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ABSTRACT 
 

 The human melanocortin receptors (hMCRs) play a fundamental role in human 

behavior such as satiety, feeding, sexual and more.  These  receptors are targets for 

treating diseases such as anorexia, diabetes, skin cancer, and sexual dysfunction disorder.  

The goal is to discover and synthesize peptides that are potent and selective 

agonists/antagonists for the hMCRs. This project analyzed a set of SHU9119 peptide 

derivatives for their structure-activity relationships.  These peptides were constructed by 

a sequential α-N-methylation amino acid scan. 

 The second series of peptides studied for their structure-activity relationship were 

peptide analogues designed for TNF-α inhibition, via the melanocortin receptors.  These 

peptides were shown to bind to all of the hMCR receptors, and only exhibit cAMP 

stimulation at the hMC1R and the hMC5R. 

 The data from both of the sets of compounds illustrate that small changes in the 

stereochemistry of the SH9119 and TNF-α derivatives cause drastic changes in the 

binding and the agonistic/antagonist properties of the compounds.  The ability to create 

selective and potent ligands is of high pharmaceutical value for treating a variety of 

diseases and conditions.  

 The final portion of this thesis was to determine the effect that hMC1R mutations 

have on the binding and cAMP response of well characterized ligands.  This study ruled 

out 9 different residues for being the required part of the cAMP response of the hMC1R. 
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CHAPTER 1 

INTRODUCTION - BACKGROUND 

1.1 Overview of the Melanocortin System 

The melanocortin receptors are members of the G-protein-coupled receptor family 

and are activated by the melanotropic peptides, such as melanocyte-stimulating hormones 

(MSHs) and corticotrophin (ACTH)1.  These peptides were first discovered in 1916 as 

regulators of skin color in frogs2.  As of today there are 5 known receptors, known as the 

melanocortin-1 through melanocortin-5 receptors.  Each of these receptors has an 

important and specific biological role.  The human melanocortin-1 receptor (hMC1R) is 

found in skin cells and participates in skin pigmentation.  The human melanocortin-2 

receptor (hMC1R) primary ligand is the ACTH hormone. The human melanocortin-3 

(hMC3R) receptor is present in the brain and is responsible for obesity regulation by the 

way of energy homeostasis and feeding behavior.  The human melanocortin-4 (hMC4R) 

receptor is also located in the brain and is related to hMC3R in function, but is also linked 

to sexual dysfunction.  Finally, the human melanocortin-5 (hMC5R) receptor affects 

thermoregulation and is linked to regulation of endocrine function.3,4,5,6,7,8  These wide 

ranging biological functions of the hMCRs provide a huge pharmaceutical market for 

treating a multitude of human diseases. 

 The endogenous melanocortin agonists consist of four peptides that are derived 

from a single protein, the proopiomelanocortin (POMC) gene product.9,10   The POMC 

protein is processed and cleaved into seven peptide hormones by members of the PC 

(prohormone convertase) family.10  The processing consists of N-terminal acetylation, C-

terminal amidation, glycosylation and is done by prohormone convertase, as well as 
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several others11.  The endogenous agonists are called α-melanotropin (α-MSH), β-

melanotropin (β-MSH), γ-melanotropin (γ-MSH) and ACTH, all of which contain His-

Phe-Arg-Tr.p3, 1  

The POMC protein products react towards the melanocortin receptors with 

various levels of binding affinity and intracellular response.13  The melanocortin 

receptors also respond to their endogenous antagonists which are agouti signaling protein 

(ASP) and agouti-related protein (AgRP).  The melanocortin receptors are activated they 

primarily stimulate the cyclic adenosine monophosphate (cAMP) pathway via the G 

protein Gs.   While this is their primary signaling route, recent research as shown that 

other signaling pathways can be activated, such as the PKC pathway14, MAP kinase15, 

inositol trisphosphate16 and others.  After the melanocortin receptors have been 

stimulated, they are recruited by β-Arrestin mediated internalization via clathrin coated 

pits. 

In order to determine the selectivity and potency of the peptides, and peptide 

mimetics, multiple bioassays are used.  The whole binding assay is used to determine the 

binding character of the peptide analogue.  This assay uses competitive binding between 

the ligand of interest and a 125I-tagged α-MSH analogue on a specific cell line.  After 

determining if the analogue binds, a measurement of the amount of cAMP expressed in 

the cells is used to determine the potency of the ligand.  The adenylate cyclase assay 

allows endogenous cAMP to compete with 3H-cAMP for PKA, and  radioactive counts 

are measured.  A standard curve is then used to determine the amount of cAMP 

produced. 
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1.2 Experimental Goals 

 Experimental Goal 1:  Determine the hMCR subtype binding selectivity of the 

α-N-methylated SHU9119 derivatives.  SHU9119 is a cyclic peptide that displays 

agonistic activities at the hMC1R and hMC5R and antagonist activity at the hMC3R and 

hMC4R.  The methylation of the α-nitrogen on the SHU9119 peptide backbone was used 

to discover peptides that are selective for a single melanocortin receptor.  This study has 

found 5 hMC1R selective agonists, 2 hMC3R selective agonists, and 1 hMC5R selective 

agonist. 

 Experimental Goal 2:  Determine the hMCR subtype binding selectivity of the 

hMC4R/TNF-α antagonist derivatives. It has been recently shown that the inhibition of 

TNF- α can be mediated by melanocortin-homologous peptides.  This study determined 

the hMCR selectivity for peptides designed to have hMC4R/TNF-α antagonistic abilities.  

All of peptides were able to bind to each of the hMCR tested, while only showing 

antagonistic abilities at hMC3R and hMC4R. 

 Experimental Goal 3:  Determine the effect that specific point hMC1R 

mutations have on the binding and cAMP stimulatory abilities of well characterized 

melanocortin ligands.  Specific mutations in the hMC1R have been linked to fair skin/ 

Red hair pigmentation.  This experiment attempted to determine the key cytosolic amino 

acids needed for G-protein signal transduction, specifically, those amino acids needed to 

induce the cAMP response.  All of the hMC1R mutants were able to bind and stimulate 

cAMP for each of the peptides tested, suggesting that there are other residues responsible 

for mitigating the cAMP response. 



 
1.3  The Melanocortin Family 

 The human melanocortin 

receptors of the GPCR super family

viewed in TABLE 1 below. 

Table 1:  Sequence Alignment for the 

the five known hMCRs using 

 
Agouti signaling protein (ASP) is the human equivalent of the murine agouti.

The melanocortin receptors have four 

abilities, and are shown in FIGURE 

MSH, and are all cleaved from the POMC gene.  In addition to the endogenous agonistic 

ligands, there are also several endogenous anta

 

elanocortin system consists of five different yet fairly homologous 

super family.  The sequence alignment and homology can been 

Sequence Alignment for the hMCR Subtypes.  Homology between 

using the ClustalW tool on the UniProt website.17

Agouti signaling protein (ASP) is the human equivalent of the murine agouti.

cortin receptors have four endogenous peptide hormones with agonistic 

FIGURE 1.  These peptides are α-MSH, ACTH, β-MSH, 

MSH, and are all cleaved from the POMC gene.  In addition to the endogenous agonistic 

ligands, there are also several endogenous antagonist ligands.  These peptide hormones 
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of five different yet fairly homologous 

.  The sequence alignment and homology can been 

 

.  Homology between 
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Agouti signaling protein (ASP) is the human equivalent of the murine agouti.18 

endogenous peptide hormones with agonistic 

MSH, γ-

MSH, and are all cleaved from the POMC gene.  In addition to the endogenous agonistic 

gonist ligands.  These peptide hormones 



 
are agouti-related protein (AGRP)

report, it is unknown at the exact function of AGRP and ASP.

Although many of these Melanocortin

similar, they have a wide range of binding affinities 

binding affinities can be seen in TABLE

not bind to the hMC2R.  As a result, the majority of peptides designe

this thesis are tested on the remaining four receptors. 

Figure 1: Cleavage Products of Pro

The endogenous agonist ligands of the hMCRs, 

all cleaved from the prohormone

Table 2:  Relative Potency

Ligands for the Various 

each hMCR subtype except hMC2R

 

MC1R  α-MSH = ACTH > β-MSH > 
MC2R ACTH
MC3R  α-MSH = β -MSH = γ-MSH = ACTH

MC4R  α-MSH = ACTH > β-MSH >> 

MC5R  α-MSH > ACTH = β-MSH >> 

MC1R, melanocortin receptor-1; MSH, melanocyte-stimulating hormone; ACTH, 
adrenocorticotropic hormone; AGRP, agouti-related protein. 

Potency of Ligands

AGRP) and agouti signaling protein  (ASP). At the time of this 

report, it is unknown at the exact function of AGRP and ASP.19   

Melanocortin targeting peptide hormones are structurally 

similar, they have a wide range of binding affinities for the various hMCRs.  These 

TABLE 2.  Notice that α-MSH, β-MSH, and γ-MSH do 

MC2R.  As a result, the majority of peptides designed and evaluated in 

this thesis are tested on the remaining four receptors.  

 

Cleavage Products of Pro-opiomelanocortin Prohormone (POMC)

The endogenous agonist ligands of the hMCRs, α-, β-, and γ-MSH and ACTH are

prohormone POMC.20 

 
Potency and Affinity of the Endogenous Melanocortin

arious Melanocortin Receptors. α-, β-, and γ-MSH stimulate

each hMCR subtype except hMC2R.19 

Antagonists

-MSH > γ-MSH

-MSH = ACTH

-MSH >> γ-MSH

-MSH >> γ-MSH

     Agouti, AGRP

     Agouti, AGRP

            AGRP

MC1R, melanocortin receptor-1; MSH, melanocyte-stimulating hormone; ACTH, 
adrenocorticotropic hormone; AGRP, agouti-related protein. 

