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Abstract

Human melanocortin-4 receptor (hMC4R) mutations have been implicated as the cause for about 

6–8% of all severe obesity cases. Drug-like molecules that are able to rescue the functional activity 

of mutated receptors are highly desirable to combat genetic obesity among this population of 

patients. One such molecule is the selective MC4R agonist RM-493 (setmelanotide). While this 

molecule has been shown to activate mutated receptors with 20-fold higher potency over the 

endogenous agonist, little is known about its binding mode and how it effectively interacts with 

hMC4R despite the presence of mutations. In this study, a MC4R homology model was 

constructed based on the X-ray crystal structure of the adenosine A2A receptor in the active state. 

Four MC4R mutations commonly found in genetically obese patients and known to effect ligand 

binding in vitro were introduced into the constructed model. RM-493 was then docked into the 

wild-type and mutated models in order to better elucidate the possible binding modes for this 

promising drug candidate and assess how it may be interacting with MC4R to effectively activate 

receptor polymorphisms. The results reflected the orthosteric interactions of both the endogenous 

and synthetic ligands with the MC4R, which is supported by the site-directed mutagenesis studies. 

Meanwhile it helped explain the decremental affinity and potency of these ligands with the 

receptor polymorphisms. More significantly, our findings indicated that the structural 

characteristics of RM-493 may allow for enhanced receptor-ligand interactions, particularly 

through those with the putative allosteric binding sites, which facilitated the ligand to stabilize the 

active state of native and mutant MC4Rs to maintain reasonably high affinity and potency.
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1. INTRODUCTION

G-protein coupled receptors (GPCRs) are a superfamily of membrane proteins that exist in 

most organ systems throughout the body and are involved in numerous physiological 

processes as well as numerous disease pathogeneses. Due to their many important roles, 

GPCRs have been heavily exploited for drug discovery and development efforts. It is 

estimated that approximately 35% of the drugs on the market today target GPCRs.1 Even 

with the success of GPCR ligands in drug design and development, it has been difficult to 

attain ligands that are highly specific among receptor subtypes. Efforts to design ligands that 

target GPCRs have primarily focused on the orthosteric binding site, simulating the 

endogenous substrate. While this approach has afforded a multitude of drug-like 

compounds, the orthosteric binding site is highly conserved across GPCR subtypes, making 

selectivity a challenge. Therefore, several drug discovery efforts have sought to explore 

allosteric binding sites.2–5 These are alternative, druggable sites on GPCRs separate from 

the orthosteric binding site. These sites are less conserved among GPCR subtypes, thus 

making them an appealing target for the design of selective GPCR ligands. There are 

generally three categories of ligands that target the allosteric sites. These are positive 

allosteric modulators (PAMs), which enhance the receptor response to the orthosteric ligand, 

negative allosteric modulators (NAMs), which decrease the receptor response to the 

orthosteric ligand, and silent allosteric modulators (SAMs), which bind to the allosteric site 

but have no effect on receptor response to the orthosteric ligand.2–5 These ligands are highly 

desirable as they are generally more selective and are devoid of the negative side effects that 

accompany orthosteric ligands.6–11 However, due to their ulterior binding site, allosteric 

ligands tend to have a lower affinity than orthosteric ligands and are typically only able to 

exert their function in the presence of the orthosteric ligand. Recently a newer class of 

ligands that simultaneously target both the orthosteric and allosteric binding sites has 

emerged in research. These ligands are termed “bitopic” ligands.12–16 Traditionally these 

ligands are comprised of an orthosteric ligand connected to an allosteric ligand by a linker. 

The aim in developing these ligands is producing compounds with both high affinity (via 

orthosteric sites) and high selectivity (via allosteric sites).
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Despite our increased understanding of GPCR binding sites, both orthosteric and allosteric, 

the dynamic nature of GPCRs and their physiological role in membranes has made it 

difficult to solve their 3D structures. This has proven to be a limiting factor in the discovery 

of novel orthosteric, allosteric, and recently bitopic ligands. Therefore, construction of 

homology models of GPCRs with therapeutic potential is an important tool to better 

understand their putative 3D structure and exploit these results in the design of novel 

molecules. In this report, the construction of such homology models and molecular 

modeling operations were pursued for an increasingly popular antiobesity therapeutic target, 

the melanocortin-4 receptor (MC4R).

