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ABSTRACT 

THE MELANOCORTIN 3 AND 4 RECEPTORS SHARE 58% OVERALL AMINO 

ACID IDENTITY AND 76% SIMILARITY. THIS HIGH LEVEL OF SIMILARITY 

BETWEEN THE MC3R AND THE MC4R UNDERSCORES THE DIFFICULTIES 

ASSOCIATED WITH DEVELOPING MC3R SELECTIVE LIGANDS, AND AS A 

CONSEQUENCE LITTLE IS KNOWN OF THE PHYSIOLOGICAL FUNCTIONS OF 

THE MELANOCORTIN 3 RECEPTOR. PREVIOUS RESEARCH SHOWING THE 

DIFFERENCES BETWEEN ENDOGENOUS NON-SELECTIVE LIGANDS AND 

MELANOCORTIN 3 RECEPTOR SELECTIVE LIGANDS ARE MAINLY WITHIN 

THE C-TERMINUS OF THE MELANOCORTIN PEPTIDE. THESE FINDINGS 

HAVE BEEN EXPLOITED IN THIS RESEARCH USING KNOWN 

MELANOCORTIN 3 AND 4 SELECTIVE LIGANDS MODIFIED AT THEIR 

RESPECTIVE C-TERMINI TO DEVELOP SOME VERY PROMISING 

MELANCORTIN 3 SELECTIVE ANTAGONISTS AND AGONISTS, ANALOG 5 

([CO(CH2)2CO-DNal(2’)-ARG-TRP-LYS]-GLY-LYS-PRO-VAL-NH2) AND ANALOG 

20 ((H-DNal(2’)-C[ASP-PRO-DPHE-ARG-TRP-LYS]-ALA-GLY-PRO-VAL-NH2) 

RESPECTIVELY. ADDITIONAL STUDIES USING MOLECULAR MODELING 

HAVE PRODUCED FURTHER INSIGHTS INTO THE STRUCTURAL BASIS FOR 

SELECTIVITY. FINALLY, WE HAVE BEEN DEVELOPING A NEW SCAFFOLD 

FOR THE MELANOCORTIN RECEPTOR USING CYCLIC DIPEPTIDE 

DERIVATIVES.  
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1.1 Rational Design of Melanocortin 3 Selective Ligands 

In order to obtain a better understanding of the physiological functions of the melancortin 

3 receptor system, it is imperative to design, synthesize and develop melanocortin 3 

selective ligands. It is well established that the C-terminal region in melanocortin 

peptides influences receptor selectivity, and increasing evidence (for complete dicussion 

and references see Chapter 2) on its effects on melanocortin 3 receptor selectivity. Since 

the melanocortin 3 and the melanocortin 4 receptors are known to have a high level of 

homology, three known melanocortin receptor selective cyclic templates were studied.  

Sawyer et al. (188) suggested that that cyclization constrains the analog in a conformation 

favorable for peptide–receptor interactions, the ‘‘bioactive’’ conformation, which likely 

consisted of a reverse β-turn, which is supported in multiple studies (178-179, 188-189).  

Upon reading about work done by Sharma et al. (95), SHU9119 (Ac-Nle-c[Asp-His-

DNal(2’)-Arg-Trp-Lys]-NH2), a known melanocortin 3/4 non-selective antagonist and 

comparing it to work done by Bednarek et al. (146), MBP10 ([CO(CH2)2CO-DNal(2’)7-

Arg8-Trp9-Lys10]-NH2), a known melanocortin 4 selective antagonist, I noticed the 

following: Both contain a 23-member lactam ring but SHU9119 (Figure 2.2) contains 

norleucine in position 4 while MBP10 does not. Other Hruby group members such as 

Mayrov et al. have seen the importance of norleucine in MC3R selectivity in work as 

well (231). Therefore SHU9119 containing norleucine in position 4 was included in these 

C-terminal modification studies to observe the effects of C-terminally modification on 

this MC3/4 non-selective ligand. 
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I next examined work done by Grieco et al. (210) involving compound PG-951 ((H-

DPhe4-c[Asp5-Pro6-DPhe7-Arg8-Trp9-Lys10]-NH2), a known melanocortin 3 selective 

partial agonist. This work interestingly enough shows that replacement of norleucine with 

phenylalanine in position 4 doesn’t necessarily mean loss of MC3R selectivity and 

placing a more conformationally constrained amino acid in position 6 like proline can 

produce a MC3R selective ligand. From this I speculated as to how increasing the steric 

bulk and hydrophobicity in position 4 by replacing DPhe with DNal(2’) will influence 

MCR selectivity as well. Here studies into the effects of C-terminal modification of this 

particular MC3R selective partial agonist show a very interesting change in efficacy from 

partial agonist to full agonist. As can be seen in the discussion of analog 20 (the most 

melanocortin selective ligand discovered), The selectivity of this particular PG-951 

derivative appears to be dependent on both C-terminal modification as well as increased 

steric bulk and hydrophobicity in position 4.  

By incorporating longer and shorter derivatives (i.e. changing the linker between the 

MCR template and the KPV portion) of the C-terminal region of the endogenous peptide 

alpha-melanocyte stimulating hormone (Gly-Lys-Pro-Val-NH2), as well as modifying 

and studying the effects of changing the chirality and steric bulk of tryptophan in position 

9 (Grieco et al. (98)), it is hoped that the three starting templates mentioned above can be 

modified to develop melanocortin 3 selective ligands. These modified templates will lead 

to structure activity studies that are critical to gaining insight into the 3D structural 

differences between the pharmacophores required to elicit selectivity between the closely 

related melanocortin 3 and melanocortin 4 receptors.  
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1.2 The Melanocortin Receptor System 

The melanocortin system is an interface between signals of metabolic state and neural 

pathways governing satiety, metabolism and many other biological functions (19). 

Melanocortin receptor agonists, e.g. α-MSH (Alpha-Melanocyte Stimulating Hormone) 

(Figure 2.1) are released by neurons expressing proopiomelanocortin (POMC). POMC is 

a prohormone modified posttranslationally by prohormone convertases to produce the 

endogenous melanocyte stimulating hormones (α/β/γ-MSH) and adrenocorticotropic 

hormone (ACTH), and other peptides such as β-endorphin and lipotropin (LPH) (Figure 

1.1). The largest population of POMC neurons is located in the arcuate nucleus of the 

hypothalamus (ARC); a second smaller population is found in the nucleus tractus 

solitarius (NTS) in the brainstem (1), and there are many other locations throughout the 

body.  

Each of these MSH subtypes possess a central “core” sequence His-Phe-Arg-Trp, which 

is essential for their agonist biological activity, and is also considered the “message 

sequence” (2,3) (Figure 1.2). The melanocortin receptor system is unique among G-

protein coupled receptors (GPCRs) in that it possesses both naturally occurring agonists 

and antagonists. The melanocortin antagonists, agouti and agouti-related protein (AGRP), 

are the only two endogenous antagonists of GPCRs identified to date (4-10). Two 

additional protein families consisting of attractin/mahoganoid (11,12) and the syndecans 

(13) that were shown to affect coat coloration and body weight in agouti mice that have 

aberrant overexpression of the agouti protein (Ay mice) (14,15). It has been suggested 

that the attractin/mahoganoid and syndecan protein families participate in the regulation 
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of the melanocortin pathway by interacting with the endogenous melanocortin receptor 

antagonists agouti and/or AGRP upstream of the melanocortin receptors (16). 

It has been discovered that the melanocortin receptors (MCR) and their ligands control a 

surprisingly large number of multifaceted biological actions. This list of functions 

includes: skin pigmentation (17-19), erectile function (20–24), blood pressure and heart 

rate (25), control of feeding behavior and energy homeostasis (26–32), modulation of 

aggressive/defensive behavior (33) and mediation of pain (34). 

Figure 1.1 Proopiomelanocortin derivatives 

POMC (241 amino acids) 

γ-MSH ACTH β-lipoprotein 

 α-MSH CLIP γ-Lipoprotein β -endorphin 

 

 

To date, five melanocortin receptor subtypes with different patterns of tissue expression 

in the brain and in the periphery have been cloned and characterized (35). The MC1R is 

expressed in melanocytes and is involved in skin pigmentation, animal coat coloration, 

and melanocyte function (35-38). Polymorphisms in the MC1R gene have been attributed 

to the red hair phenotype, melanoma and non-melanoma skin cancer (39-43). Because of 

the association of the MC1R with melanoma, the MC1R may prove to be beneficial in the 

prevention and treatment of certain forms of skin cancer (44-45).  

 

β –MSH 
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Figure 1.2 Amino Acid Sequence of Endogenous Melanocortin Agonists 

Peptide Sequence 

α-

MSH 

Ac-Ser1-Tyr2-Ser3-Met4-Glu5-His6-Phe7-Arg8-Trp9-Gly10-Lys11-Pro12-Val13-

NH2 

β-

MSH 

H2N-Ala-Glu-Lys-Lys-Asp-Glu-Pro-Tyr-Arg-Met-Glu-His6-Phe7-Arg8-

Trp9-Gly-Ser-Pro-Pro-Lys-Asp-OH 

γ-MSH H2N-Tyr-Val-Met-Gly-His6-Phe7-Arg8-Trp9-Asp-Arg-Phe-Gly-OH 

ACTH 

Ser-Tyr-Ser-Met-Glu-His6-Phe7-Arg8-Trp9-Gly-Lys-Pro-Val-Gly-Lys-Lys-

Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-Ser-Ala-Glu-

Ala-Phe-Pro-Leu-Glu-Phe-OH 

 

Melanocytes appear to have additional functions than simply the production of melanin 

(43,46-54). They are able to secrete a wide range of signal molecules, including 

cytokines, POMC peptides, catecholamines, and nitric oxide (NO) in response to UV 

irradiation and other stimuli (38). The targets for these melanocyte secretory molecules 

may serve as regulators of a variety of functions yet to be determined. Sebocytes isolated 

from an immortalized human sebaceous cell line were found to express MC1R that 

modulated interleukin-8 secretion. Bohm et al. (55) suggest that MC1 receptors may act 

as a modulator of inflammatory responses in the pilosebaceous unit. Herpin et al. (56) 

have used a selective small molecule agonist for the MC1R to demonstrated the role of 

MC1R in modulation of inflammation. The MC2R, which only responds to stimulation 

by the ACTH endogenous melanocortin agonist, is expressed in the adrenal cortex and 

adipocytes and is involved in steroidogenesis, such as cortisol production. Also known as 

hydrocortisone (57-60). RT-PCR has provided evidence that mRNA for the MC2R is 

expressed in normal and malignant human skin cells (61). Several lines of evidence 
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support a role for the MC3R and MC4R in energy and weight homeostasis, although the 

regulatory pathways of the MC3 and MC4 receptors are believed to be distinct. In-depth 

examination of these two receptors is discussed later. The MC5R has the widest tissue 

distribution of all the melanocortin receptors (62). The MC5R is found in both central 

and peripheral exocrine glands and tissues, and is involved in thermoregulation and 

exocrine gland function such as in the liver or sebaceous glands (63).  

Because of the participation of the melanocortin receptor family in a vast array of 

physiological functions, and particularly the involvement of the MC3R and MC4R in 

energy and weight homeostasis, these receptors have been the center of a large amount of 

research by both academic and industrial laboratories. The melanocortin ligands, both 

endogenous and synthetic, have been lead compounds in many structure–activity 

relationship (SAR) studies. Structure–activity studies are designed to provide insight into 

the types of interactions that occur in the formation of the ligand–receptor complex. It is 

desirable to gain knowledge about both the favorable and unfavorable processes that 

occur in ligand–receptor interactions that ultimately result in receptor stimulation (or 

inhibition). An objective of structure–activity studies is to aid in the design of ligands, 

with specific function (i.e., agonist or antagonist), a priori for a given receptor or receptor 

system (64, 155). Various SAR studies that have involved modifications of both 

endogenous and synthetic melanocortin ligands are presented here. The studies discussed 

here exemplify the rational design processes of peptide research and reveal insight these 

types of studies have provided to the melanocortin field. 
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1.3 The Melanocortin 3 Receptor 

The melanocortin-3 receptor (MC3R) gene is pleiotropic, influencing body composition, 

natriuresis, immune function, and entrainment of circadian rhythms to nutrient intake 

(Figure 1.3). MC3Rs are expressed in hypothalamic and limbic regions of the brain (65). 

Peripherally MC3R has also been found in the placenta, gut, heart, and monocytes (66-

67). Reports have demonstrated that inactivation of the mouse MC3R leads to increased 

fat mass, reduced lean mass, and higher feed efficiency than their wild type littermates 

(68), suggesting a role in energy homeostasis and more specifically energy partitioning 

(69). Furthermore, MC3R KO mice exhibit accelerated diet-induced obesity (DIO), and 

attenuated behavioral and metabolic adaptation to restricted feeding during the daytime 

(70-76). Melanocortin-3 neurons help form a nutrient sensing network that functions to 

coordinate the regulation of feeding-related behaviors, deposition of energy reserved as 

triglyceride in adipocytes, and glucose metabolism (73, 76-83). It must be noted that a 

consensus on the role of MC3Rs in appetite regulation has not yet been established (65).  

In addition, possible involvement of the MC3R in the regulation of inflammatory 

responses and cardiovascular function has also been proposed (84). Hotamisligil et al. 

suggested that tumor necrosis factor α (TNF-α) produced by adipocytes and macrophages 

contributes to the development of insulin resistance in the obese state, prompting the 

hypothesis that insulin resistance may be prevented or attenuated by inhibition of 

inflammation (85). It has been theorized by Gatti et al. that TNF-α inhibition could 

possibly be regulated by the melanocortin system (86). Data from Getting et al. show that 

although historically MC1R was related to the anti-inflammatory actions of 
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melanocortins; data from their group have indicated a central role for activation of MC3R 

in the inhibitory properties of this class of anti-inflammatory mediators (87-88). 

Macrophage infiltration of adipose tissue has also been observed in obesity-related 

insulin resistance. Whether MC3R expressed on macrophages has a significant role in the 

inflammatory response to diet-induced obesity and whether loss of MC3R protects 

against obesity-related inflammation was not determined in the studies by Trevaskis et al. 

(89). Other studies have demonstrated a central role in modulating the host inflammatory 

response with receptor detection on peritoneal (84, 88, 90) and knee joint macrophages 

(91).  

Activation of MC3R in the heart has been shown to exhibit a protective effect in 

ischemic-reperfusion injury (92, 93). The study was undertaken to examine the 

hypothesis that MC3R could be targeted to achieve protective effects in a mouse model 

of heart infarct. This was prompted by the observation that MC3R mRNA was originally 

detected in the heart (67) and by a limited number of studies indicating that a potential in 

exploiting the melanocortin system for heart disease (93, 94). MC3R can be a novel way 

to attenuate acute myocardial ischemic/reperfusion injury. This protective effect entails 

the activation of locally expressed MC3R, likely on resident macrophages, with 

consequent attenuation of cytokine generation and blood-borne leukocyte recruitment, the 

end-point being cardio-protection. This is an additional novel site of expression and 

action for MC3R. It is conceivable that these findings will have not solely a physio-

pathological impact but that can also accelerate the development of highly selective 

compounds for this important anti-inflammatory and homeostatic receptor (92). Thus, the 
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MC3R can be viewed as a fine tuner of specific mechanisms operating during 

inflammation, cardiovascular function and energy metabolism.  

Figure 1.3 Physiology of the Melanocortin 3 Receptor System 

There is a great deficiency in the number of MC3R selective ligands available to study 

the physiological functions of this receptor system (97). Therefore there is great need to 

develop ligands that are specific for the MC3R. As stated earlier the region His-Phe-Arg-

Trp (2-3), was required for agonist and Hruby et al. suggested that substitution of a bulky 

aromatic amino acid DNal(2’) in position 7 would lead to an antagonist at MC3R and 

MC4R. A lead compound from this approach was Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-

Lys]-NH2 (SHU9119) (95). Kavarna et al. found that enhancing the hydrophobic 

properties of the cyclic α-MSH analogs, and increasing the peptide macrocycle size, 
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resulted in improved hMC3R selectivity (96).  These findings lead us to suggest that by 

increasing the hydrophobicity of SHU9119 we might be able to increase its selectivity 

towards MC3R. Several approaches to the design of hMC3R selective agonists and 

antagonists have been described in the literature (97). A D-amino acid scan of the γ-MSH 

sequence revealed the importance of position 8 in hMC3R selectivity and led to the 

discovery of a highly selective hMC3R agonist, [DTrp8]-γ-MSH (98) (Figure 2.3). Which 

will be discussed in more detail in Chapter 2. So in addition, the Hruby lab has replaced 

Trp with DTrp in the SHU9119 structure. Modifying the SHU9119 structure to become 

solely a MC3R ligand would greatly enhance our ability to study the MC3R system and 

its functions.  

1.4 The Melanocortin 4 Receptor 

The central melanocortin system plays a critical role in regulating energy balance in 

humans and animals (99-100).  Projections of POMC and AGRP neurons to other 

hypothalamic regions, including the paraventricular nucleus (PVN) and lateral 

hypothalamus (LH), and to the brainstem are particularly important in regulating energy 

balance (101,102). It is known that abnormalities of the central melanocortin system 

cause impaired energy balance in rodents. For example, genetic or pharmacological 

inactivation of POMC results in hyperphagia and obesity, as does overexpression of 

AGRP (103-107). Furthermore, injection of synthetic α-MSH antagonists increases food 

intake, indicating a role for endogenous α-MSH in appetite control (108-109). This 

system is highly relevant to human energy balance, as defects in POMC synthesis and 
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processing and in the MC4R have all been reported in human obesity syndromes (100). 

Expression of MC4R has not been detected in peripheral tissues, but within the brain its 

distribution pattern is much more extensive than that of MC3R. MC4R expression sites 

include the hypothalamus, cortex, thalamus, brainstem, and spinal cord (110). Within the 

hypothalamus, the MC4R is highly expressed in the paraventricular nucleus and the 

lateral hypothalamic area, which are both important in regulating energy balance.  

Pharmacological studies with i.c.v. injection of selective MC4R ligands have also 

demonstrated the importance of this receptor in regulating energy balance (111). Deletion 

of the MC4R resulted in a mouse that develops an adult onset obesity syndrome 

associated with hyperphagia and type-2 diabetes (105) similar to the agouti mouse (26) 

(which ectopically expresses the endogenous antagonist agouti) (112). With complete 

absence of MC4R, mice develop maturity onset obesity. Obese individuals with MC4R 

mutations demonstrate in addition to hyperphagia, hyperinsulinemia, hyperglycemia, 

hyperleptinemia and increased linear growth in childhood (113-114). Identification of 

mutations in the MC4R and POMC genes in obese humans provides further support of 

the involvement of the MC4R in obesity (115-119). In addition to the participation of the 

MC4R in weight homeostasis, it appears to be involved in sexual behavior (20) and 

erectile function (21). 

1.5 Tumor Necrosis Factor (TNF-α): An Important Pro-inflammatory Cytokine 

α-MSH has long been known to have potent anti-inflammatory activity and it is possible 

that this may impact on the metabolic phenotype. For example, α-MSH can antagonize 
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many of the biological effects of endotoxin and the pro-inflammatory cytokines, 

including effects on body temperature, immune function, endocrine function and 

behavior (122-124). There is also evidence that α-MSH and the central MCRs may play a 

role in endotoxin-induced anorexia and cachexia (125-126). α-MSH can act directly on 

MCRs on peripheral immune cells to down regulate the production of pro-inflammatory 

cytokines and can also act within the brain to inhibit peripheral immune responses. At 

least one mechanism by which α-MSH antagonizes the effects of the inflammatory 

cytokines is by blocking the activation of the nuclear transcription factor NF-κB by these 

cytokines (127). α-MSH has also been shown to block toll-like receptor (TRL4) signaling 

on macrophages (128). In addition, α-MSH has been shown to induce production of the 

anti-inflammatory cytokine, IL-10, in human monocytes (129). However, it is at present 

unknown if α-MSH plays any role in modulating the pro-inflammatory state that is 

characteristic of obesity (130). 

Cachexia remains an important cause of morbidity and mortality among cancer patients, 

affecting up to 85% of patients with gastrointestinal malignancy at the time of diagnosis 

(131). Weight loss has been associated with adverse outcomes in both cancer patients and 

patients with benign disease (132). Cancer cachexia is associated with reduced quality of 

life scores, reduced performance status scores, worse response rates after chemotherapy, 

and overall poorer outcomes (131, 133). Despite scientific interest for over 70 years, the 

exact mechanisms of cancer cachexia remain unclear, and are almost certainly multi-

factorial. The link between inflammation and cancer is currently the focus of extensive 

research in cancer biology. Cachexia is a clinical syndrome of wasting that accompanies 
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many chronic diseases including cancer, renal failure, and heart failure. Evidence from 

animal models suggests a compelling link between cachexia and inflammation, and a 

variety of pro-inflammatory cytokines such as TNF-α play an integral role in wasting 

syndrome (134-135). The cachectic syndrome, characterized by a marked weight loss, 

anorexia, asthenia, and anemia is invariably associated with the presence and growth of 

the tumor and leads to a malnutrition status due to the induction of anorexia or decreased 

food intake. In addition, the competition for nutrients between the tumor and the host 

leads to an accelerated starvation state, which promotes severe metabolic disturbances in 

the host, including hypermetabolism, which leads to an increased energetic inefficiency 

(136). In the past, many drugs were developed with anabolic properties with the intention 

to “cure” cachectic states but many had limited success and broad unwanted side effects. 

For instance, the armada of anti-cachectic drugs includes appetite stimulants, androgens, 

and growth factors (137). 

Short MSH peptide derivatives are also reported to possess anti-inflammatory biology. 

The most notable of these is the carboxyl-terminal tripeptide of MSH 11–13 (L-Lys- L-

Pro-L-Val; KPV) and its synthetic stereochemical analog of MSH 11–13 (L-Lys-L-Pro-

DVal; K-P-DV) reported to be the minimal sequence necessary for preventing 

inflammation in vivo (138).  It has been previously shown that KPV and K-P-DV inhibit 

TNF-α and activation of nuclear factor kB (NF-kB) (139-140) in keratinocyte and 

melanoma cells. But it is not known exactly how these short peptides signal. It has also 

been demonstrated that α-MSH inhibits the TNF-α-stimulated activation of the NF-kB 

transcription factor in human ocular and cutaneous melanocytes and melanoma cells 
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(141-142) and also in human keratinocyte cells (140). The acute activation of NF-kB is 

responsible for expression of several inflammatory and immune system genes (143). Pro-

inflammatory processes are clearly implicated in the hypermetabolism and weight loss 

associated with cancer-associated cachexia. In addition, the presence of systemic 

inflammation is now clearly linked with adverse prognosis in patients with cancer, which 

cannot be fully explained by the association with weight loss. Systemic inflammation 

remains an important area for novel therapeutic targets in combating cachexia (144).  

As mentioned earlier a promising mode of treatment is pharmacological blockade of the 

central melanocortin system, such as the MC4R. The importance of this system is in 

maintaining normal body weight as it was stated that disordered melanocortin-signaling 

can result in dramatic decreases in lean body mass. Based on such ligands such as 

SHU9119 (MC3/4R antagonist) (95), HS131 (MC4R selective antagonist) (145) and 

MBP10 (MC4R selective antagonist) (146), evidence suggests that blocking this system 

via pharmacological antagonists of the type MC4R may restore appetite and lean body 

mass in subjects with cachexia caused by a variety of underlying disorders. It has been 

proposed by our lab that combining the appetite stimulating effects of MC4 antagonists 

with the anti-inflammatory effects of the tripeptide Lys-Pro-Val (KPV) might result in 

improved treatment for cancer patients suffering from cachexia. The basic template for 

these are bifunctional drugs involving a MC4 antagonist portion (MBP10, SHU9119 and 

PG-951) coupled with various spacers to the core sequence of the endogenous peptide α-

MSH believed to be involved in inflammation, KPV. Results of testing a series of 

hMC4/TNF-α antagonists on the four of the five known melanocortin receptors (MCR) 
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will be discussed in Chapter 3. 

1.6 Melanocortin System as a Target for the Treatment of Obesity and Cachexia 

The studies described above clearly indicate an important role for the central 

melanocortin system in maintaining energy balance and have potential therapeutic 

implications for human obesity and cachexia. One therapeutic approach for the treatment 

of obesity would be to increase the activity of the central melanocortin pathway by 

administration of α-MSH analogs. Conversely, selective blockade of central MCRs could 

be used to decrease the cachexia associated with many chronic illnesses (147). An 

important consideration in developing effective α-MSH agonists and antagonists is that 

the potential compounds cross the blood-brain barrier and gain access to appropriate 

central melanocortin receptors. Numerous animal studies have demonstrated inhibitory 

effects of either native α-MSH or of α-MSH analogs on food intake, body weight gain 

and adiposity. In most of these studies, peptides were administered directly into the brain 

by the intracerebroventricular route. Peripheral administration of α-MSH has, however, 

been effective in a few studies with the largest effect on body weight demonstrated in 

POMC knockout mice with lifelong α-MSH deficiency (103). Peripheral injection of the 

MSH analog MT-II (Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2) was also effective in 

suppressing body weight gain in normal leptin receptor deficient rats and in diet-induced 

obese mice (26,148-149). Many new, potent, and enzyme-resistant analogs of 

melanocortin peptides have been developed based on the extensive studies of α-MSH. 

