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Abstract 

 The gain or loss of weight as a therapeutic strategy is challenging, as the modulation 

of weight requires integrated approaches of dietary, environmental, and behavioral 

changes. The centrally-located melanocortin-3 and -4 receptors (MC3R and MC4R) both 

regulate food intake and energy homeostasis, and are associated with a variety of feeding-

related behavioral phenotypes. Data suggest that the MC3R and MC4R modulate body 

weight through different feeding behaviors. For instance, the MC3R may promote food 

intake through dopamine-mediated reward circuitry, while the MC4R may promote food 

intake under hypocaloric conditions to maintain a caloric state of homeostasis. To 

understand these possible physiological roles and to test hypotheses regarding possible 

therapeutic interventions for disease of positive or negative energy balance, selective and 

potent polypharmacological probes are highly valuable. 

 This thesis describes the generation of several valuable chemical probes for these 

receptors, and provides additional foundational work for the development of future 

molecular probes. In Chapter 3 and Chapter 4, derivatives of a truncated octapeptide 

macrocyclic mimetic of the endogenous melanocortin antagonist/inverse agonist agouti-

related protein (AGRP) were created. This study utilized a single substitution strategy in 

Chapter 3 to identify a position in the octapeptide template that may be modified to 

increase MC4R antagonist activity. In Chapter 4, the body of knowledge surrounding the 

structure-activity relationship of this structure was used to employ a multi-substitution 

strategy. This study resulted in the discovery of the most potent and selective MC4R 

antagonist discovered to date, and the serendipitous discovery of a substitution pattern that 
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allows this macrocycle to nearly recapitulate the dual antagonist pharmacology of the 

native hormone. 

 An MC4R-selective antagonist ligand may only be useful in some behavioral 

models of motivated feeding in wildtype animals, as the dual antagonist AGRP is expressed 

under hypocaloric conditions. Therefore, it was sought to increase the potency of 

previously discovered polypharmacological melanocortin probes that possess MC3R 

agonist activity and MC4R antagonist activity. In Chapter 5, a combinatorial tetrapeptide 

library was generated based on screening results from a mixture-based positional scanning 

library previously reported. This resulted in the identification of a tetrapeptide with a more 

potent polypharmacological profile than previously reported ligands, and resulted in the 

identification of a 100-fold MC3R selective tetrapeptide. 

 In these studies, the rapid iterative prototyping capabilities of peptide synthesis 

were employed for the creation of molecular probes. These probes do not address the basal 

level of MC4R activity or its physiological relevance. To identify the physiological 

relevance of the signaling cascade mechanisms produced by MC4R constitutive activity, 

probes that replicate these signaling pathways in vivo are required. The basal level of 

MC4R activation may be due to autostimulation by the MC4R extracellular N-terminal 

domain, since a synthetic hMC4R N-terminal domain construct H-hMC4R(1-26)-NH2 

possess µM agonist activity at the receptor. In Chapter 6, N-terminal domain constructs 

possessing disease-associated polymorphisms were synthesized and characterized, and the 

structure of the N-terminal domain peptide was studied using nuclear magnetic resonance 

spectroscopy. This resulted in the discovery that two of the polymorphism-containing N-
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terminal peptides possessed increased potency compared to the wildtype N-terminal 

peptide, while the other peptides were equipotent with the wild type peptide. This may 

indicate that the MC4R N-terminal domain possesses a different biased signaling cascade 

profile than other endogenous agonists. Because these polymorphisms have been identified 

in obese patients, this profile difference may play an important physiological role. It was 

also found that the N-terminal domain peptide adopts a random coil in solution, and thus 

may undergo a disorder-to-order transition upon binding to the receptor. These results 

suggest that in future probe development, rigidifying the N-terminal domain peptide to a 

bioactive conformation may increase its potency. 
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Chapter 1 

Markets, Brains, and Body Weight 

 

Sections of the information contained within this chapter have been published previously 

and have been reproduced with permission from: “Bench-Top to Clinical Therapies: A 

Review of Melanocortin Ligands from 1945 to 2016.” Ericson, MD; Lensing, CJ; Fleming, 

KA; Schlasner, KN; Doering, SR; and Carrie Haskell-Luevano. Biocheimica et Biophysica 

Acta- Molecular Basis of Disease. 2017, 1863. 2414-2435. Copyright (2017) Elviser. The 

primary sections being reproduced from this work is Section 1.5, Section 1.6, Section 1.7, 

Table 1.1, Table 1.2, and Table 1.3, and was written by the current author in collaboration 

with Mark D. Ericson and Skye R. Doering. 

 

1.1 The Durham Ox: A Case Study on Markets and Health 

The CDC reports that in 2016 approximately 35% of adults were overweight (body 

mass index, or BMI between 25-30) and 30% were obese (BMI >30). These values are 

calculated based on self-reported height and weight statistics, so these values may even be 

larger than reported. The prevalence of obesity in the United States has been steadily rising 

over time, accompanied by a rise in obesity-related diseases such as heart disease, stroke, 

type 2 diabetes, and cancer. The economic impact of the obesity epidemic has been 

staggering as well, and direct healthcare costs attributable to obesity have been projected 

to reach nearly $900 billion US dollars by 2030.1 Notably, these are direct healthcare costs 

and do not include the indirect costs from loss of productivity and premature loss of life, 
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estimates for which are considerably higher. If the United States cannot address this 

epidemic, it could lead to a national health emergency.  

Many of the complications associated with obesity are preventable and can be 

managed with dietary and lifestyle interventions. As of 2018, one popular diet is the 

Paleolithic diet. Advocates for this diet argue that none of our paleolithic ancestors of 

10,000+ years ago were obese or possessed these obesity-related diseases, and that human 

bodies are simply unable to withstand the effects of the Agricultural Revolution that helped 

bring about the Neolithic era. The paleolithic diet attempts to recapitulate the diet of our 

hunter-gatherer ancestors: high meat consumption, high intake of fruits and vegetables, 

high fat intake, no grains, and no starchy vegetables. 

It can be argued that, to understand the sudden boom of these diseases, one needs 

to turn instead to a different Agricultural Revolution: not the one that advocates of the 

paleolithic diet argue against, but the one that occurred in eighteenth-century England. The 

rise of a national free market led to a transition of farming for sustenance to farming for 

profit. Between 1700-1800 the number of cattle in England decreased, largely due to 

plague, by approximately one million.2 To maintain profits, farmers compensated for this 

loss by increasing the weight of the individual animals. These changes occurred rapidly, 

and were largely not due to selective breeding, but by overfeeding, resulting in a grotesque 

increase in fat mass (see: The Durham Ox, John Boultbee).2 Cattle that were particularly 

adept at gaining weight were selectively bred, generating some of the breeds of cattle 

known today (e.g., the Shorthorn). This change in fat content was also reflected in the dairy 

produced by the animals.2 Increases in fat content in food products were also driven by 
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consumer demand: fatty meats, dairy products, and pastries made with such products are 

considered more palatable than their tough, leaner counterparts.3  

From the eighteenth century English agricultural revolution emerges two things: 1) 

cardiovascular disease, considered at the time to be a uniquely “British disease”, and 2) 

engineering foods for increased taste perception based on consumer demand.4 Modern 

scholars have argued that this increase in cardiovascular disease is due to economic 

freedom and emerges as a result of the Enlightenment; it emerges when farmers are 

incentivized to engineer high fat foods to placate consumers and is absent where feudalism 

predominated and such incentives did not exist.2 At the time it was thought that these 

societies were able to prevent cardiovascular disease through their increased consumption 

of red wine, and what may be considered to be a myth surrounding the cardioprotective 

effects of red wine still exists today.2 Of particular interest to European scholars was the 

apparent lack of the “British disease” in the Mediterranean, which they attributed to the 

region’s interest in viticulture, despite the knowledge that Roman agricultural practices 

have placed a heavy emphasis on the breeding of lean, muscular livestock since before the 

publication of Virgil’s Georgics nearly 2,000 years prior (a practice which had been 

acknowledged by travelers from northern Europe since the Renaissance).2  

What this case study represents is the slow-surfacing impact of market forces on 

human health. It was not until approximately a half century after the market changed in 

Britain that health effects were observed. But this case study only discusses cardiovascular 

disease, so how does it relate to the obesity epidemic in the United States? It can be argued 

that the obesity epidemic may be resultant of an influx of high-fat/high-sugar foods, driven 
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the interplay between fat and sugar taste perception, and how those particular 

macronutrients in combination affect the human brain.3, 5 According to the United States 

Department of Agriculture Economic Research Service, the sales of caloric sweeteners 

spiked after the end of World War II rationing and rose steadily until 2001, when the US 

Surgeon General rose concerns about the growing obesity rates. As what was seen in the 

eighteenth century British Agricultural Revolution, food manufacturers have been 

incentivized by market forces to produce the most palatable foods possible; largely, these 

foods contain a high fat and sugar content. Following the influx of high fat foods into the 

market, there was a half-century lag period that preceded the boom of the British disease 

(i.e., heart disease). In the United States, following the influx of sugar into the fat-laden 

market, there is an approximately thirty-year lag period, followed by a boom in obesity 

rates. While this surge of palatable food availability has fueled population growth, it also 

may have contributed to the United States’ expanding waistlines. 

  

1.2 Challenges with Pharmacological Interventions for Body Weight  

There is a large body of work dedicated to understanding how the brain controls 

energy homeostasis, reviewed by Kim et al.6 In brief, the process of digestion by the 

stomach causes a breakdown of food into individual nutrients, including sugars, proteins, 

and fats. This influx of nutrients changes the peripheral levels of signaling molecules 

(commonly peptides). Additionally, the breakdown of these nutrients by the microbiome 

can also result in changes of these peripheral signaling molecules. Simultaneously, the 

brain also receives information about the nutrient breakdown and volume of food intake 
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directly via the peripheral nervous system. Overall, all of these signals result in the 

activation or suppression of neurons that affect food intake and energy homeostasis, 

predominantly in the hypothalamus and hindbrain.6  

The system described above is complex, and not entirely understood. However, it 

is also a system that can intuitively be interpreted as knowable from a chemical biology 

perspective. With a thorough understanding of the equilibrium, rate constants, signaling 

molecules, and localization of cognate receptors, one can imagine a massive diagram 

explaining everything there is to know about energy homeostasis. Although this task 

appears daunting, if this diagram can be teased out by understanding all these different 

pathways, then the perfect drug targets for all the ailments relating to diseases of positive 

(e.g. obesity, diabetes) or negative (e.g. anorexia, cachexia, and failure to thrive) energy 

balance should identified. Once this ideal target is identified, then it is a matter of screening 

campaigns and medicinal chemistry to develop the perfect drug.  

Unfortunately, that does not seem to be entirely the case, as food intake does not 

appear to be solely under homeostatic control. It appears that the neurocircuitry that 

controls feeding is also heavily integrated with the dopamine motive system, reviewed by 

Volkow et al.7 This system has also been implicated in drug addiction, and the authors 

point out the similarities between the cycle of intoxication, abstinence, and relapse 

observed in addiction and over-consumption, dieting, and relapse that is often present in 

individuals trying to lose weight.7  Given this information, the high failure rate of obesity 

therapeutics is perhaps unsurprising: not only are drug developers faced with the typical 

challenges of drug discovery such as pharmacokinetics, pharmacodynamics, and safety 
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profiles, but they also have to address potential addictive properties if the compounds act 

in a pathway that results in regulation of the dopamine motive system (e.g. 

amphetamines).7-8 To complicate matters, one can also imagine that patients who display 

these addictive behaviors with regard to food may not be able to be efficaciously treated 

with a compound that does not address the dopamine motive system. Drug addicts can 

remove themselves from the stimuli that promote drug seeking behaviors, but an obese 

patient or a patient with binge eating disorder cannot functionally exist in a modern world 

without being exposed to stimuli that can trigger relapse. As discussed above, the 

incentivization of the market to produce high calorie foods with high concentrations of fat, 

sugar, and salt has resulted in a society where highly palatable food that is almost 

specifically designed to engage this motive system is ubiquitous. 

To complicate matters further, there are numerous (and sometimes redundant) 

pathways that regulate feeding, as food intake is critically important for survival. 

Monotherapies targeting just one biological pathway face the risk of being less efficacious 

as anticipated due to the body’s increased reliance on compensatory pathways. To date, no 

monotherapy has been able to replicate the dramatic, long-term weight loss observed in 

patients who receive gastric bypass surgery (which results in a change to multiple pathways 

simultaneously). That is not to say it is impossible to develop therapeutics for obesity and 

its comorbidities. There have been promising results observed with polytherapies, 

unimolecular compound that are better able to mimic the hormonal changes observed in 

gastric bypass patients by targeting multiple targets simultaneously, reviewed by Capozzi 

et al.9 These polytherapies are able to provide a benefit that may be seen by co-
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administering multiple different drugs simultaneously, but without the need for regulatory 

approval of all the drug entities separately as well as in combination, theoretically reducing 

the cost and time it takes to bring the drug to market. 

Another method that may produce a similar biological effect as described above 

may be targeting upstream of the desired signaling pathway one intends to modulate. For 

instance, the Conn and Lindsley laboratories at Vanderbilt University have identified 

targets that, when modulated appropriately, are able to selectively target specific subsets 

of dopamine neurons to yield an overall more favorable therapeutic effect than modulating 

dopamine alone. The power of this approach allows scientists to think not of modulating 

receptors, but in modulating neurons, which will be discussed later.  

 

1.3 The Melanocortin System 

The melanocortin system consists of five receptor subtypes, discovered to date, that 

are involved in numerous biological pathways. The melanocortin-1-receptor (MC1R), 

expressed in the skin, is primarily involved in pigmentation.10-11 The melanocortin-2 

receptor (MC2R) is involved in steroidogenesis and is expressed in the adrenal cortex.11 

The centrally expressed melanocortin-3 and melanocortin-4 receptors (MC3R and MC4R) 

are linked to energy homeostasis.12-18 Additionally, the MC4R has a role in sexual function 

in humans.19-20 While the exact role of the melanocortin-5 receptor (MC5R) has not been 

elucidated,21-22 it has been linked to exocrine function in mice.23 

A variety of endogenous ligands interact with the melanocortin receptors (MCRs). 

The naturally occurring agonists, derived from the proopiomelanocortin (POMC) gene 
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transcript,24 stimulate the receptors to increase intracellular cAMP levels. Unique to this 

GPCR family is the presence of endogenous antagonists, agouti (ASP) and agouti-related 

protein (AGRP).25-27 Additionally, AGRP has been demonstrated to possess inverse agonist 

activity (directly decreasing cAMP levels within a cell) at the MC4R in mice and 

humans,28-29 while agouti has been shown to be an inverse agonist in cells expressing the 

grey squirrel MC1R.30 

 

1.4 Melanocortin Receptors and Feeding Behavior 

 The MC3R and MC4R are of focus in this work due to their effects on energy 

homeostasis and body weight maintenance. While both the MC3R and MC4R have 

influences on feeding behavior and body weight maintenance, they have also been 

associated with a variety of different phenotypes. The MC3R has been associated with the 

utilization of endogenous fats and increasing motivation for food reward.31-33 Conversely, 

other roles of the MC4R may include pain perception and pain aversion.34-35 It is 

hypothesized that the MC3R and MC4R may be involved in separate aspects of feeding 

behavior.  

The MC3R may play a greater role than the MC4R in promoting “hedonic”, or 

motivated feeding behaviors.36 The MC3R is selectively localized (vs. the MC4R) in the 

ventral tegmental area (VTA), which forms part of a dopamine-mediated reward circuitry 

in the brain and is implicated in drug addiction.31 Motivated feeding behaviors may have 

evolved as a response to times of famine, and in assays can be induced either by time-

restricted hypocaloric feeding (mimicking a famine), or by an abundance of highly 
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palatable food.37-38 One way to measure motivated feeding is with a progressive ratio, 

wherein animals are required to press a lever an increasing number of times for each meal 

to produce a food reward. In progressive ratio feeding assays performed in mice, the MC3R 

has been shown to play a role in motivated feeding behaviors while the MC4R has not.33, 

39 These mechanisms also seem to provide one explanation to why the MC3R may also 

promote the utilization of endogenous fat stores, if it evolved as an adaptation to times of 

famine.32   

The MC4R may play a more fundamental role in aspects of homeostatic feeding, 

and drive hunger as a response to a caloric deficit.36, 40 Hunger-promoting AGRP neurons 

located in the arcuate nucleus of the hypothalamus (ARC) regulate MC4R-expressing 

neurons in the paraventricular nucleus of the hypothalamus (PVH).40 Satiety is promoted 

by these MC4R neurons in the PVH, which is then suppressed as physiologically necessary 

with the endogenous antagonist/inverse agonist AGRP. Importantly, only in a calorie-

deficient state does stimulation of these MC4R-expressing neurons in the PVH encode a 

positive valence via projections into the PBN.40 Overall, these experiments support the 

existence of a neurological framework whereby the MC4R provides a drive for food intake, 

but only at a caloric deficit. For example, a person burns 500 calories performing exercise. 

Hunger is induced via AGRP neurons, and the person eats 300 calories. This produces a 

positive valence via MC4R-expressing PVH neurons. The person eats 200 more calories, 

which produces a positive valence, but eating any more food beyond that will not.  

This study becomes more confounding when placed into the context of the field. 

For example, projections of MC4R-expressing AGRP neurons into the PBN have been 
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associated with the suppression in inflammatory pain at a caloric deficit.35 Studies have 

indicated that the MC4R may not provide a motivational reward for food intake, or create 

a preference for palatable foods.34, 39 It is unknown what is providing the drive reduction 

in the feeding experiment above, as it does not appear to be a result of a reward-based drive 

toward food. What this pain experiment may indicate is that that the drive reduction (i.e., 

the decreased desire to eat at a caloric surplus, satiety) may have been mediated through 

the induction of or sensitization to pain, or a pain-like stimulus mediated by the MC4R.  

Further, mice that do not express the MC4R display a paradoxical place preference 

for inflammatory pain induced via lipopolysaccharide (LPS) injection.34 This observation 

could be an artifactual result stemming from genetic manipulation, or it could be 

significant. The MC4R possesses a basal level of receptor activation, which is mediated 

via its own N-terminal domain.41-42 If the interpretation above is correct, then this would 

produce a basal level of food aversion, induced by the downstream regulation of PBN 

neurons, which can be turned off as physiologically necessary by the inverse agonist 

AGRP. The MC4R knockout mice do not have the adequate machinery to modulate these 

PBN neurons, and therefore would be unable to produce the negative stimulus that appears 

to be involved in MC4R-regulted satiety. The preference for painful stimuli therefore may 

not be so paradoxical after all, as pain may be able to elicit the closest feeling to satiety 

that these mice are capable of feeling. Together, these experiments may be describing a 

heretofore unknown signaling network that implicates the MC4R in two separate 

physiological functions (satiety, and pain), but they could also be simply characterizing the 

feeling of homeostatic satiety as induced by the MC4R.  
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Regardless, there is a great deal of uncertainty as to the precise roles of the 

melancortin receptors in the brain. Neurologically, something as simple as the feeling of 

hunger is enormously complex and not very well understood. As one can imagine, selective 

ligands are highly valuable. Ligands that are selective for the MC3R may help 

neuroscientists better understand motivational feeding behavior. These ligands may also 

be highly valuable tools in the study of motivated behavior in general, as feeding is a useful 

tool phenotype in studying motivation. Ligands that are selective for the MC4R may help 

neuroscientists better understand homeostatic feeding, satiety, and even pain. In tandem, 

selective ligands for both receptors would therefore be extremely valuable in the study of 

obesity, pain, and addiction. As discussed earlier in this introduction, upstream targets can 

be used to selectively modulate specific neuronal populations associated with a particular 

disease state. With careful study, the melanocortin 3 and 4 receptors could potentially be 

two of these key targets to combat diseases of energy balance. They may also provide a 

non-addictive alternative to opioid therapeutics for the treatment pain. 

 

1.5 Melancortin Ligands 

Since changes in pigmentation can be readily visualized, early work on 

melanocortin ligands focused on the MC1R. The first reports of altered pigmentation dates 

back to 1916.43-44 Significant advances were achieved with the identification, sequencing, 

and cloning of the MCRs from 1992 to 1994,10-11, 15, 18, 21-22 coupled with the development 

of 96-well plate cAMP assays.45 The genetic information combined with assay platforms 

generated an experimental paradigm that allowed for the design, synthesis, and 
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investigation of potent, selective compounds for the different receptor subtypes. Many 

pharmaceutical companies initiated melanocortin ligand programs following the 

discoveries that the MC4R was linked to food intake, energy homeostasis, obesity, and 

sexual function in humans.14 Reports of cardiovascular side effects associated with MC4R 

ligands 46 coupled with an increase in mergers within the pharmaceutical industry led to 

diminished industrial interest in melanocortin ligands. However, melanocortin ligands 

have continued to be advanced to clinical trials. 

 

1.5.1 Classic Endogenous Peptide Melanocortin Ligands 

Since the first reports of the sequences of adrenocorticotropic hormone (ACTH), β-

melanocyte stimulating hormone (β-MSH), and α-MSH in the 1950s,47-49 numerous 

peptides and small molecule ligands have been developed for the MCRs. This section will 

focus on select classic melanocortin ligands that will be discussed. In particular, the 

naturally occurring ligand α-MSH derived from the POMC gene transcript, the endogenous 

antagonists ASP and AGRP, and select synthetic derivatives of α-MSH (NDP-MSH, MTII, 

and SHU9119) will be highlighted (Figure 1.1). 

Proopiomelanocortin (POMC) Gene Transcript. The endogenous agonists for the 

melanocortin receptors are all derived from the POMC gene transcript.24 Cleavage of the 

pre-proopiomelanocortin polypeptide sequence by prohormone convertases (PC) generates 

the melanocortin agonist ligands α-MSH, β-MSH, γ-MSH, and ACTH, as well as other 

peptides including β-endorphin and β-lipotropin.50-52 Common to the endogenous 

melanocortin agonists is a His-Phe-Arg-Trp tetrapeptide sequence which is hypothesized 
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to be the molecular recognition sequence for these ligands (Figure 1.1A). This sequence, 

when acetylated at the N-terminal and possessing a C-terminal amide  is the minimally 

active truncation product that possesses agonist activity in the classic frog and lizard skin 

bioassays.53-54 

 

 
 

Figure 1.1 Structures of classical melanocortin ligands. (A) POMC-derived naturally occurring 

agonists (the common His-Phe-Arg-Trp tetrapeptide is highlighted in red). (B) Sequences of the 

endogenous antagonists AGRP and ASP (the active Arg-Phe-Phe tripeptide is highlighted in blue). 

(C) NDP-MSH, MTII and SHU9119 (hypothesized pharmacophore region highlighted in red). 

 

Since the endogenous agonists are derived from the POMC gene, the absence of 

the agonists in POMC-null individual has many effects on pigmentation (MC1R), 
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steroidogenesis (MC2R), and weight gain (MC4R).55-60 Following the initial report of 

POMC-null humans, POMC knock-out (KO) mice were generated by removing the coding 

region for POMC derived peptides.61-62 Similar to the phenotype observed in POMC-null 

humans, POMC KO mice experienced hyperphagia (MC4R), altered pigmentation 

(MC1R), and hypocortisolism (MC2R). While it was initially reported that adrenal glands 

were absent in POMC KO mice,61 it was subsequently observed that POMC mice possess 

adrenal glands that are significantly smaller than adrenal glands found in wildtype mice.62-

64 An intraperitoneal injection of an exogenous synthetic melanocortin ligand was able to 

alter the weight gain and pigmentation changes observed in these mice.61 Untreated, the 

absence of the POMC gene is fatal in humans,57 underscoring the many critical functions 

these endogenous ligands perform in vivo. 

α-MSH. The α-MSH peptide is derived from the N-terminal 13 residues of ACTH 

(Figure 1.1A) and is highly conserved across mammalian species. Both termini of α-MSH 

are modified, with the N-terminal acetylated and the C-terminal carboxyamidated (Figure 

1.1A). Acetylation of the N-terminal has been demonstrated to increase the stability of α-

MSH compared to des-acetylated α-MSH.65-66 The full length peptide possesses 

nonselective sub-nanomolar to nanomolar potencies at the MC1R, MC3R, MC4R, and 

MC5R.67-68 Alanine scans of α-MSH have also indicated the importance of the Met4, Phe7, 

Arg8, and Trp9 positions for binding and functional activity at the mouse MC1R and rat 

MC3R.69-70 A 2016 report examining the cloned mouse receptors indicated that in addition 

to positions Met4, Phe7, Arg8, and Trp9, the Glu5 and His6 positions also affect functional 

activity.68 Expression of α-MSH in the central nervous system is predominantly in the 
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hypothalamus.71 Expression of α-MSH is dispersed throughout the arcuate nucleus, 

however it is found more densely in the lateral regions where it is synthesized.71-72 Other 

locations of α-MSH expression include the dorsomedial nucleus of the hypothalamus 

(DMH), fibers in the medial preoptic, and the paraventricular, periventricular, and anterior 

hypothalamic nuclei.71, 73 The ability of α-MSH to decrease food intake in rodents 

following intracerebroventricular (icv) administration and to alter the skin/hair coloration 

of humans and small mammals when dosed peripherally demonstrate the importance of 

this ligand in the regulation of several important pathways.74-80  

Agouti and AGRP. Unique to the melanocortin system is the presence of two 

endogenous antagonists, ASP and AGRP, the only naturally occurring GPCR antagonists 

discovered to date (Figure 1.1B). Full-length mouse ASP consists of 132 amino acids and 

expression in the skin has been shown to affect pigmentation through MC1R antagonism.81-

82 The active form of ASP has been hypothesized to be ASP(23-132), following cleavage 

of the N-terminal 22 residue signal peptide.83-84 The C-terminal domain possesses five 

disulfide bonds and was found to be equipotent to the full-length peptide,82 with an Arg-

Phe-Phe tripeptide sequence shown to be critical for binding to the MC1R.85 Ectopic 

expression of agouti due to a mutation at the agouti locus results in the lethal yellow strain 

of mice (Ay).81, 86 The constant antagonism of the MC1R is characterized by overexpression 

of the skin pigment pheomelanin, resulting in the observed yellow coat color.82, 86 These 

mice are also characterized by increased weight gain and increased linear growth,87 

characteristic of altered MC4R signaling. Indeed, ASP was found to be a competitive 

antagonist at the MC4R, but did not interact with the MC3R or MC5R.88 In a subsequent 
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publication, a synthetic C-terminal agouti fragment with two amino acid substitutions 

(Q115Y and S124Y, corresponding to the homologous residues in AGRP) was reported to 

antagonize the MC3R, as well as the MC1R and MC4R.89 These substitutions to form 

agouti-YY were required for proper protein folding to generate sufficient quantities of the 

ligand for in vitro assays and NMR characterization.89 In addition to the skin, ASP has also 

been found to be expressed in testis, ovary, and adipose tissue.90 

Similar to ASP, AGRP possesses a C-terminal domain with five disulfide bonds 

that is as active as the full length protein (Figure 1.1B), as well as an Arg-Phe-Phe 

tripeptide sequence shown to be critical for antagonist function.27, 91 The C-terminal 

domains of agouti-YY, AGRP, and a truncated “mini-AGRP” have all been shown to 

possess similar structures by solution NMR.89, 92-94 Despite these structural similarities, 

these antagonists possess different pharmacological profiles at the melanocortin receptor  

subtypes. While ASP has been shown to antagonize the MC1R, MC3R and MC4R, AGRP 

is not an antagonist at the MC1R but does interact with the centrally expressed MC3R and 

MC4R.26-27 Truncated and chimeric ASP-AGRP ligands indicated that the C-terminal loop 

of ASP was responsible for MC1R selectivity.95 An additional difference between the 

antagonists is AGRP has been demonstrated to be further processed into AGRP(83-132), 

the proposed functional form in vivo.96 Expression of AGRP is primarily in the arcuate 

nucleus, the adrenal cortex, posterior hypothalamus, paraventricular nucleus regions of the 

brain.71, 90, 97 Similar to the Ay strain in mice, ectopic expression of AGRP results in mice 

displaying hyperphagia and increased linear growth, purportedly to be due to MC4R 
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antagonism.27, 98 The orexigenic effect of AGRP(83-132) has been demonstrated to last up 

to 7 days,99-100 indicating a long-term mechanism for inducing increased food intake. 

 

1.5.2 Classic Melanocortin Synthetic Ligands 

Since the sequence of α-MSH was reported in 1957,48 this peptide has been 

subjected to numerous structure-activity relationship studies, including the classic 

truncation and alanine-positional scanning experiments.53-54, 68-70 Although α-MSH 

possesses nanomolar to sub-nanomolar potencies at the MCRs, key discoveries led to 

synthetic compounds with increased potency, length of activity, and altered receptor 

pharmacological profiles.  

NDP-MSH (Melanotan-I). The [Nle4,DPhe7]α-MSH (NDP-MSH) ligand was 

reported to have enhanced potency, increased resistant to proteolysis, and increased 

duration of action relative to α-MSH in 1980.101 Two amino acid residues, Nle4 and DPhe7, 

differ between NDP-MSH and α-MSH (Figure 1.1C). The methionine to norleucine 

substitution in position 4 was selected since the methionine amino acid was reported to be 

prone to oxidation when attempting to radiolabel α- or β-MSH.102-103 This modification 

was shown to increase potency relative to α-MSH.102, 104 The Phe7 to DPhe7 substitution 

was explored due to the observation that heat-alkali treatment of α-MSH enhanced 

activity,105 and the Phe7 position was a major site of racemization.101 Incorporation of the 

two modifications resulted in the NDP-MSH ligand, a sub-nanomolar, nonselective 

melanocortin receptor agonist. Truncation studies of NDP-MSH indicated an Ac-DPhe-

Arg-Trp-NH2 tripeptide sequence to be the minimally active fragment in both the frog skin 
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bioassay and at the cloned MCRs.67, 106 An alanine-positional scan of NDP-MSH reported 

decreased potencies when either the DPhe7 or Trp9 positions were substituted, indicating 

the importance of these two aromatic residues for the high potency of NDP-MSH.68 Thirty-

four years after its discovery, NDP-MSH (Afmelanotide) was approved in the European 

Union as a treatment for adult erythropoietic protoporphria in 2014.107 

MTII (Melanotan-II). In 1989, a series of lactam cyclized α-MSH/NDP-MSH 

analogs were synthesized in order to develop more potent and prolonged-acting 

melanocortin ligands.53, 108-109 Due to a hypothesized salt bridge between the Glu5 and Lys11 

of α-MSH/NDP-MSH based upon NMR and computer modeling, truncated ligands were 

cyclized through a lactam bridge between positions 5 and 10, maintaining the His-DPhe-

Arg-Trp active tetrapeptide sequence of NDP-MSH. Truncation of three residues from both 

the N- and C-termini, in addition to Glu5 to Asp5 and Gly10 to Lys10 substitutions and 

subsequent lactam bridge formation, resulted in MTII, a potent, non-selective melanocortin 

ligand with agonist activity at the MC1R, MC3R, MC4R, and MC5R.108-109 Since its 

discovery, MTII has been used as an in vitro and in vivo probe, with central icv 

administration of MTII inhibiting food intake in mice.14 

SHU9119. The MTII scaffold has been utilized in many structure-activity 

relationship studies to develop new melanocortin ligands with different selectivity and 

potency profiles. An early report substituted the DPhe of MTII with a DNal(2’) residue to 

generate SHU9119 (Figure 1.1C).110 The alteration of one residue changed the 

pharmacology of the resulting ligand: while SHU9119 maintained potent agonist activity 

at the MC1R and MC5R, it possessed sub-nanomolar antagonist potency at the MC4R and 
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antagonist/partial agonist activity at the MC3R.110 As the first peptide ligand discovered 

with potent antagonist activity at the MC3R and MC4R, icv administration of SHU9119 

was shown to significantly increase food intake in mice.14, 100  

 

1.6 Selective Melanocortin Receptor Probes 

There have been a number of purported selective ligands published for the 

melanocortin receptor subtypes, with varying degrees of selectivity depending on the 

definition of the authors. A search of “selective melanocortin ligands” in PubMed (as of 

October 2016) yields 41 results from 2006 to 2016 alone, with many of these papers 

reporting a number of ligands. Additionally, this thesis has identified several additional 

selective ligands (Chapters 3, 4, and 5). For these reasons, the current review is not meant 

to provide a comprehensive review of every selective melanocortin ligand, but to highlight 

selective compounds developed from 2006-2016. For the purposes of this review, a 

selective compound must possess a 100-fold potency difference between at least two 

melanocortin receptors. This review will also only discuss ligands with potencies 

determined at the MC1R, MC3R, MC4R, and MC5R; the MC2R will not be discussed as 

it is only stimulated by ACTH. 

