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Abstract

The central melanocortin-3 and melanocortin-4 receptors (MC3R, MC4R) are key regulators of 

body weight and energy homeostasis. Herein, the discovery and characterization of first-in-class 

small molecule melanocortin agonists with selectivity for the melanocortin-3 receptor over the 

melanocortin-4 receptor are reported. Identified via “unbiased” mixture-based high-throughput 

screening approaches, pharmacological evaluation of these pyrrolidine bis-cyclic guanidines 

resulted in nanomolar agonist activity at the melanocortin-3 receptor. The pharmacological 

profiles at the remaining melanocortin receptor subtypes tested indicated similar agonist potencies 

at both the melanocortin-1 and melanocortin-5 receptors, and antagonist or micromolar agonist 

activities at the melanocortin-4 receptor. This group of small molecules represents a new area of 

chemical space for the melanocortin receptors with mixed receptor pharmacology profiles that 

may serve as novel lead compounds to modulate states of dysregulated energy balance.
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Introduction

Appetite and body weight are highly regulated processes in the human body. The discovery 

of new pharmacological therapies targeting key regulatory points in this system, such as the 

melanocortin-3 and -4 receptors, have implications in the treatment of numerous conditions 

ranging from cachexia and anorexia to obesity. Identifying new melanocortin ligands with 

novel receptor subtype pharmacological profiles may prove essential in the development of 

innovative therapies to treat energy disorder states.

To date, five melanocortin receptor subtypes, members of the seven transmembrane G 

protein-coupled receptor (GPCR) superfamily, have been cloned and characterized. The 

melanocortin-1 receptor (MC1R) is found primarily in the skin and is important for 

skin and hair pigmentation.1, 2 The melanocortin-2 receptor (MC2R) is found primarily 

in the adrenal glands and is essential in the hypothalamic-pituitary-adrenal pathway for 

steroidogenesis.2 The melanocortin-3 and melanocortin-4 receptors (MC3R and MC4R) are 

centrally expressed in the brain hypothalamus and are implicated in energy regulation.3–8 

While the melanocortin-5 receptor (MC5R) has been implicated in exocrine function in 

a mouse knockout model, the function of this receptor has yet to be fully elucidated in 

humans.9 The melanocortin receptors are controlled by several endogenous agonists (derived 

from the pro-opiomelanocortin gene transcript) and the antagonists agouti (ASP) and agouti­

related protein (AGRP). While these melanocortin receptors primarily signal through the 

Gαs signaling pathway, there are reports suggesting the melanocortin receptors can signal in 

tissue/cell specific mechanisms through additional pathways including Gi/o, MAPK, and the 

Kir7.1 ion channel.10–12

Activation of the MC3R and MC4R decreases food intake, while antagonism at these 

receptors increases food intake.13, 14 Mouse knockout (KO) models suggest a synergistic 

mechanism between the two-receptor subtypes. The MC4R KO mice are obese and have 

an increased body length compared to wildtype littermates.7 While the MC3R KO mice 

maintain a similar body weight to control wild type littermates, they possess increased fat 

mass and decreased lean mass.6, 8 Double MC3R/MC4R KO mice are heavier than MC4R 

KO mice alone and possess increased fat mass, suggesting the MC3R and MC4R have 

distinct, but synergistic, roles in regulating body weight.8, 15–17 A similar phenotype as the 

MC4RKO mouse (regarding weight gain, hyperphagia, and disrupted endocrine hormone 

pathways) is evident in humans deficient in MC4R signaling, as previously reviewed,18 

making single nucleotide polymorphisms (SNPs) within the MC4R one of the largest 

monogenetic origins of obesity.19–21

While targeting the MC4R is a rational approach for modulating body weight based upon 

MC4R KO mice and human genetic studies, administration of purported MC4R-selective 
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compounds identified several side effects including hypertension, sexual arousal, and skin 

darkening.22–25 The hypertensive effects of MC4R compounds may be transient, molecule­

specific,26–30 and/or related to human genetic composition. In 2013, the structurally similar 

cyclic octapeptides Setmelanotide (Ac-Arg-c[Cys-DAla-His-DPhe-Arg-Trp-Cys]-NH2) and 

LY2112688 (Ac-DArg-c[Cys-Glu-His-DPhe-Arg-Trp-Cys-NH2) were evaluated in rhesus 

macaques, and only LY2112688 significantly increased heart rate and blood pressure.26 To 

avoid undesired side effects, one postulated alternate approach would be the targeting of the 

centrally located MC3R, which also plays a role in food intake and fat disposition.6, 8, 13 

Selective agonist compounds for the MC3R may bypass the noted side effects of MC4R 

selective candidates in the search for weight modulating therapies, but remains to be proven 

experimentally.

In the search for selective and potent melanocortin ligands, many traditional peptide 

technologies have been applied. These include structural determination of the endogenous 

peptides,31, 32 identification of essential amino acids via alanine scans,33–35 truncation 

studies,36–38 and synthesis of focused libraries using peptide modifications that evoke 

specific turns and motifs.39–44 While peptides have the potential for exquisite selectivity 

and potency, they can (but not always) possess weaknesses including chemical instability, 

relatively short half-lives, and typically limited bio-availability compared to small 

molecules, as reviewed.45 Several classes of small molecule melanocortin ligands have been 

disclosed in the literature and reviewed.46–48 The earliest work featured β-turn-inducing 

thioether cyclized peptidomimetics.49, 50 Merck introduced the THIQ-substituted piperidine 

scaffold with several reported derivatizations.51–53 Additional scaffolds that have been 

explored include formaldehyde cyclized cyclophanes,54 tripeptide-based ureas,55, 56 and 

diazepines.57, 58 As most of these scaffolds were optimized for MC4R agonist activity, few 

possessed potencies at the MC3R of less than 1 μM and none were selective (greater than 

10-fold more potent) for the MC3R over the MC4R.49–58

In attempts to identify novel small molecule scaffolds with activity at the MC3R, a 

mixture-based high throughput screen examining numerous scaffolds is reported herein. 