These include the universal agonists NDP-α-MSH (Nle4-DPhe7-α-MSH) (150) and MT-II 
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(151), which have both been identified as potent, non-selective agonists at human 

melanocortin 1, 3, 4, and 5 receptors. In addition, the analog, SHU9119, a synthetic 

peptide with a 2-naphthyl-D-alanine (DNal(2’)) substituted in position 7 of MT-II, has 

been found to be a potent but non-selective antagonist for the MC3 and MC4 receptor 

(95). Administration of MT-II inhibits the hyperphagia in four different mouse models, 

and this inhibition was blocked by coadministration of SHU9119 (26).  

Additionally, deletion of His6 from the sequence of cyclic α-MSH analogs, reported by 

Bednarek et al. yielded a hMC4R-selective antagonist MBP10 (c[(CH2CO)2-DNal(2’)7-

Arg8-Trp9-Lys]-NH2 (Discussed in more detail in chapter 2). It was suggested that the 

tripeptide core DNal(2’)7-Arg8-Trp9 was sufficient for high binding antagonism toward the 

hMC4R to affect feeding behavior, whereas the tetrapeptide core His6-DNal(2’)7-Arg8-

Trp9 is required for high binding affinity toward the hMC3R and hMC5R (146). 

However, Hruby et al. noted that that the tripeptide sequence DPhe/DNal(2’)7-Arg8-Trp9 is 

sufficient for high binding affinity and agonist activity not only at the hMC4R but also at 

the hMC3R, as exemplified by cyclic peptide AVM75 (c[2,3- pyrazinedicarbonyl6-

DPhe7-Arg8-Trp9-Lys10]-NH2) (97). 

Selective peptide MC4R antagonists such as MBP10 and HS131 have been discovered 

and data from these peptides suggest the feeding effect is mediated by the MC4 receptor 

(153-154). Thus, potent and selective MC4R antagonists may be useful in human 

diseases such as cachexia, anorexia, and obesity. Because of potentially important 

therapeutic implications in the treatment of energy balance syndromes, determination of 
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the molecular basis for ligand-receptor interaction between hMC4R and melanocortin 

peptides is valuable. And in recent years for the MC3R’s role in feeding behavior as well. 

Due to the scarcity of MC3R selective ligands and as a consequence the poor 

understanding of the physiological functions of the MC3R system, it would be prudent to 

develop ligands associated with MC3R selectivity. In addition to improving existing 

MC3R selective ligands, one can also investigate ways of modifying known MC4R 

selective ligands as it is well established that many melanocortin ligands are not capable 

of differentiating between the MC3R and MC4R. 
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CHAPTER TWO 

STRUCTURAL MODIFICATIONS OF MELANOCORTIN LIGANDS 
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2.1 Studies Involving Truncation of Melanocortin Ligands 

Once a peptide lead has been identified, it is important to know which of the amino acid 

residues contribute to molecular recognition and receptor stimulation. Studies have been 

undertaken to determine the minimal sequence required to illicit a pharmacological 

response for the melanocortin agonists α-MSH. These studies involved selective removal 

(truncation) of N- and/or C-terminal residues, followed by evaluation of the truncated 

analogs for binding and/or functional activity. In the classical frog (Rana pipiens) and 

lizard (Anolis carolinensis) skin bioassays, the peptide activity was monitored by 

quantifying the amount of skin darkening that occurs in response to exposure to the 

peptide (155-156). The minimal sequence required for biological activity was determined 

to be Ac-His6-Phe7-Arg8-Trp9-NH2 for α-MSH (157-159). 

Using the lizard skin bioassay, the minimal message sequence for equipotency to alpha-

MSH appears to be Ac-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-NH2. Residues 1–3, 5, and 13 

were identified not to be important for agonist potency (158). These data suggest that 

remaining residues of α-MSH are the minimal residues required to retain potency at the 

MCR. Three predictable conclusions have been observed from these truncation studies 

regarding the importance of α-MSH: 1. The melanocortin peptides contain an essential 

core sequence that is required to elicit measurable biological activity; 2. The peptides 

contain important potentiating amino acids that are necessary to retain equipotency to the 

parent peptide; and 3. The peptides contain amino acids that contribute minimally to the 

potency of the ligands. 
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2.2 Substitution of Phe7 and Trp9 

Studies by Sawyer et al. in 1980 (193) involving exchange of Met4 for Nle4 and Phe7 for 

its enantiomer DPhe7 produced NDP-alpha-MSH (Melanotan I), a highly potent α-

melanotropin with ultra-long biological-activity. It was discovered during those studies 

that the chirality of the Phe in position 7 can greatly affect the potency of the peptide 

ligand (193). It was noted in some of the initial studies on α-MSH that potency could be 

increased when DPhe7 was substituted for the Phe7 residue. This observation led to a 

proposed conformation of α-MSH that consisted of a reverse turn around the Phe7 

residue, since D-amino acids are known to stabilize reverse turn conformations (194-

196). Sawyer et al., and the majority of these studies have provided additional 

experimental evidence to suggest a reverse turn occurs around the core His6-Phe7-Arg8-

Trp9 sequence (197-204). Substitution of Trp9 by Ala in the α-MSH template resulted in a 

2,000-fold decreased binding affinity and 125-fold decreased potency at the MC1R. The 

Ala9 analog of γ-MSH possessed a 26–2,100 fold reduction in potency at the hMC3R–

hMC5R and lacked the ability to stimulate the maximal response in the functional 

bioassay (160). When Trp9 is replaced with alanine in the linear Ac-His-DPhe-Arg-Trp-

NH2 template, a complete loss of activity resulted at the mMC3R, however, 220-, 2,540-, 

and 9,700-fold decreased potency was observed at the mMC1R, mMC4R, and mMC5R, 

respectively (161). A larger effect was seen in the cyclic MT-II template, as the alanine 

substituted Trp analog, was only able to generate between 2 and 21% maximum cAMP 

accumulation (relative to α-MSH) (162). It is evident from these experiments that the 

aromatic functionality provided by the Trp9 residue plays a pivotal role in the interaction 
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of the above peptides with the melanocortin receptors. 

2.3 Stereochemical Inversion of Amino Acids 

In recent investigations, each amino acid residue of melanocortin peptides have been 

replaced with the corresponding stereoisomer and the pharmacological effects of this 

have been evaluated. These studies utilized cloned melanocortin receptors from both 

human and mouse to evaluate the effects of substitution of L-amino acids with the 

corresponding D-isomer. Stereochemical inversion generally resulted in decreased, or 

loss of, agonist functional activity of the melanocortin ligands, with the exception of the 

DPhe7 modification (188, 161, 163-166).  These data are in agreement with previous 

findings using the classical skin bioassays (167). The importance of amino acid 

stereochemistry was illustrated when each of the four amino acids in the Ac-His6-Phe7-

Arg8-Trp9-NH2 tetrapeptide were systematically replaced with the corresponding epimer. 

The inversion of chirality resulted in a reduction in potency for each of the analogs tested 

at the mouse melanocortin receptors (161, 163, 165) with the exception of the DPhe7 

peptide (188, 164). Grieco et al. (166) have replaced each residue in γ-MSH with the D-

isomer, which resulted in a similar reduction of potency for all but two of the D-analogs 

tested at the human receptors. The [DPhe7]-γ-MSH analog exhibited increased potency as 

expected, although MC3R versus MC4R selectivity was diminished (ca 50-fold MC3R 

vs. MC4R selectivity for endogenous γ-MSH). It is interesting to note that substitution of 

Trp9 with DTrp9 increased the potency of γ-MSH at the human MC3R by 17-fold, as well 

as increasing the MC3R versus MC4R and MC5R selectivity to circa 300- and 250-fold, 

respectively. 
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2.4 Bulky Aromatic Amino Acid Substitutions 

Prior to 1995, the melanocortin receptors had mainly been characterized by peptide 

agonists such as the highly potent linear peptide NDP-α-MSH and the cyclic lactam 

analog MT-II. The cloning of the remaining MC receptors made the need for potent and 

selective antagonists for in vitro and in vivo characterization evident, but at that time only 

a few reports of melanocortin antagonists had been made (168-170). Using the MT-II 

cyclic template as a starting point, Hruby et al. (95) made various stereoelectronic 

modifications of the DPhe7 residue that resulted in some interesting and exciting 

discoveries. These investigations involved modification of the DPhe7 residue and were 

based on previous suggestions that the His6, Phe7, Arg8, and Trp9 residues are critical for 

receptor binding and activation (157-158). The authors postulated that modification of the 

DPhe7 residue may disrupt the bioactive conformation of the peptide (95), preventing 

signal transduction from occurring, but still permit ligand binding to the ‘‘inactive’’ state 

of the receptor. Thus, the DPhe7 amino acid was substituted with a variety of ‘‘bulky’’ 

aromatic amino acids. This study led to the discovery of the potent and selective (for the 

MC3R and MC4R) melanocortin receptor antagonist, SHU9119. Since the discovery of 

SHU9119, there have been various melanocortin peptides synthesized with DNal(2’) at 

the seven position, and this generally results in ligands with partial agonist and/or 

antagonist activity (164, 171-179). Regarding the importance of both stereochemistry and 

ring position of naphthylalanine residues in achieving peptides with antagonist activity is 

further supported. It has been suggested that the topographical orientation of the 

SHU9119 arginine residue is modified by the presence of an adjacent naphthalene ring, 
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as compared to the topography of the arginine side chain of MT-II (171). Several studies 

have suggested that acidic residues present in TM2 and TM3 of the melanocortin 

receptors interact with the basic arginine residue of melanocortin ligand (171, 180-183). 

It has been suggested that large stereoelectronic modifications of the message sequence 

His6-Phe7-Arg8-Trp9 of melanocortin ligands may produce antagonists for the MC3R and 

MC4R (95). This appears to be true only for bulky aromatic amino acids substituted for 

the Phe7 residue, as similar substitutions at the 6, 8, and 9 residues have failed to generate 

any analogs with antagonist activity (161, 163, 165). Naphthylalanine substitutions for 

His6 and Arg8 are not well tolerated and generally result in analogs lacking any agonist or 

antagonist activity (163, 165). However, substitutions of the Trp9 residue are generally 

more tolerated (161). Indeed, naphthylalanine substitutions have been made for Trp9 with 

no decrease in ligand potency (161, 173). These data suggest that the chemically reactive 

Trytophan indole side chain may be replaced with the non-reactive naphthyl moiety in 

the design of peptide and non-peptide melanocortin receptor ligands, as long as the 

naphthyl ring is in the correct orientation (1’ vs. 2’). Kavarana et al. said when studies 

showed that when DPhe7 was replaced with the bulky hydrophobic residue DNal(2′)7 in 

their analog MK5 [CO(CH2)2CO-His-DNal(2′)-Arg-Trp-Lys]-NH2), this substitution 

resulted in a loss of binding affinity at the hMC4R by a factor of 15-fold and increased 

selectivity for the hMC3 receptor. 

 This loss in binding at the hMC4 receptor may be due to steric hindrance between the 

larger side chain group of DNal(2′)7 and the amino acid residues that form the receptor 

pocket. This suggests that hydrophobic interactions are more important in binding at the 
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hMC3R than at the hMC4 or hMC5 receptors. Alternatively, it might suggest that the 

hMC3 receptor pocket is more flexible and is better able to accommodate bulky 

substituents as compared to the other hMC receptors. (184). Whatever may be the 

combination of factors that explain this change in receptor selectivity, it is evident that 

steric bulk promotes hMC3R selectivity and suggests that a rational approach toward the 

development of hMC3R selective ligands is to further increase the hydrophobic nature of 

these cyclic peptides. Kavarna et al. also found that in addition to lactam ring size, the 

nature of the linking arm are both important for selectivity and potency at the hMC3 and 

hMC4 receptors (184). 

2.5 Determining Critical Residues Using Alanine Scans 

Specific molecular interactions are postulated to occur between a ligand and its 

corresponding receptor: 1. Molecular recognition; 2. Ligand binding; and 3. Receptor 

stimulation. It is important to determine which residues of the lead peptide are required 

for these ligand–receptor events to occur, especially if the scientific objective is to design 

a ligand with specific activity at a particular receptor system. A classical method used to 

determine the amino acid residues involved in these ligand–receptor events is the alanine 

scan method. Alanine scanning studies can complement truncation studies and aid in the 

identification of the residues responsible for, or contributing to, the biological properties 

of the native peptide important for molecular recognition and functional activity (185). 

2.6 Cyclizing Melanocortin Peptides 

As is the case for many linear peptides, α-MSH is rapidly degraded by proteolytic 
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enzymes, and thus has a short duration of action because of clearance from systemic 

circulation (186-187).  The concept of side chain to side chain cyclization of 

melanocortin peptides to increase potency and to prolong activity has been applied over 

three decades ago since the design of Ac-[Cys4,Cys10]-α-MSH (188), which contains a 

disulfide bridge between Cys4 and Cys10 amino acids and resulted in enhanced biological 

properties. This cyclic disulfide α-MSH analog was up to 1,000-times more potent in the 

frog skin bioassay, than α-MSH, but was not particularly potent in subsequent 

evaluations using mammalian bioassays. Sawyer et al. (188) suggested that cyclization 

constrains the analog in a conformation favorable for peptide–receptor interactions, the 

‘‘bioactive’’ conformation, which likely consisted of a reverse β-turn (178-179, 188-

189).  

Molecular mechanics calculations and molecular dynamic simulations were used in the 

development of two benchmark melanocortin peptides based on side chain to side chain 

lactam cyclization of MT-II and SHU9119 (95, 158, 190). In the molecular dynamics 

studies, three important observations were made regarding the structure of α-MSH and 

NDP-MSH. First, both peptides rapidly adopted folded conformations that placed the 

aromatic His6-Phe7(or DPhe7)-Trp9 residues on the same face of the peptide in β-turn 

conformation. Second, the hydrophilic Glu5, Arg8, and Lys11 residues were oriented on 

the face of the peptide opposite the aromatic groups. Third, although Glu5 and Lys11 were 

in close proximity to one another, the charged groups were not close enough to form a 

strong ionic interaction (191, 232). 
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MT-II and SHU9119 have been used extensively for in vitro and in vivo characterization 

of the melanocortin receptors, however, the compounds do not selectively bind to the 

different melanocortin receptor isoforms (95). Identification of both agonists and 

antagonists that are selective for specific receptor isoforms, and understanding the 

structural and conformational characteristics that might lead to receptor selectivity are a 

current challenge in peptide and peptidomimetic research. Introduction of a cyclic 

constraint may restrict the flexibility of a lead peptide and has proven to be an effective 

means of generating ligands with enhanced potency, receptor selectivity, and enzymatic 

stability. However, discovery of a cyclic template alone does not provide much insight 

into the overall conformational properties responsible for the enhanced activities. 

Biophysical methods, such 1H-NMR analysis and modeling studies, can aid in 

understanding the conformational properties responsible for the biological activity of the 

modified peptide (229). 

2.7 1H-NMR and Conformational Analysis 

Many endogenous peptides are relatively small and often conformationally flexible linear 

molecules, which makes correlating a ‘‘bioactive’’ conformation with functional activity 

challenging. The rationale behind using cyclic constraints is the hypothesis that flexible 

peptides have many accessible backbone and side chain conformations, and thus in 

solution the bioactive conformation may only be present in low concentrations (192). 

Introduction of a proper cyclic restraint may rigidify the peptide backbone and thus aid in 

the biophysical analysis and construction of a conformational model, since spectroscopic 

analysis of a flexible peptide with many conformational states may not provide the actual 
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conformational parameters of one conformation but rather an average of many 

conformational populations of the peptide (192). Silva et al. (203) have argued that the 

arginine side chain is oriented in close proximity of the naphthyl ring in the cyclic analog 

[CO(CH2)2CO-DNal(2’)7-Arg8-Trp9-Lys10]-NH2  (MBP10), suggesting a bioactive 

conformation (at least at the MC4R) that consist of a ‘‘V’’ shape in the core His6-

DNal(2’)7-Arg8-Trp9 region with the arginine side chain oriented between the aromatic 

rings of Nal and Trp. These above data illustrate how cyclization of a peptide can rigidify 

the structure and aid in conformational analysis. These data also support a bioactive 

conformational model for melanocortin peptides that consist of a reverse turn centered 

around the core His6-Phe7-Arg8-Trp9 motif, however, the exact nature of the turn and the 

orientation of the side chains are still debated (229). 

2.8 N-Terminal Modifications of Melancortin Peptides to Achieve Selectivity  

The discovery of peptide hormones, growth factors and neuropeptides implicated in vital 

biological functions of our organism has increased interest in therapeutic use of short 

peptides. However, the development of natural peptides as clinically useful drugs is 

greatly limited by their poor metabolic stability and low bioavailability, which is due in 

part to their inability to readily cross membrane barriers such as the intestinal and blood-

brain barriers. The aim of peptide medicinal chemistry is, therefore, to develop strategies 

to overcome these problems (230). Recent progress in chemical synthesis and design 

have resulted in several strategies for producing modified peptides and mimetics with 

lower susceptibility to proteolysis and improved bioavailability, which has increased the 

probability of obtaining useful drugs structurally related to parent peptides (230). α-MSH 
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contains a N-terminal acetyl group as a result of endogenous posttranslational processing, 

which is believed to enhance enzymatic stability of the peptide (187, 206) and provide a 

potential means of prolonging the duration of action of the parent peptide (207-209). 

The majority of melanocortin peptide SAR studies have included the N-terminal acetyl 

group. Benarek et al. noted that an analog of Ac-Nle4-c[Asp5-His6-DPhe7-Arg8-Trp9-

Lys10]-NH2 (MT-II), with aspartic acid at position 5 coupled to histidine through its β-

carboxyl group displayed 10-fold lower affinity for hMC4R than the parent compound 

(146). However, this β-peptide (named β-MT-II) was from 20 to 200 times more selective 

at hMC4R with respect to hMC3R and hMC5R. In the present study they synthesized and 

tested, in binding assays and in functional assays for cAMP accumulation at human 

melanocortin receptors 3, 4, and 5, a β-analog of MT-II cyclized as described above for 

β-MT-II. A β analog of SHU9119 was also synthesized. The resulting compound named 

β-SHU9119 was found to be an antagonist about 30 times more selective for hMC4R 

over hMC3R. Further, structure-function studies revealed that the N-terminal segment of 

SHU9119 (Ac-Nle4 external to the lactam ring), and also histidine in position 6 in the 

lactam, only minimally affected the binding of this antagonist to hMC4R. However, the 

same structural features appeared to be mandatory for the efficient interaction of 

SHU9119 with the other melanocortin receptors in the brain (hMC3R and hMC5R). This 

is in opposition to work by Hruby et al. (152). They found that the tripeptide sequence 

DPhe/DNal(2’)-Arg-Trp is sufficient for high binding affinity and agonist activity not only 

at the hMC4R but also at the hMC3R, which is exemplified by cyclic peptides such as 

AVM75 (97). This leads one to speculate that the loss of the N-terminal portion of 
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SHU9119, which greatly decreases interaction with MC3R, could be counteracted by 

modification of the C-terminal portion of SHU9119  (as discussed in Chapter 3). 

Bednarek et al. designed a series of new analogs of SHU9119 with smaller lactam rings 

and with modified N-termini. They reported syntheses and biological evaluation in vitro 

at human melanocortin receptors 3, 4, and 5 of several cyclic peptides which are 

selective, high affinity antagonists of hMC4R, such as MBP10 (CO(CH2)2CO-DNal(2’)7-

Arg8-Trp9-Lys10]-NH2). Modification at the N-terminus of the His6-DPhe7-Arg8-Trp9-NH2 

peptide with aromatic moieties resulted in analogs with increased potency as well as 

increased receptor selectivity. This is also the case when Grieco et al. (210) decided to 

explore a modification in peptides with a 23-membered lactam rings. In this case they 

decided to replace Ac-Nle4 with a DPhe residue. Thus, producing compound PG-951 with 

a DPhe4 and DPhe7 substitution resulted in a potent and selective partial agonist analog at 

the hMC3R, although it lacks agonist activity at the hMC4 and hMC5 receptors. They 

also examined the global minimum of PG-951 and compared it to the NMR structure of 

MT-II. Interestingly, they found a generally good fit within the pharmacophore region of 

these peptides, but a striking difference in the orientation of the Trp9 residue side chain 

was also observed. In their earlier work, they made a note of a possible connection 

between the Χ-space of the Trp9 residue and melanocortin receptor selectivity (210). 

Additionally, Grieco et al. stated that the difference in the side chain conformations of the 

Trp9 residue of MT-II (gauche-,Χ1),  = -78°) and PG-951 (trans, Χ1 = -177°) may be 

responsible for the hMC3R selectivity observed for PG-951. Their results demonstrated 

that the modifications in position 4 by hydrophobic residues, such as Phe and Nal(2’) can 
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be used to obtain melanotropin peptides with enhanced receptor selectivity. 

2.9 C-terminal Modification of Melanocortin Peptides to Achieve Selectivity 

γ-MSH peptides bound to the rat MC3R with reduced affinity compared to α-MSH, but 

their biological activity was in the same range as that of α-MSH. From that follows that 

γ-MSH peptides have increased efficacy at the MC3R versus α-MSH; of all γ-MSH 

peptides tested (211). Peng et al. (214) stated that α-MSH and γ-MSH show structural 

differences mainly within the C-terminus (Figure 1.2), and it has already been suggested 

that the presence of proline 12 (numbering with reference to α-MSH) is an important 

feature for the binding of α-MSH to the MC1 (212), but not the MC3 (211, 213). In their 

study, they synthesized C-terminally modified analogs of both α-MSH and γ-MSH to 

investigate whether the C-terminus plays a role in promoting selectivity of melanocortin 

peptides. When α-MSH itself was substituted with phenylalanine in position 12, the 

potency of the resulting peptide was reduced to 1–2% that of the natural ligands potency 

(214). Likewise, substitution in position 10 with aspartate showed a similar effect. When 

both substitutions were made the peptide was rendered virtually inactive (0.06% of the 

affinity and 0.009% of the activity of α-MSH). Analogs with multiple alanine 

substitutions within the C-terminus showed that both activity and affinity of the peptide 

was decreased particularly by simultaneous substitutions in either position 11 and 12, or 

11, 12, and 13. Two other analogs, substituted in positions 11 and 13, or 12 and 13, had 

reduced their biological activity whereas their affinity for the MC1 receptor was not 

significantly different from α-MSH. α-MSH, when substituted with phenylalanine in 

position 12, showed a significant reduction of both affinity and activity; it was therefore 
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concluded that position 12 might play an important role in the interaction of α-MSH in 

regards to murine MC1 receptors. This is further supported by reports that substitution of 

proline with alanine (212), D-proline, norvaline, and glycine (215) all significantly 

decreased affinity and/or activity of the peptide at the MC1 receptor. It has been 

previously suggested that position 10 of α-MSH, glycine, might function as a ‘‘spacer’’ 

between the core sequence and that the C-terminus of the molecule could be of 

importance in the interaction with the MC receptors (216). In other studies, glycine could 

be replaced by cysteine (188) and lysine (190-191) both introduced to enable cyclization. 

Peptides with multiple alanine substitutions within the C-terminus all were less active 

than α-MSH; in the case of one, [Ala11, Ala13] α-MSH, only the biological activity was 

reduced by the replacement, but not its affinity for the receptor. Generally, the biological 

activity was more affected than the receptor binding, leading to peptides with decreased 

efficacy. Substitution at position 11 or 12, or 11, 12, and 13 had the greatest effect; in 

contrast, very little change was observed following substitutions at position 11 and 13. 

Therefore, it was concluded that the residue with the most influence on receptor binding 

and biological activity is proline 12, followed by lysine 11. This is in agreement with 

previous studies using single substitutions with alanine in this region; in this study [Ala12] 

α-MSH bound with significantly lower affinity than α-MSH, [Ala11] α-MSH was nearly 

as active as the native peptide and no difference could be found between [Ala13] α-MSH 

and α-MSH (212). The reduced efficacy caused by multiple amino acid replacements in 

the C-terminus might also support the hypothesis that this region may contain a second 

message sequence (217). Substitution of phenylalanine 11 with proline (in analogy to α-
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MSH) did not affect the activity of the peptide; this was in agreement with a study 

published earlier (211). Miwa and colleagues concluded that the position 11 of γ-MSH 

might not significantly contribute to the biological activity at the MC3; however, in this 

study they observed that all γ-MSH except [Nle3,Pro11] γ-MSH showed increased 

selectivity for MC3 receptors. [Nle3, Pro11] γ-MSH was not more selective for the MC3 

receptor than α-MSH. This, together with the reduced activity observed for ACTH(1–10) 

at the MC3 receptor (211), might well indicate a role for the C-terminal end of 

melanocortin peptides in the interaction with MC3 receptors. Also, the observation of 

increased efficacy and selectivity of γ-MSH peptides at the MC3 receptor supports the 

suggestion originally made by Roselli–Rehfuss et al. (218) that γ-MSH might be the 

natural ligand for the MC3 receptor. 