“Selective” Melanocortin Agonists. In this section, agonists were selected for 

discussion when functional data (EC50 values) at the MC1R, MC3R, MC4R, and MC5R 

were determined. Ligands for which activity was determined at three or fewer receptors 

were not included. The search terms “melanocortin” and “melanocortin agonist” were used 

to search PubMed databases for papers containing agonist melanocortin ligands, focusing 
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on ligands reported since 2006. Selective ligands (ligands with 100-fold differences in 

potency between at least two receptors) are listed in Table 1.1 and Table 1.2. Compounds 

were separated based upon whether they were assayed at the human (Table 1.1) or mouse 

(Table 1.2) melanocortin receptors. Ligands were additionally divided by selectivity for a 

particular receptor subtype. The same ligand may be selective for multiple receptors and 

are listed multiple times in the tables. 

There have been a number of selective peptide, peptidomimetic, and small molecule 

ligands reported for the melanocortin receptors. Of the agonist compounds selective for the 

hMC1R (Table 1.1), one was selective for the hMC1R over the hMC4R,111 three were 

selective for the hMC1R over the hMC3R and hMC4R,111-113 two were selective for the 

hMC1R over the hMC3R and hMC5R,114 and three possessed at least 100-fold selectivity 

for the hMC1R over the hMC3R, hMC4R, and hMC5R.112, 115 For agonist compounds 

selective for the mMC1R (Table 1.2), one ligand was selective for the mMC1R over the 

mMC3R,116 three were selective for the mMC1R over the mMC3R and mMC4R,116-117 and 

one compound was at least 100-fold selective for the mMC1R over the three remaining 

receptors.118 Of the ligands selective for the hMC1R or mMC1R, three were based upon 

the linear structure of α-MSH,111, 115 four were substitutions of the MTII/SHU9119 

scaffold,111-112 five were small molecules based on benzimidazole or cyclophane scaffolds 

(Figure 1.2),114, 116 and two were cyclic analogues of AGRP possessing a thioether 

heterocyclic structure.117-118 
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Table 1.1 Table of selective melanocortin agonists for the human MCRs. 

Selective 
For: 

First 
Author 

Year Ref 
Compound 

ID 

Compound EC
50

 (nM) 

hMC1R hMC3R hMC4R hMC5R 

hMC1R 

Bednarek 2007 111 
11 

1.4 
(59%) 

0.54 
(43%) 

4% @ 
2.5µM 

0.11 

Cai 2015 112 1 15 >10000 >10000 7 

Bednarek 2007 111 
5 

0.23 
(67%) 

3% @ 
2.5µM 

0% @ 
2.5µM 

0.088 

Bednarek 2007 113 
2 90 

0% @ 
10µM 

0% @ 
10µM 

50 

Conde-
Frieboes 

2011 114 
6a 12 >10000 700 >10000 

Conde-
Frieboes 

2011 114 
7 16 >10000 470 >10000 

Cai 2015 119 15 3.7 >10000 >10000 >10000 

Cai 2015 119 8 2.1 >10000 >10000 450 

Bednarek 2007 115 
2 2.4 

34% @ 
1μM 

22% @ 
2.5µM 

26% @ 
1.5μM 

hMC3R 

Bednarek 2007 111 
11 

1.4 
(59%) 

0.54 
(43%) 

4% @ 
2.5µM 

0.11 

Carotenuto 2015 119 2 940 1.9 >1000 10 

hMC4R 

Hong 2010 120 21A 1200 90 5.4 490 

Hong 2010 120 23A 520 79 6.4 1000 

Hong 2010 120 20B 540 1800 13 >5000 

Hong 2010 120 25B >5000 2500 19 >5000 

Cai 2015 119 17 >10000 >10000 5 (67%) >10000 

hMC5R 

Bednarek 2007 111 
11 

1.4 
(59%) 

0.54 
(43%) 

4% @ 
2.5µM 

0.11 

Cai 2015 119 1 15 >10000 >10000 7 

Bednarek 2007 111 
5 

0.23 
(67%) 

3% @ 
2.5µM 

0% @ 
2.5µM 

0.088 

Bednarek 2007 113 
23 

3.8 
(46%) 

8% @ 
5µM 

3% @ 
5µm 

0.15 

Bednarek 2007 111 
7 

20% @ 
5µM 

54%@ 
5µM 

36% @ 
5µM 

0.41 

 
Selectivity was defined to be at least 100-fold more potent between at least two receptor subtypes. 

Ligands are grouped by receptor selectivity. In some publications, numerous ligands were reported 

with the same selectivity profiles. In these instances, only the most potent ligands were chosen. 

Percent values represent the maximal percent receptor activation observed in these studies. 
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Table 1.2 Table of selective melanocortin agonists for the mouse MCRs. 

Selective  
For: First Author Year Ref 

Compound 
ID 

Compound EC
50

 (nM) 

mMC1R mMC3R mMC4R mMC5R 

mMC1R 

Todorovic 2007 116 10 5.9 >100000 41 30 

Todorovic 2007 116 11 14 >100000 >100000 25 

Todorovic 2007 116 12 5.1 10% @ 100µM 63% @ 100µM 19 

Singh 2014 117 AMW6103 0.81 5300 440 31 

Singh 2013 118 4 1.9 4500 290 415 

mMC3R Todorovic 2016 68 [Ala4]α-MSH 12000 17 120 60 

mMC4R 

Todorovic 2007 116 10 5.9 >100000 41 30 

Hess 2008 121 4 28 1300 4 2 

Proneth 2008 122 11 280 240 2.8 2.9 

mMC5R 
Todorovic 2007 116 10 5.9 >100000 41 30 

Hess 2008 121 4 28 1300 4 2 

 
Selectivity was defined to be at least 100-fold more potent between at least two receptor subtypes. 

Ligands are grouped by receptor selectivity. In some publications, numerous ligands were reported 

with the same selectivity profiles. In these instances, only the most potent ligands were chosen. 

Percent values represent the maximal percent receptor activation observed in these studies. 

 

 

Figure 1.2 Chemical structures of MC1R selective small molecule ligands.114, 116 
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Unlike the other melanocortin receptors, selectivity for the MC3R has been more 

difficult to achieve. Two selective agonists have been reported for the hMC3R (Table 1.1): 

a partial agonist at the hMC3R was selective over the hMC4R111 and one compound has 

been reported selective for the hMC3R over the hMC1R and hMC4R.119 At the mMC3R 

(Table 1.2), one compound has also shown to be selective for the mMC3R over the 

mMC1R.68 Of the MC3R selective compounds, two were derivatives of α-MSH68, 111 and 

one based upon the MTII/SHU9119 template.119 

Perhaps due to the correlation between the MC4R and obesity, a number of 

selective ligands have been reported for this receptor subtype. At the hMC4R (Table 1.1), 

one compound has been reported for selectivity for the hMC4R over the hMC1R,120 one 

compound selective for the hMC4R over the hMC5R,120 one ligand for the hMC4R over 

the hMC3R and hMC5R,120 and two were at least 100-fold selective for the hMC4R over 

the remaining three receptor subtypes.119-120 At the mMC4R (Table 1.2), two compounds 

were selective for the mMC4R over the mMC3R116, 121 and another ligand was reported 

100-fold selective for the mMC4R over the mMC1R.122 Of the selective ligands reported 

for the MC4R, five were small molecules,116, 120 two were based upon the His-DPhe-Arg-

Trp tetrapeptide sequence,121-122 and one was a derivative of the MTII/SHU9119 

scaffold.119 

Investigations into the MC5R have also resulted in several selective ligands. At the 

hMC5R (Table 1.1), one compound was selective for the hMC5R over the hMC4R,111 

three were selective for the hMC5R over the hMC3R and hMC4R,111, 119 and one was 

selective for the hMC5R over the remaining three receptor subtypes.111 At the mMC5R 
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(Table 1.2), two compounds have been reported to be selective for the mMC5R over the 

mMC3R.116, 121 Of compounds selective for the MC5R, three were derivatives of α-

MSH,111 two were substitutions within the MTII/SHU9119 scaffold,111, 119 one was based 

upon the tetrapeptide His-DPhe-Arg-Trp,121 and one was a small molecule.116 

“Selective” Melanocortin Antagonists. Whereas agonists at the melanocortin 

receptor stimulate the production of cAMP, antagonists inhibit the ability of an agonist to 

stimulate cAMP production. Antagonists must therefore be assayed in the presence of an 

agonist, preferably at multiple concentrations of antagonist to generate a Schild analysis.123 

There are no studies which reported functional antagonist pA2 values at each of the four 

melanocortin receptors investigated in this review. Therefore, publications were selected 

when pA2 values were reported at a minimum of two of the four melanocortin receptors, 

and functional agonist data at the remaining receptors. For melanocortin receptor 

antagonists, selectivity was defined as a 100-fold difference in potency between the two 

melanocortin receptors assayed for antagonist activity. Since pA2 values represent a log 

scale, compounds with pA2 values different by two pA2 units are 100-fold different. Search 

terms used for the analysis of melanocortin antagonists in the PubMed database were 

“melanocortin” and “melanocortin antagonist,” focusing on ligands reported 2006 - 2016. 

From these search parameters, three studies reported selective pA2 values at two 

melanocortin receptors (mMC3R and mMC4R) and reported functional agonist EC50 

values for the other two receptors (mMC1R and mMC5R, Table 1.3).124-126 For the sake 

of clarity, antagonists in Table 1.3 were divided into two sections: ligands with antagonist  
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Table 1.3 Table of selective mouse MC4R antagonists. 

First Author Year Ref 
Compound 

ID 

Receptor Activity 

mMC1R 
EC50 (nM) 

mMC3R 
pA2 

mMC4R 
pA2 

mMC5R 
EC50 (nM) 

Ericson 2015 125 17 20000 nM < 5 8.2 >100000 

Doering 2015 124 3 8300 nM < 5 7.1 24000 nM 

Ericson 2015 125 10 1500 nM < 5 7 >100000 

Doering 2015 124 2 21000 nM < 5 6.3 7800 nM 

Ericson 2015 125 22 75% @ 100μM 6.9 9.1 >100000 

Lensing 2016 126 10 110 nM 6.1 8.4 70% @ 100μM 

Doering 2015 124 6 5500 nM 5.9 8.3 20000 nM 

Doering 2015 124 7 5800 nM 5.7 8.3 20000 nM 

Doering 2015 124 1 2000 nM 5.4 7.8 2800 nM 

Ericson 2015 125 19 13000 nM 5.6 7.8 >100000 

 

Selectivity was defined to be greater than 100-fold more potent between at least two receptors (two 

pA2 units). Ligands are grouped by possessing or not possessing agonist or antagonist activity at 

the mMC3R at concentrations up to 10 μM (pA2 < 5). In some publications, numerous ligands were 

reported with the same selectivity profiles. In these instances, only the most potent ligands were 

chosen. 



26 

 

activity at the mMC4R but no agonist or antagonist activity observed at the mMC3R at 

concentrations up to 10 μM (pA2 < 5) and antagonists that were active at the mMC3R and 

mMC4R. The antagonists reported by Doering et al. were derivatives of the tetrapeptide 

Ac-Trp-DPhe(p-I)-Arg-Trp-NH2.
124 Scaffolds reported by Ericson et al. were AGRP 

macrocyclic derivatives, which were expanded upon in Chapter 3 and Chapter 4.125 The 

antagonist reported by Lensing et al. possessed the structure Ac-His-DNal(2’)-Arg-Trp-

(PEDG20)-NH2.  No ligands within the search parameters were MC1R, MC3R or MC5R 

selective antagonists. Interestingly, although most reported MC3R antagonists possess 

partial agonist activity at the MC3R, the peptides developed by Doering et al. and Ericson 

et al. did not possess partial agonist activity at the MC3R.124-125 

 

1.7 Clinical Use of Melanocortin Ligands 

There has been a concerted effort to translate melanocortin ligands into clinical 

therapies. Both α-MSH and β-MSH were injected in humans in 1961.76 However, many 

unexpected challenges such as receptor-mediated pressor effects limit the translation of 

these pharmacologically active compounds into viable therapies.46 The clinical study 

involving Eli-Lilly compound LY2112688, which had unexpected cardiovascular effects, 

is the archetype of unexpected challenges targeting the melanocortin receptors.46 

This section will focus on clinical studies from 2011 to 2016, in peer-reviewed 

publications on melanocortin compounds in preclinical and clinical studies to complement 

previous reviews.127-128 A survey was conducted on the databases ClinicalTrials.gov, 

PubMed, and the Cochrane Central Register of Controlled Trials (CENTRAL). Search 
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criteria included “melanocortin” and “pharmacotherapy OR drug therapy OR pharmaceutic 

OR drug.” Studies were excluded if they were not peer-reviewed or did not possess patient 

data. In addition, studies focusing on polymorphisms of the melanocortin receptors and the 

resulting effects on different pathways were excluded. These criteria generated more than  

 

 
 

Figure 1.3 Chemical structures of the melanocortin ligands used in clinical trials from 2011 to 

2016. The ligand MTII is included as a comparison to bremelanotide, with differences highlighted 

in the blue circle.
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bremelanotide, afamelanotide, setmelanotide, MC4-NN2-0453, and MSH/ACTH(4-10). 

Bremelanotide. The cyclic heptapeptide, sequence Ac-Nle-c[Asp-His-DPhe-Arg-

Trp-Lys]-OH (bremelanotide, Figure 1.3), is a derivative of the potent melanotan-II (MTII, 

Figure 1.3) with a C-terminal carboxylic acid.108 Bremelanotide is in clinical development 

by Palatin Technologies for the treatment of hypoactive sexual desire disorder in women. 

The initial development of these cyclic α-MSH analogues targeted sunless tanning. It was 

discovered by Dr. Hadley et al. that a single 10 mg injection of MTII was able to induce 

an instantaneous and unrelenting erection lasting approximately 8 hours in duration,129 

indicating sexual effects in males with other sexual effects also observed in females. 

A phase 2 clinical study consisting of 394 women experiencing sexual dysfunction 

reported clinical efficacy was achieved with 1.25 and 1.75 mg subcutaneous doses. These 

doses induced a maximal 3.0 mm Hg pressure increase in both systolic and diastolic blood 

pressures between 0 and 4 h post injection. Importantly, the increases in blood pressure 

were transient, approximately 15 minutes in duration, and quickly reduced back to 

pretreatment levels.130 

Bremelanotide was taken into a phase 2 trial in postmenopausal women with self-

reported sexual dysfunction.131 A total of 327 women with female sexual arousal disorder 

and/or hypoactive sexual desire disorder were randomized in a double-blind placebo-

controlled study. Treatment consisted of placebo, 0.75, 1.25, or 1.75 mg subcutaneous 

doses of bremelanotide. Two week base-line measurements were followed by a 12 week 

at-home study where the compound was administered as desired once daily (up to 16 doses 

in a 4-week period) 45 minutes prior to anticipated sexual activity. Efficacy was 
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determined as changes in score using the self-reported female sexual distress scale-

desire/arousal/orgasm via an electronic diary for all sexual encounters for the duration of 

the study. Results indicated a significant increase in the number of sexual encounters per 

month (+0.75 for the 1.25/1.75 mg pooled data) in addition to a decrease in the distressed 

scores produced from the self-reported questionnaire (indicating greater satisfaction).131 

Positive results were also reported from a phase 3 clinical study in August 2016 in 

premenopausal women, and may perhaps be the first US approved melanocortin ligand 

drug. A New Drug Application (NDA) for bremelanotide submitted by Palatin 

Technologies, INC was accepted by the FDA in 2018. 

Afamelanotide. The linear 13-residue afamelanotide is another name for the 

synthetic melanocortin analog NDP-MSH (Figure 1.3) that was initially reported in 

1980.101, 132 Afamelanotide has been used in phase 2 trials for the treatment of skin 

conditions associated with inflammation. These studies have focused on rare skin 

conditions such as Hailey-Hailey disease in addition to diseases with a broader scope such 

as acne vulgaris, although these studies are limited due to small patient size.133-134 

 In clinical development and evaluation sponsored partially by Clinuvel 

Pharmaceuticals, afamelanotide has produced successful results in phase 3 clinical trials 

for erythropoietic protoporphyria, a photosensitivity skin condition (ClinicalTrials.gov 

identifiers NCT01605136 and NCT00979745), summarized in 2015.135 Presumably 

signaling through the MC1R, afamelanotide  induces the production of eumelanin in the 

skin, serving as a chemical tanning agent that would allow increased exposure to sunlight 

for individuals afflicted with erythropoietic protoporphyria. These studies were conducted 
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in both the United States (94 patients) and the European Union (74 patients) using similar 

methodology. In a randomized, placebo-controlled, double-blind study, patients were 

treated with 16 mg injections of afamelanotide (proprietary name Scenesse) formulated in 

a biodegradable, implantable polymer matrix.136 In the European study, the patients 

received five doses over 9-months, while in the United States study patients received three 

doses over 6-months. The results from both locations indicated less-severe phototoxic 

reactions with shorter recovery times. In a self-reporting questionnaire, patients indicated 

the treatment produced a positive impact on their daily lives.135 Patients also experienced 

a significant improvement to light tolerance.135 Afamelanotide was approved by European 

regulators to treat erythropoietic protoporphyria in 2014107 and is the first approved 

melanocortin ligand for therapeutic use. 

Setmelanotide. The disulfide cyclized octapeptide setmelanotide (RM-493, 

formerly BIM-22493, IRC-022493, Figure 1.3), Ac-Arg-c[Cys-DAla-His-DPhe-Arg-Trp-

Cys]-NH2, is in clinical evaluation for weight-loss by Rhythm Pharmaceuticals. Preclinical 

studies in obese rhesus macaques indicated chronic subcutaneous administration of 

setmelanotide reduced overall food intake, decreased body weight, improved glucose 

tolerance, and did not induce negative cardiac effects.137 Phase 1 and 2 studies have 

successfully evaluated the safety, efficacy, tolerability, pharmacokinetics, and 

pharmacodynamics of the octapeptide in obese volunteers (ClinicalTrials.gov identifiers 

NCT02431442 and NCT02041195). A phase 2 clinical trial (ClinicalTrials.gov identifier 

NCT01867437) evaluated the efficacy and safety of setmelanotide, and consisted of 12 

obese, mean body mass index (BMI) 35.7 kg/m2, otherwise healthy individuals. In a 
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randomized crossover experimental paradigm, individuals received a 1 mg/24 hour 

subcutaneous infusion of drug or placebo for 72 hours. A significant increase in resting 

energy expenditure was observed, without corresponding increases in blood pressure or 

heart rate.138 An active study of volunteers with Prader-Willi syndrome to evaluate the 

compound efficacy is ongoing in 2016 (ClinicalTrials.gov identifier NCT02311673). In 

addition, there are results from an investigator initiated study consisting of two obese 

patients with proopiomelanocortin deficiencies.139 Daily subcutaneous administration of 

setmelanotide in these patients resulted in substantial weight loss (patient 1 = 51.0 kg in 42 

weeks, patient 2 = 20.5 kg in 12 weeks) and significantly decreased blood pressure in 1 

patient.139 However, subsequent studies of this compound indicated no substantial change 

in blood pressure for three patients, while promoting weight loss.140 

MC4-NN2-0453. In development by Novo Nordisk, MC4-NN2-0453 is a α-MSH 

analog with an N-terminal fatty acid extension.141 The modified peptide, 16-(tetrazol-5-

yl)hexadecanoyl-Oeg-Gly-Ser-Gln-His-Dap[bis(carboxymethyl)amino]acetyl-Nle-c[Glu-

Hyp-DPhe-Arg-Trp-Lys]-NH2 (Figure 1.3), has Ki of 2700, 71, 0.58, and 13 nM at the 

hMC1R, hMC3R, hMC4R, hMC5R, respectively.141 These in vitro results did not translate 

into clinically relevant effects on body weight in obese, otherwise healthy, patients.142 A 

four day multi-dose, randomized, double-blind, placebo-controlled trial tested multiple 

concentrations administered subcutaneously up to 3.0 mg/day.142 Analysis of the 

pharmacokinetic parameters indicated the compound possessed a long (>200 hour) t1/2 half-

life, but did not alter body weight. Side effects of this compound included non-serious skin 
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adverse events, primarily hyperpigmentation. Further development of this compound as an 

anti-obesity therapy appears to be halted, perhaps due to lack of efficacy. 

MSH/ACTH(4-10). The linear heptapeptide H-Met-Glu-His-Phe-Arg-Trp-Gly-OH 

(Figure 1.3), also referred to as MSH/ACTH(4-10), has been subject to at least one human 

study between 2011 and 2016. In this study, 10 healthy, BMI between 20 and 25 kg/m2, 

male volunteers participated in a double-blind randomized crossover study. The 

participants received a 10 mg dose via intranasal administration. Interstitial glycerol, an 

indicator of lipid hydrolysis, was monitored via microdialysis in abdominal white adipose 

tissue and in skeletal muscle of the forearm. Results indicated a significant increase in 

glycerol in the white adipose tissue 45 minutes after dosing compared to no change in the 

glycerol levels in the skeletal muscle tissue. These results indicate the peptide alters lipid 

metabolism in humans.143 

 

1.8 Conclusions and Aims 

 As discussed above, selective biological probes to study the melanocortin system 

are highly valuable tools and will provide a deeper fundamental understanding of basic 

biological functions such as feeding and pain. However, substantially selective ligands for 

these receptors do not yet exist. The purpose of this thesis is to develop selective molecular 

probes for the study of the MC3R and MC4R. Peptide-based ligands can be rapidly 

synthesized, thus allowing an iterative prototyping approach. The overarching goal of these 

studies was to develop selective ligands or ligands with unique pharmacologies at the 

MC3R and MC4R for use in future animal studies. 
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Chapter 2 

Materials and Methods 

 

Portions of the methods described within this chapter have been published previously. They 

have been reproduced here with permission from: “Structure-Activity Relationship Studies 

of a Macrocyclic AGRP-Mimetic Scaffold c[Pro-Arg-Phe-Phe-Asn-Ala-Phe-DPro] Yield 

Potent and Selective Melanocortin-4 Receptor Antagonists and Melanocortin-5 Receptor 

Inverse Agonists that Increase Food Intake in Mice.” Fleming, KA; Ericson, MD; Freeman, 

KT; Adank, DN; Lunzer, MM; Wilber, SL; and Haskell-Luevano, C. ACS Chemical 

Neuroscience. 2018, 9. 1141-1151, Copyright (2018) American Chemical Society, and 

“Synergistic Multi-Residue Substitutions of a Macrocyclic c[Pro-Arg-Phe-Phe-Asn-Ala-

Phe-DPro] Agouti-Related Protein (AGRP) Scaffold Yield Potent and >600-Fold MC4R 

versus MC3R Selective Melanocortin Receptor Antagonists.” Fleming, KA; Freeman, KT; 

Ericson, MD; and Carrie Haskell-Luevano. Journal of Medicinal Chemistry. 2018, 61. 

7729-7740, Copyright (2018) American Chemical Society. 

 

2.1 Chapter Overview 

 Peptides were synthesized using solid phase peptide synthesis. Due to the unique 

characteristics of each library, different methods were used to create them and therefore 

these syntheses are broken into sections. Following synthesis, peptides were purified using 

reverse phase (RP) high pressure liquid chromatography (HPLC), and the correct masses 

confirmed using mass spectroscopy. Compounds were characterized in cells using one of 
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two assays: the AlphaScreen cAMP accumulation assay, or the β-Galactosidase reporter 

gene assay. Many thanks go out in particular to Dr. Mark Ericson, Katie Henning, and Dr. 

Jack Lee (UC Santa Cruz, Millhauser Laboratory) for training me in peptide synthesis, cell 

culture, and nuclear magnetic resonance (NMR) spectroscopy respectively. I would also 

like to thank Katie Henning and Mike Powers for their hard work performing cellular 

assays; I would like to thank Danielle Adank, Mary Lunzer, and Stacey Wilber for their 

had work performing animal assays and data workup; finally, I would like to thank Dr. 

Mark Ericson, Danielle Adank, Dr. Skye Doering, and Dr. Cody Lensing for their 

assistance and open discussion of ideas. 

 

2.2 Peptide Synthesis 

2.2.1 Single-Substituted Macrocyclic Peptides 

All peptides were synthesized using flourenyl-9-methoxycarbonyl (Fmoc) 

methodology on a H-Pro-CTC Resin (0.67 meqiv/g substitution) purchased from Peptides 

International (Louisville, KY).144-145 Coupling reagents O-benzotriazol-1-yl-N,N,N’,N’-

tetramethyluronium hexafluorophosphate (HBTU), 

(benzotriazolyloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP), and 1-

hydroxybenzotriazole (HOBt) were purchased from Peptides International (Louisville, 

KY). Amino acids Fmoc-DPro, Fmoc-Gly, Fmoc-Ser(tBu), Fmoc-Lys(Boc), Fmoc-

Asp(OtBu), Fmoc-Nle, Fmoc-DPhe, Fmoc-Trp(Boc), Fmoc-Tyr(tBu), Fmoc-

cyclohexylalanine (Fmoc-Cha), Fmoc-Ala, Fmoc-Asn(Trt), Fmoc-Phe, and Fmoc-

Arg(Pbf), which were purchased from Peptides International (Louisville, KY). The Fmoc-
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homophenylalanine (Fmoc-hPhe) was purchased from Synthetech (Albany, OR). 

Dichloromethane (DCM), N,N-Dimethylformamide (DMF), methanol, acetonitrile, and 

anhydrous ethyl ether were purchased from Fisher (Fair Lawn, NJ). Trifluoroacetic acid 

(TFA), piperidine, dimethyl sulfoxide (DMSO), N-N-Diisopropylethylamine (DIEA) and 

triisopropylsilane (TIS) were purchased from Sigma-Aldrich (St. Lous, MO). All reagents 

were ACS grade or better, and were used without purification. 

Peptides were synthesized in parallel at a 0.075 mmol scale on a H-Pro-CTC-resin 

using a semi-automated synthesizer (LabTech 1, Advanced Chemtech, Lousiville, KY). 

Resin was swelled in dimethylformamide (DMF) for at least one hour prior to the first 

coupling. The first two amino acids (DPro, and variable) were coupled using the semi-

automated synthesizer in a 16-well Teflon reaction block. Fmoc protected amino acid (3.1 

eqiv), HBTU (3 equiv), and DIEA (5 equiv) were added, and the solution was agitated for 

1 hour. The presence of a free secondary amine was monitored using a chloranil test.146 

This procedure was repeated if necessary. Next, the amino acid was deprotected with 20% 

piperidine in DMF (1 X 2 min, 1 X 18 min). Deprotection was monitored again using a 

chloranil test. The second amino acid was coupled using the same procedure as described 

above. Subsequent amino acids were coupled on an automated synthesizer (Vantage, 

Advanced Chemtech, Lousville, KY). The following procedure was used: (i) wash with 

DMF (4 mL for 2 min X 3), (ii) deprotect with 20% piperidine in DMF (4 mL X 5 min, 4 

mL X 20 min), (iii) wash with DMF (4 mL for 2 min X 3), (iv) couple with Fmoc amino 

acid (3.1 equiv, dissolved in DMF), HBTU (3 equiv, dissolved in DMF), and DIEA (5 

equiv) for 1hr, (iv) empty well block and repeat coupling procedure, (v) proceed to 
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coupling of next amino acid using steps i-iv. Following synthesis, the N-terminal Fmoc 

amines were deprotected with 20% piperidiene in DMF (2 mL/well, 1 X 2 min, 1 X 18 

min) and dried in vacuo after washing with methanol. 

Peptides were cleaved from solid support using 1% trifluoroacetic acid (TFA) in 

dichloromethane (DCM) by rinsing the resin 4 times with 2 mL of cleavage solution for 

1.5 minutes. Peptides were precipitated with cold ether and pelleted via centrifugation 

(4,000 rpm at 4oC for 4 minutes, ThermoScientific Sorvall Legend XTR). The supernatant 

was decanted, and the peptides were then dried in vacuo in the presence of desiccant 

overnight. For the coupling of the C-terminus (Pro1 in the macrocyclic template) to the N-

terminus (Arg2 in the macrocyclic template) to create the macrocycle, peptides were 

dissolved in DCM (1 mM), and cyclized using BOP (3 equiv), HOBt (3 equiv), and DIEA 

(6 equiv), stirring the solution overnight at room temperature. The peptides were dried 

under reduced pressure for a minimum of 1 hour, and 5 mL of a 95:2.5:2.5 TFA:H2O:TIS 

solution were added at room temperature for 2 hours. The peptides were then concentrated 

via evaporation under an increased pressure of N2(g) and precipitated with cold ether. 

Peptides were pelleted via centrifugation at 4,000 rpm at 4oC for 4 minutes, and the 

supernatant was decanted. The final products were dried in vacuo in the presence of 

desiccant. 

Peptides were purified via reverse phase high pressure liquid chromatography (RP-

HPLC, Shimadzu) on a semi-preparative C18 column (Vydac 218TP1010, 1 cm X 25 cm) 

using acetonitrile and 0.1% TFA in H2O. Analytical data was then collected using an 

analytical C18 column (Vydac 218TP, 4.6 mm X 250 mm) on a Shimadzu chromatography 
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system equipped with a photodiode array detector in two different solvent systems: 

acetonitrile/0.1% TFA in H2O, and methanol/0.1% TFA in H2O to confirm purity > 95% 

at 214 nm. Molecular weights were then confirmed using matrix-assisted laser desorption 

ionization (MALDI) and time of flight (TOF) mass spectrometry analysis (AB-Sciex 5800 

MALDI/TOF-MS, LeClaire-Dow Instrumentation Facility, University of Minnesota), 

using a cyano-4-hydroxycinnamic acid (CCA) matrix. Peptides were assayed as TFA salts. 