Further examination of two scaffolds, penta-amines and pyrrolidine bis-cyclic guanidines, 

demonstrated that the pyrrolidine bis-cyclic guanidines possessed nanomolar potencies at 

the MC3R and were greater than 10-fold selective for the MC3R over the MC4R. This 

novel MC3R small molecule scaffold contains four points of substitution and is amenable to 

further optimization aimed at improving DMPK properties.

Results and Discussion

The mixture-based combinatorial library technology has been extensively reviewed.59–61 

This approach has previously been applied to the melanocortin system to identify 

tetrapeptide ligands which rescued the function of known “dysfunctional” MC4R single 

nucleotide polymorphic receptors as well as ligands which possessed a novel mouse 

(m)MC3R agonist and mouse (m)MC4R antagonist mixed receptor poly-pharmacology.42–44 

For this study, it was hypothesized that mixture-based scanning techniques would identify 

novel small molecule ligands targeting the MC3R, similar to a previous screening that 

identified MC3R-selective agonist ligands.42, 43 The “Scaffold Ranking Library” (available 
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for collaborations at the time) contained 69 distinct scaffold mixtures and was selected 

for this screening campaign. There were three discrete stages to the reported screen and 

mixtures/compounds were triaged based upon activity, selectivity, and cytotoxicity concerns. 

Figure 1 illustrates the overall workflow including the general yes/no decision criteria. 

Briefly, two structurally related scaffolds were selected for initial follow-up from among 69 

scaffold mixtures after assaying them for agonist activity and selectivity for the mMC3R 

over the mMC4R. A mixture-based positional scan for both scaffolds was performed at the 

mMC3R and mMC4R to rank functionalities at each position. In the last stage, two sets of 

individual compounds were synthesized based on the possible permutations from the top 

ranked functionalities at each position for both scaffolds and were evaluated at the mMC1R, 

mMC3R, mMC4R, and mMC5R.

Scaffold Ranking

A total of 69 scaffold mixtures, representing all the small molecule and peptide scaffolds 

available in the collection at the time, were evaluated for activity using a gain-of-signal 

β-galactosidase assay which indirectly measures cellular cAMP levels in HEK293 cells 

stably expressing the mMC3R or mMC4R.62 The mixtures were assayed in a dose­

response manner at concentrations of 50, 25, and 12.5 μg/mL with a single replicate 

in at least two independent experiments. On each plate, negative controls (assay media 

without compound) and positive controls (7-point dose response curve of the synthetic 

melanocortin agonist NDP-MSH and 10−5 M forskolin) were included. Each well of the 

96-well plate was visually inspected before and after compound stimulation to account for 

cell toxicity and assigned a score on a 4-point scale. The activity of each mixture was 

normalized to the maximal response of NDP-MSH (10−7 to 10−6 M) in addition to the 

protein content in each well, and then selectivity for the mMC3R over the mMC4R was 

assessed. While a few scaffold samples were shown to be active in the mMC3R screen, 

sample TPI1955, a pyrrolidine bis-cyclic guanidine, was the most active (mMC3R) and 

selective (mMC3R vs mMC4R) sample and was therefore selected for positional scanning 

deconvolution. TPI1952, a pyrrolidine penta-amine, was also selected for positional 

scanning deconvolution. TPI1952 showed some activity in mMC3R but was not selective 

for mMC3R over mMC4R. Additionally, TPI1955 and TPI1952 were developed from a 

common polyamine scaffold that utilized the same set of amino acid and carboxylic acid 

reagents (Scheme 1 and SI Table 1) for the R group functionalities, thus potentially allowing 

for structural activity relationship (SAR) studies across the scaffolds.

It has been reported that the pyrrolidine bis-cyclic guanidine template was used to identify 

novel compounds with antinociceptive activity (lasting up to 5 h) and possesses anti­

microbial activity to drug-resistant Gram-positive pathogens (Figure 2).63, 64 In addition, 

both tri- and tetra-amine templates have been used to identify potent, MOR-selective 

compounds.65 The exact structures and side-chain substitutions were different within the 

scaffold mixtures and devoid of reactive functionalities. This indicates these templates/

scaffolds are not simply pan-assay interference compounds (PAINS) that can lead to false 

positives.66 Due to the activity in multiple biological systems, these templates may be 

considered “privileged” structures and prove useful with other receptor systems.

Doering et al. Page 4

J Med Chem. Author manuscript; available in PMC 2022 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mixture-Based Positional Scan

A mixture-based positional scan was conducted around the pyrrolidine bis-cyclic guanidine 

(TPI1955) and the penta-amine (TPI1952) scaffolds. The constituents in each mixture were 

in approximate equimolar amounts. The mixtures for each scaffold were synthesized on 

solid support using N-α-Boc compatible chemistry, shared a common peptidic intermediate, 

and utilized previously reported methodology (Scheme 1).67 Both templates were derived 

through the backbone modification of a capped tetrapeptide. The backbone amides were 

transformed to the corresponding amines through the use of an established BH3 reduction 

without epimerizing the α-carbons sidechain functionalities.68, 69 Control sequences were 

cleaved after reduction and assessed by LCMS and NMR to confirm completion of 

reduction. Following the reduction, an on-resin cyclization of the polyamine with cyanogen 

bromide yielded the desired bis-cyclic guanidine. The final product was globally deprotected 

and cleaved off the polystyrene support with anhydrous HF. In contrast, the penta-amine 

mixtures were deprotected and cleaved off the polystyrene support via anhydrous HF 

following the reduction. After removal of excess HF, the mixtures were assayed without 

further purification.