           Agouti
           Agouti
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At the time of this 

es are structurally 

These 

MSH do 

d and evaluated in 

(POMC). 

ACTH are 

Melanocortin 

MSH stimulate 



 
 While the MCRs share many homologous structural features, 

and all stimulate cAMP signal transduction, they are very different.  The MCRs have a 

wide range of functions, distribution, and modes of signal regulation

TABLE 3.  The physiological functions of each of the MCRs are furthe

subsequent sections. 

 

Table 3:  Melanocortin Receptor Tissue Distribution, Function, and Mode of

Signal Regulation.  The Melanocortin receptors are expressed in a variety of

tissues with a multitude of different functions. All hMCR are

cAMP.21 

 
 1.3.1 Melanocortin Receptor 1: 

The hMC1R is expressed in many skin cell types, including fibroblasts, 

keratinocytes, endothelial cells, cutaneous melanocytes, and antigen

When hMC1Rs in cutaneous melanocytes is stimulated by 

the levels of eumelanin, causing a darker skin pigment and an increase

UV radiation. 23,24  In response to UV radiation, the keratinocytes in the human 

up regulated and increase production of ACTH and 

While the MCRs share many homologous structural features, endogenous ligands 

and all stimulate cAMP signal transduction, they are very different.  The MCRs have a 

, distribution, and modes of signal regulation, as shown in

The physiological functions of each of the MCRs are further clarified in the 

 
Melanocortin Receptor Tissue Distribution, Function, and Mode of

The Melanocortin receptors are expressed in a variety of

tissues with a multitude of different functions. All hMCR are known to stimulate

1.3.1 Melanocortin Receptor 1: Role in Pigmentation 
The hMC1R is expressed in many skin cell types, including fibroblasts, 

keratinocytes, endothelial cells, cutaneous melanocytes, and antigen-presenting cells.

When hMC1Rs in cutaneous melanocytes is stimulated by α-MSH, there is an increase in 

the levels of eumelanin, causing a darker skin pigment and an increased protection from 

In response to UV radiation, the keratinocytes in the human skin are 

regulated and increase production of ACTH and α-MSH.  These hormones respond 
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endogenous ligands 

and all stimulate cAMP signal transduction, they are very different.  The MCRs have a 

, as shown in 

r clarified in the 

Melanocortin Receptor Tissue Distribution, Function, and Mode of 

The Melanocortin receptors are expressed in a variety of 

known to stimulate 

presenting cells.22  

MSH, there is an increase in 

d protection from 

skin are 

MSH.  These hormones respond in 



18 
 
a paracrine manner to hMC1R stimulation by producing increased levels of the 

cytoprotective eumelanin and darkening the skin pigment. 

 Mutations that cause a loss of function in the POMC gene cause phenotypes 

commonly displaying obesity, red hair, fair skin, and hyperphagia due to the loss of α-

MSH.22   While there is no single mutation in the hMC1R that is responsible for the red 

hair phenotype, it has been shown that the odds of having the red hair phenotype 

increases with more alleles containing the hMC1R mutations 80.  Furthermore, research 

has indicated that melanocytes expressing several of the hMC1R variants can have 

different photoprotective responses to UV radiation, impaired gene repair mechanisms, 

and increased risk for melanoma.25,26,27,28,29 

 
1.3.2 Melanocortin Receptor 1: Inflammatory Response 

The Melanocortin receptors are of great pharmaceutical and research interest 

because their receptors and ligands have been shown to have considerable anti-

inflammatory properties.  When given a dosage of α-MSH or the carboxyl terminal 

tripeptide of α-MSH (Lys-Pro-Val), there is a large inhibition of the production of pro-

inflammatory factors, such as TNF-α, and the up regulation of immunosuppressive IL-

10.30,31  Research has shown that while the anti-inflammatory effects of α-MSH are 

mediated through the hMC1R, the Lys-Pro-Val pharmacophore causes anti-inflammatory 

effects even when the hMC1R is blocked.  This suggests the Lys-Pro-Val pharmacophore 

could be stimulating a separate and still unknown receptor.  The hMC1R has been found 

to be expressed in a variety of anti-inflammatory cells and tissues, including neutrophils, 

monocytes, mast cells, macrophages, astrocytes and microglia32,33 It has been suggested 
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the hMC1R has a role in suppressing the inflammatory response, as research has shown 

that there is an  increase in the expression of the hMC1R in human monocytes when they 

are stimulated by certain cytokines.34  

 
1.3.3 Melanocortin Receptor 2 

The MC2R is also known as the ACTH receptor.  The name stems from the fact 

that while fairly homologous to the other MCRs, the ACTH receptor does not bind α-

MSH, β-MSH, or γ-MSH.  Instead, the primary ligand of the ACTH receptor primary 

ligand is the ACTH hormone.  The ACTH receptor is expressed the adrenal cortex, 

human skin and in the adipose tissue.  The primary role of the ACTH is to act as a 

regulator of ACTH stimulated adrenocorticoid release from the zona fasiculata and zona 

reticularis of the adrenal cortex.35  The function in human adipose tissue is not currently 

known.36 

 
1.3.4 The Central Melanocortin System (hMC3R and hMC4R) 

Both the hMC3R and hMC4R have been implicated in energy homeostasis.  The 

hMC3R is found throughout several different regions of the brain, including the arcuate 

nucleus, and the inner gut.37 Research has shown that hMC3R is involved in controlling 

the ratio of fat to lean body mass.  In genetic studies, mice without hMC3Rs display a 

phenotype with more fat tissue, even though they exhibit a similar diet and weight when 

compared to wildtypes37, 38  As a result, some researchers suggest that the hMC3R 

controls “feed efficiency”39,40.   The hMC4R is expressed primarily in the brain’s arcuate 

nucleus, is also known to control feeding behavior.  In genetic studies, mice with the 
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hMC4R knocked out are severely obese and hyperphagic.41 Furthermore, agonist ligands 

of hMC4R, such as α-MSH, have been shown to promote satiety while antagonists 

promote hunger. Two well characterized α-MSH derivatives having agonist (MT-II) and 

antagonist (SHU-9119) characteristics at hMC3R, hMC4R could these effects by way of 

the central nervous system on when researching the feeding behavior of endotoxin-

induced anorexic rats.5 Furthermore, hMC4R has been shown to influence weight 

regulation and leptin signaling.  In the end, it is obvious that the central melanocortin 

system, hMC3R and hMC4R are a crucial factor in energy balance in the body, as genetic 

studies on mice with hMC3R/hMC4R knockouts created a more considerable change in 

phenotype than an just a single knockout.37   

The determining the neuronal pathways that regulate food ingestion and energy 

use are lucrative targets for academic and pharmaceutical personnel. Although food 

intake and energy expenditure vary greatly at different times in a variety of organisms, 

energy storage remains relatively constant.  Endocrine hormones that carry signals which 

regulate eating can produce either long-term effects based on the quantity of fat in the 

body, or short-term effects over the course of minutes or hours.6  A figure depicting the 

hormones used in this regulation of feeding behavior is shown below.3 As depicted in 

FIGURE 2, leptin and insulin inhibit appetite by activating the  melanocortin or POMC 

neurons and thus inhibit the hunger-inducing Neuropeptide Y (NPY) and Agouti-related 

Protein (AgRP) producing neurons42.  When a human is hungry, the stomach releases a 

hormone called ghrelin, which stimulates appetite by binding to receptors on NPY/AgRP 
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neurons, causing activation.  The PYY3-36 hormone released by the colon, will cause a 

decrease in appetite for up to twelve hours.43   

In addition to the hormones and receptors mentioned above, leptin also has a 

determining factor in feeding behavior.  Leptin is a 167-amino-acid protein produced by 

adipocyte which signals the hypothalamus about the body’s current dietary situation.40   

Research has shown that leptin has cross regulation by the hMC4R receptor.44 When 

administered a selective antagonist of hMC4R, such as SHU9119, leptin’s effect on food 

intake and body weight was completely diminished.  While it is clear that the hMC4R 

receptor has an effect on leptin signaling, the downstream signaling cascade is not fully 

understood.41,45 

 

Figure 2: A Working Model of Hormones Associated with Feeding 

Behavior.42,43 Both the hMC3R and hMC4R are associated with hungry and 

feelings of satiety.  
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1.3.5 Melanocortin Receptor 4 and Sexual Arousal 

The Melanocortin receptors were originally prized subjects for academic and 

pharmaceutical research because of their roles in skin pigmentation and association with 

feeding behavior.  In the attempt to design potent ligands, such as MT-II, for the 

biological functions associated with these receptors, another biological function was 

discovered.  During the clinical trials for MT-II, a ligand developed at the University of 

Arizona, the majority of the men in the trial experienced penile erections MT-II  48.  

Currently, several analogues of MT-II are proceeding through clinical trials, most 

recently a drug called PT141, or Bremelanotide which is being developed as a nasal spray 

(see FIGURE 3).  The mechanism by which the erections occurred is completely different 

than that of the drug, Viagra, providing a lucrative area for further research into the 

hormonal causes of sexual dysfunction disorder.  The melanocortins influence sexual 

function is thought to be associated with agonistic actions at both the peripheral and 

central targets.  Upon dosage of ACTH of α-MSH intravenously, penile erections were 

reported in cats, dogs, rabbits, mice, and rats.46 Furthermore, subcutaneous dosage of 

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

erection.47,7  As a result of this research, it presumed that the hMC4R receptor is a crucial 

component in the erectile response. 
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Figure 3: Structure of A PT141 (Bremelanotide). An MT-II analogue that is 

currently in clinical trials as a nasal spray for sexual dysfunction disorder49 

 1.3.6 Melanocortin Receptor 5 

While the physiological functions of the other MCRs is fairly well known, the 

purpose of the hMC5R receptor is still largely unknown.  To date, it has been determined 

that without the hMC5R, the exocrine gland does exhibit proper functioning.50  Research 

has also shown that the MC5R receptor is associated with skeletal muscle fatty acid 

oxidation and temperature regulation.51,52  The MC5R mRNA has been detected in a 

multitude of locations in the human body, including skeletal muscle, sebaceous glands 

and the secretory epithelia of several exocrine glands including prostate, lacrimal, 

preputial, and the Harderian glands.51,52 

 1.4  G-Protein Coupled Receptor Signaling 

 The hMCRs are member of the super family of the seven transmembrane GPCRs.  