The melanocortin-4 receptor is a 332 amino acid GPCR that serves as the key regulator in 

the appetite-controlling pathway within the hypothalamus.17 When hunger signals such as 

ghrelin come from the gut, they act on orexigenic neurons by binding to their respective 

receptor.18 This stimulates the release of the melanocortin-4 receptor inverse agonist, agouti-

related protein (AgRP). AgRP lessens MC4R activation, thus preventing satiety signals, and 

induces the perception of hunger. When satiety signals such as insulin from the pancreas or 

leptin from adipose tissues bind to their respective receptors on anorexigenic neurons, the 

MC4R agonist α-melanocyte stimulating hormone (α-MSH) is released, after which it binds 

to and activates MC4R, producing satiety signaling.17,18 Dysregulation or mutation of this 

receptor has been implicated as the cause of about 6–8% of all obesity cases.19,20 These 

mutations can decrease the receptor affinity for the endogenous agonist, decrease surface 

expression levels of the receptor, or result in impaired signal transduction. Therefore, 

melanocortin-4 has become an important receptor target to study for the treatment of obesity.
19,20

At present, no crystal structure for this receptor is available; therefore, molecular modeling 

and homology model construction represent the most accessible approaches to understand 

and visualize receptor conformation and ligand binding for the cases of both wild-type (WT) 

and mutated receptors. Various homology models have been constructed and previously 

reported in the literature.21–23 These models were constructed using either the rhodopsin or 

β–2 adrenergic receptors as the template. With the number of new and diverse GPCR crystal 

structures available increasing constantly, new and more suitable templates will be beneficial 

to better simulate the active conformation of the MC4R.

In this study, a homology model of the MC4R was constructed using the adenosine A2A 

receptor crystal structure (PDB 3QAK) as the construction template. This homology model 

was validated by docking each putative model with the tetrapeptide pharmacophore of the 

endogenous MC4R agonist α-MSH (Figure 1). The α-MSH tetrapeptide sequence has a 

very well established binding profile, and has been verified by several site-directed 

mutagenesis studies and molecular modeling studies.21–27 The chosen model was further 

validated using the well-known MC4R small molecule agonist THIQ (Figure 1). In order to 

better understand MC4R mutations and their effect on ligand binding and subsequent 

receptor activation and satiety signaling, a novel MC4R agonist and clinical candidate 

RM-493 (setmelanotide, Figure 1) was studied for its molecular mechanism to activate wild-

type and mutant receptors with a significantly higher potency as compared to the 

endogenous substrate α-MSH. RM-493 is a potent and selective MC4R agonist that entered 
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Phase 3 clinical trials in May 2017 for the treatment of obesity caused by genetic variations 

in the MC4R appetite-controlling pathway.27–31 Herein, four mutations commonly found in 

obese adults and children (Ser127Leu, Ser58Cys, Ile102Thr, and Gly252Ser), which are 

known to directly impact α-MSH potency in vitro, were reproduced in the homology model. 

RM-493 was then docked into the wild-type homology model as well as the four mutated 

models to understand its possible binding modes and mechanism of action as an antiobesity 

agent.

2. RESULTS AND DISCUSSION

2.1. Template Selection.

One of the first few steps in generating a homology model is choosing an appropriate 

template, ideally one that is at least reasonably homologous to the target protein, MC4R.
32–34 To achieve this, a tier based screening approach was adopted to determine the optimal 

template for the construction of the models. The alignment search tool (BLAST) was 

applied to compare the primary sequence of MC4R to a database of various protein 

sequences for which crystal structures are available in PDB.33–39 The primary sequence of 

MC4R protein was retrieved from UniProtKB/Swiss-Prot database (primary accession 

number P32245) and inserted into the query. From all the crystal structures of GPCRs that 

were available at the time of this study, the human A2A adenosine receptor (AA2AR) 

showed the highest overall score with a sequence identity of 28% and a sequence similarity 

of 46%. Due to the high variability in the loop regions among GPCRs, further analysis was 

done to compare the homology of the individual transmembrane domains of the AA2AR 

template sequence to those of MC4R. Pair alignment of the two sequences was performed, 

and % homology in each region was derived from ratios of residues that have identity or 

similarity divided by the total number of residues per transmembrane domain. The results 

suggest that the AA2AR is a reasonable choice based upon the percentage of homology to 

MC4R in the transmembrane regions (58%). Additionally, the A2A adenosine receptor is 

one of MC4Rs closest neighbors on the GPCR phylogenetic tree, making the crystal 

structure of the A2A adenosine receptor a viable choice as the template for homology 

modeling.37,40 There are 25 crystal structures of the adenosine A2A receptor in the PDB. 

Therefore, a second-tier of screening was adopted to find an active state crystal structure that 

best resembled the protein of interest. There are 6 agonist bound crystal structures of the 

adenosine A2A receptor in the PDB. Of these, 5 are bound to small molecules. These 

structures may not be optimal for the generation of homology models because the 

endogenous ligand, α-MSH, for MC4R is a large peptide. One AA2AR structure (PDB 

3QAK) was cocrystallized with a large molecule, UKA (C40H47N11O6, MW = 777.87) that 

better resembles the size of the MC4R tetrapeptide (C32H42N10O5, MW = 646.33) to be 

used in docking studies. Therefore, 3QAK was chosen as the template for the generation of 

MC4R homology models.

