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Abstract
The melanocortin system has been implicated in regulating various physiological pathways including skin and hair pigmentation, energy
homeostasis, food intake, steroidogenesis, and exocrine gland regulation. Five melanocortin receptors (MCRs) have been identified to
date that are activated by agonist peptide ligands derived from the proopiomelanocortin (POMC) prohormone. While the MC1R, MC3R,
MC4R, and MC5R can be activated by several of these ligands, the MC2R is unique in that it is only activated by the adrenocorticotropic
hormone (ACTH). The aim of the present study was to identify the minimal N-terminal fragment of ACTH that can fully stimulate the
MC2R. A series of 12 peptides, representing C- to N-terminal truncated analogs from the starting ACTH(1–24) ligand, were synthesized
and pharmacologically characterized in parallel at the five melanocortin receptors. While truncation had minimal effects (≤ 6-fold) at the
MC1R, MC3R, MC4R, and MC5R, the basic tetrapeptide Lys-Lys-Arg-Arg sequence corresponding to residues 15–18 of ACTH was
identified to be critical for agonist potency at the MC2R. Sequential removal of these residues decreased potency 8-, 114-, 1000-, and > 
6500-fold relative to the ACTH(1–24) ligand, with the minimal sequence stimulating the MC2R being ACTH(1–15) (EC50 = 1450 nM).
These results correlate to the cryo-EM structure reported in 2023 of ACTH-MC2R-MRAP1 which showed these basic ACTH residues make
several interactions with MRAP1.

INTRODUCTION
The melanocortin system consists of several endogenous agonists derived from the proopiomelanocortin (POMC) prohormone
(Nakanishi et al. 1979), the naturally occurring antagonists agouti and agouti-related protein (AGRP) (Lu et al. 1994; Ollmann et al. 1997;
Fong et al. 1997; Shutter et al. 1997), and five melanocortin receptors (MCR) identified to date (Chhajlani and Wikberg 1992; Mountjoy et
al. 1992; Chhajlani et al. 1993; Gantz et al. 1993a; Gantz et al. 1993b; Gantz et al. 1994; Griffon et al. 1994; Roselli-Rehfuss et al. 1993).
This receptor family and cognate ligands regulate numerous biological pathways, including those involved in skin and hair pigmentation
(MC1R) (Robbins et al. 1993), steroidogenesis (MC2R) (Clark et al. 1993), appetite and energy homeostasis (MC3R and MC4R) (Vaisse et
al. 1998; Yeo et al. 1998; Lam et al. 2021), and exocrine gland function in rodents (MC5R) (Chen et al. 1997). Due to the variety of
physiological processes that are controlled by the melanocortin receptors, the development of potent, selective ligands for receptor
subtypes may generate therapeutic leads that bypass off-target effects that result from nonselective activation of the melanocortin
receptors. Structure-activity relationship (SAR) studies using classic peptide medicinal chemistry techniques (alanine and D-amino acid
scans, cyclization, truncation studies, etc.) on the endogenous ligands may assist in the design of new, potent melanocortin compounds

The POMC prohormone is processed into several different ligands, including α-melanocyte stimulating hormone (α-MSH), β-MSH, γ-MSH,
and the adrenocorticotropic hormone (ACTH). The α-MSH peptide is derived from ACTH, composing the 13 N-terminal residues of ACTH
(with accompanying N-terminal acetylation and C-terminal amidation relative to ACTH; Table 1). Common to POMC-derived agonists is the
tetrapeptide sequence His-Phe-Arg-Trp. Truncation studies have demonstrated that this tetrapeptide, when acetylated at the N-terminal
and possessing a C-terminal amidate functionality, is the minimally active all-L amino acid sequence in the Anolis carolinensis lizard
(Castrucci et al. 1989) and Rana pipiens frog (Hruby et al. 1987) skin bioassays, and possesses micromolar agonist activity at the cloned
mMC1R, mMC3R and mMC4R and nanomolar potency at the mMC5R (Haskell-Luevano et al. 2001). Such studies are important to identify
the minimal pharmacophore required for receptor activation, which can then be utilized for further SAR experiments to optimize potency
and/or selectivity.
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Table 1
Agonist pharmacology of ACTH(1–24) and truncated peptides at the mMC1R, mMC3R, mMC4R, mMC5R, and hMC2R.a

