a cosmetic than a 

health problem by the general public, excess weight is a major risk factor. A variety of 

health problems are directly associated with being overweight and obese. Successful 

treatment of obesity and obesity-related diseases requires an understanding of the 

complex pathways involved in weight homeostasis and feeding behavior. 

New insights into the mechanisms that control body weight are providing an 

increasingly detailed framework for a better understanding of obesity pathogenesis. Over 

the last decade, genetic and pharmacological evidence has emerged that supports a role of 

the melanocortin (MC) receptor system in weight homeostasis. Current data suggest that 

central MC3 and MC4 receptors, along with their endogenous agonists and antagonist, 



xvi 

are key components responsible for regulating body weight via the modulation of both 

food intake and energy expenditure. 

This dissertation focuses on the design, synthesis and characterization of ligands 

for the mouse melanocortin receptors. Four libraries will be discussed that include 

(1) analogues of the MC3 and MC4 receptors antagonist Agouti-related protein (AGRP); 

(2) truncation of γ2-MSH, an agonist at the MC1 and MC3-5 receptors with slight selectivity 

for the MC3R; (3) modification at the Arg position of Ac-His-DPhe-Arg-Trp-NH2 the 

minimal sequence required for potent melanocortin receptor agonist activity; and (4) the 

development of nonpeptide ligands based on the tripeptide Phe-Trp-Lys-NH2. 

The results of these studies include the identification of several key structure-

activity trends, receptor subtype selectivity properties, identification of residues in ligand-

receptor interactions, and novel ligands with activities. Some of the results include the 

development of a novel agonist template when stereochemical inversion studies turned 

the hAGRP(103-122) from an antagonist into an agonist. Truncation of γ-MSH identified 

a shorter analogue with equipotent agonist activity at the mMC1R and mMC3-5R. We 

identified a nonpeptide ligand with nanamolar agonist activity at the mMC4R that was 

selective over the mMC4 and mMC5 receptors. Finally, a novel mMC1R thiourea 

selective agonist was identified when Ac-His-DPhe-Arg-Trp-NH2 was modified at the 

Arg position. The details of these studies are covered in this dissertation.  
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CHAPTER 1 
INTRODUCTION 

Obesity  

In the United States, obesity has risen at an epidemic rate during the past 20 years. 

Figure 1-1 shows the increase in obesity from when it was first recorded to the later 

report today.1  In 1985, only a few states were participating in the Center for Disease 

Control (CDC) Behavioral Risk Factor Surveillance System (BRFSS) providing obesity 

data and no state was greater than 14%. In 1991, four states were reporting obesity 

prevalence rates of 15-19% and no states reported rates at or above 20%. In 1997, sixteen 

states had obesity rates of 10-14%; thirty-one states had rates of 15-19%; three states had 

rates >20% and no states had rates > 25%. In 2001, four years later, one state had rates of 

10-14%; twenty-one states had rates of 15-19%; twenty-seven states had rates of 20-24%, 

and one state had rates of >25%. In 2002, one year later, no states reported rates at or 

below 14%, 18 states had rates of 15-19%; 29 states had rates of 20-24%; and 3 states 

had rates over 25%.1-4 

Obesity is characterized by an increase in adipose tissue mass.5,6  Evaluating the 

exact quantity of adipose tissue is rather difficult. However, in clinical practice, body fat 

mass is estimated by body mass index (BMI), or by waist circumference. Individuals are 

considered obese when their BMI is greater than 30.1,6  Research indicates that the 

situation is worsening rather than improving. The obesity epidemic covered on television 

(TV) and in the newspapers did not occur overnight. Overall, a variety of factors play a 

role in obesity, making it a complex health issue. 
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Figure1-1. Obesity trends among US adults by state from 1985-2002 based upon figures 
provided by the center for disease control (CDC) website  

Obesity can increase the risk of health complications ranging from nonfatal to fatal 

debilitating conditions such as heart disease, diabetes, high blood pressure, stroke, 

osteoarthritis, sleep apnea, gallbladder disease, and some forms of cancer (uterine, breast, 

colorectal, kidney); to psychological consequences ranging from lowered self-esteem, to 

social isolation, to clinical depression. Severe obesity is associated with a 12-fold 

increase in mortality in 25 to 35 year olds when compared to lean individuals. 

In the United States (US), at least one child in five is overweight and the number of 

overweight children continues to grow. Over the last two decades, this number has 

increased by more than 50%, and the number of extremely overweight children has 
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nearly doubled.7 Although children have fewer weight-related health problems than 

adults do, overweight children are at high risk of becoming overweight adolescents and 

adults. 

Epidemiological studies have shown that the prevalence for obesity increases at an 

alarming rate in the last 10 years. For example, the prevalence of obesity jumped by 

about 10-50% in the US and most European countries. The prevalence of obesity in 

adults is 10-25% in most countries of Western Europe, and 20-25% in some countries in 

the Americas. Today, an estimated 300 million people around the world are obese; and 

prospective studies predict that this number will continue to climb.8  In addition to the 

epidemic of obesity in the adult population, the prevalence of obesity in children is 

dramatically increasing as well. In 1999, 13% of children aged 6 to 11 years, and 14% of 

adolescents aged 12 to 19 years in the United States were overweight. This prevalence 

has nearly tripled for adolescents in the past two decades. Overweight adolescents have a 

70% chance of becoming overweight or obese adults. This increases to 80% if one or 

both parents are overweight or obese. 

The increase in obesity prevalence over the past two decades results in an increase 

in the cost of treating obesity and obesity-related diseases. A recent study focused on 

state-level obesity-related medical expenditures estimated the total expenditure to be $75 

billion based on Medicare and Medicaid coverage, averaging approximately 6% of adult 

medical expenditures.9 

This striking rise in obesity is attributed to a combination of genetic, social, 

behavioral factors, and to a profound change in our modern life style. Individuals may 

become obese if exposed to an environment where food is easily available and a 
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sedentary life style is promoted. Genetic predisposition might accentuate this tendency.6 

Mechanisms responsible for the development of obesity were not well understood until 

recently.  

Numerous studies clearly establish the relationship between adipose tissue mass 

and the brain circuitry involve in regulating energy homeostasis. Interestingly, 

hypothalamic centers in the brain have been found to play a critical role in regulating 

food intake and energy expenditure. These brain centers can sense peripheral hormones 

involved in maintaining body weight (such as insulin and leptin, and adipose tissue-

derived peptides). Furthermore, a number of hypothalamic expressed neuropeptides are 

believed to play a major role in regulating food intake.10 These neuropeptides are 

endogenous ligands for a number of G-protein coupled receptors (GPCRs). Modulating 

the activity of GPCRs via peptide binding has been shown to alter hypothalamic response 

to food intake.  

Components of the Melanocortin System 

The melanocortin system is one of many pathways participating in feeding 

behavior, and weight and energy homeostasis. The melanocortin-receptor family belongs 

to the G protein-coupled receptor (GPCR) superfamily (a class of receptors that mediate 

most cell-to-cell communication within humans).11 The broad variety of ligands 

(including hormones, neurotransmitters, ions and amino acids) that signal via GPCRs 

underscores the physiological importance of this receptor class. The ability of small 

molecules to modulate the activity of GPCRs with a high degree of selectivity and 

sensitivity, combined with the anatomically selective nature of GPCR gene expression, is 

why this receptor class is pharmaceutically important. A large percentage of today’s 

prescription drugs target one or more GPCRs, with most major therapeutic areas served 
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to some extent by a number of GPCR-based drugs.12 Clearly, no single class of genes 

ranks higher than GPCRs in terms of drug-discovery potential. 

G protein-coupled receptors consist of seven hydrophobic transmembrane (TM) 

helices connected by three extracellular loops and three intracellular loops. GPCRs differ 

in the length and function of their extracellular N-terminal, cytosolic C-terminal, and 

intracellular loops.13-15  Change in conformation of the TM-VI region is responsible for 

receptor activation.15,16  The switch from inactive to the active conformation is due to a 

rotation of TM-VI and a separation from TM-III, which unmasks G-protein binding 

sites.17-19  Receptor interaction with the G-protein is followed by either activation or 

inhibition of a second messenger signal. Ligands that stimulate a receptor to initiate a 

functional response are called agonists. Those that inhibit functional activity are 

antagonists. 

The melanocortin receptor family consists of five subtypes (MC1R-MC5R) 

identified and characterized to date.20-26  The five receptor subtypes at the amino acid 

level are about 42-67% identical and 75-94% similar among mammals for each receptor, 

with the MC4R being the most conserved and MC1R the least.27  The five G protein-

coupled melanocortin receptors (MCRs) are all linked to cAMP generation via the 

stimulatory G protein Gs and adenylate cyclase (Figure 1-2). The endogenous agonists for 

the melanocortin receptors are derived by post-translational processing of the 

proopiomelanocortin (POMC) gene transcript. The two known endogenous antagonists of 

GPCRs, agouti and agouti-related protein (AGRP), regulate the melanocortin receptors. 
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Figure 1-2. Melanocortin Receptor System. Of  particular interest is the interaction of 

agonist ligand (red circle in center of transmembrane domain) leading to 
cAMP accumulation through adenylate cyclase activation and the antagonist 
(brown horseshoe) which does not activate adenylate pathway. 

Melanocortin Receptors 

The MC1R was the first of the melanocortin receptor gene family to be cloned by 

Mountyjoy et al.25 from mouse melanoma cell line and primary culture of normal human 

melanocytes, and by Chhajlani and Wikberg21 from human melanoma cells. Human 

MC1R has a high and almost equal affinity for α-MSH and ACTH, less affinity for β-MSH,

and the lowest affinity for γ-MSH.21,28  Human and mouse MC1R share 76% identity

 in amino-acid sequence,29 but mouse MC1R has a much lower affinity for ACTH 

than α-MSH, and α-MSH is more potent at the hMC1R than at the mMC1R. The MC1R 

is expressed by cutaneous melanocytes, where it has a key role in determining skin and 

hair pigmentation. However, other cell types in the skin also express MC1R, including 



7 

 

keratinocytes, fibroblasts, endothelial cells, and antigen-presenting cells.30  Other tissues 

and cell types have also been found to express MC1R.31  In this respect, it is notable that 

MC1R is expressed by leukocytes, where it mediates the anti-inflammatory and 

immunomodulatory properties of melanocortins. 

MC2R was cloned shortly after the MC1R from the adrenal gland.20,25  MC2R is the 

ACTH receptor, and is expressed in the adrenal cortex at the site for glucocorticoid 

production,25 where it mediates the effects of ACTH on steroid secretion. MC2R is 

expressed in the adipocytes, and it mediates most of the lipolytic activity of ACTH.28 

MC2R is distinguished pharmacologically from the other MCR subtypes in that it is 

activated only by ACTH, and has no affinity for α-, β-, or γ-MSH. A rare human 

autosomal recessive disorder, hereditary isolated glucocorticoid deficiency, is caused by 

mutations in MC2R.32  Notably, MC2R is also expressed by adipose tissue in mice and 

humans.33  Although ACTH is lypolytic in mice, it is not so in humans; and the function of 

MC2R in human adipose tissue is presently unclear.  

MC3R was the third MCR to be cloned and the human MC3R is 361 amino acids 

long.22,26,34  MC3R shows similar binding affinity for α-, β-, γ-MSH, and ACTH. The 

MC3R is expressed in many areas of the central nervous system (CNS) such as the 

hypothalamus, hippocampus, anterior amygdala, and cortex, suggesting a role in 

thermoregulation, and regulation of cardiovascular functions.28  The MC3R is also 

expressed in several peripheral tissues, including the gastrointestinal tract, heart, and 

placenta; and is detectable in the testis, mammary gland, skeletal muscle, and 

kidney.22,28,31,35  The MC3R is implicated as having a role in energy homeostasis, because 
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MC3R knockout mice have been characterized by increased fat mass accompanied by 

decreased lean mass (Figure 1-3).36,37 

Human MC4R consisting of 333 amino acids was the second neural MCR to be 

cloned.23  It is expressed widely in the central nervous system (CNS), including the 

cortex, hypothalamus, thalamus, and brain stem.23 The distribution of the receptor 

suggests its involvement in autonomic and neuroendocrine functions. The order of 

potency of the endogenous melanocortin ligands at the MC4R is, α-MSH = ACTH > β-

MSH >> γ-MSH.27,28 The MC4R is involved in energy homeostasis and feeding 

behavior.38,39 This was substantiated by the fact that MC4R knockout mice were severely 

obese, hyperphagic, and developed hyperinsulinemia and hyperleptinemia 

(Figure 1-3).38,40 The role of MC4R in feeding behavior was determined after administration

of the synthetic agonist MT-II did not reduce food intake in MC4R knockout mice.38,39 The 

MC4R has also been found to play a role in erectile function.41 

 
 
Figure 1-3. Comparison of wildtype (WT), MC3R knockout (MC3RKO) and MC4RKO 

mice. The MC4RKO mouse is hyperphagic and weighs significantly more 
than both the MC3RKO and the WT mice. The MC3RKO is not as obese as 
the MC4RKO and is believed to have increased fat mass and reduced lean 
mass. 
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The MC5R was the last of the melanocortin receptor gene family to be cloned.24,42 

MC5R is expressed at high levels in the exocrine glands, including the lacrimal and 

harderian glands.43  It is also expressed in skeletal muscle and skin tissues; particularly in 

the sebaceous glands, where it may play a role in sebaceous-gland lipid production.31,43-45 

Low levels of expression are also detected in the brain.31,42-45 The order of potency of the 

melanocortins in activating the MC5R is α-MSH > ACTH = β-MSH >> γ-MSH.27,28 

Functions of MC5R are still poorly understood, and are speculated to include gastric and 

anti-inflammatory effects, and regulation of aldosterone secretion.24,42,44,46  The role of 

MC5R in exocrine secretion has the potential to be exploited for treating skin disorders 

such as acne.47  

Melanocortin Endogenous Ligands 

Proopiomelanocortin Prohormone-Derived Agonists 

Human Proopiomelanocortin (POMC) is a 267-amino-acid precursor protein that is 

synthesized in the pituitary; in the arcuate nucleus of the hypothalamus; in the nucleus of 

the solitary tract in the brain stem; and in several peripheral tissues including the urinary 

tract, gastrointestinal tract, adrenal, spleen, lung, and thyroid, and in cells of the immune 

system.33  Posttranslational processing of POMC is tissue-specific, and results in the 

production of a number of peptides with very different biological activities

(Figure 1-4).48-50  Functionally active peptides are produced by endoproteolytic cleavage

at adjacent pairs of basic amino acids, with prohormone convertases PC1 and PC2.51,52 

In the anterior pituitary, POMC is processed predominantly to adrenocorticotropin (ACTH),

which is critical for maintaining adrenocortical function; to β-lipotropin (LPH), and a

16-kDa N-terminal fragment. In the hypothalamus and in the intermediate lobe of the pituitary, 
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POMC is more extensively process, where ACTH is further process to produce α-

melanocyte-stimulating hormone (α-MSH) and corticotropin-like intermediate lobe 

peptide (CLIP); β-LPH is process to β-endorphin and γ-LPH which is further process to 

β-MSH; and N-terminal POMC is process to γ3-MSH which is further process to γ1-MSH 

and γ2-MSH (Figure 1-4). 
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Figure 1-4.Overview of POMC processing by prohormone convertases into smaller 

proteins and the primary sequences of the melanocortin peptides. The minimal 
sequence required for binding and activation of melanocortin receptors, also 
called the message sequence in the primary structures of the melanocortin 
peptides are depicted in bold. Abbreviations: POMC, Pro-opiomelanocortin; 
ACTH, adrenocortiotropic hormone; MSH, melanocyte stimulating hormone; 
LPH, lipotropic hormone; CLIP, corticotropin-like intermediate lobe peptide; 
PC, prohormone convertases; CPE, carboxypeptidase E; PAM, peptidyl α-
amidating mono-oxygenase (amidation); N-AT, N-acetyltranferase 
(acetylation). 
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The POMC prohormone also produces the opiate peptide β-endorphin (hence the 

name pro-opio-melanocortin). Among the peptide products of POMC, the melanocortins 

all share the central amino acid sequence His-Phe-Arg-Trp, which is a key 

pharmacophore needed for the biological activity of these peptides (Figure 1-4).53-56  Rare 

mutations in the POMC hormone and PC1 have been found in humans, and are associated 

with adrenal insufficiency and early-onset obesity and, in the case of POMC mutations, 

altered pigmentation.57,58  

Endogenous Antagonists 

Perhaps one of the most interesting aspects of the melanocortin system is that it has 

two endogenous antagonists: agouti and agouti-related protein (AGRP) (Figure1-5). 

These proteins are unique in that no other endogenous inhibitory proteins have been 

identified for any of the seven-transmembrane receptor families. Agouti and AGRP are 

paracrine signaling molecules, which are endogenous antagonists of the MC1R, MC3R 

and MC4R.59  Of physiological significance, agouti and AGRP have MCR subtype 

selectivity.60,61  Interestingly, agouti and AGRP both have a cysteine-rich COOH-terminal 

domain. Nuclear magnetic resonance (NMR) studies show that the cysteine residues in 

AGRP adopt a structural motif called an inhibitor cystine knot.62  This motif is common to 

invertebrate toxins; but in mammals, this structure is unique to AGRP (Figure 1-5). 

AGRP has been shown in vitro to be an inverse agonist.63,64  Thus AGRP has the potential, 

in vivo, to regulate MCRs, even in the absence of melanocortins.  

Agouti is the name of an animal/rodent that has a hair-color pattern characterized 

by a subapical yellow band on an otherwise black or brown background. Historically, 

scientific interest in the agouti locus extended beyond its effect on coat color. Dominant 
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mutations of the agouti gene cause mice to develop yellow fur, obesity, insulin resistance, 

increased somatic growth, and a predispostion to tumorigenesis.65
  With the isolation of 

the gene encoding agouti, it was noted that these pleiotropic effects were associated with 

deregulated expression of agouti in all tissues.65
  Later investigations showed that the 

obesity displayed by these mutant mice is secondary to the ectopic expression of agouti in 

the hypothalamus, where it acts as an antagonist of α-MSH at MC4R.66  In light of recent 

discoveries that hypothalamic α-MSH is a major satiety factor that transmits its message 

by activating MC4R, the hyperphagia and resultant obesity of those animals are readily 

understood. 

AGRP    - - - - - - - - - - MLTAALLSCALLLALPATRGAQMGLAPMEGIRRPDQALLPELPGLGLRAPLKKTTAEQAEEDLLQEAQALAE

Agouti  MDVTRLLLATLLVFLCFFTANSHLPPEEKLRDDRSLRSNSSVNLLDVPSVSIV - - ALNKKSKQIGR K -AAEKKRSSKKE - - -

                                                          *               *                  **       *      *   *               *    *                         *
AGRP    - - - VLDLQDREPRSSRRCVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCRKLGTAMNPCSRT

Agouti  ASMKKVVRPRTP L SAPCVATRNSCKPPAPA CCDPCASCQCRFFRSA CSCRVLSLN - - -  C - - -

 

Figure 1-5. Sequence alignment of human Agouti and AGRP. Identical amino acid 
residues are shown in red. Of particular interest for agouti/AGRP structure 
and function are the 10 Cysteine residues (mark by asteriks) and the conserved 
RFF triplet in the C-terminal domain (blue letters).  

The normal role of agouti, however, is to act in conjunction with α-MSH and 

MC1R to determine mammalian coat color. Agouti is produced by the dermal papillae 

cell and acts on the adjacent melanocyte to block melanocortin action at MC1R. This 

interaction has a major effect on pigmentation. Pharmacologically, agouti is a 

high-affinity, competitive antagonist of the melanocortin peptides at the MC1R and MC4R.

In rodents, agouti is expressed only in skin. The human homolog of agouti, called 

agouti-signaling protein (ASIP), has a wider pattern of expression, including adipose tissue, 
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testis, ovary, and heart; and lower levels of expression in foreskin, kidney, and liver.60 

However, humans do not have a banded agouti-like hair pattern, and the role of ASIP in 

hair and skin pigmentation in humans is doubtful. Currently, the physiological function of 

ASIP in humans is unknown.  

After the discovery of agouti, AGRP was identified by database searches for 

molecules with homology to agouti.67 AGRP is an equipotent competitive antagonist of 

MC3R and MC4R.68 AGRP is expressed primarily in the arcuate nucleus of the 

hypothalamus, the subthalamic region, and the adrenal cortex; with a small amount of 

expression observed in the lung and kidney.59,69,70 However, its major physiological 

function is in the hypothalamus, where AGRP acts as a potent orexigenic (appetite-

stimulating) factor due to its ability to antagonize melanocortins at MC3R and MC4R.59  

The Melanocortin System and Energy Homeostasis 

Studies firmly implicated melanocortins in the inhibition of food intake on the basis 

of the observation that injecting ACTH (1-24) into the lateral ventricle or ventromedial 

hypothalamic nucleus of the brain inhibited food intake in rats,71,72 and that POMC 

mRNA levels were regulated by metabolic state.73 However, in 1994, researchers took 

greater notice of the melanocortin system as a mediator of feeding behavior. By that time, 

the MCRs had been cloned, and it was known that MC3R and MC4R were expressed in 

the hypothalamus (a CNS region that controls many physiological functions, including 

feeding behavior). Importantly, that year, it was discovered that agouti was a potent 

antagonist of MC4R.66  It was hypothesized that obesity of mice with dominant mutations 

of the agouti gene was due to over-expression of agouti in the hypothalamus and its 

antagonism of MC4R. Several Studies, in 199740,67,74 solidified these observations into a 

coherent framework. First, it was shown that the MC4R antagonist SHU-9119 could 
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block the inhibition of food intake induced by the nonspecific melanocortin agonist MT-

II.74  Second, targeted deletion of MC4R resulted in obesity and hyperphagia.40 
   Finally, 

the endogenous agouti-like orexigenic factor AGRP was discovered.67  

These observations set the stage for a multitude of studies that establish the 

hypothalamic melanocortin system (MC4R, POMC peptides, and AGRP) as one of the 

convergence point for peripheral and central factors regulating feeding behavior and 

metabolism. Although α-MSH is presumed to be the most relevant melanocortin involved 

in energy regulation in the hypothalamus, POMC neurons release a complex mixture of 

POMC peptides believe to be involve in energy regulation.75 More recently, the MC3R 

was shown to be involved in energy homeostasis. MC3R-null mice resulted in reduced 

lean body mass, and increased subcutaneous fat, while maintaining a relatively normal 

body weight.36,37  

Notably, the aforementioned observations extend to humans. It has been estimated 

that MC4R mutations occur in 4% of severely obese French individuals76,77 most 

occurring through a frameshift mutation resulting in a nonfunctional receptor. Later 

studies identified many additional heterozygous mutations in human MC4R gene.76,78-85 

The hypothalamic melanocortin system is involved in obesity, and has also been 

implicated in cachexia86 and anorexia87 in rodents.  

The melanocortin system’s role in feeding behavior makes it an attractive target for 

the development of antiobesity agents. This is particularly true for the MC3R and MC4R. 

Many academic and pharmaceutical laboratories focus on identifying potent and selective 

melanocortin ligands to understand structural and functional characteristics, with most of 

the focus on MC4R. Our study involved four main aspects of the design, synthesis, and 
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characterization of melanocortin receptor ligands. The first aspect (Chapter 3), details the 

structure-activity relationship (SAR) studies of a series of 15 analogues based on the 

Tyr-c[Cys-Arg-Phe-Phe-Asn-Ala-Phe-Cys]-Tyr decapeptide sequence of the endogenous 

antagonist, AGRP that was shown to be the minimal sequence required for binding to the 

MC3R and MC4R.68,88 Although this sequence binds to the MC3R, it had no functional 

activity at this receptor. We hypothesized that elongation of this sequence should re-

established MC3R antagonism. The aim of the SAR was to identify the amino acids 

necessary for MC3R antagonism. This was followed by stereochemical inversion of the 

Ag-Phe-Phe triplet common to the ASIP and AGRP endogenous antagonists needed for 

them to recognize and antagonize the melanocortin receptors.  

The second aspect (Chapter 4) was truncation of γ2-MSH (Tyr-Val-Met-Gly-His-

Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH). The γ2-MSH peptide preferentially activates the 

hMC3R. Because of the MC3R involvement in energy homeostasis, γ2-MSH may be an 

excellent starting point to help design MC3R selective ligands. Our aim was to perform 

truncation of γ2-MSH to identify the minimal active fragment and the important amino 

acid residues necessary for agonist activity at the melanocortin receptors.  

The third aspect (Chapter 5) was identifying nonpeptide ligands for the 

melanocortin receptors. Using a rational approach, we designed, synthesized, and 

characterized a series of 14 urea analogues based on the tripeptide Phe-Trp-Lys-NH2. Our 

aim was to identify nonpeptide ligands with improved potency and selectivity compared 

to the peptide, since nonpeptides generally have more favorable pharmacokinetic 

properties compared to peptides.  
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The fourth aspect (Chapter 6) was SAR study of a series of thirty-one analogues 

based on the Ac-His-DPhe-Arg-Trp-NH2 tetrapeptide with modifications at the Arg 

position. Many studies show that the Arg residue is required for ligand potency while a 

number of selective nonpeptide ligands for the MC1R and MC4R didn’t require the 

presence of this basic moiety for receptor selectivity. Our aim was to design a novel 

series of analogues with side-chain modification at the Arg position, to identify trends 

that result in increase or decrease in potency and receptor selectivity at the melanocortin 

receptors. 
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CHAPTER 2 
GENERAL METHODOLOGIES 

Solid-Phase Peptide Synthesis 

Bruce Merrifield89 revolutionized the peptide chemistry field in 1963. He described 

the complete synthesis of a tetrapeptide tethered to an insoluble polymeric support. The 

Merrifield method involved attaching the C-terminal amino acid of a target peptide to a 

solid support, and then elongating the peptide chain with successive condensation 

reactions. The original synthesis led to several byproducts, but the synthetic scheme was 

improved on; eventually leading to the synthesis of a nine-residue peptide with yields and 

purity much better than what could be accomplished with solution chemistry.90,91 

Merrifield’s method was a significant improvement over the conventional strategies of 

peptide synthesis that used solution-phase methodology. Solution-phase peptide 

syntheses were time consuming because after every coupling reaction the intermediate 

had to be isolated, purified (some cases by crystallization) and characterized before the 

next coupling reaction.89 With the solid-phase approach, isolation and purification after 

each step was accomplished by washing and filtering, hence, eliminating the exhaustive 

isolation, purification, and characterization steps required in solution chemistry. 

Eliminating the extra steps enhanced both the speed of synthesis, purity, and 

characterization is done only at the end of the synthesis. 

The solid-phase synthetic strategy is illustrated in Figure 2-1. The N-terminus of 

amino acids is protected with a “temporary” group that is removed prior to addition of the 
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next amino acid. Reactive side chain functionalities are blocked with “permanent” 

protecting groups that are not removed until the synthesis is complete.89  

 

Deprotection of temporary
protecting group α-amino acid protected 

amino acid

Activation

Coupling

Peptide 
Synthesis
Cycle

Solid support

Protected peptide

Cleaveage & 
Deprotection

Crude Peptide
 

Figure 2-1. A general scheme for the preparation of peptides by solid-phase peptide 
synthesis. 

 
The C-terminal of the amino acid is activated with a suitable coupling reagent 

before coupling to the free amino group of the resin. The first step is attachment of the 

C-terminal amino acid in the peptide sequence to the polymeric support or resin. Amino 

acids are generally introduced in excess to insure the reaction is driven to completion so 

that there will be less chances of obtaining truncated or elongated analogues. Once 

attached to the resin, the reagents and excess amino acid are simply removed by 

successive filtration and washing steps. Following attachment and washing, the 

temporary N-terminal protecting group is removed and introduction of the next amino 

acid is ready to proceed. The next amino acid is introduced and coupled to the preceding 

amino acid via amide bond formation. The temporary N-terminal protecting group is 

removed and the cycle is ready to be repeated with the next amino acid. Once the desired 
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sequence is reached, the peptide is liberated from the solid support by cleavage of the 

linker and the permanent orthogonal protecting groups are removed in one step.  

The Merrifield or Boc Synthetic Strategy 

The method of solid-phase peptide synthesis originally developed by Merrifield is 

still used today in many laboratories across the globe with little modification (more 

polymeric support and side-chain protecting groups available). The synthetic strategy 

makes use of amino acids protected primarily with t-butyl and benzyl derivatives.  