These receptors use a multitude of proteins to transmit a signaling cascade throughout the 

cell.  When an agonist binds to the extracellular portion of the GPCR, it causes a shift in 

the receptor shape, and the sub sequential signaling cascade outlined in FIGURE 4.   



 

Figure 4: Melanocortin GPCR Signal Cascade

pathway for stimulating cAMP and PKA regulated pathways

 
This transformation in the GPCR shape allows for the phosphorylation of amino 

acids in the intracellular portion of the receptor by specific phosphorylases

Once phosphorylated, the G-protein heterotrimer is able to interact with the intracellular 

amino acids of the GPCR.  The G
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GTP.  This causes a GDP�GTP reaction, and eventually the discharge of the βγ-dimer.  

After this has occurred, the βγ-dimer and the activated Gα*-GTP complex communicate 

with secondary targets to transduce and amplify the GPCR signaling cascade.  The signal 

is attenuated when the Gα*-subunit removes a phosphate from GTP, returning to the 

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

of the Gα* signal.   

GPCR signaling by the use of G-proteins is an immensely complicated process.  

Researchers have discovered over 17 α subunits, 7 β subunits and 13 γ subunits 

amounting to over 1500 possible trimers.54  The shear magnitude of the possible trimers 

allows for very specific and wide ranging signal cascading abilities of the cell. 

Nevertheless, the cell must also have a competent mechanism for stopping the signal 

cascade.  In addition to the attenuation of the signaling cascade by phosphatases, 

Arrestins bind to the receptor via internalization proteins clathrin and its adapter AP2.  

These proteins guide receptor endocytosis via clathrin coated pits and is transported into 

endosomes.  At this stage, the receptor can either be degraded by lysosomes or recycled 

back to the cell membrane.  These mechanisms are outlined in FIGURE 5.  



 

Figure 5: Mechanism for GPCR 

are known to be internalized by the means of 

pits55,56,57,58,59 

 
 As a member of the GPCR family, the melanocortin receptors exhibit signaling 

cascades outlined above.  It is known that each of the melanocortin receptors interact 

with the Gα-subunit, Gαs, which activates adenylate cyclase to amplify intracellular 

levels of the second messenger, cAMP.  For this reason, most of the experiments used to 

determine the potency of melanocortin targeting peptides measure the level of 

intracellular cAMP.  Scientists have also recently reported that the melanocortin receptors 

also transmit signals by various other signaling cascades, such as Jak/STAT, the 

phosphoinositol pathway, tyrosinase, among others

initiate a multitude of different signaling cascades allows for extremely specialized and 

complicated cellular functions. 
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1.5  Synthetic Design of Melanocortin Ligands 

 One of the most interesting features of the hMCRs is that many of the ligands 

derived from the POMC gene can bind to and stimulate each receptor independently.  

Once scientists performed truncation studies of these peptides ( α, β, γ-MSH and ACTH), 

the minimal signaling sequence needed to initiate the signaling cascade was discovered to 

be His-Phe-Arg-Trp61.  Each of these hormones (see TABLE 4) contains this sequence of 

amino acids, thus allowing the multi-receptor targeting abilities.  Additional experiments 

discovered that [Nle4, DPhe7]-α-MSH (NDP-MSH) is over 26-times potent than the 

endogenous α-MSH in the adenylate cyclase assay.62,63  Furthermore, it was discovered 

that NDP-MSH has an extended activity due to the inability of serum peptidases to 

recognize D amino acids.  Molecular modeling experiments of NDP-MSH revealed that 

the peptide structure clearly mimics a β-turn structure.  In the search for increasing the 

potency and selectivity of peptides targeting the melanocortin receptors, cyclic peptides 

were designed.  Cyclic peptides were created using disulfide64 and lactam bridges65 

which in turn mimic the β-turn structure.  This eventually produced MT-II, a super potent 

agonist at each of the hMCRs.65   NMR experiments revealed that the cyclic 

conformation increased the stability of the β-turn structure, thus increasing peptide 

potency.  It is believe that this β-turn structure is crucial for peptides targeting the hMCR 
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Peptide Sequence

α-MSH Ac-SYSME HFRW GKPV-NH2

β-MSH AEKKDEGPYRME  HFRW GSPPKD-OH

γ-MSH YVMG HFRW DRFG-OH

NDP-MSH Ac-SYS-Nle-E HFRW GKPV-NH2

ACTH SYSME HFRW  GKPVGKKRRRPVKVYNGAEDESAEAFPLEF-OH

MT-II Ac-Nle-c[D H-DPhe-RW K]-NH2

SHU-9119 Ac-Nle-c[D H-Dnal(2')-RW K]-NH2

 
Table 4:  Sequences of Endogenous and Widely Used Synthetic Peptide 

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

γ-MSH) all contain the melanotropic core sequence His – Phe – Arg – Trp.  (Nle  

 norleucine, DNal = β-(2-naphthyl)-D-alanine) 

 
1.6  Mutation Studies of Melanocortin Receptor 1 

 1.6.1 Natural Variants of MC1R in Humans. 

Genetic screening of the hMC1R has discovered over twenty four natural variants 

(see TABLE 5).  These variants can have a wide range of biological effects, such as 

decreasing/increasing ligand binding affinity, receptor coupling, and also a complete loss 

of function.  The molecular location of some of these natural allelic variants of hMC1R is 

shown in FIGURE 6, courtesy of researchers at the University of Murcia, Spain. The 

phenotypic effects of mutations that cause a loss of function are often associated with red 

hair, pale skin, and an increase in risk for cutaneous malignant melanoma.  The increased 

risk for cutaneous malignant melanoma is thought to be hMC1R mediated.  This is due to 

the fact that melanocytes have been shown to respond to UV radiation by increasing the 

eumelanin to pheomelanin ratio, and skin exposure to UV radiation increases the levels of 

α-MSH and POMC peptides66,23,26. 
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Melanocortin Receptor 1 Natural Variants

Amino Acid # Mutation Effect

40 I→T Associated with fair hair and light skin; partial loss of function.

60 V→L Associated with SHEP2

67 R→Q Shows a moderate and not significant decrease of cAMP production to NDP-MSH stimulationstimulation.

84 D→E Susceptibility to melanoma

89 G→R Uncharacterized

92 V→M Associated with SHEP2; predominantly in type I skin; shows a moderate and not significant decreased of cAMP production to NDP-MSH stimulation

95 T→M Uncharacterized

104 G→S Uncharacterized

120 I→T Shows a moderate and not significant decrease of cAMP production to NDP-MSH stimulation

122 V→M Associated with fair hair and light skin; partial loss of function

147 F→[  ] Missing Associated with UV induced sucpetibility to skin damage; virtually unresponsive to NDP-MSH stimulation.

151 R→C Associated with SHEP2; binds to alpha-MSH but cannot be stimulated to produce cAMP.

155 I→T Uncharacterized

156 V→L Uncharacterized

157 T→I Associated with UV induced sucpetibility to skin damage; shows a dramatically decreased cAMP production to NDP-MSH stimulation.

159 P→T Associated with UV induced sucpetibility to skin damage; shows a strong decreased cAMP production to NDP-MSH stimulation.

160 R→W Associated with SHEP2.

162 R→P Uncharacterized

163 R→Q Shows a moderate and not significant decrease of cAMP production to NDP-MSH stimulation

166 A→G Shows a moderate and not significant decrease of cAMP production to NDP-MSH stimulation

171 A→S Uncharacterized

192 L→M Shows a moderate and not significant decrease of cAMP production to NDP-MSH stimulation

196 F→L Uncharacterized

294 D→H Associated with SHEP2.
 

Table 5:  Natural Variations of the hMC1R Recorded in Expasy Protein #Q01726.  Loss of function mutations increase susceptibility to 
UV induced skin damage, reduced/decreased cAMP response, pale skin and red hair phenotypes.67 
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have caused impair receptor function.  It is interesting to note that these mutations do not 

affect Melanocortin ligand binding, only function.  This suggests that the second 

intracellular loop of hMC1R is a major factor in activation and coupling to Gs, but not 

hormone binding.69 Another study determined that GRK2 dependent internalization of 

hMC1R requires the phosphorylation of Thr308 and S316.  This was concluded from a 

study that detected a decrease in the internalization of non-phosphorylatable mutants 

T308A, S316A and T308A/S316A, and also constitutive desensitization of the phospho-

mimetic mutants T308D, S316D and T308D/S316D.58   

 
1.7 Arrangement of Thesis 

 This document is divided into chapters representing each one of the Thesis’ 

Experimental Goals.  Chapter 2 describes the material and methods for each experiment 

described in this thesis.  Chapters 3, 4, and 5 show specific information for each of the 

Experimental Goals, such as background information, results and discussions.  Chapter 3 

describes the work done on determining hMCR subtype binding selectivity of the α-N-

methylated SHU9119 derivatives.  Chapter 4 describes the work done on determining the 

hMCR subtype binding selectivity of the hMC4/TNF-α antagonist derivatives. Chapter 5 

describes the work done on determining the effect that specific point hMC1R mutations 

have the binding and cAMP stimulatory abilities of well characterized melanocortin 

ligands.  Chapter 6 details the conclusions reached from each project and future 

experimental considerations.  
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CHAPTER 2 

MATERIALS AND METHODS 

2.1  Materials 

 The cell culture reagents were purchased from GIBCO (Carlsbad, CA) or Sigma 

(St. Louis, MO).  The cell culture flasks and dishes were purchased from Nalgene 

(Rochester, NY), Corning (Lowell, MA), or BD Falcon (San Jose, CA).  The HEK-293 

cell line was purchased from ATCC (Manassas, VA). [
125

I]NDP-MSH was purchased 

from Perkin-Elmer (Perkin-Elmer Life Science, Freemont, CA). FuGene 6 transfection 

agent was bought from Roche (Palo Alto, CA).  Unless stated, the chemicals listed below 

were purchased from Sigma.  

