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Abstract

Understanding the functional relevance of G protein-coupled receptor (GPCR) homodimerization 

has been limited by the insufficient tools to assess asymmetric signaling occurring within dimers 

comprised of the same receptor type. We present unmatched bivalent ligands (UmBLs) to study 

the asymmetric function of melanocortin homodimers. UmBLs contain one agonist and one 

antagonist pharmacophore designed to target a melanocortin homodimer such that one receptor is 

occupied by an agonist and the other receptor by an antagonist pharmacophore. First-in-class 

biased UmBLs (BUmBLs) targeting the human melanocortin-4 receptor (hMC4R) were 

discovered. The BUmBLs displayed biased agonism by potently stimulating cAMP signaling 
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(EC50 ~ 2 to 6 nM), but minimally activating the β-arrestin recruitment pathway (≤55% maximum 

signal at 10 µM). To our knowledge, we report the first single-compound strategy to 

pharmacologically target melanocortin receptor allosteric signaling that occurs between 

homodimers that can be applied straightforwardly in vitro and in vivo to other GPCR systems.

Table of Content Graphic

Introduction

G protein-coupled receptors (GPCRs) are highly sought after drug targets in the 

pharmaceutical industry with approximately 30–40% of drugs targeting them (~34% of all 

US FDA approved drugs as of 2017).1–3 Classically, medicinal chemists targeted GPCRs as 

monomeric units; however increasing evidence has supported GPCRs form dimers with 

themselves (homodimers) and with other GPCRs (heterodimers).4–5 Targeting GPCR 

homodimers’ and heterodimers’ distinct and exploitable functions may yield a revolution in 

GPCR targeting therapeutics. Although ligands targeting heterodimers have shown much 

promise in both in vitro and in vivo preclinical studies,6–11 there has been limited 

development of ligands targeting the allosterism that can occur within homodimers.

Pharmacologically targeting homodimers possess a unique conundrum: How do you target 

and detect a homodimer when the two receptors comprising it are structurally similar, 

usually respond to the same ligands, and appear to have the same propensity to signal in 

standard cell culture assays? Various groups have devised clever strategies around these 

problems to demonstrate the functional consequences of asymmetric homodimers.12–30 

Some groups focus on demonstrating subtle changes in pharmacology suggesting allosteric 

interaction within homodimers utilizing strategically designed in vitro experiments, and 

other groups exploited receptor mutation strategies in order to differentiate between the two 

protomers making up the dimer.12–28 For example, Han and coworkers in 2009 combined 

different receptor-G protein fusions and various mutant receptors to demonstrate allosteric 

modulation within a dopamine homodimer.12 They reported that the D2 dopamine receptor 

homodimers are maximally activated upon a single agonist binding a single protomer in the 

dimer pair. When a second agonist binds the second protomer, it blunts the signal. If an 

inverse agonist binds the second protomer, it enhances the signal beyond the single agonist 

alone.12

In a different strategy, Teitler and coworkers developed pseudo-irreversible inactivators and 

reactivators that can be used to block only one of the protomers within the dimer pair in 

order to demonstrate the crosstalk within wild type serotonin homodimers.14 This approach 

can and has been used to demonstrate the allosteric regulation within homodimers in native 
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tissue samples. Application of this technique in vivo would be difficult given the multiple 

dosing regimen necessary and, therefore, would have very limited therapeutic applications.14 

Although these reports provide critical proof of the relevancy and functional significance of 

asymmetric signaling homodimers, the techniques employed are limited by their use of 

receptor mutations or subtle pharmacological differences that make adaption of the 

approaches to in vivo applications difficult and therapeutic applications inexecutable. 

Ideally, a medicinal chemistry approach is needed to target and exploit allosteric 

communication between homodimers with a single chemical entity that could be used to 

examine the in vivo effects of asymmetric GPCR homodimers to study their potential as 

therapeutic targets.

One approach of pharmacologically targeting GPCR dimers is utilizing bivalent ligands. 

This approach was pioneered by Portoghese and coworkers targeting the opioid receptors, 

and was also reported early on by Conn and coworkers.31–34 Heterobivalent ligands 

featuring pharmacophores for two different receptor types have been utilized to exploit 

allosteric interactions within heterodimers to develop ligands with novel pharmacological 

profiles, tissue selectivity, and different functional effects.6–9, 35–36 However, to our 

knowledge, no one has exploited the allosteric communication that may occur between 

homodimers with bivalent ligands to produce novel pharmacologies. In the current report, 

we exploit the allosteric communication between human melancorotin-4 receptor (hMC4R) 

homodimers with melanocortin unmatched bivalent ligands (MUmBLs) to produce biased 

agonists. Unmatched bivalent ligands (UmBLs) have an agonist pharmacophore on one side 

of the bivalent ligand connected to an antagonist pharmacophore through an inert linker. We 

use the term UmBLs to separate this class of ligands from heterobivalent ligands that also 

have different pharmacophores on each side of the bivalent ligand, but are usually used to 

target different receptor types. This UmBL design has been proposed and reported 

previously, however, to our knowledge it has not been used to successfully exploit 

asymmetric signaling of GPCR homodimers.37–39 An attempt at the UmBL strategy was 

reported by Kühhorn and coworkers. They reported UmBLs targeting the dopamine D2 

receptors that had some agonist efficacy (13% maximal) and did not induce receptor 

internalization suggesting biased agonism may be possible with this design strategy, 

although they conclude “ligand bias” was not accomplished.37

We have previously described both agonist and antagonist homobivalent ligands targeting 

the melanocortin receptor system.40–41 Ligands targeting the melanocortin system have been 

implicated as potential therapeutics or used as pharmacological probes for a wide range of 

disease states including cancer,42–46 skin pigmentation disorders,47 social disorders,48–49 

sexual function disorders,50–52 Alzheimer’s disease,53–54 cachexia,55–59 and obesity.40, 60–62 

All five melanocortin receptor subtypes (MC1-5R) signal through the Gαs protein signaling 

pathway. In this pathway, an agonist binding to the GPCR activates cAMP signal 

transduction pathways and also results in the recruitment of β-arrestin.63 The melanocortin-3 

receptor (MC3R) and melanocortin-4 receptor (MC4R) in particular have been elucidated to 

play roles in energy homeostasis.60–62, 64–65 Ligands for the MC4R were under intense 

clinical development to treat obesity and related metabolic disorders; however these ligands 

were reported to have undesirable effects such as increasing blood pressure66 or inducing 

male erections.67 It is hypothesized that ligands that target melanocortin homodimers may 
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have unique effects from the current monovalent approaches, and may, therefore circumvent 

some side effects.

We have previously shown that an agonist homobivalent ligand produces a distinct in vivo 
pharmacological profile compared to its monovalent counterpart suggesting that targeting 

putative melanocortin dimers may have physiological relevancy.41 Furthermore, biased 

ligands would be valuable pharmacological probes to elucidate which signaling pathway is 

responsible for the various melanocortin dependent effects (i.e. lowered food intake vs 

increased blood pressure). In the current study, we report the design and synthesis of 

MUmBLs to target asymmetrically signaling melanocortin homodimers. The ligands 

discovered with this underappreciated medicinal chemistry strategy had a biased agonist 

pharmacology not reported in the literature to date. They potently activated the cAMP 

signaling pathway with minimal activation of the β-arrestin recruitment pathway. The 

current study provides novel molecular probes for the melanocortin receptors as well as an 

in vitro proof-of-concept of using the biased unmatched bivalent ligand (BUmBL) design 

strategy to target asymmetrically signaling homodimers. This innovative design strategy 

could be applied to various GPCR systems for the creation of biased ligands.