 

2.2.2 Multi-Substituted Macrocyclic Peptides 

The peptides investigated in this study were synthesized using flourenyl-9-

methoxycarbonyl (Fmoc) chemistry using a H-Pro-CTC Resin (0.67 meqiv/g substitution) 

purchased from Peptides International (Louisville, KY).144-145 The amino acids Fmoc-

DPro, Fmoc-Phe, Fmoc-Nle, Fmoc-Ser(tBu), Fmoc-Ala, Fmoc-Asn(Trt), Fmoc-Dap(Boc), 

and Fmoc-Arg(Pbf) were purchased from Peptides International (Louisville, KY). The 

amino acid Fmoc-homophenylalanine (Fmoc-hPhe) was purchased from Synthetech 

(Albany, OR). The coupling reagents used in this study, O-benzotriazol-1-yl-N,N,N’,N’-

tetramethyluronium hexafluorophosphate (HBTU), 

(benzotriazolyloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP), and 1-

hydroxybenzotriazole (HOBt), were purchased from Peptides International (Louisville, 

KY). The solvents N,N-dimethylformamide (DMF), anhydrous ethyl ether, 

dichloromethane (DCM), methanol, and acetonitrile were purchased from Fisher (Fair 

Lawn, NJ). Trifluoroacetic acid (TFA), piperidine, dimethyl sulfoxide (DMSO), N-N-

diisopropylethylamine (DIEA) and triisopropylsilane (TIS) were purchased from Sigma-
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Aldrich (St. Lous, MO). All reagents were ACS grade or better, and were used without 

purification. 

The peptides investigated in this study were synthesized in parallel using a semi-

automated synthesizer (LabTech 1, Advanced Chemtech, Louisville, KY) at a 0.05 mmol 

scale on a H-Pro-CTC-resin. The H-Pro-CTC-resin was swelled in dimethylformamide 

(DMF) for at least one hour prior to the first coupling. The amino acid in the 8 position 

(DPro8) and subsequent amino acids were coupled using the semi-automated synthesizer 

in a 40-well Teflon reaction block. For natural amino acids the following coupling 

conditions were used: Fmoc protected amino acid (3.1 eqiv), HBTU (3 equiv), and DIEA 

(5 equiv) were added, and the solution was agitated for 1 hour. For unnatural amino acids 

(e.g. DPro, Nle, Dap), the following coupling conditions were used: Fmoc protected amino 

acid (1.56 equiv), HBTU (1.5 equiv), HOBt (1.5 equiv), and DIEA (2.5 equiv) were added, 

and the solution was agitated for 1 hour. All amino acids were coupled using a double-

couple strategy, so each well was rinsed with DMF and then the coupling procedure was 

repeated. The amino acids were Fmoc-deprotected with 20% piperidine in DMF (1 X 2 

min, 1 X 20 min). Coupling and deprotection completeness was monitored via colorimetric 

assays, and the procedures repeated if necessary. A chloranil test was used to test for the 

presence of free secondary amines.146 A Kaiser test was used to test for the presence of free 

primary amines.147 Following synthesis, the N-terminal Fmoc amines were deprotected 

with 20% piperidiene in DMF (4 mL/well, 1 X 2 min, 1 X 20 min) and dried in vacuo after 

washing with methanol. 
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Peptides were cleaved from solid support using a cleavage cocktail composed of 

1% trifluoroacetic acid (TFA) in dichloromethane (DCM). The peptides were washed three 

times with 2 mL of cleavage solution for 2 minutes. The peptide solutions were 

concentrated using nitrogen, precipitated with cold ether and pelleted via centrifugation 

(4,000 rpm at 4oC for 4 minutes, ThermoScientific Sorvall Legend XTR). The supernatant 

was decanted, and the peptides were then dried in vacuo. For the coupling of the C-terminus 

(Pro1) to the N-terminus (Arg2) to create the macrocycles, the peptides were dissolved in 

DCM to a concentration of approximately 0.5 mM, and cyclized using BOP (3 equiv), 

HOBt (3 equiv), and DIEA (6 equiv), stirring the solution overnight at room temperature. 

The peptides were dried under reduced pressure for a minimum of 1 hour, and 5 mL of a 

deprotection solution composed of 95:2.5:2.5 TFA:H2O:TIS were added at room 

temperature for 2 hours. The peptides were then concentrated using nitrogen and 

precipitated with cold ether. Peptides were pelleted via centrifugation at 4,000 rpm at 4oC 

for 4 minutes, and the supernatant was decanted. The final products were dried in vacuo. 

Peptides were purified via reverse phase high pressure liquid chromatography (RP-

HPLC, Shimadzu) on a semi-preparative C18 column (Vydac 218TP1010, 1 cm X 25 cm) 

using acetonitrile and 0.1% TFA in H2O. Analytical data was then collected using an 

analytical C18 column (Vydac 218TP, 4.6 mm X 250 mm) on a Shimadzu chromatography 

system equipped with a photodiode array detector in two different solvent systems: 

acetonitrile/0.1% TFA in H2O, and methanol/0.1% TFA in H2O to confirm purity > 95%. 

The peptide purity was determined by HPLC at a wavelength of 214 nm. The molecular 

weights were then confirmed using either matrix-assisted laser desorption ionization 
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(MALDI) and time of flight (TOF) mass spectrometry analysis (AB-Sciex 5800 

MALDI/TOF-MS, LeClaire-Dow Instrumentation Facility, University of Minnesota), 

using a cyano-4-hydroxycinnamic acid (CCA) matrix or using electrospray ionization 

(ESI) time of flight (TOF) mass spectrometry (University of Minnesota LeClaire-Dow 

Instrumentation Facility). Peptides were assayed as TFA salts and not corrected for peptide 

content. 

 

2.2.3 Tetrapeptides 

Tetrapeptides peptides were synthesized using flourenyl-9-methoxycarbonyl 

(Fmoc) methodology on a RINK-Amide-MBHA (0.51 meqiv/g substitution) purchased 

from Peptides International (Louisville, KY).144-145 Coupling reagent O-benzotriazol-1-yl-

N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) was purchased from 

Peptides International (Louisville, KY). Amino acids Fmoc-DPro, Fmoc-

cyclohexylalanine (Fmoc-Cha), Fmoc-Arg(Pbf), Fmoc-His(Trt), Fmoc-Val, Fmoc-Gln, 

and Fmoc-(pCl)DPhe were purchased from Peptides International (Louisville, KY). The 

Fmoc-tetrahydroisoquinoline-3-carboxylic acid (Fmoc-Tic) and Fmoc-(pI)DPhe were 

purchased from Synthetech (Albany, OR). Additional Fmoc-(pI)DPhe was purchased from 

Anspec (Thornleigh, Australia). Dichloromethane (DCM), N,N-dimethylformamide 

(DMF), methanol, acetonitrile, and anhydrous ethyl ether were purchased from Fisher (Fair 

Lawn, NJ). Trifluoroacetic acid (TFA), piperidine, dimethyl sulfoxide (DMSO), N-N-

diisopropylethylamine (DIEA), and triisopropylsilane (TIS) were purchased from Sigma-
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Aldrich (St. Lous, MO). All reagents were ACS grade or better, and were used without 

purification. 

Peptides were synthesized in parallel at a 0.05 mmol scale on a RINK-Amide 

MBHA resin using a semi-automated synthesizer (LabTech 1, Advanced Chemtech, 

Lousiville, KY). Resin was swelled in dichloromethane (DCM) for at least one hour prior 

to the first coupling. Synthesis was performed in a 40-well Teflon reaction block. The 

Fmoc-protected resin was deprotected using 20% piperidine in DMF (2 mL/well, 1 X 2 

min, 1 X 18 min), then rinsed with DMF. Fmoc protected amino acid (3.1 eqiv), HBTU (3 

equiv), and DIEA (5 equiv) were added, and the solution was agitated for 1 hour. The 

presence of a free secondary amine was monitored using a chloranil test, and the presence 

of a primary amine was monitored using a Kaiser test.146-147 The coupling reaction was 

performed a second time if necessary, and the reaction was monitored for completeness 

using a chloranil or Kaiser test. Next, the amino acid was deprotected with 20% piperidine 

in DMF. Deprotection was monitored again using a chloranil or Kaiser test. The second, 

third, and fourth amino acids were coupled using the same procedure as described above. 

Following synthesis, the N-terminal Fmoc amines were deprotected with 20% piperidine 

in DMF  and dried in vacuo after washing with methanol. 

Peptides were cleaved from solid support using a cleavage cocktail containing 91% 

trifluoroacetic acid (Sigma-Aldrich), 3% H2O, 3% triisopropylsilane (Aldrich), and 3% 

thioanisole (Fluka). Approximately 4 mL of cocktail was added to the resin and the solution 

was agitated for 2 hours. Peptides were precipitated with cold ether and pelleted via 

centrifugation (4,000 rpm at 4oC for 4 minutes, ThermoScientific Sorvall Legend XTR). 
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The supernatant was decanted, and the peptides were then dried in vacuo in the presence 

of desiccant overnight.  

Peptides were purified via reverse phase high pressure liquid chromatography (RP-

HPLC, Shimadzu) on a semi-preparative C18 column (Vydac 218TP1010, 1 cm X 25 cm) 

using acetonitrile and 0.1% TFA in H2O. Analytical data was then collected using an 

analytical C18 column (Vydac 218TP, 4.6 mm X 250 mm) on a Shimadzu chromatography 

system equipped with a photodiode array detector in two different solvent systems: 

acetonitrile/0.1% TFA in H2O, and methanol/0.1% TFA in H2O to confirm purity > 95%. 

The peptide purity was determined by HPLC at a wavelength of 214 nm. Molecular weights 

were then confirmed using electrospray ionization (ESI) and time of flight (TOF) mass 

spectrometry analysis (Bruker BioTOF II ESI/TOF-MS, LeClaire-Dow Instrumentation 

Facility, University of Minnesota). Peptides were assayed as TFA salts and not corrected 

for peptide content. 

 

2.2.4 hMC4R N-Terminal Domain Peptides 

All peptides were synthesized using flourenyl-9-methoxycarbonyl (Fmoc) 

methodology on a RINK-Amide-MBHA (0.37 meqiv/g substitution) purchased from 

Peptides International (Louisville, KY).144-145 Coupling reagent O-benzotriazol-1-yl-

N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) was purchased from 

Peptides International (Louisville, KY). Amino acids Fmoc-Asn(Trt)-OH, Fmoc-His(Trt)-

OH, Fmoc-Leu-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Tyr(OtBu)-OH, Fmoc-Trp(Boc)-OH, 

Fmoc-Thr(OtBu)-OH, Fmoc-Met-OH, Fmoc-Gly-OH, Fmoc-Val-OH, Fmoc-Ser(OtBu)-
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OH, and Fmoc-Cys(Trt)-OH were purchased from Peptides International (Louisville, KY). 

Additional Fmoc-Ser(OtBu)-OH was purchased from Bachem (Bubendorf, Switzerland). 

N,N-dimethylformamide (DMF), methanol, acetonitrile, and anhydrous ethyl ether were 

purchased from Fisher (Fair Lawn, NJ). Trifluoroacetic acid (TFA), piperidine, dimethyl 

sulfoxide (DMSO), N-N-diisopropylethylamine (DIEA), and triisopropylsilane (TIS) were 

purchased from Sigma-Aldrich (St. Lous, MO). All reagents were ACS grade or better, and 

were used without purification. 

The peptides described herein were synthesized manually using microwave-

assisted Fmoc solid phase synthesis on a Rink-amide MBHA resin. Resin was swelled in 

dichloromethane (DCM) for at least one hour prior. Resin was deprotected with 15 mL of 

20% piperidine in DMF, which was mixed via bubbling the mixture with nitrogen gas for 

2 min at room temperature. The reaction vessel was drained, an additional 15 mL of 20% 

piperidine in DMF was added, and the reaction vessel was heated to 75oC in a microwave 

with 30 W power for 4 minutes (Discover SPS, CEM Corporation). The reaction was 

allowed to cool and then washed four times with DMF. Following a positive ninhydrin test, 

the Fmoc protected amino acid (3.1 equiv), HBTU (3 equiv) and DIEA (5 equiv) were 

dissolved in DMF and added to the reaction vessel.147 The vessel was heated to 75oC in a 

microwave with 30 W power for 5 minutes. For coupling Arg the equivalents of the 

reagents were increased to Arg (5.1 equiv), HBTU (5 equiv), and DIEA (7 equiv) and the 

microwave coupling time was increased to 10 minutes. For coupling His or Cys, the 

microwave temperature was decreased to 50oC. After coupling in the microwave, the 

reaction was allowed to cool to room temperature and washed three times with 15 mL 
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DMF. Following completion of a negative ninhydrin test, the entire deprotection and 

coupling procedure was repeated for the remaining residues. Following synthesis, the N-

terminal Fmoc amines were deprotected with 20% piperidine in DMF and dried in vacuo 

after washing with methanol. 

Peptides were cleaved from solid support using a cleavage cocktail containing 81% 

trifluoroacetic acid (Sigma-Aldrich, St. Louis, MO), 5% phenol (Sigma-Aldrich, St. Louis, 

MO), 5% thioanisole (Fluka, Morris Plains, NJ), 2.5% ethane dithiol (EDT; Aldrich, 

Milwaukee, WI), 3% H2O, 2% dimethyl sulfide (DMS; Sigma-Aldrich, St. Louis, MO), 

and 1.5% ammonium iodide (NH4I; Acros Organics, Pittsburgh, PA). Approximately 5 mL 

of cocktail was added to the resin and the solution was agitated for 2 hours. Peptides were 

precipitated with cold ether and pelleted via centrifugation (4,000 rpm at 4oC for 4 minutes, 

ThermoScientific Sorvall Legend XTR). The supernatant was decanted, and the peptides 

were then dried in vacuo in the presence of desiccant overnight.  

 The peptides were then purified with a solid phase extraction column [Silicycle 

SiliaSept OT C18 (17%), 25 mL, 40-63 µm, 5g] using the manufacturer-recommended 

procedure. The peptide sample was prepared by dissolving peptides in a solution containing 

2 mL TFA and 10 mL H2O, then ascorbic acid was added to create a saturated solution. 

This solution was pelleted via centrifugation (4,000 rpm for 4 minutes, ThermoScientific 

Sorvall Legend XTR) and the peptide was decanted. This procedure was repeated. This 

solution was then added to an equilibrated column, washed with 50 mL of a 95:5 solution 

of 0.1% TFA in H2O:MeOH, and eluted into a round bottom flask with 80 mL of a 1:1 
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solution of acetonitrile and 0.1% TFA in H2O. The eluent was dried down under a vacuum 

and lyophilized. 

Peptides were purified via reverse phase high pressure liquid chromatography (RP-

HPLC, Shimadzu) on a semi-preparative C18 column (Vydac 218TP1010, 1 cm X 25 cm) 

using acetonitrile and 0.1% TFA in H2O. Analytical data was then collected using an 

analytical C18 column (Vydac 218TP, 4.6 mm X 250 mm) on a Shimadzu chromatography 

system equipped with a photodiode array detector in two different solvent systems: 

acetonitrile/0.1% TFA in H2O, and methanol/0.1% TFA in H2O to confirm purity > 95%. 

The peptide purity was determined by HPLC at a wavelength of 214 nm. Molecular weights 

were then confirmed using electrospray ionization (ESI) and time of flight (TOF) mass 

spectrometry analysis (Bruker BioTOF II ESI/TOF-MS, LeClaire-Dow Instrumentation 

Facility, University of Minnesota). Peptides were assayed as TFA salts and not corrected 

for peptide content. 

 

2.3 AlphaScreenTM cAMP Functional Assay 

The AlphaScreenTM cAMP assay (PerkinElmer Life Sciences, Cat #6760625M) 

was used to measure the functional potencies of peptides at HEK293 cells stably expressing 

the individual melanocortin receptors (mMC1R, mMC3R, mMC4R, and mMC5R). The 

assay was performed according to manufacturer instructions, and as previously 

described.126, 148-149 Assays were performed by Katie Henning as duplicate replicates with 

a minimum of three experimental repeats. 
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Cells were 70-90% confluent at the start of the assay. Growth medium was 

aspirated and cells were rinsed with 1 mL Gibco® Versene solution, then 1 mL fresh 

Versene solution was added. Cells were incubated at 37oC until cells had detached from 

the plate, then pelleted via centrifugation (800 rpm, 5 minutes; SorvallTM LegendTM XTR 

centrifuge, swinging bucket rotor). The medium was aspirated and the cell pellet was 

resuspended a second time in Dulbecco’s phosphate buffered saline solution (DPBS 1X [-

] without calcium and magnesium chloride, Gibco ® Cat#14190-144). A 10 µL of each 

cell line was removed for counting, during which the remaining cells were centrifuged a 

second time as described above. Cells were counted by adding 10 µL Trypan blue dye 

(BioRad) and counted manually using a hemocytometer. After centrifugation, the DPBS 

was aspirated and the pellet was resuspended in a solution of freshly-made stimulation 

buffer [Hank’s Balanced Salt Solution (HBSS 10X (-) sodium bicarbonate) and (-) phenol 

red, Gibco®), 0.5 mM isobutylmethylxanthine (IBMX), 5 mM HEPES buffer solution 

(1M, Gibco®), 0.1% bovine serum albumin (BSA) in Milli-Q water, pH = 7.4] to a 

concentration of 10,000 cells per µL. An acceptor bead solution was created by diluting 

the acceptor bead stock solution (5 mg/mL anti-cAMP acceptor beads in stimulation 

buffer) to a concentration of 0.1 mg/mL in stimulation buffer. The acceptor bead solution 

was added to the cells such that there were 0.5 µg anti-cAMP acceptor beads in each cell 

line.  

Next, 10 µL of the cell/acceptor bead solution per well was added to an Opti-384 

plate using a 16 channel pipettor. This was repeated for each cell line. To each well 5 µL 

of compound was added so that, when diluted with the 10 µL cell/acceptor bead solution, 
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the compound reached the desired concentration(s). Compounds were run in duplicate 

replicates, and each cell line had a positive control (10-4 M forskolin) and negative control 

(plain stimulation buffer, instead of compound). The 384-well plate was sealed with a cover 

slip, covered with aluminum foil, and incubated at room temperature in a dark desk drawer 

for 2 hours. A biotinylated cAMP/Streptavidin-coated donor bead working solution was 

prepared by diluting the stock solution of donor beads (5 mg/mL) and cAMP biotinylated 

tracer (1 µL with 1X PBS 14190-144) in a freshly prepared lysis buffer [10% Tween-20, 5 

mM HEPES buffer solution (1M, Gibco®), 0.1% bovine serum albumin (BSA) in Milli-Q 

water, pH = 7.4] such that the final solution contained 0.5 µg of donor beads and 0.62 µmol 

biotinylated cAMP. This donor bead/biotinylated cAMP solution was allowed to incubate 

in a dark desk drawer at room temperature for a minimum of 30 minutes. 

After the incubation period for the cells/acceptor beads/compound solution was 

completed, 10 µL of the donor bead/biotinylated cAMP mixture was added to each well in 

a room containing a green light using a multichannel pipettor, mixing well. The plate was 

then re-sealed with the cover slip, covered in aluminum foil, and allowed to incubate in a 

dark desk drawer at room temperature for another 2 hours. Following the second incubation 

period, the plate was inserted into an EnspireTM Alpha plate reader and read using a pre-

normalized assay protocol set by the manufacturer. 

 

2.4 β-Galactosidase cAMP Assay 

Assays were performed by Katie Henning and Mike Powers. Assays were 

performed as duplicate replicates with a minimum of three experimental repeats. 
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Compounds were stored at 10-2 M concentrations in DMSO and stored at -20oC until the 

day of the assay. HEK293 cells were grown in 10 cm plates with Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% bovine serum and 1% penicillin-

streptomycin. Cells stably expressing either the mMC1R, mMC3R, mMC4R, or mMC5R 

were transiently transfected with 4 µg of CRE/β-Galactosidase reporter gene per plate as 

reported previously, using a calcium phosphate methodology.45, 150-152 Forty-eight hours 

post transfection, approximately 10,000 cells were plated into each well in a collagen-

treated Nunclon Delta Surface 96-well plate (Thermo Fischer Scientific) and incubated 

overnight at 37oC and 5% CO2. The following morning, cells were stimulated with 50 µL 

peptide (10-4 M to 10-10 M for tetrapeptide compounds, 10-6 M to 10-12 M for the NDP-

MSH control) diluted in assay medium, forskolin (10-4 M) control diluted in assay medium, 

or only assay medium (DMEM containing 0.1 mg/mL BSA and 0.1 M 

isobutylmethylxanthine) control for 6 hours. Following aspiration of the assay media, 50 

µL of lysis buffer (250 mM Tris-HCl pH = 8.0 and 0.1% Triton X-100) was added to each 

well in the 96 well plate. The plates were then stored in the -80oC freezer for up to a week. 

On the day the assay was measured, the plates containing the lysate were thawed. To 

determine protein content, 10 µL was taken from each well, which was transferred to 

another 96 well plate containing 200 µL of a 1:5 dilution of Bio Rad G250 protein dye 

solution diluted with water in each well. The OD595 was then measured on a 96-well plate 

reader (Molecular Devices) within one hour of adding the lysate. To determine β-

galactosidase gene expression, 40 µL of a phosphate-buffered saline solution containing 

0.5% BSA was added to each well in the plates containing just the cell lysate. Next, 150 
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µL of substrate buffer (60 mM sodium phosphate, 1 mM MgCl2, 10 mM KCl, 5 mM β-

mercaptoethanol, 2 mg/ml ONPG) was added to each well. The plates were incubated at 

37oC, and the OD405 absorbance was measured using a 96-well plate reader (Molecular 

Devices). Plates were incubated until the both the forskolin and 10-6M NDP-MSH wells 

possessed absorbance values between 1.0 and 1.5 relative absorbance units. Data were then 

normalized to protein content, and subsequently normalized to the maximum response of 

the positive controls.  

 

2.5 Animal Assays 

2.5.1 Animals  

Animal assays were performed by Danielle Adank and Mary Lunzer. This study 

was conducted in accordance with the guidelines set up by the Institutional Animal Care 

and Use Committee (IACUC) at the University of Minnesota. Male Wildtype (WT) mice 

(mixed 129/Sv×C57BL/6J background) derived from our laboratory’s breeding colony 

were used throughout this experiment as previously reported in literature.100, 126, 153-154 Each 

mouse was individually housed in standard polycarbonate conventional cages provided by 

the University of Minnesota’s Research Animal Resources (RAR). Mice were singly 

housed in order to adequately measure food intake of individual mice during experiments. 

At the beginning of this experiment, mice were age-matched at 24 weeks old. Research lab 

staff performed weekly cage changes. Mice had ad libitum access to normal chow (Harlan 

Teklad 2018 Diet: 18.6% crude protein, 6.2% crude fat, 3.5% crude fiber, with energy 

density of 3.1kcal/g) and water. Mice were maintained on a reversed 12-hour light/dark 
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cycle (lights off at 12:00pm) and housed in a temperature-controlled room at 23o-25oC. 

Mice were monitored daily to assess health. 

 

2.5.2 Mouse Feeding Studies  

All mouse feeding experiments were designed following a crossover, satiated 

(nocturnal) paradigm. Compound (KAF2039-7) or vehicle was administered intrathecally 

(IT) in a single injection 2 hours before lights out (t=0h). Intrathecal injections were 

performed as previously described.154-157 Mouse body weight and food weight was 

recorded in 2, 4, 6, 8, 24, 48 and 72 hours post-injection following a single IT injection. 

Mice were given 7 days between treatments to re-establish pre-treatment feeding behavior 

and body weight. Eight male WT mice were used for the whole feeding study.  

 

2.5.3 Compounds  

A stock of KAF2039-7 was prepared using a 20% solutol (Kolliphor HS 15; Sigma) 

solution (final concentration of 10nmol/µL) and stored at -20oC. On days of 

experimentation, the KAF2039-7 stock was diluted using sterile ddH2O to the desired 

concentration of 2nmol/5µL. The vehicle was created using identical volumes of 20% 

solutol to sterile ddH2O as the experimental compound. 
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2.6 Data Analysis 

2.6.1 AlphaScreen Assay Data 

The data collected were analyzed using PRISM software (v4.0, GraphPad Inc.). 

Agonist potency was evaluated by calculating the EC50 values using non-linear regression 

analysis with the PRISM software. Antagonist potency was determined using a Schild 

analysis [pA2 = -log(Ki)] and the agonist ligand NDP-MSH.123 Because this assay is loss-

of-function, mMC1R, mMC3R, and mMC4R data were normalized to represent a percent 

response relative to control ligand (NDP-MSH), as has been reported previously, unless 

otherwise specified.126, 148-149 For illustrative purposes, mMC1R partial agonist activity was 

normalized to a basal response to yield a percent difference from basal activity. For 

illustrative and data analysis purposes, inverse agonist activity for the mMC5R was also 

normalized to a basal response to yield a percent difference from basal activity. 

 

2.6.2 β-Galactosidase Assay Data 

Data collected were analyzed using PRISM software (v4.0, GraphPad Inc.). 

Antagonist potency was determined using a Schild analysis [pA2 = -log(Ki)] and the agonist 

ligand NDP-MSH.123 Agonist potency was evaluated by calculating the EC50 values using 

non-linear regression analysis with the PRISM software. The values reported herein 

represent the mean of three or more independent experiments performed in duplicate ± the 

standard error of the mean (SEM). 
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2.6.3 Animal Data 

Animal Data Analysis. Animal data were analyzed by Danielle Adank. Primary 

dependent variables were: (i) food intake; and (ii) body weight. Food intake and body 

weight was analyzed a two-factor within-subject Analysis of Variance (ANOVA) with 

between session variables of compound and the within-subject variable of time. To identify 

sources of significant interactions at specific time-points, follow-up independent sample t-

tests with Bonferroni correction was performed. Graphpad Prism was used to graph data. 

Data was analyzed using Statistical Package for the Social Science Software (SPSS) and 

was represented as the mean ± error with p < 0.05 indicating significance. 

Cumulative Food Intake Statistics. To examine the effect of drug (7/Vehicle) on 

food intake during the first 72 hours post-injection, a two-factor repeated measures 

Analysis of Variance (ANOVA) was performed with drug as the between-subject factor 

and time as the within-subject factor. Results showed that there was a main effect of drug 

(F1,14 = 7.017; p = 0.019). A follow-up independent sample t-test with Bonferroni 

correction (to control for multiple comparisons) revealed that mice that were administered 

with 2nmol of 7 ate significantly more 2 (t14 = -3.145; p = 0.007) and 6 (t14 = -4.030; p = 

0.001) hours post-injection compared to vehicle controls.  

Mouse Weight Statistics.  To analyze the effect of 2 nmol 7 on changes in mouse 

weight, a two-factor repeated measure ANOVA was performed, with drug as the between-

subject factor and time as the within-subject factor. Results indicated that there was a main 

effect of time (F6,84 = 2.578; p = 0.024) and a main effect of drug (F1,14 = 2.938; p = 0.045). 
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A follow-up independent sample t-test with Bonferroni correction did not show 

significance between treatment at specific time points. 

 

2.7 Nuclear Magnetic Resonance (NMR) 

 NMR Sample Preparation. Compound was dissolved in a 10% solution of D2O 

in H2O to a concentration of 1 mM.  

NMR Spectroscopy. Spectra were collected by Dr. Jack Lee from the University 

of California at Santa Cruz in collaboration with Dr. Glen Millhauser at the University of 

California at Santa Cruz using a Bruker Avance III HD 800 MHz spectrometer equipped 

with a TCI Cryoprobe. All four spectra were collected at 10oC. The four spectra collected 

were NOESY, TOCSY, 1H-13C HSQC, and 1H-13C HSQC-TOCSY. 

 Data Analysis. The raw data were processed with NMRPipe, and assigned using 

UCSF Sparky (TD Goddard and DG Kneller, Sparky 3, University of California San 

Francisco).158 Chemical shift indices were calculated using the random coil values 

provided in Wisehart et al and using the CSI 3.0 tool provided by the Wishart 

laboratory).159-163  
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Chapter 3 

βATMAns 

 

Portions of the work described within this chapter have been published previously. They 

have been reproduced here with permission from: “Structure-Activity Relationship Studies 

of a Macrocyclic AGRP-Mimetic Scaffold c[Pro-Arg-Phe-Phe-Asn-Ala-Phe-DPro] Yield 

Potent and Selective Melanocortin-4 Receptor Antagonists and Melanocortin-5 Receptor 

Inverse Agonists that Increase Food Intake in Mice.” Fleming, KA; Ericson, MD; Freeman, 

KT; Adank, DN; Lunzer, MM; Wilber, SL; and Carrie Haskell-Luevano. ACS Chemical 

Neuroscience. 2018, 9. 1141-1151, Coypright (2018) American Chemical Society. 

 

3.1 Chapter Overview 

 It has previously been demonstrated that the macrocyclic octapeptide scaffold 

c[Pro1-Arg2-Phe3-Phe4-Asn5-Ala6-Phe7-DPro8] is 16-fold less potent than AGRP at the 

mMC4R. Herein, it was hypothesized that the Phe7 position may be substituted to produce 

more potent and/or selective melanocortin receptor antagonist ligands based on this 

template. A ten-member library was synthesized that substituted small (Gly), polar (Ser), 

acidic (Asp), basic (Lys), aliphatic (Leu, Nle, and Cha), and aromatic (Trp, Tyr, hPhe) 

amino acids to explore potential modifications at the Phe7 position. The most potent 

mMC4R antagonist contained a Nle7 substitution, was equipotent to the lead ligand, 200-

fold selective for the mMC4R over the mMC3R, and caused a significant increase in food 

intake when injected intrathecally (i.t.) into male mice. Three compounds possessed 
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sigmoidal dose-response inverse agonist curves at the mMC5R, while the remaining seven 

decreased cAMP production from basal levels at 100 µM concentrations. These findings 

add to the knowledge base towards the development of potent and selective probes to study 

the role of the melanocortin system in diseases of negative energy balance, and can be 

useful in the design of molecular probes to examine the physiological functions of the 

mMC5R. 