Figure 2-2 shows the Merrifield synthetic strategy. N-terminal t-butyl groups are used 

for temporary protection and are selectively removed prior to each amino acid coupling 

cycle. Benzyl-based groups are used for more permanent protection of reactive amino 

acid side chains and are removed when synthesis of the desired peptide oligomer is 

complete. 
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Figure 2-2. The Merrifield Solid-Phase Synthetic Strategy

The most common t-butyl protecting moiety used in this strategy is the

 t-butyloxycarbonyl (Boc) group, referred to as “Boc chemistry methodology” which was 

the approach developed by Merrifield. The Boc group is selectively removed under acidic 

conditions from the N-terminus with trifluoroacetic acid (TFA) solutions.  Once the Boc 
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group is removed the protonated amino terminus remains as a trifluoroacetate salt which 

is neutralized with a tertiary amine such as diisopropylethylamine (DIEA), before 

continuation of condensation with the next amino acid. A possible mechanism of Boc 

removal is shown in Figure 2-3. 
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Figure 2-3. Possible mechanism for removal of the acid-labile butyloxycarbonyl (Boc) 

 amino protection group from resin-bound alanine. 

After activation of the carboxy terminus of the next protected amino acid, extension 

of the peptide chain is achieved by coupling it to the free amino terminus on the resin or 

polymeric support. Liquid hydrogen fluoride (HF), a very strong acid, is used to remove 

the orthogonal protecting groups from reactive amino acid side chains and to liberate the 

peptide from the solid support in a specialize apparatus (Figure 2-4). These two steps are 

typically done simultaneously. Deprotection of the reactive side chains usually generates 

reactive products of cationic nature, which can react with the peptide generating 

unwanted side products.92  Amino acid side chains with electron-rich functional groups 
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are particularly prone to modification by these cationic species.92
  To avoid the unwanted 

side products, appropriate “scavenger(s)” are incorporated into the cleavage solution to 

quench the reactive intermediates generated in the orthogonal deprotection/cleavage 

step.92 Scavengers are nucleophilic reagents such as water, phenol, thiols, and alkyl 

silanes. Due to the toxic and volatile nature of HF, extreme caution and special 

equipment must be used during the orthogonal deprotection and cleavage steps of the 

Merrifield strategy or Boc methodology (Figure 2-4). 

HFHF
 

Figure 2-4.  The HF apparatus use for deprotection and cleavage of peptides from polymeric 
support or resin after “Boc” synthesis methodology 

Fmoc Synthetic Strategy 

The Boc strategy has significantly increased the speed and purity of peptide 

synthesis but unfortunately, it contained some shortcomings. Both Nα temporary and 

orthogonal permanent protecting groups are acid labile, resulting in an inherent loss of 

amino acid side chain protecting groups during Boc removal. This loss generates two 

sources of reactive functionalities, the amino acid side chain and the reactive orthogonal 

protection group, thereby providing a means for side reactions to occur. Some loss of the 
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peptide can be expected due to the acid lability of the linker, thus slightly decreasing the 

yield during each Nα-deprotection step. Additionally, not all sequences are stable to the 

harsh acidic conditions used during HF cleavage and orthogonal deprotection resulting in 

truncation of the desired peptide. Due to these caveats several solid phase peptide 

synthetic methodologies have been developed that utilize milder reaction conditions and 

do not require special equipment as alternative for the Boc synthesis strategy.92 
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Figure 2-5. The Fmoc solid-phase synthetic strategy 

The most common alternative to the Boc technique has been the 

9-fluroenylmethoxycarbonyl (Fmoc) strategy (Figure 2-5).93,94  The method involves

using the base-labile Fmoc group for temporary Nα protection, acid-labile permanent 

protecting groups for reactive side chains, and acid-labile linkers. Much milder reaction 

conditions are used because the mechanism for removal of the temporary Fmoc 

protecting group is significantly different from that of the permanent protecting groups on 

the reactive side chains. Hence Fmoc removal between coupling reactions does not affect 

side chain protection. Additionally, since the linker is acid labile, repeated exposure to 

basic solutions does not result in loss of peptide from the resin due to premature cleavage.  
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A possible mechanism of Fmoc removal is shown in Figure 2-6 under basic 

conditions with 20% piperidine in dimethylformamide (DMF).92,95  The side chain 

protecting groups and linker to the polymeric support are generally cleaved together in 

one step with a TFA solution. Appropriate scavengers are added to prevent unwanted side 

reactions during cleavage and deprotection as in the Boc strategy. 
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Figure 2-6. Possible mechanism for base-catalylized removal of the N-terminal Fmoc 
protection group. 

Coupling Methods 

The critical step in peptide synthesis is the condensation of two amino acids to 

create the characteristic peptide bond or amide bond. The incoming amino acid carboxy 

group is activated and then reacted with the free amino portion of the resin bound amino 

acid. The activate amino acid should be highly reactive so that the coupling reaction 

proceeds as close to 100% completion as possible. Since the vast majority of amino acids 

have a chiral center at the α–carbon, coupling reactions must also proceed with minimal 

loss of stereostructural integrity. Obtaining the balance between reactivity and minimal 

racemization is often difficult to accomplish because the activated amino acids are 
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generally highly reactive species with good leaving groups that can increase the acidity of 

the α–proton resulting in racemization through enolization of the activated amino acids.92 

Figure 2-7 illustrates two possible mechanisms of racemization of activated amino acids. 

The two main coupling techniques used in peptide synthesis are through in situ 

activation of the carboxylic acid of the amino acid with a suitable activating or coupling 

reagent and the use of pre-activated species already purified and characterized. In our 

laboratory the first of the two methods is employed and a description of the most 

common method used for in situ activation, with carbodiimides, phosphonium or 

aminium salts is explained further.  
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Figure 2-7. Possible mechanisms of activated amino acids racemization 

Carbodiimides 

Carbodiimide activation, until about 1985, was the most widely used coupling 

reagents in solid-phase synthesis with N,N-dicyclohexylcarbodiimide (DCC) and N,N-

diisopropylcarbodiimide (DIC) the reagents of choice (Figure 2-8).  

DCC DIC

N C N N C N
 

 
Figure 2-8. Structures of widely used carbodiimides 
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The carbodiimide-mediated activation of the amino acid is complex and not 

completely understood, but is strongly dependent on the solvent. In a polar solvent 

(DMF) activation is slow due to the formation of several active intermediates, as opposed 

to a nonpolar solvent (CH3Cl) with the O-acylisourea being the predominant intermediate 

(Figure 2-9).92 The transfer of a proton and addition of the carboxylic acid forms the very 

reactive O-acylisourea intermediate which can undergo a number of different reactions. 

Since the first step in the mechanism is protonation of the carbodiimide, addition of a 

base prior to amino acid activation should be avoided.  
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Figure 2-9. Possible mechanisms of amide bond formation via carbodiimide activation 

Figure 2-9 shows possible mechanisms of carbodiimide activation leading to the 

formation of O-acylisoureas, N-acylurea, symmetrical anhydrides, and 5(4H)-
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oxazolones.92 Each of the possible intermediate is reactive, eventually leading to amide 

bond formation. The formation of Oxazolone increases the possibility of racemization 

(Figure 2-7), thereby increasing the possibility of unwanted side products. Oxalone 

formation can be minimized by addition of a less reactive nucleophile, such as a 

1-hydroxybenzotriazole (HOBt), which generates an active ester derivative.92 Active  

esters are less reactive than O-acylisoureas, but are far more stable intermediates and 

significantly reduce the risk of racemization (Figure 2-10). 
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Figure 2-10. A possible mechanism of active ester formation using carbodiimides (DIC) 

and 1-hydroxybenzotriazoles (HOBt). 

Figure 2-10 illustrates a possible mechanism of active ester formation using a 

carbodiimide and either one of the two commonly used hydroxybenzotriazoles, HOBt or 

1-hydroxy-7-azabenzotriazole (HOAt, with N at position 7 of the aromatic ring).92 The 
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esters formed from addition of either HOBt or HOAt are less reactive than 

O-acylisoureas of carbodiimide reducing the possibility of side reactions. The concentration 

of the active ester can be increased with the addition of one equivalent of hydroxylamine, 

to aid in reducing the formation of other intermediates, such as oxazolones, thus reducing 

the possibility of racemization especially when DMF is used as the solvent.92 Upon 

addition of the active ester to the peptide-resin, one equivalent of a hindered base such as 

diisopropylethylamine (DIEA) is added to accelerate the coupling reaction.96 
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Figure 2-11. General structure of phosphonium and aminium salts 

Phosphonium and aminium salts, referred to as “onium” salts can be used for the 

activation of carboxylic acid in the preparation of amides and peptides (Figure 2-11). 

Figure 2-12 shows the most common onium salts used for amino acid activation in solid-

phase peptide synthesis. 

The exact mechanism of phosphonium activation is currently not known, but it is 

postulated that the mechanism proceeds through a highly reactive acyloxyphosphonium 

salt to form either an active ester or a symmetrical anhydride.97-102 The mechanism of 

aminium activation is believed to proceed through an acyloxy-guanidino intermediate 

that reacts immediately with the hydroxybenzotriazole base present in the reaction 

medium. The hypothesized mechanism of aminium salt activation is shown in Figure 2-13A.

Aminium reagents can lead to N-terminal guanidino derivatives, and thus terminate 
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chain elongation (Figure 2-13B). Due to the possibility of guanidation, pre-activation 

with 0.9 equivalents of aminium reagents per amino acid prior to addition to the 

peptide-resin is optimal to suppress the unwanted side reaction 
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Figure 2-12. Structures of the most common aminium and phosphonium salts used for 

amino acid activation in solid-phase synthesis as coupling reagents. A) n-[1H-
Benzotriazole-1-yl(dimethylamino)methylene]-N-methylmethanaminium 
Hexafluorophosphate N-oxide (HBTU). B) N-[(Dimethylamino)-lH-l,2,3-
triazolo[4,5b]pyridino-l-ylmethylene]-N-methylmethanaminium 
hexafluorphosphate N-oxide (HATU). C) N-[1H-Benzotriazole-1-
yl)(dimethylamino)methylene]-N-methylmethanaminium tetrafluoroborate N-
oxide (TBTU). D) N-[(Dimethylamino)-lH-l,2,3-triazolo[4,5b]pyridino-l-
ylmethylene]-N-methylmethanaminium tetrafluoroborate N-oxide (TATU). E) 
Benzotriazol-l-yl-N-oxy-tris(dimethylamino)phosphonium 
Hexafluorophosphate (BOP). F) Benzotriazol-l-yl-N-oxy-
tris(pyrrolidino)phosphonium Hexafluorophosphate (PyBOP). G) (7-
Azabenzotriazol-1-yloxy)- tris(dimethylamino)phosphonium 
Hexafluorophosphate (AOP). H) (7-Azabenzotriazol-1-yloxy)- 
tris(pyrrolidino)phosphonium Hexafluorophosphate (PyAOP). 

Monitoring Procedures 

It is often convenient to monitor the progression of the coupling reaction, especially 

during manual synthesis. It should be noted that for short to medium length sequences 

(approximately 15 residues) the following methods provide a reliable means of 
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monitoring the status of coupling reactions, however the results can be misleading for 

longer peptide sequences.92 
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Figure 2-13. Amino acid activiation with HBTU coupling reagent an aminium salt.  
   A) Possible mechanism of active-ester formation.  B) Peptide chain 
   termination due to N-terminal guanidation side reaction. 

The most widely used method of monitoring the coupling reaction is the Kaiser 

(Ninhydrin) test.103  The test provides a fast and convenient colorimetric test for the 

detection of free amines. Ninhydrin reacts with free amines to produce the dye 
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“Ruhemann’s purple” which is readily visible to the naked eye (Figure 2-14). The Kaiser 

test can be adapted for use in both qualitative and quantitative analyses. 
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Figure 2-14. Possible mechanism of Ruhemann’s purple formation using Kaiser’s reagent 

to monitor the progression peptide synthesis. 

Secondary amines, such as proline, do not produce the typical colorimetric 

response during the Kaiser test; therefore alternative methods must be employed when 

monitoring proline and other secondary amino acids. The chloranil test is another rapid 

and convenient color test that can be used to detect both primary and secondary 

amines.92,95 Chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone) reacts with primary and 

secondary amines to form the green-blue 2,3,5-trichloro-6-(2-pyrrolidinylvinyl)-

[1,4]benzoquinone derivative (Figure 2-15). Since the benzoquinone derivative produces 
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a greenish color visible to the naked eye, the chloranil test provides a rapid test for the 

presence of secondary amines (Figure 2-16). 
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Figure 2-15. Possible structure of chloranil reaction product. Chloranil reacts with the 

secondary amino acid proline to produce the blue-green benzoquinone 
derivative. This colorimetric response provides a rapid method to monitor the 
presence of secondary amines. 
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Figure 2-16. The two colorimetric assays used to monitor peptide synthesis. A positive 

response (color formation) indicates the presence of free amino-termini. 

Purification and Analysis 

Following the cleavage and orthogonal deprotection steps, the crude peptide is 

precipitated by addition of cold (4ºC) ethyl ether.  After precipitation, the peptide can 

be filtered over a course glass frit and washed with additional cold ether to improve 

purity. The precipitated peptide can then either be extracted (often with neat acetic acid 

or acidic aqueous solutions) and lyophilized, or simply dried in vacuo before 

purification.  

Peptide quality is routinely analyzed by using analytical high performance 

reversed-phase liquid chromatography (RP-HPLC) to access purity and mass spectral 
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analysis to assure the correct molecular weight. The majority of crude peptides can be 

purified to homogeneity with relative ease using semi-preparative HPLC in the 

appropriate solvent system.  

Analysis of the purified sample is accomplished by either analytical HPLC in two 

diverse solvent systems or thin layer chromatography (TLC) in three solvent systems. 

Elemental and amino and analysis can also provide further detail of peptide content. 

Additionally, data from 1H-NMR can provide reliable information regarding structural 

integrity. 

Development of Peptidomimetics 

In 1902, Emil Fischer and Franz Hofmeister discovered that proteins and peptides 

are made up of amino acids linked by amide bonds. James D. Watson and Francis Crick  

(1953) about 51 years later proposed the double helical structure of DNA and 

postulated that the nucleotide sequence in DNA carries encoded genetic information. This 

discovery led to an understanding that it is the genetic code that determines the amino 

acid sequences of proteins and peptides. 

Since these discoveries, a large number of bioactive and naturally-occurring 

peptides has been identified and characterized. Peptide receptors have been identified as 

drug discovery targets because peptides are known to influence a large number of 

essential physiological processes. 

The intrinsic properties of peptides, such as poor bioavailability, short biological 

half-lives and low receptor selectivity have limited their use as drugs. Due to these 

limitations, most bioactive peptides are not used as drugs. Instead they are used as 

starting points in the search for small “drug-like” organic molecules that mimic the 

biologically active peptide, designated, peptide mimetics or peptidomimetics. 
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General Strategies for the Development of Peptidomimetics 

Most endogenous peptides exert their effects through binding and activation of 

G-Protein-coupled receptors (GPCRs). The direct and structure-based design of 

peptidomimetics would benefit from three dimensional (3D) structural data of complexes 

between the peptide and their GPCR target. Unfortunately, X-ray structures of GPCRs 

are limited to that of bovine rhodopsin, reported by Palczewski in 2000.14  Because of this 

limitation, more indirect, ligand-based design methodologies are applied. 
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Figure 2-17.  Rational strategy for the development of peptidomimetics  
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In solution peptides are present in a number of different conformations because 

they are very flexible molecules, and are dependent on the solvent used. Receptors, 

however, often select a minor conformer and assist in transforming this conformation into 

the one that binds and activates the receptor. 

Rational strategies for the design of peptidomimetics is depicted in Figure 2-17 and 

have been outlined by several groups.104-108 A brief discussion of each step follows: 

A. After identifying the primary sequence of a biologically active peptide, the 
structure-activity relationship (SAR) of the individual amino acids should be 
explored. Systematic exchange of the different amino acids, for example by alanine 
(alanine scan), or by D-amino acids, and reduction of the peptide length, will lead 
to identification of a minimal fragment needed for recognition and activation of the 
receptor. 

B. The next step will be to synthesize conformationally constrained peptide analogues 
in order to limit the possible relative orientations of the key residues identified as 
required for recognition and activation. The effects of the induced constrains should 
be carefully analyzed using biophysical methods, such as NMR and molecular 
modeling. This step may provide information about the receptor-bound and/or 
biologically active conformation, and may optimally lead to a hypothesized 3D 
pharmacophore model. 

C. In the third step, the topographic information obtained from 3D pharmacophore 
models can be used to construct a non-peptide mimetic where the important 
pharmacophores have been mounted onto a carefully selected non-peptidic scaffold 
or template.  

 
When discussing strategies for rational discovery (not only rational design) of 

peptidomimetics, then random screening should be added. This includes screening of 

natural products, in-house synthetic collections, or libraries from combinatorial 

chemistry. A large number of compounds that are peptidomimetics have evolved by 

optimization of lead structures found in such screening programs.  

The entries in Figure 2-17 should be used in an iterative manner and requires 

reliable biological testing methods. However, the design of “drug-like” non-peptides 
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from peptides remains the ultimate challenge, since it requires comprehensive 

understanding of the structural requirements for recognition and activation. 
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CHAPTER 3 
STRUCTURE-ACTIVITY RELATIONSHIP STUDIES OF MONOCYCIC AGRP AT 

THE MOUSE MELANOCORTIN RECEPTORS 

Portions of the study presented in this chapter have been previously published and 

have been reproduced in part from 1) Joseph, C. G.;Bauzo, R.M.;Xiang, Z.; Shaw, A. M., 

Milliard, W. J., Haskell-Luevano, C. Peptides., 2003, 24, 263-270 and 2) Joseph, C. G.; 

Wang, X. S.; Scott, J. W.; Bauzo, R.M.; Xiang, Z.; Richards, N. G.; Haskell-Luevano, C. 

J. Med. Chem., 2004, in press. All peptides were designed, synthesized, purified, and 

analytically characterized by Christine G. Joseph under the supervision of Dr. Carrie 

Haskell-Luevano. The pharmacology studies were carried out by Rayna M. Bauzo, 

Joseph W. Scott and Dr. Zhimin Xiang, all members of the Haskell-Luevano laboratory 

group. Data analysis was performed by Dr. Carrie Haskell-Luevano. Modeling was 

performed by Xiang S. Wang in the department of Chemistry. 

Introduction 

Two lines of evidence suggested the existence in the brain of an “Agouti-like” 

protein that would block signaling at central melanocortin receptors, MC3R and MC4R. 

First, in vitro pharmacology studies found that Agouti was a highly specific MC4R 

antagonist even though it was normally expressed only in hair follicles.60,66,109
  Second, 

central administration of synthetic MC3R and MC4R antagonists uncovered a functional 

role for melanocortin antagonists in vivo, namely, the stimulation of feeding behavior.74 

The agouti-related protein (AGRP) gene, was isolated in 1997 based on its homology to 

Agouti.67,70  
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AGRP is a 132-amino acid protein with a signal sequence and a Cys-rich 

C-terminal domain.  AGRP contains 10 Cys residues in the C-terminal domain, that 

participate in the formation of five disulfide bridges (Figure 3-1)60,110 that are essential 

for its structural stability and biological function. Biochemical studies indicate also that 

AGRP is very stable to thermal denaturation as well as acid degradation.111  In addition, 

the biophysical characterization of AGRP shows that its secondary structure consist of 

mainly random coils β-sheets and a cystine knot.60,62,111,112  

RCVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCRKLGTAMNPCSRT
hAGRP 
(86-132)

 
Figure 3-1. Disulfide arrangement of the C-terminal domain of human AGRP. Cys 

residues are depicted in red.  

AGRP is a competitive antagonist of α-MSH action at melanocortin 

receptors.111,113,114  Likewise, the C terminus of AGRP (residues 87–132) retains the 

biological activity of the full-length protein in vitro113 as well as in vivo.115  AGRP is 

equally potent in inhibiting signaling at the central melanocortin receptors, MC3R and 

MC4R (binding affinity of human AGRP close to 1 nM for both receptors), with very 

little inhibition detected at the MC5R, and virtually no activity detected at 

MC1R.111,114,116  

AGRP is expressed primarily in the hypothalamus, adrenal medulla, and at low 

levels in testis, lung, and kidney.67,70  The localization pattern of human and murine 

AGRP is strikingly alike,70 indicating similar roles for AGRP in both species. Brain 

expression of AGRP mRNA is confined to neuronal cell bodies localized in the arcuate 

nucleus of the hypothalamus.117  These neurons are shown to project to hypothalamic 
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nuclei that receive dense pro-opiomelanocortin stimulation and express the two central 

melanocortin receptors, MC3R and MC4R.117 The potency of AGRP action at MC3R and 

MC4R together with their similar distribution pattern suggests that AGRP controls their 

function in vivo.  

The presence of AGRP in a subset of hypothalamic nuclei (i.e., arcuate, 

paraventricular, dorsomedial) strongly suggests a key role for AGRP and the 

melanocortin system in the regulation of energy homeostasis. This conclusion is 

supported by multiple findings. First, central administration of AGRP is shown to mimic 

the effect of synthetic MC3R and MC4R antagonists and stimulate feeding.115  In 

addition, AGRP is able to specifically block the reduction in food intake elicited by 

administration of α-MSH.74  Second, overexpression of AGRP in transgenic animals 

results in an obesity phenotype strikingly similar to that of the MC4RKO mouse,67,118 

suggesting that hypothalamic AGRP is an important endogenous stimulator of feeding 

and exerts this function by inhibiting melanocortin agonist signaling. Therefore, 

melanocortinergic neurons exert a tonic inhibition on feeding behavior and metabolism 

and this tonic inhibition is relaxed following AGRP antagonism at MC4R resulting in 

stimulation of food intake and energy storage.  

Elongation of Yc[CRFFNAFC]Y 

There has been great interest in the MC4 receptor since it has been reported as 

being important in the regulation of feeding.40,74  The MC4R knockout mice exhibit 

hyperphagia and become obese.40  Both the MC3 and MC4 receptors are expressed in the 

brain, but the MC3 receptor involvement in the regulation of food intake is unclear. 

The MC3 receptor knockout mice exhibit increased fat mass but are not significantly 
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overweight,36,37 indicating that the MC3 and MC4 receptors serve different roles in the 

regulation of energy homeostasis. 

Development of ligands that can discriminate between the MC3 and MC4 receptors 

will be of great therapeutic benefit in the treatment of obesity and its related diseases. 

Therefore, it is important to identify the molecular determinants of the receptor that 

enables MC3/MC4 receptor discrimination as well as the key amino acid residue(s) of the 

ligands that determines selectivity. 

Tota et al. showed that the AGRP(109-118) decapeptide Y-c[CRFFNAFC]Y binds 

to both the hMC3R (IC50 = 1.9 µM) and hMC4R (IC50 = 57 nM) with reduced binding 

affinity of 420-fold and 15-fold respectively, compared to the C-terminal domain of 

AGRP.68 However, the decapeptide only antagonizes the hMC4R (Ki = 785 nM).68 This 

was later confirmed in our laboratory with AGRP(109-118) binding to the mouse MC1R, 

MC3R, MC4R and MC5R and was only an antagonist at the mMC4R with Ki = 158 nM.88 

Pharmacological characterization of the decapeptide at the mouse melanocortin 

receptors resulted in MC1R agonist activity88 which was a very interesting observation, 

since AGRP has no binding or functional activity at the MC1R.67,113 

Based upon the above information and binding data from the truncation of agouti 

and AGRP into monocyclic, bicyclic and tricyclic derivatives,119 it was hypothesized that 

extension beyond the core decapeptide of AGRP(109-118), at either (or both) the N- and 

C-terminus should re-establish MC3R functional activity. The main idea was to 

determine the minimal active fragment for MC3R antagonism as well as the use of a 

monocyclic template to reduce the number of disulfide bridges, hence getting rid of 

synthetic complexity.  
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Results 

Chemical Synthesis and Characterization 

The peptides reported herein were synthesized using standard 

fluorenylmethyloxycarbonyl (Fmoc)93,94 chemistry with a manual reaction vessel 

(Peptides International, Louisville, KY). The peptides were purified to homogeneity 

using semi-preparative reversed-phase high pressure liquid chromatography (RP-HPLC). 

The purity of these peptides was assessed by mass spectrometry and analytical RP-HPLC 

in two diverse solvent systems (Table 3-1).  

Table 3-1.  Analytical data of the monocyclic AGRP peptides 1-8 
Peptide Sequence HPLC k’ 

(system 1)
HPLC k’ 

(system 2)
% 

purity 
m/z 

(M, calcd) 
m/z 

(M + 1, 
expt) 

1                                     Yc[CRFFNAFC]Y-NH2 5.9 12.2 > 99 1330.5 1331.0 
2                     DPAATAYc[CRFFNAFC]Y-NH2 6.2 11.5 > 96 1857.1 1857.7 
3                                     Yc[CRFFNAFC]YARKL-NH2 6.2 11.3 > 99 1799.1 1799.6 
4                                TAYc[CRFFNAFC]YARKL-NH2 6.3 11.4 > 99 1971.3 1972.1 
5                     DPAATAYc[CRFFNAFC]YARKL 6.5 12.6 > 99 2326.7 2327.3 
6 GQQVPAADPAATAYc[CRFFNAFC]YARKL-NH2 6.6 11.8 > 98 2977.4 2978.3 
7                     DPAATAYc[CRFFNAFC]YAR-NH2 6.4 11.7 > 97 2084.3 2085.4 
8                                TAYc[CRFFNAFC]YAR-NH2 6.1 10.9 > 98 1730.0 1729.6 

HPLC k’ = [(peptide retention time – solvent retention time)/ (solvent retention time)] in 
solvent system 1 (10% acetonitrile in 0.1% trifluoroacetic acid/water and a 
gradient to 90% acetonitrile over 35 min) or solvent system 2 (10% methanol 
in 0.1% trifluoroacetic acid/water and a gradient to 90% methanol over 35 
min). An analytical Vydac C18 column (Vydac 218TP104) was used with a 
flow rate of 1.5 ml/min. The peptide purity was determined by HPLC at a 
wavelength of 214 nm. 

 

Biological Evaluation 

We have designed, synthesized and pharmacologically characterized eight hAGRP 

derivatives at the mouse melanocortin MC1R, MC3R, MC4R and MC5R receptors.  The 

ability of peptides 1-8 to competitively antagonize the mMC3 and mMC4 receptors and 

to stimulate the mMC1R and mMC5R was examined using the functional assay described 
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in Chapter 7, and the results are summarized in Table 3-2. None of the peptides examined 

in this study possessed mMC5R agonist or antagonistic properties.  

Table 3-2.  Pharmacology of the monocyclic AGRP peptides 1-8 at the mouse 
                   melanocortin receptors 
    Antagonist pA2 Agonist EC50(nM)

Peptide Sequence mMC3R mMC4R mMC1R 

hAGRP(86-132)   8.9 ± 0.2 9.4 ± 0.1 NA 
1                                     Yc[CRFFNAFC]Y-NH2 NA 6.4 ± 0.5 4400 ± 860 
2                     DPAATAYc[CRFFNAFC]Y-NH2 NA NA 19600 ± 1900 
3                                     Yc[CRFFNAFC]YARKL-NH2 6.2 ± 0.9 6.9 ± 0.6 2200 ± 260 
4                                TAYc[CRFFNAFC]YARKL-NH2 6.6 ± 0.6 7.3 ± 0.9 820 ± 170 
5                     DPAATAYc[CRFFNAFC]YARKL 6.8 ± 0.3 7.5 ± 0.2 600 ± 240 
6 GQQVPAADPAATAYc[CRFFNAFC]YARKL-NH2 6.3 ± 0.7 6.9 ± 0.6 890 ± 220 
7                     DPAATAYc[CRFFNAFC]YAR-NH2 6.5 ± 0.4 7.1 ± 0.7 1800 ± 490 
8                                TAYc[CRFFNAFC]YAR-NH2 6.1 ± 0.7 6.6 ± 0.8 950 ± 220 

 NA denotes neither agonist nor antagonist pharmacology was observed at or up to 100 
µM concentrations. pA2=-Log Ki. The Ki values were used to determine the 
fold differences of the antagonist values relative to the hAGRP (109-118) 
decapeptide. These peptides did not possess agonist or antagonist 
pharmacology at the mMC5R (data not shown). 