ID Peptide Truncation Structure mMC1R mMC3R mMC4R mMC5R hMC2R Fold
Change

EC50 (nM)

  α-MSH   Ac-SYSMEHFRWGKPV-NH2 9.0 ± 
0.9

18.2 ± 
7.0

60 ± 33 16.6 ± 
3.7

NA  

1 AT727-1 ACTH(1–
24)

SYSMEHFRWGKPVGKKRRPVKVYP 19.6 ± 
7.5

18.6 ± 
6.5

29.1 ± 
10.6

10.2 ± 
3.0

1.45 ± 
1.02

1

2 AT727-2 ACTH(1–
23)

SYSMEHFRWGKPVGKKRRPVKVY 27.4 ± 
12.3

17.0 ± 
3.8

52.3 ± 
15.2

7.8 ± 
1.5

8.8 ± 
6.0

6

3 AT752-1 ACTH(1–
22)

SYSMEHFRWGKPVGKKRRPVKV 22.7 ± 
3.8

11.7 ± 
3.4

94.3 ± 
31.9

9.07 ± 
3.22

1.19 ± 
0.52

 

4 AT752-2 ACTH(1–
21)

SYSMEHFRWGKPVGKKRRPVK 38.5 ± 
17.9

19.2 ± 
8.3

158.9 ± 
42.3

26.3 ± 
8.7

0.91 ± 
0.38

 

5 AT760-1 ACTH(1–
20)

SYSMEHFRWGKPVGKKRRPV 64.3 ± 
34.7

66.1 ± 
33.6

187.9 ± 
45.1

41.9 ± 
17.3

0.28 ± 
0.07

-5

6 AT760-2 ACTH(1–
19)

SYSMEHFRWGKPVGKKRRP 21.8 ± 
8.1

70.0 ± 
38.0

142.5 ± 
53.3

22.0 ± 
9.6

2.39 ± 
1.12

 

7 AT7100-
1

ACTH(1–
18)

SYSMEHFRWGKPVGKKRR 38.6 ± 
20.5

59.8 ± 
33.3

120.0 ± 
46.5

37.8 ± 
21.1

1.51 ± 
0.79

 

8 AT7100-
2

ACTH(1–
17)

SYSMEHFRWGKPVGKKR 22.6 ± 
11.3

28.4 ± 
16.4

78.3 ± 
25.1

7.8 ± 
4.2

11.3 ± 
0.8

8

9 AT7107-
1

ACTH(1–
16)

SYSMEHFRWGKPVGKK 8.41 ± 
3.58

26.8 ± 
19.0

88.2 ± 
51.1

18.0 ± 
11.0

165 ± 
50

114

10 AT7107-
2

ACTH(1–
15)

SYSMEHFRWGKPVGK 51.3 ± 
25.0

70.0 ± 
53.8

119 ± 
80

13.9 ± 
7.8

1450 ± 
400

1,000

11 AT7141-
1

ACTH(1–
14)

SYSMEHFRWGKPVG 25.8 ± 
15.6

3.39 ± 
1.18

30.1 ± 
16.2

3.91 ± 
2.04

> 
10,000

> 6,500

12 AT7141-
2

ACTH(1–
13)

SYSMEHFRWGKPV 39.8 ± 
20.3

3.75 ± 
1.32

80.8 ± 
22.0

4.33 ± 
1.80

> 
10,000

> 6,500

aThe indicated errors represent the standard error of the mean determined from at least three independent experiments. NA indicates
that the compound was not assayed at the indicated receptor. >10,000 indicates that the compound was not activity at concentrations
up to 10 µM.

