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CBC Senior Thesis 

 

Title 

Theoretical Study of Selective Human Melanocortin Receptors Agonists and 

Antagonists. 

Abstract 

G- Protein Couple Receptors represent possibly the most important target class of 

proteins for drug discovery. GPCRs include many subcategories and this study focuses on 

melanocortin receptors. 

The experimentally determined NMR structures of two cyclic peptides analogues: 

SHU9119 (Ac-Nle-c[Asp-His-D-Nal(2’)-Arg-Trp-Lys]-NH2), and MT-II (Ac-Nle-c[Asp-

His-Phe-Arg-Trp-Lys]-NH2) have been determined. We found that MTII is a potent and 

selective agonist for hMC4R and hMC3R but antagonist for hMC1R and hMCR5, 

whereas SHU-9119 is a better agonist for hMC1R and hMC5R but antagonist for hMC4R 

and hMC3R. These results are consistent with the experimental data. 

Another part of the study describes the interactions between each ligand and receptor. 

Arg6 of the ligands was found to have the most interactions with every receptor which 

suggests that is critical important for binding. The active site residues D121 and D117 of 

hMCR1 had the most interactions with both ligands. In hMC3R, D121 and D117 

interacted the most with MT-II and SHU9119. In hMC4R, residue D122 had more 

interaction with MT-II than SHU9119, In hMC5R, the residue D119 interacted the most 
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with either MT-II or SHU9119, whereas. Residue W251 interacted with SHU9119 only. 

Also, residues F254 interacted more with MT-II than in SHU9119.  
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Introduction 

G protein – coupled receptors 

G protein - coupled receptors (GPCRs), also known as seven-transmembrane domain 

receptors, heptahelical receptors, serpentine receptor or G protein-linked receptors are a 

large protein family of transmembrane receptors which are found only in eukaryotes, 

including yeast and animals (10). 

 

Figure 1.1: The G-Protein in the lipid bilayer of a cell (10). 

Of the ∼500 currently marketed drugs, greater than 30% are modulators of GPCR 

function, since they are involved in a broad spectrum of diseases such as cancer, 

neurological and cardiovascular diseases, obesity, diabetes, metabolic disorders and so 

many more(4). 

Some examples of their physiological roles include the visual, gustduci and smell 

sense, behavioral, mood and immune system regulation, autonomic nervous system 



Ng 4 

 

transmission, homeostasis modulation and cell density sensing. 

Mechanism of Action 

GPCRs sense molecules outside the cell and activate inside signal transduction 

pathways either using cAMP signal pathway or Phosphatidylinositol signal pathway. 

They are activated by an external signal in the form of a ligand or other signal mediator. 

This creates a conformational change in the receptor, causing activation of a G protein. 

Further effect depends on the type of G protein (11). 

The transduction of the signal through the membrane by the receptor is not 

completely understood. It is known that in the inactive state, the GPCR is bound to a 

heterotrimeric G protein complex. Binding of an agonist to the GPCR results in a 

conformation change in the receptor that is transmitted to the bound Gα subunit of the 

heterotrimeric G protein. The activated Gα subunit exchanges GTP in place of GDP 

which in turn triggers the dissociation of Gα subunit from the Gβγ dimer and from the 

receptor. The dissociated Gα and Gβγ subunits interact with other intracellular proteins to 

continue the signal transduction cascade while the freed GPCR is able to rebind to 

another heterotrimeric G protein to form a new complex that is ready to initiate another 

round of signal transduction. It is believed that a receptor molecule exists in a 

conformational equilibrium between active and inactive biophysical states. The binding 

of ligands to the receptor may shift the equilibrium toward the active receptor states. The 

activation of a GPCR is shown in Figure 1.2 (11).  
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Figure 1.2: Activation of G-protein coupled receptor. The seven transmembrane 

helices are shown in green loop. The Gα subunit is depicted in orange. The Gβγ subunit is 

shown in purple (4). 

Ligands 

The ligands that bind and activate these receptors may include light-sensitive 

compounds, odors, pheromones, hormones or neurotransmitters. Those ligands vary in 

size from small molecules to peptides to large proteins. 

Three types of ligands exist: 

 Agonists are ligands that shift the equilibrium in favor of active states. 

 Inverse agonists are ligands that shift the equilibrium in favor of inactive states. 

 Neutral antagonists are ligands that od not affect the equilibrium. 

In other words, an agonist is a chemical that binds to a receptor and activates the 

receptor to produce a biological response. Whereas an agonist causes an action, an 

antagonist blocks the action of the agonist and an inverse agonist causes an action 

opposite to that of the agonist. 