2.2. Sequence Alignment and Homology Model Construction.

The sequence alignment (Figure 2) was adjusted by removing the cocrystallized lysozyme of 

the template protein and truncating the N-terminus of the target protein (MC4R) to better 

match the length of the template. Additionally, there was a gap present within TM3 of the 
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template protein. This gap, 7 residues in length, was retained in the ECL1 domain to ensure 

proper construction of the transmembrane helices TM2 and TM3 for the MC4R target 

protein, as these helices are imperative for binding and GPCR structure. Unlike most 

GPCRs, the MC4R has a very short extracellular loop 2 (ECL2) and a very long 

extracellular loop 3 (ECL3). This makes it very difficult to model these loops using the 

AA2AR template, which has a relatively longer ECL2 and shorter ECL3. To resolve this, all 

loops in the template were omitted first in the alignment file, and the transmembrane helices 

were aligned. The omitted loops were inserted as gaps in the alignment file. The modeling 

software was allowed to reconstruct these regions using the loop residues of MC4R later on.
41 MODELLER then used the adjusted alignment file to generate 100 homology models 

with differing geometric conformations.

2.3. Model Screening, Evaluation, and Validation.

The tetrapeptide sequence of the endogenous agonist α-MSH (NH2-His6-Phe7-Arg8-Trp9-

Ac) was chosen for validation of the constructed models. This tetrapeptide sequence 

contains the essential pharmacophore features for melanocortin receptor recognition and is 

the minimal peptide sequence necessary for MC4R activation.42,43 The tetrapeptide 

pharmacophore, rather than the full endogenous peptide, was also chosen to lessen the 

computation power needed to dock such a large molecule into 100 models. The α-MSH 

tetrapeptide was docked into all 100 models and evaluated by GOLD scores.24 Based on the 

generated GOLD scores, the top pose was chosen, and it showed favorable interactions 

between residues Asp126 and Asp122 of TM3 of the protein and both Arg8 and the 

backbone nitrogen of His7 of the tetrapeptide, consistent with mutagenesis data.25,26 

Additionally, potential interactions were observed between the side chains of Phe7 and Trp9 

of the tetrapeptide and the hydrophobic residues on TM6, Phe261 and Trp258, also 

consistent with mutagenesis data and previously reported modeling studies (Figure 3A).21–27 

Therefore, it was concluded that this model was acceptable for further application.

The MC4R homology model was overlapped and compared to the AA2AR crystal structure. 

The overall weighted root mean square distance (RMSD) between them was 7.405 Å and the 

backbone RMSD between only the transmembrane regions was 4.620 Å. The model of 

MC4R in the active state mostly resembled the structure of AA2AR, including the important 

proline kinks in TM6 (Pro260) and TM7 (Pro299), part of the (N/D)PxxY motif conserved 

in the rhodopsin superfamily of GPCRs.44–48 However, as expected, the homology model 

and the AA2AR template differ significantly in the loop region, yielding the larger overall 

standard deviation, due to the low homology between MC4R and the template in these 

regions. The extracellular loops of the protein are largely outward facing, consistent with the 

active state of the protein being capable of accommodating large peptides.21,23,49 Additional 

observations included the shortened N-terminal end of TM1, the shift of the extracellular 

part of TM7 toward TM1, and the significant movement of the extracellular portion of TM6 

toward TM7, all consistent with the proposed activation mechanism of MC4R.22,50–52

This model was further analyzed using Molprobity and ProSa (see Supporting Information). 

The Ramachandran plot from Molprobity showed that almost all amino acid residues within 

the model had reasonable bond lengths and bond angles. As gathered from the plot, 93.2% 
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(261/280) of all residues were in favored (98%) regions, and 98.6% (276/280) of all residues 

were in allowed (>99.8%) regions. The 4 residues identified as having unfavorable φ and ψ 
angles were Gln115, Ile195, Cys196, and Cys318. The first three were located on the 

extracellular loops and should not affect ligand binding. Similarly, Cys318 should not 

impact ligand binding either, as it is located on the C-terminus of the protein. In the ProSA 

validation study, the model had a calculated z score of –2.56, which falls into the range of 

scores typically found for native proteins of a similar size.

2.4. THIQ Docking Studies.

A small molecule, THIQ (Merck), was chosen as the validation ligand because it has been 

well studied as an MC4R agonist. It has been used previously in numerous modeling studies, 

and as a reference ligand for the design of several small molecule α-MSH peptidomimetics.
23,53–55 It also has very well established site-directed mutagenesis data supporting its 

interactions with several similar residues to those that bind to the tetrapeptide such as 

Asp122, Asp126, and Phe261. However, it was also reported to interact with additional 

residues not implicated in the binding of α-MSH such as Asn123, which makes it an ideal 

ligand to use to substantiate the constructed homology models.53 THIQ was docked into the 

chosen model with 100 GA runs and clustered according to pose similarity. Fifteen different 

clusters were generated. All were analyzed for their interactions with the model to see which 

cluster best matched the interactions implicated by site-directed mutagenesis data.44,56 In the 

top scoring pose, the nitrogen atom of the 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid 

