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Abstract  

The melanocortin system is comprised of 5 homeostatic G-protein coupled receptors, which 

regulate diverse physiological functions including skin pigmentation, erectile dysfunction, and 

feeding behavior. Melanocortin peptides have been applied to MC4Rs to control feeding 

behavior and MC1Rs to control skin pigmentation and melanoma progression. Orexin receptors, 

like MC4R, are expressed in the hypothalamus and affect feeding behavior, suggesting a 

complex relationship between orexin and melanocortin signaling. Competitive ligand binding 

and cAMP accumulation assays showed no stimulation of intracellular melanocortin signaling by 

orexin peptides, making direct cross talk between these receptors unlikely. Melanocortin 

peptides have also been applied to the treatment of melanoma, a cancer plagued by poor 

diagnosis and prognosis. Previous experimentation showed Rad-tagged NDP-α-MSH selectively 

binding melanoma tumors in vivo; repetitive treatments with Rho-MT-II, a non-specific 

melanocortin agonist, resulted in melanoma tumor shrinkage 1. In vitro, MTT colorimetric assays 

showed greater cell death when A375 melanoma cells were treated with an MC1R antagonist 

rather than an agonist. However, induction of hypotonic stress and apoptosis through 

simultaneous treatment with BzATP and MC1R agonist resulted an increased cell death. These 

results mark an important step towards developing targeted melanoma treatments.  

  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Cai et al. (2011) European J. Pharmacol. 660: 180-193.	  
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Introduction 

The Melanocortin System. G-protein coupled receptors (GPCRs), characterized by their seven 

transmembrane domains (7TM), are abundant in eukaryotic organisms; nearly 1000 GPCRs, 

encoded by 800 genes, have been identified to date2. They are effective at transducing 

extracellular stimuli into intracellular signals via small conformational changes, G-proteins, and 

secondary messengers. When an extracellular signal binds the receptor, intracellular 

heterotrimeric G-proteins dissociate from the receptor, diffuse along the plasma membrane, and 

activate near by enzymes and ion channels, changing the intracellular concentration of secondary 

messengers such as cyclic adenosine monophosphate (cAMP) and calcium.  

The melanocortin system is comprised of five G-protein coupled receptors (MCRs) 

expressed centrally, in the hypothalamus and brain stem,3 and peripherally, in keratinocytes, 

melanocytes, and immune cells4. This leads MCRs to have diverse physiological functions 

affecting feeding behavior, sexual behavior, erectile function, skin pigmentation, and immune 

response4. Previous drug discovery efforts have yielded chemotherapeutics that show potential in 

treating diseases as diverse as obesity, anorexia, diabetes, erectile dysfunction, and melanoma5,6.  

Traditional drug discovery approaches require computational analysis and coking studies 

with crystal structures to guide exogenous ligand design. As hydrophobic transmembrane 

proteins, structural data is very limited for MCRs. Thus, a reverse pharmacological approach has 

been employed to elucidate the extracellular architecture and functions of these receptors. 

Analogues with dextrorotary and non-natural amino acid substitutions, lactam bridge or disulfide 

bond cyclization, and backbone amide N-methylation were produced and assessed for their 

binding affinity and second messenger activation. Performance on standardized competitive 

binding and cAMP accumulation assays were used to evaluate how changes in the ligand 
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structure altered efficacy. For the melanocortin receptors, the goal continues to be development 

of potent and discriminating agonists and antagonists via high-throughput screening.  

The melanocortin system is unique in that it has both endogenous agonists, α-, β-, and γ-

melanocyte stimulating hormones (i.e. α-MSH), and antagonists, agouti and agouti related 

protein (AgRP)7. These are derivatives of the pre-opiomelanocortin gene (POMC). Agonist 

activity and binding at MC1R, MC3R, MC4R, and MC5R relies on the tetrapeptide 

pharmacophore [His-Phe-Arg-Trp], which was identified by truncation studies4. This sequence 

and similar variations are featured in most exogenous analogues. Many strategies have been 

employed in an attempt to increase the stability of peptides, which are sensitive to the proteases 

in vivo8, and constrain possible conformations including cyclization, D-amino acid and rare 

amino acid substitutions, disulfide bonding, and amide backbone N-methylation of MT-II and 

SHU91194. Competition binding assays with radioligand, NDP-α-MSH, and functional assays 

measuring cAMP accumulation after drug treatment were used to quantify the activity of these 

novel peptides and to identify those with unique activity or discriminating binding at each of the 

melanocortin receptors.  

 

Application of MC4R peptides to feeding behavior. Melanocortin receptor 4 has been implicated 

in the treatment of obesity and control of feeding behavior because agonism of MC4R reduces 

food intake in murine models9. Lubrano-Berthelier et al. (2003) showed that MC4R mutations 

are present in 6% of severe early onset obesity cases, and 54% of these mutations impair 

membrane expression of MC4R10. These findings place MC4R active drugs at the forefront of 

the war against obesity. However, control over feeding behavior is complex and many hormones 

have been individually recognized for influencing feeding behavior—leptin, ghrelin, and the 
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orexin peptides. Of note, the orexin receptors are, like MC4R, expressed in the hypothalamus 

and amygdala11. As it is common for neurotransmitters to have activity at more than one 

receptor, investigation of the potential overlap between orexin and melanocortin peptides at the 

melanocortin receptors was investigated using competitive binding and cAMP accumulation 

assays to determine if the endogenous orexin peptides, orexin A and orexin B, had binding 

affinities or caused cAMP response at four melanocortin receptors (excluding MC2R). We 

hypothesized that there may be affinity of the orexin peptides at the melanocortin 4 receptors, 

indicating a shared pharmacophore.  