 

Mouse melanocortin-1 receptor  

All the peptides (1-8) possessed mMC1R full agonist activity that ranged from

600 nM to 19 µM EC50 agonist values (Table 3-2). The most potent mMC1R agonist of

the peptides studied herein is analogue 5 which is 7-fold more potent than 1, hAGRP 

(109-118).  

Mouse melanocortin-3 receptor 

The peptides in this library were tested for antagonist activity (Table 3-2) and 

binding affinity at the mMC3R (Table 3-3). The competitive binding studies were 

performed with radiolabeled I125-NDP-MSH and I125-hAGRP (86-132) and the results are 

shown in Table 3-3. Peptide 2, like peptide 1, lacked the ability to stimulate a functional 

response at the mMC3R. The AGRP decapeptide (109-118) 1 was able to competitively 

displace radiolabeled NDP-MSH but only 42% specific binding was observed at 10 µM 

concentrations with radiolabel AGRP (86-132) at the mMC3R. Elongation of 1 at the   
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Table 3-3. Binding results for AGRP derivatives using 125I-NDP-MSH and 125I-AGRP radioactive labels in the assays to determine 
inhibitory binding concentration (IC50) at 50% the maximal response  

 
 

  [125I-NDP-MSH] IC50 (nM) [125I-AGRP(86-132)] IC50 (nM) 

Peptide Sequence mMC3R Fold 
diff 

mMC4R Fold 
diff 

mMC3R mMC4R Fold 
diff 

NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 0.5 ± 0.05  0.9 ± 0.4  ND ND  
AGRP hAGRP (86-132) 2 ± 0.3  2 ± 0.6  2 ± 1 3 ± 0.3  

1                                     Yc[CRFFNAFC]Y-NH2 8800± 3000 1 300 ± 30 1 42% 1000 ± 60 1 
2                     DPAATAYc[CRFFNAFC]Y-NH2 0 %  19 %  24 % 10 %  
3                                     Yc[CRFFNAFC]YARKL-NH2 1000 ± 20 -9 100± 10 -3 1200 ± 500 200± 10 -5 
4                                TAYc[CRFFNAFC]YARKL-NH2 800 ± 50 -12 70 ± 10 -4 500 ± 4 100 ± 1o -10 
5                     DPAATAYc[CRFFNAFC]YARKL 3500 ± 300 -2.5 200 ± 10 1 1500 ± 200 200 ± 10 -5 
6 GQQVPAADPAATAYc[CRFFNAFC]YARKL-NH2 3300 ± 1310 -2.5 200 ± 30 1 1100 ± 200 70 ± 40 -14 
7                     DPAATAYc[CRFFNAFC]YAR-NH2 8400 ± 3000 1 200 ± 20 1 7300 ± 600 400 ± 100 -2.5 
8                                TAYc[CRFFNAFC]YAR-NH2 1600 ± 100 -5.5 50 ± 1 -6 1400 ± 300 100 ± 3 -10 

% indicates the percent total specific binding of the peptide at up to10 µM. ND indicates no binding activity was observed. 
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N-terminal by the addition of six amino acids provided peptide 2 [hAGRP (103-118)], with 

reduced binding affinity at the mMC3R. At 10 µM concentrations, peptide 2 was able to 

competitively displace 125I -AGRP by 19% but not the 125I- NDP-MSH label at the 

mMC3R. Extension of peptide 1 [hAGRP (109-118)] at the C-terminal by four amino 

acids, peptide 3 [hAGRP (109-122)], possessed high nM antagonist activity at the 

mMC3R and was able to competitively displaced radiolabeled NDP-MSH and hAGRP 

(86-132) with µM IC50 values at the MC3R. Peptide 4 [hAGRP (107-122], peptide 5 

[hAGRP (103-122), and Peptide 6 [hAGRP (96-122)] were extensions of peptide 3 at the 

N-terminal. Peptide 5 is the most potent mMC3R antagonist (pA2 = 6.8, Ki = 158 nM) 

and possessed mMC3R binding IC50 values of 1500 – 3500 nM (Table 3-3).  C-terminal 

removal of Lysine and Leucine of peptides 4 and 5 resulted in peptides 7 and 8. 

Comparison of peptides 4 and 8 resulted in a 3-fold difference in antagonist potency at 

the mMC3R, which is within the inherent 3-fold experimental error (Table 3-2). Both 

peptides did not result in significant differences in ligand binding affinities at the 

mMC3R using either radiolabeled peptides. Extension of the C-terminal region of 

hAGRP (109-122) by thirteen amino acids (endogenous AGRP Cys residues in this 

region have been substituted with Ala to exclude the formation of multiple disulfide 

bridges), peptide 6, resulted in equipotent binding and functional activity compared to 

analogue 3.  

Mouse melanocortin-4 receptor 

The hAGRP (109-118) peptide 1 (Yc-[CRFFNAFC]Y-NH2)  possessed antagonist 

activity (Ki = 398 nM) at the mMC4R  that was 995-fold less potent than C-terminal 

AGRP(86-132). Peptide 1 was also able to competitively displace radiolabeled NDP-
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MSH and radiolabeled AGRP at this receptor with 150- to 330-fold reduced affinity 

compared to C-terminal AGRP. Elongation of peptide 1 [hAGRP (109-118)] at the N-

terminal by the addition of six amino acids, peptide 2 [hAGRP (103-118)], resulted in 

complete lost of functional activity at the mMC4R. At 10 µM concentrations, peptide 2 

was able to competitively displace 125I- NDP-MSH and 125I -AGRP by 10-19 % at the 

mMC4R (Table 3-3). Extension of hAGRP (109-118) at the C-terminal by four amino 

acids, peptide 3 [hAGRP (109-122)], possessed antagonist activity (Ki =126 nM) at the 

mMC4R and was able to competitively displaced radiolabeled NDP-MSH and 

hAGRP(86-132) with 100 nM and 200 nM IC50 values respectively, at the MC4R. 

Peptide 4 [hAGRP(107-122], peptide 5 [hAGRP(103-122), and  Peptide 6 [hAGRP (96-

122)] are extension of peptide 3 at the N-terminal. Peptide 5 is the most potent mMC4R 

antagonist (pA2 = 7.5, Ki = 32 nM, Table 3-2 and Figure 3-3), and possessed mMC4R 

binding IC50 values of 200 nM with both radiolabeled ligands (Table 3-3). C-terminal 

removal of Lysine and Leucine of peptides 4 and 5 resulted in peptides 7 and 8. 

Comparison of peptides 4 and 8 resulted in a 5-fold change in MC4R antagonist potency 

(Table 3-2). Both peptides did not result in significant differences in ligand binding 

affinities at the mMC4R using either radiolabeled peptides. Extension of the C-terminal 

region of hAGRP(109-122) by thirteen amino acids (endogenous AGRP Cys residues in 

this region have been substituted with Ala to exclude the formation of multiple disulfide 

bridges), peptide 6, resulted in equipotent binding and functional activity compared to 

analogue 3. 
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Discussion 

Extension of monocyclic AGRP(109-118) at the C- and N-terminal identified two 

14 amino acid monocyclic derivatives, peptides 3 and 8, as the minimal fragments 

with antagonist activity at the mMC3R (Table 3-2). However, all the monocyclic AGRP 

peptide derivatives with binding affinity or antagonist activity had a slightly higher 

affinity (10- to 35-fold) and were more potent antagonist for the mMC4R over the 

mMC3R (Tables 3-2 and 3-3) but none were highly selective for either receptor. It has 

been proposed that the Arg-Phe-Phe triplet residues conserved in both agouti protein and 

AGRP are necessary for melanocortin receptor antagonism 62,68,88,109,112,120,121 because 

when any one of these residues were replaced with alanine it resulted in loss of binding 

affinity and was not an antagonist of the MC4R.68,109  Previous reports indicated that the 

C-terminal 87-132 residues of hAGRP possess equipotent affinity for both MC3R and 

MC4R.67,113  Although the derivatives (3-8) are antagonists and bind to the mMC4 and 

mMC4 receptors, they do so with reduced functional activities and binding affinity 

compared to AGRP(86-132). Thus, it can be hypothesized that other structural features 

missing in our monocyclic derivatives and present in AGRP(86-132) are required for 

high affinity and potency at the mMC3R and mMC4R. One factor that may be 

contributing to this difference is the overall tertiary structure due to the five disulfide 

bridges present in the endogenous AGRP ligand, while the derivatives contains only one 

disulfide bridge. However, there may be other subtle structural features still needed to be 

identified. 

Two radiolabeled peptides were utilized to determine if a putative different binding 

“epitope” was observable at the mMC3 and mMC4 receptors for agonist (NDP-MSH) 

versus antagonist [AGRP(86-132)]. 125I-NDP-MSH, a linear 13 amino acid agonist 
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peptide (Table 3-3) and 125I-AGRP(86-132), a 46 amino acid antagonist peptide 

containing five disulfide bridges (Figure 3-1) were used for competitive binding 

displacement studies. The two radiolabeled ligands resulted in identical binding affinity 

at the mMC3 and mMC4 receptors within experimental error with each of the AGRP 

derivatives, 1-8 (Table 3-3). Comparison of the radiolabeled NDP-MSH versus 

hAGRP(86-132) to competitively non-iodinated hAGRP(86-132) at the mMC3 and 

mMC4 receptors also resulted in equipotent binding IC50 values. Based on the results it 

can be suggested that radiolabeled NDP-MSH could be used to competitively displace 

AGRP derivatives at the mMC3 and mMC4 receptors since it costs much less to prepare 

NDP-MSH that AGRP(86-132) both in the terms of money and time. Since there was no 

difference in binding affinity with these two radiolabels, it suggests that there is a 

common “binding epitope” at the mMC3 and mMC4 receptors for both NDP-MSH and 

hAGRP(86-132). The above observation supports the hypothesis generated by several 

laboratories,62,67,68,109,112,113,119,122-124 but does not exclude the concept of melanocortin 

antagonist such as AGRP(86-132) or melanocortin agonists having additional distinct 

putative ligand-receptor interactions. 

Unexpectedly, as postulated, extension of the core hAGRP(109-118) monocyclic 

decapeptide past the addition of four amino acids at the N-terminus did not result in a 

significant increase in mMC3R antagonism. There was only up to a 12-fold increase in 

antagonist potency gained by the addition of residues at both the N- and C-terminal of the 

core hAGRP(109-118) monocyclic decapeptide at the mMC4R. It was proposed that the 

inclusion of the QQ hAGRP(97-98) amino acids would putatively increase melanocortin 

receptor potency which was determined based upon the high-resolution NMR structure of 
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the AGRP C-terminus.62,112,123 Modification of the QQ AGRP residues to alanines in the 

AGRP template resulted in equipotent binding affinities at the human MC3 and MC4 

receptors compared to AGRP.68 In this study, peptide 6 possessing the hAGRP(96-122) 

monocyclic sequence with the QQ hAGRP(97-98) residues did not increase antagonist 

activity compared to peptide 5 that lacked the N-terminal hAGRP(96-102) amino acids. 

However, there was a 14-fold increase in binding affinity of 6 at the mMC4R using the

 I125-hAGRP(86-132) radiolabel, as compared with the core hAGRP(109-118) 

decapeptide 1, although the endogenous AGRP Cys residues in this region were replaced

with Ala residues. Peptide 6 had equipotent binding affinity with both radiolabeled ligands 

compared to 5. Because the derivatives in this study contained one disulfide bridge, the 

results obtained in no way precludes the hypothesis that increased melanocortin potency 

will be gained by the addition of the AGRP QQ residues important for the three-

dimensional AGRP structure and activity in analogues that possess more than one 

disulfide bridge.62,112,123 

Stereochemical Inversion of Arg111-Phe112-Phe113 Positions 

Careful comparison of Agouti and AGRP C-terminal sequences reveals, however, 

the presence of a conserved Arg-Phe-Phe motif that resembles the α-MSH 

pharmacophore His-Phe-Arg-Trp.68 A loop of eight residues flanked by two Cys residues 

and including the Arg-Phe-Phe triplet (AGRP residues 110–117 and Agouti residues 

115–122, respectively) is shown to be critical for both Agouti and AGRP antagonism at 

melanocortin receptors.68 Furthermore, Alanine (Ala) scanning mutagenesis studies 

indicate that the Arg-Phe-Phe motif is the most critical in determining antagonist activity 

(IC50 = 0.5 ± 0.1 nM for AGRP binding to MC4R whereas IC50 for the three Ala mutants 
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are: 67 ± 46 nM for Arg111Ala, 61 ± 35 nM for Phe112Ala, and 25 ± 13 nM for 

Phe113Ala, respectively).68 The octapeptide loop of the antagonist is therefore proposed 

to mimic the conformation of α-MSH and interact with the receptor through a similar 

mechanism.68 This model would thus imply that the agonist and antagonist occupy the 

same binding site on the receptor. An alternative model suggests that the antagonist 

attaches itself to a different receptor site and blocks ligand binding through an allosteric 

mechanism. In support of this model it was recently shown that the extracellular loops 2 

and 3 of the MC4R are critical sites for antagonist (AGRP) binding but had little effect on 

agonist (α-MSH) binding.116 Based on the above information we designed a library of 

seven peptides using the most potent monocyclic analogue 5 from the elongation study 

and performed stereochemical inversion of the Arg-Phe-Phe residues. 

This study was undertaken to determine whether stereochemical conversion of Arg-

Phe-Phe amino acid residues of monocyclic hAGRP(103-122) would result in enhanced 

potency and/or MC3/MC4 receptor selectivity. Homology modeling of selective peptide 

analogues in the mMC4R was performed to locate the regions and residues of the 

mMC4R and the ligand that may be responsible for agonist and antagonist functional 

activity. 

Results 

Chemical Synthesis and Characterization 

The peptides reported herein were synthesized using standard 

fluorenylmethyloxycarbonyl (Fmoc)93,94 chemistry with an Advanced Chemtech 

440MOS automated synthesizer (Advanced ChemTech, Louisville, KY). The peptides 

were purified to homogeneity using semi-preparative reversed-phase high pressure liquid 
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chromatography (RP-HPLC). The purity of these peptides was assessed by mass 

spectrometry, and analytical RP-HPLC in two diverse solvent systems (Table 3-4).  

Table 3-4.   Analytical data of the monocyclic AGRP peptides with stereochemical 
                   conversion 
Peptide Sequence HPLC k’

(system 
1) 

HPLC k’ 
(system 2)

% 
purity 

m/z 
(M, calcd)

m/z 
(M + 1, 
expt) 

5 DPAATAYc[C-Arg-Phe-Phe-NAFC]YARKL 6.5 12.6 > 99 2326.7 2327.3 
9 DPAATAYc[C-DArg111-Phe-Phe-NAFC]YARKL 6.6 11.2 > 96 2326.7 2328.0 
10 DPAATAYc[C-Arg-DPhe112-Phe-NAFC]YARKL 6.5 11.2 > 99 2326.7 2327.6 
11 DPAATAYc[C-Arg-Phe-DPhe113-NAFC]YARKL 6.6 11.5 > 97 2326.7 2326.9 
12 DPAATAYc[C-DArg111-DPhe112-Phe-NAFC]YARKL 6.3 11.0 > 99 2326.7 2326.6 
13 DPAATAYc[C-DArg111-Phe-DPhe113-NAFC]YARKL 5.9 10.9 > 98 2326.7 2328.1 
14 DPAATAYc[C-Arg-DPhe112-DPhe113-NAFC]YARKL 5.9 10.5 > 99 2326.7 2326.1 
15 DPAATAYc[C-DArg111-DPhe112-DPhe113-NAFC]YARKL 6.0 12.0 > 98 2326.7 2327.0 

HPLC k’ = [(peptide retention time – solvent retention time)/(solvent retention time)] in 
solvent system 1 (10% acetonitrile in 0.1% trifluoroacetic acid/water and a 
gradient to 90% acetonitrile over 35 min) or solvent system 2 (10% methanol 
in 0.1% trifluoroacetic Acid/water and a gradient to 90% methanol over 35 min).
An analytical Vydac C18 column (Vydac 218TP104) was used with a 
flow rate of 1.5 mL/min. The peptide purity was determined by RP-HPLC at a 
wavelength of 214 nm. 

 

Pharmacology 

We have designed, synthesized and pharmacologically characterized eight hAGRP 

derivatives at the mouse melanocortin MC1, MC3, MC4 and MC5 receptors. The ability 

of peptides 9-15 to competitively antagonize the mMC3 and mMC4 receptors and to 

stimulate the mMC1R and mMC3-5R was examined using the functional assay described 

in chapter seven and the results are summarized in Table 3-5.   

Mouse melanocortin-1 and -5 receptors 

All the derivatives containing one or more stereoisomer of Arg-Phe-Phe were 

agonist at the mMC1 and mMC5 receptors. The lead peptide 5 was a high nanamolar 

agonist at the mMC1R (EC50 = 960 nM) with no agonist or antagonist activity at the 

mMC5R.The D-Arg111 (peptide 9) was a weak agonist at the mMC1R and mMC5R. The
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Table 3-5.  Functional activity of monocyclic hAGRP(103-122) peptide analogues with stereochemical conversion at the mouse 
                   melanocortin receptors 
    AGONIST EC50 (nM) ANTAGONIST pA2 

Peptide Sequence mMC1R mMC3R mMC4R mMC5R mMC3R mMC4R 

MTII Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2 0.02 ± 0.01 0.2 ± 0.04 0.04 ± 0.005 0.2 ± 0.1   
α-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 0.3 ± 0.04 0.5 ± 0.06 1.9 ± 0.2 1.12 ± 0.36   

NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 0.02 ± 0.008 0.09 ± 0.02 0.1 ± 0.2 0.06 ± 0.01   
hAGRP C-terminal fragment (86-132) NA NA NA NA 8.9 ± 0.2 9.4 ± 0.1 

5 DPAATAYc[C-Arg-Phe-Phe-NAFC]YARKL 960 ± 240 NA NA NA 6.2 ± 0.2 6.9 ± 0.3 
9 DPAATAYc[C-DArg111-Phe-Phe-NAFC]YARKL 6330 ± 3880 70%@100000 37700 ± 8560 18300 ± 5350   

10 DPAATAYc[C-Arg-DPhe112-Phe-NAFC]YARKL 93 ± 36 50% @100000 75% @ 8290 1410 ± 280 6.1 ± 0.9 6.6 ± 1.1 
11 DPAATAYc[C-Arg-Phe-DPhe113-NAFC]YARKL 120 ± 45 13700 ± 1310 3700 ± 1140 2220 ± 920   
12 DPAATAYc[C-DArg111-DPhe112-Phe-NAFC]YARKL 1750 ± 570 5510 ± 60 8300 ± 1970 4600 ± 1700   
13 DPAATAYc[C-DArg111-Phe-DPhe113-NAFC]YARKL 5270 ± 990 70% @100000 8330 ±  840 19800 ± 9060   
14 DPAATAYc[C-Arg-DPhe112-DPhe113-NAFC]YARKL 64 ± 17 63300 ± 13700 6240 ± 1000 11400 ± 2430   
15 DPAATAYc[C-DArg111-DPhe112-DPhe113-NAFC]YARKL 3750 ± 95 22600 ± 7490 21500 ± 3190 13200 ± 4230   

Errors are the standard error of the mean from at least three independent experiments. The pA2 antagonist value was determined by 
Schild analysis (pA2 = -log Ki). NA denotes no agonist activity. 
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D-Phe112 peptide 10, the D-Phe113 peptide 11, the D-Arg111-D-Phe112 peptide12, the 

D-Arg111-D-Phe113 peptide 13, the D-Phe112-D-Phe113 peptide 14, and the D-Arg111-

D-Phe112-D-Phe113 peptide 15 were all agonist at the mMC1R and mMC5R. Peptide 14 

was a potent and selective ligand for the mMC1R (EC50 = 64 nM). 

Mouse melanocortin-3 and -4 receptors 

Intracellular cAMP accumulation functional assay revealed that analogue 5 is a 

weaker antagonist at the mMC3R (Ki=708 nM) and mMC4R (Ki = 120 nM) when 

compared to hAGRP (86-132). The D-Arg111 (peptide 9) had no antagonist activity at 

the mMC3 and mMC4 receptors, but had high µM agonist activity at the mMC4R and 

became a partial agonist at the mMC3R with maximum efficacy of 70% at 100 µM 

relative to MT-II (Table 3-5). The D-Phe112 peptide 10 maintained antagonist activity at 

the mMC3R and mMC4R but were also a partial agonist at these two receptors. The D-

Phe113 peptide 11, the D-Arg111-D-Phe112 peptide 12, the D-Arg111-D-Phe113 

peptide 13, the D-Phe112-D-Phe113 peptide 14, and the D-Arg111-D-Phe112-D-Phe113 

peptide 15 showed no antagonist bioactivity but were all µM agonist at the mMC3 and 

mMC4 receptors with peptide 13 being a partial agonist at the mMC3R. 

Modeling into the mMC4R 

Peptide 5 containing the endogenous Arg-Phe-Phe (111-113) triplet, peptide 9 with 

a D-Arg111, and peptide 11 with a D-Phe113 were docked into the mMC4R to identify 

residues important for agonist and antagonist activities (Figure 3-2). The hAGRP Arg111 

amino acid of peptide 5 was observed to be interacting with the mMC4R in a negatively 

charged pocket formed by the melanocortin receptor residues Glu92 (TM2), Asp114 

(TM3) and Asp118 (TM3). The D-Arg111 of peptide 9 was also observed as interacting 
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with this negatively charged pocket. However, a strong interaction was also seen between 

the hAGRP D-Arg111 amino acid of 9 and the mMC4R Asn115(TM3) that was not seen 

with Arg111 of peptide 5 (Figures 3-2B and 3-4). Peptide 5 Phe112 and Phe113 were 

observed to be interacting with an aromatic-hydrophobic pocket consisting of the 

mMC4R Phe176 (TM4), Phe193 (TM5), Phe253 (TM6) and Phe254 (TM6) (Figures 3-

2C and 3-4). Although Phe112 and D-Phe113 of 11 were observed to be interacting with 

the same aromatic-hydrophobic pocket as 5, the D-Phe113 of 11 had a much stronger 

interaction with Phe176 (TM4) compared to Phe113 of peptide 5 (Figure 3-2C). 

Discussion 

The goal of the stereochemical inversion study was to identify a lead template of 

the Arg-Phe-Phe (111-113) residues common to both melanocortin endogenous agonist 

agouti and AGRP that might result in increase potency and selectivity at the mMC3 and 

mMC4 receptors. The Arg-Phe-Phe (111-113) of hAGRP has been shown to be critical 

for high affinity binding and activity.68 AGRP is an antagonist at the MC3 and MC4 

receptors and identification of key amino acid residues that are necessary for receptor 

recognition would help in the design of more potent and selective ligands for these 

receptors. Monocyclic hAGRP (103-122) containing 20 amino acid residues and one 

disulfide bridge has been shown previously to be an antagonist of the MC3R and 

MC4R.125 However, it was not significantly selective for either receptor (Table 3-5).  

Monocyclic hAGRP (103-122) containing one disulfide bridge between Cys 

residues at position 110 and 117 (hAGRP numbering) was used as a lead in a novel series 

of analogues. The Cys residues at positions 105, 108 and 119 were replaced with Ala to 

eliminate any possibility of more than one bridge being formed and the stereochemistry 

of Arg-Phe-Phe (111-113) were inverted individually as well as two or more residues at 
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the same time. When the Arg-Phe-Phe (111-113) residues of hAGRP were replaced with 

alanine there were a reduction of binding affinity at both the hMC3R and hMC4R,68 

indicating that the Arg-Phe-Phe residues were necessary for binding to these receptors. 

Although an alanine scan was done for Arg-Phe-Phe, a D-amino acid scan of these three 

residues were never tried before to determine the importance of stereochemistry. The 

D-enantiomer may render the ligand into a unique conformation and thus promote 

differences in potency and selectivity at the melanocortin receptors. 

Whenever the Arg111 and/or Phe113 were replaced with their D-enantiomer in the series 

there were a complete lost of antagonist activity at the mMC3 and MC4 receptors and the 

analogues became either agonist or partial agonist at the mMC1R, and mMC3-5R (Table 

3-5). The functional results implies that the endogenous L- enantiomer of Arg111 and 

Phe113 are necessary and appears to be involved in maintaining mMC3R and mMC4R 

antagonism. Peptide 10, with D-Phe112 remained an equipotent antagonist at the mMC3 

and mMC4 receptors compared peptide 5 supporting this observation. Intriguingly, 

peptide 10 became a full agonist at the mMC5R, a partial agonist at the mMC3 and 

mMC4R and is a 10-fold more potent agonist at the mMC1R. Due to the difference in 

pharmacological results between peptide 5 and its derivatives (9-15) it can be 

hypothesized that the change in stereochemistry of Arg-Phe-Phe (111-113) may have 

placed all the analogues in a bioactive conformation that was favorable for agonist or 

partial agonist activity at the mMC3R or mMC4R and full agonist activity at the 

mMC5R. The stereochemical inversion of the Arg-Phe-Phe (111-113) triplet resulted in 

the discovery of a new agonist template for the melanocortin receptors. The study 

resulted in peptide 14 containing D-Phe112- D-Phe113 (EC50 = 64 nM) as a potent 
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mMC1R agonist with selectivity of 989-fold over the mMC3R, 98-fold over the mMC4R 

and 178-fold over the mMC5R. Generally, all the analogues were more potent at the 

mMC1R. 
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mMC4R Peptide 9

DF113

Phe176

Peptide 11 mMC4R

mMC4R Peptide 5 A

B C

DR111

Asn115
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Phe176
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Peptide 11 mMC4RmMC4R

mMC4RmMC4R Peptide 5Peptide 5 A

B C

 

Figure 3-2.  Model of the monocyclic hAGRP(103-122)-mMC4R complex.  The amino 
acids  of the receptor  involved in interactions with the ligands are colored by 
atom type: C, white; O, red; and N, blue. A. Ribbon diagram of the 
monocyclic peptide 5-mMC4R model, visualized using CAChe V5.0. Peptide 
5 ligand in white and TM helical domain (1-7) of mMC4R in green. The 
Arg111 of the ligand in yellow and Phe112 and Phe113 in red side chains of 
the important residues involved in the hydrophobic or aromatic interactions 
are highlighted and labeled (L- amino acid of ligand in yellow and D-amino 
acid in purple).  B. Ribbon diagram of the monocyclic peptide 9-mMC4R 
model. The side chains of the important residues involved in the ionic 
interactions are highlighted and labeled (D- Arg111 of peptide 9 in purple and 
mMC4R Asn115 in yellow). C. Ribbon diagram of the monocyclic peptide 
11-mMC4R model. The side chains of the important residues involved in the 
hydrophobic interactions are highlighted and labeled (D- Phe113 of peptide 11 
in purple and mMC4R Phe176 in green) 
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Modeling into the mMC4R 

Agouti-related protein (AGRP) has been shown to be involved in the regulation of 

food intake via the MC4 receptor and stereochemical inversion of hAGRP(103-122) 

converted an mMC4R antagonist to mMC4R agonist (Table 3-5). Based on these data, 

homology molecular modeling was performed to provide insights into the molecular 

basis of these derivatives as antagonist and agonist. To locate the regions and residues 

that may be responsible for agonist and antagonist functional, peptide 5 an mMC4R 

antagonist, peptide 9 a high µM mMC4R agonist and peptide 11 a 10-fold more potent 

mMC4R agonist (Table3-5, Figure 3-3) was modeled into the mMC4R receptor (Figure 

3-2). 