(TIC) group showed possible interactions with the carboxylate groups of Asp122 and 

Asp126 of the orthosteric site, common to α-MSH. Additional π–π interactions could be 

observed between its p-chlorophenyl and Phe261 and between its triazole ring and Trp258, 

also in the common orthosteric binding site (Figure 3B). Additionally, THIQ may interact 

with Asn123, located in a putative allosteric site, providing THIQ with greater specificity for 

MC4R as compared to α-MSH over other melanocortin receptor subtypes.53 Altogether, this 

model was able to accommodate both the endogenous tetrapeptide and the small molecule 

THIQ and match site-directed mutagenesis data for both compounds. Therefore, it was 

concluded that this model would be suitable to model the binding of the clinical candidate 

RM-493 and subsequent genetic protein mutations.

2.5. RM-493 in the Wild-Type Model.

RM-493 (setmelanotide) is a potent MC4R agonist in development by Rhythm 

Pharmaceuticals for the treatment of obesity caused by genetic mutations, and it recently 

entered Phase III clinical trials.28 It was shown to possess a 37-fold higher affinity than α-

MSH in wild-type (WT) binding assays (Ki = 0.71 nM) and was 20-fold more potent in WT 

activation assays (EC50 = 1.5 nM). In in vivo studies, RM-493 was shown to reduce food 

intake and weight gain in normal rats, and reduce fatty liver disease and hyperinsulinemia in 

diet-induced obese mice when administered peripherally.27,29 When RM-493 was docked 

into the wild-type model, the top scoring clustered pose showed possible interactions 

between RM-493 and several residues implicated to be critical for α-MSH binding by site-

directed mutagenesis studies (Figure 3C). Arg1 and Arg6 of RM-493 showed interactions 

with Asp122 and Asp126, respectively. Additional possible π–π interactions could be seen 

between Trp7 and both Trp258 and Phe261 of MC4R, also similar to the tetrapeptide-
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binding mode. However, our docking results also suggested several additional interactions 

between RM-493 and hMC4R that were not seen for α-MSH. These included polar 

interactions at the top of TM3 between Arg1 and Leu106 and Asp111 and His4 and Asn123. 

This suggests the ability for RM-493 to access the putative allosteric binding site at the top 

of TM3 as predicted by studies involving THIQ. Additional conceivable hydrophobic 

interactions were observed between Phe5 and both Tyr268 and Tyr276, also not implicated 

in α-MSH binding. These residues, however, have been implicated in the binding of other 

large cyclic peptides for MC4R such as MT-II, insinuating an alternative allosteric binding 

site at the top of TM6 that may provide greater specificity for large cyclic ligands.55 As 

predicted by previous NMR and modeling studies, α-MSH was thought to bind in a hairpin 

loop conformation, placing the tetrapeptide messaging sequence into the activation site of 

the receptor, and the rest of the peptide pointing out of the binding pocket toward the 

extracellular space.57 On the other hand, from our docking studies, the entire rigid and cyclic 

structural skeleton of RM-493 was accommodated within the whole binding pocket. The 

presence of these extra amino acid residues allowed for several additional interactions, 

potentially within multiple allosteric binding sites (Table 1) and may be the cause of 

increased affinity and potency as compared to α-MSH in the WT protein.

2.6. Point Mutations.

The MC4R point mutations were chosen among the various categories found in obese 

patients, based on their available binding and functional activity data for the clinical 

candidate RM-493 binding.27 The 4 chosen point mutations (Ser127Leu, Ser58Leu, 

Ile102Thr, Gly252Ser) are from class 2B and 2C of MC4R mutations and result in reduced 

potency of the endogenous ligand α-MSH.27 The mutations known to directly impact ligand 

potency would provide the most direct comparison between α-MSH and RM-493 binding 

through molecular modeling. Each point mutation was located in a distinct region of the 

receptor; however, they were all located within or near the orthosteric-binding pocket of the 

receptor (Figure 4A). After energy minimization, short-term dynamics studies (1000 fs) 

were performed to note any conformational changes. Larger scale molecular dynamics 

simulations for refinement in a full water-membrane environment were not utilized due to 

the extreme large time spans necessary to evaluate active state proteins. When the mutated 

minimized proteins were overlapped with the wild-type (Figure 4B,C,D,E), it was observed 

that the mutant Ile102Thr had the greatest conformational change among residues located 

near the mutation.

2.7. RM-493 and α-MSH Tetrapeptide in Mutated Receptor Models.

When RM-493 was docked into the four missense mutation models, it was observed that 

none of the mutated residues were directly involved in its binding; however, all of the 

mutations are located proximal to residues implicated as important for MC4R activation in 

the orthosteric binding site, which may explain their in vitro effects on ligand binding 

affinity and potency (Table 2).