 

 Application of MC1R peptides to melanoma treatment. The Arizona Cancer Center reports that 

the incidence of melanoma cancer has been increasing by almost 3% every year for the past 30 

years, and although melanoma is less common than other forms of skin cancer, it accounts for a 

disproportionate number of deaths12. If identified early melanoma can be cured by surgically 

removing the cancerous cells, but early diagnosis of melanoma can be difficult. The prognosis 

for individuals diagnosed with Stage I cancers is greater than 5 years, and 95-97% of patients 

achieve this; yet, 20% of all Stage I and Stage II melanoma patients die within 4 years of 

diagnosis25. Those diagnosed with Stage II and III melanoma have more varied 5-year survival 

rates, ranging from 22% to 82%13. Long-term survival of Stage III-IV patients is rare with 

classical cytotoxic chemotherapy14.  

Melanoma occurs when melanocytes, the cells situated immediately about the basal layer 

of the skin, divide in an uncontrolled manner. Melanocytes are derived from neural crest cells 

during development, contributing to their mobility and potential for metastasis15. They produce 

melanin in response to UV radiation to help protect epidermal skin cells from harmful mutations 
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by absorbing UV radiation. The ratio of eumelanin (yellow) and pheomelanin (pinker) in skin is 

also responsible for defining skin pigmentation. The amount of UV radiation an individual is 

exposed to affects the amount of eumelanin in the skin. The most common oncogenic mutations 

found in melanoma are in BRAF and NRAS,16 two enzymes that play important roles in cell 

growth and proliferation pathways. Both BRAF and NRAS function are controlled by kinases. 

Thus, current melanoma treatments focus on developing specific kinase inhibitors. However, 

as kinases often have multiple downstream targets and act as the interface between multiple 

pathways, kinase inhibitors pose a challenge for drug discovery to elicit unique responses that 

cannot be bypassed by the cell 17. 

Genetic mutations in MC1R have been clinically coordinated with the formation of 

cutaneous melanoma, most often identified as skin lesions with dark coloration and undefined 

borders18. Human melanocortin receptor 1 controls skin pigmentation. When UV irradiated, 

MC1R is activated by α-MSH, causing an increase in cAMP, and ultimately upregulation of 

MITF, microphthalmia-associated transcription factor. MITF binds to promoters for 

melanogenesis enzymes, like tyrosinase, and cell cycle progression genes19. Additionally, 

mutations in MITF sequence have been identified in multiple melanoma samples, and 20% of 

metastatic melanoma samples studied by Cronin et. al (2009) showed oncogenic mutations in 

MITF-regulated pathways20. It is also of note that MC1R is overexpressed in melanoma cells 

compared to melanocytes; this fact is currently used as a marker of melanoma risk in European 

populations 21-24.  

In vivo studies with melanocortin peptides against melanoma have been performed in 

the past. Cai et. al (2011) used rhodamine conjugated MT-II (cyclic α-MSH analogue and 

super agonist), injected into the tail of mice, to image A375 melanoma cell xenografts in the 
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shoulder of a mouse1. After two weeks of treatment, the tumor shrank. This observation lead to 

the consideration that MC1R peptides may have the potential to induce apoptosis in melanoma 

cells27. The literature also suggests that downstream MC1R signaling has the capacity of 

delaying cell cycle progression or reducing inflammation 1,25, an alternative explanation for the 

tumor shrinkage finding. After 4 weeks, the tumor had regained its original size. I took this to 

be evidence of the adaptive nature of melanoma.  

In an effort to overcome the adaptation of melanoma cells to hormone therapy, I aimed 

to introduce a mechanical cell death via hypotonic stress. This was accomplished by agonizing 

extracellular ATP-gated ion channels called P2X7 receptors. P2X7 receptors are a class of 

purinergic receptors that control calcium concentrations in the cell. When extracellular ATP 

binds, the ion channel allows an influx of calcium ions to flow down their concentration 

gradient into the cell. As the extracellular concentration of calcium is 10,000 fold greater than 

the intracellular concentration, the effect is quite large. Water follows calcium into the cell 

causing the cell to swell, and hopefully, burst. 

Calcium regulation in melanoma seems to be of special importance in melanogenesis and 

melanoma cancer26. Deli et al. (2007) notes that microarray analysis of melanoma cell lines as 

suggested a role for the calcium signaling channels triggered by WNT signaling in the genesis of 

melanoma26. Other evidence of calcium regulation in melanoma cell growth includes 

overexpression of calcium dependent isoforms of protein kinase C26. This lead researchers to 

further investigate the purinoreceptor, P2X7. Deli et al. (2007) go on to state that their 

microarray analysis shows overexpression of the P2X7 receptor in human melanoma cancer cell 

lines, and that although healthy melanocytes express P2X7, the receptor is only functional in 

cancerous cells26.  These findings are recapitulated in the White et al. (2005), a study of P2X7 
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expression in A375 cells27. White et al. (2005) show that ATP functions as an antagonist at P2X7 

inducing an influx of cations including calcium27. Humphreys et al. (2000) and Surprenant et. al 