GPCRs include many subcategories such as receptors for sensory signal mediators, 
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melanocortins, opioid peptides, biogenic amines, chemokines, peptide hormones (e.g., 

calcitonin, C5a anaphylatoxin, follicle-stimulating hormone (FSH), gonadotropin-

releasing hormone (GnRH), neurokinin, thyrotropin-releasing hormone (TRH), 

cannabinoids, etc. 

This project focuses on the melanocortin receptors. 

Human melanocortin receptors 

Humans have ~750 GPCRs, of which ~300 are nonolfactory in function. The GPCR 

family is divided into five subfamilies with little, if any, shared homology in their 

primary structure. Melanocortin receptors are members of the rhodopsin family of 7-

transmembrane G protein-coupled receptors.  

Several selective ligands for the melanocortin receptors are known. Stimulation of 

MC1 leads to anorectic and aphrodisiac effects, so synthetic compounds that target MC1 

can be used for potential tanning, anti-obesity and aphrodisiac drugs. hMCR1, hMCR3, 

and hMCR4 are widely expressed in the brain, and are also thought to be responsible for 

effects on mood and cognition (7). The following paragraphs will provide more details. 

Melanocortin receptor 5 is a protein that in humans is encoded by the hMC5R gene. 

It is located on the chromosome 18 in the human genome. When the melanocortin 5 

receptor was disrupted in transgenic mice, it induced disruption of their exocrine glands 

and resulted in decreased production of sebum (7). 

 Melanocortin receptor 4 plays a central role in energy homeostasis and somatic 

growth. This receptor is mediated by G proteins that stimulate adenylate cyclase (cAMP) 



Ng 7 

 

(5). 

Melanocortin 3 receptor encodes a G-protein-coupled receptor for melanocyte-

stimulating hormone and adrenocorticotropic hormone that is expressed in tissues other 

than the adrenal cortex and melanocytes (8). This gene maps to the same region as the 

locus for benign neonatal epilepsy. Mice deficient for this gene have increased fat mass 

despite decreased food intake, suggesting a role for this gene product in the regulation of 

energy homeostasis. Mutations in this gene are associated with a susceptibility to obesity 

in humans. 

  Melanocortin 2 is specific for ACTH (Adrenocorticotropic hormone) also known as 

corticotropin. It is a hormone produced and secreted by the anterior pituitary gland (7). It 

is an important component of the hypothalamic-pituitary-adrenal axis and is often 

produced in response to biological stress (6). Its principal effects are increased production 

and release of corticosteroids. Primary adrenal insufficiency, also called Addison's 

disease, occurs when adrenal gland production of cortisol is chronically deficient, 

resulting in chronically elevated ACTH levels; when a pituitary tumor is the cause of 

elevated ACTH (from the anterior pituitary) this is known as Cushing's Disease and the 

constellation of signs and symptoms of the excess cortisol (hypercortisolism) is known as 

Cushing's syndrome (9). A deficiency of ACTH is a cause of secondary adrenal 

insufficiency. ACTH is also related to the circadian rhythm in many organisms. 

 Melanocortin 1 receptor, also known as melanocyte-stimulating hormone receptor 

(MSHR, is a G protein-coupled receptor that binds to a class of pituitary peptide 

hormones known as the melanocortins, which include adrenocorticotropic hormone 
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(ACTH) and the different forms of melanocyte-stimulating hormone (MSH). hMC1R is 

one of the key proteins involved in regulating mammalian skin and hair color. It works by 

controlling the type of melanin being produced, and its activation causes the melanocyte 

to switch from generating the yellow or red phaeomelanin by default to the brown or 

black eumelanin in replacement (5). 

 The five different types of melanocortin hormone receptors also have different 

responses to the same ligand. A ligand can be agonist for one hormone receptor and 

antagonist for another hormone receptor. 

Our study  

Having crystal structures and experimental results for two compounds- small, cyclic 

peptides- we will investigate whether those compounds are agonists or antagonists bound 

to hMC1R, hMC3R, hMC4R, and hMC5R via docking. In each human Melancortin 

hormone receptor, the fraction of the residues that are within 4.0 angstroms was 

determined. The receptors’ active site residues that had the most interaction with either 

MT-II or SHU9119 were determined. The number of contacts of residues in each ligand is 

also presented for the hMC1R, hMC3R, hMC4R, and hMC5R.  