 Overall, it can be concluded that the C-terminal amino acids play a pivotal role in 

differentiating between receptor subtypes (211). Also, it was observed that all C-

terminally modified L-Phe7 analogues of α-MSH showed a greater efficacy than α-MSH 

at the MC3 receptor. As this could not be seen with analogs of [Nle4, DPhe7]α-MSH, it 

opens the question whether [Nle4, DPhe7]α-MSH and analogs might interact in a different 

manner from α-MSH with this receptor, as has been postulated for the MC1 (219).  

Studies by Miwa et al. show that Pro12 is an important structural feature of melanocortins 

in defining high potency at hMC4R but is of little consequence as a determinant of 

potency at hMC3R (211).  Miwa et al. further explained that a carboxy terminal 

extension beyond ACTH (4-10) heptapeptide core is important for full potency at 

hMC3R but the amino acid sequence of that extension may not be critical. Data from 
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Sciöth et al. indicate that SHU9119 is roughly equally potent to the MC3 and MC4 

receptors whereas HS014 is about 10-fold selective for the MC4 receptor. HS014 has a 

C-terminal tail, which SHU9119 does not have. This C-terminal is homologs to the C-

terminal 

C-terminal part of 

10-Lys11-Pro12-Val13) is important for binding to all these 

four melanocortin receptor subtypes (220).  Moreover, they have shown that the C-

terminal of HS014/β-MSH has a major influence for the binding properties for the MC4 

receptor. Hirsch et al. stated that findings support the hypothesis that appropriate 

structural and conformational modifications of α-MSH related peptides can produce 

profound effects on the bioactivities of the peptides, and suggest that different structural-

conformational requirements exist for α-MSH interactions with its various receptors 

(221). Additionally Hirsch et al. 

related peptides possess unique structure-activity relationships for different biological 

receptors. They further stated that C-terminal elongation of linear Nle4 substituted 

-10 heptapeptide markedly increases grooming 

potency in rats, as does cyclization. This suggests that these molecular changes produce a 

proper conformation for increases in receptor binding. Their findings support the 

ACTH related peptides can produce profound effects on the bioactivities of the peptides. 

Sahm et al. found that Gly10 is believed not to be of major importance for the binding of 

MSH peptides to the MC receptors (212-213). This residue might serve as a coupling site 
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for tails, which may increase the selectivity or the affinity of synthetic peptides. C-

terminal addition of the β-MSH sequence Pro12-Pro13-Lys14-Asp15 did increase the 

affinity for all the receptors (222).  

2.10 Design of Peptides that Interact with MC3R 

MBP10 origins 

Structure-function studies discussed earlier revealed that the N-terminal segment Ac-Nle 

of SHU9119 (Ac-Nle4-c[Asp5-His6-DNal(2’)7-Arg8-Trp9-Lys10]-NH2,), and also histidine 

in position 6 in the lactam, only minimally affected the binding of this antagonist to 

hMC4R. However, the same structural features appeared to be mandatory for the efficient 

interaction of SHU9119 with the other melanocortin receptors in the brain (hMC3R and 

hMC5R) (174). These observations led Bednarek et al. to design new analogs of peptide 

SHU9119 with smaller lactam rings and with modified N-termini. They reported 

syntheses and biological evaluation in vitro at human melanocortin receptors 3, 4, and 5 

of several cyclic peptides, which are selective, producing a high affinity antagonist of 

hMC4R, β-SHU9119 (Ac-Nle-NH-c[CH-CH2-CO-His-DNal(2’)-Arg-Trp-Lys]-NH2). The 

histidine amide bond appears to be not necessary for the efficient binding of SHU9119 to 

hMC4R, but is required for interaction with hMC3R and with hMC5R. Binding and 

functional data on the truncated analogs of SHU9119, lacking Nle4 or Ac-Nle4 at their N-

termini, corroborated these observations. Moreover, subsequent omission of the amino 

group of Asp5 from the lactam, which is incorporated as des-amino-aspartic acid 

(succinic acid) in place of aspartic acid, yielded a 23-membered lactam, MBP10, a high 
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affinity and even more selective hMC4R antagonist. The improved hMC4R selectivity of 

this new peptide, with respect to hMC3R, could be attributed to the absence of the 

hydrophobic moiety Ac-Nle at position 4, and/or to the greater conformational freedom 

of the succinic acid containing 23-membered lactam. Examination of the sequences of 

these new peptides revealed that the DNal(2’)7-Arg8-Trp9 segment of SHU9119 forms the 

“essential core” required for high affinity and high selectivity of analogs of SHU9119 at 

hMC4R, but the “extended core”, His6-DNal(2′)7-Arg8-Trp9, is necessary for the 

maximum affinity for hMC3R and hMC5R. In our lab it was decided to combine a spacer 

such as Gly, Ala, Gly-Ala and β-alanine with the α-MSH C-terminal sequence KPV with 

the MC4 selective antagonist MBP10 to produce more selective compounds. Interestingly 

enough the MBP10 derivative became a selective full agonist at MC3R. 

PG-951 analog origins 

Grieco et al. have designed and developed a novel ligand, called PG-933, where they 

replaced the His6 in SHU9119 with Pro6 (223-224). This compound was found to be 

more potent as an antagonist at the hMC3R and the hMC4R, and was a full agonist at the 

hMC5R. They demonstrated, for the first time and in contrast with other published results 

(225) that the His6 position is not very important for melanocortin receptor interaction, 

and recently other authors also have reported the synthesis of selective agonists at 

hMC4R by replacing His6 with unnatural amino acids. 

Studies have demonstrated that incorporation of the conformationally constrained proline 

residue and its analogs into the core pharmacophore might improve selectivity of 
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melanotropin peptides at the MCRs (223-224, 226-228). This study was aimed at further 

optimization of the conformationally constrained cyclic SHU9119 template toward 

achieving higher receptor selectivity. In addition, the effects of steric factors on hMC3R 

selectivity were also investigated by placing bulky residues such as DTrp and the more 

hydrophobic DNal into positions 4 and 6 of the SHU9119 template.  

Regarding position 4 and the role of the residue, Nle external to the lactam ring, we still 

have very little information concerning its influence on potency and selectivity at the 

hMC3 and hMC4 receptors. Grieco et al. were interested in exploring the significance of 

the position 4 in 23- and 26-membered cyclic lactam analogs of MT-II and SHU9119 

(210). In particular, they explored position 4 of the peptides with a 23-membered ring by 

replacing the Nle residue with DPhe, while position 4 of peptides with a 26-membered 

ring (Gly at position 10) were explored by Phe, DPhe, Nal(2’), and DNal(2’). These results 

obtained on peptides with a 26-membered lactam ring suggest that position 4 can play an 

important role in the activity of melanotropin peptides. In particular, the data indicate that 

positioning of the bulky hydrophobic residues is crucial for potency at melanocortin 

receptors, and also selectivity in some cases. They then decided to explore the same 

modification in peptides such as PG-933 with a 23-membered lactam ring. In these cases, 

they decided to replace Nle4 with DPhe residue only. They produced compound PG-951 

(210), with a DPhe4 and DPhe7 substitution, which resulted in a potent and selective 

partial agonist analog at the hMC3R. In our lab it was decided to combine the spacers 

Gly, Ala, Gly-Ala and β-alanine with the α-MSH C-terminal sequence KPV with PG-951 

in hopes of developing an even better MC3R selective ligand. 
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Figure 2.1 α-MSH 

 

Figure 2.2 Design of the Novel SHU9119-derived Cyclic Lactam Scaffold 

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 (α-MSH) 

 

Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2 (MT-II) 

 

Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-NH2 (SHU9119) 

 

Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 (Analog 15) 

Figure 2.3 DTrp in γ-MSH is Known to Increase Melanocortin 3 receptor Selectivity 

 

 

 

 

As stated earlier melanotan II (MT-II), a superpotent but nonselective human 

melanocortin receptor agonist was developed from studies involving the endogenous α-

MSH (151). Replacement of the DPhe7 with DNal(2’)7 led to the potent nonselective 
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hMC3R/hMC4R antagonist SHU9119 (95). This was chosen as a template for the design 

of more selective melanotropin peptides.  

By using the spacers Gly, Ala, Gly-Ala and β-alanine, we created derivatives of 

SHU9119 by using the spacers to link SHU9119 to the α-MSH terminal sequence KPV. 

It is hoped that because this KPV sequence is present in the endogenous ligand α-MSH, it 

might induce conformational changes to the SHU9119 derivative core pharmacophore 

and increase the ligand’s receptor selectivity. Ideally increasing the selectivity at the 

MC3R.  
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CHAPTER THREE 

RESULTS AND DISCUSSION 
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3.1 C-terminally Modified Melanocortin Ligand 3D SAR Studies 

In this project three series of peptide ligands were created by modifying the C-termini of 

three known melanocortin ligands: the non-selective MC3/4R antagonist SHU9119 (Ac-

Nle-[Asp-His-DNal(2’)-Arg-Trp-Lys]-NH2, the MC4R selective antagonist MBP10 

[CO(CH2)2CO-DNal(2’)-Arg-Trp-Lys]-NH2 and the MC3R partial agonist PG-951 (H-

DPhe4-[Asp5-Pro6-DPhe7-Arg8-Trp9-Lys10]-NH2. The development of selective ligands for 

the MC receptors has been hampered by the absence of detailed knowledge about the 3D 

structural requirements of peptide ligands for selective MC receptor binding and 

activation. One of the most challenging aspects of this research is rational design based 

on 3D-topographical features of the peptide pharmacophore. The first strategy in this 

approach is to identify the core structural features that are necessary for receptor/acceptor 

recognition. As mentioned earlier it has been demonstrated that His6-Phe7-Arg8-Trp9 

(MSH (6–9)) forms the core sequence of melanocortins, which is necessary to bind to all 

MC receptors (212, 213). Hruby et al. (95) stated that at the MC3R and the MC4R, 

replacement of MTII DPhe7 or by DNal(2′)7 (SHU9119), converted the agonist into an 

antagonist. However, other naphthylalanine derivative modifications resulted only in 

decreased agonist potencies. These data suggest that both stereochemistry (D-

configuration) and the position of the bulky aromatic residue are important for ligand 

agonist or antagonist selectivity at the MC3R and the MC4R. After the comparison of the 

amino acid sequence of MC3R with other MCRs, Chen et al. found that leucine in TM3 

is unique in MC3R and MC4R. Their results suggest that this leucine 165 in TM3 of 

MC3R is important for agonist or antagonist selectivity. One possible explanation is that 
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since SHU9119 has a bulky aromatic residue in position 7, when it docks into the 

receptor binding pocket, L165 may hinder the receptor conformation change and block 

receptor activation. When leucine 165 was replaced with alanine, which is smaller in size 

than leucine, the hindrance to receptor blockade was removed. SHU9119 binds to the 

receptor and rotates both TM domains and allows for outward movement of their 

cytoplasmic loops leading to agonist activity. Chen et al. hypothesized that the DNal(2’)7 

may interfere in the TM6 shift outward and counterclockwise movement, physically 

hindering the conformational changes necessary to induce receptor activation (241). 

Interestingly, studies by Kim et al. (236) state that research has shown that the activation 

of different signaling pathways by the MC3R and MC4R have distinct conformational 

requirements. MC3R and MC4R may have different efficiencies and or modes of 

signaling in terms of G-protein coupling, in addition to their specifc ligand-receptor 

interactions, which can specify subtype-specific signaling pathways in vivo. The third 

intracellular loop of these receptors plays a crucial role in the acquisition of these 

conformations. It was further discovered that the MC3R and the MC4R have distinct 

signaling in either the cAMP or the inositol phospholipid-mediated pathway, and this 

appears to be regulated in a fine tuned way, possibly to adapt the complex signaling 

requirements for their physiological role in homeostasis.  

Careful studies on the differences in binding pockets between MC3R and MC4R 

selectivity have also been performed. Oosterom et al. (233) stated that they have found 

that the MC3R and the MC4R share 58% overall amino acid identity and 76% similarity. 

This high level of similarity between MC3R and MC4R underscores the difficulties 
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associated with developing MC3R selective ligands. It has been previously proposed that 

there is an ionic interaction between the Arg8 of melanocortin peptides and the aspartate 

residues in TM3. (Asp122 and Asp126 in MC4R and Asp117 and Asp121 in MC1R) 

within the binding pocket are critical for α-MSH binding and function in both the MC4 

(242-243) and MC1 receptors (244), it is probable that analog residues in the MC3 

receptor (Asp154 and Asp158) play a role in α-MSH binding to the MC3 receptor as 

well. It therefore follows that the positioning of the aspartate residues may play a role in 

determining the MC3/MC4 selectivity of ligands. Studies by Nickolls et al. (246) also 

demonstrated that the spacing between the two aspartate residues play a small role in 

determining MC3/MC4 receptor selectivity. Asp122 and Asp126 theoretically both face 

into the binding pocket, since three to four amino acids is approximately one full turn in 

the presumed α-helical structure of the TM domains. One would anticipate that the 

difference in bulk of the isoleucine (MC4) versus phenylalanine (MC3) separating these 

residues would lead to a slightly different orientation of the aspartate residues in the 

binding pocket. It is here one can speculate that the C-terminal modification in the three 

templates: SHU9119, MBP10 and PG-951, is enhancing the orientations of the core 

residues, which enables them to more efficiently interact with the key residues in the 

binding pocket of the MC3R leading to increased MC3R selectivity.  

It has been theorized that ligand selectivity may be determined by residues outside the 

core region either through a selective interaction with different receptor subtypes and as 

mentioned earlier by altering or folding of the core sequence, or by a combination of 

both. Studies have shown a general concept for peptide receptor selectivity, in which the 
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major determinant for a selective receptor interaction is the conformational presentation 

of the core sequence in related peptides to the receptor-binding pocket (233). Oosterom et 

al. stated that residues outside the peptide core sequence can direct the conformation of 

the receptor interacting core sequence presented to the receptor-binding pocket, and 

thereby determine selectivity. There are several examples outside the melanocortin 

receptor system that emphasize the critical role of residues positioned outside the core of 

true contact residues, in determining selectivity of ligands to, for instance, opioid (234) 

and neuropeptide Y receptors (235).  

Determination of the molecular basis of ligand binding and receptor signaling should 

provide important insights into the mechanism of MC3R action. In the absence of a 

crystal structure of the MC3R or MC4R, free or in complex with a ligand, little is known 

about the exact orientation of MC3R and MC4 agonists in their binding pockets.  

Figure 3.1 Two-dimensional Representation of a Proposed Three-dimensional Model 

Illustrating the Synthetic Melanocortin NDP-α-MSH Docked Inside the MC4R  (239) 
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In Figure 3.1 two receptor binding pockets are hypothesized (239). The first is a 

predominantly ionic pocket formed by Glu100, Asp122, and Asp126. The second 

hydrophobic pocket is formed by aromatic residues Trp258, Phe261, and His264 in TM6.  

When comparing the docked NDP-α-MSH 3D structure in the MC3R (Figure 3.2) with 

the most MC3R selective ligand, analog 20 (Figure 3.9), one can see that in both cases 

the Trp9 residue has oriented itself away from Arg8. And when comparing these two to 

NDP-α-MSH 3D structure in MC4R (Figure 3.1), one can clearly see the Trp9 and Arg8 

are pointing in a similar direction and in closer proximity to each other. While, on the 

other hand the DPhe7 appears to point away from Arg8 in both the MC3R and MC4R 

ligand docking. The large differences in residue orientation of Trp9 relative to Arg8 in 

each MCR subtype can be a contributing factor towards MC3R selectivity.  

Figure 3.2 Two-dimensional Representation of a Proposed Three-dimensional Model 

Illustrating the Synthetic Melanocortin NDP-α-MSH docked inside the MC3R (239) 
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In Figure 3.2 two receptor binding pockets are hypothesized. The first is a predominantly 

ionic pocket formed by Asp154 and Asp 158. The second a hydrophobic pocket formed 

by aromatic residues in TM6. Phe 257, F258, and H298 are included. 

The findings discussed in this section may be crucial to increase our knowledge of 3D 

structure function relationships focused on the design of new potent MC3R selective 

ligands. 

The following sections show the results of studies into developing MC3R selective 

ligands by influencing the core pharmacophore residues using residues outside the core 

region, that is, through C-terminal modification.  

3.2 GPCR and Interpretation of Biological Data 

Figure 3.3 Activation cycle of a G-protein (purple) by a G-protein-coupled receptor 

(light blue) receiving a ligand (red) (247).   
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In Figure 3.3 one can see how an agonist interacts with the GPCR and illicits a biological 

response. In this particular case the light blue portion is the melanocortin receptor. The 

ligand induces a conformational change in the 7 transmembrane melanocortin receptor 

that enables interaction with the GPCR that stimulates numerous downstream signaling 

processes.  

In Figure 3.4 we see an example of a generic dose-response curve. Both curves are 

reaching a maximum height that indicates they are both full agonists (i.e. high level of 

efficacy). The green curve is shifted to the right which indicates that this particular ligand 

is less potent than the ligand represented by the blue curve. This means that more of the 

green ligand is required to reach a maximal biological response than the blue ligand. 

Figure 3.4 A typical dose-response curve for a more potent agonist(blue) and less 

potent agonist(green) (248). 
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Figure 3.5 EC50 of full agonist (A), partial agonists (B, C) and antagonist (D) (249). 

  

In Figure 3.5 one can see how to calculate the EC50 value (i.e. the concentration of the 

ligand that reaches 50% of the maximal biological response. The EC50 values can be 

clearly read by drawing a line horizontally from 50% of the height of each sigmoidal 

curve and then down to the x-axis where the concentration of ligand to reach 50% 

maximal biological response can be seen. The height of the curve is indicative of its 

efficacy. The highest being a full agonist (A), the lowest being an antagonist (D) and the 

curves in between being partial agonists (B,C) (i.e. does not give a maximal biological 

response). When observing a very large EC50 in an antagonist, it means the dose required 

to get the maximal bilological response is very large even though the efficacy is very low. 

For example, the percent maximum value of a particular peptide is maybe 10% of the 

maximum value of the MT-II and this means it’s classified as an antagonist. However, it 
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also has a large EC50 value. This just means the concentration of that peptide to reach 

50% of the 10% of maximum response is very high. In Figure 3.6 one can see a 

sigmoidal curve where the IC50 value represents the concentration of ligand required to 

displace 50% of bound radioactive I125-NDP-α-MSH.  

Figure 3.6 IC50 sigmoidal curve (250). 

 

Tables 3.1-3.4 summarize the binding affinities and the in vitro biological activities of the 

cyclic α-MSH analogs. Please note all ligands tested are compared to the super agonist 

melanotan II (MT-II).  

Analog 1 (c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2) (Table 3.2) with 

DPhe in position 7, Trp in position 9 and a Gly linker in position 11 was found to have 

the highest binding affinities at the MC1R and the MC5R (IC50 0.7 nM) followed by the 

MC3R (IC50 2.5 nM), and the least binding affinity at the MC4R (IC50 8.6 nM).  Analog 
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1 appears to be a full agonist at the MC1R (80% cAMP stimulation), a partial agonist at 

the MC3R (54% cAMP stimulation) and MC4R (57% cAMP stimulation) and a full 

antagonist at the MC5R. Analog 2 (c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Ala-Lys-Pro-Val-

NH2) with DPhe in position 7, Trp in position 9 and an Ala linker in position 11 was 

found to have the highest binding affinity at the MC5R (IC50 0.1 nM) followed by the 

MC1R (IC50 0.4 nM) and the MC3 (IC50 1.8 nM) and the MC4R with the least binding 

affinity (IC50 3 nM).  Analog 2 appears to be a full agonist at the MC1R (81% cAMP 

stimulation) and a partial agonist at the MC4R (60% cAMP stimulation), a full agonist at 

the MC3 (EC50 85 nM) and an antagonist at the MC5. Analog 3 (c[(CH2CO)2-DPhe-Arg-

Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2) with DPhe in position 7, Trp in position 9 and an 

Ala-Gly linker in positions 11 and 12 was found to have the highest binding affinity at 

the MC1R (IC50 0.3 nM) followed by the MC3R (IC50 0.4 nM) and then the MC4R (IC50 

0.67 nM) and the MC5R having least binding affinity (IC50 0.8 nM). Analog 3 appears to 

be a partial agonist at the MC4R (48% cAMP stimulation) and full agonists at the 

remaining receptors tested (78%, 75%, and 78% cAMP stimulation respectively). Analog 

4 (c[(CH2CO)2-DPhe-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2) with DPhe in position 7, 

Trp in position 9 and a β-Ala linker position 11 has the highest binding affinity at the 

MC3R (IC50 0.2 nM) followed by the MC5R (IC50 2 nM) followed by the MC1R (IC50 12 

nM) and the MC5R with the least binding affinity (IC50 17 nM).  Analog 4 appears to be 

a full agonist at the MC1R (EC50 0.7 nM) and partial agonist at the MC3R, MC4R and 

MC5R (74%, 68% and 60% cAMP respectively).  

Analog 5 c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2) (Table 3.2) with 
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DNal(2’) in position 7, Trp in position 9 and a Gly linker in position 11 has the highest 

binding affinity for the MC3R (IC50 0.64 nM) followed by the MC5R (IC50 5.9 nM) 

followed by the MC4R (IC50 57 nM) and the least binding affinity at the MC1R (IC50 280 

nM). Analog 5 appears to be a full agonist at the MC1R (EC50 1900 nM) and full 

antagonists at MC3, MC4R and MC5R. Analog 6 (c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-

Ala-Lys-Pro-Val-NH2 with DNal(2’) in position 7, Trp in position 9 and an Ala linker in 

position 11 has the highest binding affinity at the MC3R (IC50 2.5 nM) followed by the 

MC1R and MC5R (IC50 17 nM) and finally the MC4R (IC50 64 nM) with the lowest 

binding affinity. Analog 6 appears to be a full agonist at the MC1R (EC50 1330 nM) and 

antagonists at the MC3, MC4R and MC5R. Analog 7 (c[(CH2CO)2-DNal(2’)-Arg-Trp-

Lys]-Ala-Gly-Lys-Pro-Val-NH2 with DNal(2’) in position 7, Trp in position 9 and a Ala-

Gly linker in positions 11 and 12 has the highest binding affinity at the MC3R (IC50 4 

nM) followed by the MC5R (IC50 17 nM) followed by the MC4R (IC50 58 nM) and then 

the MC1R with the lowest binding affinity (455 nM). Analog 7 is a full agonist at the 

MC1R (EC50 313nM) and antagonists at the MC3, MC4R and MC5R. Analog 8 

(c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2 with DNal(2’) in position 7, 

Trp in position 9 and β-Ala in position 11 has the highest binding affinity at the MC3R 

(IC50 7.5 nM) followed by the MC5R (IC50 7.6 nM) followed by the MC4R (IC50 51 nM) 

and finally with the least binding affinity the MC1R (IC50 280 nM). Analog 8 is a full 

agonist at the MC1R (77% cAMP stimulation), and antagonists at the MC3R, MC4R and 

MC5R.   

Analog 9 (Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2) (Table 3.3) 
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with Nle in position 4, DNal(2’) in position 7, Trp in position 9 and a Gly linker in 

position 11 has its highest binding affinity at the MC3R (IC50 7.5 nM) followed by the 

MC5R (IC50 7.6 nM) followed by the MC4R (IC50 51 nM) and finally with the least 

binding affinity the MC1R (IC50 280 nM). Analog 9 is a full agonist at the MC1R (77% 

cAMP stimulation) and antagonists at the MC3R and MC4R and and the MC5R. Analog 

10 (Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2) with Nle in 

position 4, DNal(2’) in position 7 and an Ala linker in position 11 has its highest binding 

affinity at MC3R (IC50 5 nM) followed by the MC5R (IC50 7.6 nM) followed by the 

MC4R (IC50 11 nM) and finally the MC1R (IC50 13 nM) with the least binding affinity. 

Analog 10 is a full agonist at the MC1R (EC50 >3000nM), antagonists at the MC3R and 

MC4R and a partial agonist at the MC5R (21.5% cAMP stimulation). Analog 11 (Ac-

Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2) with Nle in position 4, 

DNal(2’) in position 7, Trp in position 9 and an Ala-Gly linker in position 11 and 12 has 

its highest binding affinity at the MC4R (IC50 1.6 M) followed by the MC5R (IC50 5.4 

nM) followed by the MC3R (IC50 7.9 nM) and finally with the lowest binding affinity the 

MC1R (IC50 9.5 nM). Analog 11 is a full agonist at the MC1R (EC50 >3000nM) and 

antagonists at the MC3 and MC4R and a partial agonist at the MC5R (22.5% cAMP 

stimulation). Analog 12 (Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-

NH2) with Nle in position 4, DNal(2’) in position 7, Trp in position 9 and a β-Ala linker in 

position 11 has its highest binding affinity at the MC4R (IC50 0.68 nM) followed by the 

MC5R (IC50 5.4 nM) followed by the MC3R (IC50 6 nM) and finally the MC1R with the 

lowest binding affinity (IC50 18 nM). Analog 12 is a full agonist at the MC1R (81% 
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cAMP stimulation) and antagonists at the MC3R, MC4R and MC5R.  