(1996) showed that treatment of receptors with high ATP concentrations for prolonged periods 

lead to pore formation that allows cations and small molecules to infiltrate the cell, 

corresponding to the upregulation of caspase enzymes and ultimately apoptosis28,29. Ultimately, I 

aim to combine the cytolytic ability of BzATP with the potential apoptotic ability of MC1R 

peptides to create a two-pronged approach to for melanoma treatment. Consequently, I 

hypothesized that treating A375 cells with a MC1R agonist and P2X7 receptor agonist 

simultaneously would result in increased cell death. The experiments detailed below represent 

the first step in the process to conjugate MC1R peptides with P2X7 agonists to selectively 

deliver apoptotic agents and simultaneously apply hypotonic stress to melanoma cells with the 

goal of increasing efficacy and selectivity of melanoma treatments.  
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Methods 

Cell Culture. Human Embryonic Kidney cells (HEK293) stably expressing hMC1R, hMC3R, 

hMC4R, and hMC5R and A375 melanoma cancer cells were grown to confluence at 37°C in 

Gibco MEM Basic Medium containing 1% Sodium Pyruvate, 10% Fetal Bovine Serum (FBS), 

and 1% Penicillin-Streptomycin, hereafter referred to as whole medium. HEK293 cells were also 

treated with the antibiotic G418 which blocks peptide synthesis in cells not containing the target 

gene. When confluent, the medium was aspirated and cells were detached from the flask with 

10mL of fresh medium was used to suspend the cells. Cell homogenate was added to additional 

whole medium to desired volume to seed 96-well plates for assays. 200uL of cells were added to 

each well, and the plates was incubated at 37°C with 5% CO2 for 48 hours. Cell lines with high 

expression levels as determined in binding assays were saved for future use by suspending 

confluent cells in 5mL of cell freezing medium. After homogenizing, the cells were aliquotted 

into 1.5mL cryogenic tubes and frozen gradually.  

 

Whole Cell Binding Assay. Whole cell binding assays are useful to determine the affinity of a 

selected peptide for each of the melanocortin receptors. Peptides are evaluated relative to a [125I]-

[Nle,D-Phe] α-MSH, a nonselective radioligand, and in reference to Melanotan II (MT-II), a 

nonspecific agonist with nanomolar binding at hMC1R, hMC3R, hMC4R, and hMC5R (1). After 

48-hour growth in 96-well plate, medium was aspirated. Stock peptides (10-3M) were diluted in 

binding buffer (MEM basic medium, 12mg/mL HEPES, 2mg/mL BSA) containing 250uL 1,10-

phenanthrolone, 200uL bacitracin, and 50uL leupetin  to six concentrations ranging 10-5 to 10-10 

M. Each concentration was applied to two columns of cells. After addition of 25uL of 0.01% 

[125I] NDP-α-MSH in binding buffer to each well, the cells were incubated at 37°C for 45 
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minutes. Then, medium was aspirated and cells were lysed by adding 0.1M NaOH and 1% 

Triton-X. Scintillation fluid was added, and the counts per minute of each cell were measured in 

the microbeta scintillation counter to quantify the radiation present. 

 

Whole Cell Binding Data Analysis. CPM of duplicate concentrations were averaged, evaluated 

for standard error, and plotted against logarithm of the peptide concentration. Graphpad Prism 

6.0 was used to fit a one-site competitive dose-response curve. Graphpad Prism 6.0 was also 

used to calculate an IC50 value, the concentration of peptide needed to inhibit 50% of radioligand 

binding. Maximal binding efficiency was determined by identifying the effectiveness of MT-II 

displacement of [125I] NDP-α-MSH. The lowest CPM recorded for MT-II was subtracted from 

analogue data to correct for non-specific binding. Then, the ratio of the bottom to top value for 

each analogue was calculated, multiplied by 100, and subtracted from 100 to determine the % 

maximal binding efficiency achieved. Percent binding efficiency above 70 suggests orthosteric 

binding while percentages below 70% may suggest allosteric binding.   

 

Cyclic Adenosine Monophosphate Accumulation Assay. Cyclic adenosine monophosphate is a 

secondary messenger in the GPCR pathway. Tracking the amount of cAMP that is produced by a 

peptide allows for the classification of the analogue as an agonist or antagonists. Both agonists 

and antagonists are sought for dynamic control of GPCR pathways.  

Cells were grown to confluence and seeded in a 96-well plate. After a 48 hour growth 

resulting in approximately 50,000 cells per well, the medium was aspirated and cells were 

incubated for 5 minutes in 625uM 3-isobutyl-1methylxanthine in basic MEM medium. IMBX is 

a competitive phosphodiesterase inhibitor that protects intracellular cAMP produced by 
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stimulation of the melanocortin receptors. Then, a 1:10 serial dilution of desired peptides in 

MEM basic medium ranging from 10-5M to 10-10M was added to the cells, and the cells are 

incubated for 20 minutes. The medium was aspirated and cold Tris-EDTA buffer was added. 

After securing the lids of the plates, they were placed in a boiling water bath for 10 minutes; 

then, the plates were placed in -20°C freezer overnight. Boiling the cells burst them, allowing 

intracellular cAMP to escape the cell membrane.  