The positional scan was comprised of 120 mixtures for each template with the same chiral 

pool of 26 amino acid building blocks for the R1, R2, and R3 positions, and 42 carboxylic 

acid building blocks at the R4 position. The mixture numbers with the position and building 

block scanned along with the corresponding functionality are tabulated (SI Table 1). The 

common feature for the constituents in each mixture was a single functionality at one 

position and an equimolar mixture of the other functionalities X at each of the remaining 

positions. The mixtures were labeled by the position and functionality. The first mixture 

(TPI1955.001, Ala-XXX) contained 28,392 (1x26x26x42) compounds all possessing an R1 

S-methyl functionality. The second mixture (TPI1955.002, Phe-XXX) also contained 28,392 

(1x26x26x42) compounds all with an R1 S-benzyl functionality. The twenty-seventh mixture 

(TPI1955.027, X-Ala-XX) contained 28,392 (26x1x26x42) compounds all possessing an R2 

S-methyl functionality. The 120 mixtures were the combination of all the building blocks 

(26+26+26+42) tested at each of the four positions (SI Table 1).

The amino acids and capping carboxylic acids sampled a variety of electronic and steric 

functionalities. Additionally, both D and L amino acids were used in positions R1, R2, and 

R3. The mixtures were tested for activity at the mMC3R and mMC4R in a dose-response 

manner at concentrations of 50, 25, and 12.5 μg/mL (in at least two independent experiments 

with two or more replicates per experiment), using the same β-galactosidase assay as in 

the scaffold-ranking assay. The results were normalized to maximal efficacy of NDP-MSH 

in addition to protein levels. Like the scaffold ranking screen, the cells were visually 

assessed for signs of stress before and after the compound stimulation in the bioassay to 

aid in the elimination of cytotoxic compounds. Activity at the mMC3R, selectivity for the 

mMC3R over the mMC4R, and cell health after compound stimulation were considered 

when choosing the compounds for deconvolution.
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Pyrrolidine Bis-Cyclic Guanidine Positional Scan Results

The mean normalized activities were plotted and the relative potency and selectivity profiles 

for each of the MC3R and MC4R subtypes were compared (Figure 3). Positions R1, R3, 

and R4 showed mixtures with relative potencies greater than 60% at the mMC3R while 

position R2 did not show any mixture with activities greater than 60%. The most potent 

mixtures at the R1, R2, and R3 positions gravitated towards functionalities which possessed 

stereochemistry derived from D amino acid building blocks. Additionally, these D amino 

acid-derived functionalities also tended to possess the greatest selectivity for the mMC3R 

over the mMC4R. For this reason, D amino acid building blocks were selected for positions 

R1, R2, and R3 for the follow-up compounds synthesized individually.

The chemical properties of the selected mixtures tended to be consistent within each 

R group. Two small aliphatic side chains, R-isobutyl (D-Leu) and R-isopropyl (D-Val), 

were selected for the R1 position. The R-cyclohexyl-methyl (D-cyclohexylalanine) and 

the aromatic R-benzyl (D-Phe) side chains were chosen for the R2 position. The small 

aliphatic side chains R-propyl (D-norvaline) and R-isopropyl (D-Val), as well as the 

small nucleophilic side chain (S,R)-1-hydroxyethyl (D-Thr) were picked for the R3 

position. For MC3R potency and selectivity, the R4 position favored the bulky 4-tert-butyl­

cyclohexyl-methyl (4-tert-butyl-cyclohexanecarboxylic acid) and adamantan-1-yl-methyl (1­

adamantanecarboxylic acid) functionalities and a 4-methyl-pentane side chain derived from 

4-methylvaleric acid.

At the R4 position, activity was modulated with minor structure alterations. For example, 

shifting one methyl group from 4-methyl-pentane (4-methylvaleric acid, 60% relative 

potency, Figure 3) to 3-methyl-pentane (3-methylvaleric acid, <30% relative potency, Figure 

3) decreased receptor activity. A larger decrease was observed for a methylene group 

extension when comparing adamantan-1-yl-methyl (1-adamantanecarboxylic acid, >90% 

relative potency, Figure 3) compared to adamantan-1-yl-ethyl (1-adamantaneacetic acid, 

<40% relative potency, Figure 3).

Figure 4 illustrates the building blocks which were selected based on the results from the 

mixture-based positional scan for the synthesis of the 36 individual compounds (2x2x3x3), 

with one additional compound added as described below. The selected building blocks 

induced little to no visual cell cytotoxicity at the highest concentration assayed (50 μg/mL).

Penta-Amine Positional Scan Results

The mixture-based positional scan around the penta-amine template utilized the same 26 

amino acids (R1, R2, and R3), 42 carboxylic acid derivatives (R4), and the same dose­

response concentrations compared to the pyrrolidine bis-cyclic guanidine positional scan. 

The normalized results obtained for the 50 μg/mL concentration for both the mMC3R and 

mMC4R are presented in Figure 5. During the assay, each well was visually assessed under 

a microscope as an indicator of cytotoxicity. Unlike the pyrrolidine bis-cyclic guanidine 

compounds, exposure to the penta-amine small molecules resulted in substantial apparent 

cellular stress, observed as cells balling up and/or lifting from the plate surface. The relative 

amounts of apparent cell stress are represented in Figure 5 with increasing stress resulting in 
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increased red content of the cell health circle. These observations were considered during the 

deconvolution analysis in the design of the individual compound library.