 
2.2  cDNA Plasmids and Recombinant Receptors 

Β-Arrestin 1-GFP cDNA and Human Melanocortin Receptors 1, 3, 4 and 5 in the 

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

University of Science and Technology cDNA Resource Center.  The plasmid cDNA in 

the recombinant TOPO 10 E. coli mutants was purified according to the kit instructions 

of the EndoFree® Plasmid Maxi Kit (QIAGEN, Valencia, CA) or the QIAprep® Spin 

Miniprep Kit. For the purified β-Arrestin 1-GFP cDNA, a 5 uL sample of plasmid cDNA 

was visualized by agarose gel electrophoresis in a 2% agarose gel containing ethidium 

bromide.  The gel was ran at 120 volts for 30 minutes and photographed under UV 

illumination.  The 1Kb Plus DNA Ladder (Biorad, Hercules, CA) was used for molecular 

weight comparison. The sequences of plasmid cDNA strands were verified at the 
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University of Arizona Genomic Analysis and Technology Core by a T7 forward primer 

and BGH reverse primer (Invitrogen). 

 
2.3 Cell Culture Techniques 

The melanocortin receptors were transfected into Human Embryonic Kidney 

(HEK293) cells for biological assay use.  These cells were cultured in tissue culture 

flasks and are grown in MEM whole medium (containing 1mM sodium pyruvate 

(GIBCO), 100 units/mL penicillin and streptomycin, 10% fetal bovine serum, and 

buffered at pH 7.4 by sodium bicarbonate). All transfected cell lines had constant 

selection pressure of 500µg/mL of G418 (a neomycin analogue). The cell cultures were 

grown in an incubator and regulated at 37 ºC, 95% RH, and 5% CO2. After about two to 

three days, 100% confluent cells were transferred to 96-well plates in a sterile hood, 

where once confluent again, they were used for biological assays.  Once 100% confluent, 

the cells were split to maintain their viability.  The splitting procedure was done in the 

sterile hood.  First, the remaining medium was removed from the flask.  Next, the cells 

were rinsed in a PD buffer, and then rinsed in a PT buffer.  The purpose of the PD buffer 

was to wash away dead and dying cells, and the PT buffer uses Trypsin to loosen the cells 

contacts to the flask.  After the washing phase, fresh MEM Whole medium was added to 

the flask, where a pipette then uses the medium to spray the cells off of the flask.  The 

MEM whole medium with cells within it was homogenized and about 1-2 mL was added 

to a new flask (with G418 and new MEM Whole medium) and a new 96 well plate was 

also made. 
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2.4 Cell Density 

Viable cell density was performed by the use of a hemocytometer to count the 

viable cells in two 0.01 mL aliquots containing a suspension of cells obtained from cell 

culture plates. 

 
2.5 Transfection of β-Arrestin-1 GFP and hMCRs 

Human MCR cDNA isolated from E. Coli TOPO 10 was transfected into HEK-

293 cells by following the kit instructions of the FuGene 6 transfection agent.  The stable 

cell lines were selected by growth of cells in 1mg/mL of G418 selection pressure for 30 

days in the incubator.  Receptor concentrations from each transfection were determined 

by the Bradford method (Bio-Rad, Richmond, CA), using bovine serum albumin as a 

standard.  The cell lines were then further screened through a saturation binding assay. 

Cell lines containing the highest expression levels of receptors were maintained for 

biological assays. 

 
2.6 Peptides 

 2.6.1 α-N-Methylated SHU9119 Analogues 

The peptide library of α-N-methylated derivatives of SHU9119 shown in TABLE 

6 was synthesized in the in the laboratory of Horst Kessler, Ph.D., by Lucas Doedens and 

Flores Opperer (Technische Universität München, Garching, Germany).The effects of the 

methylated carbon backbone on binding and adenylate cyclase activities were assessed at 

the hMCR’s 1,3,4, and 5 using the assays described in 2.71 and 2.8. 
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2.6.2 hMC4R/TNF-α Antagonist Analogues 

The peptide library of hMC4R/TNF-α antagonist derivatives shown in TABLE 12 

was synthesized in the laboratory of Dr. Victor Hruby by Joel Nyberg (University of 

Arizona).  The effects of modifying the peptide’s length, composition, and structure on 

binding and adenylate cyclase activities were assessed in hMCR’s 1,3,4, and 5 using the 

assays described in 2.71 and 2.8. 

 
2.6.3 Rhodamine Linked  Melanotropins 

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

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

Alexander Mayorov in the Hruby laboratory.71 The structures of these compounds appear 

in the Appendix. 

2.7 Radioligand Binding Assays 

 2.7.1 Competitive Binding Assay  

Competition binding assays were performed on whole cells to determine the 

affinities (IC50) of various peptide antagonist and agonists for the human melanocortin 

receptors.  HEK293 cells that were transfected with the melanocortin receptors were 

seeded on 96-well plates 48 hours before the assay containing 100,000 cells/well.  The 

cell culture medium was aspirated, washed with MEM, and then washed with binding 

buffer containing 100% MEM, 25 mM HEPES (pH 7.4), 0.2% bovine serum albumin, 1 

mM 1,10- phenanthrolone, 0.5 mg/L leupeptin, and 200 mg/L bacitracin.  Cells were then 

incubated for 30 minutes at 37◦C with different concentrations of the synthesized peptide 

and 20,000 cpm/well (0.1386 nm) radioactively labeled [125I]NDP-MSH (Perkin-
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ElmerLife Science, Freemont, CA).  The assay medium was aspirated and washed twice 

with MEM.  The cells were then lysed by addition 100 µL of 0.1 M NaOH and 100 µL of 

1% Triton X-100. The lysed cells were then placed into 12X75 mm glass tubes and the 

radioactivity was measured in a Wallac 1470 WIZARDTM Gamma Counter (Wallac, 

Jefferson, NY). 

 
2.7.2 Saturation Binding Assay 

The saturation binding assays were done on whole cells to determine the receptor 

expression levels for transfected HEK293 cells.  The cells were seeded on 96-well plates 

48 hours before the assay (containing 100,000 cells/well).  The cell culture medium was 

aspirated, washed with MEM, and then washed with binding buffer containing 100% 

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

phenanthrolone, 0.5 mg/L leupeptin, and 200 mg/L bacitracin.  Cells were then incubated 

for 30 minutes at 37◦C and the total binding was determined by using different 

concentrations of radioactively labeled [125I]NDP-MSH.  The non-specific binding was 

measured by the addition of 1 µM MT-II to the radioactively labeled dilution and 

incubating under identical conditions. The assay medium was aspirated and washed twice 

with MEM.  The cells were then lysed by addition 100 µL of 0.1 M NaOH and 100 µL of 

1% Triton X-100. The lysed cells were then placed into 12X75 mm glass tubes and 

radioactivity was measured in a Wallac 1470  WIZARD
TM

Gamma Counter (Wallac, 

Jefferson, NY). Specific binding for each melanocortin receptor was determined by the 

difference between total binding and non-specific binding. 

 



37 
 
2.8 Adenylate Cyclase Biological Activity Assay 

The adenylate cyclase biological activity assay was performed on whole cells to 

determine the cAMP produced by the various peptides of interest for the human 

melanocortin receptors.  HEK293 cells that were transfected with the melanocortin 

receptors were seeded on 96-well plates 48 hours before the assay containing 100,000 

cells/well.  The cell culture medium was aspirated and then the wells were rinsed with 

100 µL of MEM.  100 µL of MEM containing with 0.5 mM Isobutylmethylxanthine 

(IBMX) was added to individual wells and incubated for10 min at 37 °C.  After 

incubation, 25 µL aliquots of the peptides to be tested were added at various 

concentrations.  The cells were then incubated for 10 minutes at 37 °C. 60 µL of ice-cold 

Tris/EDTA buffer to each well to stop the reaction.  The plate was wrapped in 

parafilm™, sealed with rubber bands and placed into boiling water for 10 minutes.  The 

96 well plates were then subjected to 10 minutes of centrifugation at 3,200 X g.  The 

cAMP concentration of the supernatant was then measured by competition binding of 

PKA.  50 µL of the supernatant was then incubated on ice for 2 hours with 12,000 

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

100 µL Tris/EDTA buffer containing 3 × 10-5U/mL PKA.  The incubated supernatant was 

then transferred to a Millipore MultiScreen® HTS, FB 96-well 0.65 µm glass fiber filter 

plate.  The filter plate was then filtered using vacuum manifold, and rinsed twice with 60 

µL Tris/EDTA.  After filtration, 50 µL/well Optiphase Supermixscintillation cocktail 

(Perkin ElmerLife Science) was added to each well for six hours.  Plates were then 

counted in a Wallac MicroBetaTriLux 1450 Luminescence counter (Perkin ElmerLife 
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Science). The total cAMP content was determined through a comparison to a cAMP 

standard dilution.  The cAMP stimulatory properties of the peptide of interest were 

evaluated by its ability to competitively dislodge the MT-II agonist at various 

concentrations. 

