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Abstract

Bivalent ligands targeting putative melanocortin receptor dimers have been developed and 

characterized in vitro, however studies of their functional in vivo effects have been limited. The 

current report compares the effects of homobivalent ligand CJL-1-87, Ac-His-DPhe-Arg-Trp-

PEDG20-His-DPhe-Arg-Trp-NH2, to monovalent ligand CJL-1-14, Ac-His-DPhe-Arg-Trp-NH2 

on energy homeostasis in mice after central intracerebroventricular (ICV) administration into the 

lateral ventricle of the brain. Bivalent ligand CJL-1-87 had noteworthy advantages as an anti-

obesity probe over CJL-1-14 in a fasting-refeeding in vivo paradigm. Treatment with CJL-1-87 

significantly decreased food intake compared to CJL-1-14 or saline (50% less intake 2 to 8 hours 

after treatment). Furthermore, CJL-1-87 treatment decreased the respiratory exchange ratio (RER) 

without changing the energy expenditure indicating that fats were being burned as the primary fuel 

source. Additionally, CJL-1-87 treatment significantly lowered body fat mass percentage 6 hours 

after administration (p < 0.05) without changing the lean mass percentage. The bivalent ligand 
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significantly decreased insulin, C-peptide, leptin, GIP, and resistin plasma levels compared to 

levels after CJL-1-14 or saline treatments. Alternatively, ghrelin plasma levels were significantly 

increased. Serum stability of CJL-1-87 and CJL-1-14 (T1/2 = 6.0 h and 16.8 h, respectively) was 

sufficient to permit physiological effects. The differences in binding affinity of CJL-1-14 

compared to CJL-1-87 are speculated as a possible mechanism for the bivalent ligand’s unique 

effects. We also provide in vitro evidence for the formation of a MC3R-MC4R heterodimer 

complex, for the first time to our knowledge, that may be an unexploited neuronal molecular 

target. Regardless of the exact mechanism, the advantageous ability of CJL-1-87 compared to 

CJL-1-14 to increase in vitro binding affinity, increase the duration of action in spite of decreased 

serum stability, decrease in vivo food intake, decrease mice’s body fat percent, and differentially 

affect mouse hormone levels demonstrates the distinct characteristics achieved from the current 

melanocortin agonist bivalent design strategy.
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Introduction

Bivalent ligand design strategies have been utilized to develop novel ligands for various 

GPCR systems including the opioids,1–8 gonadotropin-releasing hormone receptor,9, 10 

adenosine,11 cannabinoid,12, 13 serotonin,14–16 dopamine,17, 18 chemokine,6, 19 oxytocin,20 

and melanocortin receptor systems.21–36 There has been increasing evidence that 

heterobivalent ligands featuring pharmacophores for two different receptors can be an 

efficacious targeting strategy for heterodimers and results in unique properties in 
vivo.6, 7, 37, 38 Reports of homobivalent ligands containing two pharmacophores for the same 

receptor have shown them to possess distinct characteristics in vitro compared to 

monovalent ligands. Reports of homobivalent ligands’ in vivo functions compared to their 

monovalent counterparts are sparser.20, 21, 39, 40 Because bivalent ligands can have unique 

functional characteristics compared to monovalent ligands that are not easily assayed in vitro 
(i.e. alterations of receptor trafficking41–43 or tissue selectivity1, 6), it is important to 

establish their in vivo functional significance. This in vivo data can be used to guide future 
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bivalent drug design strategies and identify molecular probes for in vivo mechanism of 

action hypothesis driven research. A recent report demonstrated that homobivalent ligands 

targeting the oxytocin receptor system exhibited 40- and 100-fold greater potency in 

zebrafish and mice, respectively, establishing that a homobivalent design strategy can have 

noteworthy advantages in vivo.20

There have been several reports of bivalent ligands targeting the melanocortin receptor 

system.21–36 Many of these studies focus on the development of bivalent ligands for their 

use as high affinity imaging tools or targeting agents for melanoma.24–36 Given that 

chemical probes for the five melanocortin receptor subtypes (MC1-5R) have been utilized to 

study several diseases and disorders including Alzheimer’s disease, 44–46 sexual function 

disorders, 47, 48 social disorders, 49, 50 cachexia, 51–56 and obesity; 21, 57, 58 it is of interest to 

study the biological functions of bivalent ligands targeting these receptors. The limited 

reports of the in vitro functional effects of melanocortin homobivalent have all shown 

increased functional potency (up to 16-fold).21, 22, 24 Although melanocortin bivalent ligands 

have been used in vivo as imaging tools;34–36 to our knowledge no other laboratories have 

reported on the functional effects of melanocortin homobivalent ligands in vivo.21

We have previously reported melanocortin homobivalent ligands possessed increased 

binding affinity of 14- to 25-fold, and increased in vitro functional potency of 3- to 5-fold 

depending on the individual melanocortin receptor subtype compared to monovalent control 

counterparts.21 Specifically, compound CJL-1-87, Ac-His-DPhe-Arg-Trp-PEDG20-His-

DPhe-Arg-Trp-NH2, was the most potent bivalent ligand at the melanocortin 3 receptor 

(MC3R) and melanocortin 4 receptor (MC4R). This compound consists of two monovalent 

agonist His-DPhe-Arg-Trp tetrapeptide scaffolds connected through a 20-atom polyethylene 

diamine diglycolyic acid linker (PEDG20). It had an increased binding affinity of 23- and 

22- fold, and an increased functional potency of 5- and 4-fold compared to its monovalent 

counterpart CJL-1-14, Ac-His-DPhe-Arg-Trp-NH2, at the MC3R and MC4R, respectively. 

As predicted, administering CJL-1-87 directly into the brain dose-dependently decreased in 

food intake demonstrating its in vivo efficacy at the MC3R and/or MC4R.21

The MC3R and MC4R are centrally located and are implicated in the melanocortin system’s 

role in energy homeostasis.57, 59, 60 Agonist stimulation of the MC3R and MC4R decreases 

food intake and increases energy expenditure. Therefore, agonist ligands may be potential 

therapeutics for the treatment of obesity.57, 59–61 It is hypothesized that the distinct 

pharmacological profile of agonist homobivalent ligand CJL-1-87 may be advantageous in 
vivo compared to monovalent agonist ligands by enhancing desirable effects such as 

decreasing food intake and weight loss while hopefully minimizing undesirable side effects. 

However, given the lack of studies directly comparing the effects of melanocortin 

monovalent and bivalent ligands in vivo; exploratory in vivo studies are necessary to 

characterize the physiological profile of homobivalent ligands, assess their side effect 

profiles, and guide future design and in vitro SAR studies. Direct comparison of bivalent 

ligand CJL-1-87 to monovalent ligand CJL-1-14 may provide insight into the advantages 

and disadvantages of a melanocortin bivalent ligand design strategy in the development of 

anti-obesity therapeutics. These studies may also help further elucidate the complex 
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melanocortin pharmacology within the brain and particularly the role of the MC3-MC4 

melanocortin receptor homo- and heterodimerization.

Previously published literature pertinent to comparing CJL-1-87 to its monovalent 

counterpart was inconclusive as to whether there is any significant advantages or 

disadvantages of the bivalent ligand CJL-1-87 over the monovalent ligand CJL-1-14 in 
vivo. 21, 57 Thus it is necessary to perform direct head to head comparison studies in 

different experimental paradigms to draw definitive conclusions.21, 57 In the current study, 

evidence is provided that the melanocortin bivalent agonist ligand CJL-1-87 possesses 

distinct advantages in a mouse fasting-refeeding paradigm compared to its monovalent 

counterpart CJL-1-14 including: decreased in vivo food intake, reduced in vivo body fat 

percentage, and differentially effected mouse hormone levels. These data have led us to 

postulate two possible mechanisms to explain the differences in the in vivo pharmacology 

between CJL-1-14 and CJL-1-87. The first possible mechanism is that CJL-1-87 can 

compete more effectively with endogenous antagonist agouti-related peptide (AGRP) in the 

fasting state due to its increased binding affinity compared to CJL-1-14. The other possible 

mechanism is that CJL-1-87 is targeting melanocortin dimers. To test this hypothesis, 

bioluminescence resonance energy transfer (BRET) studies were performed and support the 

feasibility of MC3R-MC4R heterodimer formation in vitro. This heterodimer may be a 

novel neuronal target for treating metabolic disorders, but its physiological relevancy 

remains to be determined. Although the exact molecular mechanism accounting for the 

differences observed in vivo remains unclear, the current studies provide direct evidence that 

the ICV administration of bivalent ligand CJL-1-87 and monovalent control CJL-1-14 result 

in different effects on energy homeostasis in mice in the fasting-refeeding experimental 

paradigm.