Overall, the mixtures trended towards increased potency at the mMC3R compared to 

the mMC4R, yet cell stress was noted for many of the most potent and/or selective 

MC3R mixtures (Figure 5). The two functionalities selected for the R1 position were 

the smaller hydrophobic functionalities S-isopropyl (L-Val) and R-2-butyl (D-Ile). The 

three functionalities selected for the R2 position included the R-benzyl (D-Phe), S­

cyclohexyl-methyl (L-Cha), and (S,R)-1-hydroxyethyl (D-Thr) functionalities. For the 

R3 position, the two aromatic functionalities S-benzyl (L-Phe) and R-4-hydroxybenzyl 

(D-Tyr) were selected. Additionally, the R-cyclohexyl-methyl (D-Cha) was also chosen. 

The functionalities selected for the R4 position consisted of substituted phenyl and 

cyclohexyl rings with 2-(4-ethoxy-phenyl)-ethyl (4-ethoxyphenylacetic acid), 2-(3,5-bis­

trifluoromethyl-phenyl)-ethyl [3,5-Bis(trifluoromethyl)-phenylacetic acid], and 4-tert-butyl­

cyclohexyl-methyl (4-tert-butyl-cyclohexanecarboxylic acid). The position substitutions 

(Figure 6) selected led to the synthesis of 54 (2x3x3x3) individual compounds.

Common to both positional scan active mixtures were the R-benzyl (D-Phe) at the R2 

position and 4-tert-butyl-cyclohexyl-methyl (4-tert-butyl-cyclohexanecarboxylic acid) at R4. 

To probe potential differences between the two scaffolds, an additional compound was 

synthesized containing R-2-butyl (D-Ile) functionality at the R1 position, R-benzyl (D-Phe) 

at R2, R-4-hydroxybenzyl (D-Tyr) at R3, and 4-tert-butyl-cyclohexyl-methyl (4-tert-butyl­

cyclohexanecarboxylic acid) at R4 in the bis-cyclic guanidine template. These positional 

scan mixtures were selected with the penta-amine template and were observed to have a 

moderate activity profile with the pyrrolidine bis-cyclic guanidine template (Figure 3).

Individual Compound Library

Compound Synthesis: Two series of individual compounds were synthesized and 

assayed based upon the MC3R activity and selective mixture data from the pyrrolidine 

bis-cyclic guanidines and penta-amines positional scanning libraries. Each compound was 

synthesized on solid support using similar methodology as the mixture-based positional 

scan (Scheme 1). Individual compounds were synthesized with single chemical building 

blocks (Figures 3 and 5) as opposed to equireactive mixtures of building blocks used in 

the generation of the positional scanning libraries. Each individual compound was purified 

to ≥95% pure using preparative HPLC following HF cleavage from the solid support. 

The compounds were characterized by 1H NMR and LC/MS methods. Characterization 

information is provided for the pyrrolidine bis-cyclic guanidine analogues (TPI2509) 

and penta-amine analogues (TPI2494) in the supplemental information. The penta-amine 

analogues (TPI2494) did not result in compounds with sub-micromolar potencies in the 

initial in vitro screening and were triaged as illustrated in the screening workflow and 

checkpoint criteria (Figure 1).

In Vitro Evaluation

Penta-amine Analogue Series Primary Screen—The results from the penta-amine 

library screen led to the synthesis of 54 compounds which yielded micromolar agonists 
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at all four of the selected melanocortin receptor subtypes assayed (data not shown). The 

compounds were assayed in the β-galactosidase assay utilized in the scaffold ranking and 

positional scans, as well as in an orthogonal “AlphaScreen” assay that directly measures 

cAMP levels.70–72 The penta-amine compounds tended to have higher amounts of apparent 

cellular cytotoxicity (Figure 5) whereas the related pyrrolidine bis-cyclic guanidines tended 

to have little toxicity present, observable sometimes only at the highest concentrations 

tested. Since the β-galactosidase values were normalized to protein levels, and toxic 

compounds produced lower protein levels (decrease cell count will result in less protein), a 

low signal may be artificially enhanced as a false positive for toxic compounds. This may 

explain why the individual penta-amine compounds yielded minimal to no activity upon 

mixture deconvolution. In a prior screen using a penta-amine scaffold, individual compounds 

were tested for cytotoxicity using a MTT assay in VERO cells.67 Compounds were reported 

to decrease viability to less than 50% at concentrations of 1.03 to 4.23 μg/mL (1.7 to 6.5 

μM),67 supporting the observed toxicity for the penta-amine scaffold in the present study. 

Although this library of compounds could be construed as negative data, it was included to 

provide a comparative example of a mixture-based positional scanning library. The MC3R 

selective results obtained from the pyrrolidine bis-cyclic guanidine compounds indicate that 

the MC3R activity is specific to this class of ligands and that similar libraries do not result in 

positive hits, supporting the activity of the pyrrolidine bis-cyclic guanidine compounds.

Pyrrolidine Bis-Cyclic Guanidine Analogue Overview and SAR Summary—
Each of the 37 compounds based on the pyrrolidine bis-cyclic guanidine template were 

evaluated for functional activity at the mMC1R, mMC3R, mMC4R, and mMC5R using the 

β-galactosidase bioassay. The compounds were initially screened for agonist activity from 

10−4 to 10−10 M, and the range was adjusted accordingly if the compound EC50 values were 

more potent and not within the middle of this concentration range. The reported results are 

the means of duplicate replicates of at least three independent experiments (Table 1). For 

select compounds, the 100 μM concentration resulted in toxicity. For these compounds, the 

100 μM concentration was not used in the sigmoidal dose-response fitting. If efficacy of at 

least 90% compared to NDP-MSH controls was observed for at least two concentrations, the 

EC50 (nM) values are reported. For compounds where EC50 values could not be calculated 

due to the absence of a sigmoidal dose-response curve, the percent activity at 10 μM, as 

compared to the maximal NDP-MSH response, is reported and the ligands binned into two 

groups (A = 10-50% NDP-MSH, B = 51-90% NDP-MSH). Compounds that did not possess 

any agonist potency or antagonist activity were reported as >100,000. Three compounds (1, 

2, and 28) possessed partial agonist efficacy with a sigmoidal dose-response curve at the 

MC4R (Figure 7). The apparent EC50 values and percent of maximal NDP-MSH signal are 

indicated for these three compounds. Additional dose-response antagonist experiments and 

pA2 values73 were determined at the MC4R for compounds that were not full agonists at the 

MC4R, were full agonists at the MC3R, and possessed EC50 values < 1 μM at the MC3R.