Results

Design and Synthesis of MUmBLs

Homobivalent ligands targeting melanocortin receptors have previously resulted in increased 

binding affinity (~14 to 25-fold) consistent with a synergistic binding mode arising from 

receptor dimer binding.38, 40–41, 46, 68–75 In spite of increased binding affinities, we have 

observed much smaller fold increases in functional potencies of agonist homobivalent 

ligands when assessed via cAMP-based functional assays (3- to 5-fold).40 Brabez and 

coworkers have noted similar effects with agonist melanocortin bivalent ligands in which 

cAMP accumulation was not as dramatically increased with synergistic multivalent binding.
46 One possibility for the incongruity between binding affinity increases and functional 

signaling increases with bivalent ligands may be due to allosterism between the 

melanocortin receptors within homodimers.40 Such asymmetric signaling within GPCR 

homodimers has previously been reported for a variety of systems including the vasopressin,
28 dopamine,12 adenosine,26 metabotropic glutamate,19 and serotonin receptors.13

A new paradigm can be hypothesized in which one receptor within the melanocortin 

homodimer might be responsible for cAMP signaling and the other receptor might be 

responsible for signaling through a different cellular pathway (e.g. β-arrestin recruitment 

pathway) (Figure 1A–B). It would then follow that the increased binding would not 

necessarily result in an increase in functional agonist activity observed in a cAMP assay, 

since the effect of the second binding event is not detected by this cellular assay paradigm. 

Furthermore, there have been reports of asymmetry within melanocortin homodimers in both 

binding experiments and functional assays.27, 76–78 In order to exploit this possibility of 

asymmetric homodimers, we designed and synthesized MUmBLs that contained the known 

agonist melanocortin moiety His-DPhe-Arg-Trp on one side of the molecule,79–80 and the 

known MC3R and MC4R antagonist moiety His-DNal(2ʹ)-Arg-Trp81–82 on the other side of 
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the molecule connected by three different previously validated linker systems (Table 1).
38, 40, 70, 83

Because bivalent ligands presumably occupy both orthosteric sites in a receptor dimer due to 

synergistic binding, a MUmBL is postulated to occupy one receptor within a dimer pair with 

an agonist pharmacophore and the other receptor within the same dimer with an antagonist 

pharmacophore (Figure 1C). This assumes approximately equal binding affinities of the 

pharmacophores, and low enough concentrations of ligand so that intermolecular 

competition does not occur. The MUmBLs should favor a bivalent binding mode over a 

monovalent binding mode (due to increased binding affinity of bivalent ligands for dimers 

supported previously in competitive binding experiments.)40 This should shift the 

equilibrium towards occupation of one receptor with an agonist scaffold and the other 

receptor with an antagonist scaffold in each homodimer, but other binding states probably 

exist in equilibrium (Supplemental Fig. 1). It should also be noted, that we are currently 

assuming that only orthosteric binding is occurring, because allosteric binding has never 

been reported with either the His-DPhe-Arg-Trp or the His-DNal(2ʹ)-Arg-Trp scaffolds even 

though they both have been extensively studied as tetrapeptides and are present in standard 

control ligands NDP-MSH and SHU9119.80–81, 84–85 Both of these tetrapeptides are also 

direct competitors of 125I-NDP-MSH and 125I-AGRP(87–132) binding that further validates 

an orthosteric binding mode.40–41, 86

Ligands CJL-1–124, CJL-5–74, and CJL-1–63 feature the His-DPhe-Arg-Trp scaffold on the 

C-terminus and the His-DNal(2ʹ)-Arg-Trp scaffold on the N-terminus (Table 1). Since the 

molecules are not symmetric, the opposite composition of CJL-1–124 was designed and 

synthesized with the His-DNal(2ʹ)-Arg-Trp scaffold on the C-terminus and His-DPhe-Arg-

Trp scaffold on the N-terminus in compound CJL-5–58. In particular, the construction of 

CJL-5–58 with the PEDG20 linker system was selected because this linker system was 

previously shown to be optimal in homobivalent ligands compared to the PEDG20-PEDG20 

or Pro-Gly linker systems at the mMC4R.38, 40 Also, the PEDG20 linker was previously 

reported to be more metabolically stable than the Pro-Gly linker system and would allow an 

easier transition to in vivo applications.41 In vitro mouse serum stability assay results 

showed CJL-5–58 had similar serum stability (half-life = 6.9 h) as the previously reported 

CJL-1–87 confirming the PEDG20 linker selection (Supplemental Fig. 2).41

Bivalent melanocortin ligands featuring agonist and antagonist scaffolds were synthesized 

previously and were reported to possess increased binding affinity.38 These ligands provide 

evidence that MUmBLs can bind hMC4R homodimers to achieve synergistic binding, but no 

functional activity was evaluated.38, 87 Therefore, the functional significance of asymmetric 

homodimers could not be detected.

In the current study, all compounds were synthesized using standard Fmoc chemistry 

utilizing solid-phase synthesis methodology.88–90 A split resin approach for control ligands 

and bivalent ligands was performed as previously described.40 Possible degradation of the 

PEDG20 linker in a 3 h cleavage has previously been reported, and a maximum 1.5 h 

cleavage was suggested for PEDG20 containing compounds.40 Observing the words of 

caution from this previous report, all compounds in this study were synthesized with little 
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difficulty. The ligands were purified to >95% by semi-preparative RP-HPLC and their mass 

was confirmed by ESI-MS (Supplemental Table 1). The synthesis of all compounds besides 

CJL-5-35-2, CJL-1–63, CJL-5–58, CJL-1–124, and CJL-5–74 was reported previously and 

were utilized currently as reported. The original characterization of these compounds and 

their pharmacology at the mouse melanocortin receptors, but not the human receptors, can 

be found in this previous report.40

MUmBLs are Biased Agonists at the hMC4R

Upon agonist stimulation, melanocortin receptors are known to signal through a Gαs-protein 

mediated signaling pathway that results in intracellular cAMP accumulation. Agonist 

stimulation of the melanocortin receptors also results in β-arrestin recruitment and receptor 

desensitization.63, 91–92 In order to evaluate the ligands’ efficacy and potency to stimulate 

cAMP signaling, ALPHAScreen™ cAMP Assay Technology was utilized to assess live 

HEK293 cells stably expressing human (h)MC4R.93–94 All ligands that contained the His-

DPhe-Arg-Trp pharmacophore, including the MUmBLs, were single-digit or sub-nanomolar 

agonists in the cAMP assay (Table 1, Figure 2A). The most potent ligand (besides control 

ligand NDP-MSH) was the bivalent ligand CJL-1–87 that had an EC50 of 570 pM and was 

3-fold more potent than its monovalent counterpart CJL-1–14. This result was similar to that 

previously observed with CJL-1–87 at the mouse (m)MC4R.40 The ligands that only 

contained the His-DNal(2ʹ)-Arg-Trp antagonist scaffold were not able to elicit a full agonist 

response when tested up to 10 µM, and all resulted in an antagonist pharmacology when 

analyzed via a Schild analysis (Table 1).95 Homobivalent ligand CJL-1–140 with two His-

DNal(2ʹ)-Arg-Trp scaffolds resulted in 70% cAMP accumulation of that observed with 

NDP-MSH at 10 µM which is also consistent with previous reports at the mouse receptors.40 

These results suggest that there is minimal species variation within the monovalent and 

homobivalent ligands currently tested.