Analog 13 (Ac-Nle-[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Gly-Lys-Pro-Val-NH2) (Table 

3.3) with Nle in position 4, DNal(2’) in position 7, DTrp in position 9 and a Gly linker in 

position 11  has the highest binding affinity at the MC1R (IC50 0.6 nM), followed by the 

MC3R (IC50 5.3 nM) followed by the MC4R (IC50 10.4 nM) and the MC5R (IC50 46 

nM).), and appears to be a full agonist at the the MC1R (EC50 1.6 nM), a partial agonist at 

the MC4R (61% cAMP), and antagonists at the MC3R and MC5R.  Analog 14 (Ac-Nle-

[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Lys-Pro-Val-NH2) with Nle in position 4, 

DNal(2’) in position 7, DTrp in position 9 and an Ala linker in position 11 was found to 

have its highest binding affinity at the MC4R (IC50 0.3 nM), followed by the MC1R (IC50 

2.8 nM), followed by the MC3R (IC50 15 nM) and the MC5R (IC50 17 nM). It appears to 

be a full agonist at the MC1R (EC50 50 nM), an antagonist at the MC3R and MC5R and a 

partial agonist at the MC4R (47% cAMP). Analog 15 (Ac-Nle-[Asp-His-DNal(2’)-Arg-

DTrp-Lys]-Ala-Gly-Lys-Pro-Val-NH2) with Nle in position 4, DNal(2’) in position 7, 

DTrp in position 9 and an Ala-Gly linker in positions 11 and 12 has the highest binding 

affinity at the MC1R (IC50 3.2 nM) followed by the MC3R (IC50 8.2 nM), followed by 

the MC4R (IC50 45 nM) and finally the MC5R (IC50 1700 nM). It appears to be a full 

agonist at the MC1R (EC50 5.2 nM), a full antagonist at the MC3R and a partial agonist at 

the MC4R (48% cAMP stimulation) and the MC5R (33% cAMP stimulation).  

Analog 16 (Ac-Nle-[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Gly-Lys-Pro-Val-NH2) with 

Nle in position 4, DNal(2’) in position 7, DNal(2’) in position 9 and a Gly linker in 
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position 11 was found to have the highest binding affinity at the MC3R (IC50 5 nM), 

followed by the MC1R (IC50 5.2 nM) followed by the MC4R (IC50 12 nM) and the 

MC5R (IC50 423 nM). Analog 16 appears to be a full agonist at the MC1R (EC50 0.2 

nM), an antagonist at the MC3R, partial agonist at the MC4R (21% cAMP stimulation) 

and an antagonist at the MC5R. Analog 17 (Ac-Nle-[Asp-His-DNal(2’)-Arg-DNal(2’)-

Lys]-Ala-Lys-Pro-Val-NH2) with Nle in position 4, DNal(2’) in position 7, DNal(2’) in 

position 9 and an Ala linker in position 11 was found to have the highest binding affinity 

at the MC4R (IC50 2.1 nM) followed by the MC3R (IC50 4.9 nM) followed by the MC1R 

(IC50 13 nM) and the MC5R (IC50 200 nM). Analog 17 appears to be a full agonist at the 

MC1R (EC50 0.8 nM), a partial agonist at the MC4R (25% cAMP stimulation) and 

antagonists at the MC3R and MC5R. Analog 18 (Ac-Nle-[Asp-His-DNal(2’)-Arg-

DNal(2’)-Lys]-Ala-Gly-Lys-Pro-Val-NH2) with Nle in position 4, DNal(2’) in position 7, 

DNal(2’) in position 9 and an Ala-Gly linker in positions 11 and 12 was found to have the 

highest binding affinity at the MC1R (IC50 1.3 nM), followed by the MC4R (IC50 2.3 

nM), followed by the MC3R (IC50 2.6 nM) and finally the MC5R (IC50 520 nM) and 

appears to be full agonist at the MC1R (EC50 2.7 nM), and antagonists at the MC3R, 

MC4R and the MC5R.  

Analog 19 (H-DPhe-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Pro-Val-NH2) (Table 3.4) 

with DPhe in position 4, Pro in position 6, DPhe in position 7, Trp in position 9 and an 

Ala-Gly linker in positions 11 and 12 was found to have the highest binding affinity at 

the MC3R (IC50 0.6 nM), followed by the MC1R (IC50 0.8 nM), followed by the MC5R 

(IC50 2 nM) and finally the MC4R (IC50 7.6 nM). Analog 19 is a full agonist at the MC1R 
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(EC50 2 nM), the MC3R (EC50 38 nM) and the MC5R (EC50 0.1 nM) and a partial agonist 

at the MC4R (75% cAMP stimulation). Analog 20 (H-DNal(2’)-c[Asp-Pro-DPhe-Arg-

Trp-Lys]-Ala-Gly-Pro-Val-NH2) with DNal(2’) in position 4, Pro in position 6, DPhe in 

position 7, Trp in position 9 and an Ala-Gly linker in positions 11 and 12 was found to 

have the highest binding affinity at the MC3R (IC50 0.1 nM), followed by the MC1R 

(IC50 0.7 nM), followed by the MC5R (IC50 3 nM) and finally the MC4R (IC50 21.3 nM). 

Analog 20 is a full agonist at the MC1R (EC50 0.43 nM), MC3R (EC50 145 nM) and 

MC5R (EC50 0.1 nM) and the MC4R a partial agonist (67% cAMP stimulation). Analog 

20 is not only the most selective MC3R ligand overall it is also very potent. Analog 21 

(H-DNal(2’)-c[Asp-Pro-DPhe-Arg-Trp-Lys]-NH2) was used as a control for investigating 

the MC3R selectivity of Analog 20 and is discussed later. Analog 21 was found to have 

the highest binding affinity at the MC1R (IC50 1 nM), followed by the MC3R and MC5R 

(Both IC50 2 nM) and finally the MC4R (IC50 4 nM). Analog 21 is an agonist at all 

melanocortin receptors.  
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Table 3.1 Biological Data of MT-II, SHU9119 And MBP10 

No. Sequence hMC1R hMC3R hMC4R hMC5R 

  
IC50 

(nM) 
EC50 
(nM) 

% 
max 

IC50 

(nM) 
EC50 
(nM) 

% 
max 

IC50 

(nM) 
EC50 
(nM) 

% 
max 

IC50 

(nM) 
EC50 
(nM) 

% 
max 

MT-II Ac-Nle-c[Asp-His-DPhe-Arg–Trp-
Lys-]NH2 0.2 0.3 100 1.25 1.85 100 1.07 2.87 100 7.47 3.3 100 

SHU9119 Ac-Nle-c[Asp-His-DNal(2’)-Arg–
Trp-Lys]-NH2 0.2 0.3 100 1.9 NA NR 1.07 2.87 NR 3 3.3 97 

MBP 
10 

c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-
NH2 ND ND ND 150 NA NR 0.50 NA NR 540 530 NR 

 

Table 3.2 Biological Data of C-terminally modified MBP10 analogs     

 

No. Sequence 

hMC1R hMC3R hMC4R hMC5R 
IC50 

(nM) 
EC50 

(nM) 
% 

max 
IC50 

(nM) 
EC50 

(nM) 
% 

max 
IC50 

(nM) 
EC50 

(nM) 
% 

max 
IC50 

(nM) 
EC50 

(nM) 
% 

max 

1 
c[(CH2CO)2-DPhe-Arg-Trp-Lys]-

Gly-Lys-Pro-Val-NH2 
0.4 1.2 81 1.8 85 95 3 2 60 0.1 NA NR 

2 c[(CH2CO)2-DPhe-Arg-Trp-Lys]-
Ala-Lys-Pro-Val-NH2 0.7 2 80 2.5 13 54 8.6 0.3 57 0.7 NA NR 

3 c[(CH2CO)2-DPhe-Arg-Trp-Lys]-
Ala-Gly-Lys-Pro-Val-NH2 0.3 1 78 0.4 81 75 0.67 100 48 0.8 6.3 78 

4 c[(CH2CO)2-DPhe-Arg-Trp-Lys]-β-
Ala-Lys-Pro-Val-NH2 12 0.7 100 0.2 272 74 17 95 68 2 5.7 60 

5 c[(CH2CO)2-DNal(2’)-Arg-Trp-
Lys]-Gly-Lys-Pro-Val-NH2 280 1900 100 0.64 NA NR 57 NA NR 5.9 118 7.4 

6 c[(CH2CO)2-DNal(2’)-Arg-Trp-
Lys]-Ala-Lys-Pro-Val- NH2 17 1330 100 2.5 NA NR 64 NA NR 17 220 6.8 

7 c[(CH2CO)2-DNal(2’)-Arg-Trp-
Lys]-Ala-Gly-Lys-Pro-Val-NH2 455 313 98 4 NA NR 58 NA NR 17 966 10.3 

8 c[(CH2CO)2-DNal(2’)-Arg-Trp-
Lys]-β-Ala-Lys-Pro-Val-NH2 280 >6000 77 7.5 NA NR 51 NA NR 7.6 3.82 10.2 
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Table 3.3  Biological Data of C-terminally modified SHU9119 analogs 

No. Sequence 
hMC1R hMC3R hMC4R hMC5R 

IC50 
(nM) 

EC50 

(nM) 
% 

max 
IC50 

(nM) 
EC50 

(nM) 
% 

max 
IC50 

(nM) 
EC50 

(nM) 
% 

max 
IC50 

(nM) 
EC50 

(nM) 
% 

max 

9 
Ac-Nle-c[Asp-His-DNal(2’)-Arg-
Trp-Lys]-Gly-Lys-Pro-Val-NH2 

13 >3000 97 5 NA NR 11 NA NR 7.6 71.9 21.5 

10 
Ac-Nle-c[Asp-His-DNal(2’)-Arg-
Trp-Lys]-Ala-Lys-Pro-Val-NH2 9.5 >3000 97 7.9 NA NR 1.6 NA NR 5.4 1960 22.5 

11 Ac-Nle-c[Asp-His-DNal(2’)-Arg-
Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 

18 520 81 6 NA NR 0.68 NA NR 5.4 698 11.5 

12 Ac-Nle-c[Asp-His-DNal(2’)-Arg-
Trp-Lys]-β-Ala-Lys-Pro-Val-NH2 2.1 3 100 1.1 NA NR 2 NA NR 5 7 100 

13 Ac-Nle-[Asp-His-DNal(2’)-Arg-
DTrp-Lys]-Gly-Lys-Pro-Val-NH2 0.6 1.6 96 5.3 350 5 10 200 61 46 410 11 

14 Ac-Nle-[Asp-His-DNal(2’)-Arg-
DTrp-Lys]-Ala-Lys-Pro-Val-NH2 2.8 50 100 15 410 12 0.3 65 47 17 405 13 

15 Ac-Nle-[Asp-His-DNal(2’)-Arg-
DTrp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 3.2 5.2 100 8.2 100 9 45 220 48 1700 1400 33 

16 Ac-Nle-[Asp-His-DNal(2’)-Arg-
DNal(2’)-Lys]-Gly-Lys-Pro-Val-NH2 13 0.8 100 4.9 270 6 2.1 37 25 200 260 5 

17 Ac-Nle-[Asp-His-DNal(2’)-Arg-
DNal(2’)-Lys]-Ala-Lys-Pro-Val-NH2 1.3 2.7 100 2.6 1500 8 2.3 22 13 520 1690 14 

18 
Ac-Nle-[Asp-His-DNal(2’)-Arg-

DNal(2’)-Lys]-Ala-Gly-Lys-Pro-Val-
NH2 

5.2 0.2 99 5.0 270 4 12 26 21 423 376 7 
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Table 3.4 Binding Affinities and cAMP Activities of C-terminally modified PG-951 analogs 

No. Sequence 
hMC1R hMC3R hMC4R hMC5R 

IC50 
(nM) 

EC50 

(nM) 
% 

max 
IC50 

(nM) 
EC50 

(nM) 
% 

max 
IC50 

(nM) 
EC50 

(nM) 
% 

max 
IC50 

(nM) 
EC50 

(nM) 
% 

max 

19 
H-DPhe-c[Asp-Pro-DPhe-Arg-Trp-

Lys]-Ala-Gly-Pro-Val-NH2 
0.8 2 100 0.6 38 90 7.6 310 75 2 0.1 100 

20 H-DNal(2’)-c[Asp-Pro-DPhe-Arg-
Trp-Lys]-Ala-Gly-Pro-Val-NH2 0.7 0.43 100 0.1 145 100 21.3 470 67 3 0.1 100 

21 
H-DNal(2’)-c[Asp-Pro-DPhe-Arg-

Trp-Lys]- NH2 1.0 ND 100 2.0 ND 100 4.0 ND 100 2.0 ND 100 

PG-951 
H-DPhe-c[Asp-Pro-DPhe-Arg-Trp-

Lys]-NH2 ND ND ND 3.7 4.87 61 700 NA 0 1100 >1000 0 

aIC50 = concentration of peptide at 50% specific binding (N = 4). EC50 = effective concentration of peptide that was able to generate 50% 

maximal intracellular cAMP accumulation (N= 4). %max effect = % cAMP produced at 10 μM ligand concentration, in relation to MT-II. 

NA= no activity (0% cAMP accumulation observed at 10 μM). NR= no biological response at all concentrations tested. ND= no data. The 

peptides were tested at a range of concentration from 10-10 to 10-5 M.  
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3.3 MBP10 Analog Comparisons (1-8) 

As stated in section 3.1 it has been found that the MC3R and the MC4R share 58% 

overall amino acid identity and 76% similarity. This high level of similarity between 

MC3R and MC4R is key to the difficulties associated with developing MC3R selective 

ligands. Thus it is important to carefully examine the similarities and differences in the 

SARs of ligands between the MC3R and the MC4R. When comparing analog 1 

(c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2) to its predecessor MBP10 

((c[(CH2CO)2-DPhe-Arg-Trp-Lys]-NH2) (146) one can see it becomes a partial agonist at 

MC4, which isn’t completely surprising since DNal(2’) in position 7 has been replaced 

with DPhe. Analog 1 has a glycine linker and is 1.7 times selective for MC3R over 

MC4R, which is negligible. When comparing analog 2 (c[(CH2CO)2-DPhe-Arg-Trp-Lys]-

Ala-Lys-Pro-Val-NH2) one can see that it is once again a partial agonist at MC4R due to 

DPhe in position 7.  Analog 2 is 3.5 times more selective for MC3R over MC4R, which is 

also negligible. When comparing Analog 3 (c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Ala-Gly-

Lys-Pro-Val-NH2) one can see again the partial agonist character at MC4R. Analog 3 is 

1.7 times more selective for MC3R over MC4R, which is negligible. When comparing 

analog 4 (c[(CH2CO)2-DPhe-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2) one can see that it is 

once again a partial agonist at MC4R due to DPhe in position 7. Analog 4 is 85-fold more 

selective for MC3R over MC4R. Analog 5 (c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Gly-

Lys-Pro-Val-NH2) contains DNal(2’) in position 7 so it unsurprisingly has antagonistic 

activity. Analog 5 is 89-fold more selective for the MC3R over the MC4R, giving 

credence to the theory that C-terminal modification is indeed influencing MC3R 
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selectivity. Analog 6 (c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2) 

contains DNal(2’) in position 7 so it has antagonistic activity. Analog 6 is 26-fold more 

selective for MC3R over MC4R. Analog 7 (c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Ala-Gly-

Lys-Pro-Val-NH2) contains DNal(2’) in position 7 so it has antagonistic activity. Analog 7 

is 15-fold more selective for MC3R over MC4R. Analog 8 (c[(CH2CO)2-DNal(2’)-Arg-

Trp-Lys]-β-Ala-Lys-Pro-Val-NH2) contains DNal(2’) in position 7 so it has antagonistic 

activity. Analog 8 is 7-fold more selective for MC3R over MC4R. Although not as 

selective as analog 5, analogs 6-8 are more selective for the MC3R over the MC4R 

giving further credence for the influence of C-terminal modification for MC3R 

selectivity.  

3.4 SHU9119 Analog Comparisons (9-18) 

When comparing analog 9 (Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Gly-Lys-Pro-Val-

NH2) to its predecessor SHU9119 (Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-NH2) (95) 

both are antagonists. Analog 9 produces negligible selectivity for MC3R over MC4R (≈ 

2-fold). When comparing analog 10 (Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Lys-

Pro-Val-NH2) to its predecessor SHU9119 both are antagonists. In the case of SHU9119 

the selectivity between MC3R and MC4R is negligible (Table 3.3). Analog 10 produces 

slightly better selectivity for MC4R over MC3R (≈ 5-fold). By replacing the Trp9 in 

analog 9 with DTrp9 analog 13 (Ac-Nle-[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Gly-Lys-Pro-

Val-NH2) was produced.  In this case the antagonistic activity at MC3R is maintained, 

but turns into a partial agonist at MC4R (61% cAMP stimulation). This could be 

attributed to the change in chirality at Trp9. The selectivity of analog 13 for MC3R over 
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MC4R is essentially the same as for SHU9119 (≈2-fold). When replacing the Trp9 in 

analog 10 with DTrp9, analog 14 (Ac-Nle-[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Lys-

Pro-Val-NH2) is produced. As is the case with analog 13, it maintains its antagonistic 

character at MC3R and becomes a partial agonist at MC4R (47% cAMP stimulation) and 

antagonist at the MC5R. The selectivity in this case changes, becoming 50-fold more 

selective for MC4R over MC3R. Possibly the increased steric hindrance from the Ala 

linker methyl group has increased its preference towards MC4R. When replacing the Trp9 

in analog 11 (Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2) with 

DTrp9, analog 15 (Ac-Nle-[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Gly-Lys-Pro-Val-NH2) 

is produced. Analog 15 once again maintains its antagonistic character at MC3R but is a 

partial agonist at MC4R (48% cAMP stimulation). It’s interesting to note that analog 15 

with an Ala-Gly linker has a 5.5 fold selectivity for MC3R over MC4R, a slight reversal 

from analog 14. Perhaps the longer linker in this case enables the KPV portion to interact 

with the residues on the SHU9119 portion in a way it is not able to with a shorter linker.  

By replacing the Trp9 in Analog 9 with DNal(2’)9, analog 16 (Ac-Nle-[Asp-His-DNal(2’)-

Arg-DNal(2’)-Lys]-Gly-Lys-Pro-Val-NH2) is produced. It remains an antagonist at MC3R 

and a partial agonist at MC4R (25% cAMP stimulation). It’s selectivity for MC3R over 

MC4R is only marginal (≈2.5-fold). By replacing Trp9 in analog 10 with DNal(2’)9, 

analog 17 (Ac-Nle-[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Ala-Lys-Pro-Val-NH2) is 

produced. Analog 17 maintains its antagonistic character at MC3R and MC4R. This 

analog has an Ala linker as in analog 10 but in this case has negligible selectivity for 

MC4R over MC3R. By replacing Trp9 in analog 11 with DNal(2’)9, analog 18 (Ac-Nle-
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[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Ala-Gly-Lys-Pro-Val-NH2) is produced. Analog 18 

maintains its antagonistic properties at MC3R and partial agonist characteristics at 

MC4R. The selectivity for the MC3R over the MC4R is negligible. It seems that in all 

SHU9119 analogs, an Ala linker produces a slightly better MC4R selective ligand. In the 

case of Gly and Ala-Gly linkers there does not appear to be a discernable pattern to MC 

selectivity. Therefore in those cases, factors other than the linker are influencing 

selectivity. Analog 13 appears to have become a partial agonist at the MC4R (61% cAMP 

stimulation). It has two-fold selectivity for the MC3R over the MC4R, maintaining its 

antagonistic properties at the MC3R. This is in opposition to earlier research by Hruby et 

al. where the DNal(2’) in position 7 causes SHU9119 to act as an antagonist at both the 

MC3 and the MC4R receptors (95). Analog 13 has the highest affinity for the MC1R and 

least affinity for the MC5R.  In comparison to SHU9119, analog 13 maintains its agonist 

properties at the MC1R while becoming an antagonist at the MC5R. Analog 14 is 50-fold 

more selective for the MC4R over the MC3R. However it maintains its antagonistic 

characteristics at MC3R while becoming a partial agonist at the MC4R (47% cAMP 

stimulation). Analog 14 maintains its agonist function at the MC1R while becoming an 

antagonist at the MC5R. Analog 14 is most selective for the MC4R selective vs. the 

MC3R (50-fold).  Analog 15 maintains its antagonistic properties at the MC3R while it 

becomes a partial agonist at the MC4R (48% cAMP stimulation). Analog 15 is clearly the 

most promising MC3R selective antagonist in the SHU9119 derivative series of 

compounds (7-fold more selective for MC3R over MC4R). This is in agreement with the 

work of Grieco et al. (166) with regards to the effects of DTrp increasing MC3R 
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selectivity. However this isn’t the case in analogs 13 and 14 so obviously there are other 

effects to be taken into account when it comes to analog 15 being the most promising 

candidate for further studies into developing a MC3R highly selective antagonist. It is 

interesting to note in this case that the analog that is the most selective for the MC3R 

over the MC4R is the one with the longest linker (Ala-Gly). These possible effects are 

discussed below in the computational chemistry section (Figure 3.7). Analog 16 is most 

selective at the MC4R where it is a partial agonist (25% cAMP stimulation) and least 

affinity at the MC5R where it is an antagonist. Analog 16 is 2-fold (negligible) more 

selective for the MC4R over the MC3R, maintaining antagonistic properties at the 

MC3R. Analog 16 remains a full agonist at MC1R. Analog 16 appears to have highest 

affinity for the MC4R and the least affinity for the MC5R. It remains an agonist at the 

MC1R while becoming an antagonist at the MC5R. Analog 17 has negligible selectivity 

for MC4R over MC3R, while maintaining antagonistic characteristics at MC3R and 

MC4R. Analog 17 has the highest affinity at the MC1R while it’s least potent at the 

MC5R and maintains its agonist character at the MC1R while becoming an antagonist at 

the MC5R. Analog 18 has approximately equal affinity at the MC3R and the MC4R and 

is an antagonist at MC3R and a partial agonist at MC4R (21% cAMP stimulation).  

3.5 PG-951 Analog Comparisons (19-21) 

When comparing analog 19 (H-DPhe-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Pro-Val-

NH2) with PG-951 (H-DPhe-c[Asp-Pro-DPhe-Arg-Trp-Lys]-NH2) (210), which has the 

addition of an Ala-Gly linker and addition of Pro-Val-NH2 to the C-terminus, can be seen 
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that the PG-951 analog is converted from a partial agonist (61% cAMP stimulation) to a 

full agonist (90% cAMP stimulation) at the MC3R.  At MC4R Analog 19 causes PG-951 

to be converted from an antagonist to a full agonist (75% cAMP stimulation). A 12.5-fold 

selectivity for MC3 over MC4 is seen in the case of analog 19. In the case of analog 20 

(H-DNal(2’)-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Pro-Val-NH2), which is also based 

on PG-951 (210), in addition to C-terminal modification, the DPhe in position 4 is 

replaced with DNal(2’). This produces the most promising MC3R selective agonist 

overall. Analog 20 converts PG-951 from a partial agonist (61% cAMP stimulation) to a 

full agonist (100% cAMP stimulation) at the MC3R. There is a 210-fold selectivity for 

the MC3R over the MC4R in the case of analog 20 and in the case of PG-951, a 189 fold 

selectivity for MC3 over MC4. One can speculate that the addition of the linker and the 

Pro-Val-NH2 dipeptide is responsible for this huge increase in selectivity. It should be 

noted in this case that the original intention for analogs 19 and 20 was to link PG-951 and 

PG-951 modified at position 4 to the sequence Lys-Pro-Val-NH2. However, due to a 

miscommunication the Lys was left out. Fortunately because of this mistake, the most 

promising MC3 selective agonist was serendipitously discovered, that being analog 20. 

The only difference between analogs 19 and 20 being a change from DPhe to the more 

hydrophobic and sterically bulky DNal(2’). Analog 21 (H-DNal(2’)-c[Asp-Pro-DPhe-Arg-

Trp-Lys]-NH2) was created as a control for SAR studies on analog 20. 
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Table 3.5a Physio-chemical Characterization of Ligands (1-8) 

 

Table 3.5 contains the physio-chemical characterization data for all 21 peptides. The 

mass spectrometry (MS) was calculated using both ChemDraw and Protein Prospector 

and analyzed using the MS technique described in section 4.2. TLC was performed in 

three different solvent systems: a: n-butanol/acetic acid/water/pyridine (4:1:2:1); b: n-

butanol/acetic acid/water (4:1:1); c: ethyl acetate/acetic acid/water/pyridine (5:1:3:5). 

HPLC was performed as described in section 4.2. 