The functionalities for the synthesis of the individual compounds were selected for MC3R 

agonist potency and selectivity for the MC3R over the MC4R. The results from the 

individual compound library resulted in pharmacological and SAR patterns that were 

consistent with these selections. Out of the 37 compounds, 24% (9/37) possessed full agonist 
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efficacies and potencies < 1 μM at the MC3R, while 8% (3/37) were partial agonists at the 

MC4R (efficacies 45-75% NDP-MSH) with potencies < 1 μM. An additional 18% (7/37) 

and 11% (4/37) possessed full agonist efficacy and potencies >1 μM at the MC3R and 

MC4R, respectively (Table 1).

Specific substitutions at R3 and R4 resulted in the observed sub-μM potencies at the 

MC3R. Of the 9 compounds that possessing EC50 < 1 μM at the MC3R, 8 contained 

the (S,R)-1-hydroxyethyl (D-Thr) group at the R3 position (1, 2, 10, 11, 19, 20, 28, and 

29), while one possessed the R-propyl (D-norvaline) substitution at R3 (23). The (S,R)-1­

hydroxyethyl (D-Thr) group is capable of hydrogen bonding, unlike the related aliphatic 

R-propyl (D-norvaline) and R-isopropyl (D-Val) substitutions which are capable of weaker 

Van der Waals interactions with the receptor. All 9 of the compounds with potencies < 1 μM 

also possessed either an adamatan-1-yl-methyl (1-adamantanecarboxylic acid) or 4-tbutyl­

cyclohexyl-methyl (4tBu-cyclohexanecarboxylic acid) at the R4 position and none possessed 

the small 4-methyl-pentane (4-methylvaleric acid) capping group. This may indicate the 

more sterically bulky groups are preferred at the R4 position to increase MC3R potency.

Comparison of Results Obtained for mMC3R and mMC4R—Since 9 compounds 

possessed full agonist efficacy at the MC3R with potencies < 1 μM, and none of these 

compounds was a full agonist at the MC4R, the antagonist activity of these 9 compounds 

was evaluated at the MC4R using a Schild paradigm73 and the synthetic MTII as the agonist. 

Three of these compounds that possessed partial agonist activity at the MC4R (1, 2, and 28) 

and four that resulted in partial activation of the MC4R (10, 19, 20, and 23) all possessed 

> 1 μM (pA2 < 6) antagonist potencies at the MC4R. The two compounds that resulted in 

<20% activation of the MC4R at 10 μM concentrations (11 and 29, Figure 8) possessed 

sub-μM antagonist potencies at the MC4R (7.0 and 6.5 for 11 and 29, respectively, Figure 

8). Thus, compounds that possessed sub-μM MC3R agonism were found that could also 

partially stimulate the MC4R at sub-μM concentrations, stimulate the MC4R at 10 μM 

concentrations, or have <20% stimulatory activity but sub-μM antagonist potencies at the 

MC4R. Further refinement of these small molecule leads may lead to the development of 

more MC3R selective or MC3R agonist/MC4R antagonist polypharmacology compounds 

that could be administered in vivo to help elucidate the roles of the centrally expressed 

MC3R and MC4R.

Pharmacological Evaluation at the mMC1R and mMC5R—While certain 

functionalities resulted in MC3R agonism, the individual pyrrolidine bis-cyclic guanidine 

compounds yielded minimal structural trends at the mMC1R and mMC5R (Table 1). Results 

for the agonist screen at the mMC1R gave rise to 13 full agonists which possessed potencies 

less than 1 μM, while 26 were observed for the MC5R. Of the 25 compounds possessing 

adamantan-1-yl-methyl or 4-tbutyl-cyclohexyl-methyl at the R4 position, 24 were sub-μM 

agonists at the MC5R, suggesting bulky groups at this position may increase MC5R potency 

in this scaffold. All 9 compounds possessing < 1 μM potency at the MC3R also possessed 

< 1 μM potency at the MC5R, indicating these compounds did not achieve selectivity over 

the MC5R. Three compounds from this set did not fully activate the MC1R at 10 μM 

concentrations (10, 11, and 23). These compounds may be useful as probes and therapeutic 
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lead compounds that do not result in pigmentary effects that have been indicated for other 

melanocortin ligands that have been in clinical trials.28, 29

The most potent compounds identified in this research possessed sub-200 nM potencies at 

the MC5R (2, 20, and 28). These compounds were less than 3-fold selective between the 

MC5R and the MC1R and MC3R, but indicate that structural modification to this series may 

also identify MC5R-selective compounds. While the MC5R has been shown to be involved 

in exocrine gland function in mice,9 its exact role in humans has not been identified, 

although it has been hypothesized to be involved in diverse physiological functions 

including glucose uptake in muscles74 and sebogenesis (as reviewed).75 Developing lead 

ligands selective for the MC5R, such as 14 (480 nM potency at the MC5R, partial receptor 

activation of the MC1R, MC3R, and MC4R at 10 μM) that can be further optimized may be 

important in clarifying the biological roles of the MC5R.

