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List of Abbreviations 

ACTH Adrenocorticotropic Hormone 

AD Alzheimer's Disease 

cAMP 3',5'-cyclic adenosine monophosphate 

DCM Dichloromethane 

DIPEA N,N-Diisopropylethylamine 

DMF N,N-Dimethylformamide 

Fmoc 9-Fluroenylmethyloxycarbonyl 

GPCR G-Protein Coupled Receptor 

IBMX Isobutylmethylxanthine 
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M Molar 
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Abstract 

The melanocortin receptors are a family of five G-protein coupled receptors, MC1R-MC5R. 

Recently, it was discovered that inhibition of MC4R impairs cognitive function in Alzheimer’s 

mice models. Furthermore, activation of MC4R in these mice rescues cognitive function. As a 

result, MC4R may be a potential drug target to treat Alzheimer’s disease. One of the main 

obstacles that presents itself is that MC1R, MC3R, MC4R, and MC5R are activated by one of 

three melanocortin stimulating hormones (MSH); -MSH, -MSH, and -MSH. Because of this, 

designing selective, potent agonists has been difficult.  To better understand the structural 

characteristics that lead to MC4R selectivity, nine novel peptides were created, AIM 1-AIM 9. 

These peptides were made by modifying the sequence of MT-II, a synthetic agonist of all 

receptors except MC2R. The modifications made were chosen because of their ability to 

increase MC4R selectivity or decrease selectivity at other receptors. To test their selectivity, 

cAMP activity assays was performed on each receptor, and the EC50 values were compared to 

MT-II. Careful pharmacological analysis demonstrated that the compound AIM 9 has high 

selectivity for the  MC4R with an EC50 of 4nM. 
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I. Introduction 

The Melanocortin Receptors 

 The human melanocortin receptors (hMCRs) consist of five receptors known as hMC1R-

hMC5R. These receptors are G-protein coupled receptors (GPCRs) that induce a signaling 

cascade with cAMP as the secondary messenger.1 In mammals, the MCRs are used to control a 

variety of critical biological processes.2 For example, MC1R activation increases skin 

pigmentation, and MC3R has been associate with feeding behavior.3 Despite their differences, 

MC1R, MC3R, MC4R, and MC5R are all activated by one of three endogenous hormones known 

as melanocyte stimulating hormones (MSH); -MSH, -MSH, and -MSH. Previous research has 

identified the conserved pharmacophore sequence to be His-Phe-Arg-Trp.4 Given the fact that 

the MCRs can be targeted to treat diseases like poor skin pigmentation, extensive efforts have 

been taken by researchers to develop selective agonists and antagonists of the melanocortin 

system. 

 For several years, it has been known that MC4R plays an important role in cognitive 

function.20 Recent work has revealed that activation of MC4R can prevent the progression of 

AD. AD is a neurodegenerative disease characterized by progressive dementia and loss of 

cognitive function. Physiologically, AD patients suffer neuronal death, the accumulation of Tau 

Tangles, and the appearance of -Amyloid plaques.5 Previous research had shown that 

stimulation of the MCRs improves neuroprotection after acute events like a stroke.6,7 Because 

of this, researchers hypothesized that MCR stimulation may also aid in chronic conditions like 

AD. In 2014, Giuliani et al. showed that stimulating the MCRs with a NDP--MSH, a non-
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selective agonist for all MCRs except MC2R, improved cognitive function in AD mice models. 

Furthermore, AD mice saw a decrease in all biomarkers associated with AD, such as the 

accumulation of -amyloid plaques. When AD mice were treated with NDP--MSH and the 

MC4R selective antagonist HS024, the cognitive and physiological improvements seen when 

mice were treated with only NDP--MSH were not observed.8 Researchers therefore concluded 

that hMC4R activation could be used to protect against AD. 