Results and Discussion

In Vitro Mouse Serum Stability Assays

In order to assess the metabolic stability of the peptides, in vitro mouse serum stability 

assays were performed (Figure 1, Table 1). As reported previously, α-MSH was rapidly 

degraded with less than 1% intact peptide remaining following a 6 h incubation 

(Supplemental Table 1).62–64 It had a half-life of 0.9 h which is comparable with previous 

literature reports in rat serum.62 Compound CJL-1-14, Ac-His-DPhe-Arg-Trp-NH2, was the 

most stable peptide in mouse serum and had a half-life of 16.8 h. After incubation in mouse 

serum for 72 hours 12% of the Ac-His-DPhe-Arg-Trp-NH2 peptide remained intact. The 

next most stable peptides were the linker control peptides CJL-5-35-4 and CJL-1-116 that 

have a PEDG20 linker added to the N-terminus or C-terminus to Ac-His-DPhe-Arg-Trp-

NH2. They possessed half-lives of 12.5 h and 10.6 h, respectively. This supports the 

hypothesis that the PEDG20 linker is not rapidly degraded in mouse serum. The PEDG20 

based bivalent ligand CJL-1-87 had similar stability to NDP-MSH, the enzymatically stable 

analog of α-MSH.63, 64 Compound CJL-1-87 and NDP-MSH had half-lives of 6.0 and 5.1 h, 

respectively. Considering NDP-MSH is currently approved for clinical use in the European 

Union,65 the similar half-lives of CJL-1-87 and NDP-MSH suggest that CJL-1-87 would 

have a reasonable metabolic stability for in vivo applications.
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The current results demonstrate that the bivalent ligand CJL-1-87 is metabolized faster by 

the serum proteases present in the mouse serum than its monovalent counterpart CJL-1-14. 

This implies that the bivalent ligand CJL-1-87 would be at a disadvantage to the monovalent 

ligand CJL-1-14 if in vivo metabolic stability is desired. In order to interpret the data 

completely, it must be noted that it would be necessary to metabolically inactivate both 

pharmacophores of CJL-1-87 before it was rendered completely pharmacologically inactive. 

For example, if the N-terminal His-DPhe-Arg-Trp was cleaved by serum proteases, the C-

terminal His-DPhe-Arg-Trp would retain activity at the melanocortin receptors similar to 

that of CJL-1-116 (cAMP signaling EC50 = 31 nM and 19 nM at the mMC3R and mMC4R, 

respectively) until the C-terminal His-DPhe-Arg-Trp was metabolized.21 In the current 

study, only the loss of fully intact peptide was monitored to give an indication of metabolic 

stability. Further studies into the rate of functional inactivation of the peptides will be 

necessary to determine how fast pharmacological activity is lost, but is outside the scope of 

the current study.

The previously reported bivalent ligands that were synthesized using a (Pro-Gly)6 linker 

were included in the current study for comparison of the linker design for future in vivo 
applications.21 The linker control ligands with the tetrapeptide and the (Pro-Gly)6, 

CJL-5-35-1 and CJL-1-41, and the bivalent ligand CJL-1-31 were rapidly degraded (Figure 

1, Table 1). There was ≤ 2% intact peptide of CJL-1-41, CJL-1-31 and CJL-5-35-1 

remaining after 0.5 h (Supplemental Table 1). It is unclear currently whether the loss of 

intact peptide results in loss of functional melanocortin activity or if the linker is merely 

being degraded rapidly while the active His-DPhe-Arg-Trp pharmacophore remains intact. 

Nevertheless, the current results validate the previous hypothesis that although a Pro-Gly 

based linker may be useful for determining in vitro pharmacology,21 its use is limited for in 
vivo applications to study bivalent design strategies unless rapid degradation is desired. It 

should also be noted that if a Pro-Gly linker system is used for in vitro applications in any 

bivalent design strategy for any receptor system, the supplementation of assay buffer with 

serums [i.e. fetal bovine serum (FBS), newborn calf serum (NCS)] may result in rapid 

degradation of the linker system.

Beyond the useful data obtained about the bivalent design strategy and metabolic stability, 

the current data demonstrates for the first time that the Ac-His-DPhe-Arg-Trp-NH2 is more 

stable in mouse serum than NDP-MSH (Figure 1, Table 1). This suggests that Ac-His-DPhe-

Arg-Trp-NH2 is less susceptible to common proteases found in mouse serum and supports 

further research into the tetrapeptide scaffold.

The Effect of ICV Administration of CJL-1-14 versus CJL-1-87 on Mouse Energy 
Homeostasis

A direct head to head in vivo crossover experimental paradigm (Figure 2A) was designed to 

compare 5 nmol monovalent CJL-1-14 to 5 nmol bivalent CJL-1-87 utilizing the TSE 

Phenotypic metabolic cages configured to measure food intake, water intake, changes in 

CO2 and O2, and beam break activity. In a nocturnal satiated paradigm in which compound 

was administered ICV two hours before lights out and food is available ad libitum, no 

significant differences were observed in food intake, water intake, energy expenditure, 
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respiratory exchange ratio (RER) values, or activity between CJL-1-14 and CJL-1-87. The 

observation of approximately equal food intake in this paradigm was consistent with the 

previous reports of food intake after CJL-1-14 and CJL-1-87 treatment in the literature, and 

no further experiments utilizing this experimental paradigm were performed.21, 57 However, 

significant differences between bivalent ligand CJL-1-87 and monovalent ligand CJL-1-14 

were observed on food intake and RER values when utilizing a fasting-refeeding paradigm 

(Figure 2B, Figure 3).

In the fasting-refeeding paradigm, food was removed from mice immediately before the 

lights out cycle on the previous day. Treatment occurred two hours prior to lights out and 

food was reintroduced (Figure 2B). Due to the fast, a hyperphagic response occurs during 

refeeding and this robust response can aid in the detection of effects. However, fasting can 

also mask subtle effects due to the strong desire to eat.66 During fasting many hormone 

levels change to promote feeding. Of important relevance to the melanocortin system, the 

endogenous MC3R/MC4R antagonist agouti-related peptide (AGRP) is upregulated in the 

hypothalamic regions that are also innervated by proopiomelanocortin (POMC) 

neurons.67–70 AGRP blocks the agonism of endogenous melanocortin agonist peptides (e.g. 
α-MSH, β-MSH, γ-MSH, ACTH) and is also known to function as an inverse agonist to 

increase feeding and lower energy expenditure.57, 68, 71 In addition, fasting upregulates 

several other hormones including ghrelin, corticosterone, and neuropeptide Y (NPY) while 

several hormones are also downregulated including insulin, leptin, and resistin (for a review 

see Jensen, 2013.72) These changes in hormonal expression levels are hypothesized to drive 

the hyperphagic response. Although the maximal signal and, therefore, signal to noise is 

increased in a fasting-refeeding paradigm compared to a nocturnal feeding paradigm due to 

the increased baseline or control food intake, achieving a measurable decrease in food intake 

can sometimes be challenging. This is because the experimental compounds need to 

overcome these robust hormone changes to have observable activity.

In the current fasting-refeeding experiments, food intake after 5 nmol CJL-1-87 compared to 

saline administration was significantly reduced between 2 to 16 hours after ICV 

administration as expected for a melanocortin receptor agonist (Figure 3B). Approximately 

50% less food was consumed compared to saline and 5 nmol CJL-1-14 at the 2-8 hour time 

points. Notably, there was no significant difference in food intake after fasting between 

CJL-1-14 and saline groups. Compared to CJL-1-14 food intake after CJL-1-87 treatment 

was significantly reduced at every time point from 2 to 24 hours after compound 

administration (Figure 3B). It is worth noting that the current experiments were performed in 

a crossover design paradigm, such that all 11 age matched male mice included in the study 

were administered saline, 5 nmol CJL-1-14 and 5 nmol CJL-1-87 on different days with a 

washout period of one week in between administrations and no mice were excluded (Figure 

2A).

The RER was determined by dividing the volume of CO2 produced by the volume of O2 

consumed by an animal.56, 73, 74 Because the oxidation of carbohydrates or fatty acids 

produces different amounts of CO2 for each O2 molecule utilized, the RER indicates 

whether mice are using carbohydrates or fats as the primary fuel source. RER values of 

about 1.0 indicate that carbohydrates are the primary fuel source being utilized, whereas 
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values of approximately 0.7 indicate that fats are primarily being utilized. 56, 73, 74 The RER 

in the current experiment was indirectly calculated by measuring the amount of CO2 and O2 

entering and exiting the sealed metabolic cages as previously described.56, 73, 74

During the fast, RER values for all groups dropped to slightly above 0.7 indicating that fats 

are primarily being used as a source of energy (Figure 3C). This is expected due to the lack 

of carbohydrates available from food during the fast that results in a reliance of fat storage 

for energy, an effect previously described.75, 76 At the 0 h time point, the compound or saline 

is administered and food is reintroduced to the cage. A rapid increase in the RER is observed 

in the saline treatment group until the fuel source is primarily carbohydrates during the 

initial dark cycle as anticipated. Treatment with both CJL-1-87 and CJL-1-14 resulted in a 

more gradual increase in RER (Figure 3C). Significant reduction of RER values were 

observed 2–9 and 11 hours after CJL-1-87 treatment compared to after saline treatment 

during the first dark cycle. Significant reduction in RER values were observed 5–9 and 11–

15 hours after CJL-1-87 treatment compared to CJL-1-14 treatment. The compound specific 

reduction in RER suggests that the mice are using more fats after CJL-1-87 administration 

compared to either saline or CJL-1-14. No significant differences in energy expenditure 

(kcal/kg/h) was observed between any treatment groups (Figure 3D). The energy 

expenditure taken together with the RER data indicates that the mice are burning 

approximately the same amount of calories upon different treatments, however the CJL-1-87 

treated mice appear to be utilizing more fats for their energy in lieu of carbohydrates (Figure 

3C–D).