Comparison to Other Related Compounds/Targets—Apparent cell cytotoxicity was 

observed for the pyrrolidine bis-cyclic guanidine compounds only when assayed at the 

highest concentrations of 100 μM (more than 100-fold higher than the observed EC50 

values for the nanomolar potent mMC3R compounds). There are reports that the pyrrolidine 

bis-cyclic guanidine scaffold possesses antimicrobial properties in both Gram-positive 

and -negative bacteria, in addition to Mycobacterium tuberculosis.64, 67 A different study 

identified pyrrolidine bis-cyclic guanidine compounds that inhibit Holliday junctions in the 

bacterial DNA repair pathway and possessed antibacterial activity.76 Additional experiments 

evaluated eukaryotic cell toxicity, via an MTT assay, and confirmed that pyrrolidine 

bis-cyclic guanidine based compounds can decrease cell viability to less than 65% at 

concentrations of 64 μg/mL (approximately 75 μM).76 An associated report demonstrated 

that closely-related compounds derived from a common butyl bis-cyclic guanidine core 

possessed a broader spectrum of activity against the ESKAPE pathogens than compounds 

with the pyrrolidine-based core.77 Additional MTT assay results indicated these compounds 

had similar toxicity at 100 μM concentrations.77 These results suggest the observed toxicity 

at 100 μM concentrations are common to this scaffold.

Conclusions

The design of the present study focused on the identification of potent nM MC3R agonist 

compounds with a selectivity profile over the MC4R. Using a series of selection criteria 

allowed for the rapid evaluation of millions of compounds to identify a handful of lead 

compounds. Following a scaffold scan of potential MC3R agonist ligands, two mixture­

based positional scans were performed. The pyrrolidine bis-cyclic guanidine scaffold 

yielded the first small molecule chemotype with sub-μM agonist potencies at the MC3R 

and >10-fold selectivity for the MC3R over the MC4R. The resulting sub-μM potent 

MC3R compounds displayed relatively minimal agonist activity at the MC4R and, in some 

instances, antagonist activity at the MC4R. This group of small molecules represent a new 

area of chemical space for the melanocortin receptors with unique profiles that may have 

implications for pharmaceutical intervention to treat obesity and other states of dysregulated 

energy homeostasis.
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Experimental Section

General

The THIQ small molecule was obtained through a material transfer agreement with Dr. Lex 

Van Der Ploeg at Merck Research Laboratories.51

Beta-Galactosidase Bioassay

This living whole cell assay indirectly measures intracellular cAMP using a beta­

galactosidase reporter gene,62 and in our hands is compatible with the reported mixture­

based screening approach.44 All mixtures and individual compounds were dissolved in 

10% DMSO:90% H2O and stored at −20°C until assayed. The mixtures were stored at an 

approximate concentration of 1,000 μg/mL whereas individual compounds were stored at 

a concentration of 10−2 M. The compounds and mixtures were assayed in HEK293 cells 

stably expressing the mMC1R, mMC3R, mMC4R, and mMC5R as previously reported.78 

Cells were plated onto 10 cm plates with media (Dulbecco’s Modified Eagle Medium 

[DMEM] supplemented with 10% Bovine Serum and 1% Penicillin Streptomycin) and 

incubated for 24 hours at 37 °C and 5% CO2. Post incubation, the plates were approximately 

40% confluent. Cells were transiently transfected with 4 μg CRE-PBKS per 10 cm dish 

using the calcium phosphate method79 and incubated for 24 hours at 35°C and 3% CO2. The 

cells were plated onto collagen treated Nunclon Delta Surface 96-well plates (Thermo Fisher 

Scientific) with fresh media and incubated for 24 hours at 37°C and 5% CO2. Forty-eight to 

seventy-two hours post transient transfection, the media was aspirated. For individual small 

molecules, wells were treated with 50 μL of compound at a concentration of 10−4 to 10−12 

M, depending on compound potency, in assay media (1.0 mL 1% bovine serum albumin 

[BSA] in phosphate buffered saline [PBS] and 1.0 mL 100x isobutylmethylxanthine [IBMX] 

in 98.0 mL DMEM). In the case of the scaffold ranking and mixture-based positional scan, 

wells were treated with 40 μL of each mixture at the approximate concentrations of 50, 25, 

and 12.5 μg/mL. Controls included NDP-MSH (10−6 to 10−12 M), forskolin (10 μM) and 

plain assay media for all bioassays. The plates were incubated at 37 °C with 5% CO2 for 

six hours. Post stimulation, the media was aspirated and 50 μL of lysis buffer (250 mM Tris­

HCl pH = 8.0, 740 mL DD H2O, 10 mL 10% Triton X-100 in water) was added. In addition, 

the health of the cells was visually inspected under a microscope for the mixture bioassays 

before cell lysis. The plates were stored at −80 °C for up to two weeks. After the plates were 

thawed, they were assessed for protein content and a 2-nitrophenyl β-D-galactopyranoside 

substrate was added to measure beta-galactosidase activity. Protein content was assessed by 

adding 10 μL of cell lysate to 200 μL of BioRad dye solution (1:4 dilution with water) in 

a 96 well plate, and the absorbance was read using a plate reader (Molecular Devices) at λ 
= 595 nm. To the remaining cell lysate, 40 μL of 37 °C, 0.5% BSA in PBS was added in 

addition to 150 μL of the β-galactosidase substrate (120 mM Na2HPO4, 2 mM MgCl2, 20 

mM KCl, 100 mM 2-mercaptoethanol, and 13 mM 2-nitrophenyl β-D-galactopyranoside). 