The MUmBLs (i.e. CJL-1–63, CJL-5–58, CJL-1–124, and CJL-5–74) were all single digit 

nanomolar potent agonists at the hMC4R. For comparison with the MUmBLs and as a 

control, an equal mixture of tetrapeptides CJL-1–14 + CJL-1–80 was assayed. In order to 

give the best comparison to the MUmBLs, 1 nM of the tetrapeptide mixture contained 1 nM 

CJL-1–14 and 1 nM CJL-1–80 (for a final concentration of 2 nM total peptide). This would 

be directly comparable to 1 nM of a MUmBL when looking at final pharmacophore 

concentration. This tetrapeptide mixture resulted in an agonist dose response curve with an 

EC50 of 1.9±0.2 nM. From this data, it appears that antagonist scaffold His-DNal(2ʹ)-Arg-

Trp is not capable of affecting the cAMP agonist pharmacology of His-DPhe-Arg-Trp 

agonist scaffold when mixed in equal portions.

Theoretically, if both the agonist scaffold and antagonist scaffold compete equally for 

binding, then at 100% receptor occupancy 50% of the receptors would be occupied by 

agonist tetrapeptide scaffold and 50% would be occupied by the antagonist tetrapeptide 

scaffold (Supplemental Fig. 1 A–B, E–J). This likelihood of 50:50 binding should be 

amplified by the synergistic bivalent binding mode.40 Based on this assumption of 50:50 

binding, the MUmBLs full cAMP agonist pharmacology would be achieved by only 50% 

receptor occupancy by the agonist scaffold at the receptors, since the antagonist scaffold 
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would be occupying approximately 50% of the receptors. This is consistent with both the 

spare receptor theory,96–97 and the hypothesis presented above for asymmetric signaling 

homodimers in which ~50% of the receptors are responsible for β-arrestin recruitment and 

50% are responsible for cAMP signaling (Figure 1). In practice, the MUmBLs may be 

binding to the melanocortin receptor monomers, dimers, and/or higher-order oligomers and 

may not be binding in exactly equal amounts of agonist scaffold and antagonist scaffold due 

to intermolecular competition (Supplemental Fig. 1). However, the synergistic binding 

previously achieved would only be observed if bivalent ligands are binding at a ratio of one 

MUmBL per dimer (two receptors) and the equilibrium should favor this bivalent binding 

mode (Supplemental Fig. 1G–I).

It was, therefore, hypothesized that the second binding event within the GPCR dimer may be 

responsible for a different functional response not detected in the cAMP functional assays. It 

has previously been observed that β-arrestin recruitment of one protomer within the AT1 

angiotensin receptor homodimer can be allosterically regulated by selective stimulation of 

the other protomer.22 In order to examine if β-arrestin recruitment to the hMC4R was 

regulated differently by MUmBLs versus agonist or antagonist homobivalent ligands, we 

utilized the PRESTO-Tango assay developed by Roth and colleagues.98–99 The PRESTO-

Tango technology is an open-source resource that has been utilized to identify ligands for 

orphan receptors based upon β-arrestin2 recruitment. This assay has previously been 

validated at the hMC4R reporting that agonist stimulation results in β-arrestin2 recruitment.
98 In agreement with these results, classic monovalent agonist ligands result in the 

recruitment of β-arrestin and high signal (Table 1, Figure 2B–C). The classical melanocortin 

control agonists NDP-MSH, MTII and the tetrapeptide Ac-His-DPhe-Arg-Trp-NH2 all 

resulted in maximal β-arrestin recruitment with MTII being the most potent ligand. The 

linker control and homobivalent ligands that featured only the His-DPhe-Arg-Trp 

pharmacophore all resulted in maximal β-arrestin recruitment relative to the NDP-MSH 

control. Among the linker controls, compound CJL-5-35-4 with the PEDG20 linker on the 

C-terminus resulted in a 5-fold increase in β-arrestin recruitment compared to the 

tetrapeptide CJL-1–14. This ligand also resulted in a 3-fold increase in the cAMP signaling 

assay. The other PEDG20 linker compound CJL-1–116 resulted in less than a 3-fold increase 

in β-arrestin recruitment potency compared to CJL-1–14. The His-DPhe-Arg-Trp-based 

ligands that utilized the Pro-Gly linker system did result in a decrease in the potency for β-

arrestin recruitment in spite of them retaining their full cAMP signaling functional potency.

The ligands containing only the antagonist His-DNal(2ʹ)-Arg-Trp pharmacophore resulted 

in minimal β-arrestin recruitment consistent with a classical antagonist pharmacology. The 

tetrapeptide Ac-His-DNal(2ʹ)-Arg-Trp-NH2 resulted in a 30% response at 10 µM compared 

to the maximal efficacy of NDP-MSH. The other linker control ligands and the bivalent 

ligand CJL-1–140 resulted in equal or lower β-arrestin recruitment. This result was not 

surprising given the antagonistic nature of these compounds and that antagonist compounds 

have previously been reported to result in minimal β-arrestin recruitment and receptor 

internalization.63, 91–92

Interestingly, the MUmBLs resulted in minimal β-arrestin recruitment. The most potent 

MUmBL was CJL-1–63 that resulted in 55% maximal efficacy at 10 µM compared to NDP-
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MSH. All other MUmBLs resulted in less β-arrestin recruitment up to 10 µM 

concentrations. Although calculation of the EC50 values for these compounds would require 

making some assumption since they did not produce a sigmoidal dose response curve up the 

10 µM concentration assayed, it can be estimated that the EC50 values are approximately 

equal to or greater than 10,000 nM. Therefore, the potency based selectivity for cAMP 

signaling over β-arrestin recruitment is estimated to be 3,000-fold or greater for the 

MUmBLs. Because these ligands still potently stimulate cAMP signaling but result in 

minimal β-arrestin recruitment, it supports the current hypothesis that one pharmacophore is 

responsible for the activation of the cAMP pathway, while the other pharmacophore is 

responsible for the β-arrestin recruitment. When a bivalent ligand is comprised of an agonist 

scaffold and an antagonist scaffold, it should favor a binding mode in which equal portions 

of agonist scaffold and antagonist scaffold bind to a GPCR dimer as discussed above (i.e. 
one MUmBL per two receptors or one dimer). The agonist pharmacophore would then 

signal effectively through the cAMP pathway, while the antagonist pharmacophore would 

block the β-arrestin recruitment pathway (Figure 1C). The current data observed with 

MUmBLs are not consistent with the current dogma in the field, however, these data may be 

explained by the asymmetric allosteric signaling within melanocortin homodimers.

Although there have been reports of biased agonists for different melanocortin pathways 

including cAMP, calcium mobilization, and receptor internalization,100–103 to the best of our 

knowledge the MUmBLs are the first melanocortin biased agonists for the cAMP pathway 

over the β-arrestin recruitment pathway. Biased ligands for GPCRs have been of interest for 

future drug development due their distinct pharmacology and functional selectivity.104–105 In 

particular, it is hypothesized that biased ligands stabilize a specific conformation of the 

receptor that favors one signaling pathway over another.104–105 We currently hypothesize 

similarly that the MUmBLs stabilize specific dimer conformational states (as opposed to 

monomeric receptor conformational states) that results in the cAMP-signaling biased 

agonism.