During the following light cycle (t = 14–26 h), the RER decreased for all groups most likely 

due to decreased feeding and decreased activity that is expected with nocturnal feeders like 

mice. The RER increases again preceding and during the second dark cycle (t = 26–38 h). 

Although no clear trend was observed in food intake beyond 24 hours, the RER was still 

significantly lower after CJL-1-87 treatment compared to saline or CJL-1-14 at time points 

27–34 h (Figure 3C). This second time period of significantly decreased RER in the absence 

of decreased food intake suggests that compound CJL-1-87 has long-lasting effects on 

energy homeostasis that do not appear to directly correlate to food intake. This is not 

observed with the monovalent ligand CJL-1-14.

The length of time that CJL-1-87 affected energy homeostasis was unexpected since 

previous nocturnal paradigm studies showed no significant effects on food intake past 8 

hours with this compound,21 and less than 3% of the CJL-1-87 remained intact after 24 

hours in the in vitro serum stability assays (Figure 1). However, the serum stability studies 

give only an indication of the metabolic stability of CJL-1-87 in the brain as the proteases 

present in the cerebrospinal fluid (CSF) may be different than those in the serum. Another 

factor in the interpretation of the long lasting effects on RER of CJL-1-87 is the rate of 

clearance from the ventricular system of the brain into the peripheral. Although the rate of 

clearance is currently unknown for CJL-1-87 and CJL-1-14, it has previously been reported 

that CSF empting time and compound clearance from the CSF is rapid after ICV 

administration. 77–79 These data suggest the long-lasting response was the result of a 

pharmacological effect due to receptor binding, and not due to the drug being present in the 

cerebrospinal fluid (CSF) for an extended period of time. It could be that once CJL-1-87 is 
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bound to a receptor, it avoids degradation and clearance from the brain while promoting long 

lasting effects, or that the binding of CJL-1-87 to melanocortin receptors may cause unique 

downstream signaling cascades not observed with its monovalent counterpart. Either way, 

the increased duration of action on RER with increased utilization of fat stores for energy is 

a distinct characteristic of the bivalent ligand that is not observed with the monovalent 

ligand. Further studies into the CSF clearance rate of CJL-1-87 and CJL-1-14 as well as 

studies thoroughly characterizing the absorption, distribution, metabolism, and excretion of 

these ligands will be necessary to draw clear conclusions about the long-lasting (>24 h) 

effects.

Whenever an experiment’s measurements are based on loss of function, it can raise 

questions about assay artifacts. In this particular assay paradigm, it may be questioned 

whether the reduction in food intake and RER are a consequence of an adverse reaction or 

toxicity to CJL-1-87. In order to address this concern, mice were monitored visually for at 

least 2 hours post treatment and no adverse reactions in any of the three treatment groups 

were observed. Additionally, no significant effect was observed between saline, CJL-1-87 or 

CJL-1-14 on locomotor activity (beam breaks), water intake (mL), or energy expenditure 

(kcal/h/kg) (Figure 3D–F). If sick-like behavior or toxicity were suspect for the observed 

decrease in food intake and RER, it would be expected that these other parameters would be 

lowered as well. In particular, locomotor activity, as quantified by infrared beam breaks 

along the side of the cages (X-axis), would be negatively affected because a sick mouse 

wound typically be hunched and inactive in the corner of the cage (Figure 3E). The lack of 

effect observed on activity between all treatment groups supports that visceral illness or 

other adverse reactions were not likely to be contributing factors to the significant effects 

observed.

The Effect of ICV Administration of CJL-1-14 and CJL-1-87 on Body Composition

To study the effect of CJL-1-87 and CJL-1-14 on body composition and metabolically active 

hormone levels in the blood plasma of mice, a new cohort of 32 male age matched mice 

(saline, n=10; CJL-1-14, n=11; CJL-1-87, n=11) underwent cannulation surgery and 

placement validation as previously discussed. The animals were administered a single 

treatment of saline vehicle control, 5 nmol CJL-1-14, or 5 nmol CJL-1-87 and sacrificed 6 h 

post-treatment in the fasting-refeeding paradigm described above but in conventional cages 

(Figure 2B). Once again, CJL-1-87 treatment decreased food intake as compared to 

CJL-1-14 and saline (Figure 3B, Figure 4A). As expected the decreased food intake was 

accompanied by a significant reduction in the amount of weight gained after the food was 

reintroduced with CJL-1-87 treatment compared to CJL-1-14 for the first 6 h post-treatment 

(Figure 4B). Mice treated with CJL-1-87 gained back 55% less weight than saline and 

CJL-1-14 treated mice 6 h post fast. The CJL-1-87 treated mice also gained significantly less 

weight than saline treated mice 4 and 6 h post-fast (Figure 4B).

The amount of lean mass and fat mass was measured pre-fast, immediately before 

compound administration, and 6 h post-administration just before sacrificing the animals 

using an EchoMRI-100H system. There were no significant differences between the saline, 

CJL-1-14, and CJL-1-87 treatment in their effect on body percentage of lean mass before the 
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fast, at compound administration, or 6 h after compound administration (Figure 4C). There 

were no significant differences in body fat mass percentage before the fast, or immediately 

before treatment between saline, CJL-1-14, and CJL-1-87 as expected. The body fat 

percentage was significantly lower in mice that received CJL-1-87 treatment compared to 

saline treatment 6 h post-administration (Figure 4D). Mice treated with CJL-1-87 gained 

back 45% less fat mass 6 h after the fast compared to saline treated mice. Mice treated with 

CJL-1-14 gained back 15% less fat mass compared to saline treated mice, however there 

were no significant differences in body fat percentage between CJL-1-14 compared to saline 

or CJL-1-87. The decreased body fat percentage after CJL-1-87 treatment is consistent with 

the lowered RER values in the metabolic cage studies supporting the hypothesis that fat, and 

not carbohydrates, is the primary fuel source after CJL-1-87 treatment (Figure 3C).

The Effect of ICV Administration of CJL-1-14 and CJL-1-87 on Hormone Levels

The same 32 mice from the body composition studies were sacrificed and trunk blood was 

collected 6 h post ICV treatment with saline, 5 nmol CJL-1-14, or 5 nmol CJL-1-87. The 

plasma was analyzed using a multiplex Luminex Milliplex system to assess six hormones 

and one cytokine: insulin, C-peptide, leptin, ghrelin, glucose-dependent insulinotropic 

polypeptide (GIP), resistin, and interleukin 6 (IL-6) (Figure 4 E–K). Mice treated with 

CJL-1-87 had significantly lower levels of insulin, C-peptide, leptin, GIP and resistin 

compared to mice receiving either saline or CJL-1-14 (Figure 4E–H and K). Also CJL-1-87 

treated mice had significantly lower levels of IL-6 compared to saline, but there was no 

significant difference between CJL-1-14 and CJL-1-87 treatment (Figure 4J). Mice receiving 

CJL-1-87 had significantly increased ghrelin levels compared to mice receiving saline or 

CJL-1-14 (Figure 4I). Mice receiving CJL-1-14 had significantly reduced C-peptide, leptin, 

GIP, and IL-6 compared to mice receiving saline (Figure 4F–H and J).

The differences in metabolic hormone levels observed between all three treatment groups 

demonstrate unique effects of the melanocortin bivalent agonist ligand design. The unique 

effects were evident in the significant differences in the levels of insulin, C-peptide, leptin, 

GIP, ghrelin, and resistin between CJL-1-14 treatment and CJL-1-87 treatment (Figure 4E–I 

and K). It should be noted that although the same molar amount of peptide (5 nmols) was 

administered, the bivalent ligand CJL-1-87 contains twice as many pharmacophores. It 

could, therefore, be hypothesized that differences between CJL-1-14 and CJL-1-87 on C-

peptide, leptin, and GIP were due to a “dose-dependent” effect of the pharmacophores. 

(Figure 4F, H, and I). However, this is an intricate argument, since a similar “dose-

dependent” effect was not observed with insulin, ghrelin, IL-6, or resistin. Doubling of the 

pharmacophores could be a contributing factor, but the complexity of the in vivo 
pharmacology suggests that the effects are due to characteristics of CJL-1-87 that are 

distinct from CJL-1-14. The unique characteristics may originate from the bivalent design 

strategy, differences in receptor selective (e.g.MC3R vs MC4R), different receptors being 

responsible for the different responses (e.g. hormone release vs food intake), or the different 

distribution of CJL-1-87 and CJL-1-14 after ICV delivery. Further experimentation will be 

necessary to determine the exact neuronal mechanism of action of the observed in vivo 
response differences. However, it is clear that in the current fasting-refeeding in vivo 
experimental paradigm that CJL-1-87 behaviors differently than its monovalent counterpart. 
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Possible in vitro molecular mechanisms focused on how the bivalent ligand CJL-1-87 may 

be interacting with melanocortin dimers will be discussed below.