The docking of peptides 5, 9, and 11 in the mMC4R showed the positively charged 

Arg111 of 5 and 11 and the D-Arg111 of 9 as interacting with negatively charged 

residues in TM2 and TM3 of the mMC4R. The ionic interaction between Arg111 of 5 

and 11 with the mMC4 receptor Glu92 (TM2), Asp114 (TM3) and Asp118 (TM3) 

appears to be important for agonist and antagonist binding. Melanocortin-4 receptor 

mutagenesis data122,126 support this observation because point mutation of the mMC4R 

Glu92Lys and Asp118Lys resulted in reduced binding affinity of hAGRP(86-132) and 

had no antagonists activity.122 Replacement of Arg111 in C-terminal AGRP with alanine 

resulted in approximately 130-fold decreased binding affinity for the hMC4R68 

supporting the above observation. However, with peptide 9, the additional interaction of 

D-Arg111 with the ionic Asn115 (TM3) of mMC4R (Figure 3-2B) not seen with Arg111 

of peptides 5 and 11 may be a key factor in converting the peptides with D-Arg111 from 

mMC4R antagonist to agonists. 
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Figure 3-3. Illustration of functional activity of the analogues used for modeling into 

mMC4R. Graph A: peptide 5, hAGRP(103-122) possessing antagonist 
activity at the mMC4R. Graph B: Peptide 9, hAGRP(103-122, DArg111) 
possessing slight agonist activity at the mMC4R. Graph C: Peptide 11, 
hAGRP(103-122, DPhe113) possessing full agonist activity at the mMC4R 

Both Phe113 (5 and 9) and D-Phe113 (11) were observed as interacting in a 

hydrophobic binding pocket consisting of Phe176 (TM4), Phe193 (TM5), Phe253 (TM6) 

and Phe254 (TM6) of the mMC4R. This interacting between the ligands and the 

hydrophobic binding pocket may be involved in ligand-receptor interaction because both 

agonist (9 and 11) and antagonist (5) are interacting with these same residues. The 

importance of these residues for molecular recognition, binding and functional 

antagonism of AGRP(86-132) and the decapeptide AGRP(109-118) containing the Arg-

Phe-Phe (111-113) triplet was shown with mutagenesis studies of mMC4R.122 When 

Phe113 of AGRP was mutated it resulted in decreased binding affinity ant the hMC4R,68 

indicating the importance of this residue for antagonist binding. Point mutation of Phe176 
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of mMC4R resulted in no functional antagonist activity with was shown to be important 

AGRP(86-132) and AGRP(109-118), indicating its importance for functional antagonism 

The conversion of the mMC4R antagonist, peptide 5 to a mMC4R agonist, peptide 11 

may be due to the strong hydrophobic interaction between D-Phe113 of 11 and mMC4R 

Phe176 (TM 4) that is lacking with Phe113 of 5. 
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Figure 3-4.  Schematic Diagram of the mouse Melanocortin-4 Receptor. The putative 
transmembrane spanning domains and loop regions are based upon the 2.8 Å 
structure of rhodopsin with slight extension of the TM5 domain and the 
addition of two amino acids as part of the second extracellular loop. The 
horizontal gray lines represent the approximate membrane boundaries. Red 
circles with white text indicate the amino acids involved in the putative 
hAGRP(103-122)-mMC4R interactions.  

Substitution of the third and fourth transmembrane (TM) domains of the MC4R 

with the MC1R TM domains resulted in lost of AGRP(110-117) binding affinity and 

decreased AGRP(87-132) binding affinity,127 providing further support that the Arg-Phe-

Phe (111-1113) was interacting with these TM domain of the MC4R. There was also a 
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decrease or lost in functional activity for these two ligands due to this substitution 

indicating that the third and fourth TM is involved in binding and function. Hence the 

interaction of our analogues with Asn115 (TM3) and Phe176 (TM4) may explain the 

pharmacological differences observed. 

Summary 

The above elongation study identified two 14-amino acid sequences, 

TAYc[CRFFNAFC]YAR-NH2 and Yc[CRFFNAFC]YARKL-NH2 as the minimal 

fragments require for mMC3R antagonism, supporting our hypothesis. However, none of 

the ligands were selective antagonists for either the mMC3R or mMC4R and they were 

all mMC1R agonists. The stereochemical study identified a novel agonist template 

DPAATAYc[CRFFNAFC]YARKL with D stereochemistry at the Arg-Phe-Phe (111-

113) positions for the MC1R and MC3-5R. Modeling of these analogues into the 

mMC4R indicates that the interaction of D-Arg111 with mMC4R Asn115 (TM3) and D-

Phe113 with mMC4R Phe176 (TM4) may be responsible for changing an mMC4R 

antagonist into an agonist. It will be important in the future to determine whether this 

determination is true by mutagenesis studies. 

 

. 
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CHAPTER 4 
TRUNCATION STUDIES OF GAMMA2-MELANOCYTE-STIMULATING 

HORMONE 

All peptides were designed, synthesized, purified and analytically characterized by 

Christine G. Joseph under the supervision of Dr. Carrie Haskell-Luevano. The 

pharmacology studies in human embryonic kidney (HEK-393) cells stably expressing the 

melanocortin receptors were carried out by Joseph W. Scott and Nickolas Sorensen, both 

members of the Haskell-Luevano laboratory group. Data analysis was performed by Dr. 

Carrie Haskell-Luevano.  

Introduction 

Prior to 1935, the only approach to the identification of a lead drug was through 

random screening. This involved the testing of all compounds in a bioassay without 

regard to their structures. The classes of materials screened were mainly synthetic 

chemicals and natural products from plants, microorganisms and marine life. Random 

screening was and still is the lead discovery method of choice when nothing is known 

about the receptor target.  Because of the high cost and the large number of manpower  

hours associated with random screening, in the late 1970s a nonrandom screening (also called 

called targeted or focused screening) approach was adapted. With focused screening, 

compounds possessing a vague resemblance to weakly active compounds are tested 

selectively. 

None of the above approaches to lead discovery involves a major rational 

component. The lead is found through screening techniques. However, it is possible to 
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design a compound having a particular activity through rational approaches. The first step 

of a rational approach is to identify the cause for a disease state such as the physiological 

and biochemical systems involved. Once the relevant biochemical system is identified, 

initial lead compounds need to be identified that could be the natural receptor ligand or 

enzyme substrates.  Once a lead has been identified, the key structural features required 

for activity has to be identified. In the case of a peptide, the information regarding ligand 

receptor interactions are obtained through experiments such as an alanine scan 

(replacement of each amino acid systematically with alanine) to determine the specific 

side chains involved in binding and functional activity; D-amino acid scan (replacement 

of each amino acid systematically with its D-enantiomer) to determine the importance of 

stereochemistry; and  truncation studies (removal of individual amino acids from the  

C- and N-terminal) to determine the minimal fragments needed to retain activity and 

binding, as well as potency equal to that of the lead peptide.105,106,128,129 The knowledge 

gained from these studies is then used in designing new ligands with hopefully improved 

potency and selectivity for a receptor system. Structure-activity relationship studies 

(SAR) are developed around this information to provide insight into the types of 

interactions that occur in the formation of the ligand-receptor complex; such as the 

favorable and unfavorable changes of amino acids and ligand backbone resulting in 

receptor stimulation or inhibition. The main objective of SAR studies is to aid in the 

design of ligands, with specific function, for a given receptor or receptor system. 

γ2-MSH SAR Studies 

Gamma2-melanocyte-stimulating hormone (γ2-MSH) is a 12-amino acid peptide 

that is derived from the N-terminal fragment of POMC27 and contains the His-Phe-Arg-
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Trp motif common to all melanocortin endogenous agonist ligands. The five 

melanocortin receptor subtypes (MC1-5R) are about 42-67% identical to each other, yet 

γ2-MSH preferentially activates the hMC3R.27  The MC3R knockout mice were found not  

to be hyperphagic or significantly overweight, but they have increased adipose tissues and 

increased feeding efficiency.36,37 This pattern suggests that while the MC4R regulates 

food intake and energy expenditure, the MC3R regulates energy homeostasis and 

separating of nutrients into fat.37,130 Hence, structure-activity relationship (SAR) studies 

of γ2-MSH should be helpful in identifying key amino acid residues that allows it to be 

more selective for the MC3R over the other MC1, MC4 and MC5 receptor subtypes.  

Alanine and D-amino Acid Scans 

As mentioned above, two types of structure-activity strategies used for 

characterizing a native peptide are alanine and D-amino acid scans. The systematic 

replacement of the side chains of individual amino acids with a methyl group (alanine 

scan) is performed to determine the importance of these side chains for interaction with 

the receptor.  Alanine scan of γ2-MSH (Tyr1-Val2-Met3-Gly4-His5-Phe6-Arg7-Trp8-Asp9-

Arg10-Phe11-Gly12-OH) revealed that the last four amino acids (Asp9-Arg10-Phe11-Gly12) 

in the C-terminal region were not important for biological activity and selectivity at the 

human MC3-5 receptors cloned into CHO cells. 131 However, Met3, His5, Phe6, Arg7 and 

Trp8 were needed for binding affinity and agonist activity at these receptors.131 

This same group also performed a D-amino acid scan to provide insights into the 

stereochemical requirements of each amino acid residue for peptide-receptor interaction. 

The D-amino acid scan identified that the aromatic residues Tyr1, Phe6, Trp8 and Phe11 

and the basic Arg10 residue as being important for human MC3R selectivity over the 
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MC4 and MC5 subtypes.132 The study also identified DTrp8 as being extremely important 

for hMC3R potency and selectivity.132 

Truncation of γ2-MSH 

The above information provided us with some insights about the important residues 

needed for γ2-MSH binding affinity and functional activity, so the next step was to 

determine the minimal sequence needed to produce a pharmacological response.  Because 

of the importance of the melanocortin system, particularly the MC3 and MC4 receptors in 

energy homeostasis and obesity, therapeutic agents for these receptor subtypes are being 

pursued. One of the classical rational design approaches involves truncation of the parent 

ligand to identify smaller and more manageable fragments as lead for further studies, 

which may eventually lead to the development of nonpeptides. Using the above 

information a library of twenty-eight γ2-MSH analogues were designed, synthesized, and 

characterized at the mouse melanocortin receptors with truncation at the C- and

N-terminal. The objective of this study was to perform truncation of γ2-MSH to determine 

the minimal active peptide sequence and the amino acid residues necessary for molecular 

recognition. 

Results 

Peptide synthesis. The peptides reported herein were synthesized using standard 

fluorenylmethyloxycarbonyl (Fmoc)93,94 chemistry and a parallel synthesis strategy on an 

automated synthesizer (Advanced ChemTech 440MOS, Louisville, KY). The peptides 

were purified to homogeneity using semi-preparative reversed-phase high-pressure liquid 

chromatography (RP-HPLC). The purities of these peptides were assessed by mass 

spectrometry, analytical RP-HPLC in two diverse solvent systems (Table 4-1).  
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Table 4-1. Analytical data of γ2-MSH analogues synthesized in this study   
Peptide Sequence HPLC k’ 

(system 1)
HPLC k’ 

(system 2)
% 

purity 
m/z  

(M, calcd) 
m/z  

(M + 1, 
expt) 

16 Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-
Phe-Gly-OH  

5.3 9.9 >99 1570.8 1571.4 

17 Tyr-Val-Met-Gly-His-Phe-Arg-DTrp8-Asp-
Arg-Phe-Gly-OH  

5.0 9.6 >96 1570.8 1570.9 

18 Tyr-Val-Nle3-Gly-His-Phe-Arg-Trp-Asp-Arg-
Phe-Gly-OH  

5.5 10.4 >97 1552.7 1552.2 

19 Tyr-Val- Nle3-Gly-His-Phe-Arg- DTrp8-Asp-
Arg-Phe-Gly-OH 

5.3 10.1 >97 1552.7 1554.4 

20 Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-
Phe-OH (1-11) 

6.0 10.3 >98 1513.7 1513.7 

21 Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-
OH  (1-10) 

4.5 8.5 >98 1366.6 1366.0 

22 Tyr-Val-Met-Gly-His-Phe-Arg-Trp-OH  (1-8) 6.0 10.0 >99 1095.3 1095.0 
23 Tyr-Val-Met-Gly-His-Phe-Arg-OH  (1-7) 3.5 7.0 >99 909.1 908.7 
24 Tyr-Val-Met-Gly-His-Phe-OH  (1-6) 4.4 8.5 >98 752.9 753.1 
25 Tyr-Val-Met-Gly-His-OH  (1-5) 2.3 4.3 >96 605.7 606.2 
26 Tyr-Val-Met-Gly-OH   (1-4) 2.7 4.9 >98 468.6 468.9 
27 Tyr-Val-Met-OH (1-3) 2.9 5.5 >99 411.5 413.3 
28 Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-

Gly-OH (2-12) 
5.1 10.6 >97 1407.6 1408.0 

29 Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-
OH (3-12) 

5.0 9.3 >98 1308.5 1308.3 

30 Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (4-
12) 

4.8 8.8 >98 1177.1 1177.4 

31 His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (5-12) 4.8 9.0 >98 1120.2 1120.2 
32  Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (6-12) 4.9 9.0 >98 983.1 983.7 
33 Arg-Trp-Asp-Arg-Phe-Gly-OH (7-12) 3.9 7.2 >98 835.9 836.5 
34 Trp-Asp-Arg-Phe-Gly-OH (8-12) 3.7 6.7 >99 679.7 680.5 
35 Asp-Arg-Phe-Gly-OH (9-12) 2.3 3.9 >99 493.5 494.4 
36 Arg-Phe-Gly-OH (10-12) 2.8 3.4 >99 378.4 379.2 
37 Tyr-Met-His-Phe-Arg-Trp-Phe-OH (1,3,5-8,11) 6.4 10.7 >98 1086.2 1086.9 
38 Met-Gly-His-Phe-Arg-Trp-OH (3-8) 5.5 9.0 >99 833.0 832.9 
39 His-Phe-Arg-Trp-Asp-Arg-Phe-OH (5-11) 4.9 9.4 >98 1063.2 1063.4 
40  Phe-Arg-Trp-Asp-Arg-Phe-OH (6-11) 5.0 9.4 >99 926.0 926.5 
41  Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-OH 

(3-11) 
5.7 9.7 >99 1251.4 1251.2 

42 Asp-Arg-Phe-OH- (9-11) 3.3 4.5 >99 436.4 437.1 
43 His-Phe-Arg-Trp-OH (5-8) 4.5 8.8 >97 644.7 645.0 

HPLC k’ = [(peptide retention time – solvent retention time)/(solvent retention time)] in 
solvent system 1 (10% acetonitrile in 0.1% trifluoroacetic acid/water and a 
gradient to 90% acetonitrile over 35 min) or solvent system 2 (10% methanol 
in 0.1% trifluoroacetic acid/water and a gradient to 90% methanol over 35 min).
An analytical Vydac C18 column (Vydac 218TP104) was used with a 
flow rate of 1.5 mL/min. The peptide purity was determined by HPLC at a 
wavelength of 214 nm. 
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Table 4-2. Functional activity of the γ2-MSH analogues at the mouse melanocortin receptors 
  EC50 (nM) 

Peptide Sequence mMC1R Fold 
diff. 

mMC3R Fold 
diff. 

mMC4R Fold 
diff 

mMC5R Fold 
diff. 

16 (γ2-MSH) Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH 628 ± 175 1 40 ± 6 1 416 ± 63 1 39 ± 8 1 
17 Tyr-Val-Met-Gly-His-Phe-Arg-DTrp8-Asp-Arg-Phe-Gly-OH 117 ± 44 -5 90 ± 46 2 5600 ± 2300 13 7 ± 2 -6 
18 Tyr-Val-Nle3-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH 417 ± 115 -1.5 1200 ± 500 30 33000 ± 16400 79 163 ± 102 4 
19 Tyr-Val-Nle3-Gly-His-Phe-Arg-DTrp8-Asp-Arg-Phe-Gly-OH 432 ± 268 -1.5 56 ± 25 1 6900 ± 3300 17 455 ± 284 12 
20 Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe -OH (1-11) 1500 ± 400 2 155 ± 43 4 1100 ± 300 3 56 ± 21 1.6 
21 Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-OH (1-10) 249 ± 60 -2.5 36 ± 9 1 659 ± 197 1.6 31 ± 16 1 
22 Tyr-Val-Met-Gly-His-Phe-Arg-Trp--OH (1-8) 2900 ± 1000 5 2800 ± 1000 70 4200 ± 600 10 614 ± 155 16 
23 Tyr-Val-Met-Gly-His-Phe-Arg--OH (1-7) 2810 ± 6700 4.5 36600 ± 2400 

partial agonist 
915 >100000  11700± 2500 300 

24 Tyr-Val-Met-Gly-His-Phe--OH (1-6) >100000  >100000  >100000  >100000  
25 Tyr-Val-Met-Gly-His-OH (1-5) >100000  >100000  >100000  26800 ± 3400 687 

26 Tyr-Val-Met-Gly-OH (1-4) >100000  >100000  >100000  >100000  
27 Tyr-Val-Met--OH (1-3) >100000  >100000  >100000  >100000  
28 Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (2-12) 1300 ± 500 2 400 ± 250 10 830 ± 348 2 82 ± 24 2 
29 Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (3-12) 1600 ± 500 2.5 259 ± 67 6 1200 ± 500 3 94 ± 15 

partial agonist 
2 

30 Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (4-12) 7900 ± 2700 13 760 ± 239 19 2700 ± 600 6.5 294 ± 152 7.5 
31 His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (5-12) 20100 ± 5900 32 2700 ± 100 68 8400 ± 2700 20 759 ± 286 19 
32 Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (6-12) >100000  >100000  47400 ± 17700 114 13500 ± 7200 

partial agonist 
346 

33 Arg-Trp-Asp-Arg-Phe-Gly-OH (7-12) >100000  >100000  >100000  >100000  
34 Trp-Asp-Arg-Phe-Gly-OH (8-12) >100000  >100000  >100000  >100000  
35 Asp-Arg-Phe-Gly-OH (9-12) >100000  >100000  >100000  >100000  
36 Arg-Phe-Gly-OH (10-12) >100000  >100000  >100000  >100000  
37 Tyr-Met-His-Phe-Arg-Trp-Phe-OH (1,3,5-8,11) 67100 ±1100 107 10400 ± 2300 260 14000 ± 3700 

partial agonist 
34 1100 ± 200 28 

38 Met-Gly-His-Phe-Arg-Trp-OH (3-8) 14500 ± 2100 23 22400 ± 5200 560 41900 ± 11800 101 797 ± 211 20 
39 His-Phe-Arg-Trp-Asp-Arg-Phe-OH (5-11) 44800 ± 6100 71 6600 ± 700 165 64400 ± 19800 

partial agonist 
155 1900 ± 620 49 

40 Phe-Arg-Trp-Asp-Arg-Phe-OH (6-11) 3200 ± 840 5 20400 ± 3600 510 34000 ± 10650 82 6700 ± 1700 172 
41 Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-OH (3-11) 1800 ± 300 3 366 ± 89 9 2400 ± 800 6 101 ± 23 3 
42 Asp-Arg-Phe-OH (9-11) >100000  >100000  >100000  >100000  
43 His-Phe-Arg-Trp-OH (5-8) >100000  >100000  >100000  48700 ± 800 

partial agonist 
1249 

Indicated errors represent the standard error of the mean, determined from at least four independent experiments. >100000 indicate that no agonist activity was 
observed at up to 100 µM. Partial agonists means that the stimulatory response was less than 100%  
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Biological evaluation. Table 4-2 compares the cAMP stimulation (β-Galactosidase 

assay) of the twenty-eight γ2-MSH analogs (2-28) with that of the native peptide, 1, at the 

cloned mouse MC1, MC3, MC4 and MC5 receptors. 

Mouse melanocortin-1 receptor. The MC1R is expressed in melanocytes and is 

involved in human skin pigmentation21,25,133 and coat coloration.133 The native γ2-MSH 

peptide, Tyr-Val Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (16), possesses a

628 nM EC50 at the mMC1R herein.  In this study at the mMC1R, the DTrp analogue 17 

resulted in 5-fold increased agonist activity (EC50 = 117 nM) at the mMC1R compared to 

16.  Replacement of Met3 with Nle3 resulted in equipotent mMC1R potency compared 

with 16. Analogue 4 containing both Nle3 and DTrp8 resulted in equipotent agonist 

activity (EC50 = 432 nM) compared with 16. Agonist activity was maintained at the 

mMC1R when the first five residues (Gly-Phe-Arg-Asp-Trp) were removed from the 

C-terminal (peptides 20-23). Peptides 20 (Gly removed) and 21 (Gly-Phe removed, Figure 4-1) 

both had equipotent (within experimental error) agonist activity compared to 16 at the 

mMC1R.  Peptides 22 and 23 were 5- and 45-fold less potent than 16, respectively, at the 

mMC1R.  Further amino acid removal from the C-terminal (peptides 24-27) resulted in 

loss of stimulatory activity at up to 100 µM at the mMC1R.  The first four amino acid 

residues (Tyr-Val-Met-Gly) can be removed from the N-terminal without loss of agonist 

activity (peptides 28-31). Peptides 28 and 29 had equipotent (within experimental error) 

agonist activity. Peptides 30 and 31 resulted in reduced potency ranging from 13- to 32-

fold, respectively. Peptide 32-36 with further N-terminal residue removal resulted in loss 

of stimulatory activity at up to 100 µM.  Peptide 37 containing all the residues that were 

shown to be important for binding and functional activity at the human melanocortin 
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receptors,131,132 resulted in µM agonist activity and 107-fold decreased potency at the 

mMC1R.  When both C- and N-terminal truncation was performed at the same time 

(peptides 38-43) there was generally a reduction a potency ranging from 3- to 71-fold. 

Interestingly, peptide 43 containing the His-Phe-Arg-Trp pharmacophore common to all 

the endogenous melanocortin agonists resulted in complete loss of agonist activity at up 

to 100 µM at the mMC1R. 
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Figure 4-1. Illustration of γ2-MSH analogue 21 an equipotent agonist compare to γ2-MSH 
at the mouse MC1R 

Mouse melanocortin-3 receptor. The MC3R is believed to be involved in 

metabolism and energy homeostasis and is expressed both centrally and 

peripherally.22,26,36,37 The lead peptide γ2-MSH, Tyr-Val Met-Gly-His-Phe-Arg-Trp-Asp-

Arg-Phe-Gly-OH (1), has been previously reported to possess a 5.9 and 1.0 nM agonist 

EC50 at the hMC3R131,132 and possess a 40 nM EC50 at the mMC3R herein that may be 

due to species differences. It has been previously reported that substitution at the Trp8 

position with DTrp resulted in a potent and selective agonist for the hMC3R.132 In this 
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study at the mMC3R the DTrp analogue 17, resulted in equipotent (EC50 = 90 nM, within 

experimental error) agonist activity at the mMC3R compared to 16. Replacement of Met3 

with Nle resulted in 30-fold decreased mMC3R potency compared with 16. Analogue 19 

containing both Nle3 and DTrp8 resulted in equipotent agonist activity (EC50 = 56 nM) 

compared with 16. Agonist activity was maintained at the mMC3R when the first five 

residues (Gly-Phe-Arg-Asp-Trp) were removed from the C-terminal (peptides 20-23). 

Peptide 20, with Gly removed resulted in a 4-fold decreased in potency. Interestingly, 

peptide 21, with both Gly and Phe removed from the C-terminal is an equipotent agonist 

(EC50 = 36 nM) compared to 16 (Figure 4-2). Peptide 22 was 70-fold less potent than 16 

and peptide 23 was a high µM partial agonist with 915-fold decreased potency at the 

mMC3R compared to 16. Further amino acid removal from the C-terminal (peptides 24-

27) resulted in loss of stimulatory activity at up to 100 µM at the mMC3R. The first four 

amino acid residues (Tyr-Val-Met-Gly) can be removed from the N-terminal without loss 

of agonist activity but with reduced potency ranging from 6- to 68-fold (peptides 28-31). 

Peptide 32-36 resulted in loss of stimulatory activity at up to 100 µM. Peptide 37 

containing all the residues that were shown to be important for binding and functional 

activity at the human melanocortin receptors,131,132 resulted in µM agonist activity and 

260-fold decreased potency at the mMC3R. When both C- and N-terminal truncation was 

performed at the same time (peptides 38-43) there was generally a reduction in potency 

ranging from 9- to 560-fold. Interestingly, peptide 43 containing the His-Phe-Arg-Trp 

pharmacophore common to all the endogenous melanocortin agonists resulted in 

complete loss of agonist activity at up to 100 µM at the mMC3R.  
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Figure 4-2. Illustration of γ2-MSH analogue 21 an equipotent (within experimental error) 
agonist compare to γ2-MSH at the mouse MC3R 

Mouse melanocortin-4 receptor. The MC4R expressed in the brain has been 

identified as participating in food intake74 and disruption of this gene leads to obesity in 

mice40 as well as observed obesity in humans due to polymorphisms of the MC4R.76,78-

80,134 The lead peptide γ2-MSH, Tyr-Val Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-

OH (1), has been previously reported to possess a 260 and 55 nM agonist EC50 at the 

hMC4R131,132 and possess a 416 nM EC50 at the mMC4R herein. It has been previously 

reported that substitution at the Trp8 position with DTrp resulted in a equipotent (within 

experimental error) agonist for the hMC4R.132 In this study at the mMC4R the DTrp 

analogue17, showed a 13-fold decrease in agonist activity at the mMC4R compared to 

16.  Replacement of Met3 with Nle resulted in 79-fold decreased mMC4R potency 

compared with 16. Analogue 19 containing both Nle3 and DTrp8 resulted in a 17-fold 

decreased agonist activity (EC50 = 6.9 µM) compared with 16. Agonist activity was 

maintained at the mMC3R when the first four residues (Gly-Phe-Arg-Asp) were removed 
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from the C-terminal (peptides 20-22). Peptide 20 (Gly removed) and 21 (Gly-Phe 

removed, Figure 4-3), both had equipotent (within experimental error) agonist activity 

compared to 16 at the mMC4R. Further amino acid removal from the C-terminal 

(peptides 23-27) resulted in loss of stimulatory activity up to 100 µM at the mMC4R. The 

first five amino acid residues (Tyr-Val-Met-Gly-His) can be removed from the N-

terminal without loss of agonist activity at the mMC4R (28-32). Peptides 28 and 29 had 

equipotent agonist activity whereas, peptides 30-32 resulted in reduced potency ranging 

from 6- to 114-fold. Peptide 33-36 with further N-terminal residue removal resulted in 

loss of stimulatory activity at up to 100 µM. Peptide 37 containing all the residues that 

were shown to be important for binding and functional activity at the human 

melanocortin receptors,131,132 resulted in µM partial agonist activity and 34-fold 

decreased potency at the mMC4R. When both C- and N-terminal truncation was 

performed at the same time (peptides 38-43) there was generally reduced potency ranging 

from 6- to 155-fold. Interestingly, peptide 43 containing the His-Phe-Arg-Trp 

pharmacophore common to all the endogenous melanocortin agonists resulted in 

complete loss of agonist activity at up to 100 µM at the mMC4R. 

Mouse melanocortin-5 receptor. The MC5R expressed in a variety of tissues has 

been implicated as participating in exocrine gland function.24,43,135 The lead peptide γ2-MSH,

Tyr-Val Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (16), has been 

previously reported to possess a 490 and 200 nM agonist EC50 at the hMC5R131,132 and 

possess a 39 nM EC50 at the mMC5R herein that may be due to species difference.  It has 

been previously reported that substitution at the Trp8 position with DTrp resulted in a

6-fold increased agonist for the hMC5R.132
  In this study at the mMC4R the DTrp analogue 
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17, showed a 5-fold increase in agonist activity at the mMC5R compared to 16. 

Replacement of Met3 with Nle resulted in slightly reduced mMC5R potency compared 

with 16. Analogue 19 containing both Nle3 and DTrp8 resulted in a 12-fold decreased 

agonist activity (EC50 = 455 nM) compared with 16. Agonist activity was maintained at 

the mMC3R when the first five residues (Gly-Phe-Arg-Asp-Trp) were removed from the 

C-terminal (peptides 20-23). Peptide 20 (Gly removed) and 21 (Gly-Phe removed, Figure 

4-4), both had equipotent (within experimental error) agonist activity compared to 16 at 

the mMC5R. Further amino acid removal from the C-terminal (peptides 24-27) resulted 

in loss of stimulatory activity at up to 100 µM at the mMC5R with the exception of 25. 