The plates were thawed and centrifuged at 4°C for 10 min at 4000RPM. Fluid was then 

transferred, avoiding cell pellet, to another 96 well plate. An additional row of cAMP standards 

(32, 28, 24, 20, 16, 12, 8, 4, 2, 1 pmol/50mL Tris-EDTA and a blank) was added to the new 96-

well plate. 3H-cAMP was added to all wells, including the blank; PKA was added to each well 

except the blank. Plates were incubated for 4 hours on ice. After incubation, the fluid was 

transferred to a filter plate and vacuum filtered. Scintillation fluid was added to the plates and the 

bottom of the filter plates were taped. After 8 hours, the plates are read in the microbeta counter.  

 

Cyclic Adenosine Monophosphate Accumulation Assay Data Analysis. The cAMP standard 

dilution was plotted, and the ratio of each value to the highest value was plotted to present a 

standard for the cAMP experiment. This adjusted the values of the cAMP data so that they 

reflected the exact amount of 3-H cAMP added to each well. The data was then fitted with a 

sigmoidal dose response curve using Graphpad prism. Graphpad reported an EC50 value that 

represents the concentration of the peptide that induced cAMP at 50% of the maximum of 

intracellular cAMP production. Percent max was calculated as the top value of peptide sigmoidal 

dose-response cure divided by the top value of MT-II curve and multiplied by 100. This 
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percentage represents the ability of the peptide to stimulate the Gas pathway relative to MT-II, a 

known agonist.  

 

Fmoc Solid Phase Synthesis. Rink Amide MBHA resin (Novabiochem, 855045) was thawed and 

weighed. The resin was swollen in a 1:1 ratio of DMF to DCM for one hour with mild argon 

bubbling. The solution was then drained and the resin was washed with DMF. The resin was 

deprotected using 20% piperidine in DMF for 5 minutes. The resin was washed twice with DMF 

and then treated with 20% piperidine in DMF for 15 minutes. Four washes with DMF and four 

washes with DCM followed, and the successful deprotection was confirmed by a positive Kaiser 

test, indicating the presence of a free amine. Three equivalents of Fmoc-protected amino acids 

and 3 equivalents of HCTU were dissolved in a minimal amount of DMF.  Following the 

addition of diisopropylethylamine, the mixture was shaken or 1 minute, until clear, and added to 

the resin. The coupling reaction was allowed to proceed for at least 30 minutes or until the Kaiser 

test was negative indicating that the amino acid had been added and no free amine was present. 

The procedure was repeated for each amino acid in the linear peptide.  

Orthogonal allyl ester deprotection was necessary before cyclization of the peptides. This 

was accomplished by using 0.1 equivalents of palladium catalyst and 20 equivalents of 

phenylsilane in dry DCM twice for thirty minutes under dry conditions. After deprotection, the 

resin-bound peptide was washed with 10% DIPEA once for 10 minutes, DCM six times for 2 

minutes, and THF once for 2 minutes. To cyclize, 3 equivalents of HCTU were dissolved in 

DMF. DIPEA was added and the solution was mixed for one minute before the cyclization 

reaction was initiated. Negative Kaiser test confirmed successful cyclization. The final amino 

acid, Norleucine, was added in the method described above.   
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Acetylation of the N-terminus was accomplished by washing the resin with DCM and 

adding 25% acetic anhydride in DCM followed by 12eq of DIPEA for 10 minutes with argon 

bubbling. The resin was washed twice with DCM before repeating this step. Finally, the resin 

was washed with DCN 4 times for 2 minutes before cleavage procedure was initiated. The 

peptide was cleaved in 95% TFA/2.5% TIS/2.5% H2O solution, shaken for 3 hours. The TFA 

was evaporated and the solution was washed with cold ether 3 times. The purified product was 

then dried by evaporating the ether with argon. This “crude” product was submitted for mass 

spectrophotometry analysis. The product was then dissolved in 7% acetic acid in nanopure water 

and filtered (0.22um). This solution was injected into HPLC using a one hour program with a 

steady 0-100% acetonitrile gradient. The peak was collected initially at 21.7 minutes. The 

gradient was then adjusted to 30-70% acetonitrile over 20 minutes. The peak submitted for mass 

spectrophotometry analysis resulted at 11.8 minutes. The HPLC purified product was lyophilized 

and stored at -4°C.   

 

Cytotoxicity Assay (MTT Assay). A375 cells will be grown to confluence in a T75 flask in RPMI 

medium without phenol red, but with 10% FBS and 1% penicillin-streptomycin. The cells were 

scraped from the bottom of the flask, resuspended, and plated in 96-well, flat bottom plates. 

After 24 hour incubation at 37°C, 5% CO2 and 95% humidity, the cells were washed twice with 

sterile PBS to remove dead and detached cells. New RPMI medium, containing with FO240X, 

FO222X, and/or BzATP (Torcis) from 10-4 to 10-13 M, was added to the 96-well plate. Cells 

were incubated for another 24 hours at 37°C before medium was aspirated and 12mM 

tetrazolium dye (MTT) in sterile PBS was to added each well. Again, the plate was incubated for 

4 hours at 37°C to facilitate reduction of MTT to Formazan by mitochondrial reductase. Purple 
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crystalline foramazan was dissolved by adding 100uL of 0.1g/mL SDS in 0.1M hydrochloric 

acid. A final 4-hour incubation at 37°C was performed before contents of cell were mixed and 

absorbance was at 570nm recorded. The data was graphed with Graphpad Prism (San Diego).   
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Results 