 

3.2 Introduction 

Notably, the melanocortin system possesses naturally occurring antagonists: agouti 

signaling protein (ASP) and agouti-related protein (AGRP).25-27, 81, 86 The MC3R and 

MC4R have been investigated as promising targets for anti-obesity drugs due to their 

integral roles in regulating food intake and energy homeostasis.14, 17, 100, 164-165 Energy 

homeostasis is modulated by the MC3R,100, 153, 164-165 MC4R,14, 17, 166 POMC-derived 

agonists,57, 61 ASP,14 and AGRP.27 Transgenic mice overexpressing AGRP weigh more 

than wild type control mice,167 and administration of AGRP via intracerebroventricular 

(icv) injection in mice increases food intake.100, 168 It has been proposed that self-starvation 

and physical hyperactivity in rats, induced via food restriction in the presence of running 

wheels, may be the result of insufficient suppression of central melanocortin receptor 

activity.169 The effects of self-starvation in rats can be alleviated by central administration 

of AGRP.169-170 A human single nucleotide polymorphism (SNP) in AGRP (A67T) has 

been identified in patients with anorexia nervosa.171 Therefore diseases which produce a 

negative energy balance such as anorexia nervosa, cachexia, and failure to thrive in 
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children may be alleviated through treatment with central melanocortin receptor 

antagonists.169-170, 172-174 

Using recombinant protein, human (h)AGRP was originally found to be a 

functional antagonist of endogenous agonist α-MSH at the human MC3R (hMC3R) and 

hMC4R, and did not have antagonist activity at the hMC1R.26-27 It was later reported that 

a truncated version of human AGRP, hAGRP(83-132) possesses inverse agonist activity at 

the hMC4R as well as a mouse (m) MC4R mutated to possess constitutive activity.28-29  

Studies utilizing recombinant human agouti first showed that hASP is a competitive 

antagonist of α-MSH activity at both the mouse and human MC1R, and the human 

MC4R.88 Later studies were performed on a synthesized ASP variant, hASP(80-132, 

Q115Y,S124Y) (ASP-YY), which changed two residues from ASP to the homologous 

residues contained in AGRP to aid in proper folding.89 In AGRP, these residues 

(Y109,Y118) are located within β-sheets that immediately flank the active loop sequence, 

and are hypothesized to confer stability to the protein through aromatic interactions, of 

which the ASP native residues (Q115,S124) are apparently incapable.89 Agouti-YY was 

found to inhibit α-MSH activity at the hMC1R, hMC3R, and hMC4R with functional 

antagonist potencies of 4.0, 2.6, and 0.5 nM respectively. These functional potencies are 

similar to the binding affinities of ASP or other ASP variants, in which these peptides are 

> 3-fold more potent binders at the MC4R than the MC3R.85, 175-176 Agouti (ASP) has also 

been shown to possess inverse agonist activity at the hMC4R.177 

The decapeptide H-Tyr-c[Cys-Arg-Phe-Phe-Asn-Ala-Phe-Cys]-Tyr-OH 

(AGRP[109-118]), containing the active loop sequence of AGRP, is a micromolar agonist 
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at the MC1R (EC50 = 3 µM), possesses an antagonist pA2 value of 6.8 at the mMC4R, and 

does not possess an antagonist potency at the mMC3R that is quantifiable at the highest 

concentrations of antagonist assayed.13 Truncations of H-Tyr-c[Cys-Arg-Phe-Phe-Asn-

Ala-Phe-Cys]-Tyr-OH to an octapeptide are therefore hypothesized to confer selectivity 

toward the MC4R as compared to the MC3R, with the caveat that some of these peptides 

may possess agonist activity at the MC1R.95  

In the effort to create selective MC4R antagonist ligands that are equipotent or more 

potent than the native hormone AGRP, further structure-activity relationship (SAR) studies 

have been performed around the active loop sequence c[Cys-Arg-Phe-Phe-Asn-Ala-Phe-

Cys].178 These studies provide important SAR information for the advancement of AGRP-

based molecular probes and therapeutic design. The cyclic structure of this peptide is 

necessary for binding, as a linear derivative of this peptide containing serine isosteric 

replacements (H-Ser-Arg-Phe-Phe-Asn-Ala-Phe-Ser-OH) was unable to bind the MC3R 

and MC4R at up to 20000 nM concentrations.91 Previous studies have suggested that the 

Arg-Phe-Phe tripeptide sequence is important for potent antagonist ligands.91, 179 Structural 

studies of AGRP and “miniAGRP” have indicated that the active loop adopts a β-hairpin 

conformation, stabilized by five disulfide bonds.92-94 The ability of heterochiral proline 

residues to induce β-hairpin turns in macrocyclic peptides has been previously 

established.180-183 Previous studies on truncated AGRP macrocycles replacing Cys110 and 

Cys117 with a head-to-tail cyclized DPro-Pro motif have hypothesized that the resulting 

macrocyclic peptide may better mimic the β-hairpin loop contained in the native hormone, 

as these peptides show increased potency relative to H-Tyr-c[Cys-Arg-Phe-Phe-Asn-Ala-
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Phe-Cys]-Tyr-NH2 at the mMC4R (sequence = c[Pro1-Arg2-Phe3-Phe4-Asn5-Ala6-Phe7-

DPro8], 1, pA2 = 7.7).178  

 

 

 

Figure 3.1 Summary of the structure-activity relationship observed for this octapeptide scaffold at 

the mMC4R, as published previously.178, 184 In this figure, the sequence of the lead scaffold is shown 

in the black bar. Below each position is a listing of the different substitutions that have been tested 

at that position with a color scheme. Compounds containing substitutions shown in green possess 

increased potency compared to the lead scaffold, compounds containing substitutions shown in 

black are equipotent to the lead scaffold, compounds containing substitutions shown in blue possess 

decreased potency compared to the lead scaffold, and compounds possessing substitutions shown 

in red did not possess antagonist potency that could be observed at the highest concentrations used 

in that assay. The studies examining the Phe3, Phe4, and Asn5 positions utilize unnatural amino 

acids, and the structures of the amino acids are provided and colored as described above. This figure 

has been previously published and is used with permission from the American Chemical Society 

(copyright 2018).185 
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Because these peptides are hypothesized to possess a β-hairpin structure, this 

scaffold can be referred to as a β-Hairpin AGRP Truncated Mimetic Analogue (βATMAn). 

Previous SAR studies performed on this βATMAn scaffold have focused on the Phe3, Phe4, 

Asn5
,
 and Ala6 positions, and the results for these compounds assayed at the mMC4R are 

summarized in Figure 3.1.178, 184 Replacing Phe3 and Phe4 in this macrocyclic template 

with other aromatic amino acid derivatives (including Bip, Phg, and hPhe) decreases or 

ablates potency at the mMC3R and the mMC4R with the exception of Nal(1’), which is 

equipotent to the lead compound.178 Nearly all of these Phe3- and Phe4-substituted 

macrocycles are micromolar MC1R agonists, and are unable to stimulate the MC5R (with 

the exception of the Anc4-substituted peptide, which is a micromolar agonist at the 

mMC5R). The SAR around the Asn5 position suggests that this position is more amenable 

to change. In one study, replacing this residue with multiple different amino acids (Gly, 

Dap, Dab, Orn, Lys, Arg) resulted in ligands that were equipotent or more potent 

antagonists than the lead ligand at the mMC3R and mMC4R.178 Four of these substitutions 

possessed some agonist activity at the mMC1R at 100 µM concentrations, and all were 

unable to activate the MC5R.178 A subsequent study has replaced Asn5 with a larger variety 

of amino acids (Ala, Abu, Ser, Thr, Asp, Glu, DDap, His, Nle, Leu, Val, Phe, and Trp) in 

order to elaborate on the SAR around this position.184 All of these peptides showed 

quantifiable antagonist potency at the mMC4R: two were more potent than the Asn5 

substitution (containing DDap and His substitutions), while the remainder possessed 

decreased potency. Notably, many of these ligands also possessed mMC5R inverse agonist 

activity, a novel pharmacology at this receptor.184 This study also examined the Ala6 
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position, replacing this residue with Asp, Glu, Lys, His, Phe, Ser, Leu, and Gly residues. 

All but one of these compounds, possessing a Ser substitution, resulted in decreased 

potency compared to the lead ligand at the mMC4R. Many of these peptides also possessed 

inverse agonist activity at the mMC5R, though notably the Lys6-substituted peptide 

possessed some agonist activity.184  During this study it was noted that the Arg5 and Ser6 

substitutions corresponded to residues contained in the ASP active loop. Therefore, the 

Phe7 was substituted with an Ala to elaborate on the hypothesis that ASP residues may be 

substituted into this macrocyclic octapeptide template to generate potent mMC4R 

antagonist ligands. Notably, this Ala7-substituted peptide was also equipotent to the lead 

compound.184 

Both Ala7 and Phe7 substitutions have been reported to possess equipotent mMC4R 

antagonist potency, despite the difference between the methyl side chain of Ala and the 

phenyl side chain of the Phe. Due to these differences, the present study focused on what 

properties of the Phe side chain were important for the observed antagonist potency. While 

Ala can be thought of as removal of a side chain, it is also the smallest side chain that may 

be considered aliphatic. It was hypothesized aliphatic or aromatic substitutions at the Phe7 

position may possess antagonist potency at the mMC4R, and that changing this residue to 

various aliphatic or aromatic amino acids will afford ligands that are more potent than the 

lead ligand or have unique pharmacological profiles. The present study explores the SAR 

around the Phe7 position of the macrocyclic template and tests this hypothesis through the 

synthesis and pharmacological screening of Phe7-substituted macrocyclic ligands. 
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3.3 Results and Discussion 

3.3.1 Peptide Synthesis and Characterization  

The peptides reported herein were synthesized in a semi- and fully automated 

fashion using standard fluorenylmethoxycarbonyl (Fmoc) methodology.144-145 Following 

synthesis, peptides were purified using semi-preparative reverse phase high-pressure liquid 

chromatography (RP-HPLC). Purity was confirmed to be >95% via analytical RP-HPLC 

using two diverse solvent systems, and the peptide mass confirmed using matrix-assisted 

laser desorption ionization (MALDI) time of flight (TOF) mass spectrometry (University 

of Minnesota LeClaire-Dow Instrumentation Facility). Analytical characterization data for 

these peptides may be found in Table 3.1.  

 Compounds were first assayed as agonists in HEK293 cells stably expressing the 

mMC1R, mMC3R, mMC4R, or mMC5R using the AlphaScreen cAMP Assay.149, 178, 186 

None of the library compounds possessed agonist activity at the mMC3R or mMC4R at up 

to 100 μM concentrations, so antagonist potencies were measured. Competitive antagonist 

activity was measured using a Schild analysis at the mMC3R and mMC4R with the 

synthetic, non-selective, potent melanocortin agonist NDP-MSH.123 Fold-change 

calculations were performed using the Ki values derived from the Schild analysis [pA2 = -

log(Ki)]. 

  

3.3.2 Library Design and Structure-Activity Relationship  

Herein, it was hypothesized that the possession of aliphatic or aromatic side chains 

in the 7 position of the macrocyclic template is important for MC4R antagonist activity of 
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Table 3.1 Analytical characterization data for peptides. 

Compound ID KAF# Sequence 
HPLC RT 

(system 1) 

HPLC RT 

(system 2) 
Purity % 

M+1 

(calculated) 

M+1 

(observed) 

2 KAF2039-1 c[Pro-Arg-Phe-Phe-Asn-Ala-Gly-DPro] 10.5 18.9 >95% 888.0 887.9 

3 KAF2039-3 c[Pro-Arg-Phe-Phe-Asn-Ala-Ser-DPro] 14.8 24.3 >98% 918.0 918.7 

4 KAF2039-4 c[Pro-Arg-Phe-Phe-Asn-Ala-Lys-DPro] 14.2 23.3 >98% 959.1 959.0 

5 KAF2039-5 c[Pro-Arg-Phe-Phe-Asn-Ala-Asp-DPro] 15.1 25.3 >95% 946.1 946.9 

6 KAF2039-6 c[Pro-Arg-Phe-Phe-Asn-Ala-Leu-DPro] 17.4 28.3 >98% 944.1 944.1 

7 KAF2039-7 c[Pro-Arg-Phe-Phe-Asn-Ala-Nle-DPro] 17.4 28.7 >95% 944.1 944.5 

8 KAF2039-9 c[Pro-Arg-Phe-Phe-Asn-Ala-Trp-DPro] 18.2 28.4 >98% 1017.2 1017.5 

9 KAF2039-10 c[Pro-Arg-Phe-Phe-Asn-Ala-Tyr-DPro] 16.1 25.5 >98% 994.1 994.8 

10 KAF2039-11 c[Pro-Arg-Phe-Phe-Asn-Ala-Cha-DPro] 19.1 30.6 >98% 984.2 984.5 

11 KAF2039-13 c[Pro-Arg-Phe-Phe-Asn-Ala-hPhe-DPro] 18.3 29.4 >98% 992.2 992.9 

HPLC RT = peptide retention time in solvent system 1 (10% acetonitrile in 0.1% trifluoroacetic acid in water and a gradient of 90% acetonitrile over 

35 minutes) or solvent system 2 (10% methanol in 0.1% trifluoroacetic acid in water and a gradient of 90% methanol over 35 minutes). 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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the peptide, and this was tested through removal of the side chain by replacing this residue 

with Gly7 (KAF2039-1). This was also tested through replacing this residue with an Ala, 

which has been previously reported (KAF3094).184 Additionally, to test this hypothesis, 

the Phe7 residue was substituted with a hydrophilic amino acid (Ser) and charged amino 

acids (Lys and Asp) (KAF2039-3, KAF2039-4, and KAF2039-5). Due to the hydrophobic 

nature of the phenyl side chain in the lead peptide, it was hypothesized that these 

substitutions would decrease the potency compared to the lead ligand. Aliphatic amino 

acids Leu and Nle were used to replace the Phe7 residue (KAF2039-6, KAF2039-7) to test 

the hypothesis that the Ala7-substitution previously reported contributes to the activity of 

1 through aliphatic interactions. The hypothesis that either aliphatic or aromatic amino acid 

substitutions could result in potent mMC4R antagonist ligands was tested further by 

replacing the Phe7 residue with other aromatic amino acids such as Trp and Tyr (KAF2039-

9, KAF2039-10), and by removing the aromaticity of this side chain through replacement 

of the Phe7 residue with cyclohexylalanine (Cha) (KAF2039-11). Finally, to test the 

hypothesis that the side chain length of the Phe7 residue is important for the activity of the 

lead ligand (1), the side chain of this residue was elongated by one methylene unit (hPhe) 

(KAF2039-13). The amino acids used in this study are illustrated in Figure 3.2. 
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Figure 3.2 Structures of the amino acids used in this study with three-letter amino acid 

abbreviations. The three-letter abbreviations for unnatural or uncommon amino acids have been 

highlighted in red. This figure has been previously published and is used with permission from the 

American Chemical Society (copyright 2018).185 

 

The pharmacological results for these experiments are summarized in Table 3.2. 

The pharmacology at the mMC3R and mMC4R of the three most potent compounds at the 

mMC4R are illustrated in Figure 3.3. The Gly7-substituted compound was 110-fold less 

potent at the mMC4R than 1, supporting the hypothesis that the possession of an aromatic 

or aliphatic sidechain is important for the activity of the lead ligand. Polar amino acids 

decreased antagonist potency at the mMC4R. The Ser7-substituted compound was 10-fold 

less potent than 1, 40-fold decreased potency was observed for Lys7, and the antagonist 

potency was not measurable for the Asp7 substitution at the concentrations used in this 

study. These results support the hypothesis that the hydrophobic nature of the native Phe7 
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Table 3.2 Pharmacology of the macrocyclic AGRP-based peptides modified in the Phe7 position [Pro1-Arg2-Phe3-Phe4-Asn5-Ala6-Phe7-DPro8]. 

Compound 

ID 
KAF# R7 

Agonist Antagonist Antagonist Inverse Agonist 

mMC1R mMC3R mMC4R mMC5R 

Agonist  

EC50 (nM) 
pA2 

Antagonist Ki 

(nM) 
pA2 

Antagonist Ki 

(nM) 

Inverse Agonist 

EC50 (nM) 

NDP-MSH   0.010±0.003 EC50 = 0.06±0.01 nM EC50 = 0.35±0.06 nM 
EC50 = 0.10±0.01 

nM 

hAGRP(87-

132)a 
  > 100,000 8.9±0.2 1.3 9.4±1.0 0.40 > 100,000 

1b 
MDE5108-

10c 
Phe 25% @ 100 µM 6.3±0.1 500 8.2±0.1 6.3 130 (-10%) 

2 KAF2039-1 Gly 60% @ 100 µM < 5.5  6.17±0.04 680 -25% @ 100 µM 

3 KAF2039-3 Ser 35% @ 100 µM 6.0±0.2 1,000 7.2±0.2 63 -55% @ 100 µM 

4 KAF2039-4 Lys > 100,000 5.7±0.1 2,000 6.60±0.06 250 -40% @ 100 µM 

5 KAF2039-5 Asp 40% @ 100 µM < 5.5  < 5.5  -25% @ 100 µM 

6 KAF2039-6 Leu > 100,000 < 5.5  7.03±0.09 93 -35% @ 100 µM 

7 KAF2039-7 Nle > 100,000 6.1±0.1 790 8.4±0.2 4.0 -35% @ 100 µM 

8 KAF2039-9 Trp 

partial agonist 

1,100 ± 200 

(50%) 

6.67±0.07 210 8.2±0.2 6.3 150 (-20%) 

9 KAF2039-10 Tyr > 100,000 6.23±0.05 590 8.00±0.06 10 -40% @ 100 µM 

10 KAF2039-11 Cha > 100,000 5.8±0.2 1,600 7.0±0.03 100 780 (-20%) 

11 KAF2039-13 hPhe > 100,000 6.5±0.3 320 7.30±0.06 50 290 (-20%) 

12b KAF3094 Ala > 100,000 6.1±0.2 790 8.2±0.1 6.3 -25% @ 100 µM 
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Compounds were assayed in duplicate replicates and values are expressed as the mean ± the standard error of the mean (SEM) of at least 3 

independent experiments. “Partial agonist”: partial agonist activity, with a maximal percent activated listed in parenthesis. “X% @ 100 µM”: 

Compounds that partially stimulated the receptor but were unable to generate a sigmoidal dose-response at 100 µM concentrations are listed by their 

percent activation at 100 µM. “> 100,000”: Compounds which showed no agonist activity at 100 µM are listed as > 100,000. “< 5.5”: The use of 

<5.5 indicates that no antagonist potency was observed in the highest concentration ranged assayed (10,000, 5,000, 1,000, and 500 nM). “X (-X%)”: 

For compounds that displayed inverse agonist activity and appeared to generate a sigmoidal dose-response, the average apparent potency at the 

inflection point and maximal decrease in basal activity at the plateau is listed. “-X% @ 100 µM”: For all other compounds with inverse agonist 

activity, the percent decrease observed in receptor activity compared to basal at 100 µM is provided. The pA2 values were determined using the 

Schild analysis with agonist NDP-MSH (pA2 = -log[Ki]). aThis peptide has been previously published.179 bThese peptides have been previously 

reported.184 
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sidechain in 1 is important for receptor activity. Lengthening the Phe residue by one 

methylene unit (KAF2039-13) produced a compound which is 8-fold less potent than 1 at  

the mMC4R. The aliphatic amino acids investigated in this study yielded different results. 

The Nle7-substituted compound (KAF2039-7) was equipotent to 1 at the mMC4R, while 

KAF2039-6 was 15-fold less potent than 1 at the MC4R. The aromaticity of the Phe7 ring 

in 1 is important, as substitution with a cyclohexyl ring (Cha7) decreases potency 16-fold 

compared to the lead compound. Substitution of the Phe7 side chain with Tyr7 and Trp7 

(KAF2039-10, KAF2039-9) yielded compounds that were equipotent to the lead ligand at 

the mMC4R.   

The results obtained from this study support the hypothesis that the activity of the 

lead ligand c[Pro-Arg-Phe-Phe-Asn-Ala-Phe-DPro] (1) at the MC4R as mediated through 

Phe7 is due to aromatic interactions, but that aliphatic substitutions are also tolerated in this 

position. It is interesting that the Leu7 and Cha7 substitutions both resulted in approximately 

15-fold decreased potency compared to the lead ligand, while the Nle7 substitution was 

equipotent to 1. These two amino acids (Leu7 and Cha7) possess aliphatic sidechains that 

are branched on the γ-carbon, while the Nle7 residue possesses a linear side chain. If the 

aliphatic interactions formed by the Nle7 side chain are sufficient for producing antagonist 

activity, it might be expected that the interactions by Leu7 and Cha7 would be as well. It 

would therefore be anticipated that these compounds (KAF2039-6, KAF2039-11) would 

be equipotent to the Nle7-substituted compound (KAF2039-7). However, this was not what 

was observed. Interestingly in ASP, the residue at the analogous 7 position is not a Phe, 

but is an Ala. The Ala7-substituted compound (KAF3094) was also equipotent to 1 at the 
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mMC4R, as previously reported.184 Therefore, it is possible that two distinct types of amino 

acids in the 7 position (aromatic, aliphatic) are equipotent the MC4R, and that branching 

at the γ-carbon may be  unfavorable in forming putative ligand-receptor interactions for 

aliphatic substitutions. 

 

 

Figure 3.3 Illustrations of the in vitro antagonist (mMC3R, mMC4R) pharmacology of 7, 8, and 9. 

A Schild antagonist experimental strategy was implemented using the agonist NDP-MSH. Data 

were normalized to an NDP-MSH response as has been previously reported.149, 178, 186 This figure 

has been previously published and is used with permission from the American Chemical Society 

(copyright 2018).185 
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Most of the substitutions examined in this study showed a reduced potency 

compared to the lead ligand at the MC3R. Antagonist activity was not observed for the 

Gly7-, Asp7-, or Leu7-containing peptides (KAF2039-1, KAF2039-5, KAF2039-6) at the 

concentrations examined in this study at the mMC3R. The Lys7- and Cha7-containing 

peptides (KAF2039-4, KAF2039-11) resulted in decreased potency compared to 1 (4-fold 

and 3-fold, respectively), and Nle7-, Trp7-, Tyr7-, and hPhe7-containing peptides 

(KAF2039-7, KAF2039-9, KAF2039-10, KAF2039-13) were all equipotent to 1 at the 

mMC3R.  

The lead ligand is 80-fold more selective at the mMC4R than the mMC3R. Of the 

compounds that showed quantifiable potency at both the mMC3R and mMC4R, two 

possessed fold selectivities between 30 and 80. The Tyr7-containing peptide was 60-fold 

more potent at the mMC4R than the mMC3R, and the Trp-containing peptide was 30-fold 

more potent at the mMC4R than the mMC3R. Notably, the Nle7-substituted peptide was 

200-fold more potent at the mMC4R than the mMC3R, an increase in selectivity compared 

to 1. Additionally, the Ala7-substituted peptide (KAF3094) was previously reported to 

possess 130-fold selectivity for the mMC4R over the mMC3R.184 Above, it was postulated 

that two distinct types of amino acids at the 7 position of the macrocyclic template (linear 

aliphatic, aromatic) are capable of possessing equipotent antagonist activity at the mMC4R. 

These data suggest that the linear aliphatic substitutions may possess different 

pharmacological profiles compared to the aromatic substitutions. The active loop of ASP 

(sequence = -c[Cys1-Arg2-Phe3-Phe4-Arg5-Ser6-Ala7-Cys8]-) contains an Ala residue in the 

7 position, and studies on ASP-YY suggest that ASP is more selective for the MC4R (5-
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fold) than AGRP (equipotent).89, 179 It is possible that the linear aliphatic substitutions in 

this position, which are more ASP-like, may be used in order to increase mMC4R 

selectivity against the mMC3R as opposed to aromatic substitutions, which are more 

AGRP-like. The remainder of the macrocyclic peptides resulted in decreased 

mMC3R/mMC4R selectivity compared to the lead ligand; the Ser7-containing peptide was 

16-fold more potent at the mMC4R, the Lys7-containing peptide was 8-fold more potent at 

the mMC4R, the Cha7-containing peptide was 16-fold more potent at the mMC4R, and the 

hPhe7 -containing peptide was 6-fold more potent at the mMC4R. 

 

 

Figure 3.4 Illustration of the in vitro partial agonist pharmacology of 8 at the mMC1R. These data 

were normalized to an NDP-MSH response as has been previously reported.149, 178, 186 This figure 

has been previously published and is used with permission from the American Chemical Society 

(copyright 2018).185 
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Four of the ligand studied displayed agonist activity at the mMC1R. The Gly7-, 

Ser7-, and Asp7-containing peptides (KAF2039-1, KAF2039-3, KAF2039-5) all were able 

to partially stimulate the MC1R at 100 µM concentrations. The Trp7-containing peptide 

KAF2039-9 was a partial agonist at the mMC1R (EC50 = 1,100 ± 200 nM), and resulted in 

50% receptor activation. The pharmacology of this peptide at the mMC1R is illustrated in 

Figure 3.4.  

 

Figure 3.5 Illustration of the in vitro inverse agonist pharmacology of 5, 6, 8, 10, 11 at the mMC5R. 

The three-letter amino acid abbreviation for the amino acid in the Phe7 position is provided. Two 

different pharmacological results were obtained from these studies. For some compounds, a 

sigmoidal dose-response curve was observed from which an apparent potency and percent cAMP 

accumulation change from basal can be calculated. Other compounds did not plateau, and for these 

compounds a percent cAMP accumulation change from basal at 100 µM concentrations is listed. 

This figure has been previously published and is used with permission from the American Chemical 

Society (copyright 2018).185 
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Similar to a previous report, all the Phe7 side chain modifications examined in this 

study resulted in MC5R inverse agonist activity (Table 3.2, Figure 3.5).184 Three 

compounds (KAF2039-9, KAF2039-11, and KAF2039-13) appeared to generate 

sigmoidal dose-response curves with inverse agonist activities of 20%, which is shown in 

Figure 3.5. The sigmoidal shape of these curves allowed the calculation of apparent inverse 

agonist potencies (the inflection point on the sigmoidal dose-response curve). The Trp7- 

and hPhe7-containing peptides were equipotent to each other, while the Cha7-containing 

peptide was 5-fold less potent than the most potent inverse agonist at the mMC5R 

(KAF2039-9). Both the Trp7 and hPhe7-containing peptides possess aromatic moieties, and 

based on these results it appears that this functionality may be important for generating 

mMC5R inverse agonist ligands. Many ligands appeared to display inverse agonist 

efficacy, but did not plateau to generate a sigmoidal dose-response. These compounds are 

listed by the percent cAMP accumulation observed relative to basal at 100 µM. The two 

types of pharmacological results described above (apparent sigmoidal dose-response, and 

inverse agonist activity at 100 µM concentrations) observed for select compounds are 

illustrated in Figure 3.5. The Gly7- and Asp7- containing peptides possessed similar 

percent decreases in cAMP accumulation (-25%) compared to KAF2039-9, KAF2039-11, 

and KAF2039-13. The Leu7- and Nle7-containing peptides possessed percent decreases in 

cAMP accumulation of -35% relative to basal. The Ser7-, Lys7-, and Tyr7-containing 

peptides (KAF2039-3, KAF2039-4, and KAF2039-10) all showed the most prevalent 

MC5R inverse agonist pharmacology, with -55%, -40%, and -40% decreases in cAMP 

accumulation respectively. Interestingly, the ligands possessing the greatest decrease from 
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basal levels at 100 µM concentrations at the mMC5R (KAF2039-3, KAF2039-4, and 

KAF2039-10) contain hydrogen bond donors. It may be speculated that the Tyr7- and Lys7-

containing peptides orient a hydrogen bond donor-proton for a productive interaction, 

yielding an inverse agonist pharmacology of ~40%. A shorter hydrogen bond donor yields 

a greater inverse agonist response, as KAF2039-3 possessed a 55% inverse agonist 

pharmacology. This SAR, combined with previously reported MC5R inverse agonism,184 

is a promising start in the development of MC5R inverse agonist peptides which are 

selective, potent, and possess percent decreases in cAMP from basal of >55%.184 Such 

ligands could be used to study the activity of the MC5R by way of a pseudo conditional 

knockdown of MC5R activity. 
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Figure 3.6 A stock of 7 was prepared using a 20% solutol solution (final concentration of 

10nmol/µL). On days of experimentation, the 7 stock was diluted using sterile ddH2O to the desired 

concentration of 2nmol/5µL. A. Cumulative food intake of male WT mice receiving 2 nmol 7 in 5 

µL ddH2O vs. 5 µL of vehicle via IT injection. Male mice injected IT with 7 ate significantly more 

food t=2h and 6h post-injection than male mice injected with vehicle; **p<0.01, ***p<0.001. Data 

shown as mean ± SEM. B. Cumulative food intake of male WT mice receiving 2 nmol 7 in 5 µL 

ddH2O vs. 5 µL of vehicle via cannula. Data shown as mean ± SEM. This figure has been previously 

published and is used with permission from the American Chemical Society (copyright 2018).185 

 

3.3.3 Animal Studies  

As discussed above, MC1R agonism is commonly observed in MC4R antagonist 

ligands. There have been a few ligands reported in literature that are >100-fold selective 

for the MC4R over the MC3R, but these ligands possess MC1R agonist activity as 

reviewed by Ericson et al.151 One compound reported herein, KAF2039-7, possesses 

selectivity for the MC4R over the MC3R (200-fold) and does not possess MC1R agonist 

activity, thereby possessing a more selective pharmacological profile at the melanocortin 

receptors. Due to its potency at the mMC4R (pA2 = 8.4±0.2) and selectivity for the 

mMC4R over the mMC3R (approximately 200-fold), KAF2039-7 was selected as a 
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candidate for animal studies in mice to examine the potential in vivo effects of this scaffold 

series (shown in Figure 3.6 and Figure 3.7). Intrathecal (IT) administration of 

melanocortin compounds into the spinal cord for the study of metabolic disorder is new to 

the field, and may provide some benefits as opposed to intracerebroventricular (ICV) 

injection into mice.154  For example, it has been proposed that IT administration may result 

in a more sensitive in vivo response compared to ICV administration.154 Male mice injected 

IT with 2 nmol KAF2039-7 showed a statistically significant increase in food intake at 2 

and 6 hours post-injection, and exhibited a prolonged trend of increased food intake up to 

72 hours post-injection (Figure 3.6). There was an overall effect of KAF2039-7 treatment 

on mouse body weight compared to vehicle control, with treated animals weighing more 

than control animals (Figure 3.7).  

Previously, it was demonstrated that IT administration of 2 nmol AGRP(86-132) 

statistically increased the average daily food intake for 2 days post-injection.154 Mice 

treated with KAF2039-7 showed a strong trend in increased food intake for up to 72-hours. 