An explanation of the biased agonism is through a model for allosterically interacting 

receptor dimers (Figure 3).106–107 In this model, one receptor within a dimer can 

allosterically stabilize the other receptor within the dimer to different conformations. These 

different conformations are thought to be dynamic in that the receptors oscillate between the 

different states even with no ligand present.106 However, it is postulated that with no ligand 

bound, both receptors are conformationally open to cAMP signaling upon agonist 

stimulation (Figure 3A). After the first agonist binding event, a conformational change 

occurs which induces cAMP signaling pathway (Figure 3B) and this conformational change 

allosterically modifies the second receptor to have a propensity to signal through the β-

arrestin pathway (Figure 3E). For this reason, monovalent agonist ligands, homobivalent 

agonist ligands, and the MUmBLs all produce full agonist cAMP induction, since the first 

agonist binding event is similar. After the first agonist binding event, the second receptor in 

the dimer is hypothesized to have structural bias for β-arrestin recruitment upon agonist 

binding. Therefore, the second agonist binding event results in β-arrestin recruitment (Figure 

3F). This is the same for monovalent and homobivalent agonist ligands since both result in a 

second agonist binding event and this is observed in full β-arrestin recruitment results 

(Figure 2B and C). However, the MUmBLs result in an antagonist scaffold binding the 
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second receptor instead of another agonist scaffold. The MUmBL’s antagonist tetrapeptide 

scaffold prevents β-arrestin recruitment that results in minimal signal in the PRESTO-Tango 

assay up 10 µM concentrations (Figure 3G–I).

There is an assumption above that the agonist tetrapeptide scaffold of the MUmBLs binds 

first before the antagonist tetrapeptide scaffold, but in practice the order of binding is not 

determined (Figure 3J–L). However, antagonist scaffolds restrict the GPCR from accessing 

conformational states that result in GPCR signaling (i.e. G-protein or β-arrestin). Therefore, 

even if the antagonist does bind first to the receptor dimer pair (Figure 3K), it would not 

induce G-protein signaling. Instead it would still require the first agonist binding event to the 

second receptor in the dimer pair to occur that would result in cAMP signaling (Figure 2A), 

and allosteric modulation to the β-arrestin ready state. However, the antagonist scaffold 

would already be bound to the dimer, and would block β-arrestin recruitment resulting in 

minimal PRESTO-Tango signal (Figure 2B, Figure 3L).

This interpretation of the data is based on the model for allosteric interaction within GPCR 

homodimers that has previously been reported.106–107 However, to add further complexity to 

the current model, it has been supported that GPCRs oscillate between monomeric, dimeric, 

and higher-order oligomeric states and models that include these states have also been 

proposed (Supplemental Fig. 1).27, 78, 106–108 Also the MUmBLs may bind in various 

different ways such that the antagonist scaffold displaces the agonist scaffold or vice versa 

resulting in more agonist scaffold binding than antagonist scaffold binding. As stated above, 

the bivalent binding mode should be favored due to synergistic binding, but these different 

confrontational states may help explain the minimal β-arrestin recruitment observed at 

higher concentrations of the MUmBLs. It is predicted that similar states are present in 

various GPCR systems, and that a biased unmatched bivalent ligand (BUmBL) design 

strategy could be applied to any asymmetric GPCR homodimer system for the creation of 

biased ligands.

This model may help explain a variety of observations in the field related to melanocortin 

dimerization and oligomerization. For example, Piechowski and coworkers reported in 2013 

that disruption of hMC4R homodimerization leads to increased cAMP signaling capacity (or 

efficacy) although receptor expression was unchanged.78 This can be explained by the 

current model of asymmetric homodimers (Figure 1), since disruption of the dimer to 

monomers would increase the amount of receptors capable of accessing the cAMP signaling 

states (Figure 3B). In other words, with more monomers there would be less receptors being 

allosterically modulated to signal through β-arrestin recruitment since the asymmetric 

signaling could not occur. Therefore, more receptors would signal through the cAMP 

signaling pathway upon agonist binding increasing signaling capacity consistent with 

Piechowski and coworkers’ results.78

In our laboratory, initial in vivo evaluations of melanocortin ligands are performed in mice, 

therefore, an investigation of the ligands’ in vitro pharmacology in HEK293 cells expressing 

the mouse (m)MC1R, mMC3R, mMC4R, and mMC5R has been performed. Results from 

functional cAMP signaling assays and competitive binding experiments on the mouse 

melanocortin receptors along with a detailed discussion can be found in the Supplemental 
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Information. Briefly, CJL-1–124 and CJL-5–74 showed some species variation between the 

mMC4R and the hMC4R in cAMP agonist activity highlighting the importance of studying 

lead ligands at the mouse isoform before conducting mouse studies. Compounds CJL-1–63 

and CJL-5–58 showed minimal species variation in the assays performed suggesting further 

study in mouse models will be possible. Specifically, CJL-5–58 would be an ideal 

compound for further study in mouse models due to its biased agonism at the hMC4R, 

consistent pharmacology in cAMP signaling assays between the mouse and human receptor 

isoforms, and the increased serum stability of a PEDG20 linker compared to a Pro-Gly 

linker.41 During the in vitro investigation on the mMC4R, the ligands’ effects on receptor 

proximity using a bioluminescence resonance energy transfer (BRET) assay was studied and 

is discussed below.

MUmBLs Produce an Intermediate Effect on BRET Signal

Bioluminescence resonance energy transfer (BRET) has been routinely used to assess GPCR 

dimerization.109 Specifically, the MC3R and MC4R have been reported to result in high 

basal BRET signal supporting the formation of homodimers.41, 76, 110–111 Furthermore, 

BRET has been utilized to support the existence of hMC1R-hMC3R and mMC3R-mMC4R 

heterodimers.41, 110 It has also been suggested that ligand treatment can increase or decrease 

GPCR dimerization which should be detectable with changes in BRET signal.108, 112–117 

However, these reports vary depending on the receptor system and ligands used.112 For 

example, agonist treatment at the somatostatin receptor 2 has been reported to cause the 

homodimers to dissociate into monomers.113 Whereas at the vasopressin V1a receptor, 

agonist ligand treatment had no observable effect on the dimerization ratio.114 There are also 

several examples of bivalent ligand treatment resulting in increased BRET signal suggesting 

they are inducing or increasing dimerization.108, 115–117 In previous reports focused on 

melanocortin receptors, no significant effect of agonist or antagonist ligand was reported for 

the hMC1R, hMC3R, or hMC4R homodimerization.110–111 However, in the BRET study 

involving the hMC4R, there does appear to be a trend towards decreasing BRET signal after 

agonist dosing, albeit not significant. After dosing α-MSH at 1 µM the mean BRET signal 

decreased by approximately 20% compared to basal BRET signal of the hMC4R.111 

Because of the potential of the compounds to be modulating the dimer or oligomer state or 

changing the dimer conformational state, we investigated the response of BRET signal from 

mMC4R in response to ligand treatment (Figure 2D).

Ligands α-MSH, CJL-1–14, and CJL-1–87, that have full agonist activity in both the cAMP 

signaling assay (at the mMC4R and hMC4R) and the β-arrestin recruitment assay (at the 

hMC4R), resulted in a dose dependent decrease in BRET signal at the mMC4R (Figure 2D). 

Dosing these ligands at 10 µM resulted in a significant 15% reduction in BRET signal 

compared to basal signal. In contrast, ligands CJL-1–80 and CJL-1–140 contain only the 

antagonist tetrapeptide scaffold and have minimal functional agonist activity in both the 

cAMP signaling assay (at the mMC4R and hMC4R) and the β-arrestin recruitment assay (at 

the hMC4R). These antagonist-based ligands resulted in no significant changes in BRET 

signal from basal levels at the concentrations assayed at the mMC4R. In addition, the equal 

tetrapeptide mixture of agonist CJL-1–14 and antagonist CJL-1–80 resulted in no significant 

changes from basal signal. The MUmBLs, CJL-1–124 and CJL-5–58, resulted in a 
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significant effect in which dosing 10 µM of ligand resulted in approximately an 8% 

reduction in BRET signal compared to basal signal at the mMC4R (Figure 2D).