The following results are divided according to their application. Although decisions were 

made based on previous data from the lab, not all data is presented for drugs used based on past 

experimentation.  Peptides that bind to MCRs and stimulate a significant increase in cAMP 

compared to basal levels are termed agonists. EC50 values quantify this response, measuring the 

concentration of peptide necessary to cause a half-maximal cAMP response. Agonists tend to 

have low EC50 values as small concentrations stimulate an increase in cAMP. Peptides that block 

increase of cAMP are termed antagonists; they typically have EC50 values. EC50 values are used 

in conjunction with IC50 values to verify that cAMP response is the result of specific binding to 

MCRs. Furthermore, IC50 values quantify the drug concentration to overcome the half-maximal 

binding of radioisotope labeled NDP-α-MSH. Potent drugs have binding affinities in the 

nanomolar range. Moderate binding affinities are in the micromolar range. Any affinities over 

10,000nM are considered to be no significant binding.  

 

MC4R and Feeding Behavior. Overall, the orexin peptides exhibited very little binding at the 

melanocortin receptors. Orexin A and B had weak binding at MC1R with IC50 values of 2530nM 

and 4200nM, respectively (Table 1). However, there was no evidence of binding at MC3, 4, or 

5R. As expected, the cAMP accumulation showed very little activation of cAMP response at 

melanocortin receptors (Table 2). We conclude that there is not pharmacological overlap 

between the orexin peptides and melanocortin peptides. Further investigation was not pursued. 

 

MC1R and Melanoma. Table 3 shows selected data from previous student, Jennifer Bao, 

characterizing the library of peptides with systematic backbone amide N-methylations on a 
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SHU9119 scaffold (Figure 1 and Supplemental Data). Two representative drugs were chosen 

from this data for their efficacy at MC1R. FO222X was chosen as an antagonist at MC1R. It had 

an IC50 of 9.93nM and EC50 of 826nM (Table 3); this suggests that FO222X bound tightly to 

MC1R, but was only able to stimulate a cAMP response when a large amount of drug was added. 

FO240X was chosen as an agonist a MC1R with an IC50 of 4.02nM and EC50 of 3.7nM. Again, 

FO240X binds tightly, but unlike FO222X, it stimulates a cAMP response at low concentrations 

of drug. The literature claims that MC1R is overexpressed on the surface of melanoma cell lines, 

including A375. Binding and cAMP accumulation data was confirmed on A375 cell lines. 

FO222X and FO240X had comparative performance on A375 cells in whole cell binding and 

cAMP accumulation assays (Table 4).  

Past in vivo experiments published in Cai et al (2011) suggested that melanocortin 

agonist MT-II was able to cause melanoma cell death and tumor shrinkage after 2 weeks of 

treatment (Figure 2). This claimed was tested in vitro by growing A375 cells in clear, 24-well 

plate and treating with 1uM drug. As in the in vivo study, the cells were monitored every other 

day by dying cells with trypan blue and counting live cells with hemocytometry. Average data 

from 3 wells is reported in Table 5. Treatment of A375 with MC1R agonists MT-II, SHU9119, 

and FO240X did not cause significant cell death, but there was evidence of significant cell death 

compared to no drug control when A375 cells were treated with 1uM FO222X every 48 hours 

(Table 5; 48 hours: p<0.1, df=1; 96 hours: p<0.05, df=1). These results are represented 

graphically in Figure 3. 

MTT assay results confirmed results in Figure 3. Treatment of A375 cells with BzATP 

and FO240X showed no significant cell death as depicted in Figure 4 and 5, but treatment with 

FO222X caused cell death at and above micromolar concentrations (see Figure 5). Significant 
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shifting of data downward, and therefore decreased cell viability is noted when BzATP and 

FO240X are applied simultaneously. This is consistent with the hypothesis that treating cells 

with BzATP, causing hypotonic stress, and FO240X, initiating apoptosis, simultaneously would 

increase cells death.  
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Discussion 

Orexin Peptides and Feeding Behavior. The results of the binding and cAMP accumulation 

assays suggest no binding at the melanocortin receptors. There is no evidence of pharmacophore 

overlap between the orexin peptides and the melanocortin peptides. Most notably, there is no 

evidence of cAMP response or binding at MC4R, the melanocortin receptor that, like orexin, has 

been implicated in control of feeding behavior and similar expression in hypothalamus.  

The orexin peptides are much longer and lack stability improvements incorporated in 

MT-II, standard melanocortin super agonist. Thus, it should be noted that degradation of the 

peptides or conformational variability could have contributed to the lack of binding observed in 

assay. The assay medium includes peptidase inhibitors, so the effective of degradation may be 

minimized. It is possible that smaller fragments of the orexin peptides have activity at the 

melanocortin receptors. Further studies including alanine scanning and incorporation of D-amino 

acids would be necessary to search for shorter sequences within orexin peptides that might have 

activity at the melanocortin receptors. However, I take these negative results to be significant as 

there is no prior evidence of cross talk between the orexin and melanocortin receptors. Sharing 

control over feeing behavior does not provide enough evidence to continue investigation of this 

phenomenon at this time.  However, it likely that there is a complex relationship between the 

melanocortin, neuropeptide Y receptors, leptin, ghrelin, and orexin peptides that show evidence 

of affecting feeding behavior. The potential applications to treatments for obesity, anorexia, and 

potentially diabetes make this an important topic for future investigation.  