Ile102Thr and Ser127Leu are both located close to the MC4R orthosteric ligand-binding 

pocket and may cause a shift in the residues Glu100, Asp122, and Asp126, which are 

necessary for receptor recognition and activation by the endogenous agonist α-MSH.
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19,21,22,27,51,55,58,59 Ser58Cys and Gly252Ser are located further from the binding pocket 

and are likely involved in ligand-induced conformational changes important for MC4R 

activation.

2.7.1. Ile102Thr.—Ile102 is located on TM2 close to the TM2-TM3 interface site. This 

site is composed of Glu100, Ile104, Asp122, and Ile125 and is believed to be critical for 

receptor activation mediated by ionic interactions with the ligand.39 Aside from ligand 

recognition, this site may initiate the movement of TM3 in receptor activation, similar to 

other predicted GPCR activation mechanisms.51,60 From short-term dynamics studies 

without bound ligand, it was observed that the Ile102Thr mutation produced the largest 

movement among its surrounding residues (Figure 4C). These residues include Ile104, 

Glu100, Asp122, and Ile125, indicating substantial perturbation of the TM2-TM3 interface 

by this mutation. As shown in Figure 4C, mutation of the Ile102 residue to a smaller Thr102 

residue may cause the rotation of Glu100 downward and away from the TM2-TM3 interface 

by 1.4 Å as well as Ile104 downward and away from the interface by 1.2 Å (Figure 4C). The 

movement of these residues away from the interface may disrupt the rotation of TM3 and 

therefore impair receptor activation. This disrupted interface, which includes the critical 

residue Asp122 for binding, may explain the decreased affinity and potency seen for both α-

MSH and RM-493 upon mutation as supported by binding data (Table 2). However, in the 

case of RM-493, additional interactions with residues at the top of TM3 in a putative 

allosteric binding site, such as Leu106 and Asp111, may compensate such disruption and 

help stabilize TM3 in the active state resulting in a higher affinity and potency of RM-493 in 

the mutated protein as compared to α-MSH (Figure 5B). The ability for these allosteric 

interactions to help stabilize the TM3 indicates that RM-493 may be acting as a positive 

allosteric modulator (PAM) by maintaining the spatial and structural conformation needed 

for receptor activation.

2.7.2. Ser127Leu.—Ser127Leu is located on TM3 and is close to Asp122 and Asp126, 

the critical residues for endogenous ligand binding. From the model, when Ser127 is 

mutated to Leu127, the side chain of Asp122 rotates 2.5 Å downward toward TM4, and the 

side chain of Asp126 shifts downward 1.4 Å (Figure 4D). As both Asp122 and Asp126 are 

located in the orthosteric site and are critical for ligand recognition and receptor activation, 

any movement among these residues could impair ligand affinity, as seen from the data in 

Table 2. Additionally, as previously discussed, Asp122 is thought to be involved in an 

important interaction site with Glu100, Ile104, and Ile125 at the interface between TM2 and 

TM3. Upon mutation, the movement of Asp122 away from TM3 and toward TM4 could 

play a role in interfering with the interactions in this region of the protein. Interference in the 

orthosteric binding site may explain the decreased affinity and potency seen with both 

ligands in the Ser127Leu mutated protein as compared to the wild-type (Table 2). Even so, 

RM-493 is still able to activate the mutated MC4R effectively with a 38-fold higher potency 

as compared to α-MSH.27 This again could be due to additional potential interactions shown 

by RM-493 with residues surrounding Ile102Thr and Ser127Leu, such as Leu106 and 

Asp111 in an allosteric binding site, that were not observed in α-MSH binding (Figure 

5A,B). Again, the capacity for the allosteric interacting portion of RM-493 to stabilize the 

receptor and maintain adequate affinity and potency despite mutations in the orthosteric 
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pocket supports the ability of this compound to act as a PAM. Another conceivable 

explanation is the additional arginine residue on RM-493. The presence of an additional 

arginine provides two points of interaction for Asp122 and Asp126 rather than just the one 

(Arg8) in α-MSH. This may provide stronger interactions regardless of the orientation and 

movement of the Asp122 and Asp126 residues upon mutation.

2.7.3. Ser58Cys.—Ser58Cys is located at the interface between TM1 and TM7 and has 

been implicated as an integral part of the hydrogen bond network that stabilizes the active 

state of MC4R.19,22,61 This network is understood to be formed by several polar residues 

including Ser58 and Asn62 from TM1; Tyr80, Asp90, Ser94, Asn97, and Glu100 from 

TM2; Ser132, Ser136, Asp146, and Arg147 from TM3; and Asn294, Ser295, Asp298, and 

Tyr302 from TM7.22 From the model, hydrogen-bonding interactions were observed 

between Ser58 and Asn294 on TM7. Upon mutation to cysteine, this polar interaction is 

weakened. While the sulfur atom could also engage in hydrogen bonding, it is bulkier and 

generally regarded as a poor hydrogen bond acceptor. This weakened interaction may result 

in a destabilized hydrogen bond network (Figure 4B) and explain the decrease in affinity and 

potency observed for both α-MSH and RM-493 in binding and functional assays (Table 2). 