By fine-tuning the properties of these macrocyclic octapeptides, future AGRP-mimetics 

may be able to display the same potency and duration of action of AGRP(86-132) despite 

the truncation of 34 residues, an important step in the development of probes and 

therapeutic leads for the treatment of disease states with negative energy balance. 
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Figure 3.7 A stock of 7 was prepared in 20% solutol to a final concentration of 10nmol/µL. On 

days of experimentation, the 7 stock was diluted using sterile ddH2O to the desired concentration 

of 2nmol/5µL. Difference in mouse weight from t=0h of male WT mice receiving 2 nmol 7 in 5 

µL ddH2O vs. 5 µL of vehicle via cannula. Data shown as mean ± SEM. This figure has been 

previously published and is used with permission from the American Chemical Society (copyright 

2018).185 

 

3.4 Conclusions 

 Overall, these studies advance the development of potent and selective antagonists 

at the melanocortin 4 receptors that lack MC1R agonism and identify a position in the 

macrocyclic template c[Pro-Arg-Phe-Phe-Asn-Ala-Phe-DPro] that can be modified to 

generate peptides possessing high nanomolar mMC5R inverse agonism. These ligands, and 

derivatives thereof, can make interesting probes for the investigation of the physiological 

role(s) of the MC5R. This study also produced one ligand (KAF2039-7) that was 

equipotent to the lead ligand (1), and was 200-fold more selective for the mMC4R over the 
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mMC3R without possessing MC1R agonist activity. When injected IT into male mice, this 

peptide causes a significant increase in food intake at 2 and 6 hours post-injection, with a 

trend exhibited out until 72 hours post-injection. Potent and selective antagonists are useful 

pharmacological probes in understanding the differential roles of the mMC3R and mMC4R 

in body weight management and energy homeostasis, and afford a deeper understanding 

of the melanocortin system. The insights provided by these data will be useful in the future 

development of therapeutics to treat anorexia, cachexia, or other diseases of negative 

energy balance such as failure to thrive.
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Chapter 4 

ROβINS 

 

Portions of the work described within this chapter have been published previously. They 

have been reproduced here with permission from: “Synergistic Multi-Residue 

Substitutions of a Macrocyclic c[Pro-Arg-Phe-Phe-Asn-Ala-Phe-DPro] Agouti-Related 

Protein (AGRP) Scaffold Yield Potent and >600-Fold MC4R versus MC3R Selective 

Melanocortin Receptor Antagonists.” Fleming, KA; Freeman, KT; Ericson, MD; and 

Carrie Haskell-Luevano. Journal of Medicinal Chemistry. 2018, 61. 7729-7740, Coypright 

(2018) American Chemical Society. 

 

4.1 Chapter Overview 

 Previous studies reported the macrocyclic MC3R/MC4R antagonist c[Pro1-Arg2-

Phe3-Phe4-Asn5-Ala6-Phe7-DPro8], which is 250-fold less potent at the mouse (m) mMC3R 

and 3-fold less potent at the mMC4R than AGRP. Previous studies have also explored the 

structure-activity relationships around individual positions in this template. Herein, a 

multiresidue substitution strategy is utilized, combining the lead sequence with hPhe4, 

Dap5, Arg5, Ser6, and Nle7 substitutions previously reported. Two compounds from this 

study (KAF6089-8c, KAF6089-12c) contain an hPhe4/Ser6/Nle7 substitution pattern, are 

3-6 fold more potent than AGRP at the mMC4R, and are 600-800 fold selective for the 

mMC4R over the mMC3R. Another lead compound (KAF6089-13c), possessing the 
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hPhe4/Arg5 substitutions, is only 5-fold less potent than AGRP at the mMC3R and is 

equipotent to AGRP at the mMC4R. 

 

4.2 Introduction 

NMR structural studies performed on AGRP have demonstrated that the active loop 

sequence of AGRP forms a β-hairpin, stabilized by five disulfide bonds.92-94 In macrocyclic 

peptides, it has been previously established that heterochiral proline residues can induce a 

β-hairpin turn conformation.180-183 This rationale led to the development of the macrocyclic 

octapeptide c[Pro1-Arg2-Phe3-Phe4-Asn5-Ala6-Phe7-DPro8], containing the active loop 

sequence of AGRP cyclized through a DPro-Pro motif rather than through a disulfide bond 

via the endogenous Cys residues. This motif was hypothesized to better allow the 

macrocycle to adopt a β-hairpin loop structure,178 allowing it to better recapitulate the 

structure observed in the full-length hormone of the naturally occurring tripeptide 

antagonist sequence, and therefore increase potency. In comparison to the decapeptide 

discussed above, which possesses a pA2 at the mMC4R of 6.8, this macrocyclic octapeptide 

(peptide KAF5105-1c in this study) possesses a pA2 of 7.7-8.1, depending on the cAMP 

assay utilized.13, 178 

Although peptide KAF5105-1c possessed increased potency compared to the disulfide 

cyclized peptide at the mMC4R, it still does not match the potency of the native hormone 

AGRP (pA2 = 8.7-9.1).184 Therefore, the SAR around this octapeptide scaffold has been 

explored in order to generate more potent and/or selective MC4R antagonists.178, 184-185 

These SAR analyses have been performed on the Phe3, Phe4, Asn5, Ala6, and Phe7 
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positions. The results of these previous studies at the mMC4R are summarized in Figure 

4.1.178, 184-185 One substitution in the Phe4 position (hPhe4) possessed increased potency 

compared to the lead at the mMC4R.178 Numerous substitutions were found to increase 

potency at the Asn5 position.178, 184 One substitution at the Ala6 position (Ser6) was found 

to be equipotent to the lead compound.184 Two types of amino acids maintained MC4R 

antagonist potency at the Phe7 position: aromatic (Trp7, Tyr7), and linear aliphatic (Ala7, 

Nle7).184-185 In particular, it was noted that peptides possessing linear aliphatic amino acids 

in the 7 position displayed increased selectivity for the mMC4R over the mMC3R 

compared to the lead.185 While the mMC4R possesses a varied SAR based on the 

substitutions examined in these studies, with pA2 values ranging from micromolar to 

nanomolar, most of these ligands possess micromolar antagonist activity at the mMC3R or 

no activity at all. Three substitutions examined possessed potency values of 7.0 or greater 

at the mMC3R, and these ligands possessed a Gly5 substitution (pA2 = 7.6), Dab5  

substitution (pA2 = 7.0), and Lys5 substitution (pA2 = 7.0).178 Some peptides examined in 

these studies have appeared to possess inverse agonist activity at the mMC5R, and contain 

a variety of substitutions to the Asn5, Ala6, and Phe7 positions.184-185 

Selective antagonist ligands for the mMC4R will make useful pharmacological 

probes, and can be used to understand the role of the melanocortin system in the etiology 

of diseases like anorexia, cachexia, and failure-to-thrive. Therefore, the development of 

potent and selective pharmacological probes is desired. Furthermore, selective mMC4R 

antagonist activity could potentially be desirable from a therapeutic perspective for certain 

patient populations. Mice deficient in the mMC3R have been shown to possess
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Figure 4.1. Summary of the SAR observed for this macrocyclic peptide at the mMC4R.178, 184 The 

lead compound is shown in the grey bar, possessing the native AGRP active-loop sequence cyclized 

through a DPro-Pro motif. Below each amino acid in the template is listed the individual 

substitutions examined in previous studies. Amino acid substitutions colored in green indicate that 

peptide containing this single substitution was more potent than the lead scaffold at the mMC4R, 

amino acid substitutions colored in black indicate that the peptide containing this single substitution 

was equipotent to the lead scaffold, amino acid substitutions colored in blue indicate that the 

peptide containing this single substitution possessed decreased potency compared to the lead 

scaffold, and amino acids shown in red indicate that the peptide containing this single substitution 

did not possess antagonist potency that could be observed at the highest concentrations used in the 

assay. The studies that examine the Phe3, Phe4, Asn5, and Phe7 positions utilize many unnatural 

amino acids, and the structures of the amino acids are provided and colored as described above. 

The substitutions utilized in this study are highlighted in yellow. This figure has been previously 

published and is used with permission from the American Chemical Society (copyright 2018).187 
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dysregulated fasted-related feeding behaviors such as food anticipatory activity, gorging, 

and motivational responses.33, 100, 164, 188-189 It is currently unknown if these behaviors in 

mice translate to behaviors in humans. It could be speculated that an mMC4R-selective 

antagonist may be a useful therapeutic for patients where an increase in food intake is 

desired, but the modulation of such MC3R-mediated feeding behaviors may be harmful 

and/or reduce patient compliance, such as in patients with anorexia. The current study 

expands upon previous reports by utilizing a multiresidue-substitution strategy in this core 

octapeptide macrocyclic template. By combining substitutions which increase mMC4R 

potency (hPhe4, Dap5, Arg5), substitutions that are contained in ASP (Arg5, Ser6), and 

substitutions that increase selectivity for the mMC4R (Nle7), it was hypothesized that the 

pharmacological properties of this peptide could be fine-tuned to generate potent and 

selective probes for the mMC4R.  Because these peptides are hypothesized to possess a β-

hairpin structure and utilize the βATMAn  scaffold, these multisubstituted peptides may be 

considered ROβINS, or Relatively Obvious βATMAns that Increase Selectivity.
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Table 4.1 Analytical characterization data for peptides. 

Compound ID Sequence 
HPLC RT Purity Mass 

(system 1) (system 2) % expected observed 

1 KAF5105-1c c[ Pro Arg Phe Phe Asn Ala Phe DPro ] 17.7 28.2 >98 976.5 976.8 

2 KAF3114c c[ Pro Arg Phe Phe Asn Ala Nle DPro ] 16.4  28.4  >95 943.1 943.1 

3 KAF5105-3c c[ Pro Arg Phe Phe Asn Ser Phe DPro ] 17.1 26.8 >98 992.5 992.9 

4 KAF5105-4c c[ Pro Arg Phe Phe Asn Ser Nle DPro ] 16.5 26.5 >98 958.5 958.8 

5 KAF5105-5c c[ Pro Arg Phe Phe Dap Ala Phe DPro ] 17.6 28.9 >95 948.5 948.8 

6 KAF5105-6c c[ Pro Arg Phe Phe Dap Ala Nle DPro ] 17.5 28.9 >95 914.5 914.8 

7 KAF5105-7c c[ Pro Arg Phe Phe Dap Ser Phe DPro ] 16.6 26.9 >98 964.5 964.9 

8 KAF5105-8c c[ Pro Arg Phe Phe Dap Ser Nle DPro ] 16.2 26.8 >95 930.5 930.9 

9 KAF6089-1c c[ Pro Arg Phe Phe Arg Ala Phe DPro ] 14.2 22.8 >98 1037.2 1037.0 

10 KAF6089-2c c[ Pro Arg Phe Phe Arg Ala Nle DPro ] 13.6 22.3 >98 1003.2 1003.0 

11 KAF6089-3c c[ Pro Arg Phe Phe Arg Ser Phe DPro ] 16.5 26.3 >98 1034.6 1035.0 

12 KAF6089-4c c[ Pro Arg Phe Phe Arg Ser Nle DPro ] 16.0 26.0 >95 1000.6 1001.0 

13 KAF6089-5c c[ Pro Arg Phe hPhe Asn Ala Phe DPro ] 18.5 28.7 >98 990.5 990.9 

14 KAF6089-6c c[ Pro Arg Phe hPhe Asn Ala Nle DPro ] 18.1 28.9 >98 956.5 956.9 

15 KAF6089-7c c[ Pro Arg Phe hPhe Asn Ser Phe DPro ] 17.9 27.6 >98 1006.5 1006.9 

16 KAF6089-8c c[ Pro Arg Phe hPhe Asn Ser Nle DPro ] 17.2 27.2 >98 972.5 972.9 

17 KAF6089-9c c[ Pro Arg Phe hPhe Dap Ala Phe DPro ] 18.2 29.0 >98 962.5 962.9 

18 KAF6089-10c c[ Pro Arg Phe hPhe Dap Ala Nle DPro ] 17.9 29.2 >98 928.5 928.9 

19 KAF6089-11c c[ Pro Arg Phe hPhe Dap Ser Phe DPro ] 17.2 27.3 >98 978.5 979.0 

20 KAF6089-12c c[ Pro Arg Phe hPhe Dap Ser Nle DPro ] 16.8 27.2 >95 944.5 945.0 

21 KAF6089-13c c[ Pro Arg Phe hPhe Arg Ala Phe DPro ] 17.9 28.5 >98 1032.6 1033.0 

22 KAF6089-14c c[ Pro Arg Phe hPhe Arg Ala Nle DPro ] 17.6 28.6 >98 998.6 999.0 

23 KAF6089-15c c[ Pro Arg Phe hPhe Arg Ser Phe DPro ] 17.2 27.2 >95 1048.6 1049.1 

24 KAF6089-16c c[ Pro Arg Phe hPhe Arg Ser Nle DPro ] 16.7 26.8 >98 1014.6 1015.1 
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HPLC RT = peptide retention time in solvent system 1 (10% acetonitrile in 0.1% trifluoroacetic acid in water and a gradient of 90% acetonitrile over 

35 minutes) or solvent system 2 (10% methanol in 0.1% trifluoroacetic acid in water and a gradient of 90% methanol over 35 minutes). 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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4.3 Results 

4.3.1 Peptide Synthesis and Characterization  

The peptides used in this study were synthesized with a semi-automated synthesizer 

using standard fluorenylmethoxycarbonyl (Fmoc) methodology.144-145 The singly-

substituted macrocyclic octapeptides that have been previously reported were 

resynthesized, characterized, and assayed for these studies.178, 184-185 The structures of the 

amino acids used are provided in Figure 4.2. The peptides reported herein were purified 

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

The purity of the peptides was confirmed to be >95% via analytical RP-HPLC using two 

different solvent systems. The masses of the peptides were confirmed using matrix-assisted 

laser desorption ionization (MALDI) time of flight (TOF) mass spectrometry or 

electrospray ionization (ESI) time of flight (TOF) mass spectrometry (University of 

Minnesota LeClaire-Dow Instrumentation Facility). Analytical characterization data for 

these peptides may be found in Table 4.1.  

 Initially, compounds were assayed as agonists in HEK293 cells stably expressing 

the mMC1R, mMC3R, mMC4R, or mMC5R using the AlphaScreen cAMP Assay.149, 178, 

186 The results of these experiments for agonist activity at the mMC1R and inverse agonist 

activity at the mMC5R are summarized in Table 4.2. None of the library compounds 

possessed a greater than 20% agonist response at 100 µM concentrations at the mMC3R 

or mMC4R, so antagonist potencies were measured for these compounds. Competitive 

antagonist potencies of the macrocyclic peptides were measured using Schild analyses at 

the mMC3R and mMC4R with the synthetic, non-selective, potent melanocortin agonist 
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NDP-MSH.123 The results of these antagonist experiments at the mMC3R and mMC4R are 

summarized in Table 4.3. The fold-changes in potency discussed herein were calculated 

using the Ki values derived from the Schild analysis [pA2 = -log(Ki)]. 

 

 

Figure 4.2. A) Structure of the core molecular scaffold used in these studies, c[Pro-Arg-Phe-Phe-

Asn-Ala-Phe-DPro]. The positions modified in this study are highlighted by coloring the side 

chains. B) Structures of the amino acids used in these studies. The abbreviations are listed below 

the structures of their corresponding amino acids, and the three letter abbreviations of unnatural 

amino acids are shown in red. Amino acid side chains that are used as part of these substitution 

studies are highlighted with the color of the corresponding amino acid side chain they replace in 

2A. This figure has been previously published and is used with permission from the American 

Chemical Society (copyright 2018).187 

 

4.3.2 Library Design  

In this study, individual substitutions to the macrocyclic octapeptide template were 

identified from previous reports.178, 184-185 The hPhe4, Ser6, and Nle7 substitutions were 
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chosen because of their decreased antagonist activity at the mMC3R while maintaining 

mMC4R antagonist potency.178, 184-185 The Dap5 residue was chosen because it increased 

mMC4R antagonist potency (Dap5).178, 184 Additionally, the Arg5 and Ser6 substitutions 

were chosen because these amino acids are present in the active loop of ASP, not AGRP, 

and it has been previously observed that the substitution of ASP active-loop residues into 

the AGRP-based macrocyclic template maintain mMC4R antagonist potency (Arg5, 

Ser6).184 In the current study, it was hypothesized that combining multiple substitutions and 

perhaps a synergistic outcome of multiple substitutions would result in increased potency 

and selectivity at the mMC4R. 

 

4.3.3 MC1R Activity  

Twenty-one of the 24 peptides examined in this study did not possess full agonist 

potency at the mMC1R. Of these peptides, seven possessed partial agonist activity wherein 

they did not stimulate the receptor up to 100% of NDP-MSH but were able to generate a 

sigmoidal dose response, five resulted in some agonist activity at 100 µM concentrations, 

and nine did not possess any agonist activity at up to 100 µM. The remaining three peptides 

resulted in full agonist activity at the mMC1R. 

 

4.3.4 MC5R Activity  

Twenty-one of the 24 peptides examined in this study did not result in any receptor 

activation at up to 100 µM. Two peptides appeared to result in inverse agonist activity with 
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an apparent sigmoidal dose-response, and one peptide resulted in some decrease in receptor 

activation at up to 100 µM relative to basal. 

 

4.3.5 MC3R Activity  

All the peptides synthesized in these studies possessed antagonist activity at the 

mMC3R against agonist ligand NDP-MSH. One of these peptides possessed an antagonist 

pA2 potency value between 5.5-6.0. Eleven of these peptides possessed an antagonist pA2 

potency value between 6.0-7.0. Eleven of these peptides possessed an antagonist pA2 

potency value between 7.0-8.0. One peptide possessed an antagonist pA2 potency value of 

8.0 or greater. 

 

4.3.6 MC4R Activity  

All the peptides synthesized in these studies possessed antagonist activity at the 

mMC4R against agonist ligand NDP-MSH. Notably, none of the peptides synthesized and 

investigated as part of these studies possessed an antagonist pA2 potency value of less than 

8.0. Three of the peptides possessed an antagonist pA2 potency value between 8.0-8.5. Nine 

of the peptides possessed an antagonist pA2 potency value between 8.5-9.0. Nine of the 

peptides possessed an antagonist pA2 potency value between 9.0-9.5. Three of the peptides 

possessed an antagonist pA2 potency value of 9.5 or greater. 
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4.4 Discussion and Conclusions 

4.4.1 MC1R Structure-Activity Relationship  

As has been previously reported, many of these peptides possessed micromolar 

agonist activity at the mMC1R.178, 184-185 Most of the peptides that generated a sigmoidal 

dose-response and thus possessed quantifiable EC50 values did not possess the hPhe4 or 

Arg5 substitutions. Generally, peptides possessing the hPhe4 substitution did not possess 

agonist activity at the mMC1R at up to 100 µM concentrations (KAF6089-6c, which 

possessed hPhe4 in combination with Nle7; KAF6089-8c, which possessed the hPhe4, Ser6, 

and Nle7 substitutions; KAF6089-14c, which possessed the hPhe4, Arg5, and Nle7 

substitutions; KAF6089-10c, which possessed hPhe4, Dap5, and Nle7 substitutions; and 

KAF6089-12c, which possessed hPhe4, Dap5, Ser6, and Nle7 substitutions). Two of the 

hPhe4-substitued peptides resulted in partial MC1R activation between 20-30% at 100 µM 

concentrations (KAF6089-15c, which possessed hPhe4, Arg5, and Ser6 substitutions; and 

KAF6089-13c, which possessed hPhe4 and Arg5 substitutions), and three hPhe4-substituted 

peptides produced an assay response between 30%-40% at 100 µM concentrations 

(KAF6089-5c, possessing only the hPhe4 substitution; KAF6089-7c, possessing the hPhe4 

and Ser6 substitution; KAF6089-11c, possessing the hPhe4, Dap5, and Ser6 substitutions).
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Table 4.2 Pharmacology of the macrocyclic AGRP-based peptides at the mMC1R and mMC5R. 

Compound ID Sequence 
Agonist Inverse Agonist 

mMC1R EC50 (nM) mMC5R EC50 (nM) 

NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 0.010±0.001 EC50 = 0.14±0.01 

KAF5105-1c 1* c[ Pro Arg Phe Phe Asn Ala Phe DPro ] 2800±600 (80%) >100,000 

KAF3114c 2* c[ Pro Arg Phe Phe Asn Ala Nle DPro ] 1700±300 (50%) 10±6 (-20%) 

KAF5105-3c 3* c[ Pro Arg Phe Phe Asn Ser Phe DPro ] 1200±300 6±3 (-14%) 

KAF5105-4c 4 c[ Pro Arg Phe Phe Asn Ser Nle DPro ] 2600±300 (75%) -35% @ 100µM 

KAF5105-5c 5* c[ Pro Arg Phe Phe Dap Ala Phe DPro ] 1600±400 (80%) >100,000 

KAF5105-6c 6 c[ Pro Arg Phe Phe Dap Ala Nle DPro ] 190±60 >100,000 

KAF5105-7c 7 c[ Pro Arg Phe Phe Dap Ser Phe DPro ] 600±100 (85%) >100,000 

KAF5105-8c 8 c[ Pro Arg Phe Phe Dap Ser Nle DPro ] >100,000 >100,000 

KAF6089-1c 9* c[ Pro Arg Phe Phe Arg Ala Phe DPro ] 600±200 (25%) >100,000 

KAF6089-2c 10 c[ Pro Arg Phe Phe Arg Ala Nle DPro ] >100,000 >100,000 

KAF6089-3c 11 c[ Pro Arg Phe Phe Arg Ser Phe DPro ] >100,000 >100,000 

KAF6089-4c 12 c[ Pro Arg Phe Phe Arg Ser Nle DPro ] >100,000 >100,000 

KAF6089-5c 13* c[ Pro Arg Phe hPhe Asn Ala Phe DPro ] 35% @ 100µM >100,000 

KAF6089-6c 14 c[ Pro Arg Phe hPhe Asn Ala Nle DPro ] >100,000 >100,000 

KAF6089-7c 15 c[ Pro Arg Phe hPhe Asn Ser Phe DPro ] 40% @ 100µM >100,000 

KAF6089-8c 16 c[ Pro Arg Phe hPhe Asn Ser Nle DPro ] >100,000 >100,000 

KAF6089-9c 17 c[ Pro Arg Phe hPhe Dap Ala Phe DPro ] 560±80 (70%) >100,000 

KAF6089-10c 18 c[ Pro Arg Phe hPhe Dap Ala Nle DPro ] >100,000 >100,000 

KAF6089-11c 19 c[ Pro Arg Phe hPhe Dap Ser Phe DPro ] 40% @ 100µM >100,000 

KAF6089-12c 20 c[ Pro Arg Phe hPhe Dap Ser Nle DPro ] >100,000 >100,000 

KAF6089-13c 21 c[ Pro Arg Phe hPhe Arg Ala Phe DPro ] 25% @ 100µM >100,000 

KAF6089-14c 22 c[ Pro Arg Phe hPhe Arg Ala Nle DPro ] >100,000 >100,000 

KAF6089-15c 23 c[ Pro Arg Phe hPhe Arg Ser Phe DPro ] 30% @ 100µM >100,000 
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KAF6089-16c 24 c[ Pro Arg Phe hPhe Arg Ser Nle DPro ] 400±200 >100,000 

 

Compounds were assayed in duplicate replicates and values are expressed as the mean ± the standard error of the mean (SEM) of at least 3 

independent experiments. The use of “(X%)” indicates that the compound possessed partial agonist activity and was able to stimulate the receptor 

to a given percent. The use of “X% @ 100 µM” indicates that the compound partially stimulated the receptor to a given percent, but did not generate 

a sigmoidal dose-response at 100 µM. The use of “ >100,000” indicates that the compound did not stimulate the receptor greater than 20% at 100 

µM. For mMC5R inverse agonist studies, the use of “X (-X%)” indicates that the compound displayed inverse agonist efficacy of X% relative to 

basal and appeared to generate a sigmoidal dose-response of potency X. The use of “-X% @ 100 µM” indicates that the compound displayed inverse 

agonist efficacy of X% at 100 µM, but did not generate a sigmoidal dose-response at up to 100 µM concentrations. *These singly substituted 

macrocyclic octapeptides that have been previously reported178, 184-185 and were resynthesized, re-characterized, and re-assayed herein as controls.
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Two of the hPhe4-substituted peptides were partial agonists: KAF6089-9c, possessing the 

hPhe4 and Dap5 substitutions (EC50 = 580 nM, 70% receptor activation), and KAF6089-

16c, which possessed the hPhe4, Arg5, Ser6, and Nle7 substitutions (EC50 = 400 nM, 25% 

receptor activation).  

 

4.4.2 MC5R Structure-Activity Relationship  

It has previously been observed that some peptides derived from this macrocyclic 

template may result in some inverse agonist activity at the mMC5R.184-185 In this library, 

inverse agonist activity was observed for three peptides. One of these compounds 

possessed the Nle7-substitution (KAF3114c), one of these possessed the Ser6-substitution 

(KAF5105-3c), and the last one possessed both the Ser6 and Nle7 substitutions (KAF5105-

4c). For the remainder of these peptides, inverse agonist activity was not observed at the 

mMC5R. Both the Nle7-substituted peptide and the Ser6-substituted peptide have been 

previously reported to possess inverse agonist activity at the mMC5R.184-185 

 

4.4.3 MC3R Structure Activity Relationship 

Nearly all the compounds, except for KAF6089-5c (the hPhe4-substituted 

compound), were either approximately equipotent to or more potent than the lead 

compound KAF5105-1c at the mMC3R. Notably, 6 compounds possessed increased 

potencies of greater than 10-fold at the mMC3R compared to KAF5105-1c. These 

compounds possessed the following substitutions: Arg5 (KAF6089-1c), Arg5 and Nle7 

(KAF6089-2c), or a combination of the hPhe4 and Arg5 substitution (KAF6089-13c,
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Table 4.3 Pharmacology of the macrocyclic AGRP-based peptides at the mMC3R and mMC4R. 

Compound ID Sequence 
Antagonist Antagonist 

mMC3R pA2 mMC4R pA2 

AGRPa  8.7±0.1 8.7±0.2 

SHU9119a Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-NH2 
8.7±0.3 

(partial agonist) 
9.2±0.1 

NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 EC50 = 0.09±0.01 EC50 = 0.64±0.06 

hAGRP a 

(109-118) 
Tyr-c[Cys-Arg-Phe-Phe-Asn-Ala-Phe-Cys]-Tyr 

No activity 

(Agonist or Antagonist) 
6.8±0.4 

KAF5105-1c 1* c[ Pro Arg Phe Phe Asn Ala Phe DPro ] 6.3±0.03 8.1±0.2 

KAF3114c 2* c[ Pro Arg Phe Phe Asn Ala Nle DPro ] 6.6±0.03 8.9±0.1 

KAF5105-3c 3* c[ Pro Arg Phe Phe Asn Ser Phe DPro ] 6.1±0.3 8.1±0.2 

KAF5105-4c 4 c[ Pro Arg Phe Phe Asn Ser Nle DPro ] 6.6±0.2 8.5±0.2 

KAF5105-5c 5* c[ Pro Arg Phe Phe Dap Ala Phe DPro ] 7.2±0.1 8.9±0.1 

KAF5105-6c 6 c[ Pro Arg Phe Phe Dap Ala Nle DPro ] 7.1±0.2 9.0±0.2 

KAF5105-7c 7 c[ Pro Arg Phe Phe Dap Ser Phe DPro ] 6.8±0.03 9.1±0.1 

KAF5105-8c 8 c[ Pro Arg Phe Phe Dap Ser Nle DPro ] 6.5±0.1 9.1±0.03 

KAF6089-1c 9* c[ Pro Arg Phe Phe Arg Ala Phe DPro ] 7.4±0.1 8.7±0.1 

KAF6089-2c 10 c[ Pro Arg Phe Phe Arg Ala Nle DPro ] 7.5±0.1 9.1±0.03 

KAF6089-3c 11 c[ Pro Arg Phe Phe Arg Ser Phe DPro ] 7.1±0.1 9.0±0.1 

KAF6089-4c 12 c[ Pro Arg Phe Phe Arg Ser Nle DPro ] 7.1±0.03 9.6±0.1 

KAF6089-5c 13* c[ Pro Arg Phe hPhe Asn Ala Phe DPro ] 5.6±0.02 8.3±0.2 

KAF6089-6c 14 c[ Pro Arg Phe hPhe Asn Ala Nle DPro ] 6.2±0.06 8.6±0.1 

KAF6089-7c 15 c[ Pro Arg Phe hPhe Asn Ser Phe DPro ] 6.5±0.2 8.6±0.2 

KAF6089-8c 16 c[ Pro Arg Phe hPhe Asn Ser Nle DPro ] 6.3±0.1 9.2±0.1 

KAF6089-9c 17 c[ Pro Arg Phe hPhe Dap Ala Phe DPro ] 7.1±0.2 9.1±0.1 

KAF6089-10c 18 c[ Pro Arg Phe hPhe Dap Ala Nle DPro ] 6.7±0.1 9.1±0.1 
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KAF6089-11c 19 c[ Pro Arg Phe hPhe Dap Ser Phe DPro ] 7.2±0.03 9.2±0.03 

KAF6089-12c 20 c[ Pro Arg Phe hPhe Dap Ser Nle DPro ] 6.7±0.2 9.5±0.2 

KAF6089-13c 21 c[ Pro Arg Phe hPhe Arg Ala Phe DPro ] 8.0±0.3 8.9±0.3 

KAF6089-14c 22 c[ Pro Arg Phe hPhe Arg Ala Nle DPro ] 7.5±0.1 8.8±0.1 

KAF6089-15c 23 c[ Pro Arg Phe hPhe Arg Ser Phe DPro ] 7.7±0.1 8.8±0.03 

KAF6089-16c 24 c[ Pro Arg Phe hPhe Arg Ser Nle DPro ] 7.9±0.1 9.5±0.2 

 

Compounds were assayed in duplicate replicates and values are expressed as the mean ± the standard error of the mean (SEM) of at least 3 

independent experiments.  The pA2 values were determined using the Schild analysis with agonist NDP-MSH (pA2 = -log[Ki]).123 aPharmacological 

data for these peptides have been previously published.13, 184, 190 The data for hAGRP(109-118) is from a cAMP -galactosidase reporter gene 

bioassay13 and different from the ALPHA assay reported herein. *These singly substituted macrocyclic octapeptides that have been previously 

reported178, 184-185 and were resynthesized, re-characterized, and re-assayed herein as controls. 
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 KAF6089-14c, KAF6089-15c, and KAF6089-16c). Although by itself the hPhe4-

substitution reduced potency at the mMC3R 5-fold compared to KAF5105-1c, the 

macrocycles that possess this substitution combined with the Arg5 substitution all 

possessed increased of potencies ranging from 16-fold to 47-fold. The combination of the 

hPhe4 and Arg5 substitutions appeared to result in a synergistic increase in mMC3R 

potency. The pharmacological results from combining these two substitutions were 

unexpected, as the singly-substituted hPhe4 compound decreased mMC3R potency, and 

showed that the utilization of a multiresidue substitution strategy may lead to results that 

are counterintuitive to what may initially be speculated.  