 

MC1R Peptides and Melanoma. As predicted, the melanocortin peptides had similar binding 

affinity and activity at in both HEK293 cells stably-expressing MC1R receptors and A375 cells 
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which have been shown to over express MC1R in literature21-24. This allowed for testing of 

MC1R peptide cytotoxicity on A375 melanoma cells. As the literature has previously suggested 

that MC1R agonism may cause increased expression of p53 that can lead to apoptosis, it was 

anticipated that agonism would cause increased cell death in melanocortin receptors. 

Surprisingly, the MC1R antagonist FO222X caused significant cell death. Researchers are 

focused on defining the roles of MC1R outside of skin pigmentation. Cell death by antagonizing 

MC1R recptors on the surface of A375 cells is also evidence that MC1R may have more roles 

than simply skin pigmentation.  

  I will now discuss the potential confounding factors in the melanoma study. Firstly, A375 

cells were collected from the tissues of an individual with light skin and red hair, which has been 

considered by some as the null phenotype for MC1R30. The Arizona cancer center reports that 

A375 cells have BRAF, CDKN2, and CDKN2A31. This raises concern that the MC1R receptors 

in A375 cells have mutations, which prevent them from behaving in a representative manner. To 

address these concerns, future experiments should include validating data with other 

commercially available melanoma cells. The data represented in Table 4 show positive cAMP 

responses and literature cites that MC1R is over-expressed on the surface of A375 cells. This is 

evidence against the concern that MC1R in A375 cells have decreased function.  

The MTT assay results in Figure 4 and 5 do not support the literature claim that BzATP 

cause membrane blebbing and cell death by both apoptosis and cell lysis, also known as necrosis. 

There are many possible explanations for why the MTT assay did not: 1) lower calcium 

concentration in medium than in vivo, 2) interaction between melanocortin peptides and calcium, 

3) inaccurate results due to high absorbance value, 4) BzATP degradation. I will now discuss 

these in more detail. 
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The biophysical literature on P2X7 receptor shows solid evidence of membrane blebbing, 

apoptosis and necrosis in single-cell experiments19, 32, 33. Khadra et al. (2013) showed rapid 

formation of monophasic currents when HEK293 cells expressing P2X7 were treated with 

100uM of BzATP. Furthermore, significant calcium intake was seen with BzATP concentrations 

as low as 3.2uM32. The same researchers presented data suggesting that prolonged treatment of 

cells with 100uM of BzATP caused cell lysis. Because the experiments done by Khadra et al. 

(2013) are single cell experiments, they are likely better controlled than a whole cell experiment. 

However, the discrepancy in findings between whole cell studies and single-cell suggest that 

there may be a desensitization mechanism that has no been considered, or the delivery of BzATP 

was not sufficient. The medium used to grow and maintain cells during the assay contained 

peptidase inhibitors to protect melanocortin peptide drugs, however, the existence of nucleases 

was not accounted for. Degradation of BzATP must be controlled in the future.  

Optimization results (see Supplemental Data) suggested that cells should be seeded at 

150,000 cells/mL to obtain absorbance readings around one. Two changes should be noted 

between optimization and experimental protocol. In optimization protocol, cells were allowed to 

grow for 48 hours before MTT assay performed. In experimental protocol, cells were seeded, 

grown for 24 hours, washed and new medium was added containing drug. After 24 hours, MTT 

assay was performed. The addition of new medium, and therefore FBS, may have caused 

increased cell proliferation, which accounts for the higher than expected absorbance values. 

Alternatively, melanocortin peptides, especially agonists, may have caused cell proliferation, 

leading to higher absorbance values. Because of the high absorbance values, it cannot be 

concluded that treatment of with MC1R agonist, BzATP, or both are independent of 

concentration as the graphs suggest. It is more probable that the effective of BzATP and FO240X 
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are concentration dependent, but the spectrometer lacks the sensitivity to accurately report 

absorbance values over 1.5. Instead, as the minimum light threshold is reached, the same value is 

reported back. The overall downward shift in absorbance when cells were treated with both 

BzATP and FO240X offers some evidence for increased cell death, however.  
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Future Directions 

General Design and Characterization of Melanocortin Peptides. We claim that addition of D-

amino acids, cyclization, and N-methylation into endogenous ligand analogues increases 

stability. However, there is no standardized method of testing this claim. It is necessary to 

develop a reliable method of obtaining half-life and stability information about the peptides 

being made. Furthermore, drug design is currently focused on orally available drugs; these drugs 

must be absorbed by the gut after passing through the harsh acidic environment in the stomach 

and being exposed to proteases, lipases, and amylase in the small intestine. Thus, it is necessary 

to understand the potential activity of metabolites and how these metabolites or intended 

melanocortin peptide drugs are absorbed in epithelial tissues of the small intestine. An assay 

utilizing KC02, epithelial cells to measure uptake of drug is being developed for this purpose.  

Finally, the current data characterizing melanocortin peptides relies on one MC1R allele, 

yet several polymorphisms in MC1R and MC4R have been identified and linked to diseased 

states. In the future, greater characterization of the receptor should be sought to understand the 

applicability of the current assay methods to humans and animals who may have polymorphic 

receptors.  