However, despite mutation, RM-493 maintains a 30-fold higher affinity and a 15-fold higher 

potency as compared to α-MSH.16 As this mutation is not in the binding pocket, it is likely 

that the increased affinity and potency of RM-493 in this mutation is compensated largely by 

the additional positively modulating allosteric ligand-receptor interactions of RM-493 with 

Leu106 and Asp111.

2.7.4. Gly252Ser.—Gly252Ser is located on TM6 next to Val253, a critical residue for 

supporting helix-helix interactions and controlling the conformation of TM6 through 

hydrophobic interactions with Met292 (Figure 4E).19,22,62,63 It is known that TM6 plays a 

very important role in GPCR activation, and these hydrophobic interactions between TM6 

and TM7 may help to mediate helical interactions involved in activation. Upon activation, it 

is predicted that TM6 undergoes conformational change in the helical region below the 

conserved proline-kink residue (Pro260), which includes Gly252 and Val253.22 Due to the 

change in size and electronic nature caused by mutating a glycine to a serine, it is possible 

that these important helix-helix interactions at the interface might be disrupted, thus 

impairing receptor activation. It can be seen that upon mutation of the glycine to serine, 

Val253 and Met292 both shift downward and away from the TM6–7 interface by 1.2 and 1.4 

Å, respectively (Figure 4E). The shift of these residues increases the distance between them 

from 3.9 Å in the wild-type to 4.8 Å in the mutant (Figure 4E). This may lead to weakened 

hydrophobic interactions that could help to destabilize the helix-helix interactions and 

produce a decrease in potency for both RM-493 and α-MSH. However, consistent with the 

previously discussed mutations, RM-493 remained 16-fold more potent than α-MSH. One 

possible explanation for such higher affinity and potency for RM-493 as compared to α-

MSH may be the additional ligand-receptor interactions, particularly with the residues 

located at the top of TM6 and TM7 such as Tyr268 and Tyr276, that were not implicated in 

α-MSH binding. (Figure 5C,D). In addition to hydrophobic interactions with Phe261 and 

Trp258 in the orthosteric site, also common to α-MSH, the additional hydrophobic 

interactions with Tyr268 and Tyr276 may help stabilize the conformational change needed 
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for activation despite the disrupted helical interface and could represent an alternative 

positive allosteric site.27

3. SUMMARY AND CONCLUSIONS

A homology model of MC4R was constructed based on the crystal structure of agonist-

bound adenosine A2A receptor. The model was optimized and validated by adopting two 

MC4R ligands, the endogenous ligand α-MSH tetrapeptide pharmacophore and the small 

molecule agonist THIQ. The ligands were docked into the constructed homology models 

and the ligand-protein complexes were analyzed using several criteria including fitness 

scores and available site-directed mutagenesis data. Based on the validated docking results, 

it seemed that both of the ligands bound into a common upper-transmembrane domain of the 

MC4R model, consistent with previously constructed models and mutagenesis data. The 

point mutation studies indicate that the polymorphisms used in this study may cause binding 

disruptions both in the orthosteric binding pocket and in several transmembrane regions 

essential for the conformational changes that occur during receptor activation. The docking 

studies of both the α-MSH tetrapeptide and the clinical candidate RM-493 within the 

mutated models show that the disruptions in the orthosteric binding site and the 

transmembrane regions may be the cause of the decremental affinity and potency of these 

ligands with the receptor polymorphisms. The docking studies also suggest that the cyclic 

structure of RM-493 and its ability to interact more extensively with MC4R may help 

activate and stabilize the receptor, even in the presence of polymorphisms. These additional 

interactions may be with putatively positive allosteric binding sites near the extracellular 

loop region of TM3 and TM6.64 The capacity for RM-493 to bind to the orthosteric binding 

site with high affinity and simultaneously modulate receptor activation despite mutation via 

interactions with putative allosteric sites suggest the possibility that it may act as both a 

positive allosteric modulator and an orthosteric ligand, making it a “nontraditional” bitopic 

ligand. Typically, bitopic ligands are orthosteric ligands connected to allosteric ligands by a 

linker; however, RM-493 is a cyclic peptide large enough to simultaneously interact with 

both sites without the need for the traditional orthosteric/allosteric building blocks and a 

linker. With the absence of crystallographic data, the molecular modeling work presented 

here may serve as a platform to enable the design of future selective and potent ligands 

capable of interacting simultaneously with the orthosteric and allosteric binding sites. This 

“bitopic” binding mode may allow such ligands to retain potency and efficacy despite the 

presence of genetic variants.5,13,14 Such ligands would be invaluable for the future treatment 

of obesity and associated endocrine disorders in patients with MC4R polymorphisms.