Designing an MC4R Selective Ligand 

Given the potential pharmaceutical applications of an hMC4R selective agonist, we set 

out to investigate the characteristics necessary for selective activation of hMC4R. This was done 

by conducting a thorough literature search for modifications done in the past. In the end, four 

modifications were identified for the study at hand. First, the histidine from the 

pharmacophore was replaced by pipiridine. In previous years, alanine scan studies have shown 

that removal of His does not significantly reduce receptor activation; as a result, pipiridine was 

used to reduce the rotational freedom of the ϕ andψ angles in the peptide’s backbone.9 

Ultimately, the goal was to increase binding affinity by reducing the number of conformations 

the compounds can be in. Additionally, halogenation of phenylalanine at the para position has 

been shown to increase receptor activation at hMC4R and hMC5R. This is believed to stem from 

differences in ion-induced dipole moments binding pockets of the four receptors.10 As a result, 

compounds were halogenated with either chlorine, fluorine, or neither. Next, -amino acids 

were also incorporated into the compounds. Previous research has shown that -amino acids 

affect the activation of the hMCR’s, especially hMC4R. By increasing peptide backbone’s 
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flexibility near the aromatic residues, it is believed that they can create stronger hydrophobic 

interactions than compounds that lack -amino acid residues. 11 These studies only 

incorporated a single-residue in a compound; as a result, we postulated that incorporating 

multiple of -residues would magnify the selectivity for hMC4R. Finally, cyclization through a 

lactam bond formation has been shown to increase a peptide’s ability to activate the MCRs by 

forcing the peptide to adopt a -turn like conformation.12 
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II. Materials and Methods 

Peptide Synthesis 

All 9 AIM peptides were synthesized via solid-phase peptide synthesis (SPPS). More specifically, 

Rink amide resin served as the anchoring point, and Fmoc chemistry with orthogonal side chain 

protection was used. Removal of the Fmoc protecting groups was done by swelling the resin in 

DMF containing 20% piperidine. Coupling was done by swelling 3 equivalents of Fmoc amino 

acid, 3 equivalents of HCTU, and the resin in DMF. The reactions were both monitored by using 

the Kaiser test. Formation of the lactam bond was accomplished by following the procedures 

outlined by Thieriet et al.13 

Peptide Purification and Characterization 

Peptides were purified via RP-HPLC  with a gradient of 2% to 80% of acetonitrile (0.1% TFA) in 

Nanopure water (0.1% TFA) over 30min with a flow rate of 0.3mL/min. The solvents were then 

removed by rotary evaporation and lyophilization. The identity of the peptides was confirmed 

by LC-MS. The physiochemical properties of all AIM compounds can be found in Table 2. 

cAMP Activity Assay 

Four sets of HEK293 cells transfected with of the four hMCR genes of interest were grown for 

five days in MEM basic containing 10% FBS, 5mL of 100units/mL penicillin and streptomycin, 

and 1mM of sodium pyruvate. Once confluent, each colony was seeded into a 96 well plate 

with the media mixture mentioned above but with 20% FBS instead of 10%. After 48 hours of 

incubation, plates were aspirated and treated with the compound of interest diluted to one of 
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six concentrations (10-5 M, 10-6 M, 10-7 M, 10-8 M, 10-9 M, or 10-10 M). Dilutions were carried out 

in MEM basic media. Additionally, 100L of MEM basic media supplemented with 0.5mM of 

IBMX were added to each well. Cells were incubated for 45 minutes and then aspirated. 60L of 

ice cold Tris-EDTA buffer were then added to each well and the plates were placed in a bath of 

boiling water for 10 minutes. The plates were then placed in a -20 freezer overnight. Plates 

were spun at 400 rpm for 10 minutes in an Eppendorf Centrifuge 5810 R. 50 L of the 

supernatant was removed from each well, and the cAMP content was measured in a 

competitive binding assay with H3-cAMP and PKA. The procedure is described in detail in Cai et 

al. 2005.14 

Receptor Models and Docking 

The MC4R receptor model used for docking was the one in-silico model created by 

superimposing the MC4R sequence on the solved structure of rhodopsin.19 All docking 

experiments were carried out with the program Maestro. First, the ligand was prepared for 

docking by running the program LigandPrep. Then, Grid Preparation was used to generate the 

docking site on the receptor. Finally, the docking protocol in Maestro was used to carry out the 

pairing between the receptor and peptide. Files were exported in PDB format, and images were 

generated with Pymol. 
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III. Results 

Peptide Purification and Characterization 

 All AIM compounds were synthesized manually through the use of Fmoc chemistry. 