The reduction of BRET signal observed with agonist containing ligands could be the result 

of three different mechanisms: 1) The dimerization or oligomerization is being disrupted and 

moving towards a lower oligomer state (e.g. dimers to monomers). 2) A conformational 

change is occurring within the intact dimer or higher-order oligomer in which the 

NanoLuc®-donor and the HaloTag®-acceptor are being orientated such that the BRET 

signal is being reduced (e.g. moving further away or dipole orientation is incorrect.)118 3) A 

receptor trafficking event, such as receptor internalization, is resulting in lowered BRET 

signal. It is currently difficult to determine which of these possibilities are the driving force 

for the BRET signal reduction observed in our studies. Regardless, it is apparent that some 

sort of conformational or receptor change is occurring that effects the BRET signal that 

relates with ligands’ agonist activity both for cAMP and for β-arrestin recruitment.

These changes match the proposed asymmetric signaling model for MC4R homodimers 

(Figure 1, Figure 3). It follows from the proposed model that at basal levels in which only 

assay buffer is added (Figure 3A), no conformational changes have occurred. With the 

addition of agonist ligand and the first binding event, cAMP signaling pathway is activated 

and a conformational change occurs that affects BRET signal (c.a. 7–8% change) (Figure 3B 

or E). This is observed with all ligands that contain an agonist scaffold including α-MSH, 

CJL-1–14, CJL-1–87, CJL-1–124, and CJL-5–58 (Figure 2D). The second agonist binding 

event is hypothesized to result in an additional conformational change at the second receptor 

in the homodimer, and this is postulated to be responsible for the maximal observed decrease 

in BRET signal (c.a. 15%) (Figure 3F). This is observed with ligands α-MSH, CJL-1–14, 

and CJL-1–87 because they result in the second conformational change within the 

homodimer due to a second agonist binding event on the second receptor. However, the 

second receptor in the homodimer pair is postulated to be bound by an antagonist scaffold 

with ligands CJL-5–58 and CJL-1–124 (Figure 1C) and, therefore, the full conformational 

change to the homodimer unit does not occur (Figure 3I) resulting in the lack of β-arrestin 

recruitment (Figure 2B–C) and there is only 50% maximal change in BRET signal (i.e. 7–

8% change instead of 15%) (Figure 2D).

Although further experimental work will be necessary to determine the exact dimer 

conformational changes that are occurring, the current studies support the hypothesis that the 

biased agonism observed currently with CJL-5–58 is the result of a conformational change 

of the dimeric state corresponding to the changes observed in the BRET signal. These 

conformational changes could be changes in the oligomeric number (e.g. dimers to 

monomers), orientation of the receptors within a dimer pair (e.g. which transmembrane 

helixes are interacting), or changes in the cellular location of the receptors (e.g. receptor 

internalization).9, 27, 78 Further elucidation of these mechanisms, as well as work looking at 

possible difference between the mouse and human MC4R isoforms, will be necessary.
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Discussion

There is a growing amount of evidence that GPCR homodimers are functionally relevant and 

are pharmaceutical targets. A broadly applicable drug design strategy that targets 

homodimers, as opposed to monomeric receptors, would theoretically double the amount 

GPCR drug targets. Although various labs have presented different techniques and proofs-

of-concept approaches for methods to target asymmetrically signaling GPCR homodimers,
12–26, 30 these techniques would be difficult to apply broadly to multiple GPCR systems or 

challenging to adapt to therapeutic design and in vivo applications. The current report 

presents a possible design strategy that targets asymmetric homodimers that should be easily 

amenable to various GPCR systems. Because the current design strategy produces a single 

compound to target both receptors in a homodimer, it should be easily amendable to in vivo 
applications.

In the current report, we designed bivalent ligands that contained an agonist tetrapeptide 

scaffold and antagonist tetrapeptide scaffold for the MC4R. The MUmBL design strategy 

aims at occupying each of the two receptors within the homodimer with a different 

pharmacophore such that an agonist pharmacophore and an antagonist pharmacophore each 

occupy one of the two receptors within each homodimer. This design strategy produced 

biased ligands at the hMC4R in which the cAMP signaling pathway was robustly activated 

at nanomolar concentrations (EC50 ~ 2 to 6 nM), but the β-arrestin2 pathway was only 

partially activated at concentrations up to 10 µM. To our knowledge, these are the first 

melanocortin biased ligands favoring cAMP signaling over β-arrestin recruitment and will 

be valuable chemical probes to study melanocortin signaling in the disease states and 

disorders in which the melanocortin receptors are implicated including: cancer,42–46 skin 

pigmentation disorders,47 social disorders,48–49 sexual function disorders,50–52 Alzheimer’s 

disease,53–54 cachexia,55–59 and obesity.40, 60–62

We then functionally characterized the MUmBLs at the mouse melanocortin receptors. Two 

of the compounds showed species difference in which a partial agonist dose response curve 

was observed at the mMC4R (see Supplemental Discussion). These in vitro studies 

identified CJL-5–58 as the lead ligand for future evaluations due to its biased agonism at the 

hMC4R, consistent pharmacology in cAMP signaling assays between the mouse and human 

receptors, and the increased serum stability of a PEDG20 linker compared to a Pro-Gly 

linker.41 Further elucidation of the pharmacology of biased melanocortin ligands will be 

necessary, but the current report provides the melanocortin field with the first-in-class biased 

ligand that favors the cAMP pathway over the β-arrestin pathway.

The UmBL methodology presented currently should be applicable to various other GPCRs 

and can easily accommodate the plethora of well-studied and developed selective agonists 

and antagonists for various GPCR systems. This bivalent ligand targeting method should 

allow for biased ligands or unique pharmacologies at various receptors by combining known 

agonists and antagonists with an effective linker. Considering the wide array of GPCRs that 

are already reported to exist as allosterically modulated or asymmetric homodimers 

(including the vasopressin,28 dopamine,12 adenosine,26 metabotropic glutamate,19 and 

serotonin receptors13) this strategy should be broadly applicable. In order to effectively 
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synthesize UmBLs for other receptor systems, it will be necessary to perform some standard 

medicinal chemistry to optimize the connection points of the linker to the pharmacophores, 

optimize the linker properties, and optimize the orientation of the pharmacophores. Based on 

studies at the mouse melanocortin receptors, it was optimal for the agonist scaffold and the 

antagonist scaffold to have approximately equal binding affinities (see Supplemental 

Information).

The exact pharmacology that may be achieved through the UmBL design strategy will be as 

diverse as the allosteric mechanisms between different GPCR homodimers. For example, 

based on the results of Han and coworkers it can be hypothesized that UmBLs targeting the 

dopamine D2 receptor would result in increased receptor activation beyond just monovalent 

agonist alone. This is because allosteric cross-talk of a second agonist protomer was shown 

to blunt activation, so the occupation of the second protomer with an antagonist scaffold 

instead of an agonist scaffold should increase signal activation.12 In contrast if the UmBL 

approach was applied to the metabotropic glutamate receptor, it would be hypothesized to 

result in lower than full receptor activation of agonist alone as Kniazeff and coworkers 

observed that one agonist can partially activate a dimeric unit but two agonists are required 

for full activation.19 Finally, it has been reported that the vasopressin V1b receptor signals 

through both the Gq/11-inositol phosphate (IP) and the cAMP pathways.28 It was 

hypothesized by Orcel and coworkers, that “the IP pathway could be activated by the 

binding of either one or two AVP molecules to a single receptor dimer… By contrast, cAMP 

production could only be turned on upon the binding of two ligands to a dimer.” Their 

observations and hypothesis is consistent with asymmetric homodimers such that the IP 

pathway is activated by the first agonist binding event and the cAMP pathway is activated 

second (similar to Figure 1).28 Therefore, if the UmBL design strategy was applied to 

ligands targeting the vasopressin V1b receptor, it would be predicted to result in biased 

ligands in which the agonist pharmacophore would activate the IP pathway, and the 

antagonist pharmacophore would block the cAMP pathway activation within the 

homodimer. The UmBL design approach could also be applied to GPCR systems in which 

asymmetry between homodimers has not been identified, or even systems in which 

homodimerization has not yet been observed. In these situations, designed UmBLs could be 

evaluated for their ability to induce signaling in multiple signaling pathways (e.g. cAMP, Ca
+, kinase signaling, β-arrestin signaling, etc.) to identify asymmetrically signaling GPCR 

homodimers.