While Ac-His-Phe-Arg-Trp-NH2 and endogenous α-MSH, β-MSH, γ-MSH, and ACTH peptides stimulate the MC1R, MC3R, MC4R, and MC5R,
ACTH is the only POMC-derived ligand that activates the MC2R (Schioth et al. 1996). Although α-MSH is contained in the first 13 amino
acids of ACTH, α-MSH cannot displace radiolabeled 125I-ACTH from the MC2R (Schioth et al. 1996), indicating that the extra C-terminal
residues found in ACTH are required for MC2R activation. The sequence of ACTH was reported in 1954 as a 39-residue peptide (Bell
1954). Early reported chemical syntheses of biologically active ACTH fragments (Boissonnas et al. 1956; Li et al. 1961; Hofmann et al.
1962a) and ACTH(1–39) (Schwyzer and Sieber 1963) coincide with the advent of solid phase peptide synthesis (Merrifield 1963).
Although extensive work has been performed on the ACTH scaffold, as reviewed (Schwyzer 1977; Medzihradszky 1976), early syntheses
were done in solution by fragment condensation approaches. Individual analogs were synthesized, assayed in different in vitro and in vivo
assays, and reported. While this created a large collection of fragment activities, the lack of parallel screening of systemically truncated
ACTH analogs complicates the identification of the minimal sequence necessary for MC2R activity. The first 24 residues of ACTH
[ACTH(1–24)] has been reported to induce the same maximal response and be equipotent to ACTH(1–39) in isolated rat adrenal cortex
cells (Schwyzer et al. 1971), indicating that removal of the 15 C-terminal amino acids does not affect potency in vitro. A series of
truncated analogs corresponding to ACTH(1–10), ACTH(1–14), ACTH(1–15), ACTH(1–16), ACTH(1–17), ACTH(1–24), and ACTH(1–39)
has been reported (Chen et al. 2007), but changes relative to the native sequence in these analogs (N-terminal acetylation, replacement of
Met4 with Nle) may alter the activity of the fragments in a manner differentially than the endogenous peptide, and may not correspond to
the naturally occurring minimal sequence.
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An additional protein is also required for ACTH-mediated activation of the MC2R. The melanocortin receptor accessory protein (MRAP)
family was identified in patients with familial glucocorticoid deficiency without corresponding mutations in the MC2R and was
hypothesized to have a role in trafficking the MC2R to the cell surface (Metherell et al. 2005). In addition to any potential role in surface
expression, the 2023 cyro-EM structure of the MC2R with ACTH also demonstrates that MRAP1 is important for ligand binding, creating a
“seat-belt” that fastens ACTH within the active pocket of the MC2R (Luo et al. 2023). Within this cryo-EM structure, the first 18 residues of
ACTH are observed (Luo et al. 2023), indicating that these residues are structured and not randomly arranged during ligand binding. This
supports the observations that residues outside the first 13 amino acids of ACTH are required for receptor activation.

To determine the minimal N-terminal fragment of ACTH required for activation of the MC2R, herein a series of ACTH truncated analogs
were synthesized and assayed in parallel. Starting with ACTH(1–24) [equipotent to ACTH(1–39)] (Schwyzer et al. 1971), residues were
sequentially removed from the C-terminal. The smallest peptide, ACTH(1–13) (12), corresponds to the sequence of α-MSH with different
terminal groups (a free amine at the N-terminal and carboxylic acid at the C-terminal relative to α-MSH; Table 1). These fragments were
also assayed in parallel at the MC1R, MC3R, MC4R, and MC5R to determine if the truncations altered in vitro pharmacological properties
at these receptors. Parts of this work have previously been presented as part of conference proceedings (Haskell-Luevano et al. 2004).

RESULTS
Chemical Synthesis and Characterization. Peptides were synthesized manually using standard fluorenylmethyloxycarbonyl (Fmoc)
chemistry (Carpino and Han 1970; Carpino and Han 1972) and cleaved in manual reaction vessels or in a peptide synthesizer (Advanced
ChemTech 440MOS, Louisville, KY). The peptides were purified using semi-preparative reversed-phase high pressure liquid
chromatography (RP-HPLC), purity measured by analytical RP-HPLC in two diverse solvent systems, and exact masses determined by
MALDI-TOF mass spectrometry (Protein Core Facility, University of Florida).

Biological results. Compounds were dissolved at stock concentrations of 10− 2 or 10− 4 M (depending on ligand potency), and serially
diluted (10− 4 to 10–10 M or 10− 6 to 10–12 M, respectively). To determine agonist potency at the mMC1R, mMC3R, mMC4R, and mMC5R,
HEK293 stably expressing these receptors were used in a β-galactosidase assay (Chen et al. 1995). To determine agonist potency at the
hMC2R, OS3 cells were used with a commercially purchased enzymeimmunoassay (EIA). Due to the inherent errors of the assays,
compounds within a 3-fold potency range were considered equipotent.