 
2.9 Data Analysis 

The EC50 and IC50 estimates and associated standard errors were determined using 

a nonlinear one-site competition least squares regression with the computer program 

Graphpad Prism 5.0 (GraphPad Software, San Diego, CA).  These values are used to 

represent the intracellular cAMP activity and the binding affinity of the peptide of 

interest.  Moreover, the IC50 is the concentration of the peptide that is half way between 

the maximum and minimum binding concentration shown (in nM).  The binding efficacy 

was determined by comparing the binding ability of the peptide of interest to MT-II.  The 

percent activity is based on the activity of MT II (a known potent agonist).  The number 

of repeats is also listed. 

 
2.10 Confocal Fluorescence Microscopy 

Cells stably expressing various Melanocortin Receptor mutants were grown under 

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

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

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

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

once with MEM and treated with binding buffer containing 10 nM rhodamine conjugated 
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ligand.  Confocal fluorescent microscopy was performed on a BioRad  laser scanning 

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

switching excitation - (488 nm for GFP, and 544 nm for rhodamine) and emission (515-

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

 
2.11 Computational Procedures 

Molecular modeling was performed using MacroModel 9.1 and the Maestro 7.5 

graphical interface (Shrödinger, LLC, New York, NY, 2005) installed on a Linux RedHat 

9.0 system and were conducted as described.72  The peptide models were created using 

structures with standard bond lengths and angels, minimized using the OPLS 2005 force 

field and the Polak-Ribier conjugate gradient (PRCG).73  To optimize the molecular 

models 50,000 iterations were used, or that the gradient of RMSD was less than 0.05 

kJ/Å mol.  Water solvent models using aqueous solution conditions were simulated using 

a continuum dielectric constant (GB/SA).74  The cut-off distances were set at a limit of 

8Å for Van der Waal forces, 4 Å for H-bonds, and 20Å for electrostatics. 

Macromodel’s Monte Carlo Multiple Minima (MCMM) procedure of Still and 

Goodman was used to investigate the conformational profiles of the cyclic peptides by 

using the energy minimization parameters as described above75,76.  Using 1000 search 

steps, conformations with a difference in energy of 50 kJ/mol from the global minimum 

limit were saved.  The distances between the pharmacophore groups were measured by 

using dummy atoms that were positioned in the centers of the side chain groups, using 

Maestro’s Measurement tool.  Maestro’s Dihedral Measurement tool was used to measure 

and calculate the φ,ψ angles. 
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CHAPTER 3 
 

STRUCTURE ACTIVITY RELATIONSHIPS OF  

α-N-METHYLATED SHU9119 ANALOGUES 

3.1  Introduction 

 The SHU9119 peptides in this study were subjected to methylation on the α-

nitrogen of the peptide background.  While early synthetic mechanisms for methylating 

the α-nitrogen on the peptide backbone of synthetic peptides were initially costly, recent 

technologies have allowed for this technique to be quite affordable77,78  In the field of 

drug design, α-N-methylation has been used to increase potency, metabolic stability, 

improved bioavailability and receptor subtype selectivity79,80. It is these reasons that the 

SHU9119 peptide was subjected to a series of systematic α-N-methylation. 

 In this study, the set of α-N-methylated SHU9119 derivatives were subjected to 

binding affinity and adenylate cyclase assays.  SHU9119 is cyclic peptide analogue of α-

MSH with nanomolar binding at all of the hMCR subtypes, and is a super agonist at the 

hMC1R/hMC5R and an antagonist peptide at the hMC3R/hMC4R81.  The cyclic structure 

of SHU9119 allows for potent and extended biological activity when compared to α-

MSH.  The peptide sequence of SHU9119 is Ac-Nle-c[Asp-His-D-Nal(2’)-Arg-Trp-Lys]-

NH2.  This peptide is structurally similar to MT-II (Ac-Nle-c[Asp-His-D-Phe-Arg-Trp-

Lys]-NH2).  The major difference between MT-II and SHU9119 is the exchange of D-

Phe to D-Nal(2’) amino acid.  This D-Nal(2’) amino acid is also known  as β-(2’-

naphthyl)-D-alanine.  The switch of this amino acid allows for the antagonistic ability at 

the hMC3R and hMC4R subtypes.  In order to create more selective melanocortin 
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targeting peptides, a peptide library composed of 32 different α-N-methylated 

combinations for the histidine, D-Nal, arginine, tryptophan, and lysine positions of 

SHU9119 (TABLE 6) was synthesized and tested for binding affinity and adenylate 

cyclase activity at hMC1R, hMC3R, hMC4R, and hMC5R.  Five selective hMC1R 

agonists, two selective hMC3R agonists, and one hMC5R agonist were discovered 

(TABLE 7). 

 
3.2 Peptide Series Design 

The peptide library shown in TABLE 6 was synthesized in the laboratory Horst 

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

Garching, Germany).  The library consists of 32 SHU9119 derivatives and includes many 

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

tryptophan and lysine residues. 

 
3.3 Binding Assay Results 

The competitive binding assays were done for each peptide using [125I]NDP-MSH 

as the competing peptide.  This assay was performed according to the procedure 

mentioned in Chapter 2.  The IC50 ± SEM, binding efficacy± SEM, and the number of 

repeats are shown in Table 7. 
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Compound Name Sequence

1 FOFS01X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

2 FOFS06X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

3 FOFS05X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

4 FOFS04X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

5 FO254X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

6 FOFS19X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

7 FO239X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

8 FO253X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

9 FO244X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

10 FO240X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

11 JT38X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

12 FO255X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

13 FO245X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

14 FO227X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

15 FO226X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

16 FO247X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

17 FO225X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

18 FO229X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

19 FO230X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

20 FO252X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

21 FO232X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

22 JT41X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

23 FO222X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

24 JT42X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

25 JT45X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

26 JT44X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

27 JT46X Ac  -Nle  -c[ D - H - nal - R - W - K ]  -NH2

28 FOFS02X Ac  -Nle  -c[ D - H - nal - R - W - Kα ]  -NH2

29 FOFS12X Ac  -Nle  -c[ D - H - nal - R - W - Kα ]  -NH2

30 FOFS10X Ac  -Nle  -c[ D - H - nal - R - W - Kα ]  -NH2

31 FO228X Ac  -Nle  -c[ D - H - nal - R - W - Kα ]  -NH2

32 FO223X Ac  -Nle  -c[ D - H - nal - R - W - Kα ]  -NH2

Higlighted amino acids are α-N-methylated

Kα α-N-methylated lysine

Kε ε-N-methylated lysine  

Table 6: The SHU9119 α-N-Methylated Peptide Library.  Many possible 

combinations of α-N-methylation of the His, D-Nal, Arg, Trp and Lys residues are 

studied for their ability to displace radio labeled NDP-MSH and stimulate 

adenylate cyclase. 
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3.4 Adenylate Cyclase Assay Results 

 All of the hMCR subtypes are able to stimulate cAMP when treated with 

melanocortin targeting peptides.  As a result, an adenylate cyclase assay mention in 

Chapter 2 was used to determine the biological activity of these compounds.82,83 The 

EC50 ± SEM, percent MT-II cAMP accumulation ± SEM, and the number of repeats are 

shown in Table 7. 

 
3.5 Discussion 

3.5.1 Methylation of D-Nal(2’)  

The results of the SHU9119 α-N-methylation scan showed that the most obvious 

change in binding and adenylate cyclase activity was on peptides containing an α-N-

methylation of a single position was at D-Nal.  Most peptides exhibited a substantial loss 

of binding ability at most of the hMCRs when the peptide contained α-N-methylation at 

this position.  At the time of this writing, the molecular modeling experiments, as 

described in Materials and Methods, on the SHU9119 α-N-methylated peptides set are 

not yet complete.  Nevertheless, previous modeling experiments on a set of α-N-

methylated MT-II peptides can be applied to the SHU9119 analogues, as they has very 

similar structural constraints.  Most likely, there is a hydrophobic interaction between the 

introduced methyl group and tryptophan which results in the three aromatic residues of 

MT-II (His, D-Nal(2’), Trp) gathering in close proximity84.  This distortion in the 

conformational shape is most likely the cause of the substantial decrease in binding 

affinity. 
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hMC1R hMC3R hMC4R hMC5R

Methylation % Binding % Binding % Binding % Binding

Name Scheme IC50nM Efficiency ( n ) IC50nM Efficiency ( n ) IC50nM Efficiency ( n ) IC50nM Efficiency ( n )