The effects of the melanocortin ligands on the hormone plasma levels are consistent with 

previous literature reports (Table 2). 80–92 For example, it has previously been reported that 

melanocortin agonists decreased insulin serum and plasma levels, regardless of food 

intake.80–82 This is consistent with the decreased insulin levels observed herein with 

CJL-1-87 treatment, albeit no effect was observed with CJL-1-14 treatment (Figure 4E). As 

would be anticipated, C-peptide was also decreased by melanocortin agonism (Figure 4F), 

because insulin and C-peptide are produced in equimolar amounts from the cleavage of 

proinsulin.83, 84 Similarly, decreased leptin levels in the serum or plasma have been reported 

following administration of melanocortin agonists as observed herein (Figure 4G).81, 82 

There is also evidence that melanocortin agonist administration decreases GIP, similar to the 

current results (Figure 4H).85 At least two studies have reported that the melanocortin 

agonist MTII has no effect on resistin serum levels although one study found that resistin 

mRNA expression was upregulated after MTII treatment. 86, 87 Also, the MC3R and MC4R 

antagonist SHU9119 was reported to increase resistin serum levels making interpretation of 

the data inconclusive.86, 87 The significant decrease in resistin levels after CJL-1-87 

treatment appears to be a unique effect of the bivalent ligand compared to the monovalent 

ligand CJL-1-14 and the previous studies (Figure 4K).86, 87 Previous reports of melanocortin 

agonists decreasing IL-6 gene expression and secretion after administration in mice which is 

also consistent with the current results (Figure 4J).88–90 However, this effect is confounded 

by conflicting data indicating that α-MSH increases IL-6 expression.91 Although ghrelin is 

usually thought of as an upstream regulator of the melanocortin pathway, there is some 

evidence that α-MSH can directly affect the release of ghrelin (Figure 4I).92 It is therefore 

unclear if the current increase in ghrelin after CJL-1-87 treatment is a direct 

pharmacological effect or an effect of the decreased food intake.

Although the above literature provides evidence that some of the changes in hormone levels 

may be from activation of melanocortin receptors, it is possible that some of the changes in 

hormones are due to lowered refeeding of CJL-1-87 treated mice. During the fasting state 

prior to compound administration, the lack of food intake is likely to cause a decrease in the 

serum concentration of insulin, C-peptide, leptin, resistin, and GIP. 72, 85, 93–95 Inversely, 

ghrelin is normally elevated during fasting and decreased after food intake (Table 2).72, 96 

IL-6 is also thought to be increased during fasting.97 While it is possible that direct 

pharmacological agonism causes the changes in the plasma hormone levels after compound 

administration, the decrease in food intake resulting from CJL-1-87 administration may slow 

the rate of change in hormones levels from the fasting state. However, such slowing cannot 

explain the significantly reduced plasma levels of C-peptide, leptin, GIP and IL-6 observed 

with CJL-1-14 treated mice compared to saline treated mice that had the same food intake. 

This indicates that these hormone changes are a direct effect of agonizing the melanocortin 

receptors with CJL-1-14. The effects of CJL-1-87 on hormone levels may be attributed to 

pharmacological agonism of the melanocortin receptors, decreased food intake, or some 

combination of both. Regardless, it appears that CJL-1-87 has physiological effects that 
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significantly reduce food intake after fasting in spite of the increased levels of the orexigenic 

peptide ghrelin and the decreased levels of the anorexigenic peptides leptin and insulin.

125I-AGRP Competitive Binding Studies

Although the bivalent ligand CJL-1-87 is advantageous in reducing food intake, body 

weight, and fat mass gained when utilizing a fasting-refeeding paradigm compared to 

CJL-1-14, the exact molecular mechanism is unclear. Two major hypotheses can be 

envisioned based on the bivalent design concept: 1) The c.a 20-fold increased binding 

affinity of CJL-1-87 compared CJL-1-14 helps it compete more effectively with endogenous 

AGRP that is upregulated in the fasting state. 2) The bivalent ligands are interacting with 

melanocortin homodimers or heterodimers in a unique fashion that is different than the 

monovalent counterpart. In order to investigate how effectively CJL-1-87 can displace 

AGRP, competitive radioligand binding assays using 125I-AGRP87–132 were performed 

(Table 3). Previously reported results of CJL-1-14 and CJL-1-87 competition against 125I-

NDP-MSH and results from antagonist monovalent tetrapeptide Ac-His-DNal(2′)-Arg-Trp-

NH2 and antagonist homobivalent ligand CJL-1-140, Ac-His-DNal(2′)-Arg-Trp-(PEDG20)-

His-DNal(2′)-Arg-Trp-NH2, are provided for comparison (Table 3).21

At the mMC4R, the IC50 values obtained by competing experimental ligands against 125I-

AGRP(87-132) are within experimental error (less than 3-fold change) of those obtained by 

competing against 125I-NDP-MSH.21 Bivalent ligand CJL-1-87 had a 17-fold higher binding 

affinity when competing against 125I-AGRP(87-132) compared to its monovalent 

counterpart CJL-1-14 at the mMC4R. At the mMC3R, the experimental agonist ligands 

tended to be better at displacing 125I-AGRP(87-132) compared to 125I-NDP-MSH. In fact, 

compound CJL-1-14 and CJL-1-87 had approximately a 10-fold shift in the IC50 values 

obtained when displacing 125I-AGRP(87-132) compared to 125I-NDP-MSH at the mMC3R. 

Unlabeled NDP-MSH and antagonist ligand Ac-His-DNal(2′)-Arg-Trp-NH2 had less than 3-

fold changes in IC50 values to compete 125I-NDP-MSH and 125I-AGRP(87-132). 

Homobivalent antagonist CJL-1-140 had nearly a 3-fold shift in its IC50 value when 

competing against 125I-AGRP(87-132) compared to the value obtained when competing 

against 125I-NDP-MSH. The homobivalent agonist ligand CJL-1-87 had an 18-fold higher 

binding affinity compared to its monovalent counterpart CJL-1-14 when both are competing 

against 125I-AGRP(87-132) at the mMC3R (Table 3). This increase in binding affinity of the 

agonist ligands when competing against 125I-AGRP(87-132) compared to 125I-NDP-MSH at 

the mMC3R and not the mMC4R may implicate that the mMC3R has increased regulation 

in reducing refeeding from the fasting state. This observation is consistent with a previous 

report that MC3R knockout mice have lowered food intake after fasting compared to wild 

type mice.69

During fasting, the expression of endogenous MC3R and MC4R antagonist/inverse agonist 

AGRP is upregulated and promotes a state of hunger that drives refeeding. 67–70 This may 

allow melanocortin agonists to have two functional effects by both activating the 

melanocortin receptors, and functionally antagonizing AGRP’s orexigenic effects by 

blocking the endogenous AGRP from binding the melanocortin receptors. This dual action 

may be able to explain a mechanism of how bivalent ligand CJL-1-87 has more significant 
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effects in the fasting-refeeding paradigm than the monovalent ligand CJL-1-14, but not in 

the nocturnal paradigm. Although CJL-1-87 was previously reported to possess only about 

3- to 5-fold increased agonist potency to stimulate cAMP signaling compared to CJL-1-14,21 

the increased in vitro binding affinity of 17- to 18-fold may increase CJL-1-87’s ability to 

compete effectively with AGRP in vivo. In the nocturnal paradigm in which there would be 

lower amounts of AGRP present, the increase in binding affinity would be less of a driving 

force in decreasing feeding and, therefore, CJL-1-14 and CJL-1-87 would have more similar 

in vivo effects based on the closer functional cAMP potencies.21, 57 However, in the fasting 

state there would be a higher concentration of AGRP and the ability of CJL-1-87 to compete 

with and antagonize AGRP’s orexigenic effects would become increasingly important. 

Monovalent ligand CJL-1-14 may not have a strong enough binding affinity to effectively 

compete with AGRP and antagonize its orexgenic effects, whereas CJL-1-87 with a 17- to 

21-fold increased binding affinity at both the mMC3R and mMC4R would block the 

orexigenic effects of AGRP in vivo resulting in significantly decreased refeeding.

It should be noted that although the hypothesized binding affinity mechanism may explain 

the current observation of bivalent ligand CJL-1-87’s advantages in the fasting paradigm 

over the monovalent ligand CJL-1-14, this proposed mechanism does not exclude the 

possibility that melanocortin receptor dimerization is also responsible. In fact, the increased 

binding affinity of CJL-1-87 is hypothesized to be a result of synergistic bivalent binding at 

melanocortin dimers.21 It is possible that the dimerization of melanocortin receptors may 

play a functional role beyond synergistic bivalent binding in the pharmacology of CJL-1-87 

which will be discussed further below. Regardless of the exact mechanism, it does appear 

that the bivalent design strategy is responsible either by synergistic binding, or by targeting 

melanocortin dimers for the ability of the bivalent ligand, and not the monovalent ligand, to 

decrease feeding in the fasting-refeeding paradigm.