The non-selective endogenous agonist α-MSH possessed nanomolar activity at the mMC1R, mMC3R, mMC4R, and mMC5R (Table 1).
Similar activity was observed for the ACTH(1–24) ligand (1) at these receptors. Compared to ACTH(1–24), serial truncation from the C-
terminal domain did not alter potency following removal of residues 24 through 14 at the mMC1R. At the mMC3R, three truncated analogs
[ACTH(1–20), 5; ACTH(1–19), 6; ACTH(1–15), 10] possessed 4-fold decreased potency, and two truncated analogs [ACTH(1–14), 11;
ACTH(1–13), 12] possessed 5-fold increased potency compared to 1 [ACTH(1–24)]. None of the truncated analogs were more potent at
the mMC4R compared to 1, and 5 analogs were 4–6 fold less potent [ACTH(1–21), 4; ACTH(1–20), 5; ACTH(1–19), 6; ACTH(1–18), 7;
ACTH(1–15), 10]. At the mMC5R, two truncated analogs of ACTH [ACTH(1–20), 5; ACTH(1–18), 7] were 4-fold less potent than 1. These
results demonstrate that serial C-terminal truncation of ACTH(1–24) down to 13 thirteen residues (the same amino acids as α-MSH with
changes at both termini) results in at most a 6-fold change in potency at the mMC1R, mMC3R, mMC4R, and mMC5R.

When assayed at the hMC2R, a greater potency change was observed for truncated analogs of ACTH. Peptide 1 [ACTH(1–24)] possessed
single digit nanomolar potency at the hMC2R (Table 1). Serial truncation of residues 24 to 19 resulted in peptides with single digit
nanomolar to sub-nanomolar potency at the hMC2R, with ACTH(1–23) (2) possessing a 6-fold decrease in potency and ACTH(1–20) (5)
possessing a 5-fold increase in potency at the hMC2R compared to 1. Sequential removal of the Lys-Lys-Arg-Arg basic tetrapeptide
sequence (residues 15–18) resulted in a serial loss of potency at the hMC2R. Removal of Arg18 [resulting in peptide ACTH(1–17), 8]
resulted in an 8-fold decrease in agonist potency at the hMC2R compared to 1 (11.3 versus 1.45 nM, respectively). Truncation of the next
Arg residue [Arg17, ACTH(1–16), 9] further decreased potency at the hMC2R (165 nM), representing a 114-fold decrease compared to 1.
Eliminating Lys16 resulted in ACTH(1–15) (10), which possessed 1450 nM potency at the hMC2R (1,000-fold decrease compared to 1).
Removal of Lys15, generating peptide ACTH(1–14) (11), resulted in no observable agonist potency at the hMC2R at concentrations up to
10,000 nM (at least a 6,500-fold decrease compared to 1). Similarly, ACTH(1–13) (12) did not possess agonist potency at the hMC2R at
the concentrations assayed (EC50 > 10,000 nM). These results demonstrate that the basic tetrapeptide sequence corresponding to

residues 15–18 in ACTH is critical for functional activity at the hMC2R.

DISCUSSION
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Naturally-derived ACTH is composed of 39 amino acids, with a shorter analogue, ACTH(1–24), being equipotent (Schwyzer et al. 1971). It
has been hypothesized that the role of the C-terminus residues in the full length ACTH [ACTH(1–39)] is to protect the bioactive form of
ACTH molecule, as reviewed (Schwyzer 1977). Although the first thirteen residues of ACTH and α-MSH are identical, α-MSH possesses
agonist activity at the MC1R, MC3R, MC4R, and MC5R, and cannot stimulate the MC2R. Conversely, ACTH is an agonist at all five subtypes
of MCR. The differential activity at the MC2R between ACTH and α-MSH would be hypothesized to be due to 11 C-terminal residues in
ACTH (residues 14 through 24). The goal of the present study was to synthesize and pharmacologically characterize in parallel ACTH(1–
24) and C- to N-terminal truncated analogs to identify the minimal N-terminal fragment of ACTH that can elicit a pharmacological
response at the hMC2R. While many truncated forms of ACTH have been synthesized and evaluated, as reviewed (Medzihradszky 1976;
Schwyzer 1977), differences in sequences, N- and C-terminal modifications, and assays utilized to analyze ligands complicate the
interpretation of the required minimal sequences.