Peptide 25, (Tyr-Val-Met-Gly-His-OH) retained full µM agonist activity at the mMC5R, 

but with 687-fold reduced potency. The first five amino acid residues (Tyr-Val-Met-Gly-

His) can be removed from the N-terminal without loss of agonist activity at the mMC4R 

(28-32). Peptides 28 and 29 had equipotent agonist activity with 29 being a partial 

agonist. Peptides 30-32 resulted in reduced potency ranging from 8- to 346-fold with 32 

being a µM partial agonist. Peptide 33-36 with further N-terminal residue removal 

resulted in loss of stimulatory activity at up to 100 µM. Peptide 37 containing all the 

residues which were shown to be important for binding and functional activity at the 

human melanocortin receptors,131,132 resulted in µM full agonist activity and 28-fold 

decreased potency at the mMC5R. When both C- and N-terminal truncation was 

performed at the same time (peptides 38-43) there was generally reduced potency ranging 

from 3- to 1249-fold. Interestingly, peptide 43 containing the His-Phe-Arg-Trp 

pharmacophore common to all the endogenous melanocortin agonists resulted in high µM 

partial agonism at the mMC5R. 
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Figure 4-3. Illustration of γ2-MSH analogue 21 an equipotent (within experimental error) 
agonist compare to γ2-MSH at the mouse MC4R 
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Figure 4-4. Illustration of γ2-MSH analogue 21 an equipotent (within experimental error) 
agonist compare to γ2-MSH at the mouse MC5R 
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Discussion 

To date, there is there is no data in the literature that involves truncation studies on 

γ-MSH that is pharmacologically characterize at the melanocortin receptors. The 

characterization of the native ligand agonist may provide insight into the mechanism of 

interaction with the receptor. Many peptide agonists are usually divided into a “message” 

(pharmacophore) region and an “address” region.105-107,128  The “address” region is 

responsible for binding of the peptide into the receptor, whereas the “message” region is 

responsible for changing the conformation of the receptor, thus initiating G-protein 

interactions.105-107,128 Analysis of the native peptide to define the regions of binding and 

signal transduction is accomplished by a study of structure-activity relationships. Among 

the structure-activity experiments utilize for characterization of the native ligand agonist 

are truncation, alanine and D-amino acid scans. In this study truncation was performed on 

γ2-MSH by sequential removal of amino acid residues from the N- and C-terminal to 

obtain information on both the binding and the message regions.  

Modification of Met3 and Trp8 Side Chain.  

The lead peptide γ2-MSH, 16 is shown to be an equipotent agonist at both the 

mMC3 and MC5 receptors with mMC3R selectivity of 16-fold over mMC1R and 10-fold 

over mMC4R. However, at the human receptors it was shown that γ2-MSH is a selective 

MC3 receptor agonist with selectivity of approximately 45-fold over the hMC4R and 

85-fold over the hMC5R.131,132  The differences in functional activity between human and 

mouse may be attributed to specie difference or bioassay measurement with Grieco et al. 

using a cAMP flashplate assay with Chinese Hampster Ovary (CHO) cells stably 

expressing the human melanocortin receptors131,132 and in our laboratory cAMP Response 



73 

 

Element (CRE)/β-galactosidase reporter gene assay with Human Embryonic Kidney 

(HEK-293) cells stably expressing the mouse melanocortin receptors.  

Tryptophan8 was shown in D-amino acid scan to be critical for γ2-MSH activity at 

the human melanocortin receptors.132 Previous studies have shown that replacement of 

Met with Nle resulted in an analogue136 NDP-α-MSH that is more potent than α-MSH at 

stimulating adenylate cyclase on amphibian melanophores.137 Unlike Met, Nle is resistant 

to oxidation.138 Substitution of the Trp8 side chain (γ2-MSH numbering) with DTrp (17) 

in the lead peptide 16 resulted in an mMC5R selective agonist (EC50 = 7 nM) with 

selectivity of 17-fold over mMC1R, 13-fold over the mMC3R and 800-fold over 

mMC4R (Figure 4-5). This analogue tested at the human melanocortin receptors by 

Grieco et al. was a selective hMC3R agonist with selectivity of 303-fold over the hMC4R 

and 248-fold over hMC5R.132 Substitution of Met3 with Nle (18) is also an mMC5R 

selective agonist (EC50 = 163 nM) but with a 23-fold reduced potency at this receptor and 

decreased selectivity over the other three receptor subtypes (Figure 4-6). Substitution 

with Nle3 in a C-terminal amidated analogue showed slightly increased potency at the 

hMC3R but also had a reduction in selectivity over the hMC4 and hMC5R compared to 

the native γ2-MSH peptide.139 Interestingly, replacement of both Met3 and Trp8 at the 

same time, peptide 19, resulted in a slightly selective mMC3R agonist with selectivity of 

8-fold over the mMC1 and mMC5R and 123-fold over the mMC4R.  This analogue (19) 

when compared to the native γ2-MSH peptide (16) is equipotent at the mMC3R (within 

experimental error), has slightly increased ligand potency at the mMC1R and reduction in 

ligand potency at the mMC4 and mMC5R. Substitution with Nle3 and DNal(2’)8 in a 

C-terminal amidated analogue resulted in decreased potency at the hMC3R and hMC4R but 



74 

 

was a selective hMC5R agonist with increased potency at this receptor compared to the 

native γ2-MSH peptide and the Nle3-γ2-MSH-NH2 analogue.139 These data suggest that 

having the indole ring present at position-8 is more important than stereochemistry or 

addition of bulky aromatic groups at the MC3 receptor for agonist activity because the 

DTrp8, peptide 19 analogue is equipotent to the native γ2-MSH peptide at this receptor 

and the DNal(2’)8 decreased potency.139 However, further structure activity studies with 

substitution at the Trp8 position in γ2-MSH is required to substantiate this observation.  
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Figure 4-5. Illustration of Peptide 17 with mMC5R selectivity over the other mouse 

 melanocortin receptors 

C-terminal Truncation. 

C-terminal truncation revealed that Phe11 and Gly12 were not necessary for 

maintaining agonist activity at all four receptors tested. Peptide 21 with both these 

residues missing has equipotent agonist activity (within experimental error) at all four 

receptor. However this analogue has reduced selectivity for the mMC3 and mMC5R over 

the mMC1R and a slight increased in selectivity over the mMC4R. The data suggest that 
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these two residues are not involved in distinguishing selectivity for the mMC3R or 

mMC5R and can be removed without losing potency at these receptors. Truncation 

identified Trp8 as being required for mMC4R agonist activity. 
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Figure 4-6. Comparison of γ2-MSH versus analogues with substitution at the 3 and 8 
position in the sequence at the mouse melanocortin receptors 

N-terminal Truncation. 

N-terminal truncation of residues at position 1 to 5 revealed analogues (28-32) that 

are all slightly selective for the mMC5R over the mMC1, mMC3 and mMC4R. N-

terminal truncation also revealed that His5 is necessary for mMC1 and mMC3R agonist 

activity and Phe6 is required for maintaining agonist activity at all four receptor subtypes. 

Amidation and Acetylation of His-Phe-Arg-Trp 

The complete lost of agonist activity at the mMC1R, mMC3R and mMC4R and 

partial agonist activity at the mMC5R by His-Phe-Arg-Trp-OH was unexpected since this 
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tetrapeptide sequence is common to all melanocortin endogenous agonist and is believed 

to be responsible for ligand selectivity and stimulation at the melanocortin 

receptors.53,56,140  To understand why, three analogues were synthesized with or without 

amidation at the carboxy terminus and with or with acetylation at the amino terminus 

(Table 4-3).  

When the tetrapeptide were only acetylated as in peptide 44, there was still no 

agonist activity at the mMC1, mMC3 and mMC4 receptors. However, it became a full 

agonist at the mMC5R with a 12-fold increase in potency compared to 43. Amidation of 

the carboxy terminus as in peptide 46 resulted in the return of full agonist activity at the 

mMC1, mMC4, and mMC5 receptors and partial agonist activity at the mMC3R when 

compared to peptide 43. Peptide 45 with both carboxy terminus amidation and amino 

terminus acetylation resulted in full agonist activity at all four receptors and was 761-fold 

more potent at the MC5R compared to 43.  

Table 4-3. Functional activity of the amidated and acetylated His-Phe-Arg-Trp 
tetrapeptide  analogues at the mouse melanocortin receptors 

  EC50 (nM) 
Peptide 

ID 
Sequence mMC1R mMC3R mMC4R mMC5R 

γ2-MSH NH2-YVMGHFRWDRFG-OH 628± 175 40 ± 6 416 ± 63 39 ± 8 
α-MSH Ac-SYSMEHFRWGKPV-NH2 0.7 ± 0.2  3 ± 0.9 4 ± 1 2 ± 0.5 

43 NH2-HFRW-OH >100000  >100000 >100000  48700± 800 
partial agonist 

44 Ac-HFRW-OH >100000  >100000 >100000  4100 ± 60 
45 Ac-HFRW-NH2 3500 ± 300  3100 ± 1300 1300 ± 300  64 ± 5 
46 NH2-HFRW-NH2 6800 ± 400 2900 ± 30 

partial agonist 
3300 ± 700 120 ± 22 

The indicated errors represent the standard error of the mean determined from at least 
four independent experiments. 

 

This increased potency of peptide 45 may be attributed to increased ligand–receptor 

interactions or as previously reported, the increase may be due to increase enzymatic 
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stability.141,142 The melanocortin receptor agonist α-MSH is a 13-amino-acid linear 

peptide that is posttranslationally processed to include the N-terminal acetyl and C-

terminal amide moieties.141,143 A study of α-MSH and desacetyl-α-MSH (without N-

terminal acetylation) showed that α-MSH was more potent at the melanocortin 

receptors.144  In our study, the acetylated and amidated peptide 45 was more potent at all 

the receptors than the desacetyl-peptide 46, suggesting that the amino terminus acetylation 

is functionally significant. This is supported by previous reports of melanocortin peptides 

with modification at the N-terminus resulting in increase or decrease potencies depending 

on the modification made.145-151 

Summary 

Characterization showed γ2-MSH as an equipotent agonist at both the mMC3R and 

mMC5R with only 16-fold and 10-fold selectivity over the mMC1R and mMC4R, 

respectively. Replacement of Met with Nle and Trp with DTrp resulted in an analogue 

with slight selectivity for the mMC3R that was 8-fold over the mMC1R and mMC5R and 

was 123-fold selective over the mMC4R. Truncation revealed that the residues at 

positions 11 and 12 can be deleted from the sequence without lost of potency at all four 

melanocortin receptors tested (Figure 4-7) identifying γ2-MSH(1-10), peptide 21, as the 

shortest sequence without lost of activity at the mouse receptors. The study identified the 

His at position 5 and the Arg at position 7 as necessary for agonist activity at the 

mMC3R. The His-Phe-Arg-Trp sequence common to all melanocortin endogenous 

agonist needed to be amidated at the C-terminus to have activity at the mMC1R and 

mMC3-5R and potency at these receptors are improved when acetylated at the

N-terminus and amidated at the C-terminus. 
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Figure 4-7.  Illustration of γ2-MSH truncation study results at the mouse melanocortin 
  receptors

 



79 

CHAPTER 5 
STRUCTURE-ACTIVITY STUDIES OF UREA PEPTIDOMIMETICS AT THE 

MOUSE MELANOCORTIN RECEPTORS 

Portions of the study presented in this chapter have been previously published: 

Joseph, C. G.;Bauzo, R.M.;Xiang, Z.; Haskell-Luevano, C. Bioorg. Med. Chem. Lett., 

2003, 13, 2079-2082. All compounds were designed, synthesized, purified, and 

analytically characterized by Christine G. Joseph under the supervision of Dr. Carrie 

Haskell-Luevano. The pharmacology studies were carried out by Rayna Bauzo and Dr. 

Zhimin Xiang, both members of the Haskell-Luevano laboratory group. Data analysis 

was performed by Dr. Carrie Haskell-Luevano. NMR data was obtained by Christine G. 

Joseph at the Advanced Magnetic Resonance Imaging and Spectroscopy (AMRIS) 

facility in the McKnight Brain Institute of the University of Florida with guidance from 

Mr. Jim Rocca. 

Introduction 

Peptides are an attractive starting point for drug discovery because they are 

essential to virtually every biochemical process. Unfortunately, the attributes of potency 

and specificity exhibited by peptides are counter-balanced by short biological half-lives 

and low oral bioavailability.107 One major goal of modern medicinal chemistry is to find 

rational approaches for systematically transforming the information provided in natural 

peptide ligands into low molecular weight nonpeptide molecules that bind to the target 

receptor. Chemical structures designed to convert the information contained in peptides 

into small nonpeptide structures are called peptidomimetics.  



80 

 

Substantial progress has been made in the development of non-peptide molecules 

for the melanocortin receptors. One of the first reported non- peptide ligands for the 

melanocortin receptors were based upon the beta-turn (β-turn).152  The minimal sequence 

required to illicit a biological response is the “Phe-Arg-Trp” tripeptide, which is 

presumed to display a β-turn conformation.  A library of 951 β-turn mimics based on the 

tripeptide was screened for agonist activity at the melanocortin receptors.152  Beta-turn 

mimetics containing Phe, Trp or naphthylalanine (Nap) in the i + 1 and i + 3 positions, 

and DLys, DArg or DPro in the i + 2 resulted in micromolar mMC1R agonists.152  Results

were consistent with a model obtained from homology molecular modeling that identified

an hydrophobic and one electrostatic pocket for binding to the mMC1R (Figure 5-1).152,153 

These compounds were approximately 200-fold less potent than the linear 

Ac-His-DPhe-Arg-Trp-NH2 tetrapeptide fragment that resulted in nanamolar agonist activity 

at the mMC1-5R54, indicating that a fourth residue is required for potency. Based on this 

information, a novel thioether cyclized scaffold was used to mimic the β-turn with four 

positions of diversity similar to the tetrapeptide.154 A series of nineteen compounds were 

screened for agonist activity at the mouse melanocortin receptors. Several compounds 

were identified with agonist activity, and three of the identified compounds were 

completely devoid of a basic residue capable of mimicking the Arg residue of 

melanocortin peptides.  The mMC1R selective compound (15- to 50-fold) was devoid of a 

basic residue. The fact that this compound is active suggests that an electrostatic 

interaction was not required for receptor activation. Two other compounds support the 

observation, indicating that the aromatic residues are more important for activity. 

Heizmann et al. screened a large combinatorial library of 328,509 tripeptoids at the MC1 
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receptor.155 They found several novel compounds with binding affinity to the MC1R; 

however, all peptoids with affinity to the MC1R all shared the same structural feature of 

aromatic residue-basic residue-aromatic residue.155 These data call into question the 

importance of the Arg or basic residue in receptor activation, and suggested that the 

hydrophobic side chains may be more important than the presence of an Arg basic 

residue. 
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Figure 5-1. Illustration of the putative DPhe-Arg-Trp amino acids interaction with the 
mouse MC1R 

In addition to the above studies, several groups have recently reported the design 

and synthesis of novel non-peptide ligands for the melanocortin receptors.156-163 Most of 

these ligands are based upon recurring structural features found in melanocortin peptides. 
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Sebhat et al. reported one of the first highly potent and hMC4 receptor selective 

nonpeptide based on the 4-substituted 4-cyclohexylpiperidine template (Figure 5-2A).156 

The compound had low binding affinity and agonist activity at the hMC4 and rMC4R 

with selectivity of 300- to >3000-fold over the other receptors. However, this compound 

had binding affinity and agonist activity at all four human melanocortin receptors. The 

compound was found to significantly inhibit food intake.156 This compound does not 

contain a basic moiety that can mimic the Arg side chain, although the compound is 

highly potent at the MC4R. The data further supports the suggestion that the spatial 

arrangement of the hydrophobic groups is an important factor in molecular recognition 

and activation of the melanocortin receptors. The significance of spatial arrangement of 

the hydrophobic residues may be inferred from a comparison of the low energy 

conformer of this small molecule with the low energy conformer of MTII. The 

orientation of the hydrophobic functionalities of this compound is very similar to the 

orientation of hydrophobic side chains in the low energy conformer of MTII.156 

Compounds based on a 4-substituted 4-phenylpiperidine template similar to the above 

compound have been reported as highly potent and selective nonpeptide MC1R agonist 

(Figure 5-2B).162 These compounds all lacked a basic arginine-like moiety and were all 

agonists at the MC1R and MC3-5R. Further support for the importance of the hydrophobic

moiety over the basic moiety was shown by a 2,3-diaryl-5-anilino[1,2,4]thiadiazole MC4R

selective nonpeptide (Figure 5-2C).158 This compound bound to the MC4R with nanamolar

affinity when administered intraperitoneally inhibited food intake in rats.  
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Figure 5-2. Potent and selective nonpeptide compounds for the melanocortin receptors 
lacking a guanidinyl moiety 

In addition to the small-molecule ligands mentioned, other non-peptide compounds have 

been identified that interact with specific melanocortin receptors.  Kulesza et al.161 reported

trisubstituted tetrahydropyrans that bind to the MC4R with affinities similar to those of the

DPhe-Arg-Trp-NH2 tripeptide.  Mutulis et al.159,160 used both N-alkyl amino acid derivatives 

and reductive amination products to obtain nonpeptide compounds that bind with micromolar

affinities to the MC1R and MC3R–MC5R.  Like the small-molecule agonists of the melanocortin

receptors, non-peptide molecules have recently been reported that bind to the MC4R and 

antagonize the activity of α-MSH.  Using two peptoid scaffolds, Thompson et al. designed

compounds that mimic the  core Arg-Phe-Phe sequence of AGRP.  One of the peptoids 



84 

 

was a functional antagonist at the MC4R.157 Arasaingham et al. pursued the design of 

non-peptide ligands with the ability to inhibit AGRP binding to the MC4R based on 

(1-aryl-2-piperazinylethyl)piperazine scaffold (Figure 5-2D).163 The goal of the study was

to inhibit AGRP interactions with the MC4R without interfering with agonist activation of 

receptor, however, the compounds were determined to inhibit the activity of both AGRP 

and the endogenous agonist α-MSH. The absence of an “arginine-like” or basic residue 

in most of the reported nonpeptide ligands indicates that a basic functionality may not be 

necessary for ligand-receptor interaction. On the other hand, the “arginine-like” 

functionality is present in a number of these nonpeptides with melanocortin receptor 

activity. These data suggest that the conformation of the ligands during interaction with 

the receptor may be more important than the presence or absence of a basic functionality. 

SAR of Nonpeptide Ureas Based on a Linear Tripeptide 

The studies discussed above illustrate the progression from peptide ligands to non-

peptide ligands for the melanocortin receptors. Many of the above compounds have 

improved properties, such as potency, selectivity, and bioavailability, as compared with 

the properties of lead peptides. The nonpeptide compounds have provided experimental 

evidence to support the hypothesis regarding the bioactive conformation of peptide 

ligands152,154 and have linked specific melanocortin receptors with physiological 

functions.156,162 The absence of basic functionalities in many of the non-peptide 

compounds suggest that the guanidine group found in the common ‘‘core’’ sequence of 

melanocortin peptides may not be essential to activity, if the hydrophobic moieties are in 

the correct spatial arrangement. The compounds have demonstrated that small molecule 

ligands for the melanocortin receptors are a viable option in the design of melanocortin 
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ligands for therapeutic applications. The advances in development of potent and selective 

non-peptide ligands will enhance understanding the exact physiological roles of receptor 

subtypes in the melanocortin receptor family. 

Using the above information and the fact that the minimal fragment of the 

melanocortin ligands to illicit a pharmacological response were Ac-DPhe-Arg-Trp-NH2, 

a tripeptide library was designed. The six tripeptides were designed with Phe-Lys-Trp 

amino acid residues by varying their position within the sequence.  The Lysine in the 

sequence was used to replace the arginine residue, keeping the positive charge but losing 

the guanidinyl moiety. The screening of the six tripeptides identified the Phe-Trp-Lys-NH2 

sequence as the best possible arrangement with micromolar agonist activity at the 

mMC1R, mMC3R, mMC5R and slight agonist activity at the mMC4R (Table 5-2). Using 

the side chains of Phe-Trp-Lys, a fourteen-member nonpeptide library were designed and 

synthesized.164 A linear template was used to mimic the flexibility of the peptide and the 

amide bond between Phe and Trp replaced with a urea linkage to aid in avoiding 

degradation (Figure 5-3) similar to a template used for somatostatin receptor subtype 

selective analogs.165,166 The lead compound 53 (Figure 5-3) was synthesized with the side 

groups of Phe-Trp-Lys and characterized at the mouse melanocortin receptors. 

Compound 53 resulted in high micromolar activity at the mMC1R, mMC4R and mMC5R 

with no agonist activity at the mMC3R (Table 5-2). The results validated the linear urea 

template as a viable design for melanocortin receptor ligands.  

Compound 53 can easily be divided into three parts of diversity (Figure 5-3) for 

further structure-activity relationship studies. The aim of the study was to design a 

nonpeptide library patterned after the lead compound with the goal of discovering trends 
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with increase or decrease potency, receptor subtype selectivity and novel pharmacology 

at the mouse melanocortin receptors. The study was undertaken to examine the role of 

aliphatic chain length, substituted aromatic moieties, natural and unnatural amino acids in 

the three position of diversity for SAR and selectivity at the mouse melanocortin 

receptors. The monomers used for each position of diversity are shown in Figure 5-4. 
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Figure 5-3. Illustration of the nonpeptide urea template based on the tripeptide and 
disconnection of the lead molecule into three sets of subunits used for SAR 
studies 

Results 

Chemical Synthesis and Characterization 

The compounds reported herein were synthesized using standard 

fluorenylmethyloxycarbonyl (Fmoc)93,94 chemistry and a parallel synthesis strategy on an 

automated synthesizer (Advanced Chemtech 440MOS, Louisville, KY). The nonpeptides 

was synthesized as described in Chapter 7 on a semi-automated synthesizer (Lab Tech, 

Louisville, KY) or manually. Both peptides and nonpeptides were purified to 

homogeneity using semi-preparative reversed phase high pressure liquid chromatography 

(RP-HPLC). The purity of the analogues was assessed by mass spectrometry, analytical 

RP-HPLC in two diverse solvent systems (Table 5-1) and one-dimensional Nuclear 

Magnetic Resonance (1H-NMR) (Appendix A). 
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Table 5-1. Analytical data for tripeptide and urea analogues 47-66 
Peptide Sequence HPLC k’ 

(system 1)
HPLC k’ 
(system 

2) 

% 
purity 

m/z 
(M, calcd)

m/z 
(M + 1, 
expt) 

47 Lys-Trp-Phe-NH2  4.4 7.4 >98 478.6 479.7 
48 Lys-Phe-Trp-NH2  3.9 7.0 >98 478.6 479.7 
49 Trp-Phe-Lys-NH2  3.4 5.8 >99 478.6 479.7 
50 Trp-Lys-Phe-NH2  4.1 7.7 >99 478.6 479.5 
51 Phe-Lys-Trp-NH2  4.0 7.4 >99 478.6 479.7 
52 Phe-Trp-Lys-NH2  3.0 5.4 >99 478.6 479.7 
 R1 R2 R3      

53 Butyl L-Trp Benzyl 5.5 8.6 >98 407.2 408.8 
54 Propyl L-Trp Benzyl 4.9 8.7 >99 393.5 394.7 
55 Pentyl L-Trp Benzyl 5.3 9.3 >99 421.5 422.1 
56 Hexyl L-Trp Benzyl 5.1 9.0 >99 435.6 436.3 
57 3-methylbenzyl L-Trp Benzyl 5.3 9.0 >97 455.6 456.6 
58 4-methylbenzyl L-Trp Benzyl 5.9 9.3 >99 455.6 456.7 
59 4-methylpiperidinyl L-Trp Benzyl 5.4 8.4 >99 433.6 433.6 
60 Butyl L-Trp Phenethyl 5.4 9.7 >99 421.5 422.2 
61 Butyl L-Trp 1,2,3,4-

tetrahydroisoquinoline 
6.2 9.8 >99 433.6 434.6 

62 Butyl L-Trp 1-benzylpiperidinyl 4.2 6.7 >99 490.6 491.9 
63 Butyl L-Trp 4-benzylpiperidinyl 7.5 11.4 >99 475.6 476.8 
64 Butyl L-homophe Benzyl 5.6 9.4 >99 382.5 383.8 
65 Butyl L-Tyr(Bzl) Benzyl 7.6 11.3 >99 474.6 475.8 
66 Butyl D-Trp Benzyl 5.5 8.6 >98 407.2 408.7 

HPLC k’ = [(peptide retention time – solvent retention time)/(solvent retention time)] in 
solvent system 1 (10% acetonitrile in 0.1% trifluoroacetic acid/water and a 
gradient to 90% acetonitrile over 35 min) or solvent system 2 (10% methanol 
in 0.1% trifluoroacetic acid/water and a gradient to 90% methanol over 35 min). 
min). An analytical Vydac C18 column (Vydac 218TP104) was used with a 
flow rate of 1.5 mL/min. The peptide purity was determined by HPLC at a 
wavelength of 214 nm. 

 

Biological Evaluation 

Characterization of the tripeptides, 47-52 identified peptide 52 with the ideal 

orientation of the three residues for agonist activity at the mouse melanocortin receptors 

(Table 5-2). Peptide 52 was a micromolar agonist at the MC1R, MC3R, MC5R and a 

slight agonist at the MC4R. The side chains of peptide 52 was used to synthesize 

compound 53 to validate whether melanocortin receptor activity will be maintained going 

from a tripeptide to a urea based small organic molecule.  
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Table 5-2.  Functional activity of the tripeptide and urea nonpeptide analogues 47-66 at the mouse melanocortin receptors  

H
N

O
N
H

N
H

O

H2N
R1

R3

R2

53

HN

 
    EC50 (nM) 

Peptide Sequence mMC1R Fold 
diff. 

mMC3R Fold 
diff.

mMC4R Fold 
diff 

mMC5R Fold 
diff.

α-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 0.3 ± 0.04  1.2 ± 0.3  2.5 ± 0.3  1.5 ± 0.5  
NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 0.01 ± 0.004  0.08 ± 0.02  0.1 ± 0.01  0.2 ± 0.03  
47 Lys-Trp-Phe-NH2  2840 ± 170  > 100000  > 100000  Slight agonist  
48 Lys-Phe-Trp-NH2  Slight agonist  > 100000  > 100000  Slight agonist  
49 Trp-Phe-Lys-NH2  3125 ± 715  Slight agonist  Slight agonist  Slight agonist  
50 Trp-Lys-Phe-NH2  Slight agonist  > 100000  Slight agonist  Slight agonist  
51 Phe-Lys-Trp-NH2  Slight agonist  > 100000  > 100000  > 100000  
52 Phe-Trp-Lys-NH2  3437 ± 2053  6545 ± 314  Slight agonist  4889 ± 2653  
  R1 R2 R3         
53 Butyl L-Trp Benzyl 55000 ± 22700 1 >100000  23700 ± 6400 1 30500 ±15100 1 
54 Propyl L-Trp Benzyl 51200 ± 19000 1 >100000  >100000  39900 ± 8800 1 
55 Pentyl L-Trp Benzyl 14800 ± 7300 -4 >100000  >100000  20000 ± 3100 -1.5
56 Hexyl L-Trp Benzyl 22300 ± 8800 -2.5 >100000  >100000  >100000  
57 3-methylbenzyl L-Trp Benzyl 28000 ± 7700 -2 >100000  >100000  >100000  
58 4-methylbenzyl L-Trp Benzyl 400 ± 200 -138 10700 ± 1000  400 ± 200 -59 4900 ± 4800 -6 
59 4-methylpiperidinyl L-Trp Benzyl 5200 ± 2700 -11 4400 ± 2800  >100000  8200 ± 7900 -4 
60 Butyl L-Trp Phenethyl >100000  >100000  >100000  >100000  
61 Butyl L-Trp 1,2,3,4-tetrahydroisoquinoline 7900 ± 1000 -7 1700 ± 1000  3400 ± 1900 -7 4900 ± 4800 -6 
62 Butyl L-Trp 1-benzylpiperidinyl 5000 ± 2000 -11 4400 ± 2800  2800 ± 2500 -8 8200 ± 7900 -4 
63 Butyl L-Trp 4-benzylpiperidinyl 20000 ± 4800 -3 >100000  >100000  28900 ± 6800 1 
64 Butyl L-homophe Benzyl >100000  >100000  >100000  >100000  
65 Butyl L-Tyr(Bzl) Benzyl 20500 ± 10100 -3 >100000  >100000  14400 ± 3600 -2.1
66 Butyl D-Trp Benzyl 42400 ± 15800 1 >100000  23700 ± 7400 1 32800 ± 19100 1 

Indicated errors represent the standard error of the mean determined from at least three independent experiments. Slight agonist denotes that some stimulatory 
response was observed but not enough to determine an EC50 value. >100000 indicates no agonist activity at up to 100000 nM concentrations
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Compound 53 possessed high µM mMC1R, mMC4R and mMC5R agonist activity 

and no agonist activity at up to 100000 nM at the mMC3R. A library of fourteen 

compounds was subsequently prepared making changes at the R1, R2 and R3 positions 

(Figure 5-3) with the intention of creating more potent and selective compounds for the 

melanocortin receptor subtypes. Table 5-2 summaries the tripeptide and urea nonpeptide 

agonist pharmacology at the mouse melanocortin MC1and MC3-5 receptors.  