 

 

 

No. Sequence m/z (M + 1) 

calcd         obsd* 
TLCa TLCb TLCc 

HPLC 

retention
time 

(mind) 

1 
c[(CH2CO)2-DPhe-Arg-Trp-
Lys]-Gly-Lys-Pro-Val-NH2 1098.62 1098.63 0.300 0.053 0.529 10.350 

2 
c[(CH2CO)2-DPhe-Arg-Trp-
Lys]-Ala-Lys-Pro-Val-NH2 

1112.64 1112.64 0.400 0.167 0.552 10.481 

3 
c[(CH2CO)2-DPhe-Arg-Trp-
Lys]-Ala-Gly-Lys-Pro-Val-

NH2 
1169.66 1169.60 0.334 0.111 0.600 10.426 

4 
c[(CH2CO)2-DPhe-Arg-Trp-
Lys]-β-Ala-Lys-Pro-Val-NH2 

1112.67 1112.50 0.270 0.064 0.578 10.295 

5 
c[{CH2C(O)}2-DNal(2’)-Arg-
Trp-Lys]-Gly-Lys-Pro-Val-

NH2 
1148.64 1148.50 0.445 0.233 0.640 12.043 

6 
c[{CH2C(O)}2-DNal(2’)-Arg-
Trp-Lys]-Ala-Lys-Pro-Val- 

NH2 
1162.66 1162.50 0.436 0.390 0.672 12.342 

7 
c[{CH2C(O)}2-DNal(2’)-Arg-
Trp-Lys]-Ala-Gly-Lys-Pro-

Val-NH2 
1219.66 1219.60 0.447 0.196 0.968 12.108 

8 
c[{CH2C(O)}2-DNal(2’)-Arg-
Trp-Lys]-β-Ala-Lys-Pro-Val-

NH2 
1162.66 1162.50 0.325 0.394 0.767 12.000 
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Table 3.5b Physio-chemical Characterization of Ligands (9-18) 

No. Sequence 
m/z (M + 1) 

calcd         obsd* 
TLCa TLCb TLCc 

HPLC 

retention 
time 

(mind) 

9 
Ac-Nle-c[Asp-His-DNal(2’)-

Arg-Trp-Lys]-Gly-Lys-Pro-Val-
NH2 

1455.82 1455.50 0.371 0.323 0.917 13.122 

10 
Ac-Nle-c[Asp-His-DNal-Arg-

Trp-Lys]-Ala-Lys-Pro-Val-NH2 
 

1469.82 1469.70 0.289 0.036 0.906 13.261 

11 
Ac-Nle-c[Asp-His-DNal(2’)-

Arg-Trp-Lys]-Ala-Gly-Lys-Pro-
Val-NH2 

1526.75 1526.70 0.275 0.034 0.949 13.021 

12 

Ac-Nle-c[Asp-His-DNal(2’)-
Arg-Trp-Lys]-β-Ala-Lys-Pro-

Val-NH2 
 

1469.82 1469.50 0.231 0.029 0.849 12.986 

13 
Ac-Nle-[Asp-His-DNal(2’)-

Arg-DTrp-Lys]-Gly-Lys-Pro-
Val-NH2 

1455.8 1455.8 0.794 0.734 0.914 12.080 

14 
Ac-Nle-[Asp-His-DNal(2’)-

Arg-DTrp-Lys]-Ala-Lys-Pro-
Val-NH2 

1469.8 1469.6 0.539 0.065 0.942 11.864 

15 
Ac-Nle-[Asp-His-DNal(2’)-
Arg-DTrp-Lys]-Ala-Gly-Lys-

Pro-Val-NH2 
1526.8 1526.5 0.500 0.056 0.902 12.033 

16 
Ac-Nle-[Asp-His-DNal(2’)-
Arg-DNal(2’)-Lys]-Gly-Lys-

Pro-Val-NH2 
1466.8 1466.5 0.576 0.053 0.898 12.083 

17 
Ac-Nle-[Asp-His-DNal(2’)-
Arg-DNal(2’)-Lys]-Ala-Lys-

Pro-Val-NH2 
1480.8 1480.6 0.619 0.045 0.896 12.610 

18 
Ac-Nle-[Asp-His-DNal(2’)-
Arg-DNal(2’)-Lys]-Ala-Gly-

Lys-Pro-Val-NH2 
1537.8 1537.5 0.611 0.081 0.917 12.255 
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Table 3.5c Physio-chemical Characterization of Ligands (19-21) 
 

No. Sequence 
m/z (M + 1) 

calcd         obsd* 
TLCa TLCb TLCc 

HPLC 
retention 

time 

(mind) 

19 
H-DPhe-c[Asp-Pro-DPhe-Arg-
Trp-Lys]-Ala-Gly-Pro-Val-NH2 

1300.7
0 

1300.60 0.419 0.189 0.684 11.765 

20 
H-DNal(2’)-c[Asp-Pro-DPhe-

Arg-Trp-Lys]-Ala-Gly-Pro-Val-
NH2 

1350.7
1 

1350.50 0.436 0.098 0.700 13.092 

21 
H-DNal(2’)-c[Asp-Pro-DPhe-

Arg-Trp-Lys]-NH2 
1026.5

3 
1026.50 0.625 0.387 0.778 14.958 

*Masses confirmed by by high resolution electrospray ionization (ESI) mass-spectrometry. TLC 

system a: n-butanol/acetic acid/water/pyridine (4:1:2:1); b: n-butanol/acetic acid/water (4:1:1); c: 

ethyl acetate/acetic acid/water/pyridine (5:1:3:5). d;  HPLC column: Vydac 218TP104, 4.6 mm X 

250 mm , 7 um; HPLC solvent A, 0.1% TFA in water; solvent B, acetonitrile; gradient 10-100% 

B in A over 30 min, flow rate 1.0 mL/min at 230nm. 

3.6 Computational Chemistry 

Note: All angles discussed are in degrees. 

Computational methods in conjunction with molecular modeling are a very useful tool in 

peptide and peptidomimetic design considerations (97), with the caveat that for novel 

structures, current force fields might not give a completely accurate picture of the 

structure or energetics of the ligands (for detailed computational chemistry procedures 

see section 4.6). Recent conformation-activity relationship studies also have yielded some 

important structural clues for development of MC3R-selective ligands. Ying et al. 

determined that solution structures of the non-selective agonist MT-II, MC3R/MC4R 

antagonist SHU9119, MC4R-selective agonist VJH085 (c[CO(CH2)2CO-His6-DPhe7-

Arg8-Trp9-Lys10]-NH2) and hMC3R-selective antagonist MK-9 (c[CO(CH2)2CO-His6-

DNal(2’)7-Arg8-Trp9-Lys10]-NH2) all feature β-turn-like motifs spanning the His6 and 

DPhe/DNal(2′)7 residues (229). As mentioned earlier, this structural feature was 
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hypothesized to be very important for receptor-ligand recognition and interaction. Grieco 

et al. had found that replacement of the His6 residue in SHU9119 template with a variety 

of conformationally constrained amino acids leads to substantially improved receptor 

selectivity (175). On the basis of these results, Grieco et al. suggested that the 

improvement in receptor selectivity was due to differences between the hMC3R and 

hMC4R binding pockets, which are able to accommodate amino acid residues with 

different conformational profiles. Mayrov et al. produced several potent and selective 

hMC3R agonists and hMC3R/hMC5R antagonists by placing a bulky hydrophobic Nle 

residue next to the melanocortin pharmacophore Xaa6-Phe7-Arg8-Trp9 in a cyclic γ-MSH-

derived template. The observed hMC3R selectivity was attributed to steric interference 

between the Nle4 side chain and the Arg7 binding space, based on MCMM-LMCS/OPLS-

AA simulations, as well as relatively high rigidity of the 20-membered cyclic lactam 

template (231). Understanding the conformation-activity relationships of biologically 

active peptides can provide important guidance in the design of peptide drugs and 

accelerate the process from native peptides to biologically active peptide drug or to 

peptidomimetics and small molecules. Molecular modeling studies by Mayorov et al. 

(231) theorized the presence of two putative contiguous but different pockets in the 

MC3R and MC4R subtypes, where the different conformationally constrained residues 

can be accommodated. This possibility could explain the different profiles of selectivity 

observed for this series of peptides at the two melanocortin receptor subtypes hMC3R 

and hMC4R (231). 
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3.7 Docking Studies Illuminate the Similarities and Differences between Agonism 

versus Antagonism  

Docking studies by Grieco et al. to determine receptor interaction differences between 

the non-selective MC3R/MC4R antagonist SHU9119 and the agonist MT-II on the 

MC4R have been performed (237). The molecular dynamic simulations indicated that 

SHU9119 positioning within the MC4R is similar to that observed for the super agonist, 

MTII. In particular, backbone atoms of MTII and SHU9119 are almost superimposable 

lying inside the (transmembrane) TM2-TM7 bundle. Also the side chains of the 

positively charged residues His6 and the Arg8 show the same orientation. In contrast, the 

DNal(2’)7 and Trp9 binding pockets are quite different compared to those of the 

corresponding residues of MTII. These differences depend on the different orientations of 

the DNal(2’)7 and Trp9 side chains and on the movement of TM6 during activation (238). 

In the SHU9119/MC4R complex the DNal(2’)7 prefers a gauche+ orientation due to steric 

interaction with Leu133, while in the MTII/MC4R complex the DPhe7 side chain could 

adopt a trans orientation.. Furthermore, the Χ2 torsion angle of Trp9 rotates from 9.7 

degrees in the MTII/MC4R to -56.0 degrees in SHU9119/MC4R. Interestingly, the 2’-

naphthalene and indole moieties of SHU9119 show many van der Waals interactions with 

hydrophobic residues of the TM6 helix, which could stabilize the inactive state of the 

MC4R. As a matter of fact, different groups have proposed that large aromatic side chain 

substitutions at the Phe7 position of α-MSH analogs can interfere with MC4R activation 

by interacting with receptor residues within TM6, physically hindering the 

conformational changes necessary to elicit full efficacy (171, 330). 
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3.8 SHU9119 (Ac-Nle4-c[Asp5-His6-DNal(2’)7-Arg8-Trp9-Lys10]-NH2) Dihedral Angle 

Comparisons 

Table 3.6 below shows a dihedral angle comparison of MTII, SHU9119 and the most 

MC3R selective C-terminally modified SHU9119 analog, 15. The macromodeling studies 

on Maestro show that the β-turn is from the N-terminal of DNal(2’)7 through His6 and to 

the carboxy terminus of aspartic acid. A γ-turn is also formed in the C-terminally 

modified portion of the ligand. One can infer that the proximity of the C-terminal side 

chain to the DNal(2’)7 side chain might be one of the primary causes of the unusual 

dihedral angles in the DNal(2’)7 and quite possibly a contributing factor towards its 

selectivity towards the MC3R as can be seen in Figure 3.7. Of course analogs without the 

C-terminal modification will be required to be synthesized to increase the validity of this 

hypothesis.  

Table 3.6 Dihedral Angle Comparison of Analog 15 (Largest differences in green)  

 

Upon analyzing and comparing the ϕ and ψ angles of the melanocortin super agonist 

MTII and the MC3/4 antagonist SHU9119 with analog 15 one sees the following trends: 

Focusing on the core pharmophore His6-DNal(2’)7/Phe7-Arg8-Trp9, the ϕ angle of His6 is -

108.4 in MTII, -90.4 in SHU9119 and -142 in analog 15. In this case the ϕ angle of 

 

 
His

6
 DPhe

7
/DNal(2’)

7
 Arg

8
 Trp

9
 

ϕ ψ ϕ ψ ϕ ψ ϕ ψ 

MTII -108.4 109.1 83.7 0.5 -122.3 89.8 -76.7 108.3 

SHU9119 -90.4 48.8 82.0 -6.0 -99.0 116.6 -78.6 111.1 

15 -142.0 17.4 143.3 11.4 -80.3 137.8 -84.9 136.5 

 His6 DPhe7/DNal7 Arg8 Trp9 

 Χ1 Χ2 Χ1 Χ2 Χ1 Χ2 Χ1 Χ2 

MTII -171.6 -102.0 66.0 -120.0 -63.4 170.0 -78.4 94.0 

SHU9119 100.1 -70.0 -60.4 178.0 -78.8 101.0 100.1 -70.0 

15 -163.3 -170.4 -46.1 -97.1 -56.6 -173.9 -75.9 23.9 
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analog 15 is closer to that of MTII. This however is likely to only be affecting the binding 

and not the selectivity since MTII is an agonist and analog 15 is an antagonist. The ψ 

angle of His6 is 109.1 in MTII, 48.8 in SHU9119 and 17.4 in analog 15. In this case the ψ 

angle of MTII creates a large difference in 3D topography compared to SHU9119, 

potentially having an effect on the fact that MTII is an agonist and SHU9119 is an 

antagonist. The ψ angle of Analog 15 is closer to SHU9119 and could be part of the 3D 

topography leading to analog 15 behaving as an antagonist. In the case of DNal(2’)7/DPhe7 

the ϕ angle of MTII is 83.7, 82.0 in SHU9119 and 143.3 in analog 15. Here one can 

clearly see that since MTII and SHU9119 have similar angles so the angle of analog 15 is 

unlikely to be affecting its propensity towards antagonism. This is much more likely to be 

a factor in analog 15 and its increased selectivity as an antagonist towards the MC3R than 

SHU9119. The ψ angle for MTII is 0.5, -6.0 for SHU9119 and 11.4 for analog 15. These 

angles are rather similar and are more likely attributable to other factors such as receptor 

binding. In the case of Arg8, the ϕ angle of MTII is -122.3, -99.0 for SHU9119 and -80.3 

for analog 15. This angle might be more responsible for binding and a propensity towards 

antagonism as well based on the fact that the angles for SHU9119 and analog 15 are 

closer. In the case of the ψ angle, it’s 89.8 for MTII, 116.6 for SHU9119 and 137.8 for 

analog 15. The angle for analog 15 is closer to SHU9119 so that could be an explanation 

for its antagonism, but it’s different enough that this angle could be used to explain its 

increased selectivity for MC3R over SHU9119. In the case of Trp9, the ϕ angle of MTII 

is -76.7, -78.6 for SHU9119 and for analog 15. These three values are very close to each 

other and would be affecting binding propensity and little have affect on degree of 
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antagonism or selectivity. The ψ angle for MTII is 108.3, 111.1 for SHU9119 and 136.5 

for analog 15. The ψ angles are very similar for MTII and SHU9119 so it’s likely they 

explain only the binding propensity of those two ligands. Analog 15 is different enough 

from both of them that the angle could also be used to explain MC3R selectivity of the 

analog 15 over SHU9119.  

When examining the χ1 angles of the three ligands one can determine the following 

trends: In the case of His6 the χ1 angle for MTII is -171.6, -53.2 for SHU9119 and -163.3 

for analog 15. Here one can infer that this particular angle has mostly to do with binding 

and less to do with the propensity for antagonism of analog 15 and its selectivity, since 

MTII and analog 15 have similar angles. In the case of DNal(2’)7/DPhe7 the χ1angle for 

MTII is 66.0, 100.1 for SHU9119 and -46.1. Due to the large difference in χ angles 

between SHU9119 and analog 15 one can conclude that this particular χ angle is 

important in the MC3R selectivity of analog 15 over SHU9119. In the case of Arg8 the χ1 

angle for MTII is -63.4, -60.4 and -56.6 for analog 15. Due to the similarity between the 

three χ1 angles one might infer here that this angle is affecting mostly the binding to the 

receptor. In the case of Trp9, the χ1 angle for MTII is -78.4, -78.8 for SHU9119 and -75.9 

for analog 15. Here it is also seen that the three χ1 angles are very similar so it is likely 

that this angle is affecting mostly the receptor binding. The χ2 angle of His6 for MTII is -

102.0, 112.0 for SHU9119 and -170.4 for analog 15. Because the angle for analog 15 is 

so vastly different from MTII and SHU9119, one can infer a possible connection to 

increased MC3R selectivity. In the case of DNal(2’)7/DPhe7 the χ2 angle for MTII is -

120.0, -70.0 for SHU9119 and -97.1 for analog 15. There isn’t as much variation in this 
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particular angle leading one to conclude that it has more to do with binding and little to 

do with selectivity. In the case of Arg8, the χ2 angle for Arg8 is 170.0, 178 for SHU9119 

and -173.9 for analog 15. There is essentially no difference in χ2 angle for analog 15 

compared to MTII and SHU9119, so it’s unlikely to be a factor in the MC3R selectivity 

of analog 15. In the case of Trp9, the χ2 angle for MTII is 94.0, 101.0 for SHU9119 and -

150.5 for analog 15. Here again one can infer possible MC3R selectivity of analog 15 

based on such a huge disparity in dihedral angle compared to MTII and SHU9119.  

Figure 3.7 Stereoview of the Global Minimum of Analog 15 Showing the γ-turn of 

C-terminal Tail and its Proximity to DNal(2’)7  

 

Modeling experiments (Figure 3.7) have also suggested that the C-terminal modification 

of SHU9119 with Lys-Pro-Val-NH2 (KPV) residues via various linkers in the direct 

proximity to the melanocortin pharmacophore (HFRW) results in some steric hindrance 

of the DNal(2’)7 side chain that could potentially affect receptor selectivity. This 

hypothesis has led to discovery of a slightly selective hMC3R antagonist. Specifically 

analog 15 which is 6 fold more selective for MC3R over the MC4R. Ac-Nle4-c[Asp5-
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His6-DNal(2’)7-Arg8-DTrp9-Lys10]-Ala11-Gly12-Lys13-Pro14-Val15-NH2 (Analog 15). The 

unique scaffold described in this study exemplifies the utility of steric effects as the 

means of discriminating among the melanocortin receptor subtypes. In addition, 

replacement of Trp9 with DTrp9 possibly aided in hMC3R selectivity over MC4R. 

Finally, the selective hMC3R described in this study will be useful in elucidating the 

physiological roles of the hMC3R and the hMC4R, particularly in feeding behavior, 

obesity, and related disorders. Overall, the results from the C-terminal modification of 

SHU9119 derivatives were disappointing as no ligands that are significantly MC3R 

selective were discovered. 

3.9 MBP10 ([CO(CH2)2CO-DNal(2’)7-Arg8-Trp9-Lys10]-NH2) Dihedral Angle 

Comparison 

Upon analyzing and comparing the ϕ and ψ angles of the melanocortin 4 selective 

antagonist MBP10 with analog 5 in Table 3.7, one sees the following trends: Focusing on 

the core pharmacophore DNal(2’)7/Phe7-Arg8-Trp9. In the case of DNal(2’)7/DPhe7 the ϕ 

angle of MBP10 is -152.3 and -72.5 in analog 5. These angles are different enough to 

suggest that it might be involved in MC3R selectivity. The ψ angle for MBP10 is 162.3 

and 171.1 for analog 5. These angles are rather similar and are more likely attributable to 

receptor binding as opposed to receptor selectivity. In the case of the residue Arg8, the ϕ 

angle of MBP10 is -59.6 and -68.7 for analog 5. In the case of the Arg8 ψ angle, it’s -27.7 

for MBP10 and -42.7 for analog 5. As these angles are very similar it is unlikely that 

DNal(2’)7/DPhe7 or Arg8 backbone angles play a major role in melanocortin receptor 

selectivity between the MC3 and MC4 receptors.  
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Table 3.7 Dihedral Angle Comparison of Analog 5 (Largest differences in green) 

 

In the case of Trp9, the ϕ angle of MBP10 is -111.0 and -94.6 for analog 5. These two 

values are very close to each other and could be affecting binding propensity with little 

affect on selectivity. The ψ angle for MBP10 is 12.4 and 120.9 for analog 5. The ψ angles 

are significantly different enough that one can speculate that the ψ angle in Trp9 is 

influencing melanocortin receptor selectivity.  

When examining the χ1 angles of the two ligands one can determine the following trends: 

In the case of DNal(2’)7/DPhe7 the χ1angle for MBP10 is 63.5 and -175.5 for analog 5. The 

χ2 angle for MBP10 is -88.8 and -124.5 for analog 5. Due to the large differences in χ1 

angles between MBP10 and analog 5 one can conclude that this particular χ angle is 

important in the MC3R selectivity of analog 5. In the case of Arg8 the χ1 angle for 

MBP10 is 175.4 and -60.5 for analog 5. The χ2 angle for MBP10 is 59.9, and 178.8 for 

analog 5. The differences in the Arg8 chi space can lead one to conclude that in the case 

of analog 5, Arg8 could possibly be influencing the MC3R selectivity. In the case of Trp9, 

the χ1 angle for MBP10 is -45.7, and -172.1 for analog 5. In the case of the Trp8 χ2 angles, 

	 DNal(2’)7	 Arg8	 Trp9	

φ		 ψ	 φ	 ψ	 φ	 ψ	

MBP10	 -152.3	 162.3	 -59.6	 -27.7	 -111.0	 12.4	

5	 -72.5	 171.1	 -68.7	 -42.7	 -94.6	 120.9	

	
DNal(2’)7	 Arg8	 Trp9	

Χ1	 Χ2	 Χ1	 Χ2	 Χ1	 Χ2	

MBP10	 63.5	 -88.8	 175.4	 59.9	 -45.7	 118.9	

5	 -175.5	 -124.5	 -60.5	 178.8	 -171.2	 85.9	
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MBP10 is 118.9, and 85.9 for analog 5.  

Figure 3.8 Stereoview of Analog 5 Showing Pharmacophore Overlap with MBP10 

 

The large difference in chi space between MC4R selective MBP10 and MC3R selective 

analog 5 leads one to conclude that Trp8 is also very important for MC3R selectivity.  

In Figure 3.8 one can see the pharmacophore overlap between MC4R selective MBP10 

and MC3R selective analog 5. Here one can visualize that there is little difference in the 

dihedral angles of Lys10 as there is a large degree of overlap between the two. There is 

partial overlap at Arg8, but the most significant deviation in dihedral angles between the 

two ligands is seen at DNal(2’)7 and Trp9. This leads one to conclude that these two amino 

Arg 

DNal(2’) 

Lys 

Overlapping Pharmacophores for MBP10 and its C-terminal Analog 

Trp 

MBP10, MC4R selective antagonist, 125-fold for MC4 over MC3R 

MBP10 analog, MC3 selective antagonist, 89-fold for MC3 over MC4R 

DNal(2’)7-Arg8-Trp9-Lys10 
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acids residues are likely key in MC3R selectivity.  

3.10 PG-951 (H-DPhe4-c[Asp5-Pro6-DPhe7-Arg8-Trp9-Lys10]-NH2 Dihedral Angle 

Comparison 

Upon analyzing and comparing the ϕ and ψ angles of the melanocortin 4 selective 

antagonist MBP10 with analog 20 in Table 3.8 one sees the following trends: Focusing 

on the core pharmophore DNal(2’)7/Phe7-Arg8-Trp9. In the case of DNal(2’)7/DPhe7 the ϕ 

angle of MBP10 is -152.3 and -95.0 in analog 20. The ψ angle for MBP10 is 162.3 and 

161.7 for analog 20. These angles are rather similar and are more likely attributable to 

receptor binding as opposed to receptor selectivity. In the case of the residue Arg8, the ϕ 

angle of MBP10 is -59.6 and -58.5 for analog 20. In the case of the Arg8 ψ angle, it’s -

27.7 for MBP10 and -27.4 for analog 20. As these angles are very similar one can 

speculate how much of a role that DNal(2’)7/DPhe7 or Arg8 backbone angles play in 

melanocortin receptor selectivity between the MC3 and MC4 receptors.  

Table 3.8 Dihedral Angle Comparison of Analog 20 (Largest differences in green) 

 

In the case of Trp9, the ϕ angle of MBP10 is -111.0 and -82.9 for analog 20. These two 

values are very close to each other and could be affecting binding propensity with little 

	

	
DPhe7/DNal(2’)7	 Arg8	 Trp9	
φ	 ψ	 φ	 ψ	 φ	 ψ	

MBP10	 -152.3	 162.3	 -59.6	 -27.7	 -111.0	 12.4	
20	 -95.0	 161.7	 -58.5	 -27.4	 -82.9	 -3.7	

	
DPhe7/DNal(2’)7	 Arg8	 Trp9	
Χ1	 Χ2	 Χ1	 Χ2	 Χ1	 Χ2	

MBP10	 63.5	 -88.8	 175.4	 59.9	 -45.7	 118.9	
20	 -54.7	 139.4	 178.2	 59.1	 44.6	 103.4	
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affect on selectivity. The ψ angle for MBP10 is 12.4 and -3.7 for analog 20. The ψ angles 

are so similar that it is unlikely they have any effect on the MC3R selectivity. When 

examining the χ1 angles of the two ligands one can determine the following trends: In the 

case of DNal(2’)7/DPhe7 the χ1angle for MBP10 is 63.5 and -54.7 for analog 20. The χ2 

angle for MBP10 is -88.8 and 139.4 for analog 20. Due to the large difference in χ angles 

between MBP10 and analog 20 one can conclude that these particular χ angles are 

important in the MC3R selectivity of analog 20. In the case of Arg8 the χ1 angle for 

MBP10 is 175.4 and 178.2 for analog 20. The χ2 angle for MBP10 is 59.9 and 59.1 for 

analog 20. The differences in the Arg8 chi space between the two are insignificant. In the 

case of Trp9, the χ1 angle for MBP10 is -45.7 and 44.6 for analog 20. In the case of the 

Trp8 χ2 angles, MBP10 is 118.9 and 103.4 for analog 20. The large difference in chi space 

between MC4 selective MBP10 and MC3 selective analog 20 leads one to conclude that 

Trp8 is also very important for MC3R selectivity. This is in agreement with earlier Hruby 

et al. work where it was noted that there might be a possible connection between the Chi-

space of the Trp residue and melanocortin receptor selectivity (150). 
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Figure 3.9 Stereoview of Analog 20(yellow) Showing Pharmacophore Overlap with 

MBP10(red)   

 

In Figure 3.9 one can see the pharmacophore overlap between MC4R selective MBP10 

and MC3R selective analog 20. Here one can see there is little difference in the dihedral 

angles of Lys10 as there is a large degree of overlap between the two. There is almost 

complete overlap at Arg8 and considering that in analog 5 there is less overlap but in 

analog 20 it is much more selective for the MC3R than analog 5. This leads one to 

conclude that Arg8 plays little role in MC3R selectivity. But it is clearly seen that 

DNal(2’)7 and Trp9 maintain their significant differences in dihedral angles, especially 

with regard to Chi-space. This strengthens the argument that DNal(2’)7 and Trp9 are likely 

to be involved in MC3R selectivity.  