1 FOFS01X H - nal - R - W - K 8.7±0.9 94±7 3 3.7±0.5 94±5 4 140±15 93±6 5 6.9±1.2 89±6 4

2 FOFS06X H - nal - R - W - K 110±20 93±4 3 3.2±0.5 93±5 4 66±10 68±8 5 5.2±0.8 88±7 4

3 FOFS05X H - nal - R - W - K 19±2 71±2 3 27±2.1 94±6 4 1400±310 72±6 5 28±3.4 89±6 4

4 FOFS04X H - nal - R - W - K 1.4±0.2 93±5 3 47±5.2 90±7 4 6.4±1.0 94±5 5 3.4±0.6 91±5 4

5 FO254X H - nal - R - W - K 190±20 85±9 3 17±5 92±10 4 16±2 85±16 1 17±2.3 94±12 1

6 FOFS19X H - nal - R - W - K 2500±320 70±6 3 550±70 82±5 4 1700±340 6 9±5 5 1700±300 60±5 4

7 FO239X H - nal - R - W - K 73±10 91±8 3 40±6 89±12 4 83±8.8 87±16 1 20 ±2.1 92±16 1

8 FO253X H - nal - R - W - K 110±20 90±7 3 20±3 87±12 4 59±6 87±12 1 16±2.1 92±19 1

9 FO244X H - nal - R - W - K 180±20 84±9 3 16±3 92±10 4 110±13 88±17 1 15±1.8 92±15 1

10 FO240X H - nal - R - W - K 4±0.7 94±7 3 15±2.8 95±6 4 98±4.1 62±4 5 6±0.9 87±5 4

11 JT38X H - nal - R - W - K 1100±120 90±10 1 940±3 88±13 4 240±31 84±16 3 90±9 87±16 1

12 FO255X H - nal - R - W - K 920±120 93±11 1 850±10 96±11 4 32±5 79±15 3 2300±230 73±13 1

13 FO245X H - nal - R - W - K 3100±460 86±6 3 240±50 71±14 4 1400±110 100±10 1 95±10 83±16 1

14 FO227X H - nal - R - W - K 820±100 65±7 2 970±3 56±4 4 8700±840 59±10 2 390±41 65±12 1

15 FO226X H - nal - R - W - K 17±2 90±8 2 4±0.8 90±15 4 4±1 69±13 2 2.8±0 .8 88±8 1

16 FO247X H - nal - R - W - K 240±30 69±9 3 260±12 88±13 4 100±8 74±16. 1 260±31 88±17 1

17 FO225X H - nal - R - W - K 260±35 83±8 2 340±55 86±13 4 720±80 80±15 2 40±5 86±7 1

18 FO229X H - nal - R - W - K 1300±200 74±6 2 1700±370 70±10 4 100±10 3 0±6 2 160±19 55±10 1

19 FO230X H - nal - R - W - K 9.4±1.2 89±10 2 60±11 84±13 4 1100±110 76 ±13 2 870±90 78±8 1

20 FO252X H - nal - R - W - K 1700±210 77±7 3 840±14 80±14 4 510±110 68 ±10 1 570±60 90±19 1

21 FO232X H - nal - R - W - K 1100±190 95±7 2 210±50 84±8 4 790±80 69±11 2 120±13 89±7 1

22 JT41X H - nal - R - W - K 1200±120 96±13 1 590±12 72±15 4 190±20 70±15 3 1500±159 27±5 1

23 FO222X H - nal - R - W - K 10±1 91±5 2 20±4 93±12 4 0.5±0.02 35±6 2 8±1 82±9 1

24 JT42X H - nal - R - W - K 1500±160 59±10 1 770±56 80±17 4 300±35 77±14 3 4300±520 63±14 1

25 JT45X H - nal - R - W - K 1800±210 91±12 1 860±70 87±16 4 950±85 75±15 3 180±20 75±15 1

26 JT44X H - nal - R - W - K 1400±150 90±10 1 3200±140 64±14 4 1800±19 0 62±13 3 1100±120 33±7 1

27 JT46X H - nal - R - W - K 68±8 92±13 1 2900±300 62±14 4 3100±270 58±11 3 260±34 44±9 1

28 FOFS02X H - nal - R - W - Kα 13±1.8 91±5 3 23±4 93±6 4 18±2.1 96±6 5 6±1.1 89±4 4

39 FOFS12X H - nal - R - W - Kα 4±0.5 95±5 3 1.6±0.2 95±7 4 1000±100 80±5 5 6.4±1.0 91±6 4

30 FOFS10X H - nal - R - W - Kα 200±16 91±3 3 25±2.1 96±4 4 130±15 96±5 5 13±0.12 89±6 4

31 FO228X H - nal - R - W - Kα 250±45 95±6 3 10±1.2 95±4 4 200±7 79±6 5 6.7±1 87±6 4

32 FO223X H - nal - R - W - Kα 250±24 93±5 3 150±23 94±6 4 550±150 72±5 5 590±70 80±4 4
 

Table 7:  Binding Assay Results for the α-N-Methylated SHU9119 Analogues.  Note that α-N-methylation of the β-(2-naphthyl)-

D-alanine (D-Nal) residue results in most compounds with decreased binding at most HMCRs.
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hMC1R hMC3R hMC4R hMC5R

Methylation % MT-II % MT-II % MT-II % MT-II

Name Scheme EC50nM Activity ( n ) IC50nM Activity ( n ) IC50nM Activity ( n ) IC50nM Activity ( n )

FOFS01X H - nal - R - W - K 15±2.0 95.6 3 >1000 NS 6 >1000 NS 4 >1000 NS 5

FOFS06X H - nal - R - W - K 120±12 83.3 3 >1000 NS 6 >1000 NS 4 >1000 NS 5

FOFS05X H - nal - R - W - K 2200±310 100 3 >1000 NS 6 >1000 NS 4 >1000 NS 5

FOFS04X H - nal - R - W - K 51±8 100 3 >1000 NS 6 >1000 NS 4 >1000 NS 5

FO254X H - nal - R - W - K >1000 NS 5 520±70 14±3 7 12±3 46±8 8 30±5 58 ±10 10

FOFS19X H - nal - R - W - K 2500±410 100 3 >1000 NS 6 >1000 NS 4 >1000 NS 6

FO239X H - nal - R - W - K 8.9±2 51±5 5 34±6 42±7 7 >1000 NS 8 340±60 2 3±5 10

FO253X H - nal - R - W - K 4.9±1 71±8 5 >1000 NS 7 430±60 46±6 8 77±13 70±11 10

FO244X H - nal - R - W - K 34±6 54±4 5 350±40 26±5 7 16±2 47±5 8 49±11 59±9 10

FO240X H - nal - R - W - K 3.7±0.6 96 3 >1000 NS 6 >1000 NS 4 >1000 NS 6

JT38X H - nal - R - W - K 60±7 54±8 4 >1000 NS 7 >1000 NS 5 88±16 72±11 9

FO255X H - nal - R - W - K 54±9 54±6 4 >1000 NS 7 260±50 20±4 5 >1000 N S 9

FO245X H - nal - R - W - K >1000 NS 5 130±25 18±3 7 >1000 NS 8 6.9±1 65±5 10

FO227X H - nal - R - W - K >1000 NS 4 >1000 NS 7 >1000 NS 8 >1000 NS 9

FO226X H - nal - R - W - K 540±80 36±7 4 21±3 56±8 7 >1000 NS 8 >1000 N S 9

FO247X H - nal - R - W - K >1000 NS 5 >1000 NS 7 >1000 NS 8 >1000 NS 10

FO225X H - nal - R - W - K >1000 NS 4 >1000 NS 7 31±6 72±9 8 17±3 72±11 9

FO229X H - nal - R - W - K >1000 NS 4 >1000 NS 7 >1000 NS 8 >1000 NS 9

FO230X H - nal - R - W - K >1000 NS 4 >1000 NS 7 >1000 NS 8 28±5 65±9 9

FO252X H - nal - R - W - K >1000 NS 5 35±6 41±6 7 >1000 NS 8 >1000 NS 10

FO232X H - nal - R - W - K 36±7 60±10 4 43±8 49±5 7 25±5 60±7 8 >1000 N S 9

JT41X H - nal - R - W - K 68±9 54±6 4 >1000 NS 7 12±2 74±7 5 910±110 56 ±7 9

FO222X H - nal - R - W - K >1000 NS 4 14±3 64±8 7 950±50 30±6 8 >1000 N S 9

JT42X H - nal - R - W - K 22±3 54±8 4 >1000 NS 7 57±7 70±11 5 190±25 31±6 9

JT45X H - nal - R - W - K 43±6 64±11 4 >1000 NS 7 16±3 69±8 5 >1000 NS 9

JT44X H - nal - R - W - K 20±3 49±9 4 780±110 20±4 7 >1000 NS 5 30±6 86 ±8 9

JT46X H - nal - R - W - K 170±20 55±8 4 >1000 NS 7 >1000 NS 5 220±45 33±6 9

FOFS02X H - nal - R - W - Kα 5±0.8 83 3 >1000 NS 6 >1000 NS 4 >1000 NS 5

FOFS12X H - nal - R - W - Kα 2.1±0.8 100 3 >1000 NS 6 >1000 NS 4 >1000 NS 5

FOFS10X H - nal - R - W - Kα 320±40 100 3 >1000 NS 6 >1000 NS 4 >1000 NS 5

FO228X H - nal - R - W - Kα 1.8±0.8 95 3 >1000 NS 6 5±1 67 4 >1000 NS 6

FO223X H - nal - R - W - Kα 210±40 100 3 >1000 NS 6 200±29 58 4 >1000 NS 6
 

Table 8: Adenylate Cyclase Assay Results for the α-N-Methylated SHU9119 Analogues.  Compounds 1,4, 10, 28, and 29 show full 

agonist activities for the hMC1R with EC50 values in the >50 nM range.  Compounds 15 and 20 show partial agonist activity at hMC3R, and 

Compound 19 shows partial agonist activity at hMC5R.
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3.5.2 hMCR Selective Agonism/Antagonism 

Compounds 1,4, 10, 28, and 29 show full agonist activities that are selective for the 

hMC1R with EC50 values in the >50 nM range.  Compounds 15 and 20 show partial agonist 

activity at hMC3R, and Compound 19 shows partial agonist activity at hMC5R.  It appears that 

that the α-methylation of the arginine residue changes the SHU9119 peptide from being agonistic 

at hMC1R/hMC5R and antagonistic at hMC3R/hMC4R, to being only agonistic at the hMC1R 

receptor.  At the time of writing this thesis, the molecular modeling experiments have not yet 

been completed, so the exact mechanisms for hMCR subtype selectivity has not been confirmed. 