 

4.4.4 MC4R Structure-Activity Relationship  

Nine peptides possessed 10-fold or greater increased potency at the mMC4R 

compared to KAF5105-1c. Many of these peptides possessed the Nle7 substitution in 

combination with another substitution, including Dap5, Ser6, and Nle7 (KAF5105-8c), Arg5 

and Nle7 (KAF6089-2c), Arg5, Ser6, and Nle7 (KAF6089-4c), or hPhe4, Ser6, and Nle7 

(KAF6089-8c). Neither the Nle7 or Ser6 individual (KAF3114 or KAF5105-3c) 

substitutions or the Nle7/Ser6 combination (KAF5105-4c) increased potency greater than 

10-fold. This Ser6/Nle7 motif appeared to have worked best when combined with other 

substitutions to synergistically result in at least a 10-fold increase in mMC4R activity 

compared to KAF5105-1c.  
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4.4.5 MC4R Selectivity Structure-Activity Relationship  

Many of the individual substitutions were selected for their ability to potentiate 

selectivity for the mMC4R over the mMC3R. The structure-activity relationship of these 

compounds at the mMC3R and mMC4R can be found in Figure 4.3. Interestingly, one of 

the peptides in this study displayed a 7-fold decrease in mMC4R selectivity compared to 

KAF5105-1c. This peptide was KAF6089-13c (21), which possessed hPhe4 and Arg5 

substitutions. The dose response curves of this compound at the mMC3R and mMC4R can 

be observed in Figure 4.4. This peptide possessed the highest fold-increase in potency at 

the mMC3R (47-fold) and a 6-fold increase in potency at the mMC4R. As a result, it was 

8-fold selective for the mMC4R over the mMC3R. It also possessed nanomolar antagonist 

potency at the mMC3R, which is unusual for peptides of this scaffold, as peptides 

containing the DPro-Pro macrocyclic scaffold used in this study have decreased mMC4R 

selectivity via maintaining micromolar antagonist activity at the mMC3R and possessing a 

decreased potency at the mMC4R compared to the lead scaffold.178, 184-185 Instead, this 

peptide possessed pA2 values of 8.0±0.3 and 8.9±0.3 at the mMC3R and mMC4R 

respectively. Additionally, this peptide nearly recapitulated the antagonist pharmacology 

observed in AGRP (despite its reduced size), which has previously been reported to possess 

pA2 of 8.7 at both the mMC3R and mMC4R.184 This indicates a promising direction in the 

development of peptides utilizing this scaffold that possess the same antagonist potency at 

both the MC3R and MC4R as the native hormone, despite the size difference between the 

C-terminal domain of AGRP and the 8-residue macrocycle. 
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Figure 4.3. Structure activity relationship trends observed in the library discussed herein. A) 

Compound sequences and heat map of mMC3R potency. Changes from the lead compound are 

shown in grey. The most potent compounds are listed on top, and the least potent compounds are 

listed on the bottom. Trends observed in this set include the hPhe4/Arg5 motif, which increases 

mMC3R potency. B)  Compound sequences and heat map of mMC4R potency. Changes from the 

lead compound are shown in grey. The most potent compounds are listed on top, and the least 

potent compounds are listed on the bottom. Trends observed in this set include the high abundance 

of the Ser6/Nle7 motif in the most potent compounds in this set, and the increased prevalence of 

hPhe4 in the most potent mMC4R compounds. Notably, the hPhe4/Arg5 motif is not grouped in this 

data set, indicating that while this motif increases mMC3R potency, it likely does not do so at the 

expense of mMC4R potency. C) Compound sequences and heat map of mMC4R selectivity 

(calculated using antagonist Ki values; pA2 = -log[Ki]). Changes from the lead compound are shown 

in grey. The most selective compounds are listed on top, and the least selective compounds are 

listed on the bottom. Trends observed in this data set are that the Nle7 substitution causes an increase 

in mMC4R selectivity, especially when combined with Ser6. The compounds possessing the Arg5 

substitution are almost entirely grouped in the least selective compounds, as are compounds 

possessing the hPhe4/Arg5 motif, as discussed in the text. D) Radar plot depicting the 

pharmacological profiles of the three lead ligands discussed in this manuscript (compounds 

KAF6089-8c, KAF6089-12c, and KAF6089-13c) compared to KAF5105-1c at the melanocortin 

receptors. Compound KAF5105-1c is depicted in grey, compound KAF6089-8c is depicted in 

purple, compound KAF6089-12c is depicted in blue, and compound KAF6089-13c is depicted in 

red. The compound IDs of these four compounds are also shaded in A-C in the corresponding color. 

To fit these data on one chart, a log scale was used for potency values and the fold-selectivity for 

the mMC4R over the mMC3R was divided by 100. E) Radar plot depicting the pharmacological 

activity of the three lead ligands discussed in this manuscript compared to KAF5105-1c at the 

mMC3R and mMC4R, using the same color scale as above. In this graph, pA2 values were 

converted to nanomolar antagonist Ki values (pA2 = -log[Ki]), and fold-selectivity for the mMC4R 

over the mMC3R is calculated using the Ki values. This figure has been previously published and 

is used with permission from the American Chemical Society (copyright 2018).187
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Previous studies using a β-galactosidase reporter gene assay (compared to the 

cAMP accumulation assay utilized in this study) discovered that the hPhe4-subsituted 

peptide did not possess antagonist activity at the mMC3R and was 5-fold less potent than 

KAF5105-1c at the mMC4R, therefore making it selective for the mMC4R.178 Other 

reports, using the same assay as this study, found that the Nle7-substituted peptide increased 

selectivity for the mMC4R over the mMC3R (albeit to a lesser extent than the hPhe4-

substituted peptide) while maintaining mMC4R antagonist potency.185 In the present study, 

the hPhe4-substituted peptide (KAF6089-5c) possessed antagonist potency at the mMC3R 

(pA2 = 5.6±0.2) and was equipotent to the lead peptide at the mMC4R, making it 

approximately 500-fold selective for the mMC4R over the mMC3R. Overall, peptides that 

possessed the hPhe4-substitution were more selective for the mMC4R over the mMC3R 

(excluding peptides that possessed both hPhe4 and Arg5 substitutions, which increased 

mMC3R antagonist potency, as discussed above). Interestingly, although hPhe4 and Nle7 

substitutions were chosen due to their ability to increase mMC4R selectivity, the peptide 

that possessed both the hPhe4 and Nle7 substitution (KAF6089-6c) resulted in decreased 

selectivity for the mMC4R as compared to the hPhe4 substitution alone (KAF6089-5c). 

Notably, this trend did not remain throughout the set of peptides, as the most selective 

peptides in this study possessed the combination of the two substitutions, including 

hPhe4/Ser6/Nle7 (KAF6089-8c, 800-fold more potent at the mMC4R than the mMC3R) 

and hPhe4/Dap5/Ser6/Nle7 (KAF6089-12c, 600-fold more potent at the mMC4R than the 

mMC3R). The dose response curves of these two compounds are provided in Figure 4.4. 

These peptides differed in the amino acid side chain at the 5 position (Asn for KAF6089-
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Figure 4.4. Illustrations of the in vitro antagonist (mMC3R, mMC4R) pharmacology of KAF6089-

8c, KAF6089-12c, and KAF6089-13c. A Schild antagonist experimental strategy was 

implemented, using the agonist NDP-MSH.123 Data were normalized to NDP-MSH response, as 

has been reported previously.149, 178, 186 This figure has been previously published and is used with 

permission from the American Chemical Society (copyright 2018).187 
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8c, and Dap for KAF6089-12c). As expected from previous studies, the Dap5 substitution 

increased potency at the mMC4R compared to the Asn5 substitution. The peptide 

KAF6089-8c was 13-fold more potent than the lead compound at the mMC4R, and 

KAF6089-12c was 25-fold more potent than the lead compound at the mMC4R. Other 

than the peptides discussed above, three other peptides possessed >200-fold selectivity for 

the MC4R over the MC3R. The substitution pattern in these peptides were: Dap5/Ser6/Nle7 

(KAF6089-8c, 430-fold selectivity), Arg5/Ser6/Nle7 (KAF6089-4c, 320-fold selectivity), 

and hPhe4/Dap5/Nle7 (KAF6089-10c, 250-fold selective). As discussed above, while the 

Ser6/Nle7 motif did not increase selectivity, the combination of this motif with many other 

substitutions utilized in this study resulted in a synergistic increase in selectivity compared 

to the individual substitutions alone. The exception to this is the combination of the 

Ser6/Nle7 motif with the hPhe4/Arg5 motif (KAF6089-16c), which possessed a reduced 

selectivity for the mMC4R. This may be expected, given that the hPhe4/Arg5 motif resulted 

in a synergistic 47-fold increase in mMC3R potency, and therefore resulted in a reduced 

MC4R selectivity. 

  

4.5 Conclusions  

In conclusion, this study utilized a multiresidue substitution strategy to test the 

hypothesis that the pharmacological properties possessed by singly-substituted 

macrocyclic AGRP mimetics could be combined and amplified in order to generate ligands 

with increased potency and/or selectivity for the mMC4R over the mMC3R. Herein, it was 

found that peptides containing the Ser6/Nle7 motif, in combination with the hPhe4 and/or 
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Dap5 substitutions, possessed increased potency at the mMC4R. It was also found that this 

Ser6/Nle7 motif appeared to work synergistically to generate peptides with enhanced 

selectivity for the mMC4R over the mMC3R, especially when used in combination with 

substitutions like hPhe4, Asn5, or Dap5. Unexpectedly, one of the motifs examined in this 

study (hPhe4/Arg5) resulted in a synergistic increase in mMC3R potency, despite the hPhe4-

substituted peptide possessing the lowest pA2 value at the mMC3R of all the peptides 

examined in this study (KAF6089-5c, pA2 = 5.6). As discussed above, peptides possessing 

the Arg5 substitution largely increased mMC3R potency and thus decreased mMC4R 

selectivity, especially when used in combination with the hPhe4 substitution.  

This study produced three lead ligands with interesting pharmacological profiles. 

One of these ligands, KAF6089-8c (containing hPhe4, Ser6, and Nle7 substitutions), did 

not result in mMC1R stimulation, had a pA2 of 6.33 at the mMC3R, had a pA2 of 9.23 at 

the mMC4R, did not result in mMC5R stimulation, and was 800-fold selective for the 

mMC4R over the mMC3R. Another of these ligands, KAF6089-12c (containing hPhe4, 

Dap5, Ser6, and Nle7 substitutions), did not result in mMC1R stimulation, had a pA2 of 6.7 

at the mMC3R, had a pA2 of 9.5 at the mMC4R, did not result in mMC5R stimulation, and 

was 630-fold selective for the mMC4R over the mMC3R. While this ligand was less 

selective for the mMC4R than KAF6089-8c, it was also more potent at the mMC4R than 

KAF6089-8c. The peptide KAF6089-12c possesses potency greater than that of AGRP at 

the mMC4R (pA2=8.7) and another lead antagonist ligand in the field, SHU9119 (pA2=9.2) 

in the cAMP assay used in the present study.184, 190 Finally, KAF6089-13c (containing 

hPhe4 and Arg5 substitutions), resulted in 25% receptor stimulation at the mMC1R, had a 
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pA2 of 8.0 at the mMC3R, had a pA2 of 8.9 at the mMC4R, and did not result in mMC5R 

stimulation. The octapeptide KAF6089-13c possessed nearly equipotent antagonist 

activity to the active form of the native hormone AGRP at both receptors (pA2 of AGRP at 

the mMC3R and mMC4R = 8.7), and represents a promising start for the generation of 

dual antagonist ligands that are equipotent at both the mMC3R and mMC4R compared to 

AGRP.184 

These three peptides possess dual antagonist pharmacology or selective antagonist 

pharmacology for the mMC3R and mMC4R. Importantly, they possess the same core 

scaffold, which will allow them to serve as more ideal candidate probes for future 

comparative in vivo studies as they should theoretically possess more similar 

pharmacokinetic properties than, for example, KAF6089-12c (an octapeptide) as 

compared to AGRP (a 50-residue protein in the active form). Herein, three macrocyclic 

octapeptides were discovered using a multiresidue substitution strategy that will make 

useful pharmacological probes for understanding the role of the melanocortin system in 

diseases of negative energy balance such as anorexia, cachexia, and failure to thrive in 

children.  
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Chapter 5 

MARGS: Mixture-Based Amino Acid Replacements 

 

Portions of the methods described within this chapter have been published previously. They 

have been reproduced here with permission from: 1. “Discovery of Polypharmacological 

Melanocortin-3 and -4 Receptor Probes and Identification of a 100-Fold Selective nM 

MC3R Agonist vs a µM MC4R Partial Agonist.” Fleming, KA; Freeman, KT; Powers, 

MD; Santos, RG; Debevec, G; Giulianotti, MA; Houghten, RA; Doering, SR; Pinilla, C; 

and Carrie Haskell-Luevano. Journal of Medicinal Chemistry. 2019, 62. 2738-2749. 

Copyright (2019) American Chemical Society.  

 

5.1 Chapter Overview 

The centrally expressed melanocortin-3 and melanocortin-4 receptors (MC3R, 

MC4R) are established targets to treat diseases of positive and negative energy 

homeostasis. We previously reported (reference 192 herein) mixture-based positional 

scanning approaches to identify dual MC3R agonist and MC4R antagonist tetrapeptides. 

Herein, 46 tetrapeptides were chosen for MC3R agonist screening selectivity profiles, 

synthesized, and pharmacologically characterized at the mouse melanocortin-1, -3, -4, and 

-5 receptors. Substitutions to the tetrapeptide template were selected solely based on MC3R 

agonist potency from the mixture-based screen. This study resulted in the discovery of 

compound KAF4089-32 (Ac-Val-Gln-(pI)DPhe-DTic-NH2), a full MC3R agonist that is 
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100-fold selective for the MC3R over the µM MC4R partial agonist pharmacology. This 

compound represents a first-in-class MC3R-selective agonist. This ligand will serve as a 

useful in vivo molecular probe for the investigation of the roles of the MC3R and MC4R 

in diseases of dysregulated energy homeostasis. 

 

5.2 Introduction 

There are two endogenous antagonists for the central melanocortin system: agouti 

signaling protein (ASP) and agouti-related protein (AGRP), and administration of MC3R 

and MC4R antagonists to the brain results in an increase in food intake.14, 25-27, 81, 86, 100, 168 

Disruption of the MC4R has been shown to result in obesity in mice and humans, with both 

mice and humans displaying a hyperphagic phenotype.17, 166 The role of the MC3R is more 

enigmatic. The MC3R has been linked with multiple different functions; it may play an 

auto-regulatory role in the melanocortin signaling, and has also been linked with feeding-

related behaviors such as food anticipatory activity and gorging, as well as food 

motivational responses in mice.31, 33, 100, 164, 188-189 Melanocortin receptor agonists have been 

pursued for the treatment of diseases of positive energy balance (such as obesity), while 

melanocortin receptor antagonists have been investigated as potential therapeutics for the 

treatment of disease of negative energy balance (such as anorexia, cachexia, and failure to 

thrive). 29-30, 32-34  

One limitation to targeting both the MC3R and MC4R is that these two receptors 

have different, non-redundant roles in the maintenance of energy homeostasis.191 Selective 

ligands for the MC3R may be used as probes to clarify the biological role(s) of this 
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receptor. In rodents, intracerebroventricular injection of the dual MC3R/MC4R 

melanocortin antagonist AGRP increase food intake and alleviates the effects of self-

starvation.100, 168-170  Antagonist ligands at the MC4R have been proposed as treatments for 

diseases of negative energy balance like eating disorders, cachexia, and failure to thrive in 

children.169-170, 172-174 If the fasting-related behavioral phenotypes exhibited by mice in 

regards to the MC3R (including gorging, increased motivation for food reward) are also 

relevant in humans, it is possible that compounds possessing  MC3R agonist activity and 

MC4R antagonist activity could be used in order to increase food intake via the MC4R, 

without causing potentially harmful side effects like gorging or food motivational 

responses in patients with eating disorders via the MC3R. Additionally, MC3R-selective 

probes will be extremely useful in the in vivo clarification of MC3R function; to date, the 

precise mechanisms of action of this receptor remain elusive. 

There have been numerous ligands developed for the study of the melanocortin 

system (reviewed by Ericson et al),151 none of which to date possess potent activity at the 

MC3R and no activity at the MC4R. There have been some ligands discovered that possess 

some selectivity for the MC3R or MC4R over the other receptor.111, 116, 119-121, 185, 187 These 

studies have primarily centered on rational design principles based on endogenous 

melanocortin ligands or through the derivatization of small molecule scaffolds.111, 116, 119-

121 Our laboratories have utilized data derived from unbiased screening approaches like 

mixture-based positional scanning libraries to develop melanocortin ligands.150, 192 In this 

technique, peptides with a single fixed amino acid in one position and equimolar mixtures 

of amino acids in all other positions are assayed. Mixtures possessing activity will do so 
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both because of structural redundancies among multiple peptides in the mixtures, and 

because a mixture’s activity is the harmonic mean of that of its constituents.193 One study 

performed a mixture-based positional screen with a tetrapeptide scaffold possessing an 

acetylated N-terminus and an amidated C-terminus with the goal of discovering mouse (m) 

mMC3R-selective tetrapeptides that possessed no activity at the mMC4R.192 This study 

found that the substitution pattern Ac-His-Arg-(pI)DPhe-Tic-NH2 possessed a unique 

polypharmacology (MC3R agonist/MC4R antagonist). 
192 A library of individual peptides 

based on the Ac-Xxx-Arg-(pI)DPhe-Xxx-NH2 scaffold was then synthesized, the most 

potent of which at the both mMC3R and mMC4R was the peptide Ac-Arg-Arg-(pI)DPhe-

Tic-NH2.
192  

The study reported herein carries out a more comprehensive deconvolution using 

the defined amino acids of the most active mixtures at each position of the published 

screening results for MC3R potency.192 Forty-eight individual tetrapeptides possessing 

Val, Arg, or His in the first position, Arg or Gln in the second position, (pI)DPhe or 

(pCl)DPhe in the third position, and Tic, DTic, Cha, or DPro in the fourth position were 

synthesized.192 The aim of this study was two-fold: 1) to identify a tetrapeptide that 

possesses a selective pharmacological profile for the MC3R over the MC4R, and 2) to 

identify tetrapeptides with increased potencies that possess the same polypharmacology 

(MC3R agonist and MC4R antagonist) as the ligands previously reported.192  
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5.3 Results and Discussion 

5.3.1 Peptide Synthesis and Characterization  

The tetrapeptides described in this manuscript were synthesized manually in 

parallel using fluorenylmethoxycarbonyl (Fmoc) methodology.144-145 The tetrapeptides 

were then purified using semi-preparative reverse phase high-pressure liquid 

chromatography (RP-HPLC) to be >95% pure via analytical RP-HPLC using two diverse 

solvent systems (see Table 5.1), with purity confirmed using HPLC at wavelength 214 nm. 

Additionally, the correct peptide masses were confirmed using electrospray ionization 

(ESI) time of flight (TOF) mass spectrometry (University of Minnesota LeClaire-Dow 

Instrumentation Facility). 

 

 

Figure 5.1. Illustration of the partial agonist activities described in Table 5.2. “A” indicates that a 

partial agonist resulted in percent receptor activation from 20-50%, and “B” indicates that the 

partial agonist resulted in percent receptor activation from 50-90%. This figure has been previously 

published and is used with permission from the American Chemical Society (copyright 2019).194 
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Table 5.1: Analytical Characterization Data for Peptides 

Compound 

ID 

Sequence Mass Information (M) HPLC Analysisa 
Purity %b 

Ac R1 R2 R3 R4 NH2 Calculated Observed MeCN RT MeOH RT 

1* KAF4098-1 Ac His Arg (pI)DPhe Tic NH2 784.2 783.8 15.2 23.6 >98 

2 KAF4098-2 Ac His Arg (pI)DPhe DTic NH2 784.2 784.3 14.3 22.4 >98 

3 KAF4026-1 Ac His Arg (pI)DPhe Cha NH2 778.3 778.4 16.7 27.2 >98 

4 KAF4098-3 Ac His Arg (pI)DPhe DPro NH2 722.2 722.6 10.5 16.5 >98 

5 KAF4098-4 Ac His Arg (pCl)DPhe Tic NH2 692.3 692.7 14.5 22.4 >95 

6 KAF4098-5 Ac His Arg (pCl)DPhe DTic NH2 692.3 692.4 13.6 21.2 >98 

7 KAF4026-2 Ac His Arg (pCl)DPhe Cha NH2 686.3 686.4 15.9 26.0 >98 

8 KAF4098-6 Ac His Arg (pCl)DPhe DPro NH2 630.3 630.5 9.6 15.0 >95 

9 KAF4098-7 Ac His Gln (pI)DPhe Tic NH2 756.2 756.3 15.9 25.2 >98 

10 KAF4098-8 Ac His Gln (pI)DPhe DTic NH2 756.2 756.3 15.1 24.1 >95 

11 KAF4026-3 Ac His Gln (pI)DPhe Cha NH2 750.2 749.9 17.5 28.9 >98 

12 KAF4098-9 Ac His Gln (pI)DPhe DPro NH2 694.8 694.3 10.8 17.4 >98 

13 KAF4098-10 Ac His Gln (pCl)DPhe Tic NH2 664.3 664.4 15.1 23.8 >95 

14 KAF4098-11 Ac His Gln (pCl)DPhe DTic NH2 664.3 663.9 14.2 22.5 >95 

15 KAF4026-4 Ac His Gln (pCl)DPhe Cha NH2 658.3 658.4 16.7 27.7 >98 

16 KAF4098-12 Ac His Gln (pCl)DPhe DPro NH2 602.2 601.8 9.6 15.4 >95 

17* KAF4098-13 Ac Arg Arg (pI)DPhe Tic NH2 803.3 803.2 15.2 23.8 >98 

18 KAF4098-14 Ac Arg Arg (pI)DPhe DTic NH2 803.3 803.1 14.4 22.5 >98 

19 KAF4026-5 Ac Arg Arg (pI)DPhe Cha NH2 797.3 797.6 16.5 27.7 >98 

20 KAF4098-15 Ac Arg Arg (pI)DPhe DPro NH2 741.3 741.2 10.7 17.0 >98 

21 KAF4098-16 Ac Arg Arg (pCl)DPhe Tic NH2 711.3 711.4 14.4 22.5 >95 

22 KAF4098-17 Ac Arg Arg (pCl)DPhe DTic NH2 711.3 711.3 13.4 20.9 >98 

23 KAF4026-6 Ac Arg Arg (pCl)DPhe Cha NH2 705.4 705.7 16.0 26.2 >98 



111 

 

24 KAF4098-18 Ac Arg Arg (pCl)DPhe DPro NH2 649.3 649.6 9.6 15.3 >98 

25 KAF4098-19 Ac Arg Gln (pI)DPhe Tic NH2 775.2 775.7 15.9 25.1 >98 

26 KAF4098-20 Ac Arg Gln (pI)DPhe DTic NH2 775.2 775.5 15.1 24 >98 

27 KAF4026-7 Ac Arg Gln (pI)DPhe Cha NH2 769.3 769.4 17.4 28.7 >98 

28 KAF4098-21 Ac Arg Gln (pI)DPhe DPro NH2 713.2 712.9 11 17.8 >95 

29 KAF4098-22 Ac Arg Gln (pCl)DPhe Tic NH2 683.3 683.4 15.2 24 >95 

30 KAF4098-23 Ac Arg Gln (pCl)DPhe DTic NH2 683.3 683.2 14.2 22.5 >98 

31 KAF4026-8 Ac Arg Gln (pCl)DPhe Cha NH2 677.3 677.6 16.6 27.4 >95 

32 KAF4098-24 Ac Arg Gln (pCl)DPhe DPro NH2 621.3 621.2 9.9 15.8 >95 

33 KAF4098-25 Ac Val Arg (pI)DPhe Tic NH2 746.2 746.1 17.7 27.6 >95 

34 KAF4098-26 Ac Val Arg (pI)DPhe DTic NH2 746.2 746.6 16.9 26.6 >98 

35 KAF4026-9 Ac Val Arg (pI)DPhe Cha NH2 740.3 740.5 19.3 30.1 >98 

36 KAF4098-27 Ac Val Arg (pI)DPhe DPro NH2 684.2 684.2 13.1 21.5 >98 

37 KAF4098-28 Ac Val Arg (pCl)DPhe Tic NH2 654.3 654.1 16.9 26.5 >95 

38 KAF4098-29 Ac Val Arg (pCl)DPhe DTic NH2 654.3 654 16.1 25.4 >98 

39 KAF4026-10 Ac Val Arg (pCl)DPhe Cha NH2 648.4 648.4 18.2 29.4 >98 

40 KAF4098-30 Ac Val Arg (pCl)DPhe DPro NH2 592.3 592.1 12.1 19.7 >95 

41 KAF4098-31 Ac Val Gln (pI)DPhe Tic NH2 718.2 718.3 18.1 28.7 >95 

42 KAF4098-32 Ac Val Gln (pI)DPhe DTic NH2 718.2 718.3 17.3 27.6 >98 

43 KAF4098-33 Ac Val Gln (pI)DPhe DPro NH2 656.2 656.3 13.2 22.2 >98 

44 KAF4098-34 Ac Val Gln (pCl)DPhe Tic NH2 626.3 626.4 17.3 27.5 >95 

45 KAF4098-35 Ac Val Gln (pCl)DPhe DTic NH2 626.3 626.3 16.3 26.3 >98 

46 KAF4098-36 Ac Val Gln (pCl)DPhe DPro NH2 564.3 564.4 12.2 20.4 >95 
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aHPLC Analysis indicates the retention time of the peptide in either solvent system 1 (10% acetonitrile in 0.1% trifluoroacetic acid in water and a 

gradient of 90% acetonitrile over 35 minutes) or solvent system 2 (10% methanol to 0.1% trifluoroacetic acid in water and a gradient of 90% 

methanol over 35 minutes). An analytical Vydac C18 column (Vydac 218TP104) was used to obtain these values with a flow rate of 1.5 mL/min. 

bPurity of the peptides was determined through analysis of the HPLC chromatographs at a wavelength of 214 nm. *These compounds have been 

previously reported.192



113 

 

Compounds were first assayed as agonists in HEK293 cells stably expressing the mMC1R, 

mMC3R, mMC4R, or mMC5R using the β-Galactosidase reporter gene assay previously 

developed.45 Compounds that activated the receptor >90% were considered full agonist 

compounds. Compounds that did not produce >90% receptor activation were assayed as 

antagonists using a Schild analysis with NDP-MSH as the agonist, for which a pA2 value 

is reported [pA2 = -log(Ki)].
123 Fold-change calculations for antagonist compounds were 

performed using the Ki values derived from the Schild analysis [pA2 = -log(Ki)]. To 

characterize agonist activity, the effective concentration of compound that produces a 50% 

assay signal (EC50) is provided. To characterize antagonist activity, the log concentration 

of antagonist that requires a two-fold concentration of agonist to be administered to yield 

the same assay response as the agonist compound when administered alone (pA2) is 

provided. 

 

5.3.2 Deconvolution of Tetrapeptide Positional Scanning Library  

Individual peptides   were derived from the combinations of the defined amino acids 

of the most active mMC3R agonist mixtures at each position from a mixture-based 

positional scanning library (TPI924) screen performed previously by collaborators at the 

Tory Pines Institute.192 These tetrapeptides contained Val, Arg, or His in the first position, 

Arg or Gln in the second position, (pI)DPhe or (pCl)DPhe in the third position, and Tic, 

DTic, Cha, or DPro in the fourth position. The tetrapeptides were acetylated at the N-

termini, and amidated at the C-termini. The amino acid substitutions were chosen based on 

potency at the MC3R alone, irrespective of potency at the other melanocortin receptors 
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assayed in this study. Two tetrapeptides designed could not be purified (Ac-Val-Gln-

(pI)DPhe-Cha-NH2 and Ac-Val-Gln-(pCl)DPhe-Cha-NH2), and therefore are not included 

in this manuscript.
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Table 5.2: Pharmacology of Tetrapeptides at the mMC3R and mMC4R. 