Structures  

The α-melanocyte stimulating hormone (α-MSH, Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-

Arg-Trp-Gly-Lys-Pro-Val-NH2) is the primary ligand for MC1R, MC3R, MC4R, and 

MC5R. The native ligands does not have a high selectively for any of the MC receptors 

mentioned above. It also does not have a long half-life time due to the proteases that 
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rapidly hydrolyze them (12). Therefore, it is a need to establish highly potent, 

metabolically stable, and selective agonists, antagonists, and inverse agonist for these 

four receptors MC1R, MC3R, MC4R, and MC5R in order to create biological functions 

of individual MC receptors. The pharmacophore tetrapeptide sequence, “His-Phe-Arg-

Trp”, was conserved in all melanocortin peptides (12). Therefore, this “message” domain 

was a focused on modification in most studies (12). Initial NMR studies and molecular 

modeling showed that the β-turn structure at the tetrapeptide pharmacophore is involved 

with the bioactive conformation of several cyclic ligands (12). 

For the receptors hMC1R and hMC4R we use the proposed structures by Mosberg et. 

All (2). hMC3R structure was also provided by Hruby’s Lab. We obtained the hMC5R 

structure from the GPCR bank (code 3eml). 

To enhance the stability against proteases in α-MSH, Phe was inverted to D-Phe. To 

prevent oxidation of its side chain, α-MSH was modified with the pseudoisosteric amino 

acid norleucine (Nle) to replace Met (12).  

The experimentally determined NMR structures of SHU9119 (Ac-Nle-c[Asp-His-D-

Nal(2’)- Arg-Trp-Lys]-NH2), and MT-II (Ac-Nle-c[Asp-His-Phe-Arg-Trp-Lys]-NH2) 

were provided by Hruby’s group. The MT-II is one of the potent cyclic analogues (12). 
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Figure 1.3:  The ligand MT-II’s chemical structure is shown. 

 

Figure 1.4: The ligand SHU-9119’s chemical structure is shown. 
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Methods  

Quantum chemical calculations 

Quantum chemical calculations were performed in Jaguar, using the Density 

Functional Theory (DFT) with different functionals and basis sets. The goal is to choose 

the functional/basis set which gives us the best energy minimization and geometry 

reoptimization result for the two ligands, compared to the crystal structures.  

After testing several functional/basis set combinations we decided to use the BP86 

functional with a 6-31G* basis set.  

Ligand and Receptor preparation  

The ligand needs to be prepared in the Maestro suite because the docking program 

needs to have the ligands with the right molecular mechanics parameters and with the 

same force field as the receptor, or the results will be distorted.  

Maestro protocol was employed both for the ligand and protein preparation. LigPrep 

was used to further prepare the ligand and Protein Preparation Wizard was used for each 

one of the receptors. 

LigPrep 

Three-dimensional (3D) coordinates were generated for all ligands with LigPrep. 

Ionization/tautomeric states were generated with either a pair of fast rule-based programs 

(called the ionizer and tautomerizer) or with Epik, which is based on the more accurate 

Hammett and Taft methodologies (18). In addition to calculating reasonable ligand states, 

Epik also estimates a penalty to quantify the energetic cost it takes to generate each state 
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in solution. The Epik state penalty is computed in units of kcal/mol, thereby making it 

directly compatible with the GlideScore used for docking. The minimization was 

performed with the OPLS-2005 force field. 

Protein Preparation Wizard 

The Protein Preparation Wizard module works as follows: adding hydrogen, 

assigning partial charges using the OPLS-2005 force field, and assigning protonation 

states. Then the minimization was carried out using the OPLS force field in the 

MacroModel module in Schrödinger with backbone atoms fixed. In the recommended 

protein preparation protocol, after H-bond optimization, the entire structure is allowed to 

relax using the Impref module of Impact and the OPLS_2005 force field. 

Docking calculations 

All docking calculations were performed with Glide v5.7. Calculations in the 

Schrödinger software suite were run in the SP mode (Standard Precision), which performs 

an extensive sampling (10–20 s per compound).  

The grid was first defined to include all amino acid residues within the dimensions of 

20 Å × 20 Å × 20 Å from the center of the ligand. During the docking calculation ligands 

were chosen to be flexible and docked into a rigid receptor model with scaled-down van 

der Waals (vdW) radii. A vdW scaling of 0.5 was used for both the protein and ligand 

non-polar atoms. All 20 ligand poses were retained for analysis.  

The sum of the GlideScore and the Epik state penalty is referred to as the 

DockingScore in Glide and the best five docking score were kept to determine the 
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fractions of each resiude that was within 4.0 angstroms in the four different types of 

human Melancortin hormone receptors. 