4. METHODS

4.1. Sequence Alignment and Homology Modeling.

All molecular modeling studies were performed using the SYBYL-X 2.1.1 package (Tripos 

LP, St. Louis, MO) on dual-core AMD Opteron 2.4 GHz processors. The amino acid 

sequence of the melanocortin-4 receptor (MC4R) was obtained from UniProtKB/Swiss-Prot 

(P32245). The amino acid sequences of all the currently available GPCR crystal structures 

were collected and compared to the sequence of MC4R using the Basic Local Alignment 
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Search Tool (BLAST). Both overall homology levels and homology between individual 

regions were used to select the most appropriate template. The active adenosine A2A 

receptor (AA2AR) was eventually chosen as the template structure (PDB code 3QAK, 2.71 

Å). The AA2AR sequence was aligned to that of the MC4R using ClustalX 2.1.65 Within 

ClustalX, manual adjustment of the sequence alignment was performed to eliminate gaps 

found within the transmembrane helices, remove the cocrystallized lysozyme, and truncate 

the N-terminus. Due to a relatively lower homology level between the template and MC4R 

in the extracellular loop regions, residues 32–42 in ICL1, 67–77 in ECL1, 105–117 in ICL2, 

149–166 in ECL2, 207–221 in ICL3, and 257–268 in ECL3 were manually removed from 

the template first to allow the sequence alignment to be optimized. These loop regions were 

later reconstructed following the MC4R complete sequence upon construction of 100 

homology models through MODELLER.

4.2. Ligand Construction.

The three ligands chosen for the docking studies include the MC4R endogenous peptide α-

MSH tetrapeptide pharmacophore (sequence His6-Phe7-Arg8-Trp9), the small molecule 

MC4R agonist THIQ, and the selective peptide RM-493. The ligands were constructed in 

SYBYL-X 2.1.1 with standard bond lengths and angles. They were assigned Gasteige-

Hückel charges and energy minimized with the Tripos Force Field (TAFF) also available in 

SYBYL-X 2.1.1. The nonbonded interaction cut off was 8 Å, dielectric constant was 1.00, 

and the energy minimization was run until the number of iterations exceeded 100 000 or 

when the energy gradient fell below 0.05 kcal/(mol × A).

4.3. Ligand Docking.

The α-MSH tetrapeptide was first docked into the 100 generated homology models using 

the genetic algorithm docking software GOLD 5.4 (Cambridge Crystallographic Data 

Centre, CCDC, Cambridge, UK). The putative docking site was defined by 10 Å around 

Asp126, consistent with site-directed mutagenesis data found in the literature. Ten poses 

were generated for the ligand in each of the 100 models and given a score from a fitness 

function (GOLD score) using generic GOLD docking parameters.66 The GOLD scores for 

each of the 10 poses within all 100 models were analyzed by merging the poses into the 

MC4R model using SYBYL-X 2.1.1. Out of the top 10 GOLD scoring models, the model 

showing the highest docking scores overall and the most favorable interactions matching 

previously reported site-directed mutagenesis data was chosen for further analysis. The 

subsequent receptor-ligand complex was energy minimized by applying the Tripos Force 

Field with Gasteiger-Hückel charges, a nonbonded interaction cut off of 8 Å, and a dielectric 

constant of 1.00. The minimization was run until the number of iterations exceeded 10 000 

or when the energy gradient fell below 0.05 kcal/(mol × A). The stereochemical quality of 

the model was assessed using MolProbity and ProSA, and was aligned with the template 

structure 3QAK for comparison. Using the chosen model, both THIQ and RM-493 were 

subsequently docked using GOLD. The putative binding area was defined again using 

Asp126. Each ligand was docked into the model for 100 iterations using the generic GOLD 

parameters. The resulting docked solutions were clustered based on similarity of pose with 

the distance between clusters set as 4.0 Å. The docking poses for each ligand having the 
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highest GOLD scores were merged into the MC4R model using SYBYLX 2.1.1 and energy 

minimized using the previously described parameters.

4.4. Point Mutations.

The point mutations were individually introduced in SYBYL-X 2.1.1, and then the entire 

mutated protein was energy minimized using the previously described parameters. After 

energy minimization, a short-term molecular dynamics (MD) simulation using SYBYL-X 

2.1.1 was conducted. The simulation was run at a length of 1000 fs and a temperature of 300 

K. The nonbonded cutoff was 8.00, and the dielectric constant was 1.00. Each step was 

defined as 1 fs, and snapshots were taken every 5 fs. The mutated proteins were then each 

overlapped with the wild-type receptor and aligned by homology using the biopolymer 

package in SYBYL-X 2.1.1. The mutated and wild-type proteins were extracted and 

overlapped, and then RMSD values were calculated for within 5 Å of the mutation to note 

any conformational changes that occurred.