Compound 

Number 

Sequence mMC3R mMC4R 

Ac R1 R2 R3 R4 NH2 
Agonist 

EC50 (nM) 

Agonist 

EC50 (nM) 

Antagonist 

pA2 

NDP-MSH  0.414 ± 0.009 0.279 ± 0.004  

KAF4098-1 1* Ac His Arg (pI)DPhe Tic NH2 30 ± 10 1,200 ± 800 (B) 6.6 ± 0.2 

KAF4098-2 2 Ac His Arg (pI)DPhe DTic NH2 51 ± 5 20% @ 100 µM 6.9 ± 0.2 

KAF4026-1 3 Ac His Arg (pI)DPhe Cha NH2 50 ± 30 >100,000 6.6 ± 0.2 

KAF4098-3 4 Ac His Arg (pI)DPhe DPro NH2 10,000 ± 5,000 20% @ 100 µM <5.5 

KAF4098-4 5 Ac His Arg (pCl)DPhe Tic NH2 110 ± 30 140 ± 20 (B) <5.5 

KAF4098-5 6 Ac His Arg (pCl)DPhe DTic NH2 210 ± 70 3,100 ± 2,200 (A) 6.5 ± 0.1 

KAF4026-2 7 Ac His Arg (pCl)DPhe Cha NH2 60 ± 10 380 ± 150 (A) 6.4 ± 0.1 

KAF4098-6 8 Ac His Arg (pCl)DPhe DPro NH2 50,000 ± 10,000 >100,000 <5.5 

KAF4098-7 9 Ac His Gln (pI)DPhe Tic NH2 800 ± 200 9,000 ± 3,000 (B) <5.5 

KAF4098-8 10 Ac His Gln (pI)DPhe DTic NH2 270 ± 60 6,500 ± 2,200 (A) <5.5 

KAF4026-3 11 Ac His Gln (pI)DPhe Cha NH2 350 ± 60 20% @ 100 µM 6.1 ± 0.2 

KAF4098-9 12 Ac His Gln (pI)DPhe DPro NH2 85% @ 100 µM >100,000 <5.5 

KAF4098-10 13 Ac His Gln (pCl)DPhe Tic NH2 2,000 ± 500 8,000 ± 1,000  

KAF4098-11 14 Ac His Gln (pCl)DPhe DTic NH2 1,400 ± 400 75% @ 100 µM <5.5 

KAF4026-4 15 Ac His Gln (pCl)DPhe Cha NH2 720 ± 30 5,000 ± 1,000 (B) <5.5 

KAF4098-12 16 Ac His Gln (pCl)DPhe DPro NH2 45% @ 100 µM 40% @ 100 µM <5.5 

KAF4098-13 17* Ac Arg Arg (pI)DPhe Tic NH2 21 ± 14 90 ± 40 (B) 7.1 ± 0.2 

KAF4098-14 18 Ac Arg Arg (pI)DPhe DTic NH2 8 ± 5 30 ± 10 (A) 7.6 ± 0.3 

KAF4026-5 19 Ac Arg Arg (pI)DPhe Cha NH2 26 ± 9 20% @ 100 µM 7 ± 0.1 

KAF4098-15 20 Ac Arg Arg (pI)DPhe DPro NH2 3,000 ± 300 6,000 ± 2,000 (A) <5.5 
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KAF4098-16 21 Ac Arg Arg (pCl)DPhe Tic NH2 10 ± 3 26 ± 3  

KAF4098-17 22 Ac Arg Arg (pCl)DPhe DTic NH2 21 ± 7 160 ± 60 (A) 7 ± 0.2 

KAF4026-6 23 Ac Arg Arg (pCl)DPhe Cha NH2 60 ± 20 260 ± 90 (A) 7.1 ± 0.3 

KAF4098-18 24 Ac Arg Arg (pCl)DPhe DPro NH2 44,000 ± 34,000 45% @ 100 µM <5.5 

KAF4098-19 25 Ac Arg Gln (pI)DPhe Tic NH2 40 ± 10 410 ± 50 (B) 6.2 ± 0.3 

KAF4098-20 26 Ac Arg Gln (pI)DPhe DTic NH2 15 ± 5 1,300 ± 400 (B) 6.8 ± 0.4 

KAF4026-7 27 Ac Arg Gln (pI)DPhe Cha NH2 100 ± 30 2,300 ± 2,100 (A) 6.7 ± 0.2 

KAF4098-21 28 Ac Arg Gln (pI)DPhe DPro NH2 18,000 ± 4,000 >100,000 <5.5 

KAF4098-22 29 Ac Arg Gln (pCl)DPhe Tic NH2 500 ± 200 1,100 ± 200  

KAF4098-23 30 Ac Arg Gln (pCl)DPhe DTic NH2 105 ± 6 6,000 ± 1,000 (B) 5.9 ± 0.2 

KAF4026-8 31 Ac Arg Gln (pCl)DPhe Cha NH2 210 ± 40 1,100 ± 300 (B) 6.2 ± 0.1 

KAF4098-24 32 Ac Arg Gln (pCl)DPhe DPro NH2 30,000 ± 10,000 >100,000 <5.5 

KAF4098-25 33 Ac Val Arg (pI)DPhe Tic NH2 4 ± 1 90 ± 20 (B) 6.7 ± 0.1 

KAF4098-26 34 Ac Val Arg (pI)DPhe DTic NH2 6 ± 2 160 ± 60 (A) 7.6 ± 0.5 

KAF4026-9 35 Ac Val Arg (pI)DPhe Cha NH2 60 ± 30 30% @ 100 µM 7 ± 0.2 

KAF4098-27 36 Ac Val Arg (pI)DPhe DPro NH2 4,400 ± 800 45% @ 100 µM <5.5 

KAF4098-28 37 Ac Val Arg (pCl)DPhe Tic NH2 30 ± 10 150 ± 40  

KAF4098-29 38 Ac Val Arg (pCl)DPhe DTic NH2 50 ± 20 400 ± 100 (A) 6.2 ± 0.2 

KAF4026-10 39 Ac Val Arg (pCl)DPhe Cha NH2 40 ± 10 1,600 ± 1,200 (B) 6.4 ± 0.1 

KAF4098-30 40 Ac Val Arg (pCl)DPhe DPro NH2 19,000 ± 7,000 >100,000 <5.5 

KAF4098-31 41 Ac Val Gln (pI)DPhe Tic NH2 100 ± 10 3,000 ± 800 (B) 6.1 ± 0.3 

KAF4098-32 42 Ac Val Gln (pI)DPhe DTic NH2 50 ± 10 5,000 ± 2,000 (A) <5.5 

KAF4098-33 43 Ac Val Gln (pI)DPhe DPro NH2 70% @ 100 µM >100,000 <5.5 

KAF4098-34 44 Ac Val Gln (pCl)DPhe Tic NH2 1,100 ± 200 9,000 ± 900  

KAF4098-35 45 Ac Val Gln (pCl)DPhe DTic NH2 700 ± 100 60% @ 100 µM <5.5 

KAF4098-36 46 Ac Val Gln (pCl)DPhe DPro NH2 16,000 ± 4,000 20% @ 100 µM <5.5 
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The values expressed here as the mean ± the standard error of the mean (SEM) of a minimum of three independent experiments consisting of 

duplicate replicates. Compounds that activated the receptor >90% of the NDP-MSH control were considered full agonist compounds. Compounds 

that did not produce >90% receptor activation were assayed as antagonists using a Schild analysis with NDP-MSH as the agonist, for which a pA2 

value is reported [pA2 = -log(Ki)].123 Compounds that resulted in receptor activation of less than 20% at 100 µM relative to NDP-MSH are listed as 

“> 100,000”. Compounds that resulted in some receptor activation at 100 µM but did not produce a sigmoidal dose-response are listed by the percent 

receptor activation observed at 100 µM (%X @ 100 µM). For partial agonist compounds EC50 (nM) potency values are provided. “A” indicates that 

a partial agonist resulted in percent receptor activation from 20-50%, and “B” indicates that the partial agonist resulted in percent receptor activation 

from 50-90% (see Figure 5.1). The use of “<5.5” indicates that no antagonist potency was observed at up to 10 µM concentrations. *These 

compounds have been previously reported.192
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5.3.3 Structure Activity Relationships  

It is important to note that while the deconvolution was done solely on the agonist 

activity of the tetrapeptide positional scanning library at the mMC3R, the subsequent 

determination of the activity of these compounds in other mouse melanocortin receptors 

provides further characterization of the compounds herein. This characterization allows 

further exploration of the relationships between structural analogs with different peptides 

at different positions and contributes to the overall structure-activity relationship of 

melanocortin ligands in the literature. All results for agonist and antagonist activity at the 

mMC3R and mMC4R are summarized in Table 5.2 and the corresponding Figure 5.1. 

Additional agonist results for mMC1R and mMC5R are summarized in Table 5.3.  

5.3.4 MC3R Structure Activity Relationships  

Most of the compounds possessed agonist activity at the mMC3R with various 

degrees of potency. Three out of four of the most potent compounds, with EC50 values 10 

nM or less (KAF4098-25, KAF4098-26, KAF4098-14, KAF4098-16) possess an Ac-

Xxx-Arg-(pI)DPhe -Xxx-NH2 motif. Among these ligands, both Val and Arg are equally 

represented in R1, and both Tic and DTic are equally represented in R4. The pharmacology 

at the mMC3R and mMC4R of compound KAF4098-14 (18) is shown in Figure 5.2. The 

peptide that diverges from this motif is KAF4098-16 which possesses a (pCl)DPhe in R3. 

Eighteen compounds with EC50 values between 10 and 100 nM were identified. Among 

these compounds are the two previously identified compounds and reported in Doering et 

al192 (compounds KAF4098-1 and KAF4098-13). These results here, determined using the 
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reporter gene assay described herein, are consistent with what was previously reported 

using an AlphaScreen assay platform.192  

 

 

Figure 5.2. Illustrations of the in vitro agonist (mMC3R) and antagonist (mMC4R) pharmacology 

of compounds 18 and 42. A Schild experimental strategy was used to determine antagonist activity 

at the mMC4R, using NDP-MSH as the agonist.123 Above, it can be observed that compound 18 

possesses a potent mMC3R agonist/mMC4R antagonist polypharmacology. Below, it can be 

observed that compound 42 is a potent mMC3R agonist, does not possess mMC4R antagonist 

activity, and is a partial agonist with 50% efficacy at the mMC4R. This figure has been previously 

published and is used with permission from the American Chemical Society (copyright 2019).194 

 

5.3.5 MC4R Structure Activity Relationships  

Equally striking results were apparent in the determination of mMC4R agonist 

activity for this set of compounds. Five of the tetrapeptides examined in this study 
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(KAF4098-10, KAF4098-16, KAF4098-22, KAF4098-28, and KAF4098-34) possessed 

full agonist activity at the mMC4R, and a sixth (KAF4098-4) produced 80% receptor 

activation. All of these peptides contain the Ac-Xxx-Xxx-(pCl)DPhe-Tic-NH2 motif.  

Twenty-three partial agonists were identified, which in this study was defined as between 

20% and 90% receptor activation (Figure 5.3). Twelve of these compounds possess partial 

agonist efficacies between 50-80% (B), and seven of those twelve possess Gln in R2. Of 

the remaining eleven partial agonists with efficacies below 50% (A), three possessed a Gln 

in R2. Six compounds in this study (that did not possess a DPro in R4) resulted in some 

agonist activity at the mMC4R at up to 100 µM concentrations. Three possessed His in R1, 

four possessed an Arg in R2, four of these compounds possessed a (pI)DPhe in R3, three 

possessed DTic and three possessed Cha in R4.   

Analogous patterns to those observed when studying the full and partial agonists 

above are present in the analysis of mMC4R antagonist activity. The seven most potent 

antagonists of the compounds tested possessed pA2 values between 7 and 7.6. All of these 

compounds possessed Arg in R2, five possessed Arg in R1, most possessed (pI)DPhe in 

R3, three possessed DTic in R4, and three possessed Cha in R4. The two most potent 

mMC4R antagonists in this study (KAF4098-14, KAF4098-26) possessed an Ac-Xxx-

Arg-(pI)DPhe-DTic-NH2 motif, with Arg and Val in R1.  Fifteen additional compounds 

possessed less potent but still evident antagonist activity, with pA2 values between 5.9 and 

7. This included all the compounds with the Ac-His-Arg-(pI)DPhe-Xxx-NH2 motif 

(KAF4098-1, KAF4098-2, KAF4026-1), all of the compounds possessing an Ac-Arg-

Gln-(pI)DPhe-Xxx-NH2 motif (KAF4098-19, KAF4098-20, KAF4026-7), two of the
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Figure 5.3. Illustrations of the in vitro partial agonist pharmacology of compounds at the mMC4R. 

This figure has been previously published and is used with permission from the American Chemical 

Society (copyright 2019).194 



122 

 

compounds possessing the Ac-His-Arg-(pCl)DPhe-Xxx-NH2 motif (KAF4098-5, 

KAF4026-2), and two of the compounds possessing the Ac-Val-Arg-(pCl)DPhe-Xxx-NH2 

motif (KAF4098-29, KAF4026-10). Five members of this group possessed the sequence 

Ac-Xxx-Gln-(pI)DPhe-Xxx-NH2 (KAF4098-20, KAF4026-7, KAF4098-19, KAF4026-

3, KAF4098-31). An additional member of this group possessed the structure Ac-Val-Arg-

(pI)DPhe-Tic-NH2 (KAF4098-25), and another possessed the structure Ac-Arg-Gln-

(pCl)DPhe-DTic-NH2 (KAF4098-23).  Overall, it appears that the Ac-Xxx-Arg-(pI)DPhe-

Xxx-NH2 motif results in decreased partial agonist efficacy, and that antagonist potency 

can be increased using the Ac-Arg-Arg-Xxx-Xxx-NH2 motif. 

 

5.3.6 MC1R and MC5R Structure Activity Relationships  

Most of the compounds without DPro in R4 possessed nanomolar agonist EC50 

values when assayed at both the mMC1R and mMC5R (see Table 5.3).  The eighteen most 

potent compounds (EC50 < 10 nM) at the mMC1R all possessed an Arg in R2 rather than 

a Gln, which was similar to the SAR observed for agonist activity at the mMC3R, and the 

most potent compound at the mMC1R at this receptor was KAF4098-28 (EC50 = 0.18 nM). 

Of the top thirteen most potent compounds (EC50 < 5 nM) at the mMC5R, nine possess an 

Arg in R1, ten possess an Arg in R2, and ten possess a (pI)DPhe in R3, which was similar 

to the pattern observed for mMC4R agonist potency. The most potent compounds in this 

set against the mMC5R receptor (KAF4098-25, KAF4098-20, KAF4098-14), were 

equipotent to NDP-MSH. Three compounds were identified that possessed a selective 

mMC1R pharmacological profile. Compounds KAF4098-4 and KAF4098-28 (sequences
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Table 5.3: Agonist Pharmacology of Tetrapeptides at the mMC1R and mMC5R 

Compound 

Number 

Sequence 
mMC1R 

EC50 (nM) 

mMC5R 

EC50 (nM) 

Ac R1 R2 R3 R4 NH2 0.051 ± 0.003 1.98 ± 0.08 

KAF4098-1 1* Ac His Arg (pI)DPhe Tic NH2 1.3 ± 0.9 9 ± 3 

KAF4098-2 2 Ac His Arg (pI)DPhe DTic NH2 1.0 ± 0.6 18 ± 6 

KAF4026-1 3 Ac His Arg (pI)DPhe Cha NH2 2.4 ± 1 5 ± 1 

KAF4098-3 4 Ac His Arg (pI)DPhe DPro NH2 300 ± 100 4,200 ± 2,800 

KAF4098-4 5 Ac His Arg (pCl)DPhe Tic NH2 0.3 ± 0.05 50 ± 20 

KAF4098-5 6 Ac His Arg (pCl)DPhe DTic NH2 2.0 ± 0.9 80 ± 70 

KAF4026-2 7 Ac His Arg (pCl)DPhe Cha NH2 5 ± 2 11 ± 4 

KAF4098-6 8 Ac His Arg (pCl)DPhe DPro NH2 1,800 ± 700 28,000 ± 16,000 

KAF4098-7 9 Ac His Gln (pI)DPhe Tic NH2 250 ± 120 50 ± 30 

KAF4098-8 10 Ac His Gln (pI)DPhe DTic NH2 400 ± 100 55 ± 37 

KAF4026-3 11 Ac His Gln (pI)DPhe Cha NH2 500 ± 200 50 ± 40 

KAF4098-9 12 Ac His Gln (pI)DPhe DPro NH2 11,000 ± 6,000 9,000 ± 3,000 

KAF4098-10 13 Ac His Gln (pCl)DPhe Tic NH2 80 ± 10 2,400 ± 1,700 

KAF4098-11 14 Ac His Gln (pCl)DPhe DTic NH2 400 ± 200 140 ± 70 

KAF4026-4 15 Ac His Gln (pCl)DPhe Cha NH2 400 ± 100 40 ± 10 

KAF4098-12 16 Ac His Gln (pCl)DPhe DPro NH2 15,000 ± 4,000 27,000 ± 7,000 

KAF4098-13 17* Ac Arg Arg (pI)DPhe Tic NH2 0.3 ± 0.1 2.5 ± 1.3 

KAF4098-14 18 Ac Arg Arg (pI)DPhe DTic NH2 0.6 ± 0.2 2.2 ± 1.1 

KAF4026-5 19 Ac Arg Arg (pI)DPhe Cha NH2 4 ± 2 3 ± 1 

KAF4098-15 20 Ac Arg Arg (pI)DPhe DPro NH2 24 ± 5 1,200 ± 300 

KAF4098-16 21 Ac Arg Arg (pCl)DPhe Tic NH2 0.4 ± 0.1 3 ± 0.7 

KAF4098-17 22 Ac Arg Arg (pCl)DPhe DTic NH2 0.3 ± 0.1 5 ± 2 
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KAF4026-6 23 Ac Arg Arg (pCl)DPhe Cha NH2 2 ± 1 4 ± 1 

KAF4098-18 24 Ac Arg Arg (pCl)DPhe DPro NH2 70 ± 20 1,300 ± 400 

KAF4098-19 25 Ac Arg Gln (pI)DPhe Tic NH2 15 ± 2 3 ± 1 

KAF4098-20 26 Ac Arg Gln (pI)DPhe DTic NH2 10 ± 3 1.6 ± 0.2 

KAF4026-7 27 Ac Arg Gln (pI)DPhe Cha NH2 80 ± 30 4.6 ± 0.8 

KAF4098-21 28 Ac Arg Gln (pI)DPhe DPro NH2 3,000 ± 1,000 1,800 ± 200 

KAF4098-22 29 Ac Arg Gln (pCl)DPhe Tic NH2 40 ± 20 13 ± 6 

KAF4098-23 30 Ac Arg Gln (pCl)DPhe DTic NH2 40 ± 20 30 ± 20 

KAF4026-8 31 Ac Arg Gln (pCl)DPhe Cha NH2 100 ± 60 18 ± 6 

KAF4098-24 32 Ac Arg Gln (pCl)DPhe DPro NH2 3,600 ± 900 9,000 ± 3,000 

KAF4098-25 33 Ac Val Arg (pI)DPhe Tic NH2 0.3 ± 0.1 1.4 ± 0.4 

KAF4098-26 34 Ac Val Arg (pI)DPhe DTic NH2 0.2 ± 0.06 3.4 ± 0.6 

KAF4026-9 35 Ac Val Arg (pI)DPhe Cha NH2 2 ± 1 5 ± 3 

KAF4098-27 36 Ac Val Arg (pI)DPhe DPro NH2 30 ± 10 600 ± 200 

KAF4098-28 37 Ac Val Arg (pCl)DPhe Tic NH2 0.2 ± 0.06 40 ± 20 

KAF4098-29 38 Ac Val Arg (pCl)DPhe DTic NH2 0.6 ± 0.1 52 ± 2 

KAF4026-10 39 Ac Val Arg (pCl)DPhe Cha NH2 0.7 ± 0.3 8 ± 3 

KAF4098-30 40 Ac Val Arg (pCl)DPhe DPro NH2 130 ± 70 10,000 ± 1,000 

KAF4098-31 41 Ac Val Gln (pI)DPhe Tic NH2 30 ± 10 240 ± 170 

KAF4098-32 42 Ac Val Gln (pI)DPhe DTic NH2 40 ± 20 13 ± 4 

KAF4098-33 43 Ac Val Gln (pI)DPhe DPro NH2 2,000 ± 900 4,000 ± 2,000 

KAF4098-34 44 Ac Val Gln (pCl)DPhe Tic NH2 21 ± 7 820 ± 760 

KAF4098-35 45 Ac Val Gln (pCl)DPhe DTic NH2 170 ± 60 90 ± 40 

KAF4098-36 46 Ac Val Gln (pCl)DPhe DPro NH2 1,100 ± 600 7,400 ± 700 
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The values expressed here as the mean ± the standard error of the mean (SEM) of a minimum of three independent experiments consisting of 

duplicate replicates. All of these compounds are full agonists. *These compounds have been previously reported.192 
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Ac-His-Arg-(pCl)DPhe-Tic-NH2 and Ac-Val-Arg-(pCl)DPhe-Tic-NH2 respectively) were 

both >100-fold more potent at the mMC1R than the other receptors examined in this study. 

Compound KAF4098-29 (sequence Ac-Val-Arg-(pCl)DPhe-DTic-NH2) was nearly 100-

fold selective for the mMC1R over the other melanocortin receptors examined in this study, 

and possesses micromolar antagonist activity at the mMC4R (pA2 = 6.2) as opposed to 

agonist activity, which the other ligands possess. Most notably, compound KAF4098-28 

possesses a potency of 0.18 nM at the mMC1R, is 170-fold selective against the mMC3R, 

is 830-fold selective against the mMC4R, and 220-fold selective against the mMC5R. 

Previous studies have found that capping of the N-terminus of the tetrapeptide His-DPhe-

Arg-Trp-NH2 with a 4-phenylbutyryl group was able to enhance MC1R binding potency 

and selectivity,195-196 so future studies may be performed with different capping groups of 

KAF4098-28 to further enhance the potency and selectivity of this tetrapeptide. The MC1R 

has been a highly investigated target in skin cancer, particularly in the area of imaging, and 

is involved in skin pigmentation.76, 197-198  

 

5.3.7 MC3R/mMC4R Polypharmacology  

In the optimization of mMC3R/mMC4R polypharmacology (a visual 

representation of which may be observed in Figure 5.4), the Ac-Xxx-Arg-(pI)DPhe-DTic-

NH2 sequence was favored as the unique motif possessing both the most potent mMC3R 

agonists and the most potent mMC4R antagonists. Both Arg and Val substituents in R1 

were equipotent at the mMC3R and possessed similar activities at the MC4R (KAF4098-

14 and KAF4098-26). Compound KAF4098-14 (18) is a mMC4R partial agonist
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Figure 5.4. Pseudo heat-map depicting the identification of compounds with the most potent 

mMC3R/mMC4R polypharmacology. Compounds are shown with a heat map ranging from green 

(more potent) to red (less potent). The desired polypharmacological probe in this study is a potent 

mMC3R agonist and an mMC4R antagonist, so the EC50 (nM) values are provided for the mMC3R 

and the pA2 values are provided for the mMC4R. Compounds that possess potency values colored 

in green in both columns were considered to be more desired polypharmacological probes than the 

other compounds in this study. In this figure, compounds are arranged by antagonist pA2 values at 

the mMC4R from most potent at the top, to least potent (and agonist compounds) at the bottom. 

The most potent polypharmacological probe discovered in this study, 18, is on top of this list. 

Antagonist mMC4R SAR trends discussed in the text are boxed in the sequences, such as the 

presence of the “Ac-Val/Arg-Arg-Xxx-Xxx-NH2” motif and the “Ac-Xxx-Xxx-(pI)DPhe-DTic-

NH2” motif among the most potent mMC4R antagonist compounds, and the prevalence of the “Ac-

Xxx-Xxx-(pCl)DPhe-Tic-NH2” motif among all of the agonist compounds. The compound 

identifiers of previously discovered peptides are identified in grey, and the compound identifiers 

for the two lead compounds (18, KAF4098-14; 42, KAF4098-32) are highlighted in red and blue 

respectively. This figure has been previously published and is used with permission from the 

American Chemical Society (copyright 2019).194 
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with an EC50 value of 30 nM and results in 20% partial agonist efficacy relative to NDP-

MSH. The SAR of this compound compared to previously discovered compounds (and 

other ligands in this study) can be observed in Figure 5.5A and 5.5B. The pharmacology 

of this compound at the mMC3R and mMC4R can be observed in Figure 5.2. Compound 

KAF4098-26 is a less potent partial agonist at the mMC4R than KAF4098-14 with an 

EC50 value of 160 nM, and results in 30% receptor activation relative to NDP-MSH.  

The SAR of compounds optimized for an MC3R agonist/MC4R antagonist 

pharmacology is similar to the SAR of mMC3R agonist activity. At the mMC3R Arg and 

Val are favored in R1, Arg in R2, and (pI)DPhe in R3. Where this SAR differs is that Tic 

and DTic in R4 are equally favored for mMC3R potency, while only DTic is favored for 

mMC3R/mMC4R polypharmacology at R4. It can be hypothesized that this is due to the 

increase in receptor activation and agonist activity for compounds possessing a Tic in R4 

relative to compounds possessing a DTic in R4 at the mMC4R. For MC4R antagonist 

potency, Val and Arg are favored in R1, Arg in R2, (pI)DPhe in R3, and DTic or Cha in 

R4. The SAR for MC4R antagonist potency is similar to the SAR of compounds possessing 

the most potent MC3R agonist/MC4R antagonist polypharmacology, with the exception 

that Cha in R4 is not favored for mMC3R potency.  

 

5.3.8 MC3R vs. MC4R Selectivity  

None of the compounds examined in this study were “cleanly” selective, in that 

they possessed agonist activity at the MC3R and no activity at the MC4R (agonist or 

antagonist). The analysis of selectivity for a set of compounds that possesses agonist 
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Figure 5.5. Radar plots depicting the pharmacological activities of key compounds identified in 

this study and highlighted in the text (18, KAF4098-14; 42, KAF4098-32), as well as reference 

compounds identified in previous studies (KAF4098-1, KAF4098-13). The closer to the outside 

of the radar plot the compound is, the more potent that compound is at that particular receptor. A) 

Potency values of key compounds at the mMC1R, mMC3R, mMC4R, and mMC5R, expressed as 

pEC50 (agonist values) or pA2 (antagonist values; for MC3R agonist/MC4R antagonist 

polypharmacological probes only). The values that correspond to pEC50 values are expressed in 

filled dots, while the mMC4R antagonist pA2 values for the polypharmacological probes are 

expressed as empty dots. It can be observed that the most potent polypharmacological probe 

(KAF4098-14, red) is the farthest out of the plot for both mMC3R and mMC4R potency. It can 

also be observed that the most mMC3R vs. mMC4R selective compound discovered in this study 

(KAF4098-32, blue) is present at the innermost part of the radar plot for mMC4R potency. B) 

Potency values at the mMC3R and mMC4R and percent mMC4R activation observed at 100 µM 

relative to NDP-MSH (divided by a factor of 10 to keep these values on the same plot) for key 

mMC3R and mMC4R compounds, using the same color scale as described in A. Here, it can be 

observed that KAF4098-14 (red) is an improvement upon previous polypharmacological probes as 

it is more potent at the mMC3R and mMC4R, and possesses decreased partial agonist efficacy. 

Additionally, the reduction in mMC4R potency and percent receptor activation while maintaining 

mMC3R potency can be observed for the most selective compound discovered in this study, 

compound KAF4098-32 (blue). This figure has been previously published and is used with 

permission from the American Chemical Society (copyright 2019).194
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Figure 5.6. Pseudo heat-map depicting the identification of MC3R versus MC4R selective 

compounds. Compounds are shown with a heat map ranging from blue (more MC3R selective vs. 

MC4R) to purple (less MC3R selective vs. MC4R). Pharmacological parameters considered more 

MC3R selective vs. MC4R (shown in blue) include a low MC3R EC50, high MC4R EC50, low 

MC4R percent receptor activation, and low MC4R pA2. Pharmacological parameters considered 

less MC3R selective vs. MC4R (shown in purple) include a high MC3R EC50, low MC4R EC50, 

high MC4R percent receptor activation, and a high MC4R pA2. There were no MC3R agonist 
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ligands discovered in this study that did not possess any activity (agonist or antagonist) at the 

MC4R. Therefore, the MC3R agonist EC50 (nM) values are provided along with the different 

mMC4R pharmacological parameters determined in this study: EC50 (nM) and percent receptor 

activation for full or partial mMC4R agonists (percent receptor activation depicted as either A, if 

the compound resulted in a partial agonist efficacy between 20-50%, or B, if the compound resulted 

in a partial agonist efficacy between 50-90%), percent receptor activation at 100 µM for compounds 

that resulted in some receptor activation but did not produce a sigmoidal dose response, and 

antagonist pA2 values. Fold selectivity determined using the EC50 values at both receptors is also 

provided. The desired MC3R vs. MC4R selective agonist should possess a low MC3R EC50 (nM) 

value, possess a high (or no) MC4R EC50 (nM) value, result in a low percent MC4R activation, and 

possess a low antagonist pA2 value. Compounds that possess potency values colored in blue in all 

the columns were considered to be more MC3R vs. MC4R selective than the other compounds in 

this study. In this figure, compounds are arranged by fold MC3R vs. MC4R selectivity, determined 

using only the EC50 values at both receptors. The most selective MC3R vs. MC4R ligand 

discovered in this study, KAF4098-32, is also is the most potent MC3R ligand with blue bars in 

each column, and is highlighted in blue. The most selective compounds possessed an Ac-Xxx-Gln-

Xxx-DTic-NH2 motif. The compound identifiers of previously discovered peptides are identified 

in grey, and the compound identifiers for the two lead compounds (18, KAF4098-14; 42, 

KAF4098-32) are highlighted in red and blue respectively. This figure has been previously 

published and is used with permission from the American Chemical Society (copyright 2019).194
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activity at one receptor and a mixture of pharmacological activities at another receptor (i.e. 

agonist, partial agonist, and antagonist) is complicated. The analysis of compounds for 

MC3R selectivity depicted visually can be observed in Figure 5.6. For the purposes of 

developing an MC3R selective ligand devoid of MC4R activity, MC3R potency is desired. 

Additionally, the ideal selective probe at the mMC4R would possess a high EC50 value (if 

the ligand possesses partial or full agonist activity) compared to other ligands in this study, 

result in a low percent receptor activation relative to NDP-MSH, and have a low pA2 (if 

the ligand possesses antagonist activity). In Figure 5.6, compounds with these desired traits 

are summarized in a heat map ranging from blue (generally more desired) to purple 

(generally less desired). In this figure, the compounds are arranged so that the most 

selective mMC3R agonists are at the top (calculated using the EC50 values at the MC3R 

and MC4R), and the least selective mMC3R ligands are at the bottom. Compound 

KAF4098-32 (sequence Ac-Val-Gln-(pI)DPhe-DTic-NH2) is the most potent tetrapeptide 

at the mMC3R with the desired traits at the mMC4R compared to the other ligands in this 

study. This compound possesses an EC50 value of 50 nM at the mMC3R, is a partial agonist 

at the mMC4R with an EC50 value of 5,000 nM and receptor activation of 50%, and does 

not possess antagonist activity at the concentrations examined in this study. The 

pharmacology of this peptide at the mMC3R and mMC4R can be observed in Figure 5.2. 

The pharmacological activity of this compound relative to other compounds at the 

melanocortin receptors can be observed in Figure 5.5A and 5.5B. Compound KAF4098-

32 is 100-fold selective for the mMC3R over the mMC4R. 
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5.4 Conclusions 

This study reports the synthesis and melanocortin receptor pharmacology of a 46-

member library of individual compounds derived from a mixture-based positional scanning 

library screen previously reported at the mMC3R.192 Two compounds discovered in this 

study possess four-fold increased agonist potency at the mMC3R and three-fold increased 

antagonist potency at the mMC4R compared to previously discovered compounds 

(compounds KAF4098-14 and KAF4098-26 compared to compounds KAF4098-1 and 

KAF4098-13).192 This study also resulted in the identification of an MC3R agonist that is 

100-fold selective for the MC3R over the MC4R, is a full agonist at the MC3R (EC50 = 50 

nM), and is a partial (50%) agonist at the MC4R (KAF4098-32, EC50 = 5,000 nM). 

Additionally, one mMC1R-selective ligand was discovered (KAF4098-28) that possessed 

subnanomolar potency and was >100-fold selective for the mMC1R over all the other 

receptors examined in this study. The ligands and SAR obtained from these studies will be 

useful in developing potent and selective probes for the MC3R and MC1R, as well as 

developing probes with a more potent polypharmacology at the MC3R and MC4R. These 

compounds will make useful in vivo probes to study the functional roles of the central 

melanocortin receptors in the maintenance of energy homeostasis, and to study melanoma 

via the mMC1R.
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Chapter 6 

MRS PoTs: Melanocortin-4 Receptor Synthetic Polymorphic N-Terminals 

 

6.1 Chapter Overview 

 The N-terminal domain of the hMC4R contributes to the receptor’s basal level of 

activation.41-42 Characterization of this activity is important to understand how the MC4R 

functions to control food intake, energy homeostasis, and pain. Herein, a peptide 

possessing the first twenty-six residues of the hMC4R N-terminal domain, hMC4R(1-26), 

was used as a template to study the effects of polymorphisms in this domain. 

Polymorphisms in the N-terminal domain have been identified in obese patients, but these 

polymorphic receptors traffic and respond to endogenous agonists within experimental 

error compared to the WT hMC4R in vitro.199-200 N-terminal peptides containing these 

polymorphisms were synthesized and characterized in parallel with the WT hMC4R(1-26) 

sequence for their cAMP accumulation potencies. It was found that these peptides possess  

potency values within experimental error of the WT N-terminal peptide, and so the 

mechanism(s) of signaling dysfunction of these polymorphism-containing N-terminal 

peptides were not identified. This indicates that signaling processes other than cAMP 

accumulation may contribute to human disease. Additionally, the structure of the WT N-

terminal peptide was characterized with nuclear magnetic resonance (NMR) spectroscopy. 

A solution secondary structure was not observed for this N-terminal domain peptide under 

the conditions assayed.  
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6.2 Introduction 

It has been found that the N-terminal domain of the MC4R contributes to the basal 

level activation of the receptor.41-42 As discussed in Chapter 1.4, the basal level of 

activation of the MC4R is important to characterize for the study of satiety and pain. 