Upon closely examining the structure of the most MC3R selective ligand overall in 
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Figure 3.10 showing analog 20, a very interest shift in the β-turn has occurred. It is well 

known that in non-selective melanocortin receptor ligands such as MTII and SHU9119 

that the β-turn is present in the core pharmacophore sequence His6-DNal(2’)7/DPhe7-Arg8-

Trp9 (229). But in the case of analog 20 which is 210-fold more selective for MC3R over 

MC4R, a shift in the β-turn to DNal(2’)7/DPhe7-Arg8-Trp9-Lys10 is observed.  

Figure 3.10 Stereoview of the Most MC3R Selective Ligand Overall (Analog 20) 

Showing Shift in β-turn 

 

After much consideration and critical analysis it seems reasonable to suggest that the C-

terminal modification does indeed affect a ligand’s ability to selectively bind to the 

MC3R, quite probably by affecting the dihedral angles of the core pharmacophore His6-

DNal(2’)7/DPhe7-Arg8-Trp9, especially those of DNal(2’)7/DPhe7 and Trp9. In the case of 

analog 15, which is a C-terminally modified SHU9119 derivative, one does see a slight 

C-Terminal Modified PG-

peptide 

C-terminal 

Arg 

Trp 

DPhe 

Lys 

PG-peptide analog, selective MC3R agonist,210-fold over MC4R  

H–DNal4–[Asp5-Pro6-DPhe7-Arg8-Trp9-Lys10]-Gly11-Pro12-Val13-NH2 
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increase from a non-selective MC3/4 antagonist (6-fold selectivity for MC3R over 

MC4R) to a more MC3R selective ligand. In the case of analog 5, which is a C-terminally 

modified MBP10 derivative, one sees a more significant change. In this case going from 

a MC4R selective ligand to a MC3R selective ligand (89-fold selectivity for MC3R over 

MC4R). However, since only analog 5 and analog 4 show significant MC3R selectivity 

(89-fold and 85-fold respectively), one can speculate that in addition to C-terminal 

modification, the nature of the C-terminal itself is also influential on MCR selectivity.  

And finally, in the case of the most MC3R selective ligand overall, analog 20, we see two 

compelling factors at play here. In the case of PG-951 (210), it is a MC3R partial agonist 

with 190-fold selectivity for the MC3R over the MC4R. Interestingly just C-terminal 

modification of PG-951 produces analog 19, which is only marginally more selective for 

the MC3R over the MC4R. But when DPhe in position 4 is replaced with the more 

hydrophobic and sterically bulky DNal(2’) in addition to C-terminal modification, not 

only is an increase in MC3R selectivity seen but also complete conversion from a partial 

MC3R agonist to a full MC3R agonist. One can then wonder whether the C-terminal 

modification or the DNal(2’) in position 4 is influencing the change in selectivity and 

efficacy. To answer this question analog 21 was created, which is identical to analog 20 

but without the C-terminal modification. In Table 3.4 it is seen that analog 21, shows 

only a 2-fold selectivity for MC3R over MC4R which is considered negligible. So it 

would seem that in the case of analog 20, both C-terminal modification and a more 

hydrophobic and sterically bulky residue in position 4 are producing a cooperative effect 

that is required to produce the most MC3R selective full agonist overall.  
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4.1 Peptide Synthesis Reagents 

N-Fmoc-amino acids and Rink amide AM resin were obtained from EMD Chemicals 

(Gibbstown,NJ). Fmoc-Nle-OH from Sigma-Aldrich (USA). The following side chain 

protecting groups were used: Fmoc-Asp(OAllyl)-OH; Fmoc-Lys(alloc)-OH; Fmoc-

Lys(Boc)-OH;Fmoc-Trp(Boc)-OH, Fmoc-DTrp(Boc)-OH, Fmoc-Arg(Pbf)-OH; Fmoc-

His(Trt)-OH were purchased from Aapptec (Louisville, KY) as were Fmoc-Val-OH, 

Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Ala-OH, Fmoc-DPhe-OH and Fmoc-DNal(2’)-OH 

from Fischer Scientific (Waltham,MA). HBTU was purchased from Aapptec as well. 

ACS grade organic solvents were purchased from VWR Scientific (West Chester, PA), 

and other reagents were obtained from Sigma-Aldrich (St. Louis, MO) and used as 

commercially available. The polypropylene reaction vessels (syringes with frits) were 

purchased from Torviq (Niles, MI). 

4.2 Peptide Synthesis Protocol 

Standard Peptide Synthesis 

All peptides in this study were synthesized manually by the Fmoc 

(Fluorenylmethoxycarbonyl) solid phase methodology using the Kaiser test to monitor 

the extent of coupling reactions. Rink amide AM resin (4-(2′, 4′-dimethoxyphenyl-Fmoc-

aminomethyl) phenoxy resin, 0.5 grams, 0.36 millimole/gram) was placed into a 20 

milliliter polypropylene syringe (Torviq) with the frit on the bottom and swollen in 

approximately 10 milliliters Dimethylformamide (DMF) for 1 hour. The swollen resin 

was tested to ensure that all protecting groups on the resin were still intact. The Fmoc 

protecting group on the Rink linker was removed by 25% piperidine in DMF, first for 5 
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minutes then drained and repeated for 15 minutes. Then the resin was washed and 

drained with 15 milliliters of DMF 4 times. Nα-Fmoc amino acids were coupled using: 3 

equivalents of the Nα-Fmoc amino acid, 3 equivalents of Hydroxybenzotriazole (HOBt), 

and 3 equivalents of N, N’-diisopropylcarbodiimide (DIC) in 10 mL of DMF. Syringe 

was shaken until a negative Kaiser test was achieved. In the case of the peptides 

containinig the dicarboxylic linker (succinic acid), coupling was carried out by adding 2 

equivalents of succinic anhydride, 5 equivalents of pyridine in 10 mL of DCM for 30 

minutes or until a negative Kaiser test is achieved. The orthogonal aloc and O-allyl 

deprotection for the side chain of the lysine contained within the cyclized portion of the 

peptide and the aspartic acid, were removed with 0.1 equivalents of Palladium 

triphenylphosphine [(PPh3)4] and 20 equivalents of phenylsilane (PhSiH3) in 10 mL of 

DCM for 30 minutes then drained and repeated. Pressure caused by carbon dioxide gas 

(CO2) production was released at 10 minute intervals during deprotection. The partially 

deprotected resin-bound peptide was washed with 5 milliliters of DCM 6 times or until 

solution is clear. This is followed by a 10 minute wash in 10% DIEA in DCM, wash with 

5 milliliters of DCM three times and finally soaking the peptide in DMF for 30 minutes 

to remove remaining Pd(PPh3)4. Cyclization was carried out using 3 equivalents of HOBt 

and 6 equivalents of DIC in THF (Tetrahydrofuran) and shaken for 72 hours.  

This produced an incomplete cyclization and HOBt was replaced with 3 equivalents of 

Cl-HOBt for 72 hours. This still produced incomplete cyclization and this along with 

amino acid coupling at room temperature was deemed to be an inefficient method of 

performing peptide synthesis. It was then decided to perform all amino acid couplings 
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and cyclizations using microwave technology and the reagents mentioned in the 

following section. It was also determined that bubbling argon gas into the orthogonal 

deprotection of Allyl and Alloc produced a much cleaner product. Additonally it was 

found that performing Kaiser tests after each Fmoc deprotection and coupling increased 

the purity and thus yield of the target peptide.  

Microwave-associated Peptide Synthesis of Analog 20 (H-DNal-c[Asp-Pro-DPhe-Arg-

Trp-Lys]-Ala-Gly-Pro-Val-NH2) 

Rink amide AM resin (4-(2′, 4′-dimethoxyphenyl-Fmoc-aminomethyl) phenoxy resin, 0.5 

grams, 0.36 millimole/gram) was placed into a 20 milliliter polypropylene syringe 

(Torviq) with the frit on the bottom and swollen in approximately 10 milliliters 

Dimethylformamide (DMF) for 1 hour. The swollen resin was Kaiser tested to ensure that 

all protecting groups on the resin were still intact (i.e. the Kaiser test was clear). The 

Fmoc protecting group on the Rink amide linker was removed by 25% piperidine in 

DMF, first for 5 minutes then drained and repeated for 15 minutes. Then the resin was 

washed and drained with 15 milliliters of DMF 4 times. Another Kaiser test was 

performed to ensure that all Fmoc protecting groups were removed and the beads turned 

purple. Nα-Fmoc protected amino acids with free carboxylic acid functionalities and 

orthogonally protected sidechains we were coupled using: 3 equivalents of the Nα-Fmoc 

amino acid, 3 equivalents of O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-

hexafluoro-phosphate (HBTU), and 6 equivalents of diisopropylethylamine (DIEA) in 10 

mL of DMF. The HBTU, DIEA and swollen resin were transferred into a microwave safe 
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glass tube with a loosely fitted stopper and exposed to CEM Discover Focused 

Microwave Synthesis peptide synthesizer in the open vessel mode: power 200 watts; 

ramp 10 seconds; maximum temperature 100°C; pressure 250 pounds per square inch 

(PSI); for eight 10 second intervals (or more) and cooled in a dry ice and acetone bath. It 

is extremely important to carefully regulate the temperature of the glass tube. Not too hot 

and not too cold. If the glass tube is too hot, there is risk for fracturing of the resin and if 

it is too cold risk of no or incomplete coupling. After 8 times under microwave conditions 

the resin is Kaiser tested and then repeated until Kaiser test shows completely clear 

beads. The first amino acid added was Fmoc-Val-OH. The resin was then washed and 

drained with 15 milliliters of DMF and with 15 milliliters of dichloromethane (DCM). 

The second amino acid was Fmoc-Pro-OH, followed by Fmoc-Gly-OH, Fmoc-Ala-OH, 

Fmoc-Lys(Aloc)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-DPhe-OH, Fmoc-

Pro-OH and then Fmoc-Asp(OAllyl)-OH. The orthogonal aloc and O-allyl deprotection 

for the side chains of the lysine and aspartic acid were removed with 0.1 equivalents of 

palladium triphenylphosphine [(PPh3)4] and 20 equivalents of phenylsilane (PhSiH3) in 

10 mL of DCM for 30 minutes then drained and repeated. This was done under argon gas 

to minimize side product formation. Pressure caused by carbon dioxide gas (CO2) 

production was released at 10-minute intervals during deprotection. The aloc/allyl 

deprotected resin-bound peptide was washed with 5 milliliters of DCM 6 times or until 

solution is clear. This is followed by a 10 minute wash in 10% DIEA in DCM, wash with 

5 milliliters of DCM three times and finally soaking the peptide in DMF for 30 minutes 

to remove remaining Pd(PPh3)4. The peptide cyclizations were accomplished by adding 5 
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equivalents HBTU, 6 equivalents DIEA and 10 milliliters of DMF to the resin and 

cyclizing under microwave conditions mentioned earlier until a negative Kaiser test was 

obtained. Thus forming a lactam bond between the carboxylic acid side chain of aspartic 

acid and the amine on the side chain of lysine. After cyclization, the Fmoc-Asp is 

deprotected and Fmoc-norleucine-OH was coupled. This was followed by deprotection of 

Fmoc-norleucine-OH and acetylating the N-terminus using acetic anhydride (2 mL) and 

pyridine (2 mL) in DCM (15 mL) for 30 min. 

The resin was then treated with 5% solution of sodium diethyldithiocarbamate trihydrate 

in DMF (30 min) to remove any remaining traces of the Palladium, then washed with 15 

milliliters of DMF 6 times, then 15 milliliters of DCM 6 times and 15 milliliters of 

diethyl ether 2 times, and dried under vacuum overnight. The cyclized peptides were 

cleaved off the resin with 82.5% v/v trifluoroacetic acid (TFA), 5% water, 5% 

thioanisole, 2.5% 1,2-ethanedithiol, and 5% liquid phenol for a total volume of 10 

millilters for 3 hours. The crude peptides were then precipitated out by the adding the 

cleaved peptide mixture to a chilled 3:1 mixture of diethyl ether and petroleum ether for a 

total volume of 14 mLs in six 15 mL centrifuge tubes to give white precipitates. The 

resulting peptide suspensions were centrifuged for 15 minutes at 6500 rotations per 

minute (rpm), and the liquid was decanted. 50 milliliters of diethyl ether was then added 

to each tube, vortexed and centrifuged for an additional 15 minutes and the diethyl ether 

was decanted. This was done a total of 4 times, and after the final centrifugation, the 

peptides were dried under vacuum for 2 hours. The resulting white residue was dissolved 

in water and acetonitrile (CH3CN), and the insoluble impurities were removed, by 
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passing the solutions through Gelman Laboratory Acrodisc 13 millimeter syringe filters 

with 0.45-micrometer polytetrafluoroethylene (PTFE) membranes (Pall Corporation, East 

Hills, NY). The clear filtrates were frozen and then lyophilized. From the obtained white 

powder (100–200 mg), 30 mg was redissolved in a 1 milliliter 90:10 water: acetonitrile 

mixture, to a concentration of about 30 milligram per milliliter. Final purification was 

accomplished by preparative reverse phase-high performance liquid chromatography 

(RP-HPLC) on a C4-bonded silica column (Vydac, dp 10 micrometer, ID 10 millimeter, 

length 250 millimeter) using a Shimadzu SCL-10A HPLC system. The peptides were 

eluted with a linear gradient of 10–70% acetonitrile in 0.1% aqueous TFA solution over 

20 minutes with 3 milliliter per minute flow rate. The purified peptide was collected, 

frozen and lyophilized again. Analytical purity was tested on the final products using a 

C18 analytical column (Vydac 218TP104, 4.6 mm X 250 mm) using a linear gradient of 

10-100% acetonitrile in 0.1% aqueous TFA solution over 30 minutes with a 1 milliliter 

per minute flow rate. The structures of the pure peptides were also validated by 1H-NMR 

in dimethyl sulfoxide (DMSO-D6) in a Bruker 600 machine and by high-resolution 

electrospray ionization (ESI) mass spectrometry using an IonSpec Fourier transform mass 

spectrometer with a HiRes ESI source. Analytical thin-layer chromatography (TLC) 

0.25mm glass-backed silica gel 60 F254 plates (EM Science 5715, VWR Scientific), 

which was performed using three different solvent systems (Table 3.5). The TLC 

plates were visualized by UV light and by dipping in potassium permanganate and 

were visualized by UV followed by heating (hot plate). Fourier transform mass 

spectrometer with a HiRes ESI source and was compared to values calculated both on 
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Protein Prospector and ChemDraw. 

Microwave-associated Peptide Synthesis of Analog 5 ([CO(CH2)2CO-DNal(2’)-Arg-

Trp-Lys]-Gly-Lys-Pro-Val-NH2) 

Rink amide AM resin (4-(2′, 4′-dimethoxyphenyl-Fmoc-aminomethyl) phenoxy resin, 0.5 

grams, 0.36 millimole/gram) was placed into a 20 milliliter polypropylene syringe 

(Torviq) with the frit on the bottom and swollen in approximately 10 milliliters 

Dimethylformamide (DMF) for 1 hour. The swollen resin was Kaiser tested to ensure that 

all protecting groups on the resin were still intact (i.e. the Kaiser test was clear). The 

Fmoc protecting group on the Rink amide linker was removed by 25% piperidine in 

DMF, first for 5 minutes then drained and repeated for 15 minutes. Then the resin was 

washed and drained with 15 milliliters of DMF 4 times. Another Kaiser test was 

performed to ensure that all Fmoc protecting groups were removed and the beads turned 

purple. Nα-Fmoc protected amino acids with free carboxylic acid functionalities and 

orthogonally protected sidechains we were coupled using: 3 equivalents of the Nα-Fmoc 

amino acid, 3 equivalents of O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-

hexafluoro-phosphate (HBTU), and 6 equivalents of diisopropylethylamine (DIEA) in 10 

mL of DMF. The HBTU, DIEA and swollen resin were transferred into a microwave safe 

glass tube with a loosely fitted stopper and exposed to CEM Discover Focused 

Microwave Synthesis peptide synthesizer in the open vessel mode: power 200 watts; 

ramp 10 seconds; maximum temperature 100°C; pressure 250 pounds per square inch 

(PSI); for eight 10 second intervals (or more) and cooled in a dry ice and acetone bath. It 
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is extremely important to carefully regulate the temperature of the glass tube. Not too hot 

and not too cold. If the glass tube is too hot, there is risk for fracturing of the resin and if 

it is too cold risk of no or incomplete coupling. After 8 times under microwave conditions 

the resin is Kaiser tested and then repeated until Kaiser test shows completely clear 

beads. The first amino acid added was Fmoc-Val-OH. The resin was then washed and 

drained with 15 milliliters of DMF and with 15 milliliters of dichloromethane (DCM). 

The second amino acid was Fmoc-Pro-OH, followed by Fmoc-Lys(Boc)-OH, Fmoc-Gly-

OH, Fmoc-Lys(Aloc)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-DNal-OH, 

Finally the dicarboxylic linker (succinic acid), coupling was carried out by adding 2 

equivalents of succinic anhydride, 5 equivalents of pyridine in 10 mL of DCM for 30 

minutes or until a negative Kaiser test is achieved. The orthogonal allylic deprotection for 

the side chain of the lysine was removed with 0.1 equivalents of palladium 

triphenylphosphine [(PPh3)4] and 20 equivalents of phenylsilane (PhSiH3) in 10 mL of 

DCM for 30 minutes then drained and repeated. This was done under argon gas to 

minimize side product formation. Pressure caused by carbon dioxide gas (CO2) 

production was released at 10-minute intervals during deprotection. The aloc deprotected 

resin-bound peptide was washed with 5 milliliters of DCM 6 times or until solution is 

clear. This is followed by a 10 minute wash in 10% DIEA in DCM, wash with 5 

milliliters of DCM three times and finally soaking the peptide in DMF for 30 minutes to 

remove remaining Pd(PPh3)4. The peptide cyclizations were accomplished by adding 5 

equivalents HBTU, 6 equivalents DIEA and 10 milliliters of DMF to the resin and 

cyclizing under microwave conditions mentioned earlier until a negative Kaiser test was 
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obtained. Thus forming a lactam bond between the carboxylic acid functionality on the 

succinic acid and the amine on the deprotected lysine side chain in position 10.  

The resin was then treated with 5% solution of sodium diethyldithiocarbamate trihydrate 

in DMF (30 min) to remove any remaining traces of the Palladium, then washed with 15 

milliliters of DMF 6 times, then 15 milliliters of DCM 6 times and 15 milliliters of 

diethyl ether 2 times, and dried under vacuum overnight. The cyclized peptides were 

cleaved off the resin with 82.5% v/v trifluoroacetic acid (TFA), 5% water, 5% 

thioanisole, 2.5% 1,2-ethanedithiol, and 5% liquid phenol for a total volume of 10 

millilters for 3 hours. The crude peptides were then precipitated out by the adding the 

cleaved peptide mixture to a chilled 3:1 mixture of diethyl ether and petroleum ether for a 

total volume of 14 mLs in six 15 mL centrifuge tubes to give white precipitates. The 

resulting peptide suspensions were centrifuged for 15 minutes at 6500 rotations per 

minute (rpm), and the liquid was decanted. 50 milliliters of diethyl ether was then added 

to each tube, vortexed and centrifuged for an additional 15 minutes and the diethyl ether 

was decanted. This was done a total of 4 times, and after the final centrifugation, the 

peptides were dried under vacuum for 2 hours. The resulting white residue was dissolved 

in water and acetonitrile (CH3CN), and the insoluble impurities were removed, by 

passing the solutions through Gelman Laboratory Acrodisc 13 millimeter syringe filters 

with 0.45-micrometer polytetrafluoroethylene (PTFE) membranes (Pall Corporation, East 

Hills, NY). The clear filtrates were frozen and then lyophilized. From the obtained white 

powder (100–200 mg), 30 mg was redissolved in a 1 milliliter 90:10 water: acetonitrile 

mixture, to a concentration of about 30 milligram per milliliter. Final purification was 
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accomplished by preparative reverse phase-high performance liquid chromatography 

(RP-HPLC) on a C4-bonded silica column (Vydac, dp 10 micrometer, ID 10 millimeter, 

length 250 millimeter) using a Shimadzu SCL-10A HPLC system. The peptides were 

eluted with a linear gradient of 10–70% acetonitrile in 0.1% aqueous TFA solution over 

20 minutes with 3 milliliter per minute flow rate. The purified peptide was collected, 

frozen and lyophilized again. Analytical purity was tested on the final products using a 

C18 analytical column (Vydac 218TP104, 4.6 mm X 250 mm) using a linear gradient of 

10-100% acetonitrile in 0.1% aqueous TFA solution over 30 minutes with a 1 milliliter 

per minute flow rate. The structures of the pure peptides were also validated by 1H-NMR 

in dimethyl sulfoxide (DMSO-D6) in a Bruker 600 machine and by high-resolution 

electrospray ionization (ESI) mass spectrometry using an IonSpec Fourier transform mass 

spectrometer with a HiRes ESI source. Analytical thin-layer chromatography (TLC) 

0.25mm glass-backed silica gel 60 F254 plates (EM Science 5715, VWR Scientific), 

which was performed using three different solvent systems (Table 3.5). The TLC 

plates were visualized by UV light and by dipping in potassium permanganate and 

were visualized by UV followed by heating (hot plate). Fourier transform mass 

spectrometer with a HiRes ESI source and was compared to values calculated both on 

Protein Prospector and ChemDraw. 

Microwave-associated Peptide Synthesis of Analog 15 (Ac-Nle-c[Asp-His-DNal(2’)-

Arg-DTrp-Lys]-Ala-Gly-Lys-Pro-Val-NH2) 

Rink amide AM resin (4-(2′, 4′-dimethoxyphenyl-Fmoc-aminomethyl) phenoxy resin, 0.5 
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grams, 0.36 millimole/gram) was placed into a 20 milliliter polypropylene syringe 

(Torviq) with the frit on the bottom and swollen in approximately 10 milliliters 

Dimethylformamide (DMF) for 1 hour. The swollen resin was Kaiser tested to ensure that 

all protecting groups on the resin were still intact (i.e. the Kaiser test was clear). The 

Fmoc protecting group on the Rink amide linker was removed by 25% piperidine in 

DMF, first for 5 minutes then drained and repeated for 15 minutes. Then the resin was 

washed and drained with 15 milliliters of DMF 4 times. Another Kaiser test was 

performed to ensure that all Fmoc protecting groups were removed and the beads turned 

purple. Nα-Fmoc protected amino acids with free carboxylic acid functionalities and 

orthogonally protected sidechains we were coupled using: 3 equivalents of the Nα-Fmoc 

amino acid, 3 equivalents of O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-

hexafluoro-phosphate (HBTU), and 6 equivalents of diisopropylethylamine (DIEA) in 10 

mL of DMF. The HBTU, DIEA and swollen resin were transferred into a microwave safe 

glass tube with a loosely fitted stopper and exposed to CEM Discover Focused 

Microwave Synthesis peptide synthesizer in the open vessel mode: power 200 watts; 

ramp 10 seconds; maximum temperature 100°C; pressure 250 pounds per square inch 

(PSI); for eight 10 second intervals (or more) and cooled in a dry ice and acetone bath. It 

is extremely important to carefully regulate the temperature of the glass tube. Not too hot 

and not too cold. If the glass tube is too hot, there is risk for fracturing of the resin and if 

it is too cold risk of no or incomplete coupling. After 8 times under microwave conditions 

the resin is Kaiser tested and then repeated until Kaiser test shows completely clear 

beads. The first amino acid added was Fmoc-Val-OH. The resin was then washed and 
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drained with 15 milliliters of DMF and with 15 milliliters of dichloromethane (DCM). 

The second amino acid was Fmoc-Pro-OH, followed by Fmoc-Gly-OH, Fmoc-Ala-OH, 

Fmoc-Lys(Aloc)-OH, Fmoc-DTrp(Boc)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-DNal-OH, 

Fmoc-His(Trt)-OH and then Fmoc-Asp(OAllyl)-OH. The orthogonal aloc and O-allyl 

deprotection for the side chains of the lysine and aspartic acid were removed with 0.1 

equivalents of palladium triphenylphosphine [(PPh3)4] and 20 equivalents of phenylsilane 

(PhSiH3) in 10 mL of DCM for 30 minutes then drained and repeated. This was done 

under argon gas to minimize side product formation. Pressure caused by carbon dioxide 

gas (CO2) production was released at 10-minute intervals during deprotection. The 

aloc/allyl deprotected resin-bound peptide was washed with 5 milliliters of DCM 6 times 

or until solution is clear. This is followed by a 10 minute wash in 10% DIEA in DCM, 

wash with 5 milliliters of DCM three times and finally soaking the peptide in DMF for 30 

minutes to remove remaining Pd(PPh3)4. The peptide cyclizations were accomplished by 

adding 5 equivalents HBTU, 6 equivalents DIEA and 10 milliliters of DMF to the resin 

and cyclizing under microwave conditions mentioned earlier until a negative Kaiser test 

was obtained. Thus forming a lactam bond between the carboxylic acid side chain of 

aspartic acid and the amine on the side chain of lysine. After cyclization, the Fmoc-Asp is 

deprotected and Fmoc-norleucine-OH was coupled. This was followed by deprotection of 

Fmoc-norleucine-OH and acetylating the N-terminus using acetic anhydride (2 mL) and 

pyridine (2 mL) in DCM (15 mL) for 30 min. 