Mouse melanocortin-1 receptor  

Compounds 54-59 with modifications at the R1 (diamine) position, in relation to the 

lead compound, 53 were all agonist at the MC1R. Shortening or lengthening the 

methylene chain (54-56) at the R1 resulted in analogues that were equipotent compared to 

53. However, compared to the control peptide, 52 these analogues were 4- to 15-fold less 

potent.  Compounds 57-59 contain cyclo-hexyl rings that were used to determine whether 

conformational constraints will have any effect at this position.  Compound 57 with a 

benzyl aromatic ring and a methyl group at the 3 position resulted in high micromolar 

activity at the MC1R equipotent to 53 (within experimental error). Interestingly when the 

methyl group was placed at the 4 position of the benzyl ring it resulted in nanamolar 

potent analogue (58) with 138-fold improve potency compared to 53. When the benzyl 

ring in 58 was modified to a piperidine ring, compound 59, there was a 13-fold decreased 

in potency compared to 58. Compounds 60-63 had modifications made at the R3 (amine) 

group, while R1 and R2 were retained, as in compound 53 (Figure 5-3). When the benzyl 

group of 53 was changed to phenethyl, 60, a complete loss of activity at up to 100 µM 

concentrations was seen at the MC1R. When R3 was 1,2,3,4-tetrahydroisoquinoline 

(compound 61), 6- fold increased potency resulted at the MC1R compared to 53. 

Compound 62 with a benzyl group attached to a piperidine ring at the 1-position, resulted 
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in increased (11-fold) potency compared to 53. Compound 63 with the benzyl group 

attach to the piperidine ring at the 4-position, however, was 4-fold less potent than 

compound 62. Compounds 64-66 had modifications at the R2 (amino acid) group, while 

retaining the R1 and R3 groups of compound 53 (Figure 5-3). None of the three 

compounds showed improved agonist activity compared to 53. Compound 64 containing 

the R group of L-homophenylalanine lost activity at the MC1R.  

Mouse melanocortin-3 receptor 

All aliphatic R1 analogues containing three to six methylene CH2 between the two 

amino groups (compounds 53-56) had no activity up to 100 µM at the MC3R. 

Compounds 57-59 contain cyclo-hexyl rings that were used to determine whether 

conformational constraints will have any effect at this position.  Compound 57 with a 

benzyl aromatic ring and a methyl group at the 3 position had no agonist activity. 

Interestingly when the methyl group was placed at the 4 position of the benzyl ring it 

resulted in micromolar agonist (58). Compound 59 with a piperidine ring replacing the 

benzyl ring, resulted in agonist activity equipotent to 58 (within experimental error). 

Compounds 64-66 had modifications at the R2 (amino acid) group, while retaining the R1 

and R3 groups of compound 53 (Figure 5-3). None of the three compounds had agonist 

activity at the MC3R. 

Mouse melanocortin-4 receptor 

 Compounds 54-59 with modifications at the R1 (diamine) position, in relation to 

the lead compound, 53 all lost agonist at the MC4R except compound 58. Compound 58 

(EC50 = 400 nM) is 59-fold more potent at the MC4R compared to 53. Compounds 60-63 

had modifications made at the R3 (amine) group, while R1 and R2 were retained, as in 

compound 53 (Figure 5-3). When the benzyl group of 53 was changed to phenethyl, 60, a 
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complete loss of activity at up to 100 µM concentrations was seen at the MC4R. When R3 

was 1,2,3,4-tetrahydroisoquinoline, 61, or a benzyl group attached to a piperidine ring at 

the 1-position, 62, there was a 7- fold increased in potency at the MC4R compared to 53. 

Compound 63 with the benzyl group attach to the piperidine ring at the 4-position, 

however, had no agonist activity. Compounds 64-66 had modifications at the R2 (amino 

acid) group, while retaining the R1 and R3 groups of compound 53 (Figure 5-3). 

Compounds 64 and 65 both had to agonist activity and compound 66 was equipotent 

compared to 53 at the MC4R. 

Mouse melanocortin-5 receptor 

Compounds 54-59 were modified at the R1 (diamine) position, in relation to the 

lead compound, 53. Shortening or lengthening the methylene chain by one CH2 group 

(54-55) at the R1 resulted in analogues that were equipotent compared to 53. However, 

further lengthening of the methylene chain (56) resulted in lost of potency at the MC5R. 

Compounds 57-59 contain cyclo-hexyl rings that were used to determine whether 

conformational constraints will have any effect at this position.  Compound 57 with a 

benzyl aromatic ring and a methyl group at the 3 position had no agonist activity. 

Interestingly, when the methyl group was placed at the 4 position of the benzyl ring it 

resulted in micromolar agonist activity (58) with 6-fold increased potency compared to 

53. Compound 59 with a piperidine ring replacing the benzyl ring, resulted in agonist 

activity equipotent to 58 (within experimental error). Compounds 60-63 had 

modifications made at the R3 (amine) group, while R1 and R2 were retained, as in 

compound 53 (Figure 5-3). When the benzyl group of 53 was changed to phenethyl, 60, a 

complete loss of activity at up to 100 µM concentrations was seen at the MC5R. When R3 

was 1,2,3,4-tetrahydroisoquinoline (compound 61), 6- fold increased potency resulted at 
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the MC4R compared to 53. Compound 62 with a benzyl group attached to a piperidine 

ring at the 1-position, resulted in slightly increased (4-fold) potency compared to 53. 

Compound 63 with the benzyl group attach to the piperidine ring at the 4-position, 

however, was 4-fold less potent than compound 62. Compounds 64-66 had modifications 

at the R2 (amino acid) group, while retaining the R1 and R3 groups of compound 53 

(Figure 5-3). None of the three compounds showed improved agonist activity compared 

to 53. Compound 64 containing the R group of L-homophenylalanine had no agonist 

activity at the MC5R.  

Discussion 

This study was undertaken to prepare small organic molecules that possessed 

agonist activity at the melanocortin receptors. The MC3 and MC4 receptors are expressed 

in the brain22,29 and are implicated in regulating weight and energy homeostasis.40,74,167 

Comparison of the R1 aliphatic diamines identified four methylene groups as the optimal 

spacing between the amine groups to possess MC4R agonist activity. Compounds 53-56 

shows that as the aliphatic chain length of the diamine (R1) were lengthened or shortened 

from four methylene groups, all agonist activities at the MC4 receptor was abolished and 

none of these analogues were MC3R agonist. However, the length of the aliphatic 

methylene chain had no effect on the MC1R because all the analogues (53-56) were 

equipotent at this receptor. When a ring system was used at the R1 position, MC4R 

agonist activity resulted when the aromatic ring had a modification at the 4-position 

(compounds 57, 58 and 59). However compound 59 with a piperidine ring replacing the 

benzyl group of compound 58 lost agonist activities at the MC4R but retained reduced 

agonist potency and selectivity at the MC1, MC3 and MC5 receptors. Based on the 

results the benzyl ring with the methyl group at the 4-position (58) was preferred at the 
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MC1, MC4 and MC5 receptors. The MC3R preferred the piperidine ring with the methyl 

at the 4-position (59) over analogue 58. 

Compounds 64 and 65 lost agonist activity at the MC3 and MC4 receptors when 

the R2 subunit was modified. Replacing Trp with homophe resulted in an analogue (64) 

that had to agonist activity at four receptor subtypes tested. The D-tryptophan R2 subunit, 

(compound 66) retained agonist activity at the MC1R, MC4R and MC5R but was 

equipotent (within experimental error of 53) at these receptor. Like the lead, 53, 

compound 66 had no activity at the MC3R. These data supported the hypothesis that an 

indole ring is important for maintaining agonist activity at the MC3R and MC4R in this 

small molecule template because replacing the indole ring of tryptophan resulted in 

complete lost of agonist activities at these two receptors.  

Changes made at the R3 (amine) subunit produced varied results. All four 

melanocortin receptors tested lost agonist activities when the methylene CH2 link was 

extended to two methylene groups, compound 60. Removal of the methylene group 

completely, also resulted in lost of agonist activities at either all four melanocortin 

receptors or two of the four tested (compounds 61-63). However, MC3R and MC4R 

agonist activities were dependent upon whether the benzyl ring was attached directly to 

the nitrogen (62) or at the 4-position of the piperidine ring (63). Attachment directly to 

the nitrogen in the piperidine ring (compound 62) produce high µM EC50 values at the 

MC3 and MC4 receptors but no activity was observed at these receptors when the benzyl 

group was attached at the 4-position (compound 63). Although 63 retained agonist 

activity at the MC1R and MC5R, 62 was 4-fold more potent at these receptors compared 

to 63, respectively. 
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Compound 58 (Figure 5-5) was the most potent analogue at the MC1, MC4 and 

MC5 receptors with 27- and 12-fold more selective for the MC4R and MC1R (EC50 = 

400 nM) versus MC3R, and MC5R, respectively. Unfortunately, this analogue was not 

selective for one receptor subtype but it is an excellent starting point for future studies.  
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Figure 5-5. Structure of equipotent potent analogue at the MC1 and MC4 receptors  

Summary 

A small focused library of urea peptidomimetics based on a tripeptide, displaying 

diversity at up to three positions resulted in compounds with micromolar to nanamolar 

agonist potencies at the mMC1R and mMC3-5R. A nanamolar potent MC4R agonist, 

compound 58, with improved potency over the lead tripeptide, 52 (Figure 5-6) was 

identified. However, this compound was not selective for the MC4R since it had the same 

potency (400 nM) at the MC1R. Compound 59 was identified as being slightly selective 

for the MC3R (4.4 µM) over the MC4R with this compound having no agonist activity 

up to 100 µM at the MC4R. These results may be useful in the further design of potent 

and selective non-peptide ligands for the melanocortin receptors. 
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Figure 5-6. Illustration of the tripeptide 52, Phe-Trp-Lys-NH2 possessing slight agonist 
activity and the nonpeptide, 58 possessing full nanamolar agonist activity at 
the mMC4R. The peptide NDP-MSH is included as a control to illustrate the 
maximal response observed for full agonist. 
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CHAPTER 6 
STRUCTURE-ACTIVITY RELATIONSHIPS OF THE MELANOCORTIN 

TETRAPEPTIDE Ac-HIS-DPHE-ARG-TRP-NH2 AT THE MOUSE 
MELANOCORTIN RECEPTORS: MODIFICATION OF THE ARG SIDE CHAIN 

All peptides were designed, synthesized, purified, and analytically characterized by 

Christine G. Joseph under the supervision of Dr. Carrie Haskell-Luevano. The 

pharmacology studies were carried out by Nick Sorensen and Michael Wood, both 

member’s of the Haskell-Luevano laboratory group. Data analysis was performed by Dr. 

Carrie Haskell-Luevano. NMR data was obtained by Christine Joseph at the Advanced 

Magnetic Resonance Imaging and Spectroscopy (AMRIS) facility in the McKnight Brain 

Institute of the University of Florida with guidance from Mr. Jim Rocca. 

Introduction 

Since the beginning of the 1990s after the cloning of the melanocortin receptors, 

they have become the center of a large amount of research by both academic and 

industrial laboratories. The melanocortin receptor family participate in a vast array of 

physiological functions, such as, skin pigmentation, steriodogenesis, weight, and energy 

homeostasis.167-170  The MC3R and MC4R involvement in weight and energy 

homeostasis and in particular the MC4R involvement in food intake are the main targets 

in research laboratories. Both endogenous and synthetic melanocortin ligands have been 

lead compounds in many structure-activity (SAR) studies to improve potency and 

selectivity. The studies discussed below exemplify the rational design processes of 

peptide research and reveal the insight these studies have provided to the melanocortin 

field. Amino acid numbering throughout this chapter refers to the corresponding position 
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of the amino acid residue in the sequence of α-MSH (Ac-Ser1-Tyr2-Ser3-Met4-Glu5-His6-

Phe7-Arg8-Trp9-Gly10-Lys11-Pro12-Val13-NH2). 

Truncation Studies 

Truncation is one of the first steps taken once a peptide lead has been established, 

because it aids in the identification of amino acid residues that contribute to molecular 

recognition and receptor stimulation. Structure-activity relationships for α–MSH and the 

highly-potent analogue NDP-MSH (Ac-Ser1-Tyr2-Ser3-Nle4-Glu5-His6-DPhe7-Arg8-Trp9-

Gly10-Lys11-Pro12-Val13-NH2) have been investigated using amphibian and reptilian skin 

bioassays and mammalian melanoma cell cultures to determine the minimal sequence 

required to illicit a pharmacological response.54-56,171-173  These studies involved the 

binding affinity and biological activity of the fragments with successive deletion of 

amino acids from each terminus (N- and C-terminal). Peptide fragments activity in the 

classical frog (Rana pipiens) and lizard (Anolis carolinensis) skin bioassays, was 

monitored by quantifying the response through the amount of skin darkening that occurs. 

The minimal sequence required for biological activity was determined to be Ac-His6-

Phe7-Arg8-Trp9-NH2 for α–MSH55,56,173 and Ac-DPhe7-Arg8-Trp9-NH2 for NDP-MSH 

using these bioassays.55,172 Using the cloned mouse and human melanocortin receptors 

(MC1R, MC3R-MC5R), truncation of NDP-MSH was performed to determine if results 

from the cloned receptors correlate with the previous results using the classical skin 

bioassays.54,174  Results at both the mouse and human receptors identify Ac-DPhe-Arg-

Trp-NH2 as the minimal NDP-MSH sequence required for activity with >100-fold 

reduced potency, but addition of histidine significantly increase potency at each of the 

four receptors.  In the frog skin bioassay, the truncated α–MSH fragments revealed that 
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residues 4,10, and 12 are required for potency and that residues 1-3, 5, 11, and 13 has 

very little to no effect on potency.173  These results were also supported in the lizard skin 

biossay.56 These studies identified residues 4-12 of α–MSH and residues 4-9 of NDP-MSH

as the minimal fragments required to retain potency equivalent to their respective lead 

peptides. Truncation of α–MSH and NDP-MSH resulted in the identification of a core

sequence (Ac-Phe-Arg-Trp-NH2 for α-MSH and Ac-DPhe-Arg-Trp-NH2 for NDP-MSH)

that is required to elicit measurable biological activity; they contain important 

amino acids that are required to retain equipotency to the parent peptide; and the peptides 

contain amino acids that contribute minimally to the potency of the ligands. 

Alanine Scans 

The next step is to identify amino acid side chains participating in ligand-receptor 

interaction while leaving the stereochemistry of the peptide backbone unchanged. The 

importance of each residue is determined by an L-alanine scan where individual amino 

acid in the lead peptide ligand is systematically replace with an alanine. Identification of 

important side chain residues would be useful when designing ligands with specific 

activity at a particular receptor system. The influence of single amino acid replacements 

by alanine on the binding affinity and biological activity of α-MSH utilizing B16 murine 

melanoma cells (putative MC1R),171 and more recently γ-MSH (Tyr1-Val2-Met3-Gly4-

His5-Phe6-Arg7-Trp8-Asp9-Arg10-Phe11-Gly12-OH) using the cloned human MC3R-MC5R131

has been studied systematically.  Alanine scan of α-MSH in the B16 mouse 

melanoma cells revealed that the three terminal amino acids at both the C- and 

N-terminal were not necessary for binding or activity.175
  The core sequence of residues

4 to 9 was required for receptor binding and triggering a biological response. Each residue 
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within the His-Phe-Arg-Trp core sequence was shown to be essential with Phe, Arg, and 

Trp having a large reduction in potency when replaced with alanine compared to the His 

residue. Similar results were obtained with γ-MSH at the human receptors (MC3-5R). 

The last four residues at the C-terminal were not important determinants of biological 

activity and selectivity.131  Both binding affinity and biological activity decreased 

significantly when His5, Phe6, Arg7, and Trp8 were replaced with alanine. The alanine 

scan of both α-MSH and γ-MSH highlights the importance of the His-Phe-Arg-Trp 

sequence in both endogenous melanocortin ligands in receptor binding and agonist 

activity.131,171 

Melanocortin His-DPhe-Arg-Trp Tetrapeptide Sequence 

The SAR studies just discussed support the hypothesis that the His-DPhe-Arg-Trp

sequence represents the key structural features required for functional activity at the

melanocortin receptors.54,174  In a recent study in our laboratory, substitution at the Arg 

position with neutral, basic or acidic amino acid side chains showed that removing the

arginine guanidinyl side chain resulted in decreased melanocortin receptor potency, and 

that the side chain was not necessary for melanocortin receptor agonist activity.176  It was

hypothesized that pharmacological characterization of a set of carefully designed

analogues based on this sequence could provide useful information for future development

of melanocortin ligands with improved properties.  The study presented next was 

undertaken to examine the role of various urea, thiourea, and carbamate functional

modification at the arginine position of the tetrapeptide Ac-His-DPhe-Arg-Trp-NH2 

for structure-activity-relationships and selectivity properties at the mouse

melanocortin receptors.  The aim of the study was to identify trends that result in an 
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increase or decrease in potency, receptor subtype selectivity, and novel pharmacology at 

the melanocortin receptors.   

Previous Modifications of the Arg8 Position in Melanocortin Receptor Ligands 

The Arg side chain contained within the conserved melanocortin agonist ligand 

“His-Phe-Arg-Trp” sequence has been previously thought to play an important role in 

melanocortin receptor stimulation. Replacement of Arg8 by Ala8 in the native α-MSH 

peptide agonist resulted in 2000-fold decreased binding affinity in mouse B16 melanoma 

cells (MC1R).171 In γ-MSH, replacement of Arg7 with Ala resulted in > 50-fold decrease 

agonist activity at the human MC3-5 receptors,131 while replacement with DArg resulted 

in 130-fold decreased agonist activity at the hMC3R and total lost of activity at the 

hMC4 and hMC5 receptors.132  Substitution of Arg8 by Pro8 in the MTII

(Ac-Nle4-c[Asp5-His6-DPhe7-Arg8-Trp9-Lys10]-NH2) peptide template (a cyclic analog

of α-MSH) resulted in only 2 to 7% cAMP stimulation up to 2 µM at the hMC3R and

hMC4R, respectively; and 330- to 10,000-fold reduced binding affinity at hMC3-5R.177

Substitution of the Arg8 by Ala in the MTII template resulted in 1620-fold hMC3R,

1370-fold hMC3R reduced binding affinity, and 138- and 262-fold decreased potency

at the human MC3 and MC4 receptors.178  Substitution of Glu8 for Arg8 in MTII resulted

in only 10- to 100-fold less potency than the parent compound in the cAMP accumulation

assays at hMC3-5R;179 whereas substituting Glu8 for Arg8 in the α-MSH peptide resulted 

in 4000- and 2500-fold decreased agonist potency at the hMC3R and hMC4R.179 Although

potency was reduced when Arg was replaced with Glu in MTII, the study unequivocally 

shows that the side chain of Arg8 was not essential for efficient interactions of MTII with the 

melanocortin receptors (particularly the MC4R).  On the other hand, Arg8 was essential for 
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α-MSH interaction with the melanocortin receptors. The idea that Arg8 was not essential 

for MTII interaction with the melanocortin receptors was supported further when it was 

replaced with Lys and there was only a 123- and 10-fold decreased potency at the hMC3 

and hMC4 receptors, respectively.179
  The above results indicated that Arginine appears to 

play a significantly smaller role in ligand-receptor interaction between MTII and 

melanocortin receptors but plays a much bigger role between α-MSH and melanocortin 

receptors. 

However, other studies of melanocortin ligand substitutions at the Arg position 

suggest that this side chain may not be as critical for melanocortin receptor activation as 

previously thought.179-181  For example, Glu8 substitution for Arg8 in the NDP-MSH 

peptide template only resulted in 90-fold decreased hMC3R and hMC4R potency, 

compared to NDP-MSH at these receptors.179  This suggests that, in combination with the 

DPhe7, the Arg8 side chain plays a less dramatic role for melanocortin receptor 

potency.179  Also the replacement of Arg8 with Lys8 in NDP-MSH resulted in 10- to 37-fold

decreased binding affinity at the hMC1R and hMC3-5R,181 further supporting that 

the Arg8 is less important for interaction with the melanocortin receptors.  A study carried 

out on a linear pentapeptide (Bu-His-DPhe-Arg8-Trp-Gly-NH2) in which Arg8 was 

replaced with arginine surrogates, cyanoguanidine, or acylguanidine, resulted in equipotent 

agonists at the hMC1R and hMC4R.180  The lack of a positive charge on these two 

analogues indicates that the positive charge of Arg8 is not essential for ligand-receptor 

interaction and could be replaced without loss of function at hMC1R and hMC4R. 

This study was undertaken to examine the effect that modifications at Arg8 of 

Ac-His-Phe-Arg-Trp-NH2 would have on mouse MC3-5 receptors using a novel template. 
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Results and Discussion 

Chemical Synthesis and Characterization 

The peptides reported herein were synthesized using standard 

fluorenylmethyloxycarbonyl (Fmoc)93,94 chemistry and a parallel synthesis strategy both 

manually and on a semiautomatic synthesizer (Advanced ChemTech Labtech, Louisville, 

KY).  The side chain amino group of the Lys or Orn residue was allowed to react with an 

aryl or alkyl isocyanate or isothiocyanate to produce the final urea or thiourea- containing 

tetrapeptide. The peptides were purified to homogeneity using semi-preparative reversed-

phase high pressure liquid chromatography (RP-HPLC). The purity of these peptides was 

assessed by mass spectrometry (Table 6-1), analytical RP-HPLC in two diverse solvent 

systems (Table 6-1), and one-dimensional 1H NMR (Appendix B). 

Biological Evaluation 

Table 6-2 summarizes the pharmacology at the mouse melanocortin receptors, 

mMC3R, mMC4R, and mMC5R of the tetrapeptides modified at the Arg position of the 

tetrapeptide template, Ac-His-DPhe-Arg8-Trp-NH2, prepared in this study.  

The Arg residue of Ac-His-DPhe-Arg-Trp-NH2 was substituted with Lys, Orn, 

homocit, Lys(Z) and Lys(Aloc). The Urea and thiourea analogues were synthesized after 

removal of aloc from Orn or Lys that were then reacted with isocyanates or 

isothiocyanates (Figure 6-1). 

The development of this novel series of  melanocortin agonists is based on the 

suggestion that the position charge or the basic gaunidinyl functionality is not necessary 

in nonpeptide ligands to be melanocortin agonists.152,154,156,158-160,163,182  Nonpeptide 

ligands lacking the arginine functionality has been reported as potent and selective for the 

MC1R162 and MC4R.156  In this chapter,we report the results of structure-activity 
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relationship of these melanocortin-based tetrapeptides bearing a urea, thiourea or 

carbamate in the critical side chain on the mMC3-5 receptors.  

Table 6-1. Analytical data for the Arg modified tetrapeptides 67-97  
Peptide Sequence HPLC k’ 

(system 1)
HPLC k’ 

(system 2)
%  

purity 
m/z 

(M, calcd) 
m/z 

(M + 1, 
expt) 

67 Ac-His-DPhe-Arg-Trp-NH2 3.9 6.5 >98 685.8 686.3 
68 Ac-His-DPhe-Lys-Trp-NH2 3.9 6.7 >99 657.8 658.6 
69 Ac-His-DPhe-Lys(Z)-Trp-NH2 7.0 11.1 >95 791.9 792.2 
70 Ac-His-DPhe-Lys(Aloc)-Trp-NH2 6.5 10.4 >99 741.8 742.4 
71 Ac-His-DPhe-homocit-Trp-NH2 4.1 7.3 >99 700.8 701.2 
72 Ac-His-DPhe-Orn-Trp-NH2 4.1 7.1 >99 643.7 644.6 
73 Ac-His-DPhe-Orn(benzyl urea)-Trp-NH2 6.5 10.8 >99 776.9 777.6 
74 Ac-His-DPhe-Lys(benzyl thiourea)-Trp-NH2 7.3 11.7 >97 807.0 807.2 
75 Ac-His-DPhe-Lys(benzyl urea)-Trp-NH2 6.7 11.2 >98 790.9 791.6 
76 Ac-His-DPhe-Lys(phenyl urea)-Trp-NH2 6.8 11.2 >98 776.9 777.7 
77 Ac-His-DPhe-Lys(phenyl thiourea)-Trp-NH2 7.0 11.0 >97 793.0 793.7 
78 Ac-His-DPhe-Lys(cyclohexyl urea)-Trp-NH2 6.8 11.7 >99 782.9 783.7 
79 Ac-His-DPhe-Lys(cyclohexyl thiourea)-Trp-NH2 7.6 12.1 >97 799.0 799.3 
80 Ac-His-DPhe-Lys(ethyl urea)-Trp-NH2 5.0 9.1 >99 728.8 729.6 
81 Ac-His-DPhe-Lys(ethyl thiourea)-Trp-NH2 5.7 9.7 >99 744.9 745.7 
82 Ac-His-DPhe-Lys(methyl thiourea)-Trp-NH2 5.3 8.9 >98 730.3 731.6 
83 Ac-His-DPhe-Lys(2-chlorophenyl urea)-Trp-NH2 7.4 12.6 >99 811.3 811.3 
84 Ac-His-DPhe-Lys(4-chlorophenyl urea)-Trp-NH2 7.7 12.9 >99 811.3 811.3 
85 Ac-His-DPhe-Lys(4-methylphenyl urea)-Trp-NH2 7.2 11.6 >98 790.9 791.6 
86 Ac-His-DPhe-Lys(4-methoxyphenyl urea)-Trp-NH2 6.6 10.7 >99 806.9 807.6 
87 Ac-His-DPhe-Lys(1-naphthyl urea)-Trp-NH2 7.5 12.0 >96 826.9 827.7 
88 Ac-His-DPhe-Lys(2-naphthyl urea)-Trp-NH2 7.9 13.3 >97 826.9 827.6 
89 Ac-His-DPhe-Lys(2-biphenyl urea)-Trp-NH2 8.2 12.9 >99 853.0 853.6 
90 Ac-His-DPhe-Lys(4-ethoxyphenyl urea)-Trp-NH2 7.0 11.9 >98 820.9 821.2 
91 Ac-His-DPhe-Lys(4-nitrophenyl urea)-Trp-NH2 7.5 11.9 >99 821.9 844.8 Na 

salt 
92 Ac-His-DPhe-Lys(4-isopropylphenyl urea)-Trp-NH2 7.7 12.1 >97 818.4 819.2 
93 Ac-His-DPhe-Lys(3-acetyl urea)-Trp-NH2 6.8 10.1 >99 818.9 818.3 
94 Ac-His-DPhe-Lys(2,4-dichlorophenyl urea)-Trp-NH2 8.4 12.6 >98 845.8 845.3 
95 Ac-His-DPhe-Lys(trans-2-phenylcyclopropyl urea)-

Trp-NH2 
7.0 11.7 >95 816.9 817.4 

96 Ac-His-DPhe-Lys(R-(+)-a-methylphenyl urea)-Trp-
NH2 

7.0 11.3 >97 804.9 805.4 

97 Ac-His-DPhe-Lys(S-(-)-a-methylphenyl urea)-Trp-
NH2 

7.0 11.4 >99 804.9 805.4 

HPLC k’ = [(peptide retention time – solvent retention time)/(solvent retention time)] in solvent 
system 1 (10% acetonitrile in 0.1% trifluoroacetic acid/water and a gradient to 90% 
acetonitrile over 35 min) or solvent system 2 (10% methanol in 0.1% trifluoroacetic 
Acid/water and a gradient to 9 % methanol over 35 min). An analytical Vydac C18 
column (Vydac 218TP104) was used with a flow rate of 1.5 mL/min. The peptide 
purity was determined by HPLC at a wavelength of 214 nm 
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Figure 6-1.  Structures of the amino acids used to replace Arg in the tetrapeptide template 
                    and monomers used for formation of urea or thiourea analogues 

The effect of receptor agonist activity as a function of the carbon chain length 

connecting the critical urea moiety to the peptide backbone was investigated by 

substituting Arginine in tetrapeptide 67 with lysine (Lys) and ornithine (Orn), which 

lengthened and maintained the side chain, respectively. Both replacement resulted in a 

decrease in activity as reported previously.176  However, the Orn replacement, tetrapeptide 

72 was less potent that the Lys, tetrapeptide 68 at the mMC3-5 receptors (Table 6-2). The 

pharmacological data indicated significant loss of agonist activity for both compounds 68 

and 72 (Table 6-2), with the ornithine derivative, 72 possessing weaker activity at the 
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Table 6-2. Functional activity of the Arg modified tetrapeptides 67-97 at the mouse melanocortin receptors  
  EC50 (nM) 
Peptide Sequence mMC1R Fold 

diff. 
mMC3R Fold 

diff. 
mMC4R Fold 

diff 
mMC5R Fold 

diff. 

