
A Fragment of the Escherichia coli ClpB Heat-Shock Protein is a 
Micromolar Melanocortin 1 Receptor Agonist

Mark D. Ericson, Sathya M. Schnell, Katie T. Freeman, and Carrie Haskell-Luevano
Department of Medicinal Chemistry, University of Minnesota, Minneapolis, MN 55455, USA

Abstract

The melanocortin system consists of five receptor subtypes (MC1-5R), endogenous agonists 

derived from the proopiomelanocortin gene transcript, and the antagonists agouti and agouti-

related protein. The Escherichia coli heat shock protein ClpB has previously been described as an 

antigen mimetic to the endogenous melanocortin agonist α-MSH. Herein, we investigated if a 

fragment of the ClpB protein could directly signal through the melanocortin receptors. We 

synthesized a complementary fragment of the ClpB protein that partially aligned with α-MSH. 

Pharmacological assessment of this fragment resulted in no antagonist activity at the MC3R or the 

MC4R and no agonist activity at the MC4R. Partial receptor activation was observed for the 

MC3R and MC5R at 100 μM concentrations. This fragment was shown to be a full micromolar 

MC1R agonist and may serve as a template for future research into selective MC1R ligands.
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The five melanocortin receptors (MC1-5R) are members of the super family of G protein-

coupled receptors (GPCR) that signal through the cAMP pathway1 and are postulated to be 

involved in numerous biological processes. The melanocortin 1 receptor (MC1R) is 

involved with pigmentation and is primarily expressed in the skin.2,3 The MC2R is 

expressed in the adrenal cortex and plays a role in steroidogenesis.3 While the MC3R and 

MC4R are expressed in several tissues, expression of both receptors in the central nervous 
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system has been linked to pathways regulating food intake and energy homeostasis.4–10 The 

MC5R has been reported to be expressed in many tissues, especially in the periphery,11–13 

and is proposed to be involved with exocrine gland function.13 Numerous agonists [α-, β-, γ-

melanocyte stimulating hormones (MSH), adrenocorticotropin hormone (ACTH)] for the 

melanocortin receptor subtypes (MCRs) are derived from the proopiomelanocortin (POMC) 

gene transcript.14 Additionally, this receptor system contains the only two presently known 

endogenous antagonists for GPCRs, agouti and agouti-related protein.15–17 A new class of 

endogenous MCR ligands, the β-defensins, has recently been reported,18 though the exact 

mechanism of this interaction remains unclear since β-defensins have been described as 

antagonists,19 weak partial agonists,20 and neutral antagonists21 at the MCRs. The discovery 

of additional endogenous ligands for the MCRs may allow the development of unique 

molecular probes and ligands based upon unexplored structural motifs. Due to the 

involvement of the MC3R and MC4R in food intake and energy homeostasis,6,9,22 novel 

templates may be developed into therapeutics to help modulate body weight without the 

reported negative side effects of previously described MC4R specific agonists derived from 

modifications to POMC-derived ligands.23

The endogenous melanocortin receptor agonist α-MSH has previously been demonstrated to 

modulate food intake. In rats, direct injection of α-MSH into the central nervous system via 

intracerebroventricular (i.c.v.) administration inhibited feeding.24 One hypothesis for the 

development of eating disorders including anorexia nervosa and bulimia nervosa involves 

dysregulation of melanocortin signaling through interactions of α-MSH with 

immunoglobulins or autoantibodies.25 In humans, serum from a majority of individuals 

afflicted with anorexia nervosa or bulimia nervosa contains antibodies that bind α-MSH.25 

The plasma level of these antibodies was shown to correlate with the Eating Disorder 

Inventory-2 assessment in patients with eating disorders.26 The mechanism of how the α-

MSH antibodies may result in eating disorders has not been elucidated. It has previously 

been suggested that these antibodies may: (1) bind and prevent α-MSH induced MCR 

signaling, (2) bind and still allow α-MSH signaling, protecting the peptide from 

endopeptidases and prolonging signaling, or (3) bind α-MSH and MCR, followed by 

activation of the complement immune system, ultimately resulting in neuronal destruction.27