4.5. Ligand Docking in Mutated Models.

The energy minimized RM-493-WT and α-MSH-WT complexes were each merged with the 

four previously constructed and energy minimized mutated models. Each mutated receptor 

was then aligned by homology to the WT receptor complex. After alignment, each ligand 

was extracted from the wild-type complex and remerged with each of the mutated receptor 

models. These new complexes were then energy minimized using the previously described 

minimization parameters. After minimization, a short-term molecular dynamics (MD) 

simulation using SYBYL-X 2.1.1 was conducted. The simulation was run at a length of 

1000 fs and a temperature of 300 K. The nonbonded cutoff was 8.00, and the dielectric 

constant was 1.00. Each step was defined as 1 fs, and snapshots were taken every 5 fs. 

Similar MD procedures were also completed for the wild-type complexes.
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Figure 1. 
Chemical structures of known MC4R agonists, α-MSH tetrapeptide His6-Phe7-Arg8-Trp9 

pharmacophore, the small molecule THIQ, and the clinical candidate RM-493 

(setmelanotide).
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Figure 2. 
Multisequence alignment of MC4R with representative GPCR sequences. ADRB2, human 

β2-adrenergic receptor; ADRB1, human β1-adrenergic receptor; CXCR4, human chemokine 

receptor CXCR4; OPSD, bovine rhodopsin; AA2AR, human A2A-adenosine receptor. The 

most conserved residues among GPCR superfamily members are marked in red.
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Figure 3. 
Highest GOLD scored mode of (A) α-MSH tetrapeptide (cyan, sticks) and (B) THIQ 

(magenta, sticks). (C) RM-493 (green, sticks) in generated MC4R homology model (gray, 

cartoon). Amino acids involved in interactions are shown as gray sticks. Dashed lines 

indicated potential hydrogen bonds.

Fall and Zhang Page 19

ACS Chem Neurosci. Author manuscript; available in PMC 2020 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
(A) Location of the mutated residues (magenta, spheres) within the protein (gray, cartoon) 

and labeled putative allosteric sites. (B-E) Overlap of wild-type (gray) and mutated proteins 

(magenta). (B) Mutation of Ser58 to Cys58 causes disruption of the H-bond network 

stabilizing TM6. Hydrogen bonds with distances in the wild-type protein shown as dashed 

lines (black). Distances increase between N294 and S295 from 2.9 to 4.2 Å, between N294 

and S58 from 3.0 to 3.2 Å, and between D90 and N62 from 3.3 to 5.3 Å. Distances between 

residues upon mutation not shown for clarity. (C) Mutation of Ile102 to Thr102 disrupts the 

TM2-TM3 interface imperative for receptor activation. (D) Mutation of S127 to Leu127 

causes a shift in Asp122 and Asp126, critical residues for ligand recognition. (E) Mutation 

of Gly252 to Ser252 interrupts helix-helix interactions necessary for stabilization of TM6.
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Figure 5. 
(A) Ser127Leu mutant receptor with bound α-MSH tetrapeptide. (B) Ser127Leu mutant 

receptor with bound RM-493. (C) Gly252Ser mutant receptor bound with α-MSH 

tetrapeptide. (D) Gly252Ser mutant receptor bound with RM-493. Mutant receptors are 

shown as gray cartoon with the bound RM-493 as green sticks. Interacting residues are 

indicated by white sticks and overlapped with the corresponding residues in the wild-type 

receptor (purple, sticks). Potential hydrogen bonds denoted as dashed lines (black).
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Table 1.

Amino Acids Residues Involved in Wild-Type Protein Interacting with MC4R Ligands
a

α-MSH tetrapeptide RM-493

residues Glu100, Asp122, Asp126, Phe261, Trp258, His264 Glu100, Asp122, Asp126, Phe261, Trp258, His264, Asn123, Leu106, 
Asp111, Tyr276, Tyr268

a
Amino acid residues potentially involved in allosteric binding contributing to agonist specificity and potency in bold.
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Table 2.

Comparison of Inhibition Constants (Ki) and 50% Maximum Concentration (EC50) Values for α-MSH and 

RM-493 in Radioligand Binding and Intracellular cAMP Production Assays27

mutation Ki (nM) EC50 (nM)

α-MSH RM-493 α-MSH RM-493

WT 26 ± 7.0 0.71 ± 0.16 30 ± 7.5 1.5 ± 0.38

SerS8Cys 53 ± 12 1.7 ± 4.3 670 ± 90 46 ± 8.0

Ile102Thr 210 ± 94 2.2 ± 0.21 5800 ± 850 150 ± 57

Ser127Leu 160 ± 40 3.3 ± 0.13 640 ± 190 17 ± 6.0

Gly252Ser 160 ± 66 2.3 ± 0.30 210 ± 45 13 ± 2.0
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