Bioluminescence Resonance Energy Transfer (BRET) Supports mMC3R-mMC4R 
Heterodimerization

The second hypothesis for the significant differences between CJL-1-14 and CJL-1-87 in the 

fasting-refeeding paradigm could be the interaction of the compounds with melanocortin 

receptor dimers. Portoghese and coworkers have demonstrated that bivalent ligands can be 

designed to selectively target opioid heterodimers.1–7 It has previously been supported that 

the melanocortin receptors can form homodimers, heterodimers, or higher-order oligomers 

utilizing various techniques to demonstrate proximity and association.98–108 Furthermore, it 

has recently been demonstrated that coexpression of the MC1R and MC5R can create 

ligand-dependent signal modulation providing evidence that melanocortin 

heterodimerization can have functional consequences.108 Considering that the bivalent 

ligands were designed to interact with melanocortin receptor dimers, it is possible that the 

unique in vivo effects of CJL-1-87 versus CJL-1-14 could be from bivalent binding 

specifically to homodimers or heterodimers. In order to explore whether these effects could 

be mediated through a MC3R-MC4R heterodimer, bioluminescence resonance energy 

transfer (BRET) studies were undertaken to show association of the two receptors. 

Additionally, cAMP-based AlphaScreen experiments were performed on cells coexpressing 
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both the mMC3R and mMC4R to begin elucidating the possible functional significance of a 

mMC3R-mMC4R heterodimer.

BRET is a biophysical technique that can be used to demonstrate the association of two 

proteins. It has previously been utilized to show that the mMC3R and mMC4R are in close 

proximity suggesting that they form homodimers or higher-order oligomers.98–100 It has also 

been shown that the hMC1R closely associates with the hMC3R by BRET suggesting 

heterodimerization.98 To our knowledge, the MC3R and MC4R have never been studied by 

BRET for heterodimerization. In rats, mRNA of both the MC3R and MC4R have been 

detected in select regions of the brain such as the anteroventral periventricular (AVPV), 

ventral premammillary (PMV), and posterior hypothalamic nuclei suggesting possible in 
vivo coexpression.109–111 Also in vitro coexpression of the MC3R and MC4R in neuronal 

cells colocalize on the cell membrane suggesting heterodimerization is possible.110 This 

hypothesized heterodimer may explain some of the ambiguous pharmacology of the 

melanocortin system such as the mechanism of the synergistic effects observed in the 

MC3R-MC4R double knockout mice.112, 113 Furthermore, due to the differential expression 

profile of the mMC3R and mMC4R, ligands that would target a mMC3R-mMC4R 

heterodimer could be developed to be tissue selective acting only in the distinct regions 

within the brain that coexpress the receptors. Further studies will be needed to demonstrate 

whether individual neurons do in fact coexpress the MC3R and MC4R.

BRET studies were performed on HEK293 cells expressing only the mMC3R, only the 

mMC4R, or coexpressing the mMC3R and mMC4R (Figure 5). The Promega NanoBRET™ 

Protein:Protein interaction system was utilized with limited modifications to develop 

mMC3R and mMC4R fused to both the NanoLuc® fusion protein and the HaloTag® fusion 

protein. HEK293 cells expressing the mMC3R-NanoLuc® and the mMC3R-HaloTag® 

resulted in a BRET ratio of 90 ± 5 mBU, supporting mMC3R homodimerization. This data 

is similar to a previous result observed with a slightly different BRET system that showed a 

BRET ratio of 350 mBU with the hMC3R. The decrease in signal currently observed might 

be explained by differences in assay paradigms including using Cos-7 cells, the human 

receptors, or DeepBlueC substrate.98 HEK293 cells expressing the mMC4R-NanoLuc® and 

the mMC4R-HaloTag® resulted in a high BRET ratio of 100 ± 10 mBU. This is in good 

agreement with previous results reported by two independent laboratories using different 

BRET conditions (e.g. using Cos-7 cells versus HEK293 cells) that reported BRET ratios of 

75 mBU and 110 mBU with the hMC4R.99, 100

HEK293 cells that were transfected to coexpress mMC4R-NanoLuc® and the mMC3R-

HaloTag® gave a high BRET ratio of 150 ± 10 mBU (Figure 5). As a negative control, a 

plate of cells was transiently transfected with the mMC4R-NanoLuc® and a separate plate 

was transfected with mMC3R-HaloTag®. These cells were mixed in equal amounts and 

assayed together which resulted in minimal BRET signal (1.6 ± 0.5 mBU). This suggested 

that BRET signal was indeed from specific mMC3R-mMC4R interactions on the same cell 

membrane, and not from non-specific interactions of the receptors being assayed at the same 

time. As a further negative control, unrelated mouse double minute 2 (MDM2)-NanoLuc® 

and the mMC3R-HaloTag® were coexpressed as well as mMC4R-NanoLuc® and the p53-

HaloTag® that resulted in minimal signal (7.7 ± 4.0 mBU and 3.4 ± 0.3 mBU, respectively).

Lensing et al. Page 13

ACS Chem Neurosci. Author manuscript; available in PMC 2018 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The increased signal from mMC4R-NanoLuc® and mMC3R-HaloTag® coexpression 

compared to singly expressed mMC3R or mMC4R suggests that the mMC3R and the 

mMC4R form heterodimers in addition to homodimers. The ratio of homodimers to 

heterodimers is yet to be determined. It also should be noted that the relative BRET signal 

could be affected by the expression levels of the transiently transfected receptors which was 

not quantified in this study. It is also possible that higher-order oligomers are responsible for 

the high BRET signal of both homodimers and heterodimers as it is possible that the 

receptors could form tetramers (or even higher-order oligomers) that are “heterodimers” of 

the homodimer species. This would cause strong BRET signal of both homo- and 

heterodimers as observed herein.

Coexpression of mMC3R and mMC4R effects on Functional Potency

Based upon the BRET data indicating mMC3R-mMC4R heterodimerization, cAMP 

AlphaScreen assays were performed on cells coexpressing both the mMC3R and mMC4R to 

elucidate functional significance. In these experiments, HEK293 cells stably expressing one 

receptor subtype were transiently transfected with the second receptor subtype to achieve 

dual expressing cells (Figure 6). To determine if the effects were due to the receptors being 

expressed on the same cell membrane (Figure 6 C, and D) versus the receptors being 

assayed together; an equal mixture of both individual stable cells lines was assayed as a 

control (Figure 6 E). Five cell categories (i.e. stable mMC3R cells, stable mMC4R cells, 

stable mMC3R cells transiently expressing the mMC4R, stable mMC4R cells transiently 

expressing the mMC3R, and an equal mixture of stable mMC3R cells and stable mMC4R 

cells) were screened in parallel at the same time to control for inherent day to day assay 

variability (Figure 6, Table 4). Only cells that coexpressed the mMC3R and mMC4R could 

possibly contain mMC3R-mMC4R heterodimers (Figure 6 C and D), whereas the mixture of 

mMC3R stable cells with mMC4R stable cells would contain no heterodimers even though 

both cell types are assayed together (Figure 6 E). At least three independent experiments 

were performed on separate days. The EC50 values for ligands NDP-MSH, α-MSH, MTII, 

CJL-1-87, and CJL-1-14 at the singly expressed mMC3R and mMC4R were consistent with 

the field.21, 114, 115

The EC50 values for the four monovalent ligands (i.e. NDP-MSH, α-MSH, MTII, and 

CJL-1-14) were within the inherent experimental error (<3-fold difference) when comparing 

the coexpressing cells (with possible heterodimers) to the mixed stable cell category (with 

no possible heterodimers) (Table 4). The values obtained for coexpressed cell lines 

corresponded well with the most potent EC50 at the individually expressed cells lines (i.e. 
stable mMC3R or stable mMC4R cells) as expected based on the principle of the harmonic 

mean.116 This indicates that there is no observable effect on the potency of these monovalent 

compounds (in our hands) of the mMC3R and mMC4R being coexpressed in the same cells 

compared to on different cells. Although it should be noted that the monovalent ligand 

CJL-1-14 was observed to trend towards increased potency (2.5 fold increase) when the 

mMC4R stable cells were transiently transfected with the mMC3R plasmid, but this is 

within the inherent 3-fold experimental error associated with these assays in our laboratory.
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Bivalent ligand CJL-1-87 possessed subnanomolar potency that was over 3-fold more potent 

compared to results achieved with the stable cell mixture when the mMC3R was transiently 

transfected into the stable mMC4R cell line (Table 4). These results may suggest that the 

bivalent ligand induced a synergistic effect during coexpression of the mMC3R and mMC4R 

presumably through a mMC3R-mMC4R heterodimer. However, the increase observed was 

slight (3-fold) especially considering the monovalent CJL-1-14 resulted in a trending 

increase as well (2.5-fold). Also the opposite transfection order in which stable mMC3R 

cells were transiently transfected with the mMC4R did not result in a difference (see 

Supplemental Materials for a further discussion). Therefore, these results are currently 

inconclusive, but warrant further studies to establish the functional effects of melanocortin 

coexpression, and whether the mMC3R-mMC4R heterodimer may be a future neuronal 

molecular drug target.