Studies on a synthetic MC4R N-terminal domain peptide consisting of the first 26 residues 

have found that administration of this peptide produces a full functional cAMP response at 

the hMC4R. There have been obesity-associated polymorphisms of the MC4R N-terminal 

domain discovered in humans.199-201 Pharmacological characterization of the receptors 

possessing the R7H, R18H, and R18L polymorphisms indicate that these mutant receptors 

traffic normally to the cell surface and respond normally to endogenous agonists.199 

Antagonist potency of hAGRP(87-132) was equipotent at these mutant receptors as to the 

WT receptor, but inverse agonist activity was not observed for the R18H and R18L 

mutants.199 Characterization of the R18C polymorphism has demonstrated that the 

polymorphic hMC4R possesses decreased cell surface receptor expression compared to 

WT, equipotent endogenous agonist binding as WT, equipotent endogenous antagonist 

activity as WT, and hAGRP(87-132) did not possess inverse agonist activity at this 

receptor.200 This study also examined polymorphisms T11A and T11S, and found that these 

polymorphisms both responded within experimental error to endogenous agonists and 

antagonists.200  

At an hMC4R construct mutated to not possess an N-terminal domain the 

hexapeptide fragment hMC4R(14-19), possessing the sequence H-HLWNRS-NH2, was the 

minimal sequence that stimulated the receptor.42 The arginine in this hexapeptide is R18 in 
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the receptor. As the hMC4R N-terminal domain is responsible for the basal activation 

observed in the hMC4R, inverse agonist activity not being observed in the aforementioned 

studies for receptor mutations at the R18 position may be significant.41-42, 199-200 Herein, 

peptides possessing the H-hMC4R(1-26)-NH2 sequence were synthesized with peptides 

possessing the following polymorphisms: R7H, T11S, T11A, R18C, R18H, and R18L 

(Table 1.1). It was hypothesized that pharmacological characterization of these peptides at 

the hMC4R may be used to identify the mechanism of dysfunction of these polymorphisms 

when assayed in parallel with the WT hMC4R N-terminal domain peptide, and thus 

advancing the understanding of the molecular basis of disease for patients possessing these 

polymorphisms. It is possible that the -HLWNRS- sequence may play an important role in 

MC4R stimulation by its N-terminal domain.42 However, some of the obesity-associated 

polymorphisms (R7H, T11S/A) discovered in this peptide are not located within this 

hexapeptide sequence.  

To understand how polymorphisms outside the hypothesized -HLWNRS- 

pharmacophore may alter peptide structure or function, the structure of the peptide was 

characterized. It was hypothesized that polymorphisms outside of this pharmacophore may 

affect the way the peptide folds, and therefore create a change in function by altering the 

presentation of the N-terminal peptide to the receptor. It was hypothesized that the MC4R 

N-terminal domain forms a structured fold in solution that is stable when unattached to the 

receptor, the structure of which may be determined by traditional structural biology 

methods. Currently, rhodopsin (RHO) is the only receptor with a published full-length N-

terminal domain structure.202 Approximately 50% of the remaining structures were 
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crystalized in their full-length form where the structure of the N-terminal domain could not 

be included because it did not contain interpretable density,119, 137, 203-208 and the remaining 

50% did not possess N-terminal domains due to the construct used in the studies.209-217 One 

solid-state NMR structure of a GPCR was published218 where the N-terminal domain could 

not be observed because due to high mobility. While these data could mean that the N-

terminal domain is disordered, the structure of the RHO N-terminal domain (residues 1-

40) has previously been determined by solution NMR studies.219 The solution NMR 

structure of the N-terminal domain alone recapitulates the structure determined via x-ray 

crystallography on the full-length GPCR. These data support the hypothesis that GPCR N-

terminal domains may be structured, but highly mobile and in equilibrium between a bound 

and unbound state, thereby preventing crystallization. 

The overarching goal of this study is to characterize the physiological relevance of 

the hMC4R N-terminal domain. There is a subset of obesity-associated polymorphisms 

located in the MC4R N-terminal domain, for which the molecular basis of disease is 

unknown. Six polymorphic N-terminal domains were synthesized and characterized to 

determine how polymorphisms in the hMC4R N-terminal domain disrupt MC4R cAMP 

formation and contribute to obesity. Further, the N-terminal domain is a relatively weak 

(micromolar EC50) peptide (Table 6.2). In order to amplify the response produced by the 

N-terminal domain in animals, it is desirable to develop a probe that replicates the signaling 

pathways stimulated by the MC4R N-terminal domain (which are hypothesized to be 

different than orthosteric agonists). One strategy to increase the potency of a peptide is 

through rigidification of a secondary or tertiary structure. Thus, this study approaches this 
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goal in two ways: 1) Identification of a secondary or tertiary structure that may be rigidified 

to increase potency, and 2) Study of polymorphisms to test the hypothesis that cellular 

signaling pathways other than cAMP accumulation contribute to the dysregulation of 

MC4R function. 

 

6.3 Results and Discussion 

6.3.1 Peptide Synthesis and Characterization  

The described herein were synthesized manually on a microwave synthesizer using 

fluorenylmethoxycarbonyl (Fmoc) methodology.144-145 The peptides were then purified 

using semi-preparative reverse phase high-pressure liquid chromatography (RP-HPLC) to 

be >95% pure via analytical RP-HPLC using two diverse solvent systems, with purity 

confirmed using HPLC at wavelength 214 nm. Additionally, the correct peptide masses 

were confirmed using electrospray ionization (ESI) time of flight (TOF) mass spectrometry 

(MS) (University of Minnesota LeClaire-Dow Instrumentation Facility). Analytical 

characterization data can be observed in Table 6.1. 

 Compounds were assayed as agonists at HEK293 cells stably expressing the 

hMC4R using an AlphaScreen cAMP accumulation assay. To characterize agonist activity, 

the effective concentration of compound that produces a 50% assay signal (EC50) is 

provided. Representative curves can be found in Figure 6.1 and Figure 6.2. 

For NMR experiments, the sample was dissolved in a solution of 90% H2O/10% 

D2O to a concentration of approximately 1 mM. Using an 800 MHz NMR at a temperature 
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of 10oC, NOESY, TOCSY, 1H-13C HSQC, and 1H-13C HSQC-TOCSY spectra were 

obtained.  

Table 6.1. Analytical characterization data for peptides described herein. 

 
Sequence 

(H-Peptide-NH2) 
Purity K’ Mass 

MeCN MeOH Calc Obs 

H-MVNSTHRGMHTSLHLWNRSSYRLHSN-NH2 >95% 4.6 8.8 3121.5 3121.9 

H-MVNSTHHGMHTSLHLWNRSSYRLHSN-NH2 >95% 4.4 8.5 3102.5 3102.6 

H-MVNSTHRGMHASLHLWNRSSYRLHSN-NH2 >95% 4.6 8.7 3091.5 3091.5 

H-MVNSTHRGMHSSLHLWNRSSYRLHSN-NH2 >95% 4.4 8.5 3107.5 3107.7 

H-MVNSTHRGMHTSLHLWNCSSYRLHSN-NH2 >95% 5.0 9.4 3068.5 3068.4 

H-MVNSTHRGMHTSLHLWNHSSYRLHSN-NH2 >95% 4.7 8.8 3102.5 3102.6 

H-MVNSTHRGMHTSLHLWNLSSYRLHSN-NH2 >95% 5.1 9.2 3078.5 3078.0 

 
K’ = retention time of peptide divided by the retention time of the solvent front. MeCN = solvent 

system 1 (10% acetonitrile in 0.1% trifluoroacetic acid in water and a gradient of 90% acetonitrile 

over 35 minutes). MeOH = solvent system 2 (10% methanol in 0.1% trifluoroacetic acid in water 

and a gradient of 90% methanol over 35 minutes). 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. 

 

6.3.2 Effect of Polymorphisms on cAMP Accumulation  

It has previously been reported that the N-terminal fragment is a full micromolar 

agonist at the hMC4R.42 In this study, the N-terminal fragment hMC4R(1-26) was used, 

which possessed a potency of 2500 nM (Table 6.2). The peptides possessing 

polymorphisms at the R18 position were within experimental error of the WT hMC4R N-

terminal domain peptide at the hMC4R (Table 6.2, Figure 6.1). The R7H, T11S, and T11A 

polymorphic N-terminal domains also possessed equipotent activity to the WT N-terminal 

domain peptide (Table 6.2, Figure 6. 2). 
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Table 6.2. Pharmacological characterization of polymorphic N-terminals at the hMC4R. 

 

Compound ID hMC4R(1-26) 

Sequence 

hMC4R  

EC50 (nM) 

NDP-MSH  0.055 ± 0.009 

MDE7-63 WT 2500 ± 500 

MDE9-45B R7H 2400 ± 700 

MDE9-47B(A) T11A 3600 ± 600 

MDE9-47B(S) T11S 3500 ± 1000 

KAF7042-1 R18C 920 ± 300 

KAF7042-2 R18H 2700 ± 400 

KAF7042-3 R18L 840 ± 200 

 

The values expressed here are the mean ± the standard error of the mean (SEM) of a minimum of 

three independent experiments consisting of duplicate replicates. All of the compounds assayed 

possessed a full agonist pharmacology.  

 

 

Figure 6.1. Illustrations of the in vitro agonist pharmacology of synthetic polymorphic N-terminal 

peptides R18C, R18H, and R18L at the WT hMC4R. It can be observed that the R18C and R18L 

polymorphic synthetic N-terminal peptides are 3-fold more potent than the WT synthetic N-

terminal peptide, while the R18H is equipotent to the WT synthetic N-terminal peptide. 
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Figure 6.2. Illustrations of the in vitro agonist pharmacology of synthetic polymorphic N-terminal 

peptides R7H, T11A, and T11S at the WT hMC4R. It can be observed that the R7H, T11A, and 

T11S polymorphic synthetic N-terminal peptides are all equipotent to the WT synthetic N-terminal 

peptide. 

 

These assays verified that the molecular basis of disease for obese patients 

possessing the polymorphisms examined in this study may not be due to a change in cAMP 

accumulation, as these polymorphic peptides were equipotent to the WT N-terminal 

domain. Based on these results, is possible that the cause of MC4R dysfunction could be 

caused by a pharmacological parameter unrelated to cAMP production. 

In future studies, peptides will need to be characterized at N-terminal deletion 

mutants of the hMC4R, which would allow a more accurate characterization of 

downstream signaling pathways elicited by these polymorphism-containing hMC4R N-

terminal domain peptides. Additionally, the ability of these ligands to signal through 

alternative pathways (e.g. alternative G-protein pathways, receptor dimerization, etc.) will 

also need to be investigated. 
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6.3.3 Structural Characterization of N-Terminal Domain  

To determine the structure of the hMC4R N-terminal domain peptide hMC4R(1-

26), solution state NMR spectroscopy was utilized. Spectra were obtained in collaboration 

with Dr. Glen Millhauser and Dr. Jack Lee at the University of California Santa Cruz. 

Spectra assignments were made using UCSF Sparky (Table 6.3, Table 6.4, and Table 6.5; 

TD Goddard and DG Kneller, Sparky 3, University of California San Francisco). Images 

of these spectra may be found in the Appendix. Chemical shift values in ppm were then 

analyzed to determine if the peptide possessed any secondary structure (Table 6.6).159-161 

Deviation from random coil values (Figure 6.3, Table 6.6) and chemical shift indices 

(Figure 6.4, Table 6.6) were calculated.159-161 To further characterize peptide structure, an 
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Figure 6.3. Deviation from random coil values (ppm, y-axis) of residues 2-26 (x-axis) of the hMC4R(1-26) N-terminal domain peptide. Bars shown 

in black represent HA chemical shift deviation values, and bars shown in white represent HN chemical shift deviation values. Numerical values for 

this chart are represented in Table 6.6
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Table 6.3 13C Peak Assignments for the N-Terminal hMC4R Peptide hMC4R(1-26). 

Residue CA CB CD CD1 CD2 CE CE1 CE3 CG CG1 CG2 CH2 CZ2 CZ3 

MET1 58.57 32.82    16.69   30.68      
VAL2 62.33 32.83        20.51 20.92    
ASN3 53.11 38.86             
SER4 58.37 63.7             
THR5 62.18 69.69         21.49    
HIS6 55.31 28.8   120  136.4        
ARG7 56.35 30.81 43.26      27.02      
GLY8 45.12              
MET9 55.43 32.98    16.82   31.84      
HIS10  28.68   120.2  136.4        
THR11 61.8 69.86         21.43    
SER12 58.07 63.55             
LEU13 55.17 42.33  24.72 23.43    26.93      
HIS14 54.8 28.73   119.9  136.4        
LEU15 55.05 42.16  24.79 23.3    26.92      
TRP16 57.06 29.52  127.3    120.9    124.6 114.5 122 
ASN17 52.89 38.85             
ARG18 56.53 30.41 43.23      27.01      
SER19 58.52 63.57             
SER20 58.61 63.7             
TYR21 58.3 38.58    133.1         
ARG22 55.75 30.84 43.22      26.93      
LEU23 55.32 42.27  24.62 23.54    26.92      
HIS24 55.22 28.91   120  136.4        
SER25 58.34 63.7             
ASN26 53.11 38.82             

13C peak assignments in parts per million (ppm) of the N-Terminal hMC4R peptide hMC4R (1-26), using standard CYANA nomenclature. 
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Table  6.4 1H Peak Assignments for the N-Terminal hMC4R Peptide hMC4R(1-26). 1 of 2. 

1H MET1 VAL2 ASN3 SER4 THR5 HIS6 ARG7 GLY8 MET9 HIS10 THR11 SER12 LEU13 

H 
 

8.67 8.757 8.511 8.243 8.526 8.466 8.586 8.284 8.745 8.279 8.522 8.333 
HA 4.117 4.108 4.699 4.425 4.243 4.648 4.28 

 
4.393 4.738 4.31 4.407 4.212 

HB 
 

1.998 
  

4.139 
     

4.122 
  

HB2 
  

2.797 3.867 
 

3.229 1.801 
 

1.948 3.22 
 

3.867 1.493 
HB3 

  
2.718 3.763 

 
3.1 1.203 

 
1.899 3.122 

 
3.782 1.4 

HD1 
             

HD2 
     

7.2 3.148 
  

7.222 
   

HD21 
             

HD22 
             

HD3 
      

3.132 
      

HE 2.054 
     

7.165 
 

2.001 
    

HE1 
     

7.76 
   

7.779 
   

HE3 
             

HG 
            

1.477 
HG1 

 
0.9 

           

HG2 2.543 0.885 
      

2.475 
    

HG3 2.498 
       

2.423 
    

HH2 
             

HZ2 
             

HZ3 
             

NH 
             

QA 
       

3.885 
     

QB 2.108 
          

3.782 
 

QD 
      

3.137 
      

QD1 
            

0.8367 
QD2 

            
0.7773 

QG 
 

0.8982 
    

1.574 
      

QG2 
    

1.222 
     

1.138 
  

1H peak assignments in parts per million (ppm) of the N-Terminal hMC4R peptide hMC4R (1-26) residues 1-13, using standard CYANA 

nomenclature. 
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Table  6.5 1H Peak Assignments for the N-Terminal hMC4R Peptide hMC4R(1-26). 2 of 2. 

1H HIS14 LEU15 TRP16 ASN17 ARG18 SER19 SER20 TYR21 ARG22 LEU23 HIS24 SER25 ASN26 

H 8.541 8.281 8.217 8.265 8.225 8.387 8.274 8.102 8.091 8.135 8.545 8.389 8.629 
HA 4.52 4.249 4.596 4.566 4.11 4.284 4.344 4.45 4.163 4.157 4.637 

 
4.653 

HB 
             

HB2 
 

1.486 3.216 2.64 1.799 
 

3.779 
 

1.695 1.527 3.206 3.799 2.79 
HB3 

 
1.381 3.163 2.598 1.662 

 
3.738 

 
1.59 1.425 3.142 3.743 2.714 

HD1 
  

7.179 
          

HD2 6.981 
         

7.241 
  

HD21 
   

7.573 
         

HD22 
   

6.886 
         

HD3 
             

HE 
    

6.785 
   

7.125 
    

HE1 7.834 
 

10.12 
       

7.77 
  

HE3 
  

7.51 
          

HG 
 

1.436 
       

1.414 
   

HG1 
             

HG2 
    

1.537 
        

HG3 
    

1.503 
        

HH2 
  

7.109 
          

HZ2 
  

7.322 
          

HZ3 
  

7.153 
          

NH 
    

7.119 
        

QA 
             

QB 2.911 
    

3.831 
 

2.935 
     

QD 
    

3.074 
  

7.033 3.086 
    

QD1 
 

0.8361 
       

0.8592 
   

QD2 
 

0.7684 
       

0.804 
   

QG 
    

1.513 
   

1.437 
    

QG2 
             

1H peak assignments in parts per million (ppm) of the N-Terminal hMC4R peptide hMC4R (1-26) residues 14-26, using standard CYANA 

nomenclature.
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orthogonal secondary structure determination calculation was performed using the CSI 3.0 

tool provided by the Wishart laboratory.159-160, 162-163 Initial secondary structure calculations 

were performed on a residue-by-residue basis using deviation from random coil values 

(Figure 6.3, Table 6.6). From these deviation from random coil (RC) values, chemical 

shift indices (CSI) were assigned (Figure 6.4). A CSI value is a simplified 3-state 

assignment (-1, or alpha-helix-like; 0, no structure; and +1, or β-strand-like) made using 

these deviation values, and is used to assign peptide secondary structure. A CSI of 0 was 

assigned if the deviation from RC value of the HA value was less than |0.1|. A CSI of 1 

was assigned if the CSI was shifted >0.1 ppm downfield from the RC value. A CSI of -1 

was assigned if the CSI was shifted >0.1 ppm upfield of the RC value. It was observed that 

amino acid residues 17-23 all possessed CSI values of -1. This sequence possesses the 

structure –(NRSSYRL)-, where the bolded sequence corresponds to the overlap between 

this peptide and the hypothesized HLWNRS pharmacophore sequence.42 Generally, strings 

of residues possessing CSI values of -1 for 4 or more amino acids may be considered to 

possess an alpha-helix like structure, indicating that this section of the peptide may be alpha 

helical in nature.159, 161 Interestingly, this portion of the molecule contains the C-terminal 

half of the hypothesized pharmacophore HLWNRS.42 

Further analysis of the NOESY spectra revealed that the only observed NOE peaks 

correlated to hydrogen bonding of backbone adjacent residues. An orthogonal secondary 

structure calculation was generated using the CSI 3.0 tool (Figure 6.5). Analysis of these 

results indicate that this peptide adopts a random coil structure in solution. This analysis 

differs from the analysis performed previously by factoring in the secondary structure 
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Table 6.6 Values Used for Secondary Structure Calculations. 

Residue 
hMC4R(1-26) Assignments RC Values 

Deviation 
from Random 

CSI 

HA CA CB CO N HN HA HN HA HN HA 

VAL2 4.10 62.33 32.83 0 0 8.67 4.12 8.19 0.02 -0.48 0 

ASN3 4.7 53.09 38.86 0 0 8.76 4.74 8.38 0.04 -0.38 0 

SER4 4.42 58.34 63.7 0 0 8.51 4.47 8.31 0.05 -0.2 0 

THR5 4.24 62.18 69.73 0 0 8.24 4.35 8.24 0.11 0 -1 

HIS6 4.64 55.24 28.81 0 0 8.53 4.6 8.28 -0.04 -0.25 0 

ARG7 4.28 56.32 30.88 0 0 8.47 4.35 8.27 0.07 -0.2 0 

GLY8 3.89 45.09 0 0 0 8.59 3.96 8.29 0.07 -0.3 0 

MET9 4.39 55.44 32.95 0 0 8.28 4.48 8.29 0.09 0.01 0 

HIS10 4.74 0 29.1 0 0 8.74 4.6 8.28 -0.14 -0.46 1 

THR11 4.31 61.8 69.87 0 0 8.28 4.35 8.24 0.04 -0.04 0 

SER12 4.41 58.12 0 0 0 8.52 4.47 8.31 0.06 -0.21 0 

LEU13 4.21 55.18 42.37 0 0 8.34 4.32 8.23 0.11 -0.11 -1 

HIS14 4.52 54.80 28.73 0 0 8.54 4.6 8.28 0.08 -0.26 0 

LEU15 4.24 55.05 42.12 0 0 8.28 4.32 8.23 0.08 -0.05 0 

TRP16 4.6 57.06 29.49 0 0 8.22 4.66 8.18 0.06 -0.04 0 

ASN17 4.56 52.86 38.82 0 0 8.26 4.74 8.38 0.18 0.12 -1 

ARG18 4.11 56.53 30.65 0 0 8.22 4.35 8.27 0.24 0.05 -1 

SER19 4.37 58.19 0 0 0 8.39 4.47 8.31 0.1 -0.08 -1 

SER20 4.34 58.74 63.69 0 0 8.27 4.47 8.31 0.13 0.04 -1 

TYR21 4.45 58.31 38.56 0 0 8.10 4.55 8.28 0.1 0.18 -1 

ARG22 4.16 55.74 30.98 0 0 8.09 4.35 8.27 0.19 0.18 -1 

LEU23 4.16 55.32 42.27 0 0 8.14 4.32 8.23 0.16 0.09 -1 

HIS24 4.64 55.24 28.81 0 0 8.54 4.6 8.28 -0.04 -0.26 0 

SER25 4.37 58.19 0 0 0 8.39 4.47 8.31 0.1 -0.08 0 

ASN26 4.65 53.11 38.8 0 0 8.63 4.74 8.38 0.09 -0.25 0 

 
Values used for secondary structure calculations described herein. The values under hMC4R(1-26) 

Assignments were used in the CSI 3.0 tool. RC = random coil. CSI = chemical shift index. 

Deviation from random was calculated by subtracting the observed shift from the random coil value 

in ppm. A CSI of 0 was assigned if the deviation from RC value of the HA value was less than |0.1|. 

A CSI of 1 was assigned if the CSI was shifted >0.1 ppm downfield from the RC value. A CSI of 

-1 was assigned if the CSI was shifted >0.1 ppm upfield of the RC value. The values and methods 

described here have been previously described.159-161 
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characteristics of neighboring amino acid residues, 1H, and 13C chemical shift values. It 

was therefore concluded that the alpha-helical structure observed using the CSI analysis of 

individual residues is likely artifactual, and that this peptide adopts a random coil structure 

in solution. Future experiments employing the use of circular dichroism spectroscopy may 

be useful in confirming this. It is still possible that the peptide undergoes a disorder-to-

order transition upon binding to the receptor, or that simply being bonded to the receptor 

also results in a structural alteration. It is also possible that the peptide may be involved in 

metal chelation.42 Following chelation of metal ions such as zinc, which is involved in 

synaptic transmission, the peptide may adopt a more rigidified structure.42 This is 

hypothesized to take place due to the histidine-rich nature of the peptide. Finally, 

alternative solvents may need to be investigated, as water is likely not an accurate 

representation of the local environment of the peptide while bound to the receptor. 

 

6.4 Conclusions 

 Herein, a 2-step approach was utilized to characterize the activation of the hMC4R 

by its N-terminal domain. Characterization of polymorphism-containing hMC4R N-

terminal domain peptides indicate that signaling mechanisms other than cAMP 

accumulation may result in melanocortin system dysfunction. Characterization of the 

hMC4R N-terminal domain peptide indicate that this peptide likely does not possess a 

distinct secondary structure in water when not bound to the receptor. To develop potent 

probes that signal through the same cellular pathways as the hMC4R basal level signaling, 

additional studies will be needed to identify the mechanism of dysfunction. Based on those 
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results, additional modifications may be made to the hMC4R(1-26) template such as 

rigidification and introduction of the R18L polymorphism to generate a more potent 

molecular probe. 
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Figure 6.4. Chemical shift indices of residues 2-26 (x-axis) of the hMC4R(1-26) N-terminal 

domain peptide. Numerical values for this chart are represented in Table 6.6. Using this method, 

clusters of 4 or more bars may be considered to adopt an alpha helical structure, indicating that 

residues 17-23 may adopt an alpha helix type structure.159, 161 
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Figure 6.5. A) Random coil index values obtained using the CSI 3.0 tool provided by the Wishart 

laboratory (above).160, 162 The values used to calculate these charts are in Table 6.6. Random coil 

values used are from Wishart et. al, and neighboring residue corrections published by Schwarzinger 

et. al were used.159-160, 163 Shifts of adjacent residues were not used to calculate RCI of residues 

without assignments, and an end-effect correction was applied to the first three N-terminal and the 

last 3 C-terminal residues. B) Secondary structure prediction of the MC4R(1-26) peptide using the 

values derived from this tool. The black bar indicates that this method of calculation predicts that 

the peptide adopts a random coil structure. This chart calculates secondary structure using an 

orthogonal approach to the one employed in Figure 6.3 and Figure 6.4. The secondary structure 

calculation method employed in Figure 6.3 and Figure 6.4 uses only the HA 1H chemical shift 

values of the individual amino acid, while the method used here predicts secondary structure 

accounting for the chemical shift values of nearby residues, 1H HA, 1H HN, 13C CA, and 13C CB 

chemical shifts. 
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Chapter 7 

Contributions and Future Directions 

 

 This thesis presents several chemical probes possessing novel pharmacology, 

increased potency, and/or increased selectivity that will be useful in studying the roles of 

the central melanocortin-3 and -4 receptors. These probes function by a variety of 

pharmacological mechanisms and can be used in multiple different assay paradigms. 

Chapter 4 describes the serendipitous discovery of a dual MC3R/MC4R antagonist ligand 

based on this template that is nearly able to recapitulate the antagonist pharmacology 

observed in the endogenous melanocortin antagonist AGRP.187 Additionally, Chapter 3 

and Chapter 4 describe the creation of the most potent and selective MC4R antagonist 

discovered to date.185, 187  

 The discovery of this selective MC4R antagonist probe will be useful in studying 

food intake. However, there may be some complications using this probe in particular 

animal models. To study motivated feeding behaviors, gorging is often induced in mice 

using one of two methods: 1) time restricted hypocaloric feeding, and 2) the presence of 

highly palatable foods.38 Under a hypocaloric feeding schedule, the presence of the 

endogenous dual MC3R/MC4R antagonist AGRP is likely to convolute the phenotypic 

results observed in wildtype mice by a selective MC4R antagonist ligand. Therefore, a 

tetrapeptide with a potent MC3R agonist/MC4R antagonist polypharmacology was 

developed in Chapter 5. This ligand will theoretically compete with endogenously-

produced AGRP and therefore suppress AGRP-mediated inhibition of endogenous 
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agonists in these assay paradigms, thereby producing a more MC4R-mediated phenotypic 

result in wildtype animals. The study described in Chapter 5 also resulted in the discovery 

of a first-in-class 100-fold MC3R tetrapeptide ligand, a valuable probe to study 

melanocortin function. The value of these probes may be heightened through comparison 

studies in different assay paradigms. It may be desirable to create probes that possess 

similar chemical structure, and thus theoretically more similar pharmacokinetic 

parameters, to minimize PK/PD differences between probe ligands when studying different 

pharmacologies. Future studies could involve these tetrapeptide sequences into a 

macrocyclic template, based on the structure-activity relationship information around this 

scaffold previously disclosed.184, 187  

These molecular probes are useful compounds for neuroscience, but they also 

provide value in a therapeutic context as potential lead ligands for further development. As 

discussed in the introduction to this thesis, it is hypothesized that the MC3R regulates 

dopamine-mediated reward pathways, while the MC4R maintains caloric homeostasis. In 

humans, the gain or loss of weight as a therapeutic strategy is challenging, as the 

modulation of weight requires integrated approaches of dietary and behavioral changes. 

Reward-based feeding circuitry can be engaged either through sustained hypocaloric 

feeding (like a low calorie diet) or by highly palatable foods (abundant in modern society). 

The suppression of this feeding by an MC3R-selective compound like the one discovered 

in Chapter 5 could be useful to enhance the efficacy of dietary interventions for the 

treatment of obesity, or in patients with binge eating disorder.  
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Additionally, some patients with diseases like anorexia nervosa develop a fear or 

strong aversion toward food, particularly highly palatable foods. The causes of this 

aversion are likely highly individualized. These foods often possess high calorie 

contents,220 and may engage reward-based feeding, exacerbating a patient’s desire for 

control and producing anxiety. One potential therapeutic intervention is through selective 

MC4R antagonism, promoting homeostatic feeding at a caloric deficit. However, it is also 

possible that a dual pharmacological ligand may provide an even greater benefit by 

suppressing reward-based feeding (MC3R agonism) while promoting food intake (MC4R 

antagonism). The ligands discovered in Chapter 4 and Chapter 5 may be used in rodent 

models of anorexia to test this hypothesis and identify a potential therapeutic strategy for 

the treatment of this deadly disease. 

As discussed in Chapter 1 and reiterated here, the amount unknown about the 

simple feeling of hunger is staggering, and there are innumerable questions still left to be 

asked. This work provides novel tool compounds that may address future questions about 

feeding mediated by the melanocortin receptors. 
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Appendix Figure 1. Image of the 1H TOCSY obtained in these studies. 
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Appendix Figure 2. Image of the 1H TOCSY obtained in these studies. 
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Appendix Figure 3. Image of the 1H TOCSY obtained in these studies. 
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Appendix Figure 4. Image of the 1H TOCSY obtained in these studies. 
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Appendix Figure 5. Image of the 1H TOCSY obtained in these studies. 
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Appendix Figure 6. Image of the 1H TOCSY obtained in these studies. 
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Appendix Figure 7. Image of the 1H TOCSY obtained in these studies. 
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Appendix Figure 8. Image of the 1H TOCSY obtained in these studies. 
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Appendix Figure 9. Image of the 1H TOCSY obtained in these studies. 
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Appendix Figure 10. Image of the 1H TOCSY obtained in these studies (grey) with the 1H NOESY peaks (black). 
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Appendix Figure 11. Image of the 1H TOCSY obtained in these studies (grey) with the 1H NOESY peaks (black). 
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Appendix Figure 12. Image of the 1H TOCSY obtained in these studies (grey) with the 1H NOESY peaks (black). 
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Appendix Figure 13. Image of the 1H TOCSY obtained in these studies (grey) with the 1H NOESY peaks (black). 
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Appendix Figure 14. Image of the 1H TOCSY obtained in these studies (grey) with the 1H NOESY peaks (black). 
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Appendix Figure 15. Image of the 13C HSQC obtained in these studies. 
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Appendix Figure 16. Image of the 13C HSQC obtained in these studies. 
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Appendix Figure 17. Image of the 13C HSQC obtained in these studies. 
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Appendix Figure 18. Image of the 13C HSQC obtained in these studies. 
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Appendix Figure 19. Image of the 13C HSQC obtained in these studies. 
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Appendix Figure 20. Image of the 13C HSQC obtained in these studies. 
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Appendix Figure 21. Image of the 13C HSQC-TOCSY obtained in these studies. 
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Appendix Figure 22. Image of the 13C HSQC-TOCSY obtained in these studies. 
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Appendix Figure 23. Image of the 13C HSQC-TOCSY obtained in these studies. 
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Appendix Figure 24. Image of the 13C HSQC-TOCSY obtained in these studies. 
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Appendix Figure 25. Image of the 13C HSQC-TOCSY obtained in these studies. 