The interactions that each ligand with each one of the receptors had were visualized 

in Maestro. The number of contacts of each amino acid of the receptor and ligand was 

counted in the twenty different poses that were created from the docking calculations. 
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Results and Discussion 

 

We present the docking calculations of SHU9119 and MT-II with all four receptors, 

including best docking score. 

Table 1.1: Docking Scores of SHU9119 and MT-II with four Melancortin Hormone 

Receptors 

Ligand Receptor Docking Score (kcal/mol) 

 

MT-II 

 

 

hMC1 -8.679 

hMC3 -10.632 

hMC4 -11.842 

hMC5 -5.631 

Ligand Receptor Docking Score (kcal/mol) 

 

SHU9119 

hMC1 -9.248 

hMC3 -9.251 

hMC4 -9.750 

hMC5 -8.670 

Table 1.1 MT-II and SHU-9119 give the best result when docked to hMC4R. MT-II binds 

better to hMC4R and hMC3R. SHU-9119 binds better to hMC1R and hMC5R. So 

judging only from docking score, we can compare the receptors hMC4R, hMC3R, 

hMC1R, and hMC5R. 

 

 

Figure 2.1: The docking of hMC1 in MT-II with best docking score of -8.67 kcal/mol. 
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Figure 2.2: The docking of hMC1 in SHU-9119 with the best docking score of -8.670 

kcal/mol. 

 

Figure 2.3: The docking of hMC3 in MT-II with the best docking score of -10.632 

kcal/mol. 
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Figure 2.4: The docking of hMC3 in SHU9119 with the best docking score of -9.251 

kcal/mol. 

 

 

Figure 2.5: The docking of hMC4 in MT-II with the best docking score of -9.750 

kcal/mol. 



Ng 17 

 

 

Figure 2.6: The docking of hMC5 in MT-II with the best docking score of -5.631 

kcal/mol. 

 

Figure 2.7: The docking of hMC5 in SHU9119 with the best docking score of -8.670 

kcal/mol. 
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In the following figures we depict the interactions of the ligands with the receptors 

derived from the best docking score. 

 

Figure 4.1: The interactions of hMC1 in MT-II with experimentally determined. The 

experimentally determine binding site includes Glu94, Asp117, Asp122, Phe 175, His185, and 

Phe277. The ligands that we dark here are Asp122,and Phe277 which matches the 

experimentally determine ones.16 
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Figure 4.2: The interactions of hMC1 in SHU9119 with the best docking scores of -8.670 

kcal/mol. The experimentally determine binding site includes Glu94, Asp117, Asp122, Phe 
175, His185, and Phe277. The ligands that we show here are Asp122, His185, Gln144, Glu94, 

Asp117 which matches the experimentally determine ones.17 
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Figure 4.3: The interactions of hMC3 in MT-II with the best docking scores of -9.251 

kcal/mol. The experimentally determine binding site includes Glu131, Asp121, Asp117, and 

His264. The ligands that we show here are Asp121, Asp117, and Asn118 which matches the 

experimentally determine ones.17 
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Figure 4.4: The interactions of hMC3 in SHU9119 with the best docking scores of -9.251 

kcal/mol. The experimentally determine binding site includes Glu131, Asp121, Asp117, and 

His264. The ligands that we show here are Asp121and Asp117which matches the 

experimentally determine ones.17 
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Figure 4.5: The interactions of hMC4 in MT-II with the best docking scores of -11.842 

kcal/mol. The experimentally determined binding site of hMC4 includes residues: Trp258, 

Phe261, His264, Glu100, Asp126, Asp122, and Leu133. The ligands that we show here are , 

Asp126, Asp122 which matches the experimentally determine ones.17 
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Figure 4.6: The interactions of hMC5 in MT-II with the best docking scores of -5.631 

kcal/mol. The experimentally determined binding site of hMC5 includes residues:, Asp119, 

Asp121, and Leu133. The ligands that we show here are, Asp119, His257, Phe277 which 

matches the experimentally determine ones. 
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Figure 4.7: The interactions of hMC5 in SHU9119 with the best docking scores of -8.670 

kcal/mol. T The experimentally determined binding site of hMC5 includes residues:, 

Asp119, Asp121, and Leu133. The ligands that we show here are, Asp119and Phe277 which 

matches the experimentally determine ones. 

 

 

  



Ng 25 

 

Graphs of contacts comparing the two ligand binding affinity in each receptor as well as 

the contacts of the amino acids of the ligand.  