Recently, it has been proposed that the Escherichia coli (E. coli) heat shock disaggregation 

chaperone protein ClpB is a conformational antigen mimetic of α-MSH and may be 

responsible for the production of the α-MSH antibodies.28 While this chaperone protein is 

comprised of 857 residues compared to 13 in α-MSH, a discontinuous five amino acid 

overlap is observed (Fig. 1). Interestingly this overlap contains half of the canonical 

melanocortin agonist sequence, His-Phe-Arg-Trp, that is present in all POMC-derived 

melanocortin agonists.29 The partial overlap with the melanocortin agonist pharmacophore 

suggests that the ClpB protein may directly interact with the melanocortin receptors. The 

full length protein could not be assayed due to ClpB intrinsic ATPase activity, which would 

interfere in the ATP-dependent cAMP signaling pathway.28,30

In the search of new templates to generate potent and selective melanocortin ligands, it was 

hypothesized that the ClpB protein may be a ligand for the melanocortin receptors, 

specifically at the MC3R and MC4R due to the involvement of these receptors in 
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modulating food intake and energy homeostasis. To test this hypothesis, a fourteen residue 

sequence of ClpB [ClpB(535-548)] was synthesized and pharmacologically characterized at 

the MC1R, MC3-5R. The MC2R is only stimulated by ACTH and was therefore excluded. 

The sequence of the ClpB fragment was selected based upon the overlap of ClpB with α-

MSH (Fig. 1); similarly, the C-terminus was amidated and the N-terminus was acetylated to 

correspond to the structural features of α-MSH.

The reported ClpB(535-548) fragment was synthesized manually using standard 

fluorenylmethoxycarbonyl (Fmoc) methodologies on a rink-amide polystyrene resin.31 

Following acetylation of the N-terminal amine, the peptide was cleaved and purified using 

semi-preparative RP-HPLC. The purity of the peptide (>95%) was assessed by analytical 

RP-HPLC in two distinct solvent systems and the correct peptide mass was confirmed 

through ESI mass spectrometry (University of Minnesota Mass Spectrometry Lab). 

Compounds were assayed for agonist activity using the AlphaScreen® cAMP assay (Perkin 

Elmer) on stably transfected HEK293 cells according to the manufacturer’s instructions and 

as previously reported;32 the endogenous α-MSH and more potent synthetic analog NDP-

MSH were used as positive control ligands. Since the AlphaScreen® cAMP assay is a 

competition assay with decreasing signal at higher concentrations, the concentration-activity 

curves were normalized for illustrative purposes similar to Elster et al.33 The ClpB(535-548) 

fragment was additionally assessed for antagonist activity at the MC3R and MC4R through 

a Schild analysis using NDP-MSH as the agonist.34

The purported role of ClpB in eating disorders, the partial sequence overlap of ClpB with α-

MSH, and the involvement of the MC3R and MC4R in food intake and energy homeostasis 

implied that ClpB may interact with the MC3R and MC4R. However, the synthesized 

fragment of ClpB resulted in no observable agonist activity at the MC4R and only 30% of 

the maximal agonist response was observed at the MC3R at up to 100 μM concentrations 

(Table 1, Figure 2). Furthermore, no antagonist activity was observed at either receptor (data 

not shown). The lack of pharmacological activity with this fragment suggest that the ClpB 

protein is not a ligand for these receptors.