The plates were incubated at 37 °C and periodically read on the 96 well plate reader until 

the absorbance at λ = 405 nm reached approximately 1.0 relative absorbance units for the 

positive controls. The β-galactosidase activity was normalized to both protein content and 

maximal response of the positive controls. Screening experiments are indicated throughout 

the manuscript in terms of replicates and independent experiments performed at each stage. 
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Individual ≥95% pure compound-melanocortin receptor pharmacological characterization 

experiments were performed with at least two replicates and in at least three independent 

experiments. Agonist EC50 and antagonist pA2 values, and their associated standard errors 

or the mean (SEM), were determined by fitting the data to a nonlinear least-squares analysis 

using the PRISM program (GraphPad Inc.).

Compound Synthesis

The compounds were synthesized utilizing the “tea-bag” method80 wherein p­

methylbenzhydrylamine (MBHA) resin was sealed in a mesh “tea-bag,” washed with 

dichloromethane (DCM) (3 x 1 min), neutralized with 5% diisopropylethylamine (DIEA) 

in DCM (3 x 2 min), and then swelled with additional DCM washes (3 x 1 min). 

Boc-amino acids R1 (6 eq) were coupled using a standard coupling protocol with 

N,N’-diisopropylcarbodiimide (DIC) (6 eq) and hydroxybenzotriazole (HOBt) (6 eq) in 

dimethylformamide (0.1 M) for 60 min. Following DMF (3 x 1 min) and DCM (3 x 1 min) 

washes, the Boc protecting group was removed with 55% trifluoroacetic acid (TFA) in DCM 

(1 x 30 min) and the resin was washed with DCM (2 x 1 min) and isopropyl alcohol (IPA) 

(2 x 1 min). The resin was washed and neutralized with the same protocol (DCM 3 x 1 

min, 5% DIEA/DCM 3 x 2 min, DCM 3 x 1min). The amide bond coupling, Boc protecting 

group removal, and neutralization steps with identical equivalents were repeated for the 

remaining Boc-L-Proline-OH, Boc-amino acid R2, and Boc-amino acid R3. Following the 

Boc removal and neutralization from the R3 amino acid, the carboxylic acid R4 was coupled 

with the same protocol but with an increase in equivalents of the carboxylic acid (10 eq), 

DIC (10 eq), and HOBt (10 eq). The amide bonds were reduced to the corresponding 

polyamines without the racemization of the side chains in the presence of 1.0 M borane in 

tetrahydrofuran (THF) (40 eq per amide bond) using anhydrous conditions and heated to 65 

°C for 72 hours. The solution was removed and the bags washed with THF and methanol, 

and subsequently treated with piperidine at 65 °C for 24 hours. The cyclization to the 

corresponding bis-cyclic guanidine moieties was performed on solid support with a 0.1 M 

cyanogen bromide (5 eq per cyclization) in anhydrous DCM at room temperature overnight. 

The bags were rinsed with DMF and DCM, and then the desired compounds were removed 

from the solid support with HF in the presence of anisole in an ice bath at 0 °C for 1.5 hours. 

Excess HF was removed with N2 gas and the product was removed from the reaction vessel 

with 95% acetic acid in water, frozen, and lyophilized. Individual compounds were purified 

using the protocol below and lyophilized an additional three times.

Compound Purification

Individual compounds were purified using preparative HPLC with a dual pump Shimadzu 

LC-20AB system equipped with a Luna C18 preparative column (21.5 x 150 mm, 5 micron) 

at λ = 214 nm, with a mobile phase of (A) H2O (+0.1% formic acid)/(B) acetonitrile (ACN) 

(+0.1% formic acid) at a flow rate of 15 mL/min; gradients varied by compound based 

on hydrophobicity. The purities of synthesized compounds were confirmed to be greater 

than 95% by LC/MS analysis on a Shimadzu LCMS-2010 instrument with ESI Mass Spec 

and SPD-20A Liquid Chromatograph equipped with a Luna C18 column (50 x 4.6 mm, 

5micron) with a mobile phase of (A) H2O (+0.1% formic acid)/(B) ACN (+0.1% formic 

Doering et al. Page 12

J Med Chem. Author manuscript; available in PMC 2022 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acid) (5-95% over 6 min with a 4 min rinse). 1H NMR spectra were recorded in DMSO-d6 

or Chloroform-d on a Bruker Ascend 400 MHz spectrometer at 400.14 MHz.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations Used

AGRP agouti-related protein

MCR melanocortin receptor

KO knockout

PAINS pan-assay interference compounds

Cha cyclohexylalanine

DMEM Dulbecco’s modified eagle medium

IBMX isobutylmethylxanthine

DIEA diisopropylamine

MBHA methylbenzhydrylamine

DIC N,N’-diisopropylcarbodiimide

HOBt hydroxybenzotriazole

IPA isopropyl alcohol

ACN acetonitrile
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Figure 1: 
Screening Workflow and Checkpoint Criteria
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Figure 2: Prior Examples of the Pyrrolidine Bis-Cyclic Guanidine Scaffold
Compounds TPI1818-101 and TPI1818-109 were identified screening pyrrolidine bis-cyclic 

guanidine scaffold mixtures in an in vivo antinociception assay paradigm.63 Compounds 34 

and 330 were identified from screening pyrrolidine bis-cyclic guanidine scaffold mixtures 

against methicillin-resistant Staphylococcus aureus, and also showed bactericidal activity 

against vancomycin-resistant Enterococcus faecalis.64
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Figure 3: Illustration of the Results Obtained from the Pyrrolidine Bis-Cyclic Guanidine 
Mixture-Based Positional Scan (TPI1955, 50 μg/mL)
A total of 120 mixtures were assayed in the mixture-based positional scan around the 

pyrrolidine bis-cyclic guanidine template (inset). Mixtures were synthesized through the 

backbone modification and subsequent cyclization of a the tetrapeptide scaffold R4-R3-R2­