α-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-
NH2 

0.7 ± 0.2  2.1 ± 0.5  2.6 ± 0.3  2.0 ± 0.2  

MT-II Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2 0.02 ± 0.002  0.1 ± 0.02  0.04 ± 0.007  0.3 ± 0.03  
67 Ac-His-DPhe-Arg-Trp-NH2  97 ± 90 1 376 ± 111 1 10 ± 3 1 5 ± 2 1 
68 Ac-His-DPhe-Lys-Trp-NH2  229 ± 70 2 12257 ± 2571 33 326 ± 23 33 380 ± 168 76 
69 Ac-His-DPhe-Lys(Z)-Trp-NH2  1042 ± 341 11 > 100000  5800 ± 1960 580 3743 ± 1472 749 
70 Ac-His-DPhe-Lys(Aloc)-Trp-NH2  656 ± 247 7 > 100000  8327 ± 2664 833 2886 ± 1166 577 
71 Ac-His-DPhe-homocit-Trp-NH2  902 ± 516 9 23000 ± 6800 61 4273 ± 873 427 2024 ± 694 405 
72 Ac-His-DPhe-Orn-Trp-NH2  1885 ± 245 19 43550± 18950 116 1856 ± 638 186 454 ± 57 91 
73 Ac-His-DPhe-Orn(benzyl urea)-Trp-NH2  8225 ± 6475 85 14500 ± 1600 39 1797 ± 702 180 406 ± 116 81 
74 Ac-His-DPhe-Lys(benzyl thiourea)-Trp-NH2  221 ± 120 2 28200 75 7587 ± 1655 759 3210 ± 970 642 
75 Ac-His-DPhe-Lys(benzyl urea)-Trp-NH2  NA  19000 51 6210 ± 1160 621 1710 ± 110 342 
76 Ac-His-DPhe-Lys(phenyl urea)-Trp-NH2  605 ± 446 6 11300 30 5747 ± 1076 575 2425 ± 195 485 
77 Ac-His-DPhe-Lys(phenyl thiourea)-Trp-NH2  36 ± 19 -3 25300 67 5767 ± 618 577 740 ± 139 148 
78 Ac-His-DPhe-Lys(cyclohexyl urea)-Trp-NH2  1217 ± 384 13 > 100000  6957 ± 1753 696 1800 360 
79 Ac-His-DPhe-Lys(cyclohexyl thiourea)-Trp-NH2  244 ± 46 3 37250 ± 4350 99 5183 ± 880 518 3150 ± 351 630 
80 Ac-His-DPhe-Lys(ethyl urea)-Trp-NH2  1770 ± 190 18 71400 190 6127 ± 1189 613 3097 ± 818 619 
81 Ac-His-DPhe-Lys(ethyl thiourea)-Trp-NH2  3125 ± 1115 32 24450 ± 5950 65 4233 ± 843 423 1604 ± 655 321 
82 Ac-His-DPhe-Lys(methyl thiourea)-Trp-NH2 875 ± 240 9 13810 ± 5381 37 3653 ± 700 365 413 ± 68 83 
83 Ac-His-DPhe-Lys(2-chlorophenyl urea)-Trp-NH2 872 ± 614 9 > 100000  7703 ± 797 770 4053± 1530 811 
84 Ac-His-DPhe-Lys(4-chlorophenyl urea)-Trp-NH2 524 ± 213 5 > 100000  4740 ± 1831 474 532 ± 81 106 
85 Ac-His-DPhe-Lys(4-methylphenyl urea)-Trp-NH2 258 ± 92 3 > 100000  3690 ± 558 369 517 ± 141 103 
86 Ac-His-DPhe-Lys(4-methoxyphenyl urea)-Trp-NH2 162 ± 15 2 45000 120 3287 ± 377 329 1250 ± 201 250 
87 Ac-His-DPhe-Lys(1-naphthyl urea)-Trp-NH2 682 ± 209 7 > 100000  10243 ± 874 1024 2045 ± 747 409 
88 Ac-His-DPhe-Lys(2-naphthyl urea)-Trp-NH2 242 ± 53 3 > 100000  2240 ± 880 224 3184 ± 1993 637 
89 Ac-His-DPhe-Lys(2-biphenyl urea)-Trp-NH2 376 ± 111 4 > 100000  4590 ± 815 459 1960 ± 403 392 
90 Ac-His-DPhe-Lys(4-ethoxyphenyl urea)-Trp-NH2 NA  41633 ± 20206 111 4958 ± 1734 496 3068 ± 1205 614 
91 Ac-His-DPhe-Lys(4-nitrophenyl urea)-Trp-NH2 NA  20358 ± 6482 54 4328 ± 1787 433 1056 ± 276 211 
92 Ac-His-DPhe-Lys(4-isopropylphenyl urea)-Trp-NH2 NA  32400 86 5465 ± 2160 547 3336 ± 1832 667 
93 Ac-His-DPhe-Lys(3-acetyl urea)-Trp-NH2 NA  41257 ± 26106 110 5851 ± 1869 585 1137 ± 289 227 
94 Ac-His-DPhe-Lys(2,4-dichlorophenyl urea)-Trp-NH2 NA  > 100000  5550 ± 1978 555 4346 ± 2310 869 
95 Ac-His-DPhe-Lys(trans-2-phenylcyclopropyl urea)-Trp-NH2 312 3 27870 ± 15769 74 9050 ± 3033 905 3328 ± 1186 666 
96 Ac-His-DPhe-Lys(R-(+)-α-methylphenyl urea)-Trp-NH2 768 8 42600 ± 8757 113 9793 ± 2780 979 5621 ± 2925 1124 
97 Ac-His-DPhe-Lys(S-(-)-α-methylphenyl urea)-Trp-NH2 309 3 38733 ± 16519 103 12278 ± 3739 1228 3314 ± 1304 663 
The indicated errors represent the standard error of the mean determined from at least three independent experiments. NA means that the analogues were not 
tested at that receptor. >100000 indicate that no agonist activity was observed at up to 100000 nM concentrations
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mMC3-5 receptors than the lysine compound, 68. Both compounds maintained roughly 

23- to 96-fold selectivity for the mMC4R and mMC5R over the mMC3 receptor 

compared to peptide 67. Despite their loss in melanocortin receptor potencies, both 

compounds maintained their ability to stimulate agonist activities (Table 6-2).  Two 

related tetrapeptide derivative 69 and 70, in which the Arginine was replaced with an Nε-

Z-lysine and Nε-aloc-lysine residue was synthesized and characterized. These derivatives 

possessed similar agonist activities for the mMC3-5 receptors but had decreased potency 

at the mMC4R and mMC5R (575- to 850-fold) and lost of activity at the mMC3R 

compared to the Lysine tetrapeptide 68. This striking contrast between the carbamate and 

tetrapeptide derivatives illustrates the importance of an appropriate pharmacophore 

extending from the side chain of the tetrapeptide for selectivity and efficacy at the 

melanocortin receptors.  

The ε-amino group of the lysine in tetrapeptide 68 was reacted with various 

isocyanates and isothiocyanates to explore which functional group (urea or thiourea) 

might suffice. Nine analogues, 74-82 (Table 6-2 and Figure 6-2) bearing either an alkyl 

or aryl urea or thiourea were synthesized and compared to determine which functionality 

would be better for further development. Conversion of urea to thiourea in this series 

showed no difference in potency at the mMC3-5 receptors. There was also no significant 

difference in the analogues with alkyl (modified peptide 74, 75, 80, 81, and 82), cyclo 

alkyl (modified peptide 78 and 79) or aryl (modified peptide 76 and 77) urea or thiourea 

agonist activity at the MC3-5R.  All nine Arg modified tetrapeptide (74-82) resulted in 

decrease potency compared to 67 in the range of 30- to 760-fold.  Due to the lack of 
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differences in potency among these analogues, tetrapeptide derivatives bearing 

substituted ureas in the side chain were further developed.  

The phenylurea, 76, with equipotent agonist activity at the mMC3R and 18-fold 

and 6-fold decreased activity at the mMC4R and mMC5R respectively, compared to 68 

was studied further (Table 6-2 and Figure 6-3). Systematic substitution about the phenyl 

ring with alkyl (85, 92), phenyl (89), chloro (83-84), ether (86, 90), nitro (91) and acetyl 

(93) demonstrated that the 4-substituted analogues were generally more potent at the 

mMC1R. 
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Figure 6-2. Comparison of agonist activity at the mouse melanocortin receptors for urea 
and thiourea analogues modified at the Lys side-chain of Ac-His-DPhe-Lys-
Trp-NH2 tetrapeptide  

The 4-methyl (85), and 4-chlorophenyl (84) derivatives improved mMC5 receptor 

agonist activity by roughly 5-fold over the unsubstituted compound 76. Slight 

improvement in potency with these two analogues was also seen at the mMC1R over the 
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unsubstituted 76.  Each of the phenyl-substituted analogues had weaker or complete lost 

of activity for the mMC3 receptor and equipotent activity at the mMC4 receptor when 

compared to the unsubstituted phenylurea 76.  In this series, mMC5R selectivity was 

achieved with 4-chlorophenyl urea, 84 (roughly 9-fold) and 4-methylphenyl urea, 85 

(roughly 7-fold) over the mMC4R and both had no agonist activity at the mMC3R. 

Compound 86 (EC50 = 162 nM) containing the methoxy group at position 4 was selective 

for the mMC1R over the mMC3R (278-fold), mMC4R (20-fold) and mMC5R (8-fold). 

Evaluation of the 2,4-dichlorophenyl (94) analogue resulted in an equipotent mMC5R 

agonist compared to analogue 83 and a 8-fold decrease potency compared to analogue 84, 

suggesting that in a given compound containing a chloro-substituted phenyl ring, the 

effects of 2-substitution appear to outweigh the contributions of substituents at the 

4-position for mMC5R agonist activity.  
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Figure 6-3. Comparison of agonist activity at the mouse melanocortin receptors for 

 phenyl-substituted urea modified at the Lys side-chain of Ac-His-DPhe-Lys-
 Trp-NH2 tetrapeptide 

Replacement of the phenyl group with 1- and 2-naphthylene produced ureas 87 and 

88, respectively (Table 6-2). The compounds were equipotent for the mMC5R, lost all 
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agonist activity at the mMC3R and the 2-naphthyl derivative 88 was approximately 

5-fold more selective for the mMC4R over the 1-naphthyl derivative 87. The presence 

of an aromatic urea is not mandatory for mMC4 and mMC5 receptors activity, since the 

cyclohexyl urea 78 was equipotent with its unsaturated counterpart 76.  The 

monosubstituted urea 71 exhibited low agonist activity for the mMC5 when compared to 

most of the disubstituted examples, indicating that the presence of an N,N’-disubstituted 

urea appears to be critical for improve potency at the mMC5R receptor.  

Comparison of benzylurea 75 to 96-97 with methyl substituted at the α position 

were prepared and tested for melanocortin receptor agonist activity and selectivity (Table 

6-2). The benzyl derivative 75 exhibited comparable properties to the R-α-methyl (96) 

and S-α-methyl (97) analogues at the mMC3R.  All three derivatives maintained agonist 

activities at the mMC3-5R but analogue 97 was selective for the mMC1R (EC50 = 309 nM)

with 40-fold selectivity over the mMC4R, 125-fold over the mMC3R and 11-fold 

over the mMC5R. Although the R-α-methyl derivative 97 (EC50 = 768 nM) was as 

equipotent (within experimental error) as the S-α-methyl derivative 96 at the mMC1R, it 

was only 13-fold selective over the mMC4R, 55-fold over the mMC3R and 7-fold over 

the mMC5R.  The results suggest that stereochemistry of the substituent at the α-methyl 

position plays an important role for mMC1R selectivity and potency in this series of urea 

analogues. 

Summary 

We have designed, synthesized and characterized a tetrapeptide library of 31

members, as discussed above. The peptides were each purified to homogeneity and 

verified for structural integrity by various analytical means. The peptides were analyzed 
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for agonist functional activity at the cloned mouse MC3-MC5 receptors to identify 

structure-activity relationship trends, receptor selectivity characteristics, and with the 

hope of identifying compounds that exhibited novel and useful pharmacology.  The 

information obtained is important in the development of lead compounds for utilization 

in the rational drug design process and also to provide insights into the types of 

interactions that are required for molecular recognition and stimulation of the 

melanocortin receptor isoforms. The data supported the hypothesis that the Arginine side 

chain in Ac-His-DPhe-Arg-Trp-NH2 tetrapeptide is important for ligand potency at the 

mouse MC3 and MC4 receptors. However, Arginine is not essential for melanocortin 

receptor agonist activity since most of the modified tetrapeptide with side chain urea or 

thiourea had agonist activity. We were able to identify a novel mMC1R selective agonist 

Ac-His-DPhe-Lys(phenyl thiourea)-Trp-NH2 (EC50 = 36 nM), compound 77 with 703-, 

160-, and 21-fold selectivity over the mMC3R, mMC4R and mMC5R respectively 

(Figure 6-4). As discussed in this chapter, we have identified several modifications that 

can be incorporated at the arginine position in the core His-Phe-Arg-Trp sequence to 

result in functional activity that is both novel and synthetically useful. 
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Figure 6-4. Illustration of Ac-His-DPhe-Lys(phenyl thiourea)-Trp-NH2 modified 
tetrapeptide a mMC1R selective agonist 
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CHAPTER 7 
EXPERIMENTAL 

Peptide Synthesis 

AGRP Elongation Peptides 

Peptide synthesis was performed using standard 9-fluorenylmethoxycarbonyl 

(Fmoc) methodology in a manual reaction vessel or by semi-automation on Advanced 

Chemtech labtech. The amino acids Fmoc-Leu, Fmoc-Lys(Boc), Fmoc-Arg(Pbf),

Fmoc-Ala, Fmoc-Tyr(tBu), Fmoc-Cys(Acm), Fmoc-Phe, Fmoc-Asn(Trt), Fmoc-Thr(tBu),

Fmoc-Pro, Fmoc-Asp(OtBu), Fmoc-Val, Fmoc-Gln(Trt), and Fmoc-Gly were purchased

from Peptides International (Louisville, KY, USA). The peptides were assembled on

9-fluorenylmethoxycarbonyl-L-leucine-p-alkoxybenzyl alcohol Fmoc-Leu Wang) resin

(0.73 meq/g substitution) or Rink-amide-p-methylbenzylhydrylamine (Rink-amide-MBHA)

 resin (0.40 meq/g substitution) purchased from Peptides International.  All reagents

were ACS grade or better. The Fmoc protecting groups were removed using 

20% piperidine (Sigma Aldrich) in N,N-dimethylformamide (DMF), amino acid coupling

(3-fold excess) was accomplished using 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU, 3-fold excess), 1-hydroxybenzotriazole

anhydrous (HOBt, 3-fold excess) and diisopropylethylamine (DIEA, 5.1-fold excess). 

Completion of amino acid coupling and Fmoc deprotection were monitored using the

ninhydrin test.103   Final peptide cleavage from the resin and amino acid side 

chain protecting group removal was performed using (82.5:5:5:5:2.5) 
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trifluoroacetic acid (TFA), phenol, water, thioanisole, and 1,2-ethanedithiol or (88:5:5:2) 

TFA, phenol, water and triethylsilane for 2-3 hours. Peptide cyclization was performed 

by either of two methods, A or B below. Reversed-phase high performance liquid 

chromatography (RP-HPLC) purification was performed using a Shimadzu 

chromatography system with a photodiode array detector. Final peptide purification was 

achieved using a semi-preparative RP-HPLC C18 bonded silica column (Vydac 

218TP1010, 1.0 x 25 cm). The purified peptides were >96% pure as determined by 

analytical RP-HPLC and had the correct molecular mass (University of Florida protein 

core facility). 

Method A: cyclization in solution183 

The linear peptides were cleaved from the resin using (82.5:5:5:5:2.5) TFA:phenol: 

water:thioanisole:1,2-ethanedithiol for 3 h at room temperature (RT).  The crude linear 

peptides, the bis(Acm) intermediates, were dissolved in glacial acetic acid – water 

(gHOAc-H2O; 4:1) and iodine (10 eq) dissolved in methanol was then added. Cyclization 

was monitored by RP-HPLC and mass spectroscopy. The reaction was stirred in the dark 

at RT for 90 min, quenched by diluting with H2O (twice the amount of the total volume 

used for cyclization) and extracted with carbon tetrachloride (CCl4; 4 x 15 mL) to remove 

excess iodine. The aqueous phase was then lyophilized to give the crude cyclic peptide. 

Method B: cyclization on resin183 

In a manual reaction vessel, the synthesized linear peptide attached to the resin was 

wash with DMF (4 x 10 mL). Iodine (15 eq) dissolved in DMF was added to the resin 

and mixed in the dark with nitrogen gas for 2 h at RT. The peptide resin was washed with 

DMF, dichloromethane (DCM) and 1,2-dichloroethane (10 x 2 min, 10 mL) followed by 
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DCM (5 x 2 min, 10 mL). Cleavage of the cyclic peptides from the resin was achieved 

with (88:5:5:2) TFA:phenol:water: triethylsilane for 2 h at RT. 

 

Figure 7-1. Picture of the Manual reaction vessel used in AGRP elongation, urea and 
modified tetrapeptide studies 

AGRP Stereochemistry Peptides 

Peptide synthesis was performed using standard 9-fluorenylmethoxycarbonyl 

(Fmoc) methodology93,94,184 by automation on an Advanced ChemTech 440MOS 

automated synthesizer (Louisville, KY, USA). The amino acids  Fmoc-Lys(Boc), Fmoc-

Arg(Pbf), Fmoc-DArg(Pbf),  Fmoc-Ala, Fmoc-Tyr(tBu), Fmoc-Cys(Acm), Fmoc-Phe, 

Fmoc-DPhe, Fmoc-Asn(Trt), Fmoc-Thr(tBu), Fmoc-Pro, Fmoc-Asp(OtBu), and Fmoc-

Val were purchased from Peptides International (Louisville, KY, USA). The peptides 

were assembled on 9-fluorenylmethoxycarbonyl-L-leucine-p-alkoxybenzyl alcohol 

(Fmoc-Leu Wang) resin (0.73 meq/g substitution), purchased from Peptides International 

(Louisville, KY, USA). All reagents were ACS grade or better and were used without 
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further purification. The Fmoc protecting groups were removed using 20% piperidine 

(Sigma Aldrich) in N,N-dimethylformamide (DMF), amino acid coupling (3-fold excess) 

was accomplished using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU, 3-fold excess), 1-hydroxybenzotriazole anhydrous (HOBt, 

3-fold excess) and diisopropylethylamine (DIEA, 5.1-fold excess) manually. On the 

automated synthesizer the synthesis was performed using a 16 well teflon reaction block 

with a course frit. Approximately 274 mg resin (0.2 mmole) was added to each reaction 

block well. The resin was allowed to swell for 2 h in methylene chloride (DCM) and 

deprotected using 25% piperidine in DMF twice for 5 min then 20 min at 450 rpm. A 

positive ninhydrin test103 result indicates free amine groups on the resin. The growing 

peptide chain was added to the Wang resin using the following general amino acid cycle: 

500 µL DMF is added to each reaction well to wet the frit, 3-fold excess amino acid 

starting from the C-terminus is added (900 µL of 0.5M amino acid solution containing 

0.5M HOBt in DMF) followed by the addition of 900 µL 0.5M diisopropylcarbodiimide 

(DIC) in DMF and the reaction well volume is brought up to 6 ml using DMF. The 

coupling reaction is mixed for 1 h at 450 rpm, followed by emptying of the reaction block 

by positive nitrogen gas pressure.  A second coupling reaction is performed by addition of 

500 µL of DMF to each reaction vessel, followed by addition of 900 µL of 0.5 M of the 

respective amino acid, 900 µL 0.5 M HBTU, 765 µL 1M DIEA, the reaction well volume 

is brought up to 6 mL with DMF and mixed at 450 rpm for 1 h.  After the second coupling 

cycle, the reaction block is emptied and the Fmoc protected resin is washed with DMF 

(6 mL 4 times). Fmoc deprotection is performed by addition of 6 mL 25% piperidine in DMF 

and for 5 min at 450 rpm followed by a 20 min deprotection at 450 rpm. The reaction 
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well is washed with 6 mL DMF 4 times and the next coupling cycle is performed as 

above.  Completion of amino acid coupling and Fmoc deprotection were monitored using 

the ninhydrin test.103 Final peptide cleavage from the resin and amino acid side chain 

protecting group removal was performed using 5 ml of (82.5:5:5:5:2.5) trifluoroacetic 

acid (TFA), phenol, water, thioanisole, and 1,2-ethanedithiol or (88:5:5:2) TFA, phenol, 

water and triethylsilane for 2-3 hours. Peptide disulfide cyclization was performed by 

either of two methods, A or B below. The cleavage product was emptied from the 

reaction block into a cleavage block containing 15 mL collection vials under nitrogen gas 

pressure. The resin was washed with 3 ml cleavage cocktail for 5 min at 450 rpm and 

emptied into the previous cleavage solution. The crude peptides was transferred to pre-

weighed 50 mL conical tubes and precipitated with cold (4°C) anhydrous ethyl ether (up 

to 50 mL). The crude peptides was centrifuged (Sorval Super T21 high speed centrifuge 

using the swing bucket rotor) at 4000 rpm for 5 min and 4°C.  The ether was decanted off 

and the peptide was washed one more time with cold anhydrous ethyl ether and pelleted 

as before. The crude peptides were dried in vacuo for 48 h. The crude peptide yields 

ranged from 75 to 95% of the theoretical yields based on resin loading. A 30 to 40 mg 

sample of crude peptide was purified by Reversed-Phase High Performance Liquid 

Chromatography (RP-HPLC) using a Shimadzu chromatography system with a 

photodiode array detector. Final peptide purification was achieved using a semi-

preparative RP-HPLC C18 bonded silica column (Vydac 218TP1010, 1.0 x 25 cm). The 

purified peptides were >96% pure as determined by analytical RP-HPLC in two diverse 

solvent systems and had the correct molecular mass (University of Florida protein core 

facility). 



117 

 

 

 

Figure 7-2. Picture of the Advanced Chemtech 440 MOS synthesizer used to prepare γ2-
MSH and AGRP stereochemical analogues 

Method A: disulfide bridge formation in solution183  

The linear peptides were cleaved from the resin using (82.5:5:5:5:2.5) TFA:phenol: 

water:thioanisole:1,2-ethanedithiol for 3 h at room temperature (RT). The crude linear 

peptides, the bis(Acm) intermediates, were dissolved in glacial acetic acid – water 

(HOAc-H2O; 4:1) and 10 eq iodine dissolved in methanol was  added. Cyclization was 

monitored by RP-HPLC and mass spectroscopy. The reaction was mixed in the dark at 

RT for 90 min, quenched by diluting with water (twice the amount of the total volume 

used for cyclization) and extracted with carbon tetrachloride (CCl4; 4 x 15 mL) to remove 

excess iodine. The aqueous phase was then lyophilized to give the crude cyclic peptide. 

 Method B: disulfide bridge formation on resin 183  

In a manual reaction vessel, the synthesized linear peptide attach to the resin was 

washed with DMF (4 x 10 mL). Iodine (15 eq) dissolved in DMF was added to the resin 

and mixed in the dark by bubbling with nitrogen gas for 2 h at RT. The peptide resin was 
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washed with DMF, dichloromethane (DCM) and 1,2-dichloroethane (10 x 2 min, 10 mL) 

followed by DCM (5 x 2 min, 10 mL). Cleavage of the cyclic peptides from the resin was 

achieved with (88:5:5:2) TFA:phenol:water: triethylsilane for 2 h at RT. 

γ2-MSH Peptides 

Peptide synthesis was performed using standard 9-fluorenylmethoxycarbonyl 

(Fmoc) methodology93,94,184 by automation on an Advanced ChemTech 440MOS

automated synthesizer (Louisville, KY, USA). The amino acids Fmoc-Tyr(tBu), 

Fmoc-Val, Fmoc-Met, Fmoc-Gly, Fmoc-His(Trt), Fmoc-Phe, Fmoc-Arg(Pbf), 

Fmoc-Trp(Boc), and Fmoc-Asp(OtBu) were purchased from Peptides International

(Louisville, KY).  The peptides were assembled on 9-fluorenylmethoxycarbonyl-

L-amino acid-p-alkoxybenzyl alcohol (Fmoc-amino acid Wang) resin (0.40 to 

0.62 meq/g substitution), purchased from Peptides International (Louisville, KY).

All reagents were ACS grade or better and were used without further purification. 

The Fmoc protecting groups were removed using 20% piperidine (Sigma Aldrich)

in N,N-dimethylformamide (DMF), amino acid coupling (3-fold excess) was 

accomplished using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU, 3-fold excess), 1-hydroxybenzotriazole anhydrous

(HOBt, 3-fold excess), and diisopropylethylamine (DIEA, 5.1-fold excess) manually. 

On the automated synthesizer, the synthesis was performed using a 16-well teflon 

reaction block with a coarse fit.  Approximately 250 mg resin (0.2 mmole) was added

to each reaction block well.  The resin was allowed to swell for 2 h in methylene

chloride (DCM) and was deprotected using 25% piperidine in DMF twice (for 5 min, 

then 20 min) at 450 rpm.  A positive ninhydrin test103 result indicates free amine groups

on the resin.  The growing peptide chain was added to the Wang resin using the 

following general amino acid cycle: 500 µL DMF is added to each reaction well to wet 
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the frit, 3-fold excess amino acid starting from the C-terminus is added (900 µl of 0.5M 

amino acid solution containing 0.5M HOBt in DMF) followed by the addition of 900 µl 

0.5M diisopropylcarbodiimide (DIC) in DMF and the reaction well volume is brought up 

to 6 ml using DMF. The coupling reaction is mixed for 1 h at 450 rpm, followed by 

emptying of the reaction block by positive nitrogen gas pressure. A second coupling 

reaction is performed by addition of 500 µl of DMF to each reaction vessel, followed by 

addition of 900 µl of 0.5 M of the respective amino acid, 900 µl 0.5 M HBTU, 765 µl 1M 

DIEA, the reaction well volume is brought up to 6 ml with DMF and mixed at 450 rpm 

for 1 h. After the second coupling cycle, the reaction block is emptied and the Fmoc 

protected resin is washed with DMF (6 ml 4 times). Fmoc deprotection is performed by 

addition of 6 ml 25% piperidine in DMF and for 5 min at 450 rpm followed by a 20 min 

deprotection at 450 rpm. The reaction well is washed with 6 ml DMF 4 times and the 

next coupling cycle is performed as above. Completion of amino acid coupling and Fmoc 

deprotection were monitored using the ninhydrin test.103 Final peptide cleavage from the 

resin and amino acid side chain protecting group removal was performed using 5 ml of 

(89.9:5:5:0.1) trifluoroacetic acid (TFA), triethylsilane, water,  and  p-thiocresol/p-cresol 

(1:1) for 2-3 h. The cleavage product was emptied from the reaction block into a cleavage 

block containing 15 ml collection vials under nitrogen gas pressure. The resin was 

washed with 3 ml cleavage cocktail for 5 min at 450 rpm and emptied into the previous 

cleavage solution. The crude peptides was transferred to pre-weighed 50 ml conical tubes 

and precipitated with cold (4°C) anhydrous ethyl ether (up to 50 ml). The crude peptides 

was centrifuged (Sorval Super T21 high speed centrifuge using the swing bucket rotor) at 

4000 rpm for 5 min and 4°C. The ether was decanted off and the peptide was washed one 
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more time with cold anhydrous ethyl ether and pelleted as before. The crude peptides 

were dried in vacuo for 48 h. The crude peptide yields ranged from 75% to 95% of the 

theoretical yields based on resin loading. A 30 to 40 mg sample of crude peptide was 

purified by Reversed-Phase High Performance Liquid Chromatography (RP-HPLC) 

using a Shimadzu chromatography system with a photodiode array detector. Final peptide 

purification was achieved using a semi-preparative RP-HPLC C18 bonded silica column 

(Vydac 218TP1010, 1.0 x 25 cm). The purified peptides were >96% pure as determined 

by analytical RP-HPLC in two diverse solvent systems and had the correct molecular 

mass (University of Florida protein core facility).  