 

Orexins, Melanocotins, and feeding behavior. To date we have investigated the potential 

pharmacophore overlap of orexin peptides on melanocortin receptors. However, to complete rule 

out interaction between these two systems the reverse experiment is also necessary. HEK293 

cells stably or transiently expressing orexin receptors should be developed and competitive 

radioligand assays with radioisotope labeled orexin A and B peptides and cold MT-II or α-MSH 

preformed. If no binding is noted, it would provide more solid evidence that there is not direct 
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overlap between orexin and melanocortin pharmacophores. This is not evidence that the two 

systems do not interact in a more complex or indirect manner.   

 

MC1R and Melanoma. The experiments presented earlier represent only an initial exploration of 

the potential application of melanocortin peptides to treatment of melanoma. The MTT assay 

utilized shows cell viability but in order to discriminate between apoptosis and cell lysis, caspase 

enzyme assays are recommended. Increased expression of caspase enzymes signal apoptosis and 

may offer more direct evidence of apoptosis. In addition to verifying the results presented so far, 

I propose a new approach to using MC1R peptides in melanoma treatment. Fischer et al. (2014) 

discusses the potential of BzATP to cause both apoptosis and necrosis, however, non-selectively. 

They call for improvements in drug design to make more selective P2X7 receptor agonists. 

Melanocortin peptides, selective for MC1R, have the potential to offer this selectivity. MC1R 

selective agonists and antagonists can be conjugated via PEG linker or poly-glycine linker to 

connect BzATP with melanocortin peptides. Traditionally, the pharmacological approach has 

attempted to create selectivity and functionality within the same molecule. However, linking two 

different molecules, one with selective features and one with functional features, may prove to be 

a more nuanced and efficient approach to drug design.  
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Tables  

	  
    1R 3R 4R 5R 

Drug Sequence IC50 %BE IC50 %BE IC5

0 
%BE IC50 %BE 

Orexin 
A 

Glp-PLPDCCRQKTCSCRL 
YELLHGNHA-Als-GILTL-NH2 2530 115 NB ~ N

B ~ NB ~ 

Orexin 
B 

RPGPPGLQGRLQRLLQANGNH
AAGILTM-NH2 4200 111 NB ~ N

B ~ NB ~ 

MT-II Ac-Nle-c[DH-D-Phe-RWK]-NH2 3.71 100 14.6 100 19.
3 100 194 100 

Table 1: Binding Affinity of Orexin Peptides at Melanocortin Receptors.  
Melanocortin receptors stably expressed in HEK293 cells were used. IC50 represents the 
concentration of peptide that replaces [I125]-NDP-α-MSH at half of the receptors. NB was 
assigned to IC50> 10,000n, showing no evidence of significant binding.  
 
 

  1R 3R 4R 5R 

Drug Sequence EC50 %Max EC50 %Max EC50 %Max EC50 %Max 

Orexin A Glp-PLPDCCRQKTCSCRLYE 
LLHGNHA-Als-GILTL-NH2 NB ~ NA ~ NA ~ NA ~ 

Orexin B RPGPPGLQGRLQRLLQANG
NHAAGILTM-NH2 2390 142 337 19.3 NA ~ NA ~ 

MT-II Ac-Nle-c[DHfRWK]-NH2 4.9 100 2.9 100 13.6 100 139 100 
Table 2: cAMP accumulation induced by orexin peptides  
NA signifies no evidence of cAMP response. ~ = unable to calculate. All values EC50 values are 
reported in nM. 
 
 

Table 3: Binding affinity of selected N-methylated SHU9119 analogues 	  
Melanocortin receptors stably expressed in HEK293 cells were used. IC50 represents the 
nanomolar concentration of peptide that replaces [I125]-NDP-α-MSH at half of the receptors. NB 
was assigned to IC50> 10,000nM, showing no evidence of significant binding. EC50 represents 
the nanomolar concentration of half maximal cAMP accumulation response. NA signifies no 
evidence of cAMP response. Gray shading indicates site of N-methylation.  
 

  MC1R MC3R MC4R MC5R 

Drug Sequence IC50 EC50 IC50 EC50 IC50 EC50 IC50 EC50 

FO222X Ac-Nle-D-H-nal-R-W-K 9.93 826 20 326 0.459 67.6 8.11 0.81 

FO240X Ac-Nle-H-nal-R-W-K 4.02 3.7 15.3 NA 98.2 NA 6.33 NA 
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Drug Sequence IC50 %BE EC50 %Max 
MT-II Ac-Nle-c[DHfRWK]-NH2 1.24 ± 0.46 100.00 30.7 100 

FO240X Ac-Nle-D-H-nal-R-W-K 15.04 ± 2.3 124.13 0.586 98 
FO222X Ac-Nle-H-nal-R-W-K 3.96 ± 4.74 94.87 101.9 68 

Table 4: Binding Affinity of MC1R Selective Drugs  
MC1Rs naturally expressed in A375 melanoma cell line were used. IC50 represents the 
nanomolar concentration of drug that replaces [I125]-NDP-α-MSH at half of the receptors. NB 
was assigned to IC50> 10,000n, showing no evidence of significant binding. BE% quantitates 
binding efficiency compared to MT-II. EC50 shows the nanomolar concentration of the half-
maximal cAMP response and % Max compare maximum drug cAMP response to MT-II 
maximal response. Gray shading indicates site of N-methylation.  
 