 
3.6 Conclusions and Future Work 

 The α-methylation scan of the SHU9119 peptide discovered several new peptides that are 

selective for the various hMCR subtypes.  The study has suggested that it might be a waste of 

time to synthesize melanocortin ligands with methylation on the D-Nal peptide residue.  This α-

methylation is very efficient at decreasing binding efficiency at all of the hMCR subtypes.  Even 

though this α-methylation decreases binding efficiency for all the hMCR subtypes, it can still be 

helpful in determining the pharmacore requirements.  At the time of writing this thesis, 

molecular modeling experiments on the SHU9119 analogues have not been completed.  It would 

be very helpful to do molecular modeling experiments to determine the exact mechanisms by 

which α-methylation on the D-Nal backbone destroys ligand binding efficiency.   

The recently discovered hMC1R selective agonists can also be used as a tool in 

understanding the unique nature of the hMC1R binding pocket.  The α-methylation of the 

arginine residue appears to be able to impair the SHU9119 peptide’s hMC5R agonistic abilities, 

creating new hMC1R selective agonists.  Molecular modeling and NMR experiments are needed 

to suggest a general structural predictor of hMC1R selectivity.  
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CHAPTER 4 

 
MUTATION STUDIES OF THE HUMAN MELANOCORTIN 1 RECEPTOR 

 

4.1 Experimental Design 

The mutation studies attempted to determine the effects of nine hMC1R mutants with 

alanine substitutions at intracellular cysteine, serine, and threonine residues on the binding and 

cAMP stimulatory ability of several different melanocortin targeting peptides.  By mutating 

several different amino acids and  performing binding and adenylate cyclase assays using well 

characterized peptides, one gains an insight into residues required for proper biological 

functioning.  It is known that certain phosphorylatable amino acids are required for G-protein 

signaling, specifically, cAMP/PKA signal transduction mechanisms.  By determining how well 

characterized ligands interact with these hMC1R mutants, one can deduce which amino acids are 

required for proper cell signaling.  This study also attempted to determine whether these 

mutations had any effect on the β-Arrestin induced receptor endocytosis via confocal 

microscopy.  Unfortunately, confocal microscopy images did not have enough clarity for any 

useful interpretation.  

 
4.1.1 Experimental hMC1R Mutants 

This study performed binding and adenylate cyclase assays on several hMC1R alanine 

substitutions: C79, S145, S154, T157, C273, S302A, T308, T314A, and S316A. A.  These amino 

acids were chosen for their possible roles in allowing proper receptor binding affinity, adenylate 

cyclase stimulation, receptor endocytosis, and disulfide bond donors for structural stability.  

These mutations are depicted in FIGURE 8. 

 



 

Figure 7: Two Dimensional Model of the hMC1R

of amino acids that were mutated in this study.  

study were C79, S145, S154,

 
4.1.2 Biological Assessment

Cell lines that were stably expressing the desired 

competitive binding affinity assays and adenylate cyclase activity assays were 

of the nine mutants as described 

were MT-II, SHU9119, FO163X

Confocal microscopy was used on living cells that were transfected with GFP

useful data was obtained. 

 

 

Two Dimensional Model of the hMC1R: This diagram illustrates

of amino acids that were mutated in this study.  The residues mutated to alanine in this 

study were C79, S145, S154, T157, C273, S302A, T308, T314A, and S316A.

Assessment 

Cell lines that were stably expressing the desired hMC1R mutants were created, and 

competitive binding affinity assays and adenylate cyclase activity assays were performed

mutants as described Chapter 2 of this thesis.  The peptides used on these mutants 

FO163X, LD211, and MSG606.  Their structures are given in TABLE 9

Confocal microscopy was used on living cells that were transfected with GFP-β-
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illustrates the location 

The residues mutated to alanine in this 

S302A, T308, T314A, and S316A.68 

MC1R mutants were created, and 

performed on each 

eptides used on these mutants 

ctures are given in TABLE 9.  

-Arrestin 2.   No 
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Compound Name Sequence

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

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

3 FO163X Ac-Nle-c[D-H-f-R-W-K]-NH2

4 LD211 Ac-Nle-c[D-H-f-R-W-Kα]-NH2

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

The blue colored amino acids are α-N-methylated, Kα means α-N-methylated lysine.  
 

Table 9: Peptides Used in the hMC1R Mutant Study. Several different peptides are studied for their ability to displace radiolabeled NDP-

MSH and stimulate adenylate cyclase on hMC1R mutants. 

          
MT-II F0163X LD211 MSG606 SHU9119

% Binding % Binding % Binding % Binding % Binding

Cell Line IC50 (nM) Efficiency ( n) IC50 (nM) Efficiency ( n) IC50 (nM) Efficiency ( n) IC50 (nM) Efficiency ( n) IC50 (nM) Efficiency ( n)

WT-MC1 6.2±1.4 100±10 7 55±12 95±8 3 14±6.9 97±9 3 200±49 97±5 5 1.4±0.3 100±8 1

S145A 6.6±1.2 100±8 1 39±4 97±9 1 8.9±0.9 97±5 1 ND ND 0 ND ND 0

S154A 5.7±1.3 100±9 4 89±18 97±8 1 35±7.5 97±6 1 310±75 97±8 3 ND ND 0

S302A 5±1.1 100±10 3 17±4.2 100±7 2 11±2.5 93±5 2 46±11 94±8 2 4.2±1.0 97±5 3

S316A 16±1.5 100±10 2 71±9 100±8 2 21±2.1 96±7 2 200±35 96±6 2 18±6 98±5 2

T308A 2.8±0.6 100±8 4 85±9 98±9 1 31±3.1 97±8 1 210±35 98±7 3 ND ND 0

T314A 2.3±0.5 100±7 6 34±8.2 98±2 12 95±21.1 94±6 12 14±3.3 96±5 12 16±3.9 96±6 6

T157A 5.8±1.1 100±9 3 200±48 98±5 2 45±11.1 90±7 2 21±4.8 90±6 4 4.9±0.7 98±6 1

C273S 2.5±0.6 100±10 3 99±19 98±5 1 55±6 98±6 1 210±49 98±7 2 ND ND 0

C79S 2.8±0.7 100±11 4 61±8 98±6 1 18±3.5 98±4 1 150±35 98±6 3 ND ND 0

 
Table 10:  Binding Assay Results for the hMC1R mutants.  Notice that all of these mutations do not interfere with ligand binding affinity. 
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MT-II F0163X LD211 MSG606 SHU9119

EC50 (nM) % Activity ( n) EC50 (nM) % Activity ( n) EC50 (nM) % Activity ( n) EC50 (nM) % Activity ( n) EC50 (nM) % Activity ( n)

5.8±1.1 100±10 2 18±4.1 80±8 3 27±6.5 74±6 1 51±12 10±4 3 19±3.1 56±5 2

33±7.8 100±8 8 16±4 67±7 11 8.4±2 63±6 4 3.2±0.8 73±6 5 230±55 89±7 5

3.5±0.5 100±8 11 290±61 90±7 14 30±8 81±4 7 100±18 66±6 7 14±3.1 86±4 5

31±7.7 100±9 6 37±9.2 70±5 6 19±4.6 86±6 6 34±8.4 71±2 6 18±3.5 72±4 6

5.3±1.2 100±10 6 42±10 73±6 8 34±8.2 84±6 8 250±59 67±7 8 8.9±2.1 78±6 7

12±2.2 100±10 14 470±85 71±7 13 1.5±0.3 96±6 7 44±10 74±3 10 5.4±0.8 91±8 5

3.4±2.1 100±10 3 130±21 92±5 6 150±21 91±5 6 430±74 94±7 4 100±18 74±4 3

5.8±1.1 100±10 13 18±4.1 80±6 11 27±6.5 74±8 6 51±12 71±5 8 19±3.1 56±6 5

54±12 100±8 10 22±3.1 89±7 9 30±6 100±8 5 58±14 88±7 7 20±4.1 94±6 4

81±12 100±7 15 81±20 74±6 16 39±9.4 96±4 9 38±9.2 73±6 12 78±15 90±7 5  
Table 11: Adenylate Cyclase Assay Results for the hMC1R mutants.  Notice that all of these mutations do not significantly impair cAMP 

production, with the possible exception of S316A, S302A and T157A.  
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4.2 Results 

 4.2.1 Binding Assay Results 

The competitive binding assays were done for each peptide using [125I]NDP-MSH as the 

competing peptide.  This assay was performed according to the procedure mentioned in Chapter 

2.  The IC50 ± SEM, binding efficacy± SEM, and the number of repeats are shown in Table 7. 

 
4.2.2 Adenylate Cyclase Assay Results 

 All of the hMCR subtypes are able to stimulate cAMP when treated with melanocortin 

targeting peptides.  As a result, an adenylate cyclase assay mention in Chapter 2 was used to 

determine the biological activity of these compounds.16,124 The EC50 ± SEM, binding efficacy, 

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

 
4.3 Conclusions and Future Work 

The mutation study attempted determine the effects of nine hMC1R mutants with alanine 

substitutions at intracellular cysteine, serine, and threonine residues on the binding and cAMP 

stimulatory ability of several different melanocortin targeting peptides.  This mutation study 

ruled out these nine amino acids as crucial amino acids for the binding and adenylate cyclase 

abilities of the hMC1R.  This study also attempted to determine whether these mutations had any 

effect on the β-Arrestin induced receptor endocytosis via confocal microscopy.  Unfortunately, 

confocal microscopy images did not have enough clarity for any useful interpretation.  
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CHAPTER 5 
 

STRUCTURE ACTIVITY RELATIONSHIPS OF hMC4R/TNF-α-ANTAGONISTS 

5.1  Introduction 

The melanocortin targeting peptides can show anti-inflammatory abilities, either 

mediated through the hMC1R receptor, or another unknown receptor(s).   Inflammation affects 

the body through many different messengers, but specifically through the proinflammatory 

cytokine TNF-α. Studies have shown that α-MSH treatment suppresses intracerebral 

proinflammatory cytokine gene expression following transient cerebral ischemia, suggesting that 

systemically administered melanocortins may exert neuroprotective effects85.  This study 

attempted to test peptides that were designed to be hMC4R/TNF-α antagonists. 