Conclusions

In conclusion, the UmBL design approach reported herein has been used to progress the 

melanocortin field by identifying the first known biased ligands for the cAMP pathway over 

the β-arrestin2 recruitment pathway. This report also provides functional pharmacological 

evidence of melanocortin asymmetric homodimerization that complements previous BRET 

studies supporting homodimerization,41, 110 radioligand binding studies suggesting 

asymmetry of melanocortin homodimers propensity to bind ligands,76–77 and functional 

reports demonstrating the significance of melanocortin oligomerization.27, 78 In a much 

broader sense, the UmBL approach provides a medicinal chemistry design strategy for the 

future advancement of GPCR pharmacology that can be applied to various receptor systems.
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Experimental Section

Chemical Synthesis

Peptides were synthesized utilizing standard solid phase peptide synthesis and fluorenyl-9-

methoxycarbonyl (Fmoc) methodologies to protect the elongating peptide chain.89, 119 A 

CEM Discover SPS microwave peptide synthesizer was used to expedite couplings and 

deprotections. A split resin technique was used to synthesize common sequences as 

previously described.40 The O-(N-Fmoc-3-aminopropyl)-O'-(N-diglycolyl-3-aminopropyl)-

diethyleneglycol [Fmoc-NH-(PEG)2-COOH (20atoms) or Fmoc-NH2-PEDG20-COOH] was 

purchased from Novobiochem® EMD Millipore Corp (Billerica, MA, USA). The N,N-

diisopropylethylamine (DIEA), triisopropylsilane (TIS), 1,2-ethanedithiol (EDT), piperidine, 

pyridine, and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich (St. Louis, 

MO). The 4-(2ʹ,4ʹ-dimethoxyphenyl-Fmoc-aminomethyl)phenoxyacetyl-MBHA resin 

[Rink-amide-MBHA (200–400 mesh), 0.35–0.37 meq/g substitution], 2-(1H-benzotriazol-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), and Fmoc-protected amino 

acids [Fmoc-Pro, Fmoc-Gly, Fmoc-His(Trt), Fmoc-DPhe, Fmoc-Arg(Pbf), Fmoc-Trp(Boc), 

and Fmoc-DNal(2ʹ)] were purchased from Peptides International (Louisville, KY, USA). 

Acetonitrile (MeCN), N,N-dimethylformamide (DMF), acetic anhydride, dichloromethane 

(DCM), and methanol (MeOH) were purchased from FischerScientific. All reagents were 

ACS grade or better and were used without further purification.

Peptides were assembled in a fritted polypropylene reaction vessel (25 mL CEM reaction 

vessel) on the Rink-amide-MBHA resin. A repeated two-step cycle of deprotection with 

20% piperidine in DMF, then amide coupling with the Fmoc-amino acid, HBTU, and DIEA 

was employed until the final peptide was synthesized on resin. Excess reagents were 

removed between all deprotection or coupling by 3–5 washes of DMF between steps. A 

Kaiser/ninhydrin test was used after each deprotection or coupling step (except with Pro 

residues) to indicated the presence or lack of a free primary amine.120 For Pro residues, the 

presence or lack of a free secondary amine was indicated by a chloranil test.89, 121 Removal 

of the Fmoc group was achieved in a two-step process. First an initial two minute 

deprotection was performed outside of the microwave. Then a second aliquot of 20% 

piperidine was added and further deprotection was assisted by microwave heating (75°C, 30 

W, 4 min).

Amide coupling was achieved by addition of 3.1-fold excess Fmoc-protected amino acids 

(5.1-fold for Arg) and 3-fold excess of HBTU (5-fold for Arg) in DMF added to the free 

amine on the elongating peptide on the resin. After which the 5-fold excess of DIEA (7-fold 

for Arg) was added, and the reaction was heated in the microwave synthesizer (75°C, 30 W 

or 50°C, 30 W for His) for five minutes (10 min for Arg). The Fmoc-NH-(PEDG20)-COOH 

was incorporated into the peptide using the same protocol except it was allowed to cool for 

at least one hour after microwave heating to ensure the reaction went to completion.

Acetylation was achieved on resin after the final Fmoc deprotection by addition of 3:1 

mixture of acetic anhydride to pyridine and were mixed at room temperature with bubbling 

nitrogen for 30 minutes. Before cleavage, all peptides were washed with DCM at least 3 

times and dried in a desiccator. Side chain deprotection and resin cleavage was 
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simultaneously accomplished via addition of 8 mL of a cleavage cocktail (91% TFA, 3% 

EDT, 3% TIS, 3% water) for 1.5–3 hours. Peptides were precipitated from cleavage solution 

using cold (4°C) anhydrous diethyl ether. The cloudy mixture of peptides was vortexed and 

centrifuged at 4°C and 4000 RPM for 4 minutes (Sorval Super T21 high-speed centrifuge 

swinging bucket rotor). The supernatant was discarded. The crude peptide pellet was then 

washed with cold (4 °C) diethyl ether and centrifuged. This process was repeated until no 

thiol aroma was present (usually 3 times) and the peptides were dried overnight in a 

desiccator.

A Shimadzu chromatography system with a photodiode array detector and a semipreparative 

RP-HPLC C18 bonded silica column (Vydac 218TP1010, 1 cm × 25 cm) were used to purify 

5–20 mg sample of crude peptide by RP-HPLC. The solvent system for purification was 

either MeCN or MeOH in 0.1% aqueous TFA. Purified fractions were collected and peptides 

were concentrated in vacuo and lyophilized. A purity of 95% or greater was confirmed by 

analytical RP-HPLC at 214 nm in two diverse solvent systems (10% MeCN in 0.1 % TFA/

water and a gradient to 90% MeCN over 35 min; and 10% MeOH in 0.1 % TFA/water and a 

gradient to 90% MeOH over 35 minutes at a flow rate of 1.5 mL/min) using an analytical 

Vydac C18 column (Vydac 218TP104). ESI-MS was used to confirm the correct molecular 

mass (University of Minnesota Department of Chemistry Mass Spectrometry Laboratory) 

(Supplemental Table 1).

Cell Culture

HEK293 cells for the ALPHAScreen assay, competitive binding assay, PRESTO-Tango 

assay, and BRET assay were maintained in humidified atmosphere of 95% air and 5% CO2 

at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% newborn 

calf serum (NCS), and 1% penicillin/streptomycin. Stable cell lines were generated with 

wild type mMC1R, mMC4R, mMC5R, hMC4R-Flag, and mMC3R-Flag DNA in pCDNA3 

expression vector (20 µg) using the calcium phosphate transfection method.122 Stable 

populations were selected for using G418 selection (0.7–1.0 mg/mL) and used in bioassays 

unless indicated otherwise. In vitro experimental ligands were dissolved to a 10−2 M stock in 

DMSO and stored at −20 °C. Subsequent dilutions were performed in each assay’s specific 

buffer to achieve the final concentration in the well. The ligands were assayed as TFA salts.

AlphaScreen® cAMP Functional Bioassay

The AlphaScreen® cAMP technology (PerkinElmer Life Sciences, Cat #6760625M) was 

utilized to measure cAMP signaling after ligand stimulation in HEK293 cells stably 

expressing the mMC1R, mMC3R, mMC4R, hMC4R and mMC5R. The AlphaScreen® assay 

was performed as described by manufacturer. This method has been previously utilized by 

our lab,40, 123 and it is described briefly below.