Conclusions

The current work demonstrates that the homobivalent ligand CJL-1-87 has a distinct 

pharmacological in vivo profile compared to the monovalent control ligand CJL-1-14. The 

findings reported herein, provide new knowledge and molecular probes for future anti-

obesity drug design and in vivo mechanism of action studies. The bivalent ligand CJL-1-87 

had increased ability to reduce food intake, promote fat utilization, modulate metabolic 

hormones, and decrease percent body fat when utilized in a mouse fasting-refeeding 

experimental paradigm as compared to the monovalent control ligand CJL-1-14. This 

extends previous reports that CJL-1-87 has c.a. 20-fold increased binding affinity and 

moderately increased functional activity in vitro.21 However, in this current report, in vivo 
paradigm specific effects of CJL-1-87 could not have been predicted by in vitro assays. 

Compound CJL-1-87 appears to be effective at reducing food intake in spite of peripheral 

hormone signals that stimulate hunger and refeeding including elevated ghrelin levels and 

depressed insulin and leptin levels.

It is postulated that the current in vivo differences reported herein, between CJL-1-87 and 

CJL-1-14, are due to the bivalent ligand design strategy. Two possible mechanisms to 

explain the distinct pharmacology of CJL-1-87 compared to CJL-1-14 based on the 

homobivalent ligand design have been presented. In the first proposed mechanism, the 

lowered entropy of the bivalent ligand binding allows CJL-1-87 to compete more effectively 

at displacing the endogenous AGRP MC3R/MC4R antagonist (that is upregulated in the 

fasting state) resulting in both agonism of the melanocortin receptors and antagonism of the 

orexigenic effects of AGRP. The monovalent ligand CJL-1-14 has a lower binding affinity is 

speculated to not compete as effectively with endogenous AGRP. In the second proposed 

mechanism, it is postulated that CJL-1-87 interacts with melanocortin receptor homo- and/or 

heterodimers in a distinct molecular mechanism as compared to the monovalent counterpart 

CJL-1-14. The unique pharmacology observed in vivo may be a result of interacting with 

MC3R homodimers, MC4R homodimers, or MC3R-MC4R heterodimers that were all 

identified to form during in vitro BRET studies. It is possible that both of these postulated 

mechanisms play a synergistic role in the present in vivo observations. However, additional 

experimental studies are necessary to validate the postulated physiological significance of 

melanocortin dimers in vivo.
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The result presented herein provides “proof-of-concept” and a foundation that homobivalent 

ligands can achieve unique in vivo effects that are discrete from than their monovalent 

counterparts. Thus, validating melanocortin homobivalent ligands as a design strategy for 

therapeutically relevant compounds towards the treatment of energy homeostasis disorders 

such as obesity or cachexia. The advantage of CJL-1-87 compared to CJL-1-14 is increased 

in vitro binding affinity, increased in vivo functional potency, increased the duration of 

action, decreased food intake after fasting, decreased body fat percentage, and differentially 

altered metabolic hormone levels.

Methods

Compound Preparation

All compounds were prepared as reported previously following standard solid phase peptide 

synthesis and Fmoc methodology.21 All compounds were purified to greater than 95% purity 

by RP-HPLC and the mass was confirmed using ESI-MS (University of Minnesota 

Department of Chemistry Mass Spectrometry Laboratory). The compounds used for animal 

studies were dissolved in sterile saline (0.9%; Hospira, Lake Forest, IL) to a stock solution 

of 10−2 M. The compounds used for in vitro serum stability studies, competitive binding 

studies, and functional cAMP AlphaScreen assays were first dissolved to a 10−2 M stock in 

DMSO. The stock solution was stored at −20 °C. The day of the assays the 10−2 M stock 

was diluted to the appropriate concentration in the proper assay buffer (e.g. saline for animal 

studies.)

Serum Stability Studies

The experimental ligands at an initial concentration of 10 µM in mouse serum (Cat # 

M5905; Sigma-Aldrich) were incubated at 37 °C on an orbital shaker. At the time points 0, 

0.5, 1.5, 3, 6, 8, 24, 48, and 72 h time points, a 50 µL aliquot was taken and the reaction was 

quenched with 150 µL of cold (4 °C) 66% aqueous acetonitrile. Samples were incubated in a 

bucket of wet ice for 10–15 min then centrifuged at 12900 rpm at 4 °C. The supernatant was 

collected into pre-labeled tubes and stored at −80 °C until liquid chromatography-positive 

electrospray ionization-tandem mass spectrometry (LC-ESI+-MS/MS) analysis was 

performed. Liquid chromatography was carried out with a reverse-phase linear gradient and 

a flow rate of 15 µL/min on a 0.5 × 150 mm Zorbax SB-C18 5 µm column (Agilent, Santa 

Clara, CA). The gradient was from 95% aqueous TFA (0.1%) and 5% acetonitrile to 35% 

aqueous TFA (0.1%) and 65% acetonitrile in 15 min. This was followed by a washout and 

re-equilibration period at initial conditions.

Mass spectrometry was performed on a Finnigan TSQ Quantum Discovery MAX triple 

quadrupole mass analyzer (Thermo Scientific, Waltham, MA). Selected reaction monitoring 

(SRM) mass transitions were optimized for each compound from the MS/MS product ion 

spectra of the initial control sample. Collision energy was 35 eV and scan width was 1.0 

amu. The following SRM transitions were monitored for each compound: NDP-MSH, m/z 
824.2 → 136.1; α-MSH, m/z 555.9 → 136.1 and 833.3 → 136.1; CJL 1-14, m/z 343.9 → 
110.1 and 686.7 → 180.1; CJL 1-87, m/z 544.9 → 110.2 and 816.3 → 110.0; CJL 5-35-4, 

m/z 503.1 → 110.1; CJL 1-116, m/z 482.1 → 156.1 and 321.9 → 156.1; CJL 1-31, m/z 
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746.8 → 179.9; CJL 5-35-1, m/z 806.4 → 172.0 and 806.4 → 152.0; and CJL 1-41, m/z 
785.6 → 445.1 and 524.2 → 195.1. All samples were run in two technical replicates. The 

signal intensity at time point 0 h was arbitrarily set as 100% and the % intact peptide at each 

time point was calculated relative to this signal. Data was graphed and half-lives were 

calculated using PRISM software (v 4.0; GraphPad Inc.).

Animals

All studies were performed in accordance with the Institutional Animal Care and Use 

Committee (IACUC) of the University of Minnesota. The mice used were all male wild type 

mice with a mixed genetic background from the C57BL/6J and 129/Sv inbred strains as 

previously used.21, 56, 57, 60 All mice were maintained on a 12 h light/dark cycle (Lights out 

was at 11:00 AM) in a temperature controlled room (23–25 °C) with free access to tap water. 

Excluding the fast prior to injection, mice had free access to a normal chow (Harlan Teklad 

2018 Diet: 18.6% crude protein, 6.2% crude fat, 3.5% crude fiber, with energy density of 3.1 

kcal/g). The hPYY validation experiments (see below) and the Luminex Multiplex hormone 

panel experiments took place in standard mouse polycarbonate conventional cages provided 

by University of Minnesota’s Research Animal Resources (RAR). All cages were changed 

weekly by lab research staff.

Cannulation Surgery and Placement Validation

Cannulation surgeries were performed to place a cannula into the lateral cerebral ventricle as 

previously reported.21, 56, 57 All mice were age matched to have surgeries at 8 weeks old. 

Briefly, mice were anesthetized with a mixture of xylazine (5 mg/kg) and ketamine (100 

mg/kg) administered intraperitoneal (IP). Mice were placed in a stereotaxic apparatus (David 

Kopf Instruments) that was used to guide the cannula placement. A 26-guage cannula (Cat # 

8IC315GS4SPC; PlasticsOne, Roanoke, VA) was placed into the lateral cerebral ventricle at 

the coordinates 1.0 mm lateral and 0.46 mm posterior to bregma and 2.3 mm ventral to the 

skull.117 Dental cement (C&B-Metabond Adhesive Cement Kit # S380) followed by Lang’s 

Jet™ Denture Repair Kit (Jet Denture Repair Powder, Ref #1220; Jet Liquid, Ref # 1403) 

was used to secure the cannula. Flunixin meglumine (FluMegluine, Clipper Distribution 

Company) and 0.5 mL of 0.9% saline (Hospira, Lake Forrest, IL) was administered 

subcutaneously after surgery to aid in recovery. Mice were given at least seven days to 

recover before cannula validation. Mice were housed individually after surgery and for the 

remainder of the experiments.

Cannula placement was validated by the increase in feeding after the administration of 2.5 

µg of human (h)PYY3–36 (Cat # H8585; Bachem) as described previously.21, 56, 57, 60 The 

mice each received a saline treatment and a hPYY treatment on different days separated by a 

washout period of at least 3 days in a cross-over design nocturnal feeding paradigm. In the 

nocturnal feeding paradigm, mice have free access to food and water throughout the 

experiment. Compound or saline is administered two hours prior to lights out (t = 0 h) and 

body weight and food intake are measured. A mouse with a validated properly placed 

cannula consumed at least 0.8 g more food after hPYY administration compared to saline 

administration at the 4 h time point. On average mice ate 0.4 ± 0.1 g at the 4 h time point 
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after saline administration compared to 1.6 ± 0.1 g after hPYY administration (Supplemental 

Figure 1).