Once synthesis was complete, the peptides were cleaved, acetylated, and cyclized as described 

in Hsiung et al.15 Peptides were purified by HPLC and characterized by mass spectrometry. The 

sequences of all AIM compounds are shown in Table 1, and the physiochemical properties are 

in Table 2. 

Compound Name Sequence 

AIM 1 Ac-Arg-cyclo[Asp-Pip-D-Phe-Arg-βTrp-Lys]-NH2 

AIM 2 Ac-Arg-cyclo[Asp-Pip-D-Phe-βArg-Trp-Lys]-NH2 

AIM 3 Ac-Arg-cyclo[Asp-Pip-D-Phe-βArg-βTrp-Lys]-NH2 

AIM 4 Ac-Arg-cyclo[Asp-Pip-D-Phe(4-F)-Arg-βTrp-Lys]-NH2 

AIM 5 Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-F)-βArg-Trp-Lys]-NH2 

AIM 6 Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-F)-βArg-βTrp-Lys]-NH2 

AIM 7 Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-Cl)-Arg-βTrp-Lys]-NH2 

AIM 8 Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-Cl)-βArg-Trp-Lys]-NH2 

AIM 9 Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-Cl)-βArg-βTrp-Lys]-NH2 

MT-II Ac-Nle-cyclo [Asp-His-D-Phe-Arg-Trp-Lys]-NH2 
Table 1: Sequences of AIM Compounds 

Amino acid sequence of the nine novel AIM compounds. For reference, the sequence of MT-II is also provided. 

Ac=acetylated; =beta amino acid 
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Compound 
Name 

Molecular 
Weight 
(g/mol) 

m/z [M+2H]2+ 
Expected 

m/z [M+2H]2+ 
Observed 

HPLC 
Retention 
Time (min) 

AIM 1 1055.26 529.63 528.33 11.41 

AIM 2 1055.26 529.63 528.31 11.52 

AIM 3 1069.28 536.64 535.32 11.54 

AIM 4 1073.25 538.63 537.32 11.48 

AIM 5 1073.25 538.63 527.32 11.50 

AIM 6 1087.27 545.64 544.32 11.49 

AIM 7 1089.70 546.85 545.31 11.35 

AIM 8 1089.70 546.85 545.30 11.33 

AIM 9 1103.73 553.87 552.33 11.39 
Table 2: Physiochemical Properties of AIM Compounds 

 Mass Spectrometry was performed with a Bruker Amazon Ion Trap at survey mass resolution level and ESI 
positive ion mode ionization. RP-HPLC was performed on Shimadzu SCL-10A HPLC on a C18-bonded silica gel 
column (Vydac 218TP1010, 1.0 × 25cm) by eluting 2% to 80% of acetonitrile (0.1% TFA) in Nanopure water (0.1% 
TFA) over 30min with a flow rate of 03mL/min. 

cAMP Activity Assay 

The results of the cAMP activity assays are summarized in Table 3. For comparison, the 

values produced by MT-II are also reported. Receptor activation was assessed by comparing the 

EC50 of a compound for each receptor. The EC50 is the concentration of drug necessary to 

induce 50% of maximum activity.16 For the three non-halogenated peptides (AIM 1-AIM 3), no 

selectivity for hMC4R was observed. When fluorine was placed on the Phe residue (AIM 4-AIM 

6), activation of all receptors was negatively impacted. In particular, AIM 6 produced an EC50 

greater than 1000nM at each receptor. Halogenation of Phe with chlorine (AIM 7-AIM 9) 

improved receptor activation, especially of hMC1R and hMC4R. Additionally, the incorporation 

of -amino acids produced a peculiar pattern for MC4R. For the compounds with chlorine, 

activation of MC4R was strongest when both -Arg and -Trp were used and weakest when 

only-Trp was used. This pattern was also observed for the compounds that were not 

halogenated. Ultimately, AIM 9 was discovered to be a selective agonist of hMC4R with an EC50 
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of 4nM. This EC50 was 60 to >260-fold smaller than the EC50 of any other receptor. The EC50 

curves for AIM 9 at each receptor are shown in Figure 1. 