At the MC5R, 50% of the maximal stimulatory activity was observed at 100 μM 

concentrations (Figure 2). A more robust response was observed at the MC1R, where the 

synthesized ClpB fragment possessed full, micromolar agonist activity (Figure 2). The 

MC1R is primarily expressed in epithelial cells and is involved with pigmentation. Previous 

truncation studies have indicated that the minimal melanocortin agonist sequence with 

activity using the frog Rana pipens29 and the lizard Anolis carolinensis35 skin assays to be 

Ac-His-Phe-Arg-Trp-NH2. The tripeptide Ac-Phe-Arg-Trp-NH2 was the minimal fragment 

to show activity at the cloned mouse MCRs, possessing micromolar agonist activity at the 

mMC1R, minimal activity at the mMC5R, and no activity at the mMC3R or mMC4R.36 

Inversion of the Phe to DPhe regained micromolar activity at the mMC4R and mMC5R and 

minimal activity at the mMC3R.36 This Ac-DPhe-Arg-Trp-NH2 tripeptide has also been 

shown to possess micromolar agonist activity using the Rana pipens skin assay.37 An 

alanine scan of α-MSH in murine B16 melanoma cells demonstrated that replacement of 

Phe, Arg, or Trp with Ala drastically decreased binding affinity of the resulting peptides,38 

highlighting the importance of this three residue motif. The synthesized fragment of the 
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ClpB heat shock protein only contained two of the residues previously demonstrated to be 

required for activation of the MC1R (Arg-Trp), perhaps indicating a truncated 

pharmacophore that could be utilized in the development of MC1R selective ligands. 

Additional structure activity relationship studies, alanine scans and truncation experiments 

may help clarify the key ClpB residues responsible for the observed activity at the MC1R.

In summary, it was hypothesized that the E. coli heat shock protein ClpB may be a ligand 

for the MCRs. The ClpB(535-548) fragment resulted in negligible agonist and antagonist 

activity at both the MC3R and MC4R, indicating that this protein may not be able to directly 

modulate the activity of these receptors. A greater response (50% maximal receptor 

activation) was observed at the MC5R, while the fragment was able to fully stimulate the 

MC1R as a micromolar agonist. The ClpB(535-548) fragment could therefore serve as a 

lead for developing MC1R selective agonists.
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Abbreviations

ACTH Adrenocorticotropin Hormone

Fmoc Nα 9-fluorenylmethoxycarbonyl

GPCR G Protein-Coupled Receptor

cAMP cyclic 5′-adenosine monophosphate

MC1R Melanocortin-1 Receptor

MC2R Melanocortin-2 Receptor

MC3R Melanocortin-3 Receptor

MC4R Melanocortin-4 Receptor

MC5R Melanocortin-5 Receptor

MCR Melanocortin Receptor

MSH Melanocyte Stimulating Hormone

POMC Proopiomelanocortin

α-MSH Alpha-Melanocyte Stimulating Hormone

β-MSH Beta-Melanocyte Stimulating Hormone

γ-MSH Gamma-Melanocyte Stimulating Hormone

μM Micromolar

NDP-MSH (4-Norleucine-7-
D-Phenylalanine)

Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-

Pro-Val-NH2
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Figure 1. 
Amino acid sequences of NDP-MSH, α-MSH, and ClpB(535-548). Conserved residues are 

highlighted in green.
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Figure 2. 
Illustrations of the in vitro agonist pharmacology of NDP-MSH, α-MSH, and 

ClpB(535-548) at the mouse MC1R, MC3R, MC4R, and MC5R.
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Table 1

Agonist Pharmacology of NDP-MSH, α-MSH, and ClpB(535-548) at the Mouse Melanocortin Receptors.a

Peptide

mMC1R mMC3R mMC4R mMC5R

EC50 (nM)

NDP-MSH 0.019±0.006 0.22±0.03 0.34±0.09 0.27±0.04

α-MSH 0.14±0.04 0.50±0.06 2.9±0.5 0.51±0.10

ClpB(535-548) 41,000±11,000 30% @ 100,000 >100,000 50% @ 100,000

a
The indicated errors represents the standard error of the mean determined from at least three independent experiments. >100,000 indicates that the 

compound was examined but lack agonist and antagonist activity at up to 100 μM concentrations. A percentage indicates the percent maximal 
stimulatory response observed at 100 μM concentrations but not enough stimulation was observed to determine an EC50 value.
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