1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"% NIH Public Access

O
H%

Author Manuscript

Published in final edited form as:
Biochemistry. 2009 October 20; 48(41): 9775-9784. doi:10.1021/bi900634e.

Novel Binding Motif of ACTH Analogues at the Melanocortin
Receptors

Yingkui Iangl, Victor J. Hruby2, Min Chen3, Chiquito Crasto3, Minying Cai2, and Carroll M.
Harmon

1Department of Surgery, University of Alabama at Birmingham, Birmingham, AL, 35233
2Department of Chemistry, University of Arizona, Tucson, AZ, 85721

3Genetics, University of Alabama at Birmingham, Birmingham, AL, 35233

Abstract

The melanocortin receptor (MCR) subtype family is a member of the GPCR superfamily and each
of them has a different pharmacological profile regarding the relative potency of the endogenous and
synthetic melanocortin peptides. a-MSH and ACTH are endogenous nonselective agonists for
MC1R, MC3R, MC4R and MC5R. In this study, we examined the role of Phe’ in ACTH on Human
(h)MC1R, MC3R and MC4R binding and signaling. Our results indicate that substitution of the
Phe’ with DNal (2°)7 in ACTH1-24 has different pharmacological profile from that of substitution
of the Phe’ with DNal (2°) in MSH at h(MC1R, hMC3R and hMC4R. NDNal (2°)’-ACTH1-24 is
an agonistat hMC3R and hMC4R which did not switch peptide from agonist to antagonist at hMC3R
and hMC4R. Further experiments indicate that NDNal (2”)’-ACTH1-17 is the minimal peptide
required for h(MC3R and hMCA4R activation. Single amino acid substitution studies of DNal (2°)”
ACTH1-17 indicate that the amino acid residues 15, 16 and 17 in NDNal (2’)’-ACTH1-17 are crucial
for hAMC3R and hMC4R activation. Substitutions of these amino acid residues reduced or abolished
agonist activity at h(MC3R and hMC4R. Conformational studies revealed a new p-turn (-Arg8-
Trp9-Gly19-Lys!1-) in NDNal (2°)7-ACTH1-17, compared to the -turn like structure at NDP-a-
MSH (-His8-DPhe’-Arg8-Trp%). Our results suggest that NDP-a-MSH and NDNal (2°)7-
ACTH1-17 does not share the same binding site; highly basic C terminal fragment Lys!®-Lys16-
Argl” of NDNal (2°)"-ACTH1-17 induced a new B-turn and this shift contributed the selective agonist
activity at hMC3R and hMC4R.
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The five known subtypes of human melanocortin receptors (hnMC1-5R) are members of the
super-family of seven transmembrane G-protein-coupled receptors (GPCRs) expressed in
various tissues, including skin (hnMC1R) (1,2) the adrenal cortex (hMC2R) (3,4), and
throughout the central nervous system (hMC3R, hMC4R, hMC5R) (5). The melanocortin
system has received much attention in recent years due to its involvement in a large number
of important physiological functions, such as skin pigmentation (1,2), control of the immune
system, erectile function(6), blood pressure and heart rate, control of feeding behavior and
energy homeostasis(7,8), modulation of aggressive/defensive behavior and mediation of pain
(9-12). The endogenous melanocortin agonists include a-, B-, y-melanocyte-stimulating
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hormones (MSH), and adrenocorticotropin (ACTH), while agouti signaling protein and agouti-
related protein have been identified as the endogenous antagonists (13,14).

A considerable effort has been made toward the development of highly potent h(MC3R,
hMC4R-selective agonists and antagonists due to the involvement of these receptors in the
regulation of feeding and sexual behavior (15-23). Most of the design and SAR work are based
on MSH and its analogue. Almost all of the peptide agonists possess a B-turn like structure in
their binding pharmacophore (24-28). Comparatively little attention has been given to ACTH,
owing to the dearth of specific evidence on their physiological functions in the melanocortin
system and its larger size not being appropriate for the drug development. Nevertheless, ACTH
is active at hAMCRs and its structure information of the pharmacophore will be able to lead to
drug design and the selective cell signaling. Earlier reports have demonstrated that ACTH
stimulation of MC2Rs in the adrenal cortex, especially in the zona fasciculate, results in the
secretion of the glucocorticoids cortisol and corticoserone (29). Lately, it has been reported
that ACTH plays an important physiological role in stimulating fetal immune response which
will be important for the study of cancer.