 
5.2 Peptide Series Design 

The peptide library shown in TABLE 12 was synthesized in the laboratory of Victor 

Hruby, Ph. D by Joel Nyberg.  The library consists of Melanocortin targeting derivatives. These 

peptides are designed to be agonists at hMC1R/hMC5R, and antagonists at hMC3R/hMC4R.  

These peptides will be used to study the anti-inflammatory properties of the hMCRs. 

hMC4/TNF-α antagonists

Compound Name Sequence

1 JBN51 Ac  -Nle  -c[ {CH2C(O)}2 - DNal - R - W - K] - G - K - P - V  -NH2

2 JBN61 Ac  -Nle  -c[ {CH2C(O)}2 - DNal - R - W - K] - A - K - P - V  -NH2

3 JBN53 Ac  -Nle  -c[ {CH2C(O)}2 - DNal - R - W - K] - G - A - K - P - V  -NH2

4 JBN69 Ac  -Nle  -c[ {CH2C(O)}2 - DNal - R - W - K] - β - A - K - P - V  -NH2

5 JBN95 Ac  -Nle  -c[  -D-H - DNal - R - W - K] - G - K - P - V  -NH2

6 JBN96 Ac  -Nle  -c[  -D-H - DNal - R - W - K] - A - K - P - V  -NH2

7 JBN99 Ac  -Nle  -c[  -D-H - DNal - R - W - K] - A - G - K - P - V  -NH2  

Table 12: The hMC4R/TNF-α Peptide Library.  These cyclic peptides are designed to 

display agonistic abilities at hMC1R/hMC5R, and antagonistic abilities at 

hMC3R/hMC4R. 
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5.3 Results 

5.3.1 Binding Assay Results 

The competitive binding assays were done for each peptide using [125I]NDP-MSH as the 

competing peptide.  This assay was performed according to the procedure mentioned in Chapter 2.  The 

IC50 ± SEM, binding efficacy± SEM, and the number of repeats are shown in Table 7. 

hMC1R hMC3R hMC4R hMC5R

% Binding % Binding % Binding % Binding

Compound Name IC50,nM Efficiency ( n ) IC50,nM Efficiency ( n ) IC50,nM Efficiency ( n ) IC50,nM Efficiency ( n )

1 JBN51 280±170 100±5 2 0.64±0.10 100±3 2 57±31 100±4 2 5.9±4 100±5 2

2 JBN61 17±23 100±6 2 2.5±0.4 100±4 2 64±0.40 100±5 2 17±0.40 100±4 2

3 JBN53 450±98 100±4 2 4±1.7 100±2 2 58±36 100±5 2 17±11 100±3 2

4 JBN69 280±380 100±5 2 7.5±3.5 100±5 2 51±32 100±6 2 7.6±4.5 100±4 2

5 JBN95 13±5.2 100±5 2 5±3.3 100±4 2 11±14 100±2 2 7.6±2.3 100±5 2

6 JBN96 9.5±10 100±6 2 7.9±2.1 100±3 2 1.6±1.8 100±3 2 5.4±2.6 100±6 2

7 JBN99 18±25 100±5 2 6±0.20 100±5 2 0.68±3.4 100±4 2 5.4±3.4 100±5 2

 
Table 13:  Binding Assay Results for the hMC4R/TNF-α Analogues.  Compounds were able to bind strongly 
and efficiently at all receptors. 
 

5.3.2 Adenylate Cyclase Assay Results 

All of the hMCR subtypes are able to stimulate cAMP when treated with melanocortin targeting 

peptides.  As a result, an adenylate cyclase assay mentioned in Chapter 2 was used to determine the 

biological activity of these compounds.16,124 The EC50 ± SEM, binding efficacy, percent MT-II cAMP 

accumulation ± SEM, and the number of repeats are shown in Table 7. 

hMC1R hMC3R hMC4R hMC5R

% MT-II % MT-II % MT-II % MT-II

Compound Name EC50,nM Activity ( n ) IC50,nM Activity ( n ) IC50,nM Activity ( n ) IC50,nM Activity ( n )

1 JBN51 1900±180 100±6.5 4 NR NR 4 NR NR 7 120±15 7.4±5 8

2 JBN61 1300±240 100±20 4 NR NR 4 NR NR 7 220±35 6.8±3 8

3 JBN53 310±45 98±20 4 NR NR 4 NR NR 7 970±130 10±8 8

4 JBN69 6300±850 77.4±15 4 NR NR 4 NR NR 7 3.8±0.5 10±7 8

5 JBN95 3000±440 97±5.8 4 NR NR 4 NR NR 7 72±9 22±11 8

6 JBN96 3500±570 97±5 4 NR NR 4 NR NR 7 2000±80 23±14 8

7 JBN99 520±80 81±15 4 NR NR 4 NR NR 7 700±99 12±4 8

Table 14: Adenylate Cyclase Assay Results for the hMC4R/TNF-α Analogues.  Compounds revealed 
varying levels of agonistic effects on hMC1R/hMC5R, and antagonistic abilities at hMC3R/hMC4R 
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5.4 Conclusions and Future Work 

 The hMC4R/TNF-α set of peptides was successfully able to bind to all of the 

Melanocortin receptors, and display agonistic activities at only the hMC1R and hMC5R 

receptors.  The next stage in the study of these compounds was to test their binding capabilities 

at human endothelial cells.  Binding assay results showed that all of the JBN compounds were 

able to bind to these wildtype cells (data not shown).  Furthermore, a recent experiment was 

performed to test if these synthetic peptides, which are homologues to TNF-α, block the effect of 

TNF-α on NaPi-IIb expression.  It is important to note that it is not known whether the anti-

inflammatory abilities of melanocortin targeting peptides is mediated by the melanocortin 

receptor, or other unknown receptor(s).   An experiment by colleagues at the University of 

Arizona School of used Caco2 cells (an human intestinal cell line) that were transfected with 

NaPi-IIb promoter construct pGL3b/1103 and then treated with TNF-α in the presence or 

absence of TNF-α homologue. Promoter reporter assays were performed sixteen hours after 

TNF-α treatment and found that TNF-α inhibited NaPi-IIb promoter activity by about 45% in 

Caco2 cells. Among seven tested TNF-α analogues, only JBN69 fully blocked the action of 

TNF-α on NaPi-IIb promoter activity while JBN95 and JBN61 partially inhibited the action of 

TNF-α.  

This recent research is revealing new and exciting areas for melanocortin research in the 

anti-inflammatory abilities of hMCR peptide hormones. 
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CHAPTER 6 

CONCLUSIONS 
 

The overall goal of this thesis was to improve our knowledge of the structural 

mechanisms by which hMCRs bind their peptide hormones and transduce signal cascades.  The 

first experimental goal of this thesis was to determine the structure-activity relationships of α-N-

methylated SHU9119 analogues.  Results presented in this thesis showed the structure activity 

relationships of α-N-methylated SHU9119 derivatives, binding affinities and adenylate cyclase 

activity experiments for a peptide library composed of all possible analogues of α-N-methylated 

combinations of the histidine, D-Nal, arginine and tryptophan residues, thereby determining the 

in vitro properties of these peptides.   The experiments revealed that these peptides exhibited a 

substantial loss of binding ability at most of the hMCRs when the peptide contained α-N-

methylation at the D-Nal position.  Furthermore, it also appears that that the α-methylation of the 

arginine residue changes the SHU9119 peptie from being agonistic at hMC1R/hMC5R and 

antagonistic at hMC3R/hMC4R, to being solely agonistic at the hMC1R receptor.  In order to 

determine the exact effects that α-methylation on the peptide backbone, further molecular 

modeling and NMR experiments must be performed. 

The second portion of this thesis was to elucidate the amino acids that are crucial for 

ligand binding, adenylate cyclase activation, and receptor endocytosis. This mutation study ruled 

out these nine amino acids as crucial amino acids for the binding and adenylate cyclase abilities 

of the hMC1R.  This study also attempted to determine whether these mutations had any effect n 

the β-Arrestin induced receptor endocytosis via confocal microscopy.  After a few initial 

confocal microscopy experiments, they were discontinued due the lack of clarity. 
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The final portion of this thesis was to test peptides that were designed to be 

hMC4R/TNF-α antagonists.  This set of hMC4R/TNF-α set of peptides was able to successfully 

bind to all of the Melanocortin receptors, and display agonistic activities at only the hMC1R and 

hMC5R receptors.  It is important to note that it is not known whether the anti-inflammatory 

abilities of melanocortin targeting peptides is mediated by the melanocortin receptor, or other 

unknown receptor(s).   A recent experiment by our colleagues at the University of Arizona 

School of Medicine on these synthetic peptides, which are homologues to TNF-α, attempted to 

determine if these peptides block the effect of TNF-α on NaPi-IIb expression.  It was determined 

that JBN69 fully blocked the action of TNF-α on NaPi-IIb promoter activity while JBN95 and 

JBN61 partially inhibited the action of TNF-α. 
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APPENDIX 
 

STRUCTURES OF MELANOTROPIC LIGANDS 
 

A: MT-II : Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2 

 

B: SHU9119 and its Derivatives:  Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-NH2 

 

C: Rhodamine-MT-II  
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D: Rhodamine-SHU9119 

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