Urea Analogues 

The solid-phase synthesis of the library compounds used in this study is illustrated 

in figure 7-3. The chemistry has been modified from previously published methods.165,166 

The diamine, R1 subunit was coupled to 4-[4-(hydroxymethyl)-3-

methoxyphenoxy]butanoyl-p-methylbenzhydrylamine (HMPB-MBHA) resin through a 

carbamate linkage after activation of the resin with p-nitrophenylchloroformate. The 

Fmoc-protected amino acid, R2 subunit was then added to the amine to form an amide 

bound with diisopropylcarbodiimide (DIC) and 3 % N,N-(dimethylamino)-pyridine 

(DMAP) in N,N-dimethylformamide (DMF) as the coupling reagents. This was followed 

by Fmoc deprotection with 20% piperidine. The R3, amine subunit was subsequently 

attached through a urea linkage after carbonylation of the free amine of the R2 subunit. 

The product was cleaved from the resin with glacial acetic acid at 45˚C on an Advanced 

Chemtech 440MOS automated synthesizer. Compound synthesis was performed using a 

manual reaction vessel or by semi-automation on an Advanced Chemtech LabTech. The 

assayed compounds were >96% pure as determined by analytical RP-HPLC in two 
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solvent systems, had the correct molecular mass as determined by mass spectrometry 

(University of Florida protein core facility). One dimensional 1H NMR (Brucker Advance 

500, d-MeOH, Appendix A) was used to verify that the correct chemical structures were 

obtained (University of Florida McKnight Brain Institute). 
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Figure 7-3. Schematic representation for urea synthesis using solid phase methodology 

Modified Tetrapeptide 

Peptide synthesis will be performed using standard 9-fluorenylmethoxycarbonyl 

(Fmoc) methodology in a manual reaction vessel or by automation on Advanced 

Chemtech 440MOS. The amino acids Fmoc-Lys(Z), Fmoc-Lys(Aloc), Fmoc-Arg(Pbf), 

Fmoc-DPhe, Fmoc-His(Trt), and Fmoc-Trp(Boc) will purchased from Peptides 

International (Louisville, KY, USA), Bachem or Advanced Chemtech. The peptides were 

assembled on Rink-amide-p-methylbenzylhydrylamine (Rink-amide-MBHA) resin (0.40 
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meq/g substitution), purchased from Peptides International. All reagents were ACS grade 

or better. The Fmoc protecting groups will be removed using 20% piperidine (Sigma 

Aldrich) in N,N-dimethylformamide (DMF), amino acid coupling (3-fold excess) was 

accomplished using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU, 3-fold excess), 1-hydroxybenzotriazole anhydrous (HOBt, 

3-fold excess) and diisopropylethylamine (DIEA, 5.1-fold excess). Completion of amino 

acid coupling and Fmoc deprotection will be monitored using the ninhydrin test. Final 

peptide cleavage from the resin and amino acid side chain protecting group removal was 

performed using (95:2.5:2.5) trifluoroacetic acid (TFA), water, and triisopropylsilane for 

2-3 hours. Reversed-phase high performance liquid chromatography (RP-HPLC) 

purification will be performed using a Shimadzu chromatography system with a 

photodiode array detector. Final peptide purification will be achieved using a semi-

preparative RP-HPLC C18 bonded silica column (Vydac 218TP1010, 1.0 x 25 cm).  

Removal of aloc protecting group 

The resin-bound linear tetrapeptide was dried completely in vacuo and then swollen 

with chloroform (CHCl3) under an atmosphere of Argon. To this was added one-half of a 

mixture of palladium tetrakis(triphenylphosphine) [Pd(PPh3)4] (3 eq based on resin 

loading), acetic acid (2.5%), and N-methylmorpholine (5%) in CHCl3. After stirring at 

room temperature (RT) for 4 h, the palladium (Pd) solution will be drained, and the resin 

will be treated with the second half of the Pd mixture and allowed to stir at RT for 12 h. 

(Figure 7-4) The side chain deprotected resin product was filtered and washed with 

dichloromethane (DCM). 
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Preparation of urea- or thiourea-substituted tetrapeptides 

A solution of the tetrapeptide, isocyanate or isothiocyanate (5.0 eq), and N-

methylmorpholine (7.0 eq) in DMF was stirred at room temperature for 18 h. (Figure 7-

4). The resin was filtered and washed with DMF followed by DCM. The resin was then 

cleaved provide the crude final product.  
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Figure 7-4. Schematic representation for side chain modification using solid phase 
methodology 

Cell Culture and Transfection 

Briefly, HEK-293 cells were maintained in Dulbecco's modified Eagle's medium 

(DMEM), 10% pen-strep, with 10% fetal calf serum (FCS) and seeded 1 day prior to 

transfection at 1¯2 x 106 cells/100-mm dish. Mouse melanocortin receptor cDNA (20 µg) 

in the pCDNA3 expression vector were transfected by using the calcium phosphate 
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method. Stable receptor populations were generated by using G418 sulfate selection (1 

mg/ml) for subsequent bioassay analysis.122 

 

 

Figure 7-5. Picture of the semi-automated Advanced ChemTech synthesizer used to 
prepare urea and modified tetrapeptide analogues 

β-Galactosidase Functional Bioassay 

HEK-293 cells stably expressing the melanocortin receptors were transfected with 

4 µg CRE/β-galactosidase reporter gene as previously described.185 Briefly, 5,000-15,000 

post-transfection cells were plated into 96-well Primera plates (Falcon) and incubated 

overnight. Forty-eight hours post-transfection, the cells were stimulated with peptide (10-

4 to 10-12 M or forskolin control (10-4 M) in assay medium (DMEM containing 0.1 

mg/ml BSA and 0.1 mM isobutylmethylxanthine, IBMX) for 6 h. The assay media was 

aspirated and 50 µl of lysis buffer (250 mM Tris·HCl, pH 8.0, and 0.1% Triton X-100) 

was added. The plates were stored at -80°C overnight. The plates containing the cells 

lysates were thawed the following day. Aliquots of 10 µl were taken from each well and 

transferred to another 96-well plate for relative protein determination. Phosphate-buffered 
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saline (PBS) with 0.5% BSA (40 µl) was added to each well of the cell lysate plates. 

Subsequently, 150 µl substrate buffer (60 mM sodium phosphate, 1 mM MgCl2, 10 mM 

KCl, 5 mM β-mercaptoethanol, 200 mg/ml ONPG) was added to each well, and the 

plates were incubated at 37°C. The sample absorbance, OD405, was measured using a 

96-well plate reader (Molecular Devices). The relative protein value was determined by 

adding 200 µl 1:5 dilution Bio-Rad G250 protein dye:water to the 10-µl cell lysate 

sample taken previously, and the OD595 was measured on a 96-well plate reader 

(Molecular Devices). Forskolin treatment (10-4 M) in six wells of each 96-well plate was 

used as controls for transfection efficiency of the CRE-β-gal reporter gene. Data points 

were normalized both to the relative protein content and nonreceptor-dependent forskolin 

stimulation. Data analysis and EC50 values were determined by using nonlinear regression 

analysis with the PRISM program (v3.0, Graph Pad Inc.). The antagonistic properties 

were determined by the ability of these ligands to competitively displace the agonist 

MTII in a dose-dependent manner. The pA2 values were generated using the Schild 

analysis method,186 as previously reported.187,188 The pA2 values were then used to 

calculate the corresponding Ki values (Ki = -log pA2). The EC50 and Ki values represent 

the mean of duplicate wells examined in at least three independent experiments, with the 

standard errors of the mean presented. 

NDP-MSH and AGRP(86-132) Iodination 

125I-NDP-MSH and 125I-AGRP(86-132) were prepared using a modified 

chloramines-T method as previously described by Yang, et.al.113 Using 50 mM sodium 

phosphate buffer, pH 7.4 as the reaction buffer, 125I-Na (0.5 mCi, Amersham Life 

Sciences, Inc., Arlington Heights, IL) was  added to 20 µg of NDP-MSH (Bachem, 
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Torrance, CA) or 20 µg of hAGRP(86-132) (Peptide International, Inc., Osaka Japan) in 

5 µl buffer. To initiate the reaction, 10 µl of a 2.4 mg/ml solution of chloramines-T 

(Sigma Chemical Co., St. Louis, MO) was added for 15 s with gentle agitation. This 

reaction was terminated by the addition of 50 µl of 4.8 mg/ml solution of sodium 

metabisulfate (Sigma Chemical Co.) for 20 s with gentle agitation. The reaction mixture 

was then diluted with 200 µl 10% bovine serum albumin and the resultant mixture 

layered on a Bio-Gel P6 (Bio-Rad Labs, Hercules, CA) column (1.0 x 30 cm 

Econocolumn, Bio-Rad Labs) with hAGRP and on a Bio-Gel P2 (Bio-Rad Labs, 

Hercules, CA) column (1.0 x 50 cm Econocolumn, Bio-Rad Labs) with NDP-MSH for 

separation by size exclusion chromatography using 50 mM sodium phosphate buffer, pH 

7.4 as column eluant. Fifteen drop fractions (approximately 500 µl) were collected into 

glass tubes containing 500 µl of 1 % BSA. Each fraction was then counted on the Apex 

Automatic Gamma Counter (ICN Micromedic Systems Model 28023, Huntsville, AL 

with RIA AID software, Robert Maciel Associates, Inc., Arlington. MA) to determined 

peak 125I incorporation fractions. 

Receptor Binding Studies of AGRP Elongation Analogues 

HEK-293 cells stably expressing the melanocortin receptors were maintained as 

described above. One day preceding the experiment, 0.3 × 106 cells/well was plated into 

Primera 24 well plates (Falcon). The peptides NDP-MSH, hAGRP(86-132) and peptides 

1-8 were used to competitively displace the I125-radiolabeled NDP-MSH or hAGRP(86-

132) (100,000 cpm/well) in a dose-response (10-5 to 10-12 M) manner. A 450 µl solution 

of the peptide concentration being tested was added to the well. Next, 50 µl solution of 

I125- NDP-MSH or I125- hAGRP(86-132) was added to each well, and the cells were 

incubated at 37°C for 1 h. The medium was subsequently removed, and each well was 
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washed with assay buffer (1 ml, DMEM, 0.1 mg/ml BSA). The cells were lysed by the 

addition of 0.5 ml 0.1 M NaOH and 0.5 ml 1%Triton X-100. The mixture was left to lyse 

the cells for 10 min, and the contents of each well transferred to labeled 16 × 150-mm 

glass tubes and quantified using a Titertek 10x600 γ-counter (ICN Micromedic Systems, 

Huntsville, AL with RIA AID software, Robert Maciel Associates, Inc., Arlington, MA). 

Dose-response curves and IC50 values were generated and analyzed by nonlinear least 

squares analysis189 and graphed using prism v3.0 (Graph pad). The IC50 values represent 

the mean of duplicate wells generated in at least two independent experiments, with the 

errors presented as standard deviation of the mean. 

Data Analysis 

EC50 and pA2 values represent the mean of duplicate experiments performed in 

quadruplet or more independent experiments. EC50 and pA2 estimates, and their 

associated standard errors, were determined by fitting the data to a nonlinear least-

squares analysis using the PRISM program (v3.0, GraphPad Inc.).  

Computational Methods for AGRP Monocyclic Modeling 

The homology model of the hAGRP(87-132)-Melanocortin-4 receptor complex (1) 

were imported into the Workspace interface of BioMedCAChe® 5.05 software package 

(CAChe Group, Fujitsu, Portland OR). The model of the 20-residue peptide 5 complexed 

with receptor was made directly from the hAGRP(87-132) complex model. Residues 87-

102 and 122-132 of hAGRP(87-132) were deleted and the terminals were capped with 

charged group. Cys105, Cys108 and Cys119 were replaced by Ala residues and the 

whole sequence was renumbered. Complex models of 9 and 11 were created by inverting 

Arg111 or Phe113 of 5 to D- configuration and the χ angles were adjusted to favorable 

orientations as well as to fit to the corresponding binding pockets. 
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Limited conformation search of bound bicyclic peptides were carried out within 

CONFLEX190 module to locate the global minimum. Complex structures of family 135 

and 32 were excluded from further analysis because of the steric conflicts found between 

bicyclic peptides and Melanocortin-4 receptor. CONFLEX generated a sequence of low-

energy conformers of any shape systematically and exhaustively, incorporating down-

stream, reservoir-filling, corner flap, edge flip, stepwise rotation, and pre-check. All 

conformations with Boltzmann populations larger than 1% were subjected to local 

perturbations and optimized by augmented MM3. All the final structures were analyzed 

by automatic labeling of hydrogen bonds and bumps in the 3D Structure Window. The 

calculations were performed on a Dell desktop PC with 1.70 GHz Pentium® 4 processor. 

One-Dimensional 1H Nuclear Magnetic Resonance Spectroscopy 

Urea Analogues 

The compounds were analyzed for purity and structural integrity by nuclear 

magnetic resonance (NMR). The compounds were dissolved in 600 µL deuterate 

methanol (CD3OD). 1H-NMR spectras were obtained at 27°C on a Bruker Avance 500 

and 600 MHz spectrometer in the Advanced Magnetic Resonance Imaging and 

Spectroscopy facility at the McKnight Brain Institute, University of Florida. 1H data were 

collected using the decoupler coil of a Bruker 5 mm TXI probe. The data were processed 

and analyzed using Bruker XWINNMR and XWINPLOT software.  

Arg Modified Ureas, Thioureas, and Carbamates 

The compounds were analyzed for purity and structural integrity by nuclear 

magnetic resonance (NMR). The compounds were dissolved in 600 µL deuterate dimethyl 

sulfoxide (DMSO-d6) containing 0.1% trimethylsilane (TMS). 1H NMR spectras were 

obtained at 27°C on a Bruker Avance 500 MHz spectrometer in the Advanced Magnetic 
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Resonance Imaging and Spectroscopy facility at the McKnight Brain Institute, University 

of Florida. 1H data was collected using the decoupler coil of a Bruker 5 mm BBO probe. 

The data were processed and analyzed using Bruker XWINNMR and XWINPLOT 

software.  
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CHAPTER 8 
CONCLUDING REMARKS 

Over the last decade genetic and pharmacological evidence has emerged that 

supports a role for the melanocortin receptor system in weight homeostasis. Current data 

suggest that the MC3 and MC4 receptors expressed predominantly in the central nervous 

system, along with their endogenous agonists and antagonist, are key components 

responsible for the regulation of body weight via the modulation of both food intake and 

energy expenditure.191 

The studies in this dissertation describe my effort and contribution in the design, 

synthesis and pharmacological characterization of agonist and antagonist for the 

melanocortin receptors. A number of other central regulators of food intake and body 

weight, such as Leptin, Grehlin, peptide YY (PYY) and neuropeptide Y (NPY) receptors 

have been identified making the search for obesity therapeutics more complicated.10,192-

196 The complex pathways involving these weight and energy homeostasis regulators 

along with the melanocortin receptor system must be understood to aid in the design of 

obesity therapeutics. Because body weight is regulated by the brain, centrally acting 

agents are necessary to combat obesity. The number of CNS targets for new anti-obesity 

drugs is ever increasing, thanks to the ongoing elucidation of molecules involved in the 

communication between peripheral adiposity signals and central effector pathways that 

govern energy homeostasis. Key peripheral signals, such as leptin, insulin, and ghrelin, 

have been linked to the hypothalamic neuropeptide systems, and the networks that 

integrate these systems have begun to be elucidated.10 The control of body weight is an 
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extremely complex process, and weight loss is difficult to achieve, thus, it is extremely 

unlikely that any one approach will prove to be a magic bullet for all obesity. 

Nevertheless, there is cause for considerable optimism that multiple classes of new anti-

obesity medications may soon be developed. It is possible that customized cocktails of 

these agents will enable obesity to be managed. 

Elongation of hAGRP(109-118) and Stereochemical Studies of hAGRP(103-122) 

Studies of AGRP has identifies the core decapeptide hAGRP(109-118) as the 

smallest fragment of AGRP needed for antagonist activity at the melanocortin-4 

receptor.68,88,125 The decapeptide had no antagonist or agonist activity at the MC3R even 

though it bind with an IC50 of 9-12 µM at the mouse receptor88,125 and 2 µM at the human 

receptor.68 The above information was used as a starting point in an elongation study to 

identify the amino acid residues required for MC3R antagonism. In the study elongation 

of the monocyclic decapeptide core hAGRP(109-118) with extension at the C-terminal, 

N-terminal or both at the same time was pharmacologically characterized at the mMC1, 

mMC3-5 receptors.197 

We have synthesized, purified to homogeneity, analytically and pharmacologically 

characterized over eight analogues to identify the amino acid residue(s) required for 

mMC3R antagonism as discussed in chapter 3.  We have identified that extension at the 

C-terminus was more important for regaining MC3R antagonism, especially the arginine 

at position 120 (AGRP numbering). We have also identified a novel mMC1R agonist 

template since all eight analogues were full agonist at this receptor. The most potent 

analogue at both the mMC3 & mMC4 receptors, hAGRP(103-122) was studied further 

aimed at improving potency and receptor selectivity. 



132 

 

Mutational analysis of hAGRP identified residues Arg-Phe-Phe (111-113) to be 

critical for binding to both the MC3R and MC4R.68 Single residue substitution of Arg-

Phe-Phe with alanine in full length hAGRP resulted in approximately 10- to 50-fold 

reduced binding affinity to hMC3R and hMC4R.68 The importance of the Arg-Phe-Phe 

triplet was also shown by a number of structure activity studies to be critical for AGRP 

interaction and recognition of the melanocortin receptors.109,120,122,126,198,199 

Human AGRP(103-122) was identified as having 158 nM and 32 nM antagonist 

activity at the mMC3R and mMC4R, respectively, 600 nM agonist at the mMC-1R and 

devoid of activity at the mMC5R,125 making it useful for further structure activity studies. 

The Arg-Phe-Phe residues were replace with their D-stereoisomers either individually, 

two at a time or all three at once. All of the Derivatives except the one containing 

DPhe112 lost antagonist activity at both the mMC3 and mMC4 receptors and all of them 

became full µM agonist at the mMC5R. Interestly, all of the ligands became full µM or 

partial agonist at both the mMC3 and mMC4 receptors.200 It can be deduced from the 

results obtained that both the naturally L-configuration of Arg111 and Phe113 are required 

to maintained mMC3R and mMC4R antagonism.  

To understand the conversion from antagonist to agonist the following three 

ligands, hAGRP(103-122), hAGRP(103-122, Arg111DArg), and hAGRP(103-122, 

Phe113DPhe), were docked into the mMC-4R. The modeling data showed the positively 

charged DArg111 interacting with Asn115 in TM3 of the mMC-4R which was not seen 

with Arg111,200 and this interaction may be the reason for the conversion. In the case of 

DPhe113 it was shown to be interacting in a hydrophobic binding pocket identified to be 

important for antagonism and molecular recognition.122 However, the only differences are 
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that DPhe113 has a much stronger interaction with Phe176 of mMC-4R compared to Phe 

at position 113,200 and may be a possible explanation as to why the DPhe113 analog 

became an mMC4R agonist. 

Truncation of γ2-MSH 

In our efforts to understand how the MC3R is involved in weight and energy 

homeostasis, truncation studies were carried out on γ2-MSH. It has been determined that 

γ2-MSH can be used to distinguish the MC3R from the other subtypes due to its moderate 

selectivity of 7 to 120-fold with an average EC50 of approximately 6 nM at the human 

melanocortin receptors.27,131,132,139,170,201 Our initial SAR study of γ2-MSH, involve 

peptide truncation to determine the minimum sequence necessary for bioactivity. In an 

extensive study presented in chapter four of this dissertation, truncation of γ2-MSH were 

performed with removal of one amino acid at a time from either the C- or N-terminal or 

both at the same time. The analogues were pharmacologically evaluated at the mouse 

MC1R, MC3R-MC5R. The study identified a ten amino acid fragment as the minimal 

sequence without lost of potency at the mouse melanocortin receptors. Our results 

identified γ2-MSH as being equipotent at the mMC3 and mMC5 receptors which is a 

contradiction to the reported data that γ2-MSH is slightly selective for the MC3R over the 

MC4R and MC5R.27,131,132 The difference may be due to difference in species used for 

pharmacological characterization and is therefore valuable information that needs to be 

considered when designing ligands. The two smallest fragments, each with six amino 

acids with melanocortin receptor agonist activity, both had Phe6, Arg7 and Trp8 (γ2-MSH 

numbering) which is common to all the endogenous melanocortin ligands. Hence, these 

residues are very important for agonist activity at the melanocortin receptors. 
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Urea Nonpeptide Analogues 

In our efforts to develop potent and selective nonpeptides for the melanocortin, we 

identified a linear urea analogue with 400 nM agonist potency at the mMC4R but it was 

not selective because it was just as potent at the mMC1R.164 However, since the mMC1R 

is located in the skin and the MC4R is in the brain, it is possible to use this analogue as a 

lead in the development of selective MC4R agonist for the treatment of obesity. The aid 

in the understanding of how the MC3R is involve in energy homeostasis, compound 59, 

discussed in chapter five can be used as a starting point in the preparation of selective 

MC3R ligands since this compound had no activity at the mMC4R. We were able 

successfully design nonpeptides with improved activity over the starting peptides which 

is the ultimate goal of research. 

Structure-Activity Relationships of Melanocortin Tetrapeptides 

In our efforts to characterize the melanocortin system, we recently have carried out 

truncation studies of NDP-MSH at the cloned central and peripheral mouse melanocortin 

receptors.122 The Ac-His-DPhe-Arg-Trp-NH2 tetrapeptide was identified as possessing an 

EC50 value of 10 nM at the murine MC4 receptor, which is similar to the 8 nM results 

published by Yang et al. for the tetrapeptide at the human MC4 receptor.202 This 

tetrapeptide exhibits full agonist efficacy at all the mouse MC receptors and is equipotent 

to the endogenous hormone α-MSH (within experimental error), and only 30-fold less 

potent than NDP-MSH at the mouse MC4R. Due to the small size and potency of this 

peptide, relative to the tridecapeptide α-MSH, it was used as a starting point in a study 

aimed at improving the potency and receptor selectivity of the ligand at the melanocortin 

receptors. The Arg position in this tetrapeptide as been shown to not be required for 
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agonist activity at the melanocortin receptors but rather for potency.176 In a series of 

extensive structure-activity relationship (SAR) studies presented in chapter six of this 

dissertation, modifications were at the Arg position with the addition of either a 

carbamate, a urea or a thiourea at the side chain to replace the guanidine moiety, with 

subsequent pharmacological evaluation at the mouse MC1R, MC3R-MC5R. 

All of the modifications decreased potency at the melanocortin receptors but a 

number of them maintained agonist activity. The study identified peptide 30 as a very 

selective mMC5R agonist with the methyl group at the α-position oriented with an R 

stereochemistry. This orientation was required since the reverse orientation cause a 

reduction in the selectivity ratio over the other receptors even though it was just as potent 

as peptide 30 at the mMC5R. Although potency was reduced with all the analogues, we 

were able to design a novel agonist template for the melanocortin receptors that supports 

the hypothesis that the guanidine moiety is not required for agonist activity. It would be 

interested to see whether these analogues bind to the melanocortin receptors to support or 

disagree with the modeling results that the positive charge on the Arg is needed for 

interaction with a hydrophilic pocket in the receptor.153 

In conclusion, I think that this dissertation has illustrated the success of designing 

potent and selective ligands for the melanocortin receptors as therapeutic agents for the 

treatment of obesity. Successful in the sense that we were able to develop novel ligand 

templates as shown when an antagonist became a melanocortin agonist and these were 

used to identify residues at the MC4R involved in agonist and antagonist interactions. 

The results obtained in these studies should aid in the design of melanocortin receptor 

ligands. 
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APPENDIX A 
1H-NMR FOR NONPEPTIDE UREA ANALOGUES DISCUSSED IN CHAPTER 5  
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Figure A-1. 1H-NMR of compound 53 discussed in Chapter 5 
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Figure A-2. 1H-NMR of Compound 54 discussed in Chapter 5 
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Figure A-3. 1H-NMR of compound 55 discussed in Chapter 5 
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Figure A-4. 1H-NMR of compound 56 discussed in Chapter 5 
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Figure A-5. 1H-NMR of compound 57 discussed in Chapter 5 
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Figure A-6. 1H-NMR of compound 58 discussed in Chapter 5 
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Figure A-7. 1H-NMR of compound 59 discussed in Chapter 5 

 



143 

 

NH

O HN

HN

O

HNH2N
E

E

A = 10 aromatic H, 7.00 - 7.61
B = 2 H, 2.65 - 2.75
C = 6 H, 3.05 - 3.45
D = 1 H, 4.35 - 4.45
E =  4 H, 1.35 - 1.55
F =  2 H, 2.65 - 2.75

D

C

B

C
A

A

A

A
A

C

F

A A

A

AA

 

 

Figure A-8. 1H-NMR of compound 60 discussed in Chapter 5 
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Figure A-9. 1H-NMR of compound 61 discussed in Chapter 5  
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Figure A-10. 1H-NMR of compound 62 discussed in Chapter 5 
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Figure A-11. 1H-NMR of compound 63 discussed in Chapter 5 
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Figure A-12. 1H-NMR of compound 64 discussed in Chapter 5 
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Figure A-13. 1H-NMR of compound 65 discussed in Chapter 5 
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Figure A-14. 1H-NMR of compound 66 discussed in Chapter 5 
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APPENDIX B 
1H-NMR OF ARGININE-MODIFIED TETRAPEPTIDES DISCUSSED IN CHAPTER 

6  

 

Figure B-1. 1H-NMR of peptide 67 discussed in Chapter 6 
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Figure B-2. 1H-NMR of peptide 68 discussed in Chapter 6 
 

 
Figure B-3. 1H-NMR of peptide 69 discussed in Chapter 6 
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Figure B-4. 1H-NMR of peptide 70 discussed in Chapter 6 
 

 
Figure B-5. 1H-NMR of peptide 71 discussed in Chapter 6 
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Figure B-6. 1H-NMR of peptide 72 discussed in Chapter 6 
 

 
Figure B-7. 1H-NMR of peptide 73 discussed in Chapter 6 
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Figure B-8. 1H-NMR of peptide 74 discussed in Chapter 6 
 

Figure B-9. 1H-NMR of peptide 75 discussed in Chapter 6  
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Figure B-10. 1H-NMR of peptide 76 discussed in Chapter 6 

Figure B-11. 1H-NMR of peptide 77 discussed in Chapter 6 
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Figure B-12. 1H-NMR of peptide 78 discussed in Chapter 6 
 

Figure B-13. 1H-NMR of peptide 79 discussed in Chapter 6 
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Figure B-14. 1H-NMR of peptide 80 discussed in Chapter 6 
 

 
Figure B-15. 1H-NMR of peptide 81 discussed in Chapter 6 
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Figure B-16. 1H-NMR of peptide 82 discussed in Chapter 6 
 

Figure B-17. 1H-NMR of peptide 83 discussed in Chapter 6 
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Figure B-18. 1H-NMR of peptide 84 discussed in Chapter 6 

 
Figure B-19. 1H-NMR of peptide 85 discussed in Chapter 6 
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Figure B-20. 1H-NMR of peptide 86 discussed in Chapter 6 
 

 
Figure B-21. 1H-NMR of peptide 87 discussed in Chapter 6 
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Figure B-22. 1H-NMR of peptide 88 discussed in Chapter 6 
 

 
Figure B-23. 1H-NMR of peptide 89 discussed in Chapter 6 
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Figure B-24. 1H-NMR of peptide 90 discussed in Chapter 6  
 

 
Figure B-25. 1H-NMR of peptide 91 discussed in Chapter 6 



163 

 

Figure B-26. 1H-NMR of peptide 92 discussed in Chapter 6 
 

 
Figure B-27. 1H-NMR of peptide 93 discussed in Chapter 6 
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Figure B-28. 1H-NMR of peptide 94 discussed in Chapter 6 
 

Figure B-29. 1H-NMR of peptide 95 discussed in Chapter 6 
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Figure B-30. 1H-NMR of peptide 96 discussed in Chapter 6 
 
  

Figure B-31. 1H-NMR of peptide 97 discussed in Chapter 6  
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