 

Graph 1.1: The fraction of each residues within 4.0 angstroms in human Melancortin 

hormone receptor 1 (hMC1R). In the hMC1R binding site, the two residues: D121 and 

D117 have the most interaction with either MT-II or SHU9119. We note that all the 

residues listed in the graph are part of the active site. 

 

 

Graph 1.2: The fraction of each residues within 4.0 angstroms in human Melancortin 

hormone receptor 3 (hMC3R). In the hMC3R binding site, the two residues: D121 and 

D117 have the most interaction with either MT-II or SHU9119. Residues N118 and Q114 

show significant difference in hMC3R binding with MT-II and SHU9119. 
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Graph 1.3: The fraction of each residues within 4.0 angstroms in human Melancortin 

hormone receptor 4 (hMC4R). In the hMC4R binding site, the residue D126 has the most 

interaction with either MT-II or SHU9119. Residue D122 have more interaction with MT-

II than SHU9119. 

 

 

Graph 1.4: The fraction of each residues within 4.0 angstroms in human Melancortin 

hormone receptor 5 (hMC5R). In the hMC5R binding site, the residue D119 has the most 

interaction with either MT-II or SHU9119. Residue W251 only interacts with SHU9119. 

Residues F254 and F277 have more interaction in MT-II than in SHU9119. 
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The number of contacts are a total of twenty different poses. Residues Arg8 has the most 

interaction in all four melancortin hormone receptor and therefore it is important for 

binding in all four receptors. 

 

Graph 2.1: The number of contacts of the residues in SHU9119 with the each melancortin 

hormone receptor is shown.  

 

 

Graph 2.2: The number of contacts of the residues in MT-II with the each melancortin 

hormone receptor is shown. The number of contacts are a total of twenty different poses. 

Residues Arg8 has the most interaction in all four melancortin hormone receptor and 

therefore it is also important for binding in all four receptors. 
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Conclusion 
 Comparing the docking score of each ligand for each receptor we observe that MTII 

is a better agonist for hMC4R and hMC3R, but an antagonist for hMC1R and hMC5R 

(3). SHU-9119 was found to be a better agonist for hMC1R and hMC5R, but an 

antagonist for hMC4R and hMC3R. After examining the docking score results, each 

ligand binds to the experimentally determined binding site of each residue (1).  

 The docking scores of MT-II in hMC1R, hMCR3, hMCR4, hMCR5 are -

8.679kcal/mol, -10.632 kcal/mol, -11.842 kcal/mol, and -5.631 kcal/mol respectively. The 

docking score of SHU-9119 in hMC1R, hMCR3, hMCR4, hMCR5 are -9.248 kcal/mol, -

9.251 kcal/mol, -9.750 kcal/mol, and -8.670 kcal/mol respectively. According to docking 

scores both ligands bind stronger the receptor hMCR4. 

Comparing the docking scores of every ligand in each receptor we observe that MTII 

binds better to hMC4R and hMC3R suggesting that it act as an agonist to the receptors 

stated. The higher docking scores of MT-II binding to hMCR1 and hMCR5 suggest that it 

act as an antagonist to these two receptors.  

The ligand SHU-9119 is an agonist to hMC1R and hMC5R because it binds better. 

Also SHU-9119 act as an antagonist for hMC3R and hMC4R. 

hMC1R binding sites includes the following residues: D121, D117, E94, F277, F280, 

H185, and Q114. hMC3R has similar binding sites: D121, D117, N118, Q114, S183, and 

F258. In both hMC1R and hMC3R, residues D121 and D117 have the most interactions 

with either MT-II or SHU9119. In hMCR3, the residues N118 and Q114 show significant 

difference in hMC3R binding with MT-II and SHU9119. 
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In hMC4R, residues126 has the greatest amount of interactions with either MT-II or 

SHU9119. Residue D122 has a significantly greater number of interactions with MT-II 

than SHU9119. 

 In hMC5R, residue D119 has the most interactions with either MT-II or SHU 9119. 

Residue W251only interacts with SHU9119. Residues F254 and F277 have more 

interaction with MT-II than with SHU9119. 

The important residue for binding in both the SHU9119 and MT-II is Arg 8 as it has 

the most interaction in all four melancortin hormone receptor in both ligands. This 

suggest that Arg 8 is important for binding and thus offer a better understanding for future 

drug design experiments. 
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Future work 

For future experiments, the structure of the ligand structure will be modified by 

changing the residues group. The new structure will be redocked to examine how the 

docking score changes and how are the interactions are being affected. Our goal is to find 

more and even better agonists and antagonist. 
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