On the day of the assay, cells were 70–95% confluent in 10 cm plates. Cells were removed 

from plates using Gibco® Versene solution and pelleted by centrifugation (Sorvall Super 

T21 high speed centrifuge, swinging bucket rotor) at 800 RPM for five minutes. Media was 

gently aspirated and cells were resuspended in Dulbecco’s phosphate buffered saline 

solution (DPBS 1× [−] without calcium and magnesium chloride, Gibco ® Cat # 
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14190-144). A 10 µL aliquot of cell suspension was counted manually using a 

hemocytometer after addition of Trypan blue dye (BioRad). Cells were again pelleted by 

centrifugation, and DPBS was gently aspirated. The pelleted cells were then resuspended in 

a solution of freshly made stimulation buffer (Hank’s Balanced Salt Solution [HBSS 10× [−] 

sodium bicarbonate] and [−] phenol red, Gibco®], 0.5 mM isobutylmethylxanthine [IBMX], 

5 mM HEPES buffer solution [1M, Gibco®], 0.1% bovine serum albumin [BSA] in Milli-Q 

water, pH=7.4) and anti-cAMP acceptor beads (1.0 unit per well, AlphaScreen®). A cell/

acceptor bead solution was added manually to each well of a 384 well microplate 

(OptiPlate-384; PerkinElmer) for final concentrations of 10,000 cells/well and 1.0 Unit anti-

cAMP acceptor beads/well. The cells were then stimulated with ligand diluted in stimulation 

buffer to achieve their final concentrations in the well ranging from 10−13 to 10−4 M. The 

stimulated plates were incubated in a dark laboratory drawer at room temperature for two 

hours.

Meanwhile, a biotinylated cAMP/streptavidin donor bead working solution was made by 

adding biotinylated cAMP (1 Unit/well, AlphaScreen®) and streptavidin donor beads (1 

Unit/well, AlphaScreen®) to a lysis buffer (10% Tween-20, 5 mM HEPES buffer solution 

[1M, Gibco®], 0.1% bovine serum albumin [BSA] in Milli-Q water, pH=7.4). After the two 

hour stimulation, the biotinylated cAMP/ Streptavidin donor bead working solution was 

added to each well under green light and mixed well by pipetting up and down. The cells 

were incubated for another two hours at room temperature in a dark drawer at room 

temperature. The plate was then read on an EnSpireTM Alpha plate reader using a pre-

normalized assay protocol set by the manufacturer. Assays were performed with duplicate 

data points on each plate and repeated in at least three independent experiments. Each plate 

contained a control ligand dose response (NDP-MSH, α-MSH, or ɣ2-MSH), a 10−4 M 

forskolin positive control, and a no ligand assay buffer negative control.

Dose response curves were analyzed using the PRISM program (v4.0; GraphPad Inc.). 

Potency EC50 values (concentration that caused 50% maximal signal) were calculated by a 

nonlinear regression method. Schild regression analysis was used assess antagonist 

properties and to calculate pA2 values [pA2 = −log(Ki)]. In the Schild analysis, antagonist 

ligands were tested in a dose-dependent manner to inhibit NDP-MSH agonist receptor 

stimulation.95 To be consistent with functional data being represented as an increasing 

response with increasing concentration and because the AlphaScreen® assay is a 

competition assay, a transformation was carried out for illustration purposes to normalize 

data to control compounds and flip dose response curves as previously described.40, 123

PRESO-Tango (β-arrestin2 Recruitment) Assay

The PRESTO-Tango assay was developed by Kroeze and coworkers for identifying 

biologically active compounds by the rapid screening for most of the entire druggable 

GPCRome.98–99 The plasmids and assay technology was kindly provided by the Bryan Roth 

laboratory (University of North Carolina at Chapel Hill) and are now available through 

ADDGENE (Kit # 1000000068). Briefly, HTLA cells (HEK293 cells that stably express a 

tTA-dependent luciferase reporter and a β-arrestin 2 –TEV fusion gene and were kindly 

provided by Richard Axel99) were maintained in DMEM supplemented with 10% FBS, 100 
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U/mL penicillin, 100 µg/mL streptomycin, 2 µg/mL puromycin, and 100 µg/mL hygromycin 

B in humidified atmosphere of 95% air and 5% CO2 at 37 °C.

The first day of the assay, HTLA cells were plated at approximately 1×106 cells per 10 cm 

plate and grown to 20–40% confluency. On the second day, cells were transiently transfected 

using the calcium phosphate method with 4 µg/plate of hMC4R PRESTO-Tango plasmid 

construct and incubated 15–24 hours in humidified atmosphere of 97% air and 3% CO2 at 

35 °C.98, 122 The third day, cells were removed from 10 cm plates using Gibco® Versene 

solution and pelleted by centrifugation (Sorvall Super T21 high speed centrifuge, swinging 

bucket rotor) at 800 rpm for five minutes at room temperature. Cells were manually counted 

using a hemocytometer and resuspended in 1% dialyzed FBS and 1% penicillin/

streptomycin in DMEM to a final concentration of 400,000 cells/mL. Cells were plated into 

384-well white wall and clear bottom microplate (ViewPlate-384 TC, PerkinElmer Cat # 

6007480) for a final concentration of 20,000 cells/well and incubated in 5% CO2 at 37 °C. 

On the fourth day, cells were stimulated by ligands diluted to the appropriate in well 

concentrations (i.e. 10−12 to 10−5 M) in filter-sterilized assay buffer (20 mM HEPES, 1× 

HBSS, water, titrated to pH 7.4 with 1 N NaOH). Stimulated cells were incubated for 18 

hours in 5% CO2 at 37 °C. On the fifth day, the assay buffer and cell medium was removed 

by aspiration. Then 20 µL of Bright-Glo (Promega, Cat # N1661) diluted 20-fold in assay 

buffer was added to each well and incubated to 15–20 minutes. After incubation, 

luminescence was then read on an EnSpire™ Alpha plate reader using a pre-normalized 

assay protocol for luminescence set by the manufacturer. Assays were performed with 

duplicate data points on each plate and repeated in at least three independent experiments. 

Dose response curves were analyzed using the PRISM program (v4.0; GraphPad Inc.). 

Potency EC50 values (concentration that caused 50% maximal signal) were calculated by a 

nonlinear regression method.

Bioluminscence Resonance Energy Transfer (BRET) Studies

The NanoBRET™ Protein:Protein Interaction System was utilized according to 

manufacturer’s instructions to examine the association and proximity of the melanocortin 

receptors as previously reported.41 Briefly, the plasmids were constructed to incorporate the 

NanoLuc® fusion protein and the HaloTag® fusion protein onto the C-terminus of the 

mMC4R of the plasmids described above. Proper cell membrane expression and ligand 

binding have previously been supported by competitive binding experiments.41 The 

specificity of signal has also previously been shown.41 On the first day, cells were plated 

into 6 well plates in the morning. In the afternoon of the same day, cells were transiently 

transfected with mMC4R-NanoLuc® fusion protein and the MC4R-HaloTag® fusion 

protein by adding FuGene6 Transfection (8 µL/well, Promega), DNA (2 µg/well) in 

OptiMem medium (Invitrogen) at a total volume of 100 µL/well. The ratio of donor 

NanoLuc® to acceptor HaloTag® DNA has previously been optimized and a ratio of 1 

Receptor-NanoLuc® plasmid: 4 Receptor-HaloTag® plasmid was utilized for all 

experiments.41 Cells were incubated with transfection reagent overnight at 5% CO2 at 37° C. 