  hMC1R hMC3R hMC4R hMC5R 

Drug EC50 (nM) Act% EC50 (nM) Act% EC50 (nM) Act% EC50 (nM) Act% 

AIM 1 120 ± 24 88 680 ± 25 88 >1000 63 580 ± 340 95 

AIM 2 220 ± 70 120 >1000 89 47±24 67 >1000 90 

AIM 3 190 ± 90 82 120 ± 10 87 16±4 84 290 ± 50 82 

AIM 4 64 ± 10 90 450 ± 830 76 630±175 46 530 ± 65 72 

AIM 5 340 ± 0 100 >1000 59 >1000 84 >1000 62 

AIM 6 >1000 61 >1000 49 >1000 120 >1000 51 

AIM 7 99 ± 0 67 >1000 24 240±10 57 >1000 21 

AIM 8 130 ± 0 89 360 ± 25 46 110±90 66 >1000 38 

AIM 9 240 ± 11 90 >1000 63 4±2 87 295 ± 165 76 

MT-II 32 100 3 100 10   100 2 100 
Table 3: AIM Activation of Melanocortin Receptors 

EC50: Drug concentration needed to produce 50% of maximum receptor activation. Each value is an average of 
duplicate assays. Act %: The ratio of maximum cAMP produced by compound over the maximum amount of cAMP 

produced by MT-II. 

 

Figure 1: cAMP Production by AIM 9 and MT-II 
Cells were treated with one of six concentrations of AIM 9 or MT-II (10-5M to 10-10M) and the cAMP produced was 

then measured indirectly through a competitive binding assay using radioactively labeled (H3) cAMP. 
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Receptor Models and Docking 

 In order to better understand the interactions that AIM 9 has with hMC4R, the program 

Maestro was used to dock AIM 9 to an in-silico model of hMC4R. Figure 2 shows the results of 

this docking experiment. 

 As expected, the in-silico docking shows that the binding site of AIM 9 is within EL-I, EL-

III, TM-III, and TM-VII. Additionally, the close-up view shows the presence of hydrogen bonds 

between Arg 1 and the -Arg 5. These docking results are all preliminary. The actual orientation 

of AIM 9 in the binding pocket may differ significantly from these results. The figures merely 

demonstrate the insight that docking studies will provide. 

 

Figure 2: Molecular Docking of AIM 9 with hMC4R 
A) Overview of AIM 9’s binding site on hMC4R (Carbon-Green; Oxygen-Red; Nitrogen-Blue; Receptor-Gray). B) 
Close-up view of the various interactions AIM 9 has in the binding pocket. Hydrogen bonds are shown as black 
dashed lines. 
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IV. Discussion and Conclusion 

cAMP Activity Assay 

 Overall, the nine AIM compounds can be arranged into one of three groups: compounds 

without halogenation (Group A: AIM 1-AIM 3), compounds halogenated with fluorine (Group B 

AIM 4-AIM 6), and compounds halogenated with chlorine (Group C: AIM 7-AIM 9). These group 

names will be used to discuss the activation of the hMCRs. 

 To begin with, all Group A compounds achieved an EC50 lower than 1000nM for at least 

two receptors. AIM 1 was strongest at hMC1R with an EC50 0f 120nM, but it had an EC50 

>1000nM at MC4R. Replacing -Trp with -Arg (AIM 2) greatly improved the EC50 at hMC4R to 

47nM. Additionally, this change reduced selectivity for hMC3R and hMC5R, for their EC50 

increased to >1000nM. Incorporation of both-residues (AIM 3) improved MC4R activation 

even more to 16nM, and recovered hMC3R and hMC5R activation; 120nM and 290nM 

respectively. It is interesting to note that these changes did not significantly affect activation of 

the hMC1R. 