In Vivo Energy Metabolism Studies

The first cohort of mice with validated cannula placement were transitioned into sealed 

metabolic home cages and allowed one week to acclimate to the cages. The TSE 

PhenoMaster metabolic cage system (TSE Systems, Berlin Germany) was configured to 

measure food intake, water intake, oxygen uptake, carbon dioxide production, and 

locomotor activity in 15 minute bins. After the acclimation period, a three group crossover 

design paradigm was utilized to assess the differences between CJL-1-14, CJL-1-87, and 

saline (Figure 2A). In the fasting-refeeding paradigm, food was removed from the mice at 

the start of the lights out on the previous day (t = −22 h) for a 22 hour fast. Two hours before 

lights out on the day of the assay (t = 0 h) mice received the indicated dose (5 nmol 

compound or saline vehicle control) and food was returned to the cage (Figure 2B). 

Compound was administered through an internal cannula (Cat# 8IC315IS4SPC; 

PlasticsOne, Roanoke, VA) in 3 µL of saline.

The cumulative food and water intakes were reported in two hour increments. The energy 

expenditure and RER were calculated from the oxygen uptake and carbon dioxide 

production. The oxygen uptake, carbon dioxide production, and locomotor activity were 

recorded in 15 minute bins. The RER of four 15 minute recordings were averaged for each 

reported hourly RER. Similarly, the 15 minute energy expenditure readings (kcal/h) were 

normalized to the animals’ pre-treatment weight (kcal/kg/h) and were then averaged into one 

hour bins. Activity measurements were the ambulatory activity (XA) defined as consecutive 

beam breaks of two different X-axis beams. Activity readings of the four 15 minute intervals 

were summed for each one hour bin. Figures were made using PRISM software (v 4.0; 

GraphPad Inc.). Statistical analysis was performed using SPSS V23 software (IBM) utilizing 

a multivariate general linear model followed by a Bonferroni post hoc test. Statistical 

significance was defined as p < 0.05.

Body Composition Studies

A second cohort of 32 male age matched littermate mice (saline, n=10; 5 nmol CJL-1-14, 

n=11; 5 nmol CJL-1-87, n=11) remained in standard mouse polycarbonate conventional 

cages. The second cohort was used for both body composition analysis and Luminex 

Milliplex assays in a block design. Food intake and body weight were manually measured 

using a standard top-loading laboratory balance at time points −22, 0, 2, 4, and 6 hours. The 

amount of lean body mass and fat mass were measured using an EchoMRI-100H™ (Echo 

Medical Systems LLC, Houston TX, USA) at time points −22, 0, and 6 hours. The lean 

body mass percentage and body fat mass percentage were calculated based on the amount of 

lean mass or fat mass measured divided by the manually recorded weight immediately prior 

to the MRI measurements. Results are presented as the Mean ± SEM.

Luminex Milliplex Hormone Panel Studies

Trunk blood of the second cohort was collected six hours after treatment using 1.5 mL 

EDTA-K2 coated tubes (Milian, USA) and placed on ice. To prevent hormone degradation, a 
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series of inhibitors were added to each EDTA-K2 coated tube. DPPIV (Cat. No. DPP4, 

EMD Millipore Corporation, Billerica, MA) was added at a concentration of 10 µL/mL of 

whole blood. Pefabloc/AEBSF (Product No. 11873601001, Roche, Indianapolis, IN) was 

added at 1 mg/mL of whole blood. Protease Inhibitor Cocktail (Part No. P8340, Sigma-

Aldrich, St. Louis, MO) was added at 10 µL/mL of whole blood. Aprotinin (Part No. A6279, 

Sigma-Aldrich, Indianapolis, IN) was added at 500 KIU/mL of whole blood. The total 

whole blood collected per tube was about 500 µL. Whole blood samples were spun at 10,000 

rpm for 10 minutes at 4 °C. Plasma was collected from the supernatant and aliquoted to 

avoid multiple freeze/thaw cycles. The samples were then frozen at −20 °C until they were 

needed. Plasma hormone levels were measured in duplicate from a 10 µL sample using the 

Mouse Metabolic Hormone Magnetic Bead Panel Milliplex Kit (Cat. No. MMHMAG-44K, 

EMD Millipore Corporation, Billerica, MA), which is commercially available. Hormone 

levels were read and acquired using Magpix instrument and Luminex xPonent 4.2 software 

(Cat. No. 40-072, EMD Millipore Corporation, Billerica, MA). Data was analyzed using 

GraphPad Prism.

Cell Culture

Female HEK293 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 1% penicillin/streptomycin and 10% newborn calf serum (NCS) at 37 °C 

in humidified atmosphere of 5% CO2 and 95% air. Stable cell lines were generated using 

wildtype mMC4R and mMC3R-Flag DNA in a pCDNA3 expression vector (20 µg) utilizing 

the calcium phosphate transfection method.118 The stable cell populations were selected for 

using G418 (0.7–1.0 mg/mL). The ligands were all assayed as TFA salts.

Competitive Radioligand Binding Affinity Studies

The human AGRP(87-132) or NDP-MSH peptides were radioiodinated using Na125I 

following the chloramine T procedure.119 Monoradioiodinated peptide was isolated from 

uniodinated or diradioiodinated peptide by HPLC using a C18 column. It was eluted 

isocratically in a mobile phase of 24% acetonitrile and 76% triethylamine phosphate (pH 

3.0).

Binding experiments were performed on HEK293 cells stably expressing the mMC3R and 

mMC4R. Cells were plated in 12-well tissue culture plates (Cat. # 353043, Corning Life 

Sciences) 1–2 days preceding the competition experiment. Cells were 90–100% confluency 

on the day of the assay. Media was gently aspirated and cells were treated with a freshly 

diluted aliquot of experimental non-labeled ligand at the appropriate concentrations (10−12 

to 10−4 M) in assay buffer (DMEM and 0.1% bovine serum albumin (BSA)) and a constant 

amount of 125I-NDP-MSH or 125I-AGRP (100,000 cpm/well). After a one hour incubation at 

37 °C, media was gently aspirated and cells were washed once with assay buffer. The assay 

buffer was gently removed and cells were lysed with NaOH (500 µL; 0.1 M) and Triton 

X-100 (500 µL; 1%) for a minimum of 10 minutes. The cell lysate was transferred to 12×75 

mm polystyrene tubes and radioactivity was quantified on a WIZARD2 Automatic Gamma 

Counter (PerkinElmer). All experiments were performed with duplicate data points and in at 

least two independent experiments. The non-specific values were defined as signal from 

10−6 M unlabeled NDP-MSH or AGRP(87-132), corresponding to the respective 125I-
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labeled peptide. Data was analyzed by a nonlinear regression method utilizing the PRISM 

program (v4.0; GraphPad Inc.) to generate and calculate concentration-effect curves and 

IC50 values. The standard error of the mean (SEM) was derived from the IC50 values from at 

least two independent experiments.

Bioluminescence Resonance Energy Transfer (BRET) Studies

In order to examine the association and proximity of the melanocortin receptors, the 

NanoBRET™ Protein:Protein Interaction System was utilized according to manufacturer’s 

instructions. Plasmids were constructed to incorporate the NanoLuc® fusion protein and the 

HaloTag® fusion protein onto the C-terminus of both the mMC3R and mMC4R of the 

plasmids described above. Competitive binding assays with 125I-NDP-MSH were utilized to 

support proper cell membrane expression and ligand binding (Supplemental Figure 2, 

Supplemental Table 2). On the first day, cells were plated in the morning into 6 well plates. 

In the afternoon of the same day, cells were transiently transfected with melanocortin 

receptor 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 was optimized in preliminary experiments and a 

ratio of 1 Receptor-NanoLuc® plasmid: 4 Receptor-HaloTag® plasmid was utilized for all 

current experiments. Cells were incubated with transfection reagent overnight at 37° C at 

5 % CO2. One day after the transfection, cells were re-plated into 96-well black clear bottom 

plate (Cat # 3603, Corning Life Sciences) at 30,000 cells in 100 µL of assay buffer (4% FBS 

in OptiMem). As a control, a mixture of mMC4R-NanoLuc® cells and mMC3R-HaloTag® 

cells was made by mixing 15,000 cells of each cell type together. In these experimental 

conditions, the mMC4R-NanoLuc® and mMC3R-HaloTag® should not associate since they 

are on separate cell membranes.

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

18–24 h at 37° C at 5 % CO2. 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 providing the background signal. This background signal was subtracted 

from the final experimental signal. Plates were then developed 48 to 60 hours after 

transfection. 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. All assays were performed in at least three independent experiments.