One day after the transfection, cells were re-plated into 96-well black clear bottom plates 

(Cat # 3603, Corning Life Sciences) at 30,000 cells in 90 µL of assay buffer (4% FBS in 

OptiMem).
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To each well, 1 µL of 0.1 mM HaloTag® NanoBRET™ 618 ligand was added and incubated 

18–24 h at 5% CO2 at 37° C. As a negative control, each assay also included; “no acceptor 

controls” in which 1 µL of DMSO was added instead of 618 ligand rendering the BRET 

relay system incomplete. This provides the background signal and was subtracted from the 

final experimental signal. Plates were then developed 48 to 60 hours after transfection. Two 

hours before the plates were developed, 10 µL of a 10× aliquot of the ligand diluted in assay 

buffer was added to each well to yield the final in well concentration (10−5, 10−7, or 10−9 M) 

of each compound. For the assay buffer control, 10 µL of assay buffer was added instead of 

compound. To develop plates, 25 µL of 5× solution of NanoBRET™ Nano-Glo® Substrate 

in Opti-MEM® was added to each well. Plates were then read within 10 min on a 

FlexStation® 3 plate reader (Molecular Devices) at the donor emission wavelength (460 nm) 

and acceptor emission wavelength (618 nm). The milli BRET Units (mBUs) were calculated 

by dividing the acceptor emission of 618 nm by the donor emission at 460 nm and 

multiplying it by 1000. The standard error of the mean (SEM) was derived from at least 

three independent experiments.

Data Analysis

The data was analyzed utilizing PRISM program (v 4.0; GraphPad Inc.). Statistical 

significance was considered p < 0.05. The results are not corrected for net peptide content, 

although all the peptides examined in this study were determined to have approximately 

equal peptide content as determined by using Beers Law. Data analysis is discussed in more 

detail at the end of each assays’ experimental section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hypothesized interaction of ligands with asymmetrically signaling melanocortin 

homodimers. A) Monovalent agonist ligands (blue circle) could occupy both receptors and 

result in both cAMP signaling and β-arrestin recruitment. B) Agonist homobivalent ligands 

(blue circle connected with black linker) could result in similar functional cAMP assays as 

monomeric ligands in spite of increased binding affinities due to asymmetric signaling. C) 

The working paradigm herein in which biased unmatched bivalent ligands (BUmBLs) 

containing an agonist pharmacophore (blue circle) and antagonist pharmacophore (red 

octagon) are postulated to result in biased signaling by agonizing one signaling pathway 

while antagonizing the other pathway when bound to the asymmetrically signaling 

homodimer.
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Figure 2. 
Illustrations of the in vitro functional pharmacology of MUmBLs at the MC4R. A) The 

cAMP signaling potency at the hMC4R was determined by AlphaScreen® assays. B) and C) 

The β-arrestin recruitment potency at the hMC4R was determined by PRESTO-Tango 

assays. The  symbol represents the two monovalent tetrapeptides Ac-His-DPhe-Arg-Trp-

NH2 and Ac-His-DNal(2’)-Arg-Trp-NH2 assayed together each at the indicated M 

concentration such that pharmacophore concentration is the same as the bivalent 

pharmacophore concentration. Functional cAMP data was normalized as discussed in 

experimental section to show tradition dose response curve with increasing response at 

increasing agonist concentrations. D) Ligand induced response on bioluminescence 

resonance energy transfer (BRET) signal using the mMC4R-NanoLuc and mMC4R-

HaloTag homodimer. Maximal BRET signal (100%) was defined as the signal measured 

when assay buffer (represented as A) was added. Each ligand was dosed at 10−5, 10−7 and 

10−9 M. Significance was determined using a one-way ANOVA to determine overall 

significance upon treatment followed by a Bonferroni post-hoc test to compare each ligand 

concentration to assay buffer control (A). * p<0.05, ** p<0.01, *** p<0.001. Data shown as 

the mean ± standard error of the mean (SEM) determined from three independent 

experiments.
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Figure 3. 
Illustrations of a previously reported model for allosteric interactions in GPCR dimers. 

(Durroux, 2005; Casado et al., 2007). In this model, GPCRs oscillate through different 

conformational states. Different conformations have different propensity to signal through 

cAMP or through β-arrestin. Signaling is represented by green arrows (B, C, E, F, H, I, L). 

Conformational changes are represented based on receptor highlighting (B, C, D, E, F, H, I, 
L). The binding of an agonist pharmacophore to one receptor that signals through cAMP 

stabilizes the second receptor’s conformation to increases its propensity to signal through 

the β-arrestin recruitment pathway (State E). Therefore, the second agonist binding event 

results in β-arrestin recruitment (State F). The BUmBL design strategy can be used to block 

the β-arrestin recruitment by increasing the likelihood of an antagonist pharmacophore 
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binding the second receptor in the homodimer (States G–I). Even if the opposite binding 

order occurs, the antagonist blocks β-arrestin recruitment since it is already bound to the 

receptor after the agonist induces a conformational change (States J–L). This model 

assumes that the receptors are dimeric in nature, but they are likely in an equilibrium as 

monomers and higher-order oligomers. This models also assumes that the bivalent 

synergistic binding mode is favored with MUmBLs due to the decreased entropic cost of 

binding of the second pharmacophore. It is possible that MUmBLs compete in monovalent 

fashion (Supplemental Fig. 1), but then the increased binding affinity observed with bivalent 

ligands would not be expected.
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Table 1

MUmBL functional data at the hMC4R

Compound

Structure cAMP Signaling β-Arrestin
Recruitment

EC50 (nM)
Mean±SEM

EC50 (nM)
Mean±SEM

Agonist Bivalent Ligands + 
Controls

NDP-MSH 0.06±0.01 120±50

MTII 0.03±0.005 1.6±0.8

CJL-1–14 1.8±0.2 290±150

CJL-5-35-4 0.67±0.03 55±16

CJL-1–116 2.0±0.3 140±70

CJL-5-35-1 5.5±0.7 1600±600

CJL-1–41 1.1±0.07 1500±500

CJL-1–31 0.95±0.08 1900±600

CJL-1–87 0.57±0.05 130±30

CJL-5–72 1.2±0.3 280±40

Antagonist Bivalent Ligands 
+ Controls

CJL-1–80
50% at 10 µM 

pA2=7.82±0.03
30% at 10 

µM

CJL5-35-5
55% at 10 µM 

pA2=8.12±0.03
15% at 10 

µM

CJL-1–132
50% at 10 µM 

pA2=7.87±0.14
20% at 10 

µM

CJL-5-35-2
55% at 10 µM 

pA2=7.28±0.10
30% at 10 

µM

CJL-1–140
70% at 10 µM 

pA2=7.80±0.09
10% at 10 

µM

Unmatched Bivalent Ligands

CJL-1–63 1.9±0.2 55% at 10 
µM

CJL-5–58 1.9±0.5 45% at 10 
µM

CJL-1–124 4.7±1.0 20% at 10 
µM
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Compound

Structure cAMP Signaling β-Arrestin
Recruitment

EC50 (nM)
Mean±SEM

EC50 (nM)
Mean±SEM

CJL-5–74 5.9±3.2 25% at 10 
µM

CJL-1–14+CJL-1–80 1.9±0.2 40% at 10 
µM

The cAMP signaling potency was determined by AlphaScreen™ assays. The β-arrestin recruitment potency was determined by PRESTO-Tango 
assays. The reported errors are the standard error of the mean (SEM) determined from at least three independent experiments. Changes less than 3-
fold were considered to be within the inherent experimental assay error. The % symbol represents amount of maximal signal observed at 10 µM 
compared to control NDP-MSH maximal signal.
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