Pro-R1-NH2, and a total of 26 amino acid functionalities were scanned at positions R1, 

R2, and R3 while 42 carboxylic acid derivatives were scanned at position R4. HEK293 

cells stably transfected with the desired melanocortin receptor subtype were stimulated with 

50 μg/mL a mixture in a CRE reporter β-galactosidase assay in a 96-well plate format. 
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The results were normalized to well protein content and the maximal activity achieved by 

NDP-MSH. After mixture stimulation, the health of the cells was visually assessed under a 

microscope, and it was noted that little to no visual cell cytotoxicity was observed. Mixtures 

with optimal potency and selectivity for the mMC3R over the mMC4R were selected (*) for 

the positional scan deconvolution which resulted in the synthesis of 36 (2x2x3x3) individual 

compounds. One additional compound was synthesized based on the results (•) obtained 

from a closely related mixture-based positional scan on the penta-amine template (TPI1952 

scaffold, TPI2494 deconvolution library) for comparative purposes.
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Figure 4: Building Blocks for the Pyrrolidine Bis-Cyclic Guanidine Scaffold
A combinatorial library of individual compounds using the pyrrolidine bis-cyclic guanidine 

template were synthesized using the building blocks selected from the mixture-based 

positional results, and the corresponding functionality is indicated under each building 

block. Positions R1, R2, and R3 contained exclusively D amino acid building blocks. Inset 

contains two additional building blocks which were selected for mixture deconvolution 

based upon hits in the penta-amine mixture-based positional scan.
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Figure 5: Illustration of the Results Obtained from the Penta-Amine Mixture-Based Positional 
Scan (TPI1952, 50 μg/mL)
A mixture-based positional scan was conducted around a poly-amine template (inset) 

based on the reduced tetrapeptide scaffold R4-R3-R2-Pro-R1-NH2 where R1, R2, and R3 

were based on 26 amino acid building blocks and R4 was based on 42 carboxylic acid 

derivatives. HEK293 cells stably transfected with the desired melanocortin receptor subtype 

were stimulated with 50 μg/mL a mixture in a CRE reporter β-galactosidase assay in a 

96-well plate format. The results were normalized to well protein content and the maximal 

activity achieved by NDP-MSH. After mixture stimulation, the health of the cells was 
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visually assessed under a microscope, and the fraction of wells which appeared stressed was 

approximated and reported above via a pie chart for the mMC3R expressing cells. Unlike 

the pyrrolidine bis-cyclic guanidine mixture-based positional scan, a substantial number of 

wells appeared stressed which is a possible indicator of cytotoxicity. The building blocks 

picked for follow up mixture deconvolution were indicated (*) above each of the selected 

building blocks, and from these results a combinatorial library of 54 (2x3x3x3) individual 

compounds was constructed.
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Figure 6: Building Blocks for the Penta-Amine Scaffold
A combinatorial library of individual compounds using the penta-amine template were 

synthesized using the building blocks selected from the mixture-based positional results, and 

the corresponding functionality is indicated under each building block.
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Figure 7: Illustration of Partial Agonist Pharmacology
Three compounds demonstrated partial agonist activity at the MC4R. These compounds 

were described with both an EC50 and a percent activity relative to NDP-MSH (positive 

control and full agonist) where compound activity leveled off. For compound 2, full agonist 

activity was observed for the mMC3R (EC50 = 210 nM) whereas partial agonist activity was 

observed at the mMC4R (EC50 = 270 nM, 45% activity).
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Figure 8: Comparison of Compound 11 and 29 at the Central Melanocortin-3 and -4 Receptors
Results derived from the mixture-based positional scan and subsequent mixture 

deconvolution produced selective mMC3R agonists with nanomolar EC50 values (EC50 < 

1 μM) where little to no agonist activity was observed for the mMC4R at the highest 

concentrations tested (left panel). Additional follow-up experiments indicated these inactive 

mMC4R agonists produced some agonist activity (pA2 < 7.0) as measure by a competitive 

agonist displacement assay and Schild analysis (right panel).73
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Scheme 1: Synthesis of the Pyrrolidine Bis-Cyclic Guanidine and Penta-Amine Libraries
Start with MBHA resin. a. 3 x DCM (1 min); 3 x 5% DIEA/DCM (2 min); 3 x DCM (1 

min); b. Boc-AA-OH (6 eq), DIC (6 eq), HOBt (6 eq), 0.1 M in DMF (1 h); c. 3 x DMF 

(1 min); 3 x DCM (1 min); 1 x 55% TFA/DCM (30 min); 2 x DCM (1 min); 2 x IPA (1 

min); d. R-COOH (10 eq), DIC (10 eq), HOBt (10 eq), 0.1 M in DMF (1 h); e. Borane/THF 

(40 eq), anhydrous conditions, 65°C (72 h); piperidine, 65°C (24 h); f. under anhydrous 

conditions, 2 x anhydrous DCM (1 min); 1 x Cyanogen Bromide (3 eq per site), 0.1 M in 

anhydrous DCM (3 h); 2 x anhydrous DCM (1 min); g. HF, 0°C, (1.5 h); h. HF, 0°C, (7 

h). The crude bis-cyclic guanidines were obtained at >90% theoretical yields and individual 

crude compounds at >70% purity by LCMS; the individual compounds were further purified 

to >95% by LCMS as described in the SI. The crude polyamines were obtained at >80% 

theoretical yields and individual crude compounds at >70% purity by LCMS; the individual 

compounds were further purified to >95% by LCMS as described in the SI.
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