 

 48 Hours 96 hours 

Drug Avg. Cell  
Count s.d. t p α Avg Cell  

Count s.d. t p α 

MT-II 6050 1343.50 -1.88 0.27  6950 1202.08 0 1  
SHU9119 4350 212.13 -0.53 0.67  6550 2474.87 0.22 0.86  
FO240x 3050 1060.66 1.33 0.36  3700 707.11 5.81 0.06 0.1 
FO222X 1650 70.71 7.07 0.08 0.1 1750 70.71 20.4 0.03 0.05 
 No Drug 4150 494.97    6950 353.55    

Table 5: Significance testing for cell survival assay (Figure 1) 
Two-tailed t-test was performed to compare number of cells per day to no drug control.  Highest 
significance level above 90% was reported as α level. For each drug, n=2.  
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Figure 1: SHU9119 scaffold for N-methylated Peptides  
The cyclized amino acid about is SHU9119. Arrows indicate site of N-methylations. SHU9119, 
MC1R/5R agonist and MC3/4R antagonist, scaffold with mono, di, tri, and tetra N-methylation 
were produced. See table 6 in Supplemental Data for all sequences.  
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Figure 2: Tumor shrinkage after 2-week treatment with Rho-MTII 
The image on the left shows imaging of tumor created by A375 xenograft to left shoulder of 
mouse on day 1 and 2 after treatment with Rho-MTII; the image on the right is tumor after Day 
15 of treatment. Two-week treatment with Rho-MTII reduced tumor size. (Figure from Cai et al. 
(2011) European J. Pharmacol. 660, 188-193)  
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Figure 3: Melanoma Cell Survival after Melanocortin Drug Treatment 
A375 cells were counted and provided new MEM medium containing 10% FBS, 1% penicillin-
streptomycin, and 1uM drug every 48 hours.  Cells were dyed with trypan blue and quantified 
with hemocytometer. FO222X showed significant decrease in number of cells after 48 hour 
treatment (p<0.05, α=0.05, n=2).  
  



	  

	   34	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Cell Survival after treatment with MC1R and P2X7 agonists 
Cells were plated at 150,000 cells/mL, concentration indicated by optimization without drug. 
Treated with range from 10-13 to 10-4M drug. Cell viability measured with MTT colorimetric 
assay; absorbance values are reported above as function of drug concentration. Blue indicates 
data for FO240X, purple for BzATP, and black for BzATP+FO240X. 
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Figure 5: Cell survival after treatment with BzATP and MC1R Antagonist 
Cells were plated at 150,000 cells/mL, concentration indicated by optimization without drug. 
Treated with range from 10-13 to 10-4M drug. Cell viability measured with MTT colorimetric 
assay; absorbance values are reported above as function of drug concentration. Pink indicates 
data for FO222X, purple for BzATP, and black for BzATP+FO240X. 
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Supplemental Data –Mass Spectrums of MT-II Synthesis 

  

 

 

 

 

 

 

 

Figure 6: Mass Spectrum of Crude MT-II product. Sample was dissolved in H2O:ACN:FA 
(1:1:1).  LCQ analysis performed with positive, ESI ionization. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Mass Spectrum of HPLC purified MT-II product. HPLC peak (11.8 minute 
retention time) collected and submitted for mass spec analysis. Sample was dissolved in 
H2O:ACN:TFA, approximately 65% acetonitrile in 0.1% TFA and H2O. LCQ analysis 
performed with positive, ESI ionization. 
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Figure 8: MTT Assay Optimization for A375 Cells  
Cells were seeded at range between 0 and 6x105. After 48 hour growth in whole medium, 
thiazolium dye (MTT) was added. 4 hour incubation at 37C in the dark followed. The medium 
was aspirated and SDS in HCl was added for 4 hours. Absorbance was measured and least 
squares regression performed for linear region of graph. This equation was used to predict cell 
concentration needed to obtain appropriate absorbance readings in further experimentation with 
melanocortin peptides and P2X7 receptor agonist, BzATP. 
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Table 6: SHU9119 N-methylated analogues  
Sequences of N-methylated SHU9119 analogues produced in collaboration with Horst Kessler. 
Gray shading indicates site of N-methylation.  

 

Drug Sequence 

        
FOFS01X Nle D H nal R W K 
FOFS02X Nle D H nal R W K 
FO254X Nle D H nal R W K 

FOFS04X Nle D H nal R W K 
FOFS05X Nle D H nal R W K 
FOFS06X Nle D H nal R W K 
FO244X Nle D H nal R W K 

FOFS12X Nle D H nal R W K 
FO245X Nle D H nal R W K 

FOFS10X Nle D H nal R W K 
FO253X Nle D H nal R W K 
FO255X Nle D H nal R W K 
JT38X Nle D H nal R W K 

FO239X Nle D H nal R W K 
FO240X Nle D H nal R W K 

FOFS19X Nle D H nal R W K 
FO228X Nle D H nal R W K 
FO223X Nle D H nal R W K 
FO247X Nle D H nal R W K 
FO225X Nle D H nal R W K 
FO226X Nle D H nal R W K 
FO227X Nle D H nal R W K 
FO229X Nle D H nal R W K 
FO230X Nle D H nal R W K 
FO252X Nle D H nal R W K 
FO232X Nle D H nal R W K 
JT41X Nle D H nal R W K 

FO222X Nle D H nal R W K 
JT42X Nle D H nal R W K 
JT45X Nle D H nal R W K 
JT44X Nle D H nal R W K 
JT46 Nle D H nal R W K 
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