The resin was then treated with 5% solution of sodium diethyldithiocarbamate trihydrate 

in DMF (30 min) to remove any remaining traces of the Palladium, then washed with 15 
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milliliters of DMF 6 times, then 15 milliliters of DCM 6 times and 15 milliliters of 

diethyl ether 2 times, and dried under vacuum overnight. The cyclized peptides were 

cleaved off the resin with 82.5% v/v trifluoroacetic acid (TFA), 5% water, 5% 

thioanisole, 2.5% 1,2-ethanedithiol, and 5% liquid phenol for a total volume of 10 

millilters for 3 hours. The crude peptides were then precipitated out by the adding the 

cleaved peptide mixture to a chilled 3:1 mixture of diethyl ether and petroleum ether for a 

total volume of 14 mLs in six 15 mL centrifuge tubes to give white precipitates. The 

resulting peptide suspensions were centrifuged for 15 minutes at 6500 rotations per 

minute (rpm), and the liquid was decanted. 50 milliliters of diethyl ether was then added 

to each tube, vortexed and centrifuged for an additional 15 minutes and the diethyl ether 

was decanted. This was done a total of 4 times, and after the final centrifugation, the 

peptides were dried under vacuum for 2 hours. The resulting white residue was dissolved 

in water and acetonitrile (CH3CN), and the insoluble impurities were removed, by 

passing the solutions through Gelman Laboratory Acrodisc 13 millimeter syringe filters 

with 0.45-micrometer polytetrafluoroethylene (PTFE) membranes (Pall Corporation, East 

Hills, NY). The clear filtrates were frozen and then lyophilized. From the obtained white 

powder (100–200 mg), 30 mg was redissolved in a 1 milliliter 90:10 water: acetonitrile 

mixture, to a concentration of about 30 milligram per milliliter. Final purification was 

accomplished by preparative reverse phase-high performance liquid chromatography 

(RP-HPLC) on a C4-bonded silica column (Vydac, dp 10 micrometer, ID 10 millimeter, 

length 250 millimeter) using a Shimadzu SCL-10A HPLC system. The peptides were 

eluted with a linear gradient of 10–70% acetonitrile in 0.1% aqueous TFA solution over 
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20 minutes with 3 milliliter per minute flow rate. The purified peptide was collected, 

frozen and lyophilized again. Analytical purity was tested on the final products using a 

C18 analytical column (Vydac 218TP104, 4.6 mm X 250 mm) using a linear gradient of 

10-100% acetonitrile in 0.1% aqueous TFA solution over 30 minutes with a 1 milliliter 

per minute flow rate. The structures of the pure peptides were also validated by 1H-NMR 

in dimethyl sulfoxide (DMSO-D6) in a Bruker 600 machine and by high-resolution 

electrospray ionization (ESI) mass spectrometry using an IonSpec Fourier transform mass 

spectrometer with a HiRes ESI source. Analytical thin-layer chromatography (TLC) 

0.25mm glass-backed silica gel 60 F254 plates (EM Science 5715, VWR Scientific), 

which was performed using three different solvent systems (Table 3.5). The TLC 

plates were visualized by UV light and by dipping in potassium permanganate and 

were visualized by UV followed by heating (hot plate). Fourier transform mass 

spectrometer with a HiRes ESI source and was compared to values calculated both on 

Protein Prospector and ChemDraw. 

Note: Biological studies in sections 4.3-4.5 were performed by Morgan Zingsheim, 

YeonSun Lym, Jennifer Bao and Kaitlyn McLeod. 

4.3 Binding Affinity Studies  

Competition binding experiments were carried out using whole HEK293 cells stably 

expressing human MC1, MC3, MC4, and MC5 receptors. HEK293 cells transfected with 

hMCRs were seeded on 96-well plates 48 h before assay (50000 cells/well). For the 

assay, the cell culture medium was aspirated, and the cells were washed once with a 
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freshly prepared MEM buffer containing 100% minimum essential medium with Earle’s 

salt (MEM, GIBCO) and 25 mM sodium bicarbonate. Next, the cells were incubated for 

40 min at 37 °C with different concentrations of unlabeled peptide and labeled [125 I]-

[Nle4, DPhe7]-α-MSH (Perkin-Elmer Life Science, 20000 cpm/well, 0.14 nM) diluted in 

a 125 μL of freshly prepared binding buffer containing 100% MEM, 25 mM HEPES (pH 

7.4), 0.2% bovine serum albumin, 1 mM 1,10-phenanthrolone, 0.5 mg/L leupeptin, and 

200 mg/L bacitracin. The assay medium was subsequently removed and the cells were 

washed once with basic medium and then lysed by the addition of 100 μL of 0.1 M 

NaOH and 100 μL of 1% Triton X-100. The lysed cells were transferred to 12 × 75 mm 

borosilicate glass tubes, and the radioactivity was measured by a Wallac 1470 WIZARD 

Gamma Counter. 

4.4 Adenylate Cyclase Assay 

HEK293 cells transfected with human melanocortin receptors were grown to confluence 

in MEM medium (GIBCO) containing 10% fetal bovine serum, 100 units/mL penicillin 

and streptomycin, and 1 mM sodium pyruvate. The cells were seeded on 96-well plates 

48 h before assay (50000 cells/well). For the assay, the cell culture medium was removed 

and the cells were rinsed with 100 μL of MEM buffer (GIBCO). An aliquot (100 μL) of 

the Earle’s balanced salt solution with 0.5 mM isobutylmethylxanthine (IBMX) was 

placed in each well along for 1 min at 37 °C. Next, aliquots (25 μL) of melanotropin 

peptides of varying concentration were added, and the cells were incubated for 3 min at 

37 °C. The reaction was stopped by aspirating the assay buffer and adding 60 μL of ice-
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cold Tris/EDTA buffer to each well, then placing the plates in a boiling water bath for 7 

minutes. The cell lysates were then centrifuged for 10 min at 2300 × g. A 50 μL aliquot 

of the supernatant was transferred to another 96-well plate and placed with 50 μL of [3H] 

cAMP and 100 μL of protein kinase A (PKA) buffer in an ice bath for 2–3 h. The PKA 

buffer consisted of Tris/EDTA buffer with 60 μg/mL PKA and 0.1% bovine serum 

albumin by weight. The incubation mixture was filtered through 1.0 μm glass fiber filters 

in MultiScreen TMFB 96-well plates (Millipore, Billerica, MA). The total [3H] cAMP 

was measured by a Wallac MicroBeta TriLux 1450 LSC and Luminescence Counter 

(PerkinElmer Life Science, Boston, MA). The cAMP accumulation data for each peptide 

analog was determined with the help of a cAMP standard curve generated by the same 

method as described above. The maximal cAMP produced at 10 μM concentration of 

each ligand was compared to the amount of cAMP produced at 10 μM concentration of 

the standard agonist MT-II and is expressed in percent (as % max effect) in Tables 3.1-

3.4. The antagonist properties of the lead compounds were evaluated by their ability to 

competitively displace the MT-II agonist in a dose-dependent manner at up to 10 μM.  

4.5 Data Analysis 

IC50 and EC50 values represent the mean of two experiments performed in triplicate. IC50 

and EC50 estimates and their associated standard errors were determined by fitting the 

data using a nonlinear least-squares analysis, with the help of GraphPad Prism 4 

(GraphPad Software, San Diego, CA). 
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4.6 Computational Chemistry Procedures 

 

Molecular modeling experiments employed MacroModel version 9.9 equipped with 

Maestro 9.3 graphical interface (329), installed on a Red Hat Enterprise Linux 6.3 

system. Peptide structures were built into extended structures with standard bond lengths 

and angles, and they were minimized (1000 steps) using the OPLS 2005 force field and 

the Polak-Ribier conjugate gradient (PRCG). Optimizations were converged to a gradient 

RMSD less that 0.05 kJ/Å mol or continued until a limit of 10000 iterations was reached. 

Aqueous solution conditions were simulated using the continuum dielectric water solvent 

model (GB/SA). Extended cutoff distances were defined at 8 Å for Van der Waals, 20 Å 

for electrostatics, and 4 Å for H-bonds. 

Conformational profiles of the cyclic peptides were investigated by the hybrid Monte 

Carlo/low-frequency mode (MCMM/LMCS) procedure as implemented in Macromodel 

using the energy minimization parameters as described above. MCMM torsional 

variations and low mode parameters were set up automatically within Maestro graphical 

user interface. A total of 10 000 search steps were performed, and the conformations with 

energy difference of 50 kJ/mol from the global minimum were saved. The 100 lowest 

energy conformers were all within 3 kJ/mol from the global minimum. Interatomic 

dihedral angles were measured for each peptide analogue using the Maestro graphical 

user interface, and they are described in Tables 3.6-3.8. The superimpositions of peptide 

structures were performed using the α-carbons of the core sequence Xaa-DPhe/DNal(2‘)-

Arg-Trp. The RMSD difference/atom was 1.37 Angstroms (333, 334). 
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5.1 Diketopiperzines and the Melanocortin System 

Much research to date has relied on natural and synthetic peptide ligands for the 

melanocortin receptors. The MCRs are unique in that both endogenous agonists (α, β, γ-

MSH, ACTH) and antgonists (agouti, AGRP) for the system have been discovered (as 

noted in Chapter 1). Each of the agonists contains the His-Phe-Arg-Trp tetrad, which as 

mentioned is the minimum sequence necessary for activation of all melanocortin 

receptors and both endogenous antagonists contain an Arg-Phe-Phe sequence. Extensive 

melanocortin peptide structure-activity relationship (SAR) studies by Hruby group and 

other have identified modifications that enhance potency, stability, or selectivity (253-

257). The value of the ligands generated, particularly the standard agonists NDP-α-MSH 

and MT-II, and the antagonist, SHU9119, is hard to estimate. In the quest to understand 

and modulate the activity of peptide-mediated GPCRs, peptidomimetics-which may or 

may not be small molecules-can be powerful research tools and therapeutic leads. In 

addition, small molecules-which may or may not be peptidomimetics-can have properties 

complementary to peptides which are useful in certain applications in biology and 

medicine. Thus considerable effort in both academic and industrial laboratories has been 

directed towards their development for the MCRs.  

While a variety of definitions of the term have been offered, a concise description has 

been put forth by Dr. Hruby (252): 

 

A peptidomimetic is an organic molecule, such as a peptide analogue or nonpeptide 

ligand, that interacts with a receptor or acceptor in a similar chemical manner as the 
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native peptide/protein ligand to affect the same biochemical (biological) activities. In the 

parlance of medicinal chemistry, both peptidomimetics and native ligands/proteins 

should share common pharmacophore elements. 

 

Nevertheless, with respect to certain applications in biology and medicine, the possession 

of small molecules with activity at the MCRs and properties complementary to those of 

peptides would be advantageous. Successful examples have come from screening 

libraries and ligand-based rational design using computational chemistry (258-260). 

Careful consideration of potential molecular scaffolds for β-turn mimetics led to such 

structures as seen in Figure 5.1. From a synthetic point of view, compounds of this type 

are easily constructed from amino acids, allowing one to take advantage of readily 

available amino acid derivatives. The functional groups appended to the diketopiperazine 

template were chosen based on SAR both for peptide ligands and previous MCR-targeted 

small molecules. As noted above, peptides active at all five MCRs contain His-Phe-Arg-

Trp sequence, while the minimum chemical features seemingly common to all active 

small molecules are the prescence of two hydrophobic aromatic groups and basic 

nitrogen. In the design of the compounds, the intention is to explore the effects of 

variations in the type and orientation of the hydrophobic groups as well as hydrophobic 

groups with various functional groups. In the design of our first set of compounds, it was 

intended to explore the effect of variations in the type and orientation of the hydrophobic 

groups and of the presence or absence of arginine (i.e. a charged nitrogen in the 

piperazine ring). 
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A number of such compounds were modeled and compared to the solution conformations 

(261) of MT-II, a superpotent, nonselective agonist for the MCRs (190,191,232). This 

molecular modeling work was performed with the assistance of Dr. Alex Mayorov. 

Molecular modeling showed the new structures with the best overlap against MT-II were 

predicted to have the best biological activity. It was also hoped to identify structurally 

distinct features of molecules within this subset that demonstrated greater receptor 

subtype selectivity. 

Figure 5.1  DKP ring conformation 

 

0°< |Φ| ≈  |ψ| < 50°; 0° < |ω| < 8°; |ϕ| ≈ |ω + ψ| 

5.2 Diketopiperazines in Peptide Chemistry 

Diketopiperazines (DKPs) are the smallest cyclic peptides. They represent an important 

class of biologically active natural products and their research has been fundamental to 

many aspects of peptide chemistry. Combinatorial chemistry has brought a renewed 
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interest in DKPs for two reasons: firstly, they are simple heterocyclic scaffolds in which 

diversity can be introduced and stereochemically controlled at up to four positions; 

secondly, they can be prepared from readily available α-amino acids using very robust 

chemistry. Here synthetic methods, conformation, as well as applications of DKPs are 

summarized and discussed critically. 

Earlier research was concerned predominantly with the natural occurrence of DKPs 

(262), as well as their structure (263) and reactivity (264). DKPs have gained importance 

in drug discovery (265), as inhibitors of various enzymes, such as topoisomerases as well 

as opioid receptor agonists and antagonists (266). It is interesting to note that peptide 

chemists regard DKP formation as mostly a troublesome side reaction during peptide 

chain assembly. 

Heating glycine in a stream of CO2 or HCl gas (267) provides a mixture whose major 

component is c[Gly-Gly]. The first well-defined synthetic peptide was also obtained from 

this DKP. DKPs were not only important in early peptide  synthesis, but they were also 

instrumental to   the pioneering methods used to elucidate the   primary structure of 

polypeptides. It was known   that controlled partial acid hydrolysis of proteins   could be 

made to stop at the dipeptide stage   to a large extent and DKPs were obtained from   the 

hydrolysates. This was useful because the   crystalline DKPs could be isolated relatively 

easily   and could be compared with authentic synthetic   DKPs. Limited sequence 

information could then   be gleaned from the composition of the DKPs   obtained from 

the protein hydrolysates. 
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For the synthesis of many DKPs simple dipeptide alkyl esters are not sufficiently 

reactive. A number of suitable procedures, in which amino-deprotection in the presence 

of the activated carboxyl group is possible, are available: In situ generation of dipep- 

tidyl succinimido esters by deprotection with TFA of the N-terminally Boc-protected 

precursors, followed by cyclization in pyridine, has been found to be effective (268).  

There are also available various solid-phase synthesis methods for DKP preparation. 

Amongst these methods are those employing linkers based on o-nitrophenyl (269), p-

thiophenyl (270) (with oxidation of the thiol to the sulfone prior to cyclization), and 4- 

bromomethyl-3-nitrobenzoylaminobenzyl (271). Another example (272) is based on the 

use of the Kaiser oxime resin. Even standard Merrifield peptide synthesis resin can, under 

optimized reaction conditions, be used to synthesize DKPs (273). 

5.3 Mechanism of DKP formation 

The planar backbone amide bonds in polypeptides are known to occur predominantly in 

the trans conformation. Planarity is maintained through a rotational energy barrier 

because of the partial double bond character of the peptide bond. On average, the energy 

difference between trans and cis peptide bond isomers is of the order of 2.5 kcal/mol 

(274). Such isomerism is relevant to DKP formation because for a dipeptide derivative 

intramolecular attack of the amino group on the terminal carboxyl group is possible only 

from a folded conformation containing a cis peptide bond (Scheme 5.1). 

Scheme 5.1 
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The low abundance of cis peptide bonds in naturally occurring polypeptides (less than 

2% overall) (275) is thought to be due mostly to steric conflict between neighboring Cα -

substituents in the cis conformation. Mechanistic studies suggest that large Cα -

substituents should effectively prohibit isomerization (276). However, the actual 

frequencies of occurrence of cis peptide bonds in known protein structures do not 

correlate well with residue sidechain bulk. Excepting Pro-containing dipeptides, the most 

frequent cis dipeptide units in proteins are Cys-Thr, Ser-Gln, Arg-Asp, and Thr-Thr; 

while for example, Gly-Gly cis units are less frequent and most combinations with 

insignificant side-chain bulk do not appear to occur in the cis conformation (277). 

Similarly, the relative ease of DKP formation from a number of dipeptide derivatives 

cannot be explained sufficiently by steric interactions between the side chains in the trans 

and cis isomers. Particularly noteworthy in this respect are dipeptides involving α-alkyl 

amino acid residues. For such compounds one would predict large energy differences 

between trans and cis isomers on the basis of steric crowding in the cis isomers, whereas 

in fact such peptides have been observed to cyclize quite readily. It is likely that the 

conformational constraints (on backbone torsional angles) introduced into a peptide by 

for example Aib residues result in amide bond isomerization/cyclization mechanisms 

with low energy barriers being favored. Possibly such factors as overall proximity 
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between terminal amino and carbonyl groups, as well as stabilizing intramolecular 

interactions may be involved (278). Intramolecular aminolysis of dipeptide esters with 

formation of DKPs may be acid-(279) or base-catalysed (280).  Sometimes DKPs are 

formed under the influence of nucleophilic reagents. 

5.4 Influence of the Leaving Group 

The fact that the nature of the alcohol portion of dipeptidyl esters has a major influence 

on the ease of DKP formation is indicated by the fact that amino acid methyl esters 

generally undergo cyclodimerization more readily than the corresponding ethyl esters. In 

a systematic study (281) using H-Gly-Gly-OR, it was found that the order of reactivity 

towards DKP formation depended on the steric bulk in R as follows: Me≫Amn >Et>Ami 

>Bun = Bui > Prn ≫ Bn > Pri . Some α-carboxyl protecting groups that have found 

widespread application in peptide synthesis are unsuitable from the point of view of the 

DKP side reaction. Chief amongst these are esters more prone to nucleophilic attack than 

ordinary alkyl esters. Thus substituted methyl esters in which the substituents are 

electron-withdrawing, such as is the case for examples 2,2,2- trichloroethyl (282) and 

phenacyl esters (283), are suspect in this regard. In fact immobilized phenacyl bromide 

has proven an effective starting point for the solid-phase synthesis of DKPs (284). 

Phenacyl esters have attained major importance as a semi-permanent carboxyl-blocking 

group in convergent solution peptide synthesis (285). Benzyl esters, which find very wide 

application in peptide synthesis, are less reactive, although still appreciably prone to 

nucleophilic attack. DKP cyclization of dipeptide benzyl esters may occur even when 
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residues are present which are not normally observed to facilitate cyclization. For 

example, appreciable cyclization was observed upon piperidine deprotection of Fmoc- 

Tyr(But)-Ala-OBn (286).  

5.5 Influence of the Amino Acid Residues 

The fact that the relative ease of DKP formation not only depends on the amino acid 

leaving group but was also influenced by residue structural features was seen very early. 

Thus polycondensation of H-Gly-OEt gave the DKP almost exclusively, whereas the 

same reaction with H-Ala-OEt did not appear to be accompanied by DKP formation 

(287). The presence of Gly in dipeptide esters generally facilitates DKP cyclization since 

here the cis amide bond in the transition state to the DKP is more favorable than with 

other amino acids due to the absence of an interfering side chain. The steric bulk close to 

the α-carbon as for example in β-branched residues such as Ile, Val, and Thr, has a 

stronger influence on steric crowding in transition states leading to DKPs than steric bulk 

further away. This fact is exemplified by the successful preparation of numerous c[Tyr-

Arg] analogs, many with side chains of exceptional steric bulk (288). It is clear, however, 

that factors other than side chain steric bulk can be of importance. Thus for esters of 

certain bulky β-branched amino acids DKP formation still competes effectively with 

polycondensation, e.g. certain arylglycinates afford DKPs in appreciable yields upon 

heating to moderate temperature (289). At least in DKPs containing two straight-chain 

alkyl side chains, UV spectroscopic experiments suggest that any interaction between the 

side chains (e.g. those of Met) can be ruled out (290). Those amino acids, which favor 
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DKP cyclization in dipeptide derivatives, exert their effect whether present C- or N-

terminally, although the effect is less pronounced in the latter case (291). 

Cyclizations involving dipeptides composed of residues with opposing configurations 

appear to be particularly facile, presumably due to the fact that in such cases trans-DKPs 

are formed (292). Here steric congestion in the cis dipeptide isomer is less severe if e.g. 

the amino- and carboxyl-terminal residues are L and D, respectively. It is thus not 

surprising that DKP formation from mixed D/L-dipeptide methyl and ethyl esters is 

common (293). An example is the tripeptide H-D-Val-Pro-Sar-OH, which upon storage 

in solution at ambient temperature yields the thermodynamically very favorable c[DVal- 

Pro] (294). 

5.6 DKP Epimerization 

When DKPs are exposed to epimerization-inducing conditions they are found to 

epimerize at similar rates as the corresponding dipeptides, although some DKPs 

epimerize particularly readily, e.g. c[Pro-Phe](295). Upon epimerization-forcing 

conditions, the rate of DKP epimerization is fast initially but soon slows, presumably due 

to hydrolysis to the dipeptide. It was shown that under these conditions for Gly-Ala 

dipeptides equilibria between H-Ala-Gly-OH, DKP and H-Gly-Ala-OH, as well as 

between the individual epimerization rates exist (296). The decomposition and 

epimerization of aspartame (H-Asp-Phe-OMe) in the DKP and peptide products as a 

function of pH and temperature has been studied in detail (297). Under conditions where 

there is no amide bond hydrolysis, on the other hand, DKPs appear to be more stable to 
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epimerization than corresponding dipeptide derivatives, presumably since DKPs cannot 

give rise to azlactones. When there exists an enhanced tendency for α-proton abstrac- 

tion, however, epimerization can of course occur, as is the case for example in 

piperazine-2,5-onothiones and -2,5-dithiones possessing facile thione → thiol 

tautomerism (298). 

It has been observed that in aqueous solution peptides containing a Gly residue in 

position 3 may undergo rearrangement via DKP intermediates involving sequence 

inversion of the first two residues and epimerization at position 1 (299). For peptides 

containing amino acids other than Gly at position 3, on the other hand, epimerization 

appears to be preferred to rearrangement. The mechanism proposed for these 

experimental observations includes attack of the N-terminal amino group on the carbonyl 

group of the second residue of the polypeptide sequence. The resulting tetrahedral DKP-

like intermediate may either decompose to the DKP proper with chain scission; 

alternatively, it can form a bicyclic structure by transannular attack on the first carbonyl 

group by the newly formed amino group, resulting in rearranged products, or it may form 

a bicyclic structure by attack of the newly formed hydroxy group on the carbonyl group 

leading to epimerized products. 

5.7 Structure of DKPs 

Due to the fact that the DKP ring contains two cis peptide bonds (300), it follows that it 

must be nearly planar, although very flat twist forms of boats and chairs are also possible. 

Avoidance of steric interaction between side chains of the DKP ring appears to influence 
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strongly DKP ring conformation (301). In general, if the dihedral bond angles between α-

carbons and the carbonyl and amino groups are termed ψ and φ, respectively, as well as 

the amide N-C bond ω, then the general constraints shown in Figure 5.1 apply. The 

molecular rigidity of the DKP ring was suggested early (302) and this was borne out by 

optical rotatory dispersion experiments (303). Crystal structures of DKPs with sterically 

insignificant side chains also show a planar conformation (304). DKPs with aromatic side 

chains have ring conformations that are influenced by the tendency of the aromatic 

substituents to overlap with the DKP ring, a phenomenon suggested by various physical 

methods (305), notably 1H-NMR  (306). The interaction between the DKP and aromatic 

rings in such systems is of a short-range nature, the force involved probably being of the 

dipole-induced dipole kind, the amide groups providing the dipole and the aromatic ring 

supplying a polarizable π-electron cloud. In the case of cis DKPs, various combinations 

of aromatic and non-aromatic ring substituents lead to DKPs whose conformations can be 

rationalized by three basic conformations (Figure 5.2). 

For trans DKPs only the planar ring conformation is likely to be of importance. Aromatic 

ring stacking is also highly favored in DKPs where this is possible (307). Thus a ring 

conformation with negative degree of folding and two pseudo-axial substituents was 

observed for c[Trp-Phe] (308). A similar situation exists in c[Tyr-Tic], however, here the 

DKP ring is nearly planar (309). Folding of aromatic side chains on to the DKP ring was 

also observed for DKPs containing two aromatic residues (Phe, naphthyl-Ala) and here 

planar or nearly planar bowsprit boat-type DPK ring conformations were found (310). 