All ACTH peptides (1–12) possessed full agonist efficacy and nanomolar potency at the MC1R, MC3R, MC4R and MC5R (Table 1). Since
both ACTH and α-MSH are full agonists at these receptors, the minimal differences in potency [≤ 6-fold comparing truncated analogs to
ACTH(1–24), 1] may not be surprising. The 11 C-terminal residues of ACTH therefore appear to have a minimal impact on the
pharmacology of ACTH at the MC1R, MC3R, MC4R, and MC5R.

While minimal differences in potency were observed at the MC1R, MC3R, MC4R, and MC5R, a much more variable response was observed
at the MC2R (Table 1). Peptides 1–7, corresponding to ACTH(1–24) (1) and truncated from the C-terminal to ACTH(1–18) (7) all
possessed single-digit or sub-nanomolar agonist potency at the hMC2R. Sequential removal of the basic tetrapeptide sequence
corresponding to residues 15–18 resulted in serially loss of potency at the MC2R, with removal of the residue 15 (Lys) results in no
observable activity at the MC2R at concentrations at up to 10 µM concentrations. These observations are similar to another parallel
examination of C-terminal truncated ACTH peptides (Chen et al. 2007). Using truncated analogs of ACTH modified by N-terminal
acetylation and replacing Met4 with Nle, the authors reported a potency decrease for ACTH(1–17) and ACTH(1–16) compared to
ACTH(1–24) (46.8 nM and 567 nM versus 2.8 nM, respectively) (Chen et al. 2007). The fold changes between ACTH(1–17) and ACTH(1–
16) to ACTH(1–24) (17- and 202-fold, respectively) are similar in magnitude to the decreased potencies observed in the present study of
the corresponding analogs (8 and 9) using the natural sequence and no N-terminal modification (8- and 114-fold, respectively), indicating
the importance of these residues to maintaining MC2R activity. Minimal agonist efficacy was observed for the prior reported ACTH(1–15)
analog at up to 10,000 nM concentrations (Chen et al. 2007), whereas in the present study the equivalent analog (10) possessed
micromolar potency (Table 1). These differences may be due to experimental conditions or peptide modifications (N-terminal acetylation,
Nle replacing Met at position 4).

An additional study examined in parallel ACTH N-terminal fragments possessing a C-terminal amidate functionality (Bajusz and
Medzihradszky 1967). It was observed that sequential removal of C-terminal residues decreased activity in an ascorbic acid depletion
assay, with reported activities of 27.5, 10.0, 1.4, and 0.2 U/mg for ACTH(1–18), ACTH(1–17), ACTH(1–16), and ACTH(1–15), respectively
(Bajusz and Medzihradszky 1967). Although differences in sequence (carboxylic acid vs amidate) and assays preclude direct comparison
of values, the serial decrease in activity observed when removing residues from the basic tetrapeptide sequence of ACTH and the minimal
activity of ACTH(1–15) support the observations in the present study.

Many prior works on individually synthesized and assayed ACTH truncation ligands also indicate the importance of this basic motif. The
hexapeptide ACTH(1–16) was found to minimally active in vivo (< 0.1 i.u./mg) (Hofmann et al. 1962b). Elongation by one amino acid,
ACTH(1–17), resulted in measurable in vivo (1.7 i.u./mg) and in vitro (6.4 i.u./mg) activity (Li et al. 1962; Li et al. 1964). The addition of one
additional amino acid, ACTH(1–18), was reported to possess 9.35 (in vitro) and 17.07 (in vivo) USP units/mg (Otsuka et al. 1965). While
these analogs were synthesized and pharmacologically characterized in different labs, the apparent loss in activity as basic residues 17
and 18 are removed from ACTH support the present study’s findings.

An examination of the cryo-EM (Luo et al. 2023) structure of ACTH with the MC2R and MRAP1 help identify several potentially interactions
that might explain why this basic stretch of amino acids is important for maintaining MC2R potency (Fig. 1). Residues beyond position 18
of ACTH are not observed in the cryo-EM structure (Luo et al. 2023), suggesting these residues may be flexible and not contribute to
stable interactions required for receptor activation. Removal of residues 19–24 resulted in minimal changes in potency (≤ 6-fold) at the
MC2R in the present study, supporting this hypothesis. The cryo-EM structure shows several possible interactions between residues 16–
18 of ACTH with the MRAP1 protein, which appear to help properly orient ACTH in the active site of MC2R. An 8-fold decrease in potency
was observed when the Arg18 residue of ACTH was removed [resulting in ACTH(1–17), 8]. In the cryo-EM structure the backbone carbonyl
of Arg18 is in close proximity to the Ser12 side chain hydroxyl group of MRAP1, suggesting a potential hydrogen bond which loss might
explain the observed decrease in activity. In describing the cryo-EM structure, the authors note that the Arg17 side chain of ACTH appears
to form a salt bridge with the Glu15 side chain of MRAP1 (Luo et al. 2023). The loss of this hypothesized salt bridge may explain the 114-
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fold decrease in agonist potency of 9 [ACTH(1–16)] versus 1. The authors also note a potential salt bridge between the Lys16 of ACTH
and the Asp19 of MRAP1 (Luo et al. 2023). Another potential interaction, between the sidechain amine of ACTH Lys16 and backbone
carbonyl of Tyr20 of MRAP1, may also be observed in the cryo-EM structure. The loss of these interactions supports the observed 1,000-
fold decrease in agonist potency between 10 [ACTH(1–15)] and 1. While the Lys15 residue of ACTH does not appear to make any
interaction with MRAP1 or the MC2R, in the truncated ACTH(1–15) peptide the side chain amine of Lys15 may interact with acidic
residues of MRAP1 (Glu15, Asp19) that are normally interacting with other ACTH residues (Lys16, Arg17). When Lys15 is removed,
resulting in ACTH(1–14) (11), there was no observable activity at the MC2R. Thus, the basic tetrapeptide sequence within ACTH is critical
for activity at the MC2R, supported by historical evaluation of truncated analogs and by structural insights into ligand-receptor-accessory
protein interactions.

CONCLUSION
The present study reports the synthesis and pharmacological evaluation of ACTH(1–24) and C- to N-terminal serially truncated analogs to
identify the minimal N-terminal length of ACTH required for MC2R activation. Minimal differences in potency (≤ 6-fold) were observed
when these analogs were assayed at the MC1R, MC3R, MC4R, and MC5R, indicating that the C-terminal residues of ACTH do not play a
critical role for these receptors’ activation. A broader potency range was observed for truncated analogs at the MC2R. The basic Lys-Lys-
Arg-Arg tetrapeptide sequence corresponding to ACTH residues 15–18 was observed to be critical for MC2R activation. Serially truncating
these residues resulted in a serial decrease in observed potency. Truncated analogs not containing these residues did not possess
agonist potency at the concentrations assayed (up to 10 µM) at the MC2R. These results correlate with the cryo-EM structure of ACTH-
MC2R-MRAP1, where this basic tetrapeptide motif of ACTH forms several interactions with MRAP1 that appear necessary for receptor
activation. By synthesizing and characterizing peptide analogs in parallel, the minimal N-terminal fragment of ACTH necessary to activate
the MC2R [ACTH(1–15)] was identified.

EXPERIMENTAL
Amino acids Fmoc-Trp(Boc), Fmoc-Arg(Pbf), Fmoc-Phe, Fmoc-His(Trt), Fmoc-Tyr(tBu), Fmoc-Val, Fmoc-Lys(Boc), Fmoc-Pro, Fmoc-Gly,
Fmoc-Met, Fmoc-Glu(OtBu) and Fmoc-Ser(tBu), resins H-Pro-2-Chlorotrityl (0.68 mequiv/g substitution), Fmoc-Tyr(tBu)-Wang (0.49
mequiv/g substitution), Fmoc-Val-Wang (0.27 mequiv/g substitution), Fmoc-Lys(Boc)-Wang (0.56 mequiv/g substitution), and Fmoc-Gly-
Wang (0.60 mequiv/g substitution), and coupling reagents 1-hydroxybenzotriazole (HOBt) and benzotriazol-1-yl-oxy-
tris(dimethylamino)phosphonium hexafluorophosphate (BOP) were purchased from Peptides International (Louisville, KY). The Fmoc-
Arg(Pbf)-Wang resin (0.60 mequiv/g substitution) was purchased from Advanced ChemTech (Louisville, KY). Dichloromethane (DCM),
methanol (MeOH), acetonitrile (ACN) and anhydrous ethyl ether were purchased from Fisher (Fair Lawn, NJ, USA). N,N-Dimethylformamide
(DMF) was purchased from Burdick and Jackson (McGaw Park, IL, USA). Trifluoroacetic acid (TFA), pyridine, and piperidine were
purchased from Sigma (St. Louis, MO, USA). N,N-Diisopropylethylamine (DIEA), triethylsilane (Et3SiH), p-cresol and p-thiocresol were

purchased from Aldrich (Milwaukee, WI, USA). All reagents and chemicals were ACS grade or better and were used without further
purification.

Peptide Synthesis

Peptides were synthesized manually using standard Fmoc methodology (Carpino and Han 1970; Carpino and Han 1972). Resin was added
to a filtered manual reaction vessel (Peptides International, Louisville, KY) and allowed to swell for 2 h in DMF. Iterative deprotection and
coupling cycles were used to synthesize the desired peptides, with DMF washes between steps to remove excess reagents. The N-α-Fmoc
group was removed using 20% piperidine in DMF for 2 min, followed by another 20 min 20% piperidine in DMF treatment. Coupling
reactions were performed by the addition of an amino acid (3-fold excess), HOBt (3-fold), BOP (3-fold), and DIEA (6-fold) in DMF. The
coupling reaction was mixed by bubbling with nitrogen (N2) gas for two hours. Qualitative Kaiser tests were used to monitor the coupling
and deprotection reactions (Kaiser et al. 1970). Following synthesis of the desired sidechain-protected peptide sequence, the peptide-
resin was washed in DCM and dried. Removal of the amino acid side chain protecting groups and cleavage of the peptides from the resin
was performed in a filtered manual reaction vessel or in parallel using an automated synthesizer (Advanced ChemTech 440MOS,
Louisville, KY) by incubation of 5 mL of cleavage cocktail (89.9% TFA, 5% Et3SiH, 5% H2O, 0.05% p-cresol, and 0.05% p-thiocresol) for 3 h.
Resin was washed with an additional 1.5 mL of cleavage cocktail for 5 min and combined with the previous collected solution. Solutions
were transferred to 50 mL conical tubes and precipitated with ice-cold (4°C) anhydrous ethyl ether. Precipitated peptides were pelleted by
centrifugation (Sorval Super T21 high speed centrifuge using a swinging bucket rotor) at 4000 rpm for 5 min. The solvent was decanted
off, peptides were washed with additional ice-cold anhydrous ethyl ether, and pelleted as described above. Crude peptides were dried in
vacuo for 48 h, purified by RP-HPLC using a Shimadzu chromatography system equipped with a photodiode array detector and a
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semipreparative RP-HPLC C18-bonded column (Vydac 218TP1010, 1.0 x 25 cm), and lyophilized. Peptide purity (> 95%) was determined by
analytical RP-HPLC (λ = 214 nm) in two solvent systems, and the exact mass of each peptide was determined (University of Florida
Protein Core Facility).

β-Galactosidase cAMP Functional Bioassay at the mMC1R, mMC3R, mMC4R, and mMC5R: HEK 293 cells stably expressing the mouse
melanocortin receptors were transfected with 4 µg CRE/β-galactosidase reporter gene as previously described (Chen et al. 1995). Briefly,
5,000 to 15,000 post-transfection cells were planted into 96 well Primera plates (Falcon) and incubated overnight. Forty-eight h post-
transfection the cells were stimulated with 100 µL peptide (10− 4 to 10− 12 M) or forskolin (10− 4 M) control in assay medium (DMEM
containing 0.1 mg/mL BSA and 0.1 mM isobutylmethylxanthine) for 6 h. The assay media was aspirated and 50 µL of lysis buffer (250 mM
Tris-HCl, pH = 8.0, and 0.1% Triton X-100) was added. The plates were stored at − 80°C overnight. The plates containing the cell lysates
were thawed the following day. Aliquots of 10 µL were taken from each well and transferred to another 96-well plate for relative protein
determination. To the cell lysate plates, 40 µL phosphate buffered saline with 0.5% BSA was added to each well. Subsequently, 150 µL
substrate buffer (60 mM sodium phosphate, 1 mM MgCl2, 10 mM KCl, 5 mM β-mercaptoethanol, 200 mg/mL ONPG) was added to each
well and the plates were incubated at 37°C. The sample absorbance, OD405, was measured using a 96-well plate reader (Molecular
Devices). The relative protein was determined by adding 200 µL 1:5 dilution Bio Rad G250 protein dye:water to the 10 µL cell lysate sample
taken previously, and the OD595 was measured on a 96-well plate reader (Molecular Devices). Data points were normalized both to the
relative protein content and non-receptor-dependent forskolin stimulation.

Enzymeimmunoassay cAMP Functional Bioassay at human MC2R: A commercially available enzymeimmunoassay (EIA) kit (RPN225,
Amersham Bioscience, Piscataway, NJ) was used according to the manufacturer’s instruction modified to a 12-well plate to determine
cAMP formation. OS3 cells expressing the hMC2R were maintained in G418/F10 media and 50,000-100,000 cells were plated into 12-well
plates. Cells were grown to at least 95% confluence, then stimulated with 900 µL peptide (10− 5 to 10–11 M) in stimulation medium (Hams
F10 containing 0.1 mg/mL BSA and 0.1 mM isobutylmethylxanthine) for 1 h at 37°C. The stimulation media was aspirated, 300 µL of Lysis
Reagent 1B (0.25% dodecyltrimethylammonium bromide, 0.05 M acetate buffer, 0.02% BSA, 0.01% preservative, pH 5.8; made from Lysis
Reagent 1 [NIF1602] in Assay Buffer concentrate [NIF1085] according to manufacturer protocol), and plates were stored at -80°C for up to
one week. Plates were thawed and 40 µL aliquots from each well were transferred to a 96-well EIA microtiter plate (anti-rabbit coated;
RPN225CW). An additional 60 µL Lysis Reagent 1B was added to each microtiter plate well. For each plate, a standard serial dilution
(3200, 1600, 800, 400, 200, 100, 50, 25, 12.5 fmol/well) of cAMP (Non-acetylated standard, RPN225SA prepared in Lysis Reagent 1B
according to manufacturer protocol) was plated (100 µL standard/well in duplicate). 100 µL Lysis Reagent 1B was additionally added for
wells containing a 0 standard (no cAMP added) and nonspecific binding (NSB, no antiserum) controls. Antiserum (RPN225AS)
reconstituted in Lysis Reagent 2B (1:4 dilution of Lysis Reagent 2, NIF1603, proprietary formulation dissolved in Assay Buffer [0.05 M
acetate buffer, 0.02% BSA, 0.01% preservative, pH 6.0] per manufacturer protocol) was added to plate wells (100 µL), and the plate was
incubated at 4°C for 2 h on a plate rotator (100 rpm). For the NSB wells, 100 µL Lysis Reagent 2B without antiserum was added. After 2 h,
50 µL cAMP Peroxidase conjugate (RPN225HP, dissolved in Assay Buffer for a solution of cAMP-horseradish Peroxidase in 0.05 M
Acetate buffer, 0.02% BSA, 0.01% preservative, pH 5.8 as described by manufacturer) was added to each well and incubated 1 h at 4°C.
After the second incubation, the plate was washed 5–6 times with 400 µL wash buffer (NIF874, dissolved in distilled water; 0.01M
phosphate buffer, 0.05% Tween 20, pH 7.5 as described by the manufacturer). Immediately following the last wash, 150 µL TMB substrate
(NIF2008) was added to each well. The sample absorbance, OD630, was measured using a 96-well plate reader (Molecular Devices).

Following normalization to the 0 standard and NSB controls, a standard curve was generated from the cAMP serial dilution. This standard
curve was used to convert OD630 values to fmol/well cAMP for each sample, normalized to percent increase over basal activity, and
plotted as a function of concentration to generate pharmacology curves and corresponding EC50 values.

Data Analysis

EC50 values represent the mean of duplicate replicates performed in three or more independent experiments. EC50 estimates and their
associated standard errors were determined by fitting the data to a nonlinear least-squares analysis using the PRISM program (v4.0,
GraphPad Inc.). The peptides were assayed as TFA salts and are not corrected for peptide content.
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Figures

Figure 1

(a) Cryo-EM structure (PDB code 8GY7)(Luo et al. 2023)of MRAP1, MC2R, and ACTH. (b) Detailed hypothesized interactions between
MRAP1 and the K15-K16-R17-R18 basic tetrapeptide sequence of ACTH.