 Unlike the previous group, Group B compounds were not as successful at activating the 

hMCRs. Like before, the compound with -Trp (AIM 4) was most selective for hMC1R with an 

EC50 of 64nM. When -Arg was used instead (AIM 5), only hMC1R had an EC50 <1000nM, 

340nM. However, using both -residues increased the EC50 at all receptors to >1000nM. For 

this group, the number and type of -residues incorporated did impact hMC1R activation. 
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 When chlorine was used instead of fluorine at the para position of Phe, activation of the 

hMCRs improved. The greatest improvement was seen with hMC1R and hMC4R. Once again, 

the compound with -Trp (AIM 7) was strongest at MC1R with an EC50 of 99nM. By replacing 

the -Trp with -Arg (AIM8), activation at hMC3R improved to an EC50 of 360nm. Moreover, 

the EC50 at hMC4R also improved from 240nM to 110nM. However, the EC50 at hMC1R rose to 

130nM. Finally, using both -residues (AIM9) produced the lowest EC50 at hMC4R of 4nM. This 

compound also saw the highest EC50 at hMC1R for the group of 240nM. Additionally, activation 

of hMC5R was improved with an EC50 of 295nM. 

Collectively, these results demonstrate two important facts about MC4R selectivity. First 

of all, the activation of MC4R can be altered by changing the flexibility of the Phe and Trp 

residues. We show that activation of MC4R followed a distinct pattern in terms of the -

residues; -Trp < -Arg < -Arg + -Trp. The interactions of Arg-Phe-Trp in the binding pocket 

help explain this finding. Haskell-Luevano et al. used mouse melanocortin receptors (mMCRs) to 

explore the interactions of Phe-Arg-Trp in the binding pocket.17 Figure 3 shows that when 

bound to mMC4R, Arg interacts primarily with three negative residues (Asp 114, Glu 92, and 

Asp 118). Meanwhile, D-Phe and Trp interact with a so called “caged hydrophobic pocket” 

composed of six aromatic residues. In this interaction, D-Phe is the major contributor. Since 

both Arg and Trp form important interactions with the binding pocket, one would expect that 

increasing their degrees of freedom through -residues would increase activation by enhancing 

these interactions. Additionally, the fact that Trp is not as involved as Arg explains why -Trp < 

-Arg. Finally, the results that using both -residues is better than only using one is explained 

by the fact that they interact with different residues. Therefore, one would expect the effects of 
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these -residues to be additive. The fact that this pattern was only observed for MC4R suggests 

that the flexibility of these residues is more important in MC4R activation than in MC1R, MC3R, 

or MC5R activation. 

 
Figure 3: Model of D-Phe-Arg-Trp interacting with the mMC4R binding pocket. This image is from Haskell-Luevano 

et al., and was created through molecular modeling.17 

 Next, the results show that activation of each receptor is influenced by the presence of a 

dipole moment on the D-Phe. When fluorine was used, activation decreased for all receptors 

except hMC1R, and these effects were magnified by the incorporation of -residues. However, 

using chlorine decreased activation primarily of hMC3R and hMC5R. These results have led us 

to a novel conclusion about the receptors. First of all, the binding pocket of hMC1R is able to 

accommodate the large dipole moment formed by halogenation, for it was activated even 

when fluorine was used. When the less electron withdrawing group chlorine was used, hMC1R 

and hMC4R were the receptors that were most activated. If one looks at halogenation with 

iodine, a previously done study, one can see that using this even electron withdrawing atom 

recovers activity at all receptors except for hMC3R.18 This trend suggests that the binding 

pocket of each receptor vary drastically in their ability to accommodate a dipole moment on 
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the D-Phe residue. Put simply, hMC1R > hMC4R > hMC5R > hMC3R. As a result, adjusting this 

dipole moment may be used to target a specific receptor.  

Future Directions 

 In conclusion, we have developed an MC4R selective peptide (AIM 9) and shown that 

the dipole moment of the D-Phe residue contributes to a ligands ability to activate a particular 

melanocortin receptor. Additionally, we have demonstrated that multiple -residues increases 

receptor activation of MC4R.  

 Given the importance of the D-Phe residue, it would be interesting to see how -D-Phe 

alters receptor activation. Perhaps increasing the degrees of freedom around the dipole 

moment negates the positive/negative effects by allowing more favorable interactions to occur.  
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