AlphaScreen cAMP Functional Bioassay Studies

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

utilized to study the cAMP signaling was performed as described by the manufacturer and 

described previously by our lab.21, 120 Briefly on the day of the assay, cells that were 70–

90% confluency were removed from 10 cm plates using Gibco® Versene solution. Cells 

were pelleted by centrifugation (Sorvall Super T21 high speed centrifuge, swinging bucket 

rotor) at 800 rpm for five minutes. The media was gently removed, cells were resuspended in 
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in Dulbecco’s phosphate buffered saline solution (DPBS 1X [−] without calcium and 

magnesium chloride, Gibco ® Cat # 14190-144), and an aliquot was removed for manual 

cell counting. Cells were re-pelleted by centrifugation and DPBS was removed. The cells 

were resuspended in stimulation buffer (Hank’s Balanced Salt Solution [HBSS 10X [−] 

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®). This 

resuspended cell/acceptor bead solution was added manually to a 384 well microplate 

(OptiPlate-384; PerkinElmer). The final concentration was 10,000 cells/well and 1.0 Unit of 

anti-cAMP beads/well. The equal mixture of stable mMC3R cells and stable mMC4R cells 

was 5,000 cells/well of each cell type for a total of 10,000 cells/well. Cells were stimulated 

for two hours in a dark laboratory drawer with ligand diluted in stimulation buffer from 

10−13 to 10−4 M.

During incubation, a three component biotinylated cAMP/streptavidin donor bead working 

solution was made with streptavidin donor beads (1 Unit/well, AlphaScreen®), biotinylated 

cAMP (1 Unit/well, AlphaScreen®), and 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 incubation, the biotinylated cAMP/streptavidin donor bead working solution was added 

and mixed into each well in the 384 well plate under green light. Cells were incubated for 

another two hours in the dark. The plate was read using a pre-normalized assay protocol set 

by the manufacturer on an EnSpire™ Alpha plate reader. All assays were performed in at 

least three independent experiments with duplicate data points. The potency EC50 values 

were calculated utilizing nonlinear regression methods using the PRISM software (v4.0; 

GraphPad Inc.).

Supplementary Material

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

GPCR G protein-coupled receptor

MC3R melanocortin 3 receptor

MC4R melanocortin 4 receptor

MSH melanocyte-stimulating hormone
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NDP-MSH [Nle4,DPhe7]-α-MSH

PEDG20 19-amino-5-oxo-3,10,13,−16 tetraoxa-6-azanonadecan-1-oic acid

cAMP cyclic adenosine monophosphate

ICV intracerebroventricular

RER respiratory exchange ratio

AGRP agouti-related peptide

POMC proopiomelanocortin

ACTH adrenocorticotropic hormone

MRI magnetic resonance imagining

GIP gastric inhibitory polypeptide or glucose-dependent insulinotropic peptide

IL-6 interleukin-6

MTII melanotan II

DNal(2′) D-(2-naphthyl)alanine

BRET bioluminescence resonance energy transfer

HEK293 human embryonic kidney 293

RP-HPLC reverse-phase high-pressure liquid chromatography

ESI-MS electro-spray ionization mass spectrometry

DMSO dimethyl sulfoxide

TFA trifluoroacetic acid

EDTA ethylenediaminetetraacetic acid

DPPIV dipeptidyl peptidase-4
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Figure 1. 
In vitro serum stability of bivalent ligands and control ligands. Ligands (10 µM) were 

incubated in mouse serum and monitored for degradation of the parent molecule by LC-

ESI+-MS/MS. The PEDG20 based compounds were relatively metabolically stable, whereas 

(Pro-Gly)6 based compounds were rapidly degraded.
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Figure 2. 
Experimental paradigms used to study energy homeostasis. A) Head to head crossover 

design of experimental groups. B) Fasting-refeeding experimental paradigm in which 

significant results were observed. Saline is the vehicle control and ligand treatment consisted 

of a 5 nmol dose.
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Figure 3. 
Investigation of 5 nmol bivalent ligand CJL-1-87 ( ) compared to 5 nmol monovalent 

ligand CJL-1-14 ( ) (A) and saline ( ) on energy homeostasis in TSE metabolic 

cages following a cross-over paradigm (Figure 2A). Male mice were fasted starting at the 

previous light cycle (t=−22 h) until 2 h prior to the light cycle (t=0 h). Treatment was given 

ICV at time 0 h and food was returned immediately thereafter (Figure 2B). Cumulative food 

intake (B) was significantly reduced by CJL-1-87 compared to saline and CJL-1-14. The 

RER (C) was significantly reduced after CJL-1-87 treatment compared to saline and 
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CJL-1-14. No significant effects were observed between saline, CJL-1-14, and CJL-1-87 on 

energy expenditure (D), ambulatory activity (E), or water intake (F). No significant effects 

were observed on any parameters past 24 h other than RER and, therefore, data is not shown. 

Grey boxes represent lights off. *p<0.05; **p<0.01, ***p<0.001 for CJL-1-87 compared to 

saline. +p<0.05; ++p<0.01, +++p<0.001 CJL-1-87 for compared to CJL-1-14.
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Figure 4. 
A new cohort of male mice received a single treatment of saline vehicle control ( , 

n=10), 5 nmol CJL-1-14 ( , n=11), or 5 nmol CJL-1-87 ( , n=11) in the fasting 

paradigm used above (Figure 2B). CJL-1-87 treatment resulted in lowered refeeding food 

intake (A) corresponding to slower regain of body weight (B) measured manually. 

Measurements using an ECHOMRI-100H system showed no change in lean body mass 

percentage (C), but a significant decrease in body fat mass percentage was observed 6 h after 

treatment with CJL-1-87. (D). Mice were sacrificed 6 h post treatment and their trunk blood 

was analyzed using an Luminex Milliplex systems to examine insulin (E), C-peptide (F), 

leptin (G), GIP (H), ghrelin (I), IL-6 (J), and resistin (K). Hormone and cytokine levels are 

reported as pg per mL of plasma. Time 0 h was defined as the time of treatment. *p<0.05; 

**p<0.01; ***p<0.001 for CJL-1-87 compared to saline. +p<0.05; ++ p<0.01; +++p<0.001 

for CJL-1-87 compared to CJL-1-14. % p<0.05; %% p<0.01; %%% p<0.001 for CJL-1-14 

compared to saline.
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Figure 5. 
Bioluminescence resonance energy transfer (BRET) of the mMC3R and mMC4R. As 

previously shown in similar systems, coexpression of the mMC3R-NanoLuc® and the 

mMC3R-HaloTag® result in high BRET signal supporting homodimerization. Similar 

results were achieved when the mMC4R-NanoLuc® and the mMC4R-HaloTag® were 

coexpressed. When the mMC4R-NanoLuc® and the mMC3R-HaloTag® are coexpressed an 

even higher BRET signal is observed suggesting heterodimerization. Cells expressing 

mMC4R-NanoLuc® were mixed with cells expressing the mMC3R-HaloTag® in equal 

amounts and produced minimal signal. As a negative control, unrelated mouse double 

minute 2 (MDM2)-NanoLuc® and the mMC3R-HaloTag® are coexpressed as well as 

mMC4R-NanoLuc® and the p53-HaloTag®. Both resulted in minimal signal. Receptors 

were expressed at a 1:4 donor NanoLuc® plasmid to acceptor HaloTag® plasmid. Data are 

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

experiments, except for the mMC4R-NanoLuc® and the mMC3R-HaloTag® coexpression 

which was performed in six independent experiments.
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Figure 6. 
Cell categories for cAMP AlphaScreen® functional assays during coexpression experiments 

(Table 4). (A) Cells stably expressing mMC3R. (B) Cells stably expressing the mMC4R. (C) 

Cells stably expressing the mMC3R that were then transiently transfected with mMC4R 

plasmid. (D) Cells stably expressing the mMC4R that were then transiently transfected with 

mMC3R plasmid. (E) Cells stably expressing the mMC3R were mixed 1:1 with cells stably 

expressing the mMC4R. This mixture cannot contain MC3R-MC4R heterodimers.
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Table 1

Sequence information of compounds used in the serum stability assays and their half-lives. Half-lives were 

calculated from two technical replicates of the in vitro serum stability assays (see Figure 1).

Analog Sequence Half-Life (h)

NDP-MSH Ac-Ser-Try-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 5.1

α-MSH Ac-Ser-Try-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 0.9

CJL-1-14 Ac-His-DPhe-Arg-Trp-NH2 16.8

CJL-1-87 Ac-His-DPhe-Arg-Trp-(PEDG20)-His-DPhe-Arg-Trp-NH2 6.0

CJL-5-35-4 Ac-His-DPhe-Arg-Trp-(PEDG20)-NH2 12.5

CJL-1-116 (PEDG20)-His-DPhe-Arg-Trp-NH2 10.6

CJL-1-31 Ac-His-DPhe-Arg-Trp-(Pro-Gly)6-His-DPhe-Arg-Trp-NH2 0.1

CJL-5-35-1 Ac-His-DPhe-Arg-Trp-(Pro-Gly)6-NH2 0.1

CJL-1-41 (Pro-Gly)6-His-DPhe-Arg-Trp-NH2 0.1
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