Figure 5.2 The three basic ring conformations found in cis DKPs (311) 
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In Pro-containing DKPs (312) the planar DKP ring conformation is energetically 

unfavorable because it requires that the five-membered Pro ring be severely twisted 

(Figure 5.3). The strongly favored near-planar Pro ring conformation is only possible if 

the DKP ring assumes a boat-like conformation. An even stronger stabilization of the 

DKP boat form would be expected in the case of c[Pro-Pro] because here the Cα−Cβ 

bonds of the two Pro residues are in pseudoequatorial positions. For c[Pro-DPro], on the 

other hand, only the planar DKP ring conformation is possible, with the two Pro rings 

taking up half-chair conformations.  
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Figure 5.3 DKP conformations involving Pro residues (311) 

 

5.8 Strategies Employed to Prevent DKP Formation in Solution and SPPS 

Since acid- or base-catalyzed DKP formation can also be an unwanted side reaction in 

peptide synthesis, there are numerous solutions to this problem. One solution to this 

problem is application of Cbz-protection, removable by hydrogenolysis, and chain 

extension with the very reactive Pfp esters, again without the need for the addition of 

tertiary base (313). In Fmoc-based SPPS, as a general precaution, abbreviated 

deprotection and wash cycles at the dipeptide stage are advisable (314), although for 

particularly prone dipeptide sequences such a protocol (e.g. 50% piperidine/DMF for 5 

min) may still be problematic and further shortening of the reaction time will lead to 

incomplete deprotection (315). A possible solution to such sequences is introduction of 

the second amino acid residue as the hyper-acid labile 2-(4-

biphenylyl)isopropyloxycarbonyl (Bpoc) derivative (316). More recently it has been 

shown that in Fmoc-based SPPS replacement of the piperidine with TBAF (317) may be 

useful. Thus deblocking of Fmoc-Lys(Boc)-Pro-(p-alkoxybenzyl alcohol resin) with 20 

mM TBAF in DMF was reported to suppress substantially DKP formation from this 
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particularly prone dipeptide (318). However, similar treatment of a different dipeptidyl 

resin (Pro-Tyr) did not effectively suppress DKP formation and caused almost complete 

epimerization at the Tyr residue (319). Addition of up to 2% EtOH (i.e. conditions which 

moderate the nucleophilicity of the fluoride ion) to the TBAF/DMF mixture drastically 

reduced both cyclization and epimerization.  

N-methyl amino acids are particularly prone to cyclization (320). This can be especially 

problematic in cases where it has been found that N-methylation increases receptor 

selectivity (321). Thus the extreme case represented by D(N-Me)Phe-Pro peptidyl resin 

required particular precautions in order to avoid DKP formation (320). The dipeptide 

amine salt obtained by HCl/dioxane Boc-deprotection was reacted with the appropriate 

Fmoc-amino acid chloride for several minutes at low temperature, followed by the 

addition of DIEA to ‘pH 8’. The very high reactivity of the Fmoc-amino acid chloride, 

together with control of temperature and base strength was necessary to counteract the 

extremely short half-life (15 min) of the neutralized dipeptide resin with respect to DKP 

formation. 

5.9 Diketopiperazines in Drug Discovery 

2,5-Diketopiperazines (2,5-DKP’s) are also a class of naturally occurring privileged 

structures that have the ability to bind to a wide range of receptors (322). They also have 

several characteristics making them attractive scaffolds for drug discovery. They are 

small, conformationally constrained heterocyclic scaffolds in which diversity can be 

introduced at up to six positions and stereochemistry controlled at up to four positions, 
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and they are stable to proteolysis. These 3D molecular skeletons having diverse 

substituent groups, which overcome one of the limitations of conventional medicinal 

chemical agents, namely the typical planarity found in most known pharmaceutical 

substances discovered through organic synthesis. The 2,5-diketopiperazines also occur in 

numerous natural products, and this subunit is often found alone or embedded in larger, 

more complex architectures in a variety of natural products from fungi, bacteria, the plant 

kingdom, and mammals. They are important in drug discovery because they have a rigid 

backbone, which can mimic a preferential peptide conformation and contain constrained 

amino acids embedded within their structures without the unwanted physical and 

metabolite properties of peptides. Recent advances in solid-phase methodology have 

made this class of heterocycles even more attractive to combinatorial drug discovery 

efforts (322). 

There are numerous bioactive molecules containing the 2,5-DKP-core template in the 

literature arising from natural products and available from combinatorial libraries. These 

small, conformationally rigid, chiral templates have multiple H-bond acceptors and donor 

functionality and have multiple sites for structural elaboration of diverse functional 

groups with defined stereochemistry. These characteristics not only enable them to bind 

with high affinity to a large variety of receptors, showing a broad range of biological 

activities, but also allow the development of the drug-like physicochemical properties 

required for the multi-objective optimization process of transforming a lead to a drug 

product. The SAR has been explored in many of these 2,5-DKP templates, and Tadalafil, 

Retosiban, Epelsiban illustrate their therapeutic potential, and Aplaviroc, which have had 
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their medicinal chemistry developed from lead to a clinical drug (322). Additionally, 2,5-

diketopiperazines have been developed to obtain DNA-binding agents that overcome 

multidrug resistance shown by the quinone-based anticancer agents (331, 332). Also 

there has been interest in 2,5-diketopiperazine natural products based on the tryptophan-

proline 2,5-diketopiperazine c(L-Trp-L-Pro) core found in the tryprostatin mammalian 

cell-cycle inhibitors and the fumitremorgin multidrug transport inhibitors as possible 

candidates for the development of anticancer drugs. In addition the dehydro-2,5-

diketopiperazine core found in the microtubule binding agent Phenylahistin has been 

developed to give clinical candidates for anticancer therapy (322). The 2,5-

diketopiperazines are among the most numerous of all the naturally occurring peptide 

antibiotics (323). They range from the simple cyclic dipeptides like the cycloserine dimer 

(324) active against Mycobacterium tuberculosis, and cairomycin B (325) active against 

Gram-positive bacteria. 

DKPs can also be found in the realm of peptidomimetics. 2,5-Diketopiperazines have 

been synthesized as conformational mimics of linear peptides. These cyclic constrained 

analogs of peptides mimic the latter's bioactive conformation where the rather rigid 

scaffold can present the essential side-chains and/or functionalities in the correct 3D 

orientation seen in specific secondary structural features of peptides and proteins. 

Numerous natural product molecules bearing the 2,5-diketopiperazine ring have been 

isolated, and many have received attention not only as challenging synthetic targets but 

also because some of these compounds displayed diverse and interesting biological 
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activities.  Interest has increased in the biosynthesis, genetics, total synthesis, bioactivity, 

and medicinal properties of this class of natural products. 

Tryptophan is commonly incorporated into 2,5-diketopiperazine natural products, with 

hundreds of examples in the literature (322). Also proline 2,5-diketopiperazines are 

widespread in nature because the proline amino acid residue adopts a cis-conformation 

about the Xaa-Pro tertiary amide bond and hence makes the Xaa-Pro sequences prone to 

2,5-diketopiperazine formation (326). Not surprisingly therefore, the most abundant and 

structurally diverse 2,5-diketopiperazine natural products are those based on the 

tryptophan-proline 2,5-diketopiperazine c(L-Trp-L-Pro) core derived from condensation 

of tryptophan and proline residues, and this is often further modified by heterocyclization 

and isoprenyl (dimethylallyl) addition. Nature has extensively exploited the rich 

nucleophilic chemistry of the indole ring in this template, where all positions of this 

heterocyclic nucleus are susceptible to electrophilic attack, to craft a bewildering array of 

structurally intriguing natural substances. The biosynthesis of several members of this 

large family of tryptophan-proline 2,5-diketopiperazines has been reviewed (327, 328). 

5.10 Using DKPs to target the melanocortin receptor system 

Due to the problems associated with peptide stability in vivo it would be beneficial to 

develop small molecule like scaffolds to mimic the core amino acid residues required to 

initiate a biological response. Since our research is heavily focused on developing 

selective melanocortin ligands an easy starting point is using cyclic dipeptides containing 

critical residues essential to melanocortin activity. As it is already known that 
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phenylalanine and napthylalanine form a key component of the core amino acids, 

diketopiperazine analogs were synthesized from these hydrophobic moieties. The DKPs 

were formed as shown in scheme 5.2 below. 

Scheme 5.2 

 

5.11 DKP Synthetic Protocol 

1G of H-L-Phe-OMe, 1.2eq of Boc-L-Nal(2’)-OH and 1.4eq of HBTU were dissolved in 

30mL of acetonitrile and 3eq of DIEA was added dropwise in a 100mL round-bottom 

flask. Solution turns clear as base is added. This mixture was stirred at room temperature 

under argon overnight. TLC (1:1 hexanes:ethyl acetate using TLC plates described in 

section 4.2) was performed for completeness of formation of dipeptide. The dipeptide 

was then rotavapped to an oil and the oil was triturated with diethyl ether to remove 

impurities. The Boc protected dipeptide was then purified using column chromatography 

(Silica Gel using 50:50 hexanes:ethyl acetate as the eluent all from Sigma-Aldrich). The 

fractions were tested using TLC (1:1 hexanes:ethyl acetate using TLC plates described in 

section 4.2) and the fractions containing pure product were pooled together and 

rotavapped to produce a very white crystalline powder and confirmed with mass 
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spectrometry (as described in section 4.2). This was then followed by removal of the Boc 

protecting group using 1:1 TFA:DCM under argon at 0°C for 30min. TFA and DCM was 

then rotavapped and the resulting oil was TLC tested for completion of Boc removal (1:1 

hexanes:ethyl acetate using TLC plates described in section 4.2). The oil was then 

dissolved in 150mL of toluene in a 250mL round-bottom flask and 1 drop of acetic acid 

is added. A Dean-Stark reflux apparatus with water-cooled condenser is then attached to 

the round-bottom flask and a balloon containing argon gas is attached to the top of the 

condenser. The oil completely dissolves upon heating and soon after a white precipitate 

forms. After 30min of heating the reaction is allowed to continue overnight at room 

temperature. The next day the toluene is rotavapped and the powder formed is triturated 

in diethyl ether and dried. The white powder is found to contain pure cyclic dipeptide as 

confirmed by mass spectrometry (as described in section 4.2). ACS grade organic 

solvents were purchased from VWR Scientific (West Chester, PA), and other reagents 

were obtained from Sigma-Aldrich (St. Louis, MO) and used as commercially available. 

It was discovered that this type of DKP is extremely insoluble in all conventional 

solvents including dimethylsulfoxide (DMSO-D6). It was determined that the 

combination of strong hydrophobic interactions between the phenyl and napthyl rings 

along with the hydrogen bonds formed from the amide bond portion, contributed to the 

extreme insolubility of this molecule. This hydrophobic interaction is in agreement with 

previous research (310). It was decided that increasing the polarity of the DKP by adding 

halogens to the phenyl ring would improve solubility. This was indeed the case. 

However, new problems arose as the halogen modified DKPs proved exceedingly 
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difficult to fully cyclize. In Figure 5.4, examples of the halogen modified DKPs are seen. 

Figure 5.4 Examples of DKP Derivatives Synthesized 

 

5.12 DKP Conclusions 

As shown in this chapter, DKPs have been the peptide chemists’ constant companions for 

a long time and we have amassed a great deal of knowledge about them, which has been 

applicable to the understanding of the chemistry of polypeptides in general. The well-

understood synthetic methods for the preparation of DKPs are now being exploited in 

combinatorial chemistry strategies aimed at accelerating the drug discovery process, 

particularly in the pharmaceutical industry. The discovery of increasing numbers of 

naturally occurring bioactive 2,5-diketopiperazines, the rapid advances in synthetic 

methodology in solution, on solid phase, and using combinatorial and microwave-assisted 

technologies, in addition to progress in selective functionalization of the 2,5-DKP ring 

have led to the total synthesis of some complex structures containing this heterocyclic 

framework. This research has also stimulated the investigation of the medicinal chemistry 
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and SAR of many of these templates, which has led to several therapeutic drugs. With 

this wealth of synthetic and medicinal chemical knowledge and the expanding range of 

bioactivities exhibited by compounds containing this scaffold, we can expect many 

further developments of this template in drug discovery. In addition to this, the 

continuing interest in the conformation and highly ordered supermolecular structures of 

this simplest class of cyclic peptides as well as their use as conformational mimics of 

linear peptides and as chiral catalysts and auxiliaries lead us to expect the opening of 

many new perspectives for 2,5-DKP research. 
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   Energy Balance Studies and Cancer 

 

Joel Nyberg1, Minying Cai2,Kimberly Osesky3 and Victor Hruby4 
Department of Chemistry, University of Arizona, Tucson, AZ, USA 85721 

 

 

Introduction 

The melanocortin system currently has five known receptors and these 5 receptors 

regulate a remarkably vast array of physiological processes in our bodies. Everything 

from inflammation and pigmentation (MC1), adrenal gland function (MC2), energy 

partitioning (MC3), feeding and sexual behavior (MC4) to exocrine gland function 

(MC5). This research has been mostly concerned with energy partitioning and feeding 

behavior, especially in its application to cancer. Cachexia is a clinical syndrome of 

wasting that accompanies many chronic diseases including cancer, renal failure, and heart 

failure. Evidence from animal models suggests a compelling link between cachexia and 

inflammation, and a variety of pro-inflammatory cytokines such as TNF-α play an 

integral role in wasting syndrome. This condition is marked by an increase in energy 

expenditure and preferential loss of lean body mass, creating a striking catabolic state.  

Few treatments have proved to be of significant benefit to patients suffering from 

cachexia. One new treatment that shows promise is pharmacological blockade of the 

central melanocortin system. The importance of this system is in maintaining normal 

body weight. In humans it is highlighted by the finding that disordered melanocortin 

signaling results in early-onset morbid obesity or dramatic decreases in lean body mass in 

humans. Emerging evidence suggests that blocking this system via pharmacological 
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antagonists of the type 4 melanocortin receptor (MC4R) may restore appetite and lean 

body mass in subjects with cachexia caused by a variety of underlying disorders. The 

basic template for these are bifunctional drugs involving a MC4 antagonist portion 

coupled with various linkers to the core sequence of the endogenous peptide α-MSH 

believed to be involved in inflammation, Lys-Pro-Val. Comparatively little attention has 

been given to obtaining selective ligands for the hMC3R owing to the dearth of specific 

evidence on their physiological functions. However, recent reports have demonstrated 

that inactivation of the mouse MC3R leads to increased fat mass, reduced lean mass, and 

higher feed efficiency than their wild type littermates. Furthermore, studies have shown 

that peripheral injections of a hMC3R selective agonist can stimulate food intake in mice, 

suggesting an important role of this receptor subtype in the regulation of feeding and 

energy partitioning. In addition, possible involvement of the hMC3R in the regulation of 

inflammatory responses and cardiovascular function has also been proposed. Finally, the 

emerging evidence points to a potential role of the hMC3R in regulation of erectile 

function and sexual behavior, which provides further impetus for the development of 

highly selective hMC3R agonists and antagonists. Results of testing a series of 

hMC4/TNF-α antagonists on the four of the five known melanocortin receptors (MCR) is 

seen in table 1. 
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Table 1 hMC1R nM hMC3R nM hMC4R nM hMC5R nM 

Ac-Nle-c[D-H-DPhe-

R-W-K]-NH
2
 (control) 3.058 1.059 0.01838 1.594 

c[CO(CH
2
)
2
CO-DNal-

R-W-K]-G-K-P-V-

NH
2
 

3.058 1.104 35.40 10.80 

c[CO(CH
2
)
2
CO-DNal-

R-W-K]-A-K-P-V-

NH
2
 

50.58 2.228 42.46 16.96 

c[CO(CH
2
)
2
CO-DNal-

R-W-K]-A-G-K-P-V-

NH
2
 

386.0 2.807 16.68 6.515 

c[CO(CH
2
)
2
CO-DNal-

R-W-K]-β-A-K-P-V-

NH
2
 

2.702 5.030 1.899 3.352 

Ac-Nle-c[D-H-DNal-

R-W-K]-G-K-P-V-

NH
2
 

4.617 2.746 0.8834 4.492 

Ac-Nle-c[D-H-DNal-

R-W-K]-A-K-P-V-

NH
2
 

1.166 1.501 0.3716 2.732 

Ac-Nle-c[D-H-DNal-

R-W-K]-A-G-K-P-V-

NH
2
 

0.3588 0.9494 0.3119 2.303 
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Results and Discussion 

 

Several of these peptides have been subjected to bioassays expressing melanocortin 

receptors and although the MC4 portion results from the first series of compounds have 

not been ideal, however, some very promising MC3 selective ligands have resulted. Of 

the four MC receptors tested, the peptides show the most antagonistic effects on MC3 

based on the % max effect. Developing ligands that are selective for MC3R over MC4R 

is one of my major goals. One compound is especially interesting when comparing 

MC3R to MC4R. The major difference from the other peptides is a longer linker. Trying 

out isoteric as well as longer linkers could provide some very telling information on how 

to proceed towards developing a very selective MC3 ligand. One of my compounds 

appears to be an antagonist at MC3 while it’s a partial agonist at MC4. It is also more 

selective for MC3R than for MC4R. This is a promising lead towards developing a MC3 

selective ligand and naturally future research will be focused on this peptide sequence in 

particular. These peptides are structurally variations of the bifunctional molecules 

described above. 
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Studies of Energy Balance and Cancer 

Joel Nyberg, Alexander Mayorov, Minying Cai, Morgan Zingsheim, and Victor J. 

Hruby 

Department of Chemistry, University of Arizona, Tucson, AZ 85721, U.S.A. 

Introduction 

The anti-inflammatory activities of the neuroimmunomodulator α-melanocyte stimulating 

hormone (α-MSH) has been traced to a ‘message sequence’ contained in the C-terminal: 

the tripeptide amino acid Lys-Pro-Val (KPV; α-MSH 11-13) [1]. Inflammatory 

processes, in particular the induction of NF-κB by tumor necrosis factor (TNF-α) have 

been shown to be inhibited by α-MSH through inhibition of TNF-α [2]. NF-κB resides in 

the cytosol bound to an inhibitor called IκB. Binding of TNF- α to its receptor triggers 

phosphorylation of IκB. IκB then becomes ubiquinated and destroyed by proteasomes, 

which liberates NF-κB to the nucleus. [3] NF-κB controls the synthesis of a number of 

genes required for an acute inflammatory response [4]. Cachexia is a clinical syndrome of 

wasting that accompanies many chronic diseases a condition found associated with 

diseases such as some cancers, infectious diseases, and cardiovascular disease [5]. 

Evidence from animal models suggests a compelling link between cachexia and 

inflammation, and a variety of pro-inflammatory cytokines such as TNF-α play an 

integral role in wasting syndrome [6]. This condition is marked by an increase in energy 

expenditure and preferential loss of lean body mass, creating a striking catabolic state. 

Few treatments have proved to be of significant benefit to patients suffering from 

cachexia.  

One new treatment that shows promise is pharmacological blockade of the central 
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melanocortin system. The importance of this system is in maintaining normal body 

weight. In humans it is highlighted by the finding that disordered melanocortin signaling 

results in early-onset morbid obesity and dramatic increases in lean body mass in 

humans. Emerging evidence suggests that blocking this system via pharmacological 

antagonists of the type 4 melanocortin receptor (MC4R) may restore appetite and lean 

body mass in subjects with cachexia caused by a variety of underlying disorders [7]. 

Using the correlation between the anti-inflammatory effects of the KPV sequence found 

in α-MSH [4] and the hMC4 antagonistic functions of SHU9119 and MBP10 [8], bi-

functional peptides have been designed using various linkers such as Gly, Ala, or β-Ala. 

Fig. 1 

c[CO(CH2)CO-DNal(2')-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2 

Bifunctional ligand containing MBP10 as an hMC4 antagonist  

 Fig. 2 

Ac-Nle-c[Asp-His-DNal(2')-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2 

Bifunctional ligand containing SHU9119 as an hMC4 antagonist 
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Table 1 Binding data for melanotropins 

Code Structure 
hMC1R 

nM 

hMC3R 

nM 

hMC4R 

nM 

hMC5R 

nM 

1 
Ac-Nle-c[Asp-His-DPhe-

Arg-Trp-Lys]-NH2 
3.1 1.1 0.02 1.6 

2 
Ac-Nle-c[Asp-His-DNal(2')-

Arg-Trp-Lys]-NH2 
ND 0.23 0.06 0.09 

3 
c[CO(CH2)CO-DNal(2')-

Arg-Trp-Lys]-NH2 
ND 150 0.5 540 

4 

Ac-Nle-c[Asp-His-

DNal(2’)-Arg-Trp-Lys]-

Ala- Lys-Pro-Val-NH2 

1.2 1.5 0.4 2.7 

5 

Ac-Nle-c[Asp-His-

DNal(2’)-Arg-Trp-Lys]-

Ala-Gly-Lys-Pro-Val-NH2 

0.36 0.9 0.3 2.3 

 

Results and Discussion 

There has been no significant difference in binding ability in regards to the various 

linkers used. Compound 1 is the melanocortin superagonist MTII. Compounds 2 and 3 

are the known melanocortin 4 antagonists SHU9119 and MBP10 respectively. 

Compounds 4 and 5 are two of the bifunctional peptides synthesized combining the anti-

inflammatory sequence KPV and the hMC4 antagonist SHU9119. It was found that 

compounds 4 and 5 show some selectivity towards the melanocortin 4 receptor. Based on 

experiments we have seen some TNF-α inhibition with these compounds (data not 

shown). Cachexia (wasting) is a serious issue for many patients suffering from states of 

chronic inflammation. Melanocortins and TNF-α are believed to be intimately involved 
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in the process of inflammation and feeding behavior. Although it is not known for certain 

at this time if the anti-inflammatory effects of melanocortin (MSH) act directly on 

melanocortin receptors (MC-R) or via another substrate among the inflammation 

mediators, these studies can not only lead to the development of effective drugs against 

cachexia but also allow the elucidation of the exact processes involved in inflammation. 

Considerable effort has been made toward the development of highly potent hMC4R-

selective agonists and antagonist due to the involvement of this receptor in the regulation 

of feeding and sexual behavior. The area of melanocortin research is vast and promises 

many exciting possibilities in modulating a large number of physiological processes in 

the human body. 
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ANALYTICAL HPLC, MS AND NMR 
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1. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2 
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2. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2 
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3. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 
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4. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2 
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5. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2 
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6. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2 
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7. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 
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8. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2 
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9. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2
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10. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2
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11. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2
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12. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2
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13. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Gly-Lys-Pro-Val-NH2
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14. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Lys-Pro-Val-NH2
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15. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Gly-Lys-Pro-Val-NH2
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16. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Gly-Lys-Pro-Val-NH2
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17. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Ala-Lys-Pro-Val-NH2 
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18. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Ala-Gly-Lys-Pro-Val-NH2 
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19. H-DPhe-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Pro-Val-NH2 
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20. H-DNal(2’)-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Pro-Val-NH2 
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21. H-DNal(2’)-c[Asp-Pro-DPhe-Arg-Trp-Lys]-NH2 
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1. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2
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2. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2
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3. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 
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4. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2 



 216 

 

5. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2 
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6. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2 
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7. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 
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8. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2 
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9. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2 



 221 

 

10. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2 



 222 

 

11. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 223 

 

12. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-β-Ala-Gly-Lys-Pro-Val-NH2



 224 

 

13. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Gly-Lys-Pro-Val-NH2 



 225 

 

14. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Lys-Pro-Val-NH2



 226 

 

15. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Gly-Lys-Pro-Val-NH2



 227 

 

16. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Gly-Lys-Pro-Val-NH2 



 228 

 

17. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Ala-Lys-Pro-Val-NH2



 229 

 

18. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 230 

 

19. H-DPhe-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 231 

 

20. H-DNal(2’)-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2



 232 

 

21. H-DNal(2’)-c[Asp-Pro-DPhe-Arg-Trp-Lys]-NH2 

 



 233 

 

1. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2 



 234 

 

2. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2 



 235 

 

3. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 236 

 

4. c[(CH2CO)2-DPhe-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2 



 237 

 

5. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2 



 238 

 

 

6. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2 



 239 

 

7. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 240 

 

8. c[(CH2CO)2-DNal(2’)-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2 



 241 

 

9. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Gly-Lys-Pro-Val-NH2 



 242 

 

10. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Lys-Pro-Val-NH2 



 243 

 

11. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 244 

 

12. Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-β-Ala-Lys-Pro-Val-NH2 



 245 

 

13. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Gly-Lys-Pro-Val-NH2 



 246 

 

14. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Lys-Pro-Val-NH2 



 247 

 

15. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DTrp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 248 

 

16. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Gly-Lys-Pro-Val-NH2 



 249 

 

17. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Ala-Lys-Pro-Val-NH2 



 250 

 

18. Ac-Nle-c[Asp-His-DNal(2’)-Arg-DNal(2’)-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 251 

 

19. H-DPhe-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 252 

 

20. H-DNal(2’)-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2 



 253 

 

21. H-DNal(2’)-c[Asp-Pro-DPhe-Arg-Trp-Lys]-Ala-Gly-Lys-Pro-Val-NH2
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