Several approaches to the design of hMC3R-selective agonists and antagonists have been
described in the literature. Among the natural melanocyte-stimulating hormones, y-MSH
exhibits substantial hMC3R selectivity, whereas a-MSH and 3-MSH show little selectivity for
any specific receptor subtype (30,31). A D-amino acid scan of the y-MSH sequence revealed
the importance of position 8 in hMC3R selectivity, and led to the discovery of a highly selective
hMC3R agonist (30). A DNal(2’) scan of linear a-MSH let to the discovery of a potent hMC3R/
hMC5R antagonist and hMC4R agonist H-Tyr-Val-Nle-Gly-His-D-Nal(2’)-Arg-Trp-Asp-
Arg-Phe-Gly-NH, (PB-11-94) (32). Structure-activity relationships of y-MSH have yielded
linear peptide analogues with enhanced potency and selectivity, most notably, the non-selective
super-agonist Ac-Tyr-Val-Nle-Gly-His-D-Phe-Arg-Trp-Asp-Arg-Phe-Gly-NH, (Ac-NDP-y-
MSH-NHS>) (31), and recently, Hruby’s laboratory has produced several potent and selective
hMC3R agonists and hMC3R/hMC5R antagonists by placing a bulky hydrophobic Nle residue
next to the melanocortin pharmacophore Xaa-Phe-Arg-Trp ina cyclic y-MSH-derived template
(33). Some cyclic a-MSH templates have also been described, where increased selectivity in
hMC3R agonists and antagonists was observed. Thus, Kavarana et al have found that enhancing
the hydrophobic properties of the cyclic a-MSH analogues and increasing the peptide
macrocycle size resulted in improved hMC3R selectivity (34). Furthermore, Grieco et al. have
shown that certain dihedrally constrained amino acid substitutions at position 6 of Ac-Nle*-c
[Asp®, D-Nal(2’)7, Lys1®]a-MSH(4-10)-NH, (SHU9119) led to potent and highly hMC3R-
and hMC4R-selective antagonists (24,35). Balse-Srinivasan et al. have reported a series of
cyclic disulfide a-MSH/B-MSH hybrid peptides with highly selective hMC3R (Ac-c[Pen-Glu-
His-D-Nal(2’)-Arg-Trp-Cys]-Pro-Pro-Lys-Asp-NH>) and hMC5R (Ac-c[Cys-Glu His-D-
Phe-Arg-Trp-D-Cys]-Pro-Pro-Lys-Asp-NH5) antagonists (36).

The novel drug discovery study is not only based on the ligand structure information, but also
based on the receptor structure information. The melanocortin receptors consist of a single
polypeptide featuring seven a-helical transmembrane domains (TMs), an extracellular N-
terminus, three extracellular loops, three intracellular loops and an intracellular C-terminus.
Many structural features conserved in other G-protein-coupled receptors are found in the
melanocortin receptors (37,38). However, the melanocortin receptors lack several features
found in most G-protein-coupled receptors; one or two cysteine residues in the first and second
extracellular loops and proline found in the fourth and fifth TMs. This receptor structural
information will be critical for finding the residues or domains which contribute the selectivity
of melanocortin system. Extensive studies have been performed using receptors chimeras,
multiple site directed mutagenesis (16,39-44). In this study, we described a series of ACTH
analogues possessing a DNal (2°)7 which have been designed to further pursue SAR trends
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leading to hMC3R, hMC4R agonist selectivity from both of ligand structure and receptor
structure studies.

Experimental Section

Materials

All MSH and ACTH peptides were made by Genscript Inc.(Piscataway, NJ). To avoid of
oxidization, all of ACTHs the 4™ position of Met were replace with Norleucine. The peptide
sequence is shown in Table 1. 3-1sobutyl-methylxanthine (IBMX) is from Sigma, and [12°1]
NDP-a-MSH is from Perkin-Elmer Life Sciences (Boston, MA). The HEK-293 cell line was
purchased from ATCC (Manassas, VA) and DMEM, lipofectamine from Life Technologies
(Rockville MD).

Site-directed mutagenesis of human melanocortin receptors

Single mutation was constructed using the Quick-Change Site-Directed Mutagenesis kit
(Stratagene, La Jolla, CA). The entire coding region of the mutated receptors was sequenced
to confirm that the desired mutation sequences were present and that no sequence errors had
been introduced by University of Alabama at Birmingham Sequence Core. The mutant
receptors were then subcloned into the eukaryotic expression vector pPCDNA 3.1 (Invitrogen;
Carlsbad, CA).

Cell culture and transfection

The HEK-293 cell line was utilized in this study. The cells were cultured in DMEM medium
containing 10% bovine fetal serum and HEPES. Cells at 80% confluence were washed twice,
and the receptor constructs were transfected into cells using lipofectamine (Life Technologies,
Rockville MD). The permanently transfected clonal cell lines were selected by resistance to
the neomycin analogue G418.

Binding assays

CAMP assay

Binding experiments were performed using the conditions previously described (16). Briefly,
after removal of the media, cells were incubated with non-radioligand from 10719 to 10" M in
0.5 mL MEM containing 0.2% BSA and 2 x 10° cpm of 125]-NDP- o -MSH for one hour. The
binding reactions were terminated by removing the media and washing the cells twice with
MEM containing 0.2% BSA. The cells were then lysed with 0.2 N NaOH, and the radioactivity
in the lysate was quantified in an analytical gamma counter (PerkinElmer, Shelton, CT).
Nonspecific binding was determined by measuring the amount of 1251-label bound on the cells
in the presence of excess 1078 M unlabeled ligand. Specific binding was calculated by
subtracting nonspecifically bound radioactivity from total bound radioactivity. Binding data
are reported as 1Csp. Kj values for ligands were calculated using the equation Kj = Ky = ICsq
— [radioligand] (45).

Cellular cAMP generation was measured using a competitive binding assay kit (TRK 432,
Amersham, Arlington Heights, IL). Briefly, cell culture media was removed, and cells were
incubated with 0.5 mL Earle’s Balanced Salt Solution (EBSS), containing the melanocortin
agonist (10710-1076 M), for one hour at 37°C in the presence of 1073 M
isobutylmethylxanthine. The reaction was stopped by adding ice-cold 100% ethanol (500pl/
well). The cells in each well were scraped, transferred to a 1.5 mL tube, and centrifuged for
10 min at 1900 x g, and the supernatant was evaporated in a 55°C water bath with pre-purified
nitrogen gas. CAMP content was measured as previously described, according to instructions
accompanying the assay kit (46).
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Receptor expression by using FACs. To determine whether the receptor proteins are expressed
at the cell surface, we generated a chimeric hMC4R with the N terminal fusion to the FLAG
(Flag-hMC4R). The FLAG protein is an eight amino acid peptide (Asp-Tyr-Lys-Asp-Asp-
Asp-Asp-Lys) and FLAG-tagged receptor expression vectors have been widely used to purify
receptor protein and to determine the protein expression (47). Cells transfected with the
receptors were harvested using 0.2% EDTA and washed twice with phosphate buffer saline
(PBS). Aliquots of 3x106 cells were centrifuged and fixed with 3% paraformaldehyde in PBS
(pH 7.4). The cells were incubated with 50 pL of 10 pg/mL murine anti-FLAG M1 monoclonal
antibody (Sigma, catalog No. 316) in incubation buffer for 45 minutes. Under this condition
the primary antibody binds only to receptors located at the cell surface. The cells were collected
by centrifugation and washed three times with incubation buffer. The cell pellets were
suspended in 100 pL of incubation buffer containing CY ™3-conjugated Affinity Pure Donkey
Anti-Mouse Ig G (ImmunoResearch Lab, Inc., West Grove, PA) and incubated at room
temperature for 30 minutes. Flow cytometry was performed on a fluorescence-activated cell
sorter (Becton Dickinson FACStar plus six parameter cytometer/sorter with a dual Argon ion
laser, San Jose, California). The results were analyzed using the software CellQuest (Beckton-
Dickinson Immunocytometry Systems, San Jose, California).

Computational Procedures

Molecular modeling experiments employed MacroModel version 9.1 equipped with Maestro
7.5 graphical interface (Schrodinger, LLC, New York, NY, 2005) installed on a Linux Red
Hat 9.0 system, and were performed as previously described (33). Peptide structures were built
into extended structures with standard bond lengths and angles, and they were minimized using
the OPLS 2005 force field and the Polak-Ribier conjugate gradient (PRCG). Optimizations
were converged to a gradient RMSD less that 0.05 kJ/A mol or continued until a limit of 50,000
iterations was reached. Aqueous solution conditions were simulated using the continuum
dielectric water solvent model (GB/SA). Extended cut-off distances were defined at 8A for
Van der Waals, 20A for electrostatics and 4 A for H-bonds.

Conformational profiles of the peptides were investigated by the hybrid Monte Carlo/Low
Frequency Mode (MCMM/LMCS)(48) procedure as implemented in Macromodel using the
energy minimization parameters as described above. MCMM torsional variations and Low
Mode parameters were set up automatically within Maestro graphical user interface. A total
of 20,000 search steps were performed and the conformations with energy difference of 50 kJ/
mol from the global minimum were saved. Interatomic dihedral angles were measured for each
peptide analogue using the Maestro graphical user interface, and they are described in Table
6.

Statistical analysis

Results

Each experiment was performed in duplicate three separate times. The mean value of the dose-
response data of binding and cAMP production was fitted to a sigmoidal curve with a variable
slope factor using non-linear squares regression analysis (Graphpad Prism, Graphpad
Software, San Diego, CA). Data are expressed as mean + SEM. Statistical significance was
assessed by one-way ANOVA with P <0.05.

DPhe’- and DNal (2')’-ACTH analogue binding and activity

It is well known that the amino acid Phe’ in MSH is critical for agonist activity at the MC3R
and the MC4R. Substitution of Phe’ in MSH with DPhe results in increase of agonist activity
but replacement of DPhe’ with DNal(2’)” caused ligand to lose agonist activity at the MC3R
and the MC4R (28). To determine whether Phe’ in ACTH is also crucial for (MC3R and
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hMC4R binding and activation, we examined the substitutions of DPhe’ in ACTH on receptor
binding. NDPhe’-ACTH dose-dependently displaces 1221 NDP-a-MSH binding at the h(MC3R
and hMCA4R (Figure 1A). The binding affinities of NDPhe’-ACTH analogues are higher than
that of NPhe’-ACTH analogues. Consistent with binding data, NDPhe’-ACTH dose-
dependently increased cAMP generation at h(MC3R and hMC4R (Figure 1B). NDPhe’-ACTH
has high agonist potency compared to that of NPhe’-ACTH. The role of DPhe’ in ACTH is
similar to that of NDP-a-MSH and their 1C5g and ECsg are shown in Table 2.

To determine whether DNal (2°) in ACTH is also crucial for h(MC3R and hMC4R activation,
NDNal (‘2)’-ACTH was synthesized and tested. Our results indicate that NDNal (2°)-
ACTH1-24 dose-dependently displaced 12°1-ACTH binding at the hAMC3R and the h(MC4R
and its Ki was showed in Table 2. Surprisingly, our results indicate that NDNal (2’)-
ACTH1-24 remains an agonist at hMC3R and hMC4R. Unlike NDNal (2°)”-a-MSH, NDNal
(2’)"-ACTH1-24 was able to induce cAMP production athMC3R and hMC4R although NDNal
(2)7-ACTH1-24 has significantly decreased potency (near 100 fold) compared to NDP-a-
MSH at hMC3R and hMC4R. It suggests that DNal (2°)’-ACTH1-24 has different binding
sites compared to that of DNal (2°)7 -a-MSH.

Truncated DNal (2')’-ACTH analogue binding and activity

To further investigate which region of ACTH is crucial for DNal (27)’-ACTH activity, several
truncated DNal (2°)’-ACTH analogues were synthesized and tested. The sequences of the
tested peptides are shown in Table 1. Our results demonstrated that the activities of these
analogues are different at these MCRs. NDNal (2’)’-ACTH1-17 is the least sequence which
can activate hMC3R and hMC4R (Figure 2). If the length of DNal (2°)’-ACTH analogues is
less than 17 amino acids, the truncated peptides lose their agonist activities at the h(MC3R and
the hMC4R. Their Ki and ECsg are shown in Table 3.

Single amino acid substitution in DNal (2’)’-ACTH1-17 analogues binding and activity

The first 13 amino acid residues of ACTH are identical to that of a-MSH. DNal (2°)7-
ACTH1-17 has only four more amino acids than that of DNal (2°)’-NDP-a-MSH. The fact that
DNal (2°)’-ACTH1-17 is an agonist at hMC3R and hMC4R implies that the residues Lys!®-
Lys16-Argl’ are important for DNal (2”)’-ACTH1-17 agonist activity. To evaluate the roles
of the amino acid 15, 16 and 17 in DNal (2’)’-ACTH1-17 on hMC3R and hMC4R activation,
these residues were replaced with norleucine individually (Table 1) and the effects of these
peptides on cAMP production at hMC3R and hMC4R were examined. As shown in Figure 3,
our results indicate that either one of the residue 15, 16 and 17 substitutions in DNal(2")’-
ACTH1-17 resulted in the loss of the peptide agonist activity at the hMC3R and the hMC4R,
implying that these residues are essential for DNal(2’)’-ACTH1-17 activity.

Although these peptides lose agonist activities at the hMC3R and the hMC4R, whether they
still possess antagonist activity at the hMC3R and the hMC4R is unknown. We examined the
abilities of the peptides, NDNal (2°)’-Nlel>-ACTH1-17, NDNal (27)"-NIel8-ACTH1-17 and
NDNal (2°)’-Nlel’-ACTH1-17, to inhibit NDP-a-MSH stimulated cAMP generation at
hMC3R and hMC4R. The cells expressing hMC3R or hMC4R were incubated with the
concentration of these peptides (10~/M) and NDP-a-MSH (1071°M — 1078M). cAMP assays
were performed and these peptide antagonist activities were determined. As shown in Figure
4, our results indicate that introduction of the peptides resulted in a right shift of NDP-a-MSH
induced dose response curve, suggesting that these peptides potently inhibit NDP-a-MSH
stimulated cAMP production at AMC3R and hMC4R.

To determine whether the core sequence “Phe-Arg-Trp” in NDNal(2’)"-ACTH are also
important for the h(MC3R and the hMC4R activation, the peptide residues, Phe’, Arg® and
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Trp? in DNal(2’)’-ACTH1-17 were individually or substituted with alanine and their activities
were tested at (MC1R, hMC3R and hMC4R. Our results show that NAla’-ACTH1-17 has
similar potency compared to that of NDNal (2”)’-ACTH1-17, which indicate that Phe’ is not
the key residue for the agonist activation at the h(MC3R and hMC4R. Whereas, NDNal (2’)’-
Ala8-ACTH1-17 and NDNal (2°)"-Ala®-ACTH1-19 resulted in the loss of the agonist activity
at hMC3R and hMC4R (Figure 5), suggesting that the residues ‘Arg8-Trp®” are crucial for
DNal (2’)’-ACTH agonist activity at hMC1R, hMC3R and hMC4R.

Molecular modeling data shown that in the lowest energy conformation of NDNal(2)’-
ACTH1-17, there is a B-turn like structure -Arg8-Trp2-Gly10-Lys!1- in NDNal(2’)’-ACTH
(Figure 6). In this turn Arg8 and Trp® become the most important binding residues and Phe’
is not involved the turn. Compared to the B-turn like structure at NDP-a-MSH —His®-DPhe’-
Arg8-Trp-, the B — turn is shifted. This shift might contribute the agonist activity at hMC3R
and hMC4R for the DNal (2°)’-ACTH. Table 4 shows both the backbone dihedral angle
conformation and side chain dihedral angle conformation.

Substitution of the TM3 residue of the hMC1R, hMC3R and hMC4R on DNal (2')-ACTH1-17

Activity

The transmembrane domain 3 of the melanocortin receptors has been identified to play an
important role in ligand selectivity for receptor activation. The residues L165 and L133 in TM3
of the hMC3R and hMCA4R have been identified to be crucial for SHU9119 selectivity.
Substitutions of these residues of the hMC3R and hMCA4R with the corresponding region of
hMC1R switched SHU9119 from an antagonist to an agonist (42). To determine whether these
residues are also responsible for NDNal (2°)"-ACTH1-17 specific activities at the hAMC1R,
hMC3R and hMCA4R, we tested this new compound on these previously made mutant receptors.
We tested L165M of hMC3R and L133M of hMC4R and examined the effects of the mutations
on NDNal (2’)’-ACTH1-17 agonist activity. As shown in Figure 7, our results indicate that
LL165M and L133M did not dramatically increase NDNal (2°)"-ACTH1-17 agonist potency,
suggesting that these residues are not crucial NDNal (2’)’-ACTH1-17 agonist activity. To
determine whether the corresponding residue in hMCA1R is also responsible for NDNal (2)'-
ACTH1-17 specific activity, we substituted the amino acid residue M128 in TM3 of the
hMC1R with methione. Cells expressing M128L were treated with NDNal (2’)’-ACTH1-17.
Ligand agonist potency was evaluated. Our results indicate that unlike L156M and L133M in
hMC3R and hMC4R, M128L did significantly decrease NDNal (2°)’-ACTH1-17 agonist
potency, suggesting that this residue is crucial for NDNal (2°)"-ACTH1-17 activity (Table 5).

Discussion

ACTH is endogenous agonist for all MCRs. Its first 13 amino acid residue is identical to that
of a-MSH. Itis generally believed that ACTH shares similar binding site with a-MSH at MC3R
and MC4R. However, our current study demonstrates that NDNal (2°)’-ACTH1-17 has
different binding sites at hAMC3R and hMC4R. NDNal(2’)’-ACTH1-17, which has four
additional amino acid residues compared to that of NDNal(2’)”-a-MSH, is able to induce
cAMP production at hMC3R and hMC4R, whereas, NDNal(2”)’-a-MSH can not. This implies
that the four extra amino acids at the C terminal of NDNal (2°)’-ACTH1-17 play an important
role for the agonist selectivity. Our further works support this hypothesis. We found that
substitution of amino acid residue Lys!®, Lys6 and Argl’, one at a time, of peptide results in
the loss of analogue agonist activity at hIMC3R and hMCA4R, proving that these residues are
important for receptor activation. Adding four amino acid residues to NDNal (2°)’- a-MSH
switches peptide from antagonist to agonist, suggesting that NDNal (2°)’-ACTH1-17 may have
different binding sites at h(MC3R and hMC4R compared to NDP-a-MSH.
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The intriguing biological results triggered the further conformation studies. As mentioned
earlier, SAR studies have identified that the residue Phe” in o-MSH is responsible for the MC3R
and the MC4R activation but not in the case of NDNal’-ACTH activation at the MC3R and
the MC4R. The Arg8-Trp? plays a critical role for the NDNal’-ACTH activation at the MC3R
and the MC4R. The global minimum search has been performed. The lowest energy
conformation of the NDNal’-ACTH1-17 shows that there is a new p-turn like structure at -
Arg8-Trp9-Gly10-Lys!1- (Figure 6). Compared to the B-turn like structure of NDP-a-MSH —
Hisb-DPhe’-Arg8-Trp?-, the new p —turn is shifted and the Phe’ is not involved in the new
—turn. Table 6 show the backbone torsion angles (deg) for the global minima of selected NDNal
(2’)’-ACTH1-17. It is note that DNal (2°)7 is completely twisted 180 (deg) but Arg® and
Trp® remain very close to the backbone conformation (Table 6). The biological data further
proved that without Phe’” NAla’-ACTH1-17 is still active potent agonist at h(MC3R and
hMCA4R. Therefore, the new B-turn shift might be contribute the agonist activity at hMC3R
and hMC4R

To further pursue how the peptide forms the new p—turn, we analyzed the structure of
NDNal’-ACTH1-17. The highly basic residues of Lys!®, Lys16 and Argl’ at the C-terminal of
NDNal (27)’-ACTH1-17 formed a few more hydrogen bonds and very hydrophilic surface.
This forced the p—turn shifted. Without these three residues, the f—turn will be -Hisé-DPhe’-
Arg8-Trp?- as NDP-a-MSH is. The mutation of these basic amino acids resulted in the dramatic
loss of the potency at hMC3R and hMC4R. Therefore, strong electrostatic residues at C
terminal cause the peptide folding in a different way which led new  —turn, and this B —turn -
Arg8-Trp2-Gly10-Lys1- brought Trp® up as the sole hydrophobic aromatic amino acid that
contribute to receptor activation.

Our newly discovered results are consistent with many earlier works done by us and others.
Earlier publications have shown the importance of Trp8 for the hAMC3R selectivity. D-Trp8-y-
MSH increases the agonist selectivity at the hMC3R. Recently, new evidence also indicates
that deletion of Trp® of the a-MSH is still an agonist at MC1R but losses its activity at hMC3R
and hMC4R (49). Replacement of Arg8 with synthetic amino acid selectively binds to MC5R
and results in significantly decrease of ligand binding affinity and potency at the other MCRs,
suggesting that melanocortin receptor subtype has different binding sites for different ligands.
Further experiments indicate that modification of the residue Phe of the NDP-a-MSH resulted
in potent antagonist/partial agonists at the MC3R and full, potent agonists at the MC4R,
suggesting that the molecular mechanism of antagonism at the MC3R is different from that of
the MC4R.

Activation of GPCRs has been proposed to involve the rotation of TM domains with outward
movement of their cytoplasmic ends (50). This theoretically would enable G proteins to interact
with some of the intracellular loops as well as the C terminal tail of GPCRs. Some previous
MCR studies support this theory since mutations of some TM residues of MCRs can result in
inactivation of MCRs (39,40). Previous finding indicates that the residue leucine in position
165 in hMC3R and 133 of hMC4R is critical for SHU9119 antagonism. The substitutions of
theses residue with methionine made SHU9119 from antagonist to agonist (L165M in hMC3R
and L133M in hMCA4R) (42). However, our current study indicate that the residues leucine in
position 165 in hAMC3R and 133 in hMC4R are not crucial for NDNal(2”)"-ACTH1-17 activity,
supporting that NDNal (2’)’-ACTH1-17 has different binding sites at hMC3R and hMC4R
compared to NDNal (2°)7-a-MSH or SHU9119. The amino acid residues Lys®-Lys16-Argl’
in NDNal (2°)"-ACTH1-17 compensate for the loss of the effect of Phe’ in MSH on receptor
activation. However, the corresponding residue M128 in hMC1R is crucial for NDNal (2’)'-
ACTH1-17 binding and signaling, suggesting that the ligand binding pockets for NDNal
(2’)’-ACTH1-17 at h(MC1R, hMC3R and hMCA4R are different.
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Finally, we concluded here that NDNal (2°)7-ACTH1-17 is an agonist at h(MC3R and
hMC4R;NDP-a-MSH and DNal (2°)’-ACTH1-17 do not share the same binding site. Arg® and
Trp® in the NDNal (2°)"-ACTH1-17 are critical for the hAMC3R and hMC4R agonist activity.
This provides further evidence of the importance of Trp at h(MC3R and hMCA4R activity. We
have identified that the residue Lys15-Lys16-Argl? of NDNal (2°)"-ACTH1-17 are important
for NDNal (2°)’-ACTH1-17 activity at hMC3R and hMC4R. NDNal (2°)"-ACTH1-17 has
different binding sites at NIMC3R and hMC4R compared to that of NDP-a-MSH. Our current
study provides a better understanding that the role of the ligand Phe phenyl ring in ACTH
activity is different from that of a-MSH. The results from these studies highlight the different
receptor activation mechanisms of a-MSH and ACTH and how they may be valuable for future
drug design.
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hMC1R. Panel B shows the effects of ACTH analogues on total CAMP accumulation at
hMC3R. Panel C shows that the effects of ACTH analogues on total cAMP accumulation at
hMCA4R. (n > 3; see Table 3 for K; and ECsg values).
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Figure 6.

Stereo view of the NDNal(2’)’-ACTH1-17. The picture was obtained by MCMM/LMCS
(Monte Carlo Multiple Minima-Low Frequency Mode)-OPLS 2005. Green color show a new
B-turn like structure at -Arg8-Trp9-Gly10-Lys11-,
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Figure 7.

Potency of NDNal (2’)’-ACTH1-17 at the mutations, M128L in hMC1R, L165M in hMC3R
and L133M in hMCA4R. Panel A shows that the effects of NDPhe’-ACTH1-17 and NDNal
(2’)7-ACTH1-17 to stimulate cAMP production at M128L of the h(MC1R. Panel B shows that
the effects of DPhe’-ACTH1-17 and NDNal (2°)"-ACTH1-17 to stimulate cAMP production
at L165M of the hMC3R. Panel C shows that the effects of NDPhe’-ACTH1-17 and NDNal
(2’)7-ACTH1-17 to stimulate cAMP production at L133M of the hMCA4R. Data points
represent the mean £ SEM of at least three independent experiments.
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Table 1

Sequences of the substituted ACTH peptides
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NDP-a-MSH
NDNal(2’)"-0-MSH
NDPhe’-ACTH1-24
NDNal(2’)"-ACTH1-24
N-ACTH1-17

NDNal(2) "-ACTH1-17
NDNal(2') "-ACTH1-14
NDNal(2)) "-ACTH1-15
NDNal(2') "-ACTH1-16
NDNal(2)) "-NIe*>-ACTH1-17
NDNal(2)) "-NIe*b-ACTH1-17
NDNal(2") "-NIe'’-ACTH1-17
NAla’-ACTH1-17

NDNal(2') -Ala®-ACTH1-17
NDNal(2') -Ala®-ACTH1-17
NDNal(2) 7-Ala"®-ACTH1-17

Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2')-Arg-Trp-Gly-Lys-Pro-Val- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-T rp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-AA18-24- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2")-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-AA18-24- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2")-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2")-Arg-Trp-Gly-Lys-Pro-Val-Gly- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2')-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2")-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2")-Arg-Trp-Gly-Lys-Pro-Val-Gly-Nle-Lys-Arg- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2")-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Nle-Arg- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2")-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Nle- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-Ala-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2')-Ala-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-DNal(2')-Arg-Ala-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg- NH,
Ac-Ser-Tyr-Ser-Nle-Glu-His-Ala-Ala-Ala-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg- NH,

Biochemistry. Author manuscript; available in PMC 2010 October 20.



Page 20

Yang etal.

(Ng_0T 18) ANANDE OU *YN

ZEFYET T0F8¢€ GTFe€8 80F6G S0FLT €0¥80 ¥2-THLOV-,(.2)[lENaN
T0FET Y0F6€ 10790 90FT9 20F0T Z0¥50 ¥2-THLOV-,8UdaN
VN 0TV VN 0TFGS G0F8T €0F2CT Im_\,_.a.?mw_mzoz
€0F0T 20FTC T0¥8T 0TFG¢E T0FL0 €00F 70 HSIN-P-daN
(Wu)oso3 () (Wu)oso3 ()i (nu)oso3 ()
drony dEONY dTONY

"HPDINY puUR YEDINY ‘“HTIIANY e sanfofeue H1 DV pue HSIN-P-ddN Jo saloualod pue saniulyje Buipuig
za|qeL
NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2010 October 20.



Page 21

Yang etal.

“(Wg_ 0T 1) AnAnoe oN :wN

VN (01< VN 01< VN (0T< LT-THLOV-gg,BIV-,(:2)lENAN
VN (01< VN 01< L'TFS9T LYFSTe LT-THLOV-gBIV-,(:2)leNaN
LT FGee ¢01< 97 F¢e6e 01< 0€FG6 €CF60T LT-THLOV-geIv-, (2)leNaN
AR ATA (01< GT ¥ 59T 01< TI¥8L TSTF8LE LT-THLOV- BV
VN €0FLT VN 60FSG €0°0 950 €T0F 960 LT-THLOV-,;3IN-,(:2)[leNaN
VN V0FGT VN YIFVS G0°0F G0 ST'0F 660 LT-THLOV-4;8IN-,(2)lENON
VN €OFVT VN 80F8G €00FG0 ET0F560 LT-THLOV-¢;3IN-,(:2)leNaN
ITF 8T 90FTC LF56 TTFES L0'0F85°0 LT0F880 LT-THLOV-,3IN-,(:2)leNaN
7\ Z0F8T N 9TFTS 90'0 590 9T'0 ¥ 68°0 9T-THLOV-,3IN-,(:2)leNaN
VN E VN STFLS G00FTLO Z0F060 ST-THLOV-,IN-,(:2)leNaN
VN Z0F8T VN 60F9G 100 ¥ 29°0 Z0F£80 ¥T-THLOV-,2IN-,(:2)[ENaN
VN €0F9T N 0TFES £0°07 €90 T0¥260 HSIN-0-,(:Z)leNaN
(Nu) %03 INU)I (Wu) %03 NI (Au) %03 () 11

drOINY

HEONY

HTONY

NIH-PA Author Manuscript

“HPDIAY pUB YEDINY “HTIIAY 18 sanfojeue H1 DV payeaund) ay Jo saiousjod pue saniuie syl

€9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2010 October 20.



Page 22

Yang etal.

"BTTENHS PUE |1 LIA J0 S2INJINIS HIAIN UMM pasedwod pue suolendfed 5002S1dO-SOINT/ININDIN Lo paseq st d|qe) siy L

89— 06— 1T 6L- LT1 66— 9- 28 6 06— 6TT6NHS
€01 10T~ 801 LL- 06 445 0 v8 60T 80T I-1N
[4%)) 0.~ 8- 91T TET 68— orT 95T~ €81 G8- 44’ s LT-THLOV-,(.2)leNaN
M ¢ h ¢ M ¢ h ¢ h ¢ M ¢
oN
- orsA Vo A1D gddL JBIv ,(2renNa oSIH
-a/,8ud-a

NIH-PA Author Manuscript

LT-THLOV-,(.2)leNQN pa193]aS Jo ewiulA [eqo]9 ayy 4o} (Bap) sa|buy uolsio] suogyoeq
v 9lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2010 October 20.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Yang et al. Page 23

Table 5

The potencies of NDP-a-MSH and NDNal(2")-A-CTH1-17 analogues at the mutations of the h(MC1R, hMC3R
and hMC4R.

ECyp (NM)
hMC1R-M128L hMC3R-L165M MC4R-L133M
NDP-g-MSH 0.63+0.1 32£0.2 1.9+0.2
DPhe’-ACTH1-17 0.71+0.3 3.7+0.1 23+023
NDNal(2')’-ACTH1-17 >10° 